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RESUMEN

a presente tesis doctoral ha sido desarrollada dentro de la actividad

investigadora del grupo TRATAGUAS, en el departamento de

Ingenieria Quimica y Quimica Fisica de la Universidad de Extremadura.
La actividad investigadora del grupo TRATAGUAS se centra en la busqueda de
nuevos Procesos de Oxidacion Avanzada (POAs) con efectos beneficiosos en la
eliminacién de contaminantes en agua, calificados como contaminantes
emergentes, cuya existencia es una consecuencia de los habitos de consumo
actuales. En este sentido, los efuerzos del grupo se han centrado en los
procesos fotocataliticos, concretamente en aquellos combinados con ozono u
otros agentes oxidantes que aportan un efecto sinérgico. El proyecto en el que
esta tesis ha sido principalmente encuadrada se titula ‘Preparacion de
catalizadores y su aplicacion en la eliminacion de contaminantes refractarios de
aguas  residuales  mediante  ozonacion  fotocatalitica’,  referencia
(TQ2012/35789/C02-01, financiado por el CICYT de Espafiay fondos FEDER.

La escasez y contaminacion del agua es un problema de preocupacion
global como puede extraerse de la atencion prestada en las politicas del agua.
Debido al crecimiento exponencial de la poblacién y la expansion de los
habitos tecnologicos del estilo de vida actual, se precisa nueva legislacion que
apoye la conservacion de recursos hidricos para un adecuado suministro de
agua. Los microcontaminantes emergentes en agua son un claro ejemplo de
una de las consecuencias que los habitos de vida actuales. Estos contaminates
llamados emergentes generan preocupacion debido a su potencial toxicidad y
destino ambiental. No obstante, estos microcontaminates se han detectado
en niveles de concentracion considerado demasiado bajo para producir
efectos negativos significativos a corto plazo en sistemas acuaticos. La mayor
parte acaba en el medioambiente, y otros atraviesan los procesos de
tratamiento biolégicos de las plantas de tratamiento de aguas donde
permanecen inalterados, frecuentemente debido a su naturaleza no
biodegradable o refractaria. Por todas estas razones, el trabajo aqui
presentado proviene de la necesidad de investigar tecnologias emergentes,
como los tratamientos basados en POAs, para eliminar contaminantes que no
son eliminados en las plantas de tratamiento convencionales.
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Para un mejor entendimiento, la memoria de esta tesis se ha dividido en
dos partes bien diferenciadas, ambas basadas en el estudio de procesos
fotocataliticos con radiacion UVA. La primera parte se centra en el estudio del
proceso de fotocatalisis y ozonacién fotocatalitica aplicando titania comercial,
Degussa P25, asi como titania dopada con nitrégeno (N-TiO,) y sin dopar
sintetizadas en el laboratorio. En la segunda parte se desarrolla el uso de
monopersulfato combinado, o no, con el proceso de fotocatalisis o catalisis
heterogénea; aplicando didxido de titanio comercial Degussa P25, perovskita
de lantano y cobalto (LaCo03), o perovskita de lantano y cobalto acoplada a
diéxido de titanio (LaCo0;-TiO,). En todos los casos, se han considerado como
microcontaminates herbicidas de diferente naturalezay caracter recalcitrante.

En primer lugar, se estudio el dopado de didxido de titanio con nitrégeno
para la oxidacion fotocatalitica del acido 4-cloro-2-metilfenol (MCPA),
comparando los resultados con los obtenidos en presencia de titania sin dopar
y dopada con nitrogeno (N-TiO;), asi como el comercial Degussa P25. En el
proceso de sintesis, basado en método sol-gel, se observo que las variables
mas influyentes en la actividad fotocatalitica fueron el porcentaje de agente
dopante (urea o trietilamina, principalmente) y la temperatura de calcinacion.
Aungue en ningun caso se mejord la fotoactividad del comercial Degussa P25
con ningun catalizador sintetizado en el laboratorio, si se aprecié una mejora
de la fotoactividad al dopar con nitrégeno. El N-TiO, con mejor actividad
fotocatalitica fue caracterizado mediante técnicas de microscopia electronica
de barrido (SEM, Scanning Electron Microscopy), microscopia electronica de
transmision (TEM, Transmission Electron Microscopy) y fotoespectroscopia de
rayos X (XPS, X-Ray Photoelectron Spectroscopy). Ensayos cinéticos en
presencia de diferente inhibidores de especies oxidantes involucradas en el
proceso fotocatalitico permitieron proponer un mecanismo de reaccion
pseudoempirico capaz de simular de forma aceptable el proceso en presencia
del catalizador comercial P25. Este mecanismo subraya la importancia de
radicales hidroxilo, peroxiorganicos organicos en la oxidacion fotocatalitica de
MCPA.

Una vez estudiada la oxidacién fotocatalitica de MCPA, se abordd el
proceso de ozonacion fotocatalitica con titania comercial. Asi, se llevaron a
cabo diferentes procesos de oxidacion de MCPA en agua, tales como
fotocatalisis en ausencia de oxigeno (UVA/TiO,/N;), ozonacion (Os), ozonacion
catalitica (Ti0,/03), fotocatdlisis en presencia de oxigeno (UVA/TiO,/0,) vy
ozonacion fotocatalitica (UVA/Ti0,/03). EL MCPA fue eliminado facilmente
debido a su afinidad por el radical hidroxilo y la formacién de radicales
organicos en los procesos fotocataliticos. Sin embargo, la ozonacion
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fotocatalitica fue el sistema mas eficiente tanto en términos de velocidad de
eliminacion de MCPA como, y especialmente, en grado de mineralizacion. El
MCPA no es altamente refractario al proceso de ozonacion simple, y los
procesos fotocataliticos no producen mejoras significativas en la velocidad de
eliminacion del herbicida. No obstante, las diferencias fueron mas
significativas en cuanto a lo que el grado de mineralizacion y velocidad se
refiere, alcanzandose los mejores resultados en el proceso de ozonacion
fotocatalitica. En los sistemas gque combinan TiO, y radiacion UVA se detect6
como subproducto de oxidacion el 4-cloro-2-metilfenol (CMP). Este
compuesto es facilmente oxidable después de ser generado a partir de MCPA
en los procesos que envuelven el uso de ozono, tal y como prueba la
constante de reaccion directa entre CMP y ozono: 7,2 10%, 4,4 10°
2,9 10° M's™ a pHs 4, 7 y 10 respectivamente. En el proceso de ozonacion
fotocatalitica de MCPA se identificaron mediante LC-QTOF-MS (Liquid
Chromatography coupled to Quadrupole Time-Of-Flight Mass Spectrometry)
productos de oxidacion que corresponden principalmente a especies
oxigenadas derivadas del compuesto inicial tras la pérdida de algunos grupos
funcionales. No se aprecio toxicidad de los mismos en Daphnia parvulay Culex
pipiens lavae durante el proceso de ozonacion fotocatalitica (concentracion
inicial de MCPA 5 mg L). De hecho, fue necesario aumentar de forma
considerable la concentracion (50-100 mg L) para apreciar toxicidad aguda
de los intermedios formados, que en cualquier caso fueron eliminados
durante el proceso de oxidacion.

La combinacion de fotocatalisis y ozono fue estudiada con otros herbicidas
mas refractarios, como son los derivados de la familia de los piridinicos. Se
aplicaron procesos de fotolisis UVA, fotocatalisis y ozonacién fotocatalitica a la
eliminacion de tres herbicidas piridinicos: clopiralid, picloramy triclopir. Como
fotocatalizador se considerd Degussa P25, en ensayos donde cada herbicida
se usoO por separado. Los tres herbicidas fueron altamente recalcitrantes a la
0zonacion directa, como las bajos valores de las constantes cinéticas de
segundo orden calculadas demuestran (~20 M min™ para clopiralid vy
triclopir, y 105 M min' para picloram). La combinacién de ozono vy
fotocatalisis condujo a los mejores resultados dado que el proceso de
degradacion en este caso se desarrolla a través de la accion del radical
hidroxilo, cuyas constantes de reaccion de segundo orden con cada uno de los
herbicidas fue de 0,73, 3,80 y 1,73 10° M s para clopiralid, picloram vy
triclopir, respectivamente, a pH neutro. Se apreci® un marcado efecto
sinérgico tanto en la velocidad de eliminacion de herbicidas como de
mineralizacion. El seguimiento de los aniones formados durante los procesos
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sugiere la decloracion como primera etapa en la ozonacion fotocatalitica. La
abertura del anillo aromatico condujo a la acumulacion de nitratos vy la
aparicion de acidos carboxilicos de cadena corta. Se analiz6 la toxicidad aguda
frente a Daphnia Parvula y Culex Pipiens en el proceso de ozonacion
fotocatalitica de clopiralid, siendo posible observar que los primeros
intermedios formados mostraron mayor toxicidad que el compuesto inicial,
esto es el propio herbicida. Seguin avanzo el proceso, la toxicidad descendio
hasta tomar valores insignificantes al final del proceso.

La ozonacién fotocatalitica de los tres herbicidas piridinicos también fue
investigada usando dioxido de titanio dopado con nitrégeno. Mezclas de
clopiralid, triclopir y picloram se trataron mediante fotocatalisis con oxigeno u
ozono. El dopado de la titania con nitrégeno fue realizado usado trietilamina
en el método de sintesis sol-gel. En ensayos de oxidacion fotocatalitica se
determind la cantidad de agente dopante ¢ptima para el proceso. El
catalizador de comportamiento dptimo en el proceso fotocatalitico también
condujo a los mejores resultados de eliminacién de mineralizacion en el
proceso de ozonacién fotocatalitica, cercano al 95% en 180 min bajo las
condiciones experimentales consideradas. El didxido de titanio dopado fue
caracterizado mediante técnicas de adsorcién de N,, SEM, TEM, difraccién de
rayos X (XRD, X-Ray Diffraction), XPS, espectroscopia de reflectancia difusa
UV-visible (DRS-UV-vis, Diffuse Reflectance Spectroscopy UV-visible) 'y
temogravimetria con analisis térmico diferencial y espectrometria de masas
(TG-DTA-MS, ThermoGravimetry and Differential Thermal Analysis coupled to
Mass Spectrometry). Se aprecid fase anatasa, con cristales de tamafio de
25 nm, vy 1% de N superficial en el N-Ti0, con mejor fotoactividad. La
estabilidad fotocatalitica fue validada tras cinco ciclos de reaccion
consecutivos, no observandose pérdida relevante. La toxicidad, durante y
después del tratamiento de ozonacién fotocatalitica, fue evaluado mediante
medidas de DBO, y exposicion a Daphnia Parvula, y de forma alternativa a
ensayos de fitotoxicidad de germinacion de semillas de Lactuca Sativa y
Solanum Lycopersicum. Inicialmente, aungue no se aprecio toxicidad aguda de
la mezcla inicial de herbicidas en el crustaceo Daphnia Parvula, esta
incrementd en la etapa inicial del proceso de ozonacion fotocatalitca. Una vez
los compuestos iniciales fueron oxidados por completo, la toxicidad
desaparecid hasta valores inapreciables. Por otro lado, en los ensayos de
fitotoxicidad no se aprecié germinacién de la muestra inicial de reaccion, esto
es, la mezcla inicial de herbicidas; y, gradualmente se fue apreciando
crecimiento de la longitud de la radicula segun avanzo el proceso de
oxidacion.
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El ultimo estudio relacionado con el proceso de ozonacion fotocatalitica se
centrd en la identificacion de los Productos Intermedios (PI) de oxidacién. La
identificacién de los Pl se llevdo a cabo en los procesos de ozonacion,
fotocatalisis, y ozonacion fotocatalitca de diurdn. El fotocatalizador aplicado
fue el N-TiO, gue mejores resultados produjo previamente. El proceso de
ozonacion fotocatalitica no mejoré la velocidad de eliminacion de diurén
respecto a la 0zonacion simple; sin embargo, si se observé un efecto sinérgico
en la eliminacion de Carbono Organico Total (COT). Se identificaron mediante
LC-QTOF-MS 10 PI formados durante las tres tecnologias de oxidacion
estudiadas. Tanto el proceso de ozonacién simple como el de ozonacién
fotocatalitica condujeron a la formacién y completa eliminacién de todos los
Pl. Por otro lado, la evolucion de los acidos carboxilicos de cadena corta
generados sugiere que el elevado porcentaje de eliminacion de COT en el
proceso de ozonacion fotocatalitica estda unido a la elevada capacidad de
oxidacién de estos acidos y la liberacion de aniones cloruro y nitrato. La
evolucion de la toxicidad a la bacteria Vibrio Fischeri durante el proceso de
ozonacion fotocatalitica conllevd un incremento de la inhibicion en el
crecimiento de la bacteria, para luego descencer segun avanzaba el tiempo de
reaccion.

El segundo blogue de esta tesis, centrado en la oxidacion fotocatalitica en
combinacién con monopersulfato (MPS), comenzo con el estudio de la
oxidacion del herbicida tembotriona aplicando MPS vy fotocatalisis. En primer
lugar, se evaluo la oxidacion directa del herbicida con MPS, estudiando las
variables mas significativas que afectan al proceso: concentracion inicial de
MPS, pHy temperatura. Se aprecioé que el proceso siguid una cinética de orden
2/3 para MPS y primer orden para tembotriona. Se estimé un pH éptimo de
trabajo en el entorno de condiciones neutras debido a la reactividad de las
especies neutras y disociadas tanto de MPS como tembotriona. En segundo
lugar, se evalué la simbiosis de MPS y fotocatalisis, lo cual mejord
significativamente la velocidad de degradacion de tembotriona v
mineralizacién, si se comparan con el proceso en ausencia de MPS. Asi, se
alcanzé una degradacion completa de tembotriona en 20 min aplicando
50 mg L de Degussa P25y MPS 2 10 M. Bajo condiciones similares, se
elimind un 70% en 90 min. Para evaluar la importancia de algunas variables
sobre el proceso fotocatalitico con MPS se realizé un disefio de experimentos
tipo Plackett-Burman.

La capacidad de oxidacién de monopersulfato también se estudio a través
de la descomposicion en radicales mediante catalisis heterogénea aplicando
perovskita de lantano y cobalto (LaCoOs). Este dxido mixto se usd como
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catalizador en la decomposicion heterogénea para la eliminacion de una
mezcla de cuatro herbicidas (metazacloro, tembotriona, tritosulfurdn vy
etofumesato). Se evalud la influencia del pH, concentracion inicial de MPS y
catalizador. De los resultados obtenidos se aprecid que una vez el MPS se
adsorbe en la superficie del catalizador, donde tiene lugar la descomposicién
en radicales altamente oxidantes que reaccionan con los herbicidas en
disolucion. La estabilidad del catalizador se corrobord realizando ciclos
consecutivos de reaccion, apreciandose baja lixiviacion de cobalto al medio y
ausencia de pérdida significativa en actividad catalitica. Ensayos en presencia
de inhibidores tales como el terbutanol, metanol y anién carbonato
destacaron la importancia de la formacion de radicales para una degradacion
de los herbicidas. Las particulas de LaCoO; fueron estudiadas usando diversas
técnicas de caracterizacion de solidos. Las microcopias SEM y TEM denotaron
la presencia de nanoparticulas, de forma esférica en su gran mayoria, con un
area BET de 15,20 m® g”'. La presencia de estructura tipo perovskita se
corrobord con diversas técnicas tales como XRF (X-Ray fluorescence, ratio
atémico La:Co 1:1), XPS (estados de oxidacion superficiales Co®"y La**), y XRD
(estructura tipo perovskita de fase rombohédrica).

Se considero el composite LaCoO5-TiO» como fotocatalizador con doble via
de descomposicién de monopersulfato en radicales. En primer lugar, debido a
la descomposicion fotocatalitica de MPS en las particulas de titania; y en
segudo lugar, a través la descomposicion catalitica heterogénea sobre las
particulas de perovskita. Este sistema fotocatalitico se aplicd a la mezcla
previa de herbicidas (metazacloro, tembotriona, tritosulfurén y etofumesato).
Se evaluaron el ratio LaCo05:TiO», la concentracion de agente oxidante, la
concentracion de catalizador, el pH y la temperatura como principales
variables que gobiernan el proceso. La completa oxidacion de los herbicidas se
produjo segun las variables operacionales y su naturaleza recalcitrante. Se
alcanzd un 55% de conversion de COT en el mejor de los sistemas
(concentracion de MPS 107 M). Ensayos de fitotoxicidad de germinacion de
Lactuca Sativa no mostraron inhibicion tras 180 min del tratamiento
fotocatalitico. Las propiedades del sélido de ratio Co:Ti=0.1:1 se estudiaron en
técnicas SEM (agregados de LaCoOs unidos a particulas de TiO, de diversa
forma y tamario), XRF (6,1% de LaCoOs3), XPS (estados de oxidacion
superficiales Co*, La*" y Ti**), XRD (anatasa, rutilo y LaCoO5 rombohédrico) y
DRS-UV-vis (absorcién en el rango visible con un TiO, de band gap 2,88 eV).

Finalmente, se estudid la aplicacion de procesos fotocataliticos
combinados con MPS para la depuracién de un efluente procedente de
actividades vitivinicolas, previamente tratado bioldgicamente. Asi, la
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combinacion secuencial de los procesos bioldgico y quimico permitio la
eliminacion del contenido organico biodegradable y recalcitrante presente en
este tipo de agua residual. Para ello, se realizé una oxidacion bioldgica aerobia
basada en fangos activados diluyendo el efluente original con agua urbana
simulada. Primeramente, se realizé una aclimatacion secuencial en la que se
aumento la carga vitivinicola de forma gradual. Se estudiaron ciertas variables
de especial interés en el proceso de oxidacion biologica, ademas de
parametros de disefio relacionados con la sedimentabilidad del fango. Una vez
tratado el efluente biolégicamente (reduccion de Demanda Quimica de
Oxigeno, DQO, en un 40-50% tras 8 horas), se continud el tratamiento
mediante procesos quimicos basados en radiacion UVA-LED, monopersulfato
y fotocatalizadores. Asi, se completd la reduccién de la DQO remanente y una
completa oxidacion del contenido polifendlico, levemente oxidado en el
proceso de fangos activos previo. De todas las opciones evaluadas, la
combinacién de MPS y el fotocatalizador LaCoO5-TiO,, con doble via de
descomposicion de MPS a través de catalisis heterogénea y fotocatalisis,
proporciono los mejores resultados (95% de eliminacién de polifenoles y 60%
de reduccion de DQO). En este sistema se estudid la influencia de la
concentracion de MPSy pH en la efectividad del proceso.
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SUMMARY

of the TRATAGUAS research group in the Department of Chemical

Engineering and Physical Chemistry of the University of
Extremadura. TRATAGUAS research activity has lately been concentrated on
the search for new Advanced Oxidation Processes (AOPs) with beneficial
effects in the elimination of new pollutants, named as emerging
contaminants, whose existence is a consequence of current human
consumption habits. In this sense, the efforts of the research group have been
dedicated to photocatalytic processes, especially combined with ozone or
other oxidant compounds presenting synergistic effect in the process. The
project in which this thesis has mainly been framed was entitled ‘Preparacicn
de catalizadores y su aplicacidn en la eliminacidon de contaminantes refractarios
de aguas residuales mediante ozonacion fotocatalitica, reference
(TQ2012/35789/C02-01, financed by CICYT of Spain and FEDER founds.

The work of this doctoral thesis has been developed within the activity

Water scarcity and pollution is an issue of global concern which is drawing
attention of water policies. Due to the exponential growth of population and
the widespread application of modern life technology, conserving aqueous
resources to supply water is increasingly difficult and requires new legislation
for its support. Emerging aqueous micropollutants are a clear example of one
of the consequences of current modern life in the environment. These labelled
‘Emerging Contaminants’ generate alarmingly concern caused by their
potential toxicity and environmental fate; nevertheless, they are
micropollutants as the reported concentration level is considered too low to
cause short-term effects in aguatic ecosystems. Most of them are discharged
to the environment, and others pass through biological-based water
treatment plants where they keep unaltered, frequently due to their non-
biodegradable and refractory nature. For all these reasons, the research here
presented comes from the need of searching for emerging technologies, such
as AOP-based processes, to remove new pollutants that are not satisfactorily
treated in conventional water treatment plants.

This dissertation can be divided into two different blocks for a better
understanding, both involving photocatalytic process under UVA radiation. The
first part was concentrated on photocatalysis and photocatalytic ozonation
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using commercial titania Degussa P25, and synthesized bare or nitrogen
doped titania (N-Ti0,). The second part is focused on the use of
monoperoxysulfate combined, or not, with photocatalysis or heterogeneous
catalysis; applying commercial titania Degussa P25, lanthanum-cobalt
perovskite (LaCo0s3), or lanthanum-cobalt perovskite joint to titania (LaCoO5-
TiO3). In all cases, herbicides of different recalcitrance and nature were
considered as organic micropollutants.

Nitrogen-doped titania was first explored as an active photocatalyst for the
photocatalytic oxidation of 2-methyl-4-chlorophenoxyacetic acid (MCPA), and
the results compared to those obtained in the presence of bare titania and
commercial Degussa P25. In the synthesis process, based on sol-gel method,
nitrogen doping percentage (using urea and trimethylamine, mainly) and
calcination temperature have been considered as the most influential
variables. Although in no case the results obtained with [ab made catalysts
improved the photoactivity of Degussa P25, N doping strengthens the
photoactivity of synthesized undoped titania. N-doped TiO» with best results
was characterized by Scanning Electron Microscopy (SEM), Transmission
Electron Microscopy (TEM) and X-ray Photoelectron Spectroscopy (XPS)
techniques. Some kinetic tests under different scavengers of the
photocatalytic process led to the proposal of a pseudoempirical reaction
mechanism capable of acceptably simulating the process in the presence of
commercial Degussa P25. This mechanism outlined the role played by
hydroxyl, peroxyl and organic radicals in the photocatalytic oxidation of MCPA.

After the photocatalytic oxidation of MCPA has been studied, the
photocatalytic ozonation was tackled. Hence, aqueous MCPA was treated by
different oxidation systems for comparison purposes, like photocatalysis in
the absence of oxygen (UVA/TiO,/N,), single ozonation (0s), catalytic
ozonation (Ti0,/05), photocatalysis in the presence of oxygen (UVA/TiO,/0,)
and photocatalytic ozonation (UVA/Ti0,/05). MCPA was easily removed due to
its affinity towards hydroxyl radicals and organic radical formed in
photocatalytic processes. However, photocatalytic ozonation was the most
efficient process in terms of both MCPA removal rate and especially
mineralization. MCPA is not highly refractory to single ozonation, and
photocatalytic processes do not produce significant improvements in MCPA
removal rate. However, differences were more appreciable in terms of Total
Organic Carbon (TOC) removal rate and extent, achieving the best results with
photocatalytic ozonation. 4-Chloro-2-methyl phenol (CMP) was detected in
those systems combining TiO, and UVA radiation. As the direct rate constant
between CMP and molecular ozone corroborated (7,2 10% 4,4 10°
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2,9 10° M s at pHs 4, 7 y 10 respectively), CMP was completely oxidized
after being generated from MCPA oxidation during processes involving the
presence of ozone. Identified intermediates detected by Liquid
Chromatography coupled to a Quadrupole Time-0f-Flight Mass Spectrometer
(LC-QTOF-MS) in the photocatalytic ozonation applied to MCPA correspond to
oxygenated species derived from the parent compound after loss of some
substituting groups. No significant toxicity of intermediates was observed in
Daphnia parvula and Culex pipiens larvae during photocatalytic ozonation
treatment (initial MCPA concentration 5 mg L™). Actually, it was necessary to
increase considerably initial MCPA concentration (50-100 mg L™') to appreciate
acute toxicity of intermediates, which was removed during the photocatalytic
0zonation process.

The photocatalytic ozonation was further studied using more refractory
herbicides, such as those from the pyridine family. Hence, UVA photolysis,
photocatalysis and photocatalytic ozonation were applied to the elimination of
three agueous pyridine carboxylic acid herbicides: clopyralid, picloram and
triclopyr. Degussa P25 was used as photocatalyst and herbicides were
individually tested. All herbicides were highly recalcitrant to direct ozonation,
as the calculated second order rate constant proved (~20 M min™' for
clopyralid and triclopyr, and 105 M™" min™' for picloram). Combination of ozone
and photocatalysis led to the best results since degradation is supposed to be
developed by the action of hydroxyl radicals, whose calculated second order
rate constants with HO" were 0.73, 3.80 and 1.73 10° M' s™' corresponding to
clopyralid, picloram and triclopyr respectively, at neutral pH. A synergistic
effect was noticed in parent herbicides and TOC removals. The monitoring of
released anions suggested dechlorination as the primary stage in the
photocatalytic ozonation process. Ring opening led to the accumulation of
nitrates and the appearance of some low weight carboxylic acids. Acute
toxicity to Daphnia Parvula and Culex Pipiens was analyzed during the
photocatalytic ozonation of clopyralid, being possible to observe that first
intermediates showed higher toxicity than the parent compound. As oxidation
progressed, toxicity decreased until being negligible at the end of the process.

Photocatalytic ozonation of the three pyridinic herbicides was also
investigated using nitrogen doped titania. Thus, a mixture of agueous
clopyralid, triclopyr and picloram was treated by photocatalysis with oxygen or
ozone. Nitrogen doping of titania was carried out using triethylamine in a sol-
gel method. A catalyst with an optimized N doping amount was found in the
photocatalytic oxidation experiments series. This optimum photocatalyst also
produced the best TOC removal rate in the photocatalytic ozonation, nearly
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95% in 180 min under the experimental conditions tested. N-doped TiO, was
characterized by N, adsorption isotherm, SEM, TEM, X-Ray Difracction (XRD),
XPS, Diffuse Reflectance Spectroscopy UV-visible (DRS-UV-vis) and
ThermoGravimetry and Differential Thermal Analysis coupled to Mass
Spectrometry (TG-DTA-MS) technigues. Anatase phase, with crystals of 25 nm
of size, and 1% of superficial N was established in the N-TiO, with best
photoactivity. The stability of the catalyst was assessed after five consecutive
runs, and no relevant loss of photoactivity was detected. Toxicity, during and
after the photocatalytic ozonation, was evaluated through Biological Oxygen
Demand (BOD) measurements, exposition to Daphnia Parvula and
alternatively, seed germination of Lactuca Sativa and Solanum Lycopersicum.
Although no acute toxicity was initially appreciated from the parent
compounds to the crustacean Daphnia Parvula, it increased at the earliest
stage of the photocatalytic ozonation process. Once the parent compounds
were totally degraded and dechlorination completed, toxicity decayed to
negligible values. Phytotoxycity tests revealed no seed germination of parent
compound, that is, before the photocatalytic oxidation process; and gradual
increase or root lenght as the oxidation process proceeded.

A final study on the photocatalytic ozonation was focused on
Transformation Product (TP) identification. TPs identification was carried out
during the ozonation, photocatalysis and photocatalytic ozonation of diuron.
The photocatalyst applied was the N-TiO, that previously produced the best
results. Diuron elimination in the photocatalytic ozonation was not enhanced if
compared to single ozonation; however, TOC removal was significantly
improved. Ten TPs generated during the application of the three technologies
were tentatively identified by Liquid Chromatography-Quadrupole Time-0f-
Flight Mass Spectrometry (LC-QTOF-MS/MS). Single ozonation and
photocatalytic ozonation led to the formation and complete elimination of all
by-products. Low weight carboxylic acids evolution suggests that high TOC
removal in photocatalytic ozonation was linked to its capacity to oxidize small
oxygenated compounds and release inorganic chloride and nitrate. Toxicity
evolution to the bacteria Vibrio Fischeri in photocatalytic ozonation displayed
an increase of inhibition at the initial stages, followed by a decrease of this
parameter as the reaction progressed.

Moving to the second part of this thesis, focused on the photocatalytic
oxidation involving monoperoxysulfate (MPS), the oxidation of the herbicide
tembotrione was studied using MPS and photocatalysis. Firstly, the direct
oxidation of tembotrione by MPS was assessed, studying the variables
affecting the process (initial MPS concentration, pH and temperature). The
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process followed 2/3 and first orders regarding MPS and tembotrione
concentrations, respectively. Optimal pH was located around circumneutral
conditions due to the reactivity of neutral/dissociated species of both MPS and
tembotrione. Secondly, the combination of MPS and photocatalysis was
applied, improving significantly tembotrione and mineralization rate
abatements, if compared to runs conducted in the absence of MPS. For
example, tembotrione total abatement was achieved in 20 min when
50 mg L of titania and 2 10* M of MPS were used. TOC conversion was
roughly 70% in 90 min under similar operating conditions. In order to evaluate
the importance of some variables in MPS photocatalytic process, an
experimental design (Plackett-Burman) was considered.

Monoperoxysulfate oxidation capacity through heterogeneous radical
decomposition was studied using lanthanum-cobalt perovskites. LaCo0O;
oxide was applied as catalyst for the heterogeneous decomposition of MPS in
the removal of a mixture of four herbicides (metazachlor, tembotrione,
tritosulfuron and ethofumesate). The influence of pH, initial MPS
concentration and catalyst load were assessed. After MPS being absorbed
onto the perovskite surface, a breakage led to the formation of powerful
oxidizing radicals which react with herbicides in solution. Catalyst stability was
tested by means of consecutive reuse cycles with no appreciable loss of
activity and low cobalt leaching at circumneutral pH. Assays in the presence of
scavengers such as tert-butyl alcohol, methanol and carbonate outlined the
importance of radical formation in the herbicide degradation. LaCoOs5 particles
were studied by diverse solid characterization techniques. SEM and TEM
microscopies showed the presence of nanosized material, mostly spherical
shaped, with 15.20 m? g of BET area. LaCoO; perovskite structure was
corroborated by diverse techniques such as XRF (X-Ray Fluorescence, La:Co
atomic ratio of 1:1), XPS (superficial Co** and La*" oxidation states), and XRD
(rhombohedral LaCoO5 phase).

The coupled LaCo0O5-TiO, composite was considered as photocatalyst with
double route of monoperoxysulfate activation. Firstly, through photocatalytic
MPS decomposition due to titania; and secondly, through MPS heterogeneous
decomposition onto LaCoO5 particles. This photocatalytic system was applied
to the previous studied agueous mixture of herbicides (metazachlor,
tembotrione, tritosulfuron and ethofumesate). LaCo05:TiO, ratio, oxidant
concentration, catalyst load, pH and temperature were evaluated as the main
variables dominating the process. Herbicides were completely oxidized
depending on the operational variables and their recalcitrant nature. 55% of
TOC conversion was reached in the best case (MPS concentration of 107 M).
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Phytotoxicity germination assays of Lactuca Sativa denoted no inhibition after
180 min of photocatalytic treatment. Solid properties of Co/Ti=0.1:1 ratio
catalyst were studied by means of SEM (LaCoQ5 aggregates linked to a variety
of shapes and sizes of TiO,), XRF (6.1% of LaCo05), XPS (superficial Co**, La**
and Ti** oxidation states), XRD (anatase, rutile and rhombohedral LaCo03) and
DRS-UV-vis reflectance (visible range absorption and bandgap of 2.88 eV for
Ti0>).

Finally, photocatalytic processes combined with MPS were studied for the
depuration of biologically treated Winery Wastewater (WW). Hence, a
combined biological + chemical process was applied in order to achieve the
degradation of biodegradable and recalcitrant organic content present in this
kind of effluent. In this sense, biological oxidation by diluting WW with
simulated urban wastewater was carried out by using aerobic activated
sludge. Acclimation of sludge to Diluted Winery Wastewater (DWW) was first
applied, and afterwards some aspects of paramount importance concerning
biological oxidation were evaluated. Moreover, parameters of sedimentation
design were also studied. After DWW was biologically oxidized (40-50% of
COD removal in 8 hours), chemical processes based on UVA-LEDs radiation,
monoperoxysulfate (MPS) and photocatalysts were applied in order to
complete oxidation of the remaining Chemical Oxygen Demand (COD) and
complete oxidation of the polyphenols, which were poorly degraded by means
of activated sludge. From the all options tested, the combination of UVA, MPS
and a novel LaCo03-TiO, composite, with double route of MPS decomposition
through heterogeneous catalysis and photocatalysis, reached the best results
(95% of polyphenol degradation, and additional 60% of COD removal). MPS
concentration and pH effect in this process were also assessed.



CHAPTER ONE
INTRODUCTION & OBJECTIVES

of the art of water treatment through photocatalysis involving ozone

and monoperoxysulfate as chemical oxidation technologies. Thus,
the problematic of water pollution is first described, emphasizing on water
pollution based on emerging contaminants, specifically on pesticides; and,
afterwards, a detailed description about chemical technologies based on
advanced oxidation processes is presented. Last research advances focused
on photocatalytic ozonation and oxidation with monoperoxysulfate, by direct
reaction or as a Fenton-like system, applied for removing organic agueous
contaminants, are assessed. Finally, the main objectives in which this
dissertation has been developed are summarized.

The aim of this chapter is to present a brief summary about the state
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1.1. PRESENTATION

The work of this doctoral thesis has been developed within the activity of
the TRATAGUAS research group in the Department of Chemical Engineering
and Physical Chemistry of the University of Extremadura. TRATAGUAS, framed
within the scope of environmental engineering, has been conducting extensive
research in the field of drinking water purification as well as purification and
reuse of wastewater since last decade. Specifically, research activity has lately
been concentrated on the research of new technologies with beneficial effects
in the elimination of new pollutants, named as emerging contaminants, whose
existence is a consequence of current consumption habits. These pollutants
require new procedures for their elimination in the purification processes of
water using emerging technologies. In this sense, the group’s efforts have
been dedicated to photocatalytic processes, especially combined with ozone
or other oxidant compounds presenting synergistic effects in the process. The
project in which this thesis has mainly been framed was entitled ‘Preparacion
de catalizadores y su aplicacion en la eliminacidon de contaminantes refractarios
de aguas residuales mediante ozonacion fotocatalitica, reference
(TQ2012/35789/C02-01.

The experimental work has been carried out in the laboratory
dependencies of the research group inside the Department of Chemical
Engineering and Physical Chemistry of the University of Extremadura. In
addition, research work has been enriched with two short-stays, in national
and international centers. Concretely, a first stay in the ‘Centro de
Investigaciones de Enegia Solar (CIESOL)’, mixed center of the ‘Universidad de
Almeria y Plataforma Solar de Almeria-CIEMAT’, in Almeria (Spain), during the
months of March and April of 2015; and a second stay in the ‘Centro de
Quimica-Vila Real (CQ-VR)' of the ‘Universidade de Trds-os-Montes e Alto Douro
(UTAD)', in Vila Real (Portugal), during the months of September, October and
November of 2016.

1.2. GLOBAL WATER SITUATION. WATER CRISIS: SCARCITY AND POLLUTION
1.2.1. Importance of water in life

Water is a chemical compound with physical and chemical properties which
are unique and irreplaceable. Talking about water is talking about life since the
leading role it has had in the development of life in the Earth planet. Without
water, life would be impossible to be understood. Actually, first organic
molecules that were responsible of the present life forms emerged inside the
water. Water is the main component of cells, and the medium in which much
of the reactions and metabolic processes take place.
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Water forms part of more than 70% of most living organisms, including
humans. Specifically, the human body is composed of 55 to 78% of water,
depending on the measurements and complexion of each individual. Some
need to live inside the water, while others have developed complex
mechanisms to survive in extreme conditions of scarcity. All organisms
maintain a constant relationship with water in order to perform their vital
functions satisfactorily. However, they all return part of consumed water,
either in the form of vapor, through evapotranspiration processes, or in liquid
form, through body excretions.

Water, under normal conditions of pressure and temperature, is a
colorless, odorless and tasteless liquid. Its chemical formula, H,0, indicates a
proportion of two hydrogen atoms per one of oxygen. The oxygen atom,
which is bonded to two hydrogens, has a certain negative charge due to its
greater electronegativity. This makes the molecule present a defined electrical
dipole moment, forming a bipolar structure responsible for some of its
physical properties. For example, it can be electrically bonded to other water
molecules, in particular four in tetrahedral arrangement, which is known as
hydrogen bond. In the liquid state, each water molecule is considered to form
hydrogen bonds with at least three molecules. But since molecules are in
liquid state under constant motion, these hydrogen bonds are not fixed, they
are constantly made and undone, resulting groups of water molecules of
different sizes. This makes water not really a single molecule, but a set of
molecules, more or less large, whose size depends, among other factors, on
temperature.

1.2.2. Water as resource

Water is a resource in constant circulation, either composition or physical
state. This continuous movement is known as hydrological cycle or water
cycle. The water cycle describes the continuous movement of water on,
above, and below the surface of the Earth. This cycle consists of two distinct
phases: the terrestrial, which is related to the transport and storage of water
on the Earth and at sea, mainly in its liquid and solid state; and the
atmospheric phase, which is related to the transport of water in the
atmosphere, mainly in the form of vapor. The energy needed to start the
cycle, and maintain such an enormous amount of water in motion, comes
from the Sun. Part of the solar radiation that reaches Earth's surface is
absorbed by water, which allows it to warm up and evaporate. Water that
evaporates on the surface of the sea and on the continents, and in lesser
extent, appears in the processes of evapotranspiration of living beings and
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soil, accumulates in the atmosphere. This water vapor ascends and forms
clouds. Due to the gravitational force, the water falls again on the sea or on
the continents in the form of rain, ice or snow. The fall in the continents is
filtered by the ground, feeding subterranean aquifers that emerge to the
surface forming rivers, returning the water to the sea. Sometimes transient
accumulations of water appear in the form of lakes or glaciers.

precipitation "\\

transpiration
from plants

Figure 1.1 Scheme of water cycle

A molecule of water that evaporates and returns to the surface of the
Earth in the form of rain, ice or snow, spends about 9 days on average [1]. The
mean residence time in each natural reservoir exerts a relevant influence on
the persistence of pollution in aguatic ecosystems. For example, a river needs
a few days or weeks to be cleaned by the entrainment of pollutants to the sea,
where they are diluted. Nevertheless, if an aquifer is polluted, the problem will
expect to persist for dozens of years.

The main feature that differentiates the Earth planet from others is the
huge amount of water it can accommodate, that is why it is known as Blue
Planet. More than three-quarters of the Earth's surface is covered by water,
which in more than 97% is presented as salty water [2]. It is estimated that
there are about 1,400 millions of km? of water on Earth [2,3]; however, only a
small portion is fresh water, of which the majority is in the form of ice, steam
or located in inaccessible places. Figure 1.2 shows a schematic detail of the
distribution of water on the planet.

Water is a resource distributed heterogeneously on the planet, mainly due
to the differences between the distributions of precipitation. Also, in some
cases the availability is also limited by the quality of water, since its level of
pollution renders it unusable for certain uses. The availability of water is
especially problematic in big areas of the world, and therefore, properly
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exploiting and conserving water resources has become an issue of concern to
governments around the world. The exponential growth of population and
industrial expansion has created the need to supply and distribute water in
greater guantities. World population is projected to peak at 11.21 billion in
2100 compared to 7.34 billion in 2015 [4]. The widespread application of
modern technology to the provision of abundant water for municipal,
industrial and agricultural uses, without restriction, without incentives to
encourage reuse or conservation, has increased competition from readily
accessible water sources. In addition to the technical problems involved in
meeting water needs, there are increasing environmental concerns that need
to be addressed. Concerns about the long-term effects of water use and
water loss are in conflict with the objective of maintaining a cheap supply.

Total global water Surface/Other
fresh water
1%

Living things
Atmosphere 0.26%  Rivers

3.00% 0.49%
Swamps, marshes

/ 2.60%

Soil moisture
3.80%

Surface water and
other fresh water

Figure 1.2 Water distribution in the Earth planet according to its origin [2]

Global freshwater reserves are rapidly depleting and a significant impact is
expected in many densely populated areas of the world, such as India or
China; and others where the resource is scarce, as it happens in regions of
West Asia, North Africa or the Middle East. In this future forecast, developed
countries, with high consumption rates of water per inhabitant, face the
challenge of reducing it through the improvement of practices and techniques
of saving and management. The underdeveloped and developing countries,
even though with low consumption rates, face serious availability problems
due to the scarcity of resources and the disproportionate growth of
population, which requires efficient use for all.
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(& 5

Figure 1.3 Mundial fresh water availability per inhabitant, in kL year person™ for
2015 (Source: FAQ, 2015. AQUASTAT [5])

Irrigated crops consume much of the available fresh water, while domestic
and industrial uses account for a small percentage of the resource
exploitation. Even so, consumption varies according to the degree of
urbanization and industrialization that entails an increase in the industrial and
urban sectors, to the detriment of the agricultural. From a deep analysis of the
water consumed by a society, great information can be extracted on its habits,
degree of development and natural hydraulic availability. Thus, in Europe, with
a great industrial and urban development, and a more humid climate, less
water is needed for agricultural activity in irrigation. In Spain, domestic, public,
commercial and tourist consumption stand out over the rest, which is
explained by the great tourist demand in summer and recreational uses.

Domestic use

The amount of water required by a household increases proportionately
with the standard of living of the population. However, once a certain
threshold has been met, water consumption loses its relation with the quality
of life and economic well-being, becoming part of uses not strictly necessary,
lack of savings or inefficient distribution systems. Average, 50 L day™ is
required per individual to satisfy their needs [2]. The main problem of water
use in the city is its inefficient use. It is used more than is really necessary, and
of a quality far superior to what it would really need.

As a consequence of domestic use on water resources, there is an
increasing pollutant load after use. In the daily activities of a household,
organic and inorganic substances are supplied to the aquatic environment,
and they should be treated in order to minimize or eliminate environmental
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impacts on the sources where they are discharged. The urban residual water is
the most important to be treated, having considerable effects. It is
characterized by the plurality and variable concentration of contaminants.

Industrial use

In the industry, large amounts of water are usually required, with
extractive, manufacturing and food industries being the most demanding.
Water is consumed as a raw material, as a refrigerant, as a source of energy,
in cleaning tasks, which explains why the location of many industrial estates
near natural water courses. The importance of water in industry lies not only
in its physicochemical properties, such as its heat capacity or solvent power.
Water is a fast, efficient and essential refrigerant in most industrial processes,
and its solvent power is exploited in chemical reactions and cleaning
processes.

The degree of industrialization leads to an increase in water consumption.
In the world, a quarter of water is destined for industrial uses. In developed
countries, water for industrial use can exceed 50% of total consumption (53%
in Europe); while in the predominantly agricultural countries, it does not
exceed 10% (Spain, 6.4%) [6].

Industrial wastewater consists of agueous solutions of high concentration
of products according to the nature of the industry of origin. The treatment of
this type of effluents is essential due to the high polluting power that
characterizes them, variable according to the concentration and nature of the
pollutant.

Agricultural use

The modernization of traditional farming techniques has succeeded in
increasing production and expanding the variety of cultivated species. In
addition, thanks to the use of irrigation it is possible to improve the
productivity, being possible to increase the number of harvests during the
year and to allow the variety of cultures in the same zone. In this sense, the
evolutionary process has been directed toward the industrialization of the
process, without taking into account that water is a limited and forgotten
resource, and in few cases, efforts have been made to reduce its consumption.
One of the challenges of the current agriculture is to obtain more yield of each
liter of inverted water.

Water available in traditional natural reservoirs has declined considerably
due to increased consumption and infrastructure built to meet demand in
agriculture, such as reservoirs, canals and distribution systems. The use of
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biocides and fertilizers has favored the imbalance of natural systems, which
has a significant impact on biodiversity.

Water scarcity is a challenge for today's agriculture, and may affect
production. In 2050 an increase in population will require 60% more food.
Therefore, water irrigation and food production constitutes one of the
greatest pressures on freshwater resources. Agriculture accounts for roughly
70% of global freshwater withdrawals, up to 90% in some fast-growing
economies [7]. Overexploitation of fresh water resources leads to numerous
problems for agriculture itself. Therefore, in many cases it has been chosen to
reconvert the crops to others with less water consumption, or to increase the
efficiency of the irrigation process with more efficient techniques.

On the other hand, irrigation has transformed many of the most fertile land
on the planet. In regions with a dry climate, the evaporation of water can
cause, depending on the characteristics of soil, an ascent of salts towards the
surface, compromising the absorption of water by vegetables, accelerating
dehydration.

The indiscriminate application of chemical fertilizers and pesticides, in
guantities greater than the really necessary, causes that much of these
products are not absorbed in the cultures and accumulate in the soil.
Excessive watering and rain drags them to rivers and aquifers, where they
accumulate in concentrations usually higher than the self-purification capacity
of the natural reservoir. At present, the use of pesticides is increasingly
restrictive due to the development of demanding legislation on the use of
agrochemicals, which evolves to natural and biodegradable substances, more
respectful to the environment. Even so, its use still poses a threat.

1.3. PESTICIDES AS EMERGING CONTAMINANTS. THE MODEL COMPOUNDS
USED IN THIS THESIS

1.3.1. Emerging organic microcontaminants

Recently there has been a growing interest in what has been named as
Emerging Contaminants (ECs) in aquatic ecosystems. This diverse group of
organic micropollutants emerges as a consequence of the vast increase of
anthropogenic organic compounds synthesized for many purposes, such as
preservation and production of food, industrial and manufacturing processes,
human and animal healthcare, etc. The presence of this large amount of new
compounds in the environment generates alarming concern due to their
potential toxicity and environmental fate [8,9]. They are labelled as
micropollutants since the reported concentrations of their presence in aquatic
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ecosystems are considered too low to cause acute effects, i.e. typically inferior
to 100 ng L". However, it is unclear and understood the toxic effects due to
the long-term exposure to a combination of low concentrations of a vast
range of ECs. In last decades, the pollution of ground water resources by ECs
has contributed to an increase of research in the ECs area since groundwater
provides the most reliable perennial source of freshwater on the Earth [10].

ECs is a term that covers either newly developed compounds or
compounds newly discovered in the environment, due to the refinement of
analytical technigues allowing detection at extremely low levels [11]. ECs
cover a large range of different compounds, as well as their metabolites and
transformation products, including pharmaceutical compounds, hormones,
drugs, endocrine disruptors, personal care products, pesticides, veterinary
products, perfluorinated compounds, flame retardants, food additives,
platificizers, engineered nano-materials, etc.

Surface and wastewater seem to be the main sources of ECs in the
environment, being the situation of the aquifers unknown due to the lack of
enough studies [12]. ECs enter the environment from diverse number of
sources and pathways: discharged wastewater effluent from municipal
treatment plants [13], septic tanks [14], hospital effluents [15], livestock
activities [16], and agriculture [12].

Biological treatment technologies are by far the most widely used for
water treatment in general, mainly including aerobic activated sludge. It has
been reported that some non-biodegradable and refractory ECs
micropollutants cannot be sufficiently removed using biological treatment
processes [17-19]. As a consequence, the presence of a large list of ECs in
concentrations ranging from low nanograms to milligrams per liter are being
reported in the last years at the exit of wastewater treatment plants [20-22],
drinking water [23-25], ground water [10, 26, 27], and surface water like
rivers and lakes [12, 28-29]. Not only might ECs be poorly degraded, but also
adsorbed to the sludge particles. At the end of the process, the sludge is
removed and, as it is high in nutrients, in many regions is then applied to
agricultural land as a fertilizer. Adsorbed ECs can therefore enter the
environment [30,31].

1.3.2. Pesticides as pollutants in agriculture

Pesticides are a broad group of chemical substances of anthropogenic
origin, widely used in agriculture to control pests of different origin. Thus,
there are herbicides, insecticides, fungicides, nematicides and rodenticides,
depending on the nature of the plague to be combated. The continuing need
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for food production for a rapidly growing population has forced the
development of compounds that ensure the protection and quality of
agricultural crops [32]. Thanks to the use of these substances, agricultural
production has been able to increase in volume and quality since the 1950s.
Unfortunately, this development has not been accompanied by benefits,
representing in many cases a threat to the long-term survival of important
ecosystems, loss of biodiversity and consequences to human health. During
the last decades there have been changes in the protection of crops, focused
on the use of less toxic and more selective compounds [33].

The first generation of pesticides encompassed primarily organochlorine
compounds, which were gradually replaced in the 1960s and 1970s by a
second generation: organophosphates and carbamates. The family of
pyrethroids subsequently burst into the market, requiring smaller doses of
application. Thus, organophosphates, along with carbamates and pyrethroids,
replaced other highly toxic ones such as DDT and dieldrin [34].

Organochlorines are the most widely used pesticides. They are derived
from chlorinated hydrocarbons, which give them a high physical and chemical
stability, being practically insoluble in water and low volatile. These properties
favor their persistence in the medium and slow biodegradation. Their average
life, although variable according to the product, is situated in an average value
of 5 years [35], and some of them were still detectable in surface waters 20
years after their use had been banned [36]. Either the compounds or its
metabolites are contaminants of various tissues in humans and mammals in
general. Due to their high lipophilicity, they tend to accumulate mainly in the
subcutaneous cellular tissue, in the fatty component of the breast milk or in
the blood. Some examples of organochlorine pesticides are DDT, aldrin,
dieldrin, endrin, endosulfan and lindane.

Organophosphates are esters, amides or thiols derived from phosphoric
acids. They are more easily decomposed and degraded by oxidation and
hydrolysis, producing water-soluble, less preservative and less accumulative
products in the human body. Examples of this group are malathion, diazinon,
chlorpyrifos and dichlorvos.

Carbamates are subdivided into three main groups: carbamate esters,
commonly applied as insecticides; thiocarbamic acid derivatives, applied as
fungicides; and carbamates themselves, used as herbicides. All of them are
unstable; they are attributed a low time of environmental persistence and
have certain selectivity. Their degradation includes the oxidation and their final
metabolites are water soluble, being able to be eliminated by the urine or
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feces. Among the most common can be mentioned alicarb, carbaryl and
carbofuran.

Finally, pyrethroids are obtained by drying, milling and spraying the flower
of the chrysanthemum, which powder contains from 1 to 3% of the active
principle. Of medium selectivity, they present low toxicity. Allethrin,
permethrin, fluvalinate and tetramethrin are some examples.

Pesticides can reach aguatic ecosystems by different routes; some are
schemed in Figure 1.4. Once pesticides are used in agriculture, move through
the ground surface by penetrating the soil, washed away by water and wind.
Thus they end up in subterranean waters, rivers, lakes, and finally in oceans in
the form of sediments transported by rivers. Water that flows on the surface,
whether in the form of rain, irrigation or other sources, dissolves adsorbed
pesticides. Additionally, herbicides promote pollution from nearby aquatic
sources. Once in water, the pesticide dissolves and moves in it. Water flows on
the surface, in the form of rain, irrigation or other sources, promoting the
dissolution of adsorbed pesticides [37]. Additionally, improper cleaning of
containers used in the application of herbicides promotes runoff and
contamination of nearby aquatic resources [38]. If it is associated with
particles, it moves and disperses mechanically [33, 371.
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Figure 1.4 Pathways of pesticide insertion into water cycle

The ecological effects of pesticides on water depend on their toxicity,
persistence in the environment, degradation products and environmental fate.
The toxicological response or effect may be acute or chronic, that is, it can go
from direct death to an effect that may not cause death but that does affect
the organism for the rest of its life. Much research has been performed on the
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toxicity of pesticides. Examples of these effects are cancers and tumors [39-
43], reproductive deficiencies [44, 45], growth inhibition [46, 47], teratogenic
effects [48-52], neuronal diseases [53-56], etc. Perhaps the greatest threat
posed by pesticides; however, is their endocrine disrupting potential [57, 58].
These effects are not necessarily exclusively caused by exposure to pesticides
and other organic pollutants; but may be associated to combinations of
environmental pressures. Many of them, which are chronic and non-lethal, go
unnoticed by the surface observer.

The active ingredient used in each pesticide can have a very variable half-
life or persistence that is determined by the biotic and abiotic processes of
degradation. While the first involves biodegradation and metabolism by living
organisms, the second refers to degradation by physicochemical processes,
such as hydrolysis, photolysis and oxidation. Having been taken place the
degradation process, transformation products, whose toxicity may be higher,
equal to or less than the parent compound, are generated. Finally, the
environmental fate where the compound ends is also diverse in the case of
pesticides, depending on the physicochemical affinity of the substance with
respect to solid (organic and mineral matter), liquid via solubility in water,
gaseous form (volatilization) and biotic (biodegradability). This behavior
comprises the determination of the soil absorption coefficient, solubility,
Henry constant, and n-octanol-water repartition coefficient. The solubility in
water is essential to elucidate the behavior of the pesticide in the aquatic
environment, as it influences the bioconcentration and the adsorption in the
sediment [37].

1.3.3. The herbicides studied in this thesis
MCPA: aryloyalkanoic acid derivative

MCPA, 2-methyl-4-chlorophenoxyacetic acid, is a synthetic auxin herbicide
derived from aryloxyalkanoic acids. These herbicides were introduced after the
Second World War and they still keep being the most used around the world.
Although they are mainly applied to foliage, they can be also absorbed by
roots, where they keep immobilised. Then, the active ingredient disrupts
vegetable’s growth by means of apoplast and symplat. Its real mechanism of
action is still unknown; however, it is highly accepted that they act as being
real auxins that disrupt the natural auxin level of indoleacetic acid, needed for
organized growing [59]. The vegetable detects acid excess, which is quickly
degraded by the plant, but the synthetic regulator, the active ingredient, is not.
As a consequence, the plant growth is disrupted. The structure of the organic
plays an important role during the process, especially in terms of selectivity.
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The external symptoms or effects in sensitive plants are abnormal production
of roots and buds, destroying vessels, burns, epinasty, sprawl development,
gradual yellowing, twisting of the plant and finally, its death. Physiologically
they increase breathing, reducing the photosynthesis process as nutrient
reserves are depleted.

Aryloxyalkanoic acids are selective in monocotyledon crops, or narrow-
leaved plants, as well as numerous dicotyledons. They are also used to control
broadleaf woody plants in cultivated and non-cultivated areas, and aquatic
plants in some situations. Some examples of broadleaf weed sensitive to this
family are: corn, sorghum, wheat, barley, oats, rye, rice, sugarcane and
pasture. They are applied in post-emergency situations, and they may
damage other susceptible crops (cotton, tomato, grapevine, etc.).

The oxidation of these compounds is, according to some authors, by
means of hydroxylation of aromatic ring or microorganisms. They have a
relatively low persistence in the soil due to their high solubility in water.

The most popular herbicides of this family are 2,4-D, the first organic
synthesized herbicide; MCPA, other pioneering synthesized in England;
2,4,5-T, a well-known carcinogenic similar to 2,4-D but more effective; 2,4-
DP; MCPB; MCPP; and 2,4,5-TP.

Table 1.7 Physicochemical properties of MCPA [61]

Name MCPA 0]
IUPAC 4-chloro-2- 0
Name methylphenoxyacetic acid \)kOH
Formula CoHsClOs
CAS number 94-74-6
Family Aryloxyalkanoic acid a
Action mode Selective, systemic with translocation. Synthetic auxin.
Molar weight Octar)ql—water partition

E ' 200.62 coefficient (logKow), at -0.81
g e pH=7 and 20°C
Water solubility, Dissociation constant
mgL" " 29390 (pK,) at 25°C 373
Toxicity Daphnia Magna: ECso (48 h) > 190 mg L™

MCPA has been popularly formulated and sold throughout the world under
numerous trade names for the various amine, ester, and inorganic salt forms.
It was one of the first hormone-type herbicide discovered in England. MCPA is
used as a post-emergency herbicide to control broadleaf weeds, including
thistle and dock, in cereal crops and pasture; with characteristics similar to
those of 2,4-D. Nevertheless, MCPA is more selective than 2,4-D at equal
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doses in wheat crops, legumes and linen; and highly selective in some crops
such as barley, corn and sorghum [60].

Clopyralid (CLO), picloram (PIC) and triclopyr (TRI): pyridine herbicides

Pyridine herbicides, whose chemical structures all contain the pyridine
aromatic ring, regulate vegetable’s growth. Their action is the same as
aryloxyalkain acids. Although pyridine herbicides are foliar and root absorbed,
contact action is the most remarkable. They can be sprayed on foliage,
injected into plants, applied to cut surfaces, or placed at the base of the plant
where it will leach to the roots. Once absorbed by the foliage, stem, or roots,
active ingredient is transported through vegetable cells and accumulated in
young shoots [35]. The mechanism inhibits auxins, acts enlarging leaf and
stalks by means of cellular respiration. Heat is needed in order to reach their
effect.

Table 1.2 Physicochemical properties of picloram [61]

Name Picloram 0)
4-amino-3,5,6- Cl N

IUPAC name trichloropyridine- N OH
2-carboxylic acid |

Formula C6H3C[3N202 /

CAS number 1918-02-1 cl cl

Family Pyridine compound NHZ

Selective, systemic absorbed by roots and leaves and translocated.

& e Synthetic auxin.
Molar weight Octanol-water partition

5 ' 241.46 coefficient (logKow), at pH=7 -1.93
gl and 20°C
Wate_r1 solubility, 560 Dis§ociation constant (pKa) at 530
mgL 25°C
Toxicity Daphnia Magna: ECso (48h) =44.2 mg L™

Picloram gives excellent control of woody plants and many annual and
perennial broadleaved species. It is used to control broadleaf weeds on
rangeland and permanent grass pastures, fallow cropland, small grains, flax
on grain-land and non-croplands. Picloram is very persistent and lasts for up
to one year, or longer, to affect succeeding crops [35]. It is water soluble, not
highly adsorbed, and therefore susceptible to leaching. These characteristics
are undesirable, although its high activity is convenient for control of perennial
weeds. Picloram is very persistent in soil, which is other of the reasons why it
is a restricted-use herbicide. Microorganisms slowly degrade it. Some



40

Photocatalytic oxidation of agueous herbicides with radiation of low energy.
Application of catalysts, ozone and peroxidic promoters

conditions that favour microbial growth, such as warm, moist soil and organic
matter, may reduce its period of resistance.

Clopyralid is less persistent and less leachable than picloram, but effective
for broadleaf weeds, especially thistles and clovers. Sugar beet, field corn,
small grains (wheat, oats and barley), fallow cropland, rangeland and
permanent grass pastures, and non-crop areas are some examples where
clopyralid is used to control broadleaf weeds and woody brush species.
Clopyralid is not strongly adsorbed by soil. It exists in the soil primarily in the
salt form and is therefore subject to leaching. It is degraded by
microorganisms at a medium to fast rate in a wide range of soils [35].

Table 1.3 Physicochemical properties of clopyralid [61]

Name Clopyralid 0]
3,6-dichloropyridine-

M GBS 2—carboxylicpaycid Cl N\ OH
Formula C6H3C12N02 |
CAS number 1702-17-6 —
Family Pyridine compound Cl

. Selective, systemic, absorbed through leaves and roots. Synthetic
Action mode 3UXin.

Octanol-water partition

M%lirl_!"’e'ght' 192.0 coefficient  (logKow), at -2.63
g pH=7 and 20°C

Water solubility, Dissociation constant (pKa)

mg L~ 143,000 at 25°C 2.01
Toxicity Daphnia Magna: ECso (48h) > 99 mg L™

Table 1.4 Physicochemical properties of triclopyr [61]

Name Triclopyr

0
3,5,6-trichloro-2-
M GBS pyridyloxyacetic acid a N\ O\)kOH

Formula C7H4CI3NO3 |
CAS number 55335-06-3

/
Family Pyridine compound Cl Cl
Action mode Selectwg, Sy_stem|c, absorbed through roots and foliage.
Synthetic auxin.

Molar weight Octanol-water partition

mol” gnt, 256.5 coefficient (logKow), at pH=7 4.62
g and 20°C
Water solubility, Dissociation constant (pKa)
mgL- 8,100 at 25°C 3.97
Toxicity Daphnia Magna: ECso (48h) > 131 mg L™

Triclopyr is effective on woody plants and is used for brush control in
natural tracks and defoliation of wooded areas leaving grasses and conifers
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unaffected. Some uses are weed controlling in non-crop areas, rangelands,
pastures and as basal treatments to stumps for woody plant control. Most
grasses are tolerant and, while it is not used in many crops, with the exception
of rice, it is used as a turf herbicide. Organic matter content and pH highly
influence triclopyr adsorption, even so this herbicide is not considered to be
strongly adsorbed on soil colloids. Some leaching may occur in lighted soils
under high rainfall conditions. Triclopyr is degraded in soils by microorganisms
at a rate that is considered to be relatively high [35].

Diuron (DIU): phenylurea

Phenylureas came from uric acid and are frequently halogenated. Their
intervention mechanism involves inhibition of photosynthesis process, in
particular blocking Hill's reaction whose purpose is the formation of
carbohydrates [62]. As a consequence of their effect, necrosis of the plant
takes place, finishing with death. They are supposed to be absorbed by the
root system, blocking cellular division and nitrate formation. If phenylureas
penetrate through leafs; local necrosis, which expands on all the plant, is
generated.

Their solubility in water and adsorption to colloid depend on the number of
halogen atoms, chloride usually, in the molecule. Thus, fenuron, which has not
chloride atoms, is soluble in water and easily leachable in soil; while diuron,
with two chloride atoms, is strongly fixed to colloids. The selectivity range
based on metabolism is wide, as happens to chlortoluron and isoproturon in
crops like wheat and barley, diuron and fluometuron in cotton, and linuron in
potato. Anyway, as they have no high selectivity, most of them may be used
for general purposes in weed control.

These herbicides are degraded in soil by the action of some
microorganisms, which are able to consume them as carbohydrate reserve.
Moreover, they can be oxidized by means of solar light, especially ultraviolet
radiation [35].

Diuron is capable to be adsorbed in soil and resists to leaching. For that
reason, it is registered as a preplant incorporated, preemergence,
postemergence, and postemergence-directed application in a wide variety of
crops, including alfalfa, artichokes, asparagus, corn, winter wheat and barley,
oats, red clover, sorghum, cotton, sugarcane, tree fruit, bush fruits, citrus,
vining fruits, olives, nuts, grapes, pineapple, bananas, plantains, papaws, mint,
grass seed crops, and tree plantings in non-crop land, for control of a variety
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of annual and perennial weeds, depending on the use. In general, diuron is
widely used, at high doses, for controlling all kind of weeds.

Table 1.5 Physicochemical properties of diuron [61]

Name Diuron
3-(3,4- H |

IUPAC name dichlorophenyl)-1,1- Cl N_ N

: ~

dimethylurea

Formula CgH10Cl2N>0 ;©/ \g/

CAS number 330-54-1 Cl

Family Phenylurea

Action mode Systemic, abisorbed via roots, acts by strongly inhibiting
photosynthesis

Molar weight Octanol-water partition

B ' 233.09 coefficient (logKow), at 2.87

gime! pH=7 and 20°C

Water solubility, 356 Dissociation constant No

mg L™ : (pKa) at 25°C dissociation

Toxicity Daphnia Magna: ECso (48h) =5.7 mg L™

Tembotrione (TEMB): triketone

Commercial synthetic B-triketones derivatives were designed after the
discovery of the herbicidal properties of leptospermone, the primary
component of Manuka essential oils. These compounds have B-triketones
backbones that inhibit the p-hydroxyphenylpyruvate dioxygenase enzyme
[63], by complexing with Fe® within the catalytic domain. So, triketone
herbicides are 4-hydroxyphenylpyruvate dioxygenase (HPPD) inhibitors, which
act blocking the HPPD indispensable enzyme in plant growth. Thus, the plant
develops leaf bleaching followed by necrosis and death [64]. HPPD inhibitors
were brought to North American and European markets as newest class
herbicides in late 1990s and 2000s considering that weeds had been
developed resistance to traditional herbicides, such as glyphosate, and as
pesticide legislation had been become more restrictive to classical herbicides.

Tembotrione was launched in 2007 for different types of grass and
broadleaf weeds control during the early to mid-post-emergence step of field
corn [65]. Although it is mostly used in popcorn crop, sweet corn and seed
corn fields; other applications, like in sorghum and soybeans, are still under
research.
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Table 1.6 Physicochemical properties of tembotrione [61]

Name Tembotrione

2-{2-chloro-4-mesyl-3-[(2,2,2trifluoroethoxy)methyllbenzoyl}

IUPAC name .
cyclohexane-1,3-dione
Formula C17H15C1F3065 O O C[
CAS number 335104-84-2
Family Triketone 0 >CF,
CHs
. O S/

Action mode Broad spectrum ¢ N
Molar weight Octanol-water partition

ot gnt, 440.82 coefficient (logKow), at pH=7 -1.09
g and 20°C
Wate_r1 solubility, 71.000 Dlsosooanon constant (pKa) at 318
mg L 25°C
Toxicity Daphnia Magna: ECso (48h) =5.0 mg L™

Metazachlor (METAZ): chloroacetamide

Most of chloroacetamides are applied as pre-emergence, while others have
a post-activity. When they are used as pre-emergence, produce abnormal
seedlings into susceptible grass and broadleaf weeds that may not emerge
from the soil. The susceptible monocots that do emerge appear twisted and
malformed with leaves tightly rolled in the leaf whorl and unable to roll
normally. Leaves do not emerge properly from the coleptile, but may do so
underground. Broadleaf weed seedling may have slightly cupped or crinkled
leaves and shortened midribs producing a drawstring effect on the leaf tip,
especially under cold conditions. The primary site of action is presently
regarded as inhibition of synthesis of very long chain fatty acids and
functionally relates structures [35].

Chloroacetamides herbicides control germinating annual grasses and some
broadleaf weeds in a wide range of crops. In germinating seedlings they are
easily absorbed by the aerial part and root; however, their mobility within the
plantis limited.

Metazachlor formulations are selective herbicides, absorbed by the
hypocotyls and roots, and inhibiting germination. The products are used in
pre-emergence and early post-emergence control of winter and annual
grasses and broad-leaved weeds in artichokes, broccoli, asparagus, Brussels
sprouts, cabbages, cauliflowers, sweetcorn, garlic, horseradish, kale, leeks,
maize, white mustard, onions, peanuts, pome fruits, potatoes, radish, rape,
soya beans, stone fruits, strawberries, sugar cane, sunflowers, tobacco and
turnips.
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Table 1.7 Physicochemical properties of metazachlor [61]

Name Metazachlor

IUPAC name 2-chloro-N-(pyrazol-1-ylmethyl)acet-2',6'-xylidide
Formula C14H15CIN3O ﬂ
CAS number 67129-08-2 -
Family Chloroacetamide 0 N

anN)

Ergosterol inhibitor.

Action mode Inhibition ~ of cell H3C CH;
division

Molar weight Octanol-water partition

= ' 277.75 coefficient (logKow), at 2.49
gime! pH=7 and 20°C
Water solubility, 450 Dissociation constant (pKa) No
mg L™ at 25°C dissociation
Toxicity Daphnia Magna: ECso (48h) =33 mg L™

Tritosulfuron (TRITO): sulphonylurea

Sulphonylureas were introduced in the 1980s, when they represented a
major advance in global crop protection because of its unique mode of action.
The core structure for the sulphonylureas combines the photosynthetic
inhibition of phenylureas and triazines, but the primary mechanism of action is
inhibition of amino acid synthesis, not photosynthesis. Secondary, they inhibit
photosynthesis, respiration, and protein synthesis [66]. Plant symptoms
include chlorosis, necrosis, terminal bud death, and vein discoloration. The site
of action for the sulfonylureas catalyzes the first step in the biosynthesis of
the three branched chain aliphatic amino acids valine, leucine, and isoleucine.
A secondary effect is cessation of plant growth due to inhibition of cell division
and slow plant death. Tolerance is related to a plant’s ability to detoxify the
herbicide.

Moreover, other advantage introduced consists on their compatibility with
other pests. Sulphonylureas replaced herbicides less safe and effective, which
were used in larger quantities. Combined with the low application rates,
selectivity for a variety of crops, and short half-life, sulfonylureas herbicides
were a revolutionary advance in agrochemicals in the 1980s.

Sulphonylureas work on a broad range of grasses and broadleaf weeds,
but not on crops that they are designed to protect. Some crops like rice,
wheat, barley, soybean, maize and many others are able to metabolize
sulphonylureas safely. They are supposed to have very low toxicity to
mammals, low environmental risk due to their high solubility, which means
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high probability to move around, and easiness to be microbiologically
degraded. They are weak acids which are hydrolyzed at high pH, increasing
their solubility in water [35].

Tritosulfuron is a systemic herbicide for the post-emergence control of a
wide range of dicotyledonous weeds both winter or spring cereals and maize.
Upon uptake by the leaves of the targeted weeds, tritosulfuron is acropetally
and basipetally translocated in the plant resulting in a blockage of the enzyme
acetohydroxy acid synthase. The inhibition of this enzyme activity acts directly
on growth and cell development of the weeds. Tritosulfuron is a post-
emergence herbicide of broad spectrum, mainly for use in cereals, rice, maize,
and turf [67].

Table 1.8 Physicochemical properties of tritosulfuron [61]

Name Tritosulfuron

N-{[4-methoxy-6-(trifluoromethyl)-1,3,5-triazin-2-ylJcarbamoy!}-2-

SRS (trifluoromethyl)benzene-1-sulfonamide
Formula C13HgFeNs04S O/
CAS number 142469-14-5
Family Sulfonylurea N)% N 0 o
| \c~ O

Inhibits plant amino acid F3C)\ N/)\N)J\N/\S/ CF3
Action mode synthesis-acetohydroxy H H

acid synthase
Molar weight, Octanol-water  partition  coefficient
gmol’ 445.30 (logKow), at pH=7 and 20°C 2.3
Vr:]’gtf_ﬂ SOl 78.3 Dissociation constant (pKa) at 25°C 4.69
Toxicity Daphnia Magna: ECso (48h) > 100 mg L™

Ethofumesate (ETHO): benzofuran

Ethofumesate is a selective systemic herbicide, absorbed by the emerging
shoots (grasses) or roots (broad-leaved plants), with translocation to the
foliage. Chemically, ethofumesate is a benzofuranyl that is readily absorbed
by leaves after the plant has generated a mature cuticle [66]. Ethofumesate
inhibits the growth of meristems, retards cellular division, and limits formation
of waxy cuticles [68]. It is used pre and post-emergence in sugar beet and
other beet crops, turf, ryegrass and the other pasture grasses against a wide
range of grass and broad-leaved weeds, with persistence of activity in the soil.
It is primarily a soil-applied herbicide, but it has some post-emergence activity
on young weeds. Post-emergence activity may be increased when it is used in
combination with certain other herbicides in sugar beets [69]. Some crops are



46 | Photocatalytic oxidation of aqueous herbicides with radiation of low energy.
Application of catalysts, ozone and peroxidic promoters

highly tolerant towards ethofumesate, including strawberries, sunflowers,
common beans and tobacco, depending on the time of application.
Ethofumesate appears to be adsorbed to organic matter in soil and is
biologically degraded in soils [35].

Table 1.9 Physicochemical properties of ethofumesate [61]

Name Ethofumesate

(RS)-2-ethoxy-2,3-dihydro-3,3-dimethylbenzofuran-5-yl

IIFAEEE methanesulfonate
Formula ngngOsS
CAS number 26225-79-6
Family Benzofurane 0 0
- - ~/
Selective, systemic, 5/
absorbed  through 0 d/ ™~
Action mode emerging shoots and / 0
roots. Inhibition of
lipid synthesis.
Molar weight, >86.34 Octanol-water partition coefficient 57
gmol”’ ' (logKow), at pH=7 and 20°C :
Water No
solubility, 50 Dissociation constant (pKa) at 25°C : .
mgL" dissociation
Toxicity Daphnia Magna: ECso (48h) =13.52 mg L™

1.4. ADVANCED OXIDATION PROCESSES (AOPs) AS EMERGING TECHNOLOGY
FOR OXIDATION OF AQUEOUS EMERGING CONTAMINANTS

Advanced Oxidation Processes were defined by Glaze and Kang (1987) as
those ‘involving the generation of hydroxyl radicals in sufficient quantity to
produce a purification effect on water’ [70]. Thus, the development of AOPs
arises with the objective of producing hydroxyl radicals in greater
concentration, enough to oxidize contaminants. They consist of a family of
methods that make use of the high oxidative capacity of the hydroxyl radical
(2.85 V [71]), and which only differ in the way of generating them. The
hydroxyl radical, characterized by its high oxidation potential, is an extremely
reactive radical that is able to attack and non-selectively oxidize most organic
molecules, with reaction kinetic constants of the order of 108-10" M 57 [72-
73], leading even towards complete mineralization. AOPs are also enhanced
by the fact that they offer different possible ways for hydroxyl radical
production, allowing a better compliance with the specific treatment
requirements [74]. AOPs are usually classified as photochemical and non-
photochemical, depending on whether or not they use radiation in the
generation of radical species, as shown in Table 1.10.
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Table 1.10 AOPs classification

HOMOGENEQUS PROCESSES References
1) Without radiation
Ozonation in alkaline medium (03/0H") [75]
Catalytic homogeneous ozonation (03/CAT) [76]
Ozonation with hydrogen peroxide, peroxone (03/H202)  [77]
Fenton (Fe?*/H,0.) [78,79]
Fenton-Like (Fe**/H,0,) [73]
Water Air Oxidation (WAQ) [80]
Supercritic Water Oxidation (SCWO) [81]
2) With radiation
Ozonation with UV radiation (03/UV) [82]
Hydrogen peroxide with UV radiation (H202/UV) [83]
Ozone, hydrogen peroxide and UV radiation (03/H,0,/UV) [84]
Foto-Fenton (Fe®* or Fe?*/H,02/UV) [85]
Sonolysis (US) [86]
HETEROGENEOUS PROCESSES
Catalytic Wet Air Oxidation (CWAO) [81]
Catalytic ozonation (03/CAT) [87]

Heterogeneous photocatalytic oxidation (02/UV-vis/CAT)  [88]
Heterogeneous photocatalytic ozonation (03/UV-vis/CAT) [89, 90]

Unfortunately, AOPs fail to degrade complex compounds completely,
especially in the case of real wastewaters. Moreover, cannot be used for
processing large volumes of water [91]. Only wastes with relatively small
Chemical Oxygen Demand content, i.e. inferior to 5.0 g L™, can be suitably
treated by hydroxyl radical based technigues since higher COD contents would
require large amounts of expensive reactants [74]. In this sense, AOPs seem
to be more suitable for depuration of water with low organic load, such as
drinking water [92]. However, they have successfully been combined with
biological processes for diverse purposes at pilot plant scale. Organic
pollutants not treatable by conventional techniques due to their high chemical
stability or low biodegradability can be oxidized through AOPs previously
coupled to biological oxidation [93]. In addition to the use as pre-treatment,
AOPs also can be considered in a post-biological step in order to reach high
depuration rates or the degradation of those organic compounds that, being
not toxic for biological metabolism, present biorecalcitrance [93].
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1.4.1. Photocatalytic oxidation

Photocatalytic oxidation or heterogeneous photocatalysis is based on the
excitation of a solid semiconductor by absorption of electromagnetic radiation,
generally from the near UV zone. The radiation absorbed by the photocatalyst
causes on the surface therefore the excitation of electrons, migrating from the
conduction band to the valence band, generating in the first hollows, or deficit
areas of electronic charge, characterized by very high oxidation potentials
[94].

PHOTOCAT +hv —> e, +h; (1.1)

In the absence of suitable electron and hole scavengers, the stored energy
is dissipated within a few nanoseconds by recombination. This quick
recombination of electron-hole pair supposes an undesirable reaction for the
process to be developed.

e +hiz & PHOTOCAT +heat (1.2)

Nowadays, various semiconductor materials are used, such as Ti0,, Zn0,
CdS, iron oxides, W03, Sn0O,, etc. These materials are economically affordable
and most of them can be excited by non-high energy radiation, UVA and even
visible light, absorbing part of the solar spectrum radiation incident on the
Earth's surface (radiation >310 nm), which increases the interest for a possible
use of sunlight. Nevertheless, some of them like the CdS and ZnO suffer from
photocorrosion after several cycles of use. Figure 1.5 shows an outline of the
position of the valence and conduction bands that define the band gap energy
of some photocatalysts [95].

The main photocatalyst used is titanium dioxide, TiO,, due to its low
toxicity, high stability and low cost [96]. Titanium dioxide has a band gap
energy of 3.2 eV, that is, only radiation with a wavelength lower than 387 nm
has an energy equal to or greater than this value [97], and therefore able to
excite electrons from its valence band.
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Figure 1.5 Relative positions of valence and conduction bands for some common
photocatalysts [95]

The holes generated in the valence band can produce the oxidation of
adsorbed organic compounds or decompose adsorbed water molecules. In
this latter case, hydroxyl radicals are generated. Excited electrons of the
conduction layer are able to reduce oxygen molecules. In agueous phase and
with the addition of oxygen as an oxidizing element, the equations
representing the process are as shown below [94]:

0, +e, =05 (1.3)
H.0+h;, —>HO +H' (1.4)

If the medium is alkaline enough, the holes oxidize hydroxyl anions instead
of water molecules, also forming hydroxyl radicals.

HO™ +h), > HO’ (1.5)

Figure 1.6 shows the schematic process of radical formation mechanism,
considering the presence of oxygen for the reduction reaction of an organic
molecule (R).
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Figure 1.6 Photocatalytic radical formation mechanism in the presence of oxygen

Electron-hole recombination is avoided if electrons are withdrawn through
pre-adsorbed oxygen, giving rise to the superoxide radical. Therefore,
superoxide radicals can produce hydrogen peroxide, which reacts with
additional electrons and/or more superoxide radicals, forming free hydroxyl
radicals through the following reactions:

05 +0; +2H —»>H,0,+0, (1.6)
0, +H,0, >HO" +HO™ +0, (1.7)

The undesirable phenomenon of recombination can also be resolved by
doping of photocatalysts [98]. Doping of the semiconductor causes the
generation of irregularities in the crystal lattice that favors the capture of
holes and electrons, preventing them from being recombined [99, 100].
Moreover doping of titanium dioxide improves photocatalysis under visible
spectrum by narrowing the band gap [101]. Thus, doping is based on the
introduction of foreign elements into the TiO, structure in relatively low
proportions so as not to produce changes in its crystalline structure.
Substitution of both Ti** and 0% positions by p block elements such as B, C, N,
F, S, and P is what appears to provide better results [102].

Among all the anions, nitrogen seems to demonstrate greater benefits in
the process of modifying the solid because the nitrogen has the closest atomic
size to oxygen; smaller ionization energy; metastable center formation and
stability [102]. In 1986 the first study related to the photoactivity of TiO,
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doped with nitrogen is published [103]. The presence of NO, groups, formed
from ammonium hydroxide used in the synthesis process was postulated as
responsible for the effect. Asahi et al. (2001) applied a TiO» sputtering process
and concluded that N-doping was the main cause of the photocatalytic effect
observed under visible light [101]. Since then, a high number of works related
to the issue have appeared.

To achieve a suitable N-doping, there are several protocols still in use such
as physicochemical techniques like sputtering [101, 104, 105] and ion
implantation [106-109], chemical treatment of pure oxides [110, 111], high
temperature Ti0, sintering under nitrogen atmosphere [112], sol-gel
processes [113-117], titanium nitride oxidation [118-122], processes with
plasma [122-127] and atomic deposition [128, 129]. In sputtering and
implantation technigues, TiO, sheets are directly coated with nitrogen ions. In
the sintering process, Ti0, powder or film is calcined in the presence of
nitrogen precursors such as ammonia or urea. However, the sol-gel method is
the most popular because it does not require sophisticated equipment and is
relatively easy to carry out. It also allows for controlling nanostructure,
morphology and porosity of the material. In the sol-gel process the synthesis
of TiO, and doping takes place together by means of hydrolysis of titanium
precursors, generally alkoxides such as titanium isopropoxide or terbutoxide,
and different sources of nitrogen. NH4Cl, N>H4, NH4NO3, HNO3, ammonia,
urea and amines are the most common. In this way, size and proportion of
doping agent can be easily controlled according to the synthesis conditions
used such as pH, temperature, hydrolysis rate, etc. However, the hydrolysis
process is complex and involves several steps and variables to be controlled.

1.4.2. Ozonation and photocatalytic ozonation

Currently, ozonation is one oxidation process that more land is gaining to
the traditional oxidant, chlorine, in water treatment. Ozone bursted into
drinking water treatment as a solution to trihalomethanes formation during
the conventional process of chlorination, due to the presence of natural
organic compounds in raw water [130]. On account of its high redox potential,
although inferior to that of the hydroxyl radical (2.07 versus 2.85 V), ozone is
a very powerful chemical oxidizer, a property that can be used for diverse
purposes. The main use of ozone is concentrated on the disinfection [131],
oxidation of iron and manganese ions, elimination of algae, odors, flavors and
volatile organic compounds, removal of substances considered as priority
pollutants, as well as improvement of certain stages of water treatment
(flocculation, active carbon adsorption, biological oxidation, etc.) [132, 133]. In
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addition, ozone is an effective oxidant in the elimination of organic compounds
resistant to traditional biological treatments, such as pharmaceutical
compounds, hormones, personal care products, surfactants, pesticides, etc.;
either alone or in combination with other agents such as UV radiation,
catalysts or photocatalysts, hydrogen peroxide, etc. [134].

Regardless of the purpose to be achieved, the application of ozone in water
treatment involves action through four consecutive stages: in situ generation,
transfer from the gas where it is generated to water, the chemical reaction
and the destruction of residual ozone [132]. Once the ozone is transferred to
the aqueous medium, it can react with diverse substrates by two well
differentiated pathways. Firstly, the direct reaction between molecular ozone
and the substrate; and secondly, the indirect reaction through radical species
that come from the decomposition of ozone in water. In this way, during the
process of ozonation part of dissolved ozone reacts directly with the organic
matter in solution, in some cases with quite low reaction constants.

Molecular reactions are selective processes where molecular ozone can act
primarily as a dipole, such as it happens in the cycloaddition of Criegee on
unsaturated species; or as an electrophilic agent, in electronically high density
sites, especially in aromatic rings. These reactions commonly follow second
order kinetics and the main substrates that react with the ozone according to
this route are unsaturated hydrocarbons and aromatic hydrocarbons activated
with electron donating groups, such as the hydroxyl or amino group.

Simultaneously, another fraction of ozone is decomposed before reacting
with the solutes and being desorbed. Such decomposition is catalyzed by
hydroxyl anions and therefore takes place more rapidly and extensively as pH
increases. All this leads to the formation of species with marked reactivity and
oxidant character, among which the hydroxyl and hydroperoxide free radicals.
In addition, this decomposition may be further accelerated by a typically
radical chain reaction in which the free radicals produced act as propagators of
the reaction chain. The complete mechanism proposed by Staehelin, Hoigné
and Buhler [135, 136] is shown in Table 1.11, although there are other
proposals such as the mechanism of Tomiyasu, Fukutomi and Gordon [137]
where the alkaline water conditions are considered.

From all the intermediate species formed, the hydroxyl radical plays a
primordial role. Its presence in ozonated water was first identified by Weiss in
1935 [138], and is among the most reactive oxidants in water since it can
easily oxidize saturated hydrocarbons and halogenated derivatives, aliphatic
acids, aldehydes, ketones, alcohols, deactivated aromatic hydrocarbons, etc.
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Table 1.11 Mechanism of ozone decomposition in water [135, 136]
REACTIONS OF INITIATION

0, +0H —=2"= 10, +0, (1.8)
0, +HO; —=221°M ' s jge 4 0 (1.9)
HZOZ#HOE +H pK, =113 (1.10)
REACTIONS OF PROPAGATION

HO;ML)O;+H+ (1.11)
Or +HF S0y (1.12)
0,+07 =180 s 00, (1.13)
07 +Hr =Sz sy (1.14)
HO, k=310 g e (1.15)
HO —=110s T o 40, (1.16)
0, +HO' =210 ey (1.17)
HO, —=280 s sy 40, (1.18)
REACTIONS OF TERMINATION

HO; +HO, —=219M1 1 0 420, (1.19)
HO; +HO, =219 414 0. 10, +0, (1.20)
HO" +HO, =219 5 11 g (1.21)

If ozone is irradiated with UV radiation of enough energy, it can be
decomposed into atomic oxygen in the excited state, O ('D), according to
reaction 1.22, producing hydrogen peroxide when it reacts with water. The
photolysis of the generated hydrogen peroxide could lead to the formation of
hydroxyl radicals through equation 1.24 [139]:

0, hv(%.<310nm) OZ+O(1D) (1.22)
0('D)+H,0 > H,0, (1.23)
H,0, —=200-2800m) 5y (1.24)

The combination of ozone and photocatalysis, known as photocatalytic
ozonation, establishes, in addition to the reaction mechanisms for simple
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ozonation, reactions for the photocatalytic process and other mechanisms of
radical generation by interaction between the different systems. The
simultaneous application of the processes of ozonation and photocatalysis
significantly improves the formation of free radicals, leading to a synergistic
effect [89, 140, 141] and higher mineralization rates [142]. This improvement
in the generation of free radicals comes from complementary and synergistic
reactions of both processes. Figure 1.7 schemes the radical formation
mechanism in this process.
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Figure 1.7 Mechanism of free radicals formation in photocatalytic ozonation process

Mainly six possible routes can be distinguished in the generation of
hydroxyl radicals [141]:

1. Electron transfer from the surface of the photocatalyst to the ozone
molecule in order to generate hydroxyl radicals through the formation of
the ozonide radical. Ozone can interact with the surface of the
photocatalyst by means of physisorption, hydrogen bonding with hydroxyl
groups on the surface of the solid, or adsorption in Lewis acid groups
[143]. If the present radiation is also considered, the adsorbed ozone can
generate the ozone radical, which triggers the formation of the hydroxyl
radical under acidic conditions prior to formation of the HO;5" radical
through equations 1.14 and 1.16, already described.

0,+e, »0,+07 (1.25)
0y +H" > HO; ->HO" +0, (1.26)
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2. Transfer of electrons from photocatalyst surface to the oxygen molecule,
forming the superoxide radical, which reacts with the ozone present in the
medium to form the ozone radical that triggers the generation of hydroxyl
radicals. Taking into account that the process takes place with a mixture of
oxygen-ozone, oxygen molecules that form superoxide radical promote
the decomposition of ozone into hydroxyl radicals [144-146]. This
reaction, already described in the simple ozonation process in eqguation
1.13, takes place additionally on the surface of the photocatalyst.

3. Generated holes that oxidize adsorbed H,O molecules to generate
hydroxyl radicals.

4. Photolytic decomposition of ozone to produce hydroxyl radicals in systems
with radiation of wavelength below 300 nm, especially at 254 nm where
the coefficient of ozone absorption is higher than that of hydrogen
peroxide, 3300 versus 18.6 M cm™ [141].

5. Production of hydrogen peroxide as an intermediate in ozonation
reactions.

6. Inhibition of recombination of the electron-hole pair due to the reaction of
ozone and photogenerated electrons on the surface of the solid, which
promotes the formation of radicals.

As a difference between the process of photocatalytic ozonation and
catalytic ozonation, it is worth mentioning the process of initiation of the chain
reaction. Thus, while the photocatalytic process starts with the transfer of an
electron from the surface of the photocatalyst, the catalytic mechanism
usually starts with the reaction between the hydroxyl radical and the ozone
molecule [87]. In both processes the superoxide radical triggers the formation
of ozone radical, which leads to the generation of more hydroxyl radicals.
Superoxide radical is also supposed to react directly with organic molecules,
albeit to a lesser extent, towards the complete mineralization [146].

1.4.3. Monoperoxysulfate and photocatalytic oxidation in the presence
monoperoxysulfate

Oxidation with monoperoxysulfate and monoperoxysulfate decomposition
into sulfate radicals

Monoperoxysulfate (MPS, HSOs) is a versatile and environmentally-
friendly oxidizing agent widely used in bleaching, cleaning and disinfection. It is
commonly used in swimming pool disinfection, avoiding the formation of
chloramines which commonly appear in chlorine oxidation. MPS is
commercially available as triple salt (2KHSO5-KHS0,4-K,504) under the names
of Caroat® and Oxone® and is able to oxidize diverse functional groups of
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organic molecules [147]. Although MPS can directly react with organic
molecules with a redox potential comparable to hydrogen peroxide (1.82 V
versus 1.76V, for MPS and H, 0, respectively), MPS can theoretically liberate a
free radical reaction mechanism involving hydroxyl and sulfate ion radicals
[148]in the presence of UV radiation or heat [149]:

HSO; —2>H0" +50; (1.27)

Moreover, hydroxyl radicals are generated from the reaction between H,0 or
hydroxyl anion and sulfate radicals:

SO, +H,0—100M STy 502 L HO' 4 H! (1.28)
SO +HO™ ML)SO? +HO (1.29)

At pH below 9 sulfate radical is the dominant radical specie while at pH>9,
hydroxyl radical becomes the dominant reactive radical [150].

Many applications in MPS decomposition into radicals have been recently
explored, such as oxidation of emerging contaminants and their metabolites,
disintegration of activated sludge, disinfection or decontamination of pool
water [151]. Sulfate-based AOPs are increasingly gaining attention in the
research field of agueous pollutants oxidation [151] due to some advantages
if compared to hydroxyl radical [152]. Sulfate radical has a redox potential
comparable or even higher than hydroxyl radical (2.5-3.1 V versus 1.90-2.70 V
[153]); reacts selectively and efficiently via electron transfer with organic
compounds with unsaturated bonds or aromatic electrons, while hydroxyl
radical does it by hydrogen abstraction or electrophilic addition at high
reaction rates [151]; it has not pH limitations in contrast to Fenton system
being possible to work in a wider pH range (2-8); and it presents a higher half-
life period which enables to have more stable mass transfer and better
contact with target compounds [152].

MPS can also be chemically decomposed into radicals by means of
transition metals such as Co(ll), Ru(lll) and Mn(ll) [154, 155], in which Co(ll)
overwhelmingly outlines. Cobalt decomposition of MPS starts with the
formation of CoOH" which seems to be the most effective cobalt specie in its
activation [156]. The regeneration of Co®* by reducing from Co** closes the
catalytic homogeneous cycle. Peroxydisulfate is a reported termination
product [157].

Co®* +H,0 2 CoOH" +H" (1.30)



CHAPTER I. Introduction & Objectives | 57

CoOH" +HSO; — Co0" +H,0+50; (1.31)
Co0" +2H" - (0™ +H,0 (1.32)
Co™ +HSO; — Co®™ +H" +50; (1.33)
Co® +50; —Co™ +50; (1.34)
2507 2 "0,500-00S0; (1.35)
~0,500-0050; —{...} »0,+5,0;" (1.36)
"0,500-0050; —{...} >0, +250; (1.37)

Homogeneous catalysis requires the further removal of the catalyst,
especially in those cases where the active substance, i.e. cobalt, presents toxic
properties. Although very small amounts of cobalt provide beneficial catalytic
decomposition of MPS, toxicity of this metal causes health problems at very
low concentrations, which results a clear disadvantage for the process to be
extrapolated for a real application. Cobalt is a recognized toxic and
carcinogenic metal in animals [158] and it leads to the development of
dermatitis, asthma, pneumonia and cardiomyopathy in humans [159].
Consequently, heterogeneous catalysis emerges as a solution for both
problems and the development of catalysts for the heterogeneous activation
of MPS has raised interest in research community [151, 152]. Nevertheless, as
acid conditions promote the dissolution of cobalt, the stability and leaching of
cobalt in these materials must be taken into account in real applications.

Photocatalytic oxidation in presence of monoperoxysulfate

As indicated previously, a strategy to inhibit the electron-hole
recombination step of photocatalytic process is the addition of electron
acceptors to the reaction media. Inorganic peroxides can trap the
photogenerated electrons more efficiently than oxygen [160]. Upon accepting
an electron from the conduction band, MPS would participate in two different
pathways [161]:

HSO: +e;, —>HO" +507 (1.38)

HSO; +eg, —»HO™ +50; (1.39)
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In addition, sulfate radicals can trap the photogenerated electrons which
result prejudicial for the process:

SO; +e;, —> S0 (1.40)

Titanium dioxide is once again the most investigated photocatalyst in MPS
photodecomposition [162]. However, alternative new photocatalysts are
under research [163, 164]. Figure 1.8 shows the schematic formation of
radicals in the MPS photocatalytic decomposition.

S0
HO+S0,"

J+H20/HO'

Conduction band

~
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HO+S0,2

/— H,0

Figure 1.8 Photocatalytic radical formation mechanism in presence of MPS

Recently, the option of coupling cobalt oxides to photocatalysts like TiO> is
gaining attention since electrons generated in photocatalytic process
contribute to regenerate the original oxidation state of cobalt, minimizing
therefore the electron-hole recombination [165, 1661

Co™ +e;, > Co™ (1.41)

Co* +h;, > Co™ (1.42)

Thus, a powerful reaction-chained mechanism is triggered, generating sulfate
and hydroxyl radicals from photocatalytic reaction and Fenton-like
heterogeneous reactions. To date, only cobalt oxides have been coupled to
titania in order to produce this oxidation process [165-170].
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1.5. SPECIFIC OBJECTIVES

The main goal of this dissertation research has been focused on the study
of photocatalysis using radiation of low energy, i.e. UVA radiation, combined
with ozone or peroxidic promoters like monoperoxysulfate, as emerging
technology for the removal of agueous organic compounds of environmental
concern, such as herbicides. The specific objectives pursued can be
summarized in the followings:

e Synthesis and characterization of nitrogen doped and bare titania and the
study of their photocatalytical activity under UVA radiation. Comparison
with commercial titania Degussa P25.

e Study of photocatalytic ozonation and comparison with single
photocatalysis and single ozonation in the degradation of refractory
organic pollutants. Importance of main parameters affecting the process
and toxicological aspects of treated samples.

e Determination of second-order rate constant between molecular ozone
and organic compounds.

e Determination of rate constant between the model compounds and
hydroxyl radical, in case they are no avaliable in literature.

e |dentification of transformation products of photocatalytical technigues by
means of LC-HPLC-MS-QTOF.

e Study of direct monoperoxysulfate oxidation kinetics of contaminants with
high affinity towards this reaction.

e Application of photocatalysis promoted with monoperoxysulfate using
commercial titania Degussa P25. Comparison in the abscense of peroxidic
promoter. Variables of special importance in the process.

e Synthesis and characterization of cobalt-based perovskite oxide in the
heterogeneous activation of peroxidic promoters. Research of variables
affecting the process and stability of the synthesized catalyst, paying
attention to leaching.

e (Combination of cobalt-based perovskites and titania in photocatalytic
oxidation using monoperoxysulfate as promoter. Synthesis of the
composite. Study of the main variables of the process and toxicological
aspects.
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CHAPTER TWO

EXPERIMENTAL SECTION

developed in this dissertation research. Thus, experimental

installations, either for oxidation processes or kinetic studies, are
described as well as material used and the typical procedure followed.
Afterwards, the chapter follows with the description of the main parameters
analyzed in aqueous samples. Finally, catalysts’ synthesis is detailed and the
techniques used for the analyses of its characterization.

This chapter summarizes the experimental content related to the work
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2.1. MATERIALS & CHEMICALS

Reagents and chemical substances used along the research here
presented were generally analytical or pure grade, and were used as received.
Below, Table 2.1 summarizes, alphabetically listed, their name, chemical
formula, CAS code, commercial manufacturer and purity.

CHAPTER TWO. Experimental Section | 77

Table 2.1 Chemicals substances used in this research alphabetically ordered

Name Formula CAS Manufacturer  Purity (%)
Herbicides and model pollutants

Acetaminophen CgHoNO> 103-90-2 Sigma-Aldrich 99.0
Clopyralid (2-hydroxyethyl CsH1oCL:N5 05 57754-85-5 Sigma-Aldrich  99.2
Ammonium

4-chloro-2-methylphenol C7H,ClO 1570-64-5 Sigma-Aldrich 99.4
Cliophar 425 - - Agriphar 42.5
Diuron CoH10Cl2N,0 330-54-1 Sigma-Aldrich 98
Ethofumesate C13H1805S 26225-79-6 Sigma-Aldrich 99.6
MCPA CoHgClO5 94-74-6 Sigma-Aldrich 98.1
MCPA60% - - Kenogard 60
Metazachlor C1aH16CIN3O 67129-08-2 Sigma-Aldrich 99.6
Picloram CeH3Cl3N20; 1918-02-1 Sigma-Aldrich 99.6
Tembotrione C17H16ClF306S 335104-84-2 Sigma-Aldrich 99.4
Triclopyr C7H4Cl3NO3 55335-06-3 Sigma-Aldrich 99.5
Tritosulfuron C13H9FeN504S 142469-14-5 Sigma-Aldrich 99.9
Catalysts & chemicals for catalyst synthesis

Aeroxide Degussa-P25 TiO> - Evonik industries 99.6
Ammonium fluoride NH4F 12125-01-8 Sigma-Aldrich 98
Citric acid CeHg07 77-92-9 Aldrich 99
Cobalt(ll) acetate tetrahydrate CoCaHe0a - 4H20 6147-53-1 Sigma-Aldrich 98
Ethanol C>He0 64-17-5 Panreac 99.5
Hydrochloric acid (37%) HCl 7647-01-0 Fisher 36.71
Lanthanum(lll) nitrate hexahydrate  La(NO3)s - 6H,0 10277-43-7 Sigma-Aldrich 99.99
2-propanol C3Hg0 67-63-0 Panreac 99.5
Titanium (IV) isopropoxide C12H2804Ti 546-68-9 Sigma-Aldrich 97
Urea CHaN20 57-13-6 Panreac 99.0
Triethylamine CeH1sN 121-44-8 Panreac 99.5
Chemicals for analysis & solution preparation

Acetic acid C2H40 64-19-7 Fisher 99
Acetonitrile HPLC grade CoH3N 75-05-8 Fisher 99.99
Ammaonium chloride NH4Cl 12125-02-9 Panreac 99
Ammonium fluoride NH4F 12125-01-8 Sigma-Aldrich 98
Ammonium sulfate (NH4)S04 7783-20-2 Merck 99.5
Arabic acid CsH1006 32609-14-6 Sigma-Aldrich -
Beef extract powder - 68990-09-0 Sigma-Aldrich -
1,4-benzoquinone CeH40; 106-51-4 Merck 98
Boric acid H3BO3 10043-35-3 Panreac 99.5
Calcium chloride CaCl, 10043-52-4 Panreac 95
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Cobalt (Il) chloride 6-hydrate CoCl; - 6H,0 7791-13-1 Panreac 99.0
N.N-Diethl-p-phenylenediamine ¢\ N 1,50, 6283-63-2 Alfa Aesar 97
Sulfate
Folin & Ciocalteau’s reagent - - Merck -
Formic acid (CH;0; 64-18-6 Fisher 98
Glucose CeHeO6 50-99-7 Panreac 99
Glutamic acid CsHNO4 56-86-0 Merck 99
Gum arabic (from acacia tree) - 9000-01-5 Sigma-Aldrich -
Humic acid - 1415-93-6 Sigma-Aldrich -
Hydrochloric acid (37%) HCl 7647-01-0 Fisher 36.71
Hydrogen peroxide (33%) H,0, 7722-84-1 Panreac 33
Iron (lll) perchlorate hydrate Fe(Cl0q)3 - xH20 15201-61-3 Sigma-Aldrich 99.9
Iron (Il) sulfate heptahydrate FeS04-7H,0 7782-63-0 Panreac 99.5
Lignosulfonic acid sodium salt - 8061-51-6 Sigma-Aldrich -
Manganese (I) sulfate monohydrate  MnS04-H,0 10034-96-5 Panreac 99
Magnesium sulfate 7-hydrate MgSQ04-7H,0 10034-99-8 Panreac 99.0
Meat peptone - 91079-38-8 Panreac -
Mercury (Il) sulfate HgS04 7783-35-9
Methanol CH40 67-56-1 Panreac 99.99
2-methyl-2-propanol C4qH100 75-65-0 Panreac 99
Nitric acid (65%) HNO3 7697-37-2 Fisher 65
Orthophosforic acid (85%) H3PO4 7664-38-2 Scharlau 85
Oxalic acid (2H204 6153-56-6 Sigma-Aldrich 99.5
Oxone® Sigma-Aldrich S;SITSHSOS
' 2KHS05-KHS04°K2S504  70693-62-8 -
monoperoxysulfate compound 4.5-5 active
Alfa Aesar
oxygen
Perchloric acid HClO4 7601-90-3 Panreac 70
1,10-phenanthroline monohydrate  Cqi2HgN; - H,0 5144-89-8 Sigma-Aldrich 99
Dipotassium hydrogen phosphate K>HPO4 7758-11-4 Panreac 98
Potassium di-hydrogen phosphate  KH,PO4 7778-77-0 Panreac 98
Potassium hydrogen phtahalate CeHa 877-24-7 Nacalai Tesque 99
Potassium indigo-trisulfonate C16H7K3N201153 67627-18-3 Sigma-Aldrich 98
Potassium iodide Kl 7681-11-0 Panreac 99
Potassium dichromate K>Cr207 7778-50-9 Panreac 99.5
2-propanol C3Hg0 67-63-0 Panreac 99.5
Propionic acid (3Hg0; 70-09-4 Panreac 99.5
Silver sulfate Ag>S04 10294-26-5 AnalaR 985
Normapur
Sodium carbonate Na, (O3 497-19-8 Nacalai Tesque  99.8
Sodium carbonate Na,(C03 497-19-8 Panreac 99.8
Sodium chloride NaCl 7647-14-5 Panreac 99.0
Sodium dodecyl sulfate C12H2sNa04S 151-21-3 Sigma-Aldrich 98.5
Sodium nitrate NaNO3 7631-99-4 Panreac 99
Sodium hydrogen carbonate NaHCO3 144-55-8 Nacalai Tesque  99.5
Sodium hydrogen carbonate NaHCO3 144-55-8 Panreac 99.7
Sodium hydroxide NaOH 1310-73-2 Panreac 98
Sodium polymetaphosphate (NaPQ3), 50813-16-6 Panreac 99.8
Sodium thiosulfate pentahydrate Na;S,03 - 5H,0 10102-17-7 Cosela 99.5
Sulfuric acid H,S04 7664-93-9 Panreac 98
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Tannic acid C76Hs52046 1401-55-4 Sigma-Aldrich -

Tiron CeHaNa>0g - H,0 270573-71-2 Sigma-Aldrich 99

Titanium (IV) oxysulfate-sulfuric Ti05S - x H2504 123334-00-9 Sigma-Aldrich 27-31H2504
acid solution Basis
Tungstosilicic acid hydrate Hq[Si(W3010)4]xH,0 12027-43-9 Sigma-Aldrich 99.9

Zinc sulfate heptaydrate ZnS04-7H,0 7446-20-0 Panreac 99

Zincon monosodium salt C20H15N4NaOgS 62625-22-3 Sigma-Aldrich 98

Solutions were prepared with MilliQ® ultrapure water from a MilliQ®
Academic device connected to a RiOs-DI® water purification apparatus, both
from Millipore.

2.2. EXPERIMENTALS SETUPS AND PROCEDURES

This section describes in detail the experimental setups used and the
procedure in their use.

2.2.1. General photocatalytic processes setup with UVA lamps

Figure 2.1 illustrates the experimental setup used in photocatalytic
ozonation, photocatalytic oxidation and ozonation tests. The installation
consists of an ozone generator, an ozone analyzer and a borosilicate glass
reactor of one liter capacity, provided with a glass cover. This cover has five
mouths to connect diverse accessories such as thermometer, sampling, as
well as outlet and inlet of gaseous currents, this latter equipped with a
stainless steel diffuser. Finally, in photocatalysis tests, the installation was
completed with a cylindrical tube whose walls were covered with reflective
paper and in which four black light lamps (LAMP15TBL HQPOWER™ of
Velleman®) were equidistantly arranged. These lamps, with nominal power of
15 W, emit radiation in the range 350-400 nm, with a maximum located at
365 nm.

Ozone, if used, was generated from industrial grade oxygen by electrical
discharges in a Sander Labor Ozonisator 301.7. This equipment, refrigerated
with water, is capable of producing ozone at maximum mass flow rates up to
12 g L. In case of using oxygen, the gaseous flow passes through the
disconnected equipment lines.

The inlet gas flow rate, oxygen or oxygen-ozone mixture, depending on
the case, was regulated with a rotameter located at the exit of the ozone
generator. By properly positioning two three-way switches at the output of
the rotameter, the gas current can be sent either to the reactor or to an
Anseros Ozomat GM 6000 analyzer. This analyzer measures the concentration
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of ozone in the gas stream, by the spectrophotometric measurement at
254 nm, wavelength at which ozone presents a maximum absorbance.

oI o -

Maximum at
365nm

200 250 300 350 400 450 500 550 600
A (nm)

Figure 2.1 Experimental setup for ozonation and photocatalytic processes & emission
spectrum of UVA lamp. (1: oxygen tank; 2: ozone generator; 3: rotameter; 4: gas inlet;
5: gas outlet; 6: sampling; 7: thermometer; 8: black light lamp; 9: magnetic stirrer; 10:
gas outlet; 11: ozone analyzer)

In those cases where oxygen was fed into the reactor, the ozone generator
and analyzer apparatus remained switched off. The flow of oxygen was
regulated with the rotameter, and the moment when the three-way switches
were arranged for the gas to enter the reactor, was considered as the initial
time of the assay.

In those cases where ozone was used, oxygen was first fed to the system,
and the desired gas flow rate requlated with the rotameter. The switches were
then positioned at the output of the rotameter, making possible that the
gaseous stream was sent directly to the analyzer without passing through the
reactor. Then, waiting is necessary wait until obtaining stable reading of
0mg L™ 05 in the analyzer. Thereafter, the ozone generator was switched on
to produce ozone at the desired concentration. Once it was on, the reading of
the analyzer will increase until reaching a stable desired value. At this point,
the assay can be started. The position of the three-way switches is changed,
so that the generator output stream is passed through the reactor and the
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reactor output stream to the analyzer. Working in this way, the concentration
of ozone gas in the outlet stream would be measured during the development
of the reaction. The purpose of these two switches was to use a single
analyzer to measure the initial concentration of ozone gas at the inlet and the
outlet concentration during the test. At the end of the reaction, the position of
the switches was changed again, passing the outlet gas stream directly to the
analyzer, without going through the reactor. In this way, the ozone gas inlet
was again read at the end of the process.

Installation depicted in Figure 2.1 was also applied in photocatalytic assays
without feeding a gas stream. Trials carried out in the presence of peroxidic
promoters, i.e. monoperoxysulfate, were developed without considering the
gaseous part of the installation. The required amount of monoperoxysulfate
was previously dissolved in 10 mL of ultrapure water, and then put into the
aqueous reaction system.

At different reaction times, samples were extracted with a syringe and
filtered with Millex-HA filters (Millipore®, 0.45 pum) in order to remove the
catalyst loaded, if necessary. Dissolved ozone was removed by bubbling air,
and when monoperoxysulfate was used, thiosulfate 0.1 M was added as
guencher (10 pL per 10 mL of extracted sample, approximately).

2.2.2. Photocatalytic processes setup with UVA LEDs

Figure 2.2 depicts the experimental installation in photocatalytic processes
with UVA radiation coming from Light Emitting Diodes (LEDs), used during the
stay in the Universidade de Trds-os-montes e Alto Douro (UTAD). The setup was
equipped with a magnetic stirrer, a glass reactor of 500 mL, and a
photosource of 12 InGaN LEDs lamps (Roithner APG2C1-36E LEDs, nominal
consumption of 1.4 W each), emitting within the range of 360-380 (maximum
located at 368 nm). The resultant UVA irradiance of the system was estimated
to be 85 W m™. LEDs system was located in the top of the glass reactor,
perfectly mixed through magnetic stirring, which was externally covered with
aluminum foil in order to increase photon absorption by reflection.

This setup was used to assay photocatalytic oxidation processes in
presence of monoperoxysulfate (MPS). The photocatalytic assays carried out
in this setup started by loading the 500 mL of the agueous sample to be
treated, the catalyst and the amount of MPS required. It was added by
dissolving MPS in a small volume of reaction, i.e. 10-15 mL. pH was adjusted
when it was necessary by immersing the pH electrode into the aqueous
solution. UVA LEDs, previously stabilized during 30 min, were placed in the top
of the reactor, and time started to be counted.
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Figure 2.2 Experimental setup for photocatalytic processes & emission spectrum of
UVA LEDs. (1: magnetic stirrer; 2: glass reactor; 3: LEDs photosource)

Samples were extracted and filtered at different times with Millex-HA
filters (Millipore®, 0.45 pm) in order to remove the catalyst.

2.2.3. Photocharacterization of the radiation source. Chemical actinometry

The radiation intensity of the black light lamps reaching the solution was
guantified by chemical actinometry based on the photochemical reduction of
the ferrioxalate complex, [Fe(C,05)5]*, in acid medium. The iron (lll) of the
ferrioxalate complex is reduced to iron (Il) by the action of radiation, being the
main reaction of the process the following [1]:

[Fe(C,0,),] +hvoFe® +2C,07 +C,0; 2.1)

The rate of iron (Il) formation can be described with the equation:

dCFe(H)
dt

= |0¢Fe(n) |:1 - eXD(_2'303 L S[Fe(CZO4)3]3*CFe(\II) )} (2.2)

where |y represents the incident radiation intensity, ¢ reqy the quantum yield

of the reaction at the wavelength of the radiation source (1.2 mol Einstein™ at
365 nm [1]), L stands the effective path of the radiation through the reactor,

S[FQ(C 0] is the molar attenuation coefficient of ferrioxalate complex (500
M cm™ at 365 nm) and Crey the concentration of iron (I1).

If the concentration of iron (lll) is high enough, the exponential term of
equation 2.2 can be neglected, resulting:

Cron =1o Orer (2.3)
From this equation, by means of experimental adjustment of the evolution of

iron (Il) concentration versus time, a straight line is obtained. From its slope
can be extracted the value of incident radiation intensity.
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The actinometries assays were performed with oxalic acid 0.15 M and iron
perchlorate (Il) 5 mM in perchloric acid 0.03 M at pH=2. To avoid the
interference of oxygen in the medium, nitrogen gas was bubbled.

The actinometric tests were carried out with one, two, three and four
lamps working in the presence of a reflecting surface on the inner wall of the
cylinder. Moreover, in the case of the four lamps also the reflective surface
was covered with black cardboards, to study the contribution of this factor.
From the results of Table 2.2 it can be concluded that the intensity increases
almost proportionally with the number of lamps on, and that the contribution
of the reflecting surface accounts for about 50% of the total.

Table 2.2 Incident radiation intensity in actinometric assays of UVA lamps installation

Number of lamps Kind of surface (Einsteli?jl_qimin*) R?
1 Reflective 1.77 0.9967
2 Reflective 3.26 0.9965
Reflective 5.13 0.9995
4 Reflective 6.86 0.9966
Black 3.60 0.9977

Alternatively, and just for LEDs setup characterization, a modification of
ferrioxalate actinometry was applied. Ferrioxalate was combined with a
polyoxometalate, SiW;,040%. CO, radical anions formed in ferrioxalate
actinometry react with SiW;,04,", leading to the production of blue colored
SiW;,040>, whose  concentration can be easily  determined
spectrophotometrically by measuring the absorbance at 730 nm [2]:

Siw,, 05, (colorless) +C0; — Siw,,0;; (colored) +CO, (2.4)

Analogously to equation 2.3, the kinetics of the formation of blue colored
SiW;,040° follows the expression:

(2.5)

=|
Siw,05 0 ¢Sivw2025 t

From this equation can be deduced the incident radiation intensity by adjusting
concentration of blue polyoxometalate (Cs-w ) through time to a linear
Wi2Va0

curve. From its solpe can be obtained the value of incident intensity radiation
(o) by considering a value of quantum vyield at 365,

q)sw OS_=O.18molEinstein’1[2]. It must be highlited that this method
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understimates the light intensity when it is lower than 7 107 Einstein min™ L™,
reason why it was not considered in the characterization of black light lamps.

As recommended in literature [2], this modified actinometry was carried
out using oxalic acid 60 mM, Fe(ClO4); 5 mM, and SiW;,04" T mM. pH was
adjusted to 4.8 with HClO4 and NaOH in order to avoid self decomposition of
SiW1>040%. Under this conditions a value of 1.46 10 Einstein L' min™' was
obtained.

2.2.4. Kinetic determinations

Determination of the direct rate constant with molecular ozone by
homogeneous competitive experiments in semicontinuous or discontinuous
mode

In order to determine the rate constant of the reaction between ozone and
organic compounds, homogeneous competitive assays were performed in the
installation shown in Figure 2.3. The setup is a modification of the single
ozonation installation in which a second reactor is added.

oF o

Figure 2.3 Experimental setup for determination of the direct rate constant with
molecular ozone by competitive homogeneous in semicontinuous or discontinuous
mode (1: oxygen tank; 2: ozone generator; 3: rotameter; 4: gas inlet; 5a: reactor for
saturating ultrapure water with ozone; 5b: reactor with target and reference
compounds; 6: sampling; 7: thermometer; 8: peristaltic pump; 9: magnetic stirrer; 10:
gas outlet; 11: ozone analyzer)

The first mode of operation was semicontinuous. The method consists in
the continuous pumping of an ozone saturated solution to a tank containing
the target and a reference compound whose ozonation rate constant is
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previously known. The mass balance describing for the system responds to

[31:

dC dv
Vd—tT + CT E = —ZTVkO3 - Coa CT
dC dv
Vd_tR_i_CRE:_ZRVkOS’CR (:O3 CR (26)
dv
e Q

balances in which Q stands for the ozone saturated solution flow rate, V is the
reaction volume, C is the concentration, z the stoichiometric coefficient, and
the subscripts T and R refer to target and reference compounds, respectively.
To eliminate the unknown Cg; concentration, if the reference and target
compound mass balances are divided, after integration it follows:

VG, z, Koo, VG,

ln = ln (2.7)
VC z, k VC
Tl=0 Rlt=0

R 10,-Cq

Basically, the installation for these assays consists of a simple ozonation
reactor in which a second reactor is added. In the first reactor, ultrapure water
is ozonized to completely saturate it in ozone, which is verified by analyzing
dissolved ozone with the colorimetric method of indigo, or by measuring
aqueous absorbance at 254 nm, where the ozone has a maximum. In the
second reactor, the dissolution is arranged with the problem compound and
another one (the reference) whose kinetic constant is known at a controlled
pH, in the presence of tert-butanol 10 M. Both compounds must exhibit
similar ozone reactivity. Initially, the second reactor was charged with 500 mL,
and ozone-saturated ultrapure water was added from the first reactor using a
peristaltic pump at a rate of 10 mL min™". Simultaneous ozonation of both
compounds takes place. This procedure was carried out for the determination
of the rate constant with molecular ozone of 4-chloro-2-methylphenol, using
acetaminophen as reference compound.

Rate constant of those compounds that react with ozone developing slow
kinetic regime was determined in the same installation without using the
second reactor and the peristaltic pump. The first reactor was loaded with a
mixture of target and reference compound, and was directly ozonized in the
presence of tert-butanol (10 M) at controlled pH. Since reaction volume in
this case is constant, the following expression describes the process:
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k
In G bl ([n—=R (2.8)
C Z, Kk C

T|t=0 R 70;-Cy Rlt=0

C

A plot of the left term of equation 2.8 versus the logarithmic term of the right
side, adjusted to a straight line, let obtain the rate constant of reference
compound from the slope.

Determination of the direct rate constant with hydroxyl radical through
H>0, decomposition with UVC radiation

The determination of the reaction constants of the studied compounds
with the hydroxyl radical was completed by the photolytic decomposition of
hydrogen peroxide with UVC radiation. In this case, the installation consists of
a UVC lamp (low-pressure mercury vapour lamp Heraeus Model TNN 15/32,
maximum emission at 254 nm), a quartz sleeve, a borosilicate glass reactor of
1 L volume and a magnetic stirrer. The lamp, with a maximum emission at
254 nm, is put inside the quartz sleeve, equipped with a cooling jacket, and
inserted through the top of the reactor for this purpose. A complete
installation diagram is depicted in Figure 2.4.

Figure 2.4 Experimental setup for determination of the direct rate constant with
hydroxyl radicals through H,0, decomposition with UVC radiation. (1: glass reactor; 2:
quartz sleeve; 3: refrigeration inlet; 4: refrigeration outlet; 5: UVC lamp; 6: magnetic
stirrer; 7: stir bar; 8: sampling)

In this system, the photolytic decomposition of H,0, leads to the
formation of hydroxyl radicals:

H,0, +hv = 2HO’ (2.9)



2.3. METHODS FOR AQUEOUS ANALYSES

This section details the different methods of analysis applied in agueous
samples. Table 2.3 summarizes the analytical methods and the equipment
employed in the diverse parameters analyzed.
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Table 2.3 Methods and equipment applied in agueous analyses of agueous

Parameter

Method of analysis

Equipment

Agueous herbicides
concentration

High Performance Liguid
Chromatography with UV
detection (LC-HPLC-UV)

Agilent 1100 HPLC

Transformation
products of
oxidation

Liguid Chromatography coupled to
a Quadrupole Time-of-Flight Mass

Spectometry (LC-QTOF-MS)

Agilent 1260 HPLC +
Agilent 6520 QTOF

Agilent 1260 HPLC +

ABSciex TRIPLE TOF® 5600+
Shimadzu TOC-V¢sy and
Shimadzu TOC-Lcsy

Total Organic
Carbon (TOQ)
Inorganic and
organic anions

Oxidation + Infrared spectroscopy

lonic Chromatography with

®
conductivity detection Methrom® 881 Compact IC pro

Dissolved 03 Oxidation + UV-vis
concentration spectrophotometry
H»0, Oxidation/complex formation +

Spectrophotometer

UV-vis spectrophotometry . )
ThermoSpectronic Hehios o

Oxidation + UV-vis

concentration

Monoperoxysulfate

concentration spectrophotometry
Iron (Il) Complex formation + UV-vis
concentration spectrophotometry

Varian SpectrAA Series 140
Spectrophotometer

Atomic absorption spectroscopy
Complex formation + UV-vis

Agueous cobalt
concentration

spectrophotometry ThermoSpectronic Hehios a
Chemical Oxygen Chemical oxidation + Hach® COD block heater +
demand (COD) spectrophotometry DR/2400 Hach®
Biological Oxyaen Biological oxidation + ) .
Dengand (Bé%) pressure fall measure Oxitop® respirometers
Acute toxicity to Daphnia Parvula
and Culex Pipiens B
Toxicity Bioluminiscence inhibition Microtox® M500 photometer
Root growth inhibition in the
germination of Lactuca Sativa or -
Solanum Lycopersicum seeds
Turbidimetry Nephelometry 2100N IS Hach® turbidimeter
GLP 21+ CRISON®
pH & temperature Potenciometry PH & REDOX 26 CRISON®
Jenway 3510

Conductimetry Conductimeter CRISON® 524

Conductivity
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2.3.1. Aqueous herbicides concentration by High Performance Liquid
Chromatography with UV detection (LC-HPLC-UV)

Concentration of herbicides in water, used as model compounds, was
analyzed by HPLC. The apparatus used was an Agilent 1100 HPLC, equipped
with four modules: vacuum degasser, quaternary pump, system of
autosampler and monochromatic wavelength UV detector. The software
‘ChemStation for LC System’ was used for analysis of acquired data.

The stationary phase consisted of a Kromasil 100 5C18 (150 x 21 mm),
packed with octadecyl silane particles (C18) of 5 um of size and porous of
100A. In all cases a mixture of acetonitrile (A) and 0.1% (v/v) of H3PO, (B) was
applied as mobile phase. Thus, different methods were applied by varying A:B
proportion to quantify different herbicides, or mixtures of them, either under
isocratic or gradient conditions.

The quality of each analytical method was validated by obtaining its
linearity, Relative Standard Deviation (RSD) and Limit of Detection (LOD) [4].
The linearity between the obtained signal, i.e. peak area, and the
concentration of the analyte was determined by obtaining the regression
coefficient (R?) of the calibration curve of different standards. Precision,
described as the closeness to the true value of a single measurement, was
guantified by repeating the measurement of the same sample and expressing
the result as RSD. Finally, the LOD is usually described as the smallest quantity
of analyte that can be detected with a given degree of confidence. Although
there is still no full agreement, there is an increasing trend to define LOD as
the analyte concentration giving a signal equal to the blank signal, ys, plus
three standard deviations of the blank, sg [4]:

f(LOD)=y, +3s, (2.10)

Table 2.4 shows operational conditions of each method and the
parameters for the validation of the calibration curve.

Table 2.4 Methods used for analysis of herbicides by HPLC and results of calibration

Method & Analytes Method. Mobile phase (A:B) and UV Retention R2 RSD LOD
Analyzed detection time (min) (%) (ugL™)
1 MCPA Isocratic method with T mL min™" 6.8 0.9998 0.85 137
CMP of 60:40 elution and 230 nm 7.7 1.0000 0.12 14
. . . _“
> TR Isocratic method with T mL min 33 0.9999 0.86 57

of 40:60 elution and 230 nm

Isocratic method with 1 mL min™
3 PIC of 20:80 elution and 200 nm 43 03339 0.13 34
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Isocratic method with T mL min™

CLO of 25:75 elution and 220 nm > 0.9996 0.23 134
CLO Gradient with 1 mL min', 7.6 0.9987 0.74 70
PIC increasing A from 10 to 50% in 9.5 0.9988 0.42 85
TR ;gomin and kept at 50% for 6 min. 16.9 0.9953 038 166
nm

Gradient with 1 mL min™,
DIU increasing A from 50 to 65% in 4.0 0.9999 0.27 62

6 min. 243 nm

Isocratic method with 1T mL min”
TEMB of 50:50 elution and 250 nm 6.6 1.0000 046 54
METAZ 6.4 0.9999 0.23 29
TEMB Isocratic method with T mL min™" 11.2 0.9999 0.20 33
TRITO of 55:45 elution and 220 nm 12.5 0.9999 0.24 41
ETHO 14.9 0.9999 0.15 80

2.3.2. Transformation Products by Liquid Chromatography coupled to a
Quadrupole Time-of-Flight Mass Spectrometer (LC-QTOF-MS)

Transformation products during oxidation processes were tentatively
identified by liquid chromatography through HPLC apparatus coupled to
Quadrupole Time-of-Flight Mass Spectrometer (QTOF-MS). Two different
systems were used for that purpose.

The first system was composed by an Agilent 1260 HPLC coupled to an
Agilent 6520 Accurate-Mass QTOF-LC-MS equipped with a dual ESI
electrospray interface. The chromatographic separation was conducted in a
Zorbax SB-C18 column (3.5 pm, 4.6 x 150 mm). Pure MilliQ® water and
acetonitrile were used as mobile phase. Elution gradient at 0.2 mL min™ flow
rate initially was increased from 10% of acetonitrile to 100% in 40 min, and
kept thereafter for 15 min before equilibration. The analytical operating
conditions of the electrospray unit were as follows: capillary 3500 V;
nebulizer, 30 psi; gas flow, 5 L min™"; gas temperature 300°C; skimmer
voltage, 65 V; octapole RF, 750 V; fragmentor, 100 V. The mass spectra were
processed by means of the Agilent Mass Hunter Qualitative Analysis B.04.00
software. Analyses in this apparatous were carried out by the ‘Servicio de
Andlisis Elemental y Molecular (SAEM) of ‘Servicios de Apoyo a la Investigacion
de la Universidad de Extremadura (SAIUEX) .

The second system consisted of an Agilent 1260 Infinity system connected
to a hybrid quadrupole time-of-flight mass spectrometer TRIPLE TOF 5600+
system (AB Sciex) with an electrospray interface (ESI). HPLC was equipped with
a Poroshell 120 EC-C18 (2.7 pm, 4.6 x 50 mm) column. Pure MilliQ® water or
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acidified water with 0.1% formic acid (for negative and positive ionization
modes, respectively), and acetonitrile were used as mobile phases. Elution
gradient at 0.4 mL min™' flow rate went from 10% of acetonitrile to 100% in
10 min, and kept thereafter for 5 min before returning to initial conditions.
Injection was completed with 10 pL. Both ESI(+) and ESI(-) modes were
considered for unknown transformations products identification. The
equipment worked via TOF MS survey scan followed by four IDA (Information
Dependent Acquisition) TOF MS/MS scans. Alternatively to IDA mode, other
tools like ‘mass defect filters’ and ‘include list’ for potential candidates were
used in order to focus and shorten TPs identification during the acquisition
process. Scanned mass range was from m/z = 50 to 800 Da, either in TOF or
MS/MS experiments. An accumulation time of 100 ms was used in each scan.
IDA criteria considered dynamic background subtraction. Collision energy of 30
eV with a £10 eV spread was used in MS/MS fragmentation. Diverse AB SCIEX
software (Analyst TF 1.5, PeakViewTM 2.2 and MasterView 1.1) was used to
record and process LC-QTOF-MS data. Analyses developed in this second
system were performed during a short stay in the ‘Centro de Investigacién en
Energia Solar (CIESOL), Instituto mixto UAL-PSA CIEMAT located in the
University of Almeria.

2.3.3. Total Organic Carbon (TOC) and Inorganic Carbon (IC)

Total Organic Carbon (TOC), as well as Inorganic Carbon (IC), were
determined by means of a Shimadzu® TOC-Vsy analyzer coupled to an ASI-V
automatic sample injector. The analysis is based on the catalytic oxidation of
the carbon content and the determination of the CO, released by means of
Non-Dispersive InfraRed detection (NDIR). During the stay in UTAD was used a
Shimadzu® TOC-Lcsy analyzer coupled to ASI-L sample injector.

Total Carbon (TC) was first determined in an oxidation tube filled in a
combustion catalyst (platinum supported onto alumina spheres). Purified air
was passed at 150 mL min™' through the combustion tube, heated at 680°C.
Thus, as the sample was injected, carbon content was oxidized or
decomposed to generate CO,. Carrier gas, i.e. purified air, carrying the
products generated was cooled and dehumidified before passing into the
sample cell of the NDIR detector. The NDIR signal forms a peak, and the data
processor (software TOC-Control V) calculated the peak area. The relationship
between TC concentration and the peak area was obtained by means of a
calibration curve using a TC standard solution (reagent grade potassium
hydrogen phthalate).
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As TC comprises TOC and IC, is necessary to distinguish between the
organic and inorganic (carbonate and bicarbonate) content by means of a
second determination. IC can be quantified by an automatic internal
acidification of the sample (with H3PO4 at 25%) and sparging it with the carrier
gas in order to convert only the ICin the sample into carbon dioxide. The CO5 is
detected in the NDIR detector. IC concentration was correlated with NDIR
signal in the same way as TC. The IC calibration curve was built using a mixture
of sodium hydrogen carbonate and sodium carbonate as standards.

Subtracting IC concentration from the TC concentration makes possible the
determination of TOC concentration.

2.3.4. Inorganic and organic anions by lonic Chromatography

Inorganic and short-chain organic anions were analyzed by ion
chromatography coupled to a conductivity detector. This technique develops
the analysis of ions and polar molecules by chromatographic separation in an
ion-exchange column.

The lonic Chromatographic system was a Methrom® 881 Compact IC pro
equipped with chemical suppression, autosampler (863 Compact
autosampler) and conductivity detector. The stationary phase was an anionic-
exchange column (MetroSep A Supp 5, 250x4.0 mm, particles of 5 ym of
polyvinyl alcohol with quaternary ammonium groups) thermally controlled at
45°C. Data acquisition and processing was carried out with the software MagIC
NET™.

The used mobile phase program consisted of a gradient of 0.7 mL min™" of
an aqueous solution of Na,CO5 from 0.6 mM to 14.6 mM in 50 min, followed
by 10 min of reequilibration. For that purpose, an 800 Dosino dispenses a
concentrated Na,CO; solution (35.6 mM) to the eluent system. Calibration
curves were built in a range of 0.1-10 mg L™ for the detected inorganic and
short-chained organic anions.

2.3.5. Dissolved ozone concentration

The concentration of ozone dissolved in agueous solution was analyzed
following the colorimetric method proposed by Bader and Hoigné [5]. This
method involves the determination of agueous ozone concentration by the
decolorization of indigo trisulfonate (potassium 5,5',7-indigo trisulfonate) as
ozone rapidly oxidizes it in acidic solution. Solutions of potassium 5,5",7-indigo
trisulfonate present blue color with @ maximum in absorbance at 600 nm with
a molar attenuation coefficient of 20,000 M' cm™ [5]. Thus, ozone
concentration can be determined based on the difference in absorbance
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between the test sample and a blank. Blank sample is prepared under
identical conditions replacing the test sample by the non ozonized sample.
The method presents a LOD of 0.1 uM of dissolved ozone and an error inferior
to 2% [5].

The stock indigo trisulfonate solution was prepared with 900 mL of buffer
solution H3P04/KH,P0, (28 and 35 g L™ of KH,P0, and H5P0y4, respectively)
and 100 mL of a concentrated indigo trisulfonate solution (0.6 and 2.3 g L' of
indigo trisulfonate and H3PQ4, respectively). After mixing, pH was adjusted to
2 by adding a concentrated NaOH solution.

In a typical test, 4 mL of the above stock indigo solution were mixed with
2 mL of the test sample. At the same time, a blank sample was prepared by
adding 4 mL of the indigo solution to 2 mL of the water sample before being
ozonized. The volumes of stock indigo solution and sample can be modified
depending on the expected concentration of dissolved ozone in the sample.

According to Lambert-Beer law, there is a linear relationship between the
grade of decoloration and dissolved ozone concentration, [03,d' as shown in the

following equation:

A blank _ Asample
C __"'600 600 f

0,d D
} C

(2.11)

8600

sample

where A¢r stands for absorbance of the blank sample at 600 nm, Ajy
the same for the test sample, ¢__ is the molar attenuation coefficient at 600

nm of indigo trisulfonate, c the cell path length, and fp the dilution factor after
sample alteration by adding indigo solution.

2.3.6. Hydrogen peroxide concentration
Hydrogen peroxide at low concentrations (<5 10° M)

Hydrogen peroxide generated during photocatalytic processes was
analyzed by means of the colorimetric method proposed by Masschelein and
co-workers [6]. This determination is based on the oxidation of Co (I) to Co (Ill)
by hydrogen peroxide in solution, taking place a reaction between Co (Ill) and
bicarbonate to produce a complex whose maximum of absorbance is located
at 260 nm with a molar attenuation coefficient of 26,645 M cm™". The limit of
detection of the method was estimated to be 3 107 M [6].

The analytical procedure started by mixing 0.5 mL of cobalt (Il) solution
(16.1 g L' of cobalt () chloride hexahydrate), 0.5 mL of sodium
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hexametaphosphate solution (10 g L), 10 mL of saturated sodium
bicarbonate, and T mL of sample test. Since at 260 nm the organic content in
the sample can interfere in the determination, it is also necessary to prepare a
second mixture by replacing cobalt (ll) solution with ultrapure water.
Additionally, two blanks using ultrapure water as test sample must also be
prepared. Samples were transferred to a quartz cell of 1 cm of path length
and absorbance at 260 nm was measured.

According to Lambert-Beer law, the agueous concentration of H.05, Cyz0z,

is related to the absorbance of the mentioned mixtures by the expression:
( isgnaile_Asample )—(A blank _Abtank ) f

without cobalt cobalt without cobalt
i (2.12)

HZOZ -

€, C

260

It sample
where A€ and A o are the absorbances of the sample tests at

cobalt

260 nm with and without cobalt (Il), respectively; A% and Améutcoban the

cobalt

absorbances of blank tests with and without adding cobalt (Il), respectively;

¢ stands for the molar attenuation coefficient of the complex at 260 nm;

260

c the cell path length; and, fp is the dilution factor.
Hydrogen peroxide at high concentrations (5 10°-10> M)

Rate constant or reaction between hydroxyl radical and organic
compounds was obtained through the UVC photolytic decomposition of H,05.
In these experiments the concentration of H,0, was analyzed by the
colorimetric method reported by Eisenberg [7]. This method quantifies the
aqueous H,0, concentration by allowing it to react with titanium (IV)
oxysulfate reagent to produce the yellowish pertitanic acid, generated with
the selective reaction of Ti (IV) ions. The reaction is effectively instantaneous
and the yellow-colored pertitanic acid stable for at least 6 hours, presenting a
maximum in absorbance at 405 nm with a molar attenuation coefficient of
720Mcm ' [7].

The procedure of analysis consisted of mixing 0.5 mL of commercial
solution of titanium (IV) oxysulfate in sulfuric acid, and 4.5 mL of test sample.
However, depending on the expected concentration of H,0,, test samples
were diluted in order to obtain a H,0, concentration within the range 5 10-
107 M. Samples were measured at 405 nm in a quartz cell of Tcm of path
length.
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Once again, Lambert-Beer law is followed and the yellow color intensity is
proportional to the H,0, concentration (Cyz02), giving a linear relationship:

A sample_A blank
Mf{) (2.13)

H,0,

€.0c C

405

where AS™and AT represent the absorbance of sample and blank
measured at 405 nm; ¢, is the molar attenuation coefficient at 405 nm of the

yellow pertitanic acid generated; ¢ the cell path length; and, fp is the dilution
factor that undergoes the sample in the process.

2.3.7. Monoperoxysulfate concentration

Concentration  of  monoperoxysulfate  (MPS)  was  determined
spectrophotometrically by a colorimetric method based on N,N-diethyl-
phenylenediamine (DPD) oxidation [8].

The oxidation of DPD amine is commonly used in the determination of
aqueous chlorine. In this way, DPD amine is oxidized by chlorine giving two
oxidation products. At neutral pH, a semi-quinoid cationic compound known as
Wirster dye is the primary oxidation product. Wister dye shows magenta
color, with a maximum of absorbance at 551 nm. When DPD reacts with low
concentrations of chlorine at neutral pH, the Wirster dye is the main oxidation
product. However, at higher oxidant levels, the formation of an unstable
colorless imine takes importance, which interferes in Wdirster dye
determination. This DPD method for chlorine was considered in MPS
quantification.

In a typical assay, 9 mL of 0.05 M phosphate buffer at pH=6 was pipetted
into a glass vial and then mixed with 1T mL of test sample. Immediately, 100 pL
of DPD solution (DPD at 1% with H,S0, 0.1 M) was added and the mixture
vigorously mixed. After 30 min, the magenta-colored mixture was transferred
to a 1 cm quartz cuvette, and absorbance at 551 nm was measured. A blank
test, replacing the test sample with ultrapure water, was required in order to
subtract the possible contribution of the stock solutions at 551 nm. For
guantification purposes, a linear calibration curve in the range of 0-20 mm of
MPS was obtained (R*>0.99, LOD=11.7 uM).

2.3.8. Aqueous iron (Il) concentration

Concentration of iron (Il), photo-reduced from iron (lll) in ferrioxalate
actinometry, was colorimetrically analyzed by the reaction of complexation
between iron (Il) and 1,10-phenanthroline at acidic pH. The red-colored
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complex formed presents a maximum in absorbance at 510 nm whose molar
attenuation coefficientis 11,040 M cm™ [9].

The analysis started by mixing 1.5 mL of 0.1 M acetic/acetate buffer at
pH=3-4, 1.0 mL of 1,70-phenanthroline solution (0.02%), 5.0 mL of sample,
and T mL of 2.0 M ammonium fluoride solution. After stirring and waiting 20
min to complete the formation of the complex, absorbance at 510 nm was
measured. A blank test was required; replacing test sample by ultrapure
water.

Having in mind the law of Lambert-Beer, and supposing absence of
substances which might absorb radiation at 510 nm in the sample, iron (Il)
concentration is obtained from:

sample__ p blank
(Agpe-A )]c

C _ 510 510 A (214)

Fe(ll)

€0 C

510

Where Cro) refers to iron (Il) concentration, A5r"and AL represent the

absorbance of sample and blank measured at 510 nm, respectively; €519 is the
molar attenuation coefficient of the 1,10-phenanthroline-iron(ll) complex at
510 nm; c the cell path length; and, fy is the dilution factor in the process of
measurement.

2.3.9. Agueous cobalt concentration

Cobalt leaching into aqueous solution by cobalt-based catalysts was
analyzed by two different analytical methodologies.

Determination of aqueous cobalt by atomic absorption spectroscopy

Atomic Absorption Spectroscopy (AAS) is a spectroanalytical technigue for
the guantitative determination of chemical elements using the absorption of
optical radiation by free atoms in gaseous state. In AAS, the sample is
atomized and a beam of electromagnetic radiation emitted from a radiation
source is passed through the vaporized sample. Some of the radiation is
absorbed by the cobalt atoms in the sample. The amount of radiation
absorbed is proportional to the number of cobalt atoms. The amount a
standard absorbs is compared with the sample in a previous calibration curve.
This enables the quantification of cobalt in the unknown sample.

The apparatus used was a Varian SpectrAA Series 140, controlled by
Varian's AA worksheet software. Aqueous cobalt sample was nebulized and
mixed with the flame with acetylene as fuel and air as carrier. A hollow



96

Photocatalytic oxidation of agueous herbicides with radiation of low energy.
Application of catalysts, ozone and peroxidic promoters

cathode multielement lamp (Part Number 56-101076-00) was used as light
source operating at a wavelength of 240.7 nm and 0.2 nm of slit.

A second-order polynomial calibration curve was obtained in the range 1-
30 mg L™ of cobalt (R*=0.9992). The limit of detection was estimated to be
0.49 mg L' and the relative standard deviation of 0.62%.

Spectrophotometric determination of aqueous cobalt (1)

Additionally, aqueous cobalt was spectrophotometrically determined using
a metallochromic indicator, zincon monosodium salt [10]. Zincon is a blood-
red complexometric indicator (maximum in absorbance at 620 nm) that
undergoes a color change in the presence of some metals, such as Co (Il). pH
in the process must be controlled since the complex generated is sensitive to
pH changes.

Following this method, Co (Il) was analyzed by mixing 1.0 mL of zincon
solution (100 mg of zincon in 100 mL of a mixture methanol: ultrapure water
50:50), 1.5 mL of buffer at pH=9 (8.4 and 31 g L' of NaOH and H5BO;,
respectively) and 10 mL of sample. After 30 min of complexation, absorbance
was measured in a quartz cell of T cm of path at 620 nm. Additionally, a blank
replacing the sample with ultrapure water was considered to be subtracted.

A calibration curve, adjusted to a second-order polynomial fit (R*=0.996),
was built in the range 0-5 mg L' of Co (Il). Relative standard deviation was
estimated to be inferior to 1%, and the limit of detection was calculated to be
0.36mglL™.

2.3.10. Total polyphenol content

Total polyphenol content was determined by the Folin-Ciocalteau method
[11]. Folin-Ciocalteau reagent [12] is a mixture of phosphotungstic
(H3PW4,040) and phosphomolibdic (H3PM04,049) acids used for the
colorimetric assay of phenolic compounds. In presence of polyphenolic
substances, this reagent is reduced in alkaline conditions leading the
formation of a blue mixture of tungsten (Wg0,3) and molybdenum oxides
(Mog053), whose absorbance presents a maximum located at 740 nm [11].

In a typical assay, 0.5 mL of commercial Folin-Ciocalteau reagent, 0.5 mL
of test sample and 6.5 mL of ultrapure water were placed in a glass vial. After
mixing and standing for 5 min, 4.5 mL of Na,CO3 (7%) was increased. Reaction
is considered to be completed after 60 min [11], when absorbance at 740 nm
can be measured.
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Polyphenol total content was determined using phenol as base of
calculation to express the results in terms of concentration. A lineal calibration
curve in the range of 0-200 mg L™ of phenol was obtained (R*>0.998 and
LOD=0.98 mg L™).

2.3.11. Chemical Oxygen Demand (COD)

Chemical Oxygen Demand (COD) represents the amount of oxygen
required to oxidize either organic or inorganic agueous matter. COD is
measured in a standardized close-reflux assay in which the test sample is
oxidized by a strong chemical oxidant, potassium dichromate, in acidic
conditions under specific conditions of temperature and period of time. AgS04
is added since silver cation catalyzes the oxidation reaction. Moreover, chloride
anions, which represent an important interference, can be precipitated as
HgCl; in presence of HgSOs,.

COD test were carried out in cylindrical glass tubes of 15 mL, in which were
placed 4 mL of digestion solution (20.432 g L™ of K,Cr,0;, 334 mL L of
concentrated H,S0, and 66.6 g L™ of HgSO4) and 4 mL of acid solution
(solution of AgSO, in concentrated H,S0, in a proportion of 5.5 g kg™') and
2 mL of test sample. Cylindrical tubes were then placed into a preheated
Hach® COD block heater (COD reactor, model 45600) were oxidation process
took place at 148°C during 2 hours. After that, absorbance at 600 nm coming
from the reduced Cr** was measured in a DR/2400 Hach® spectrophotometer,
adapted to insert cylindrical vials.

Calibration curve was previously built by using a potassium phthalate
standard of 850 mg L™ (COD of 1000 mg O, L") in the range 0-1000 mg O, L
' (R%>0.99 and LOD estimated to be 55 mg L™).

2.3.12. Biological Oxygen Demand (BOD)

Biological Oxygen Demand (BOD) was conducted in respirometer systems
where microorganisms in the sample consume oxygen and generate CO» as
consequence of the metabolism of organic content. The CO, produced is
absorbed by NaOH, creating a vacuum which is measured, expressing the BOD
value as consumed O, inmg L.

BOD at five days of incubation (BODs) was assessed in Oxitop®
respirometers of 500 mL of volume, in which a certain amount of sample was
placed depending on the expected value of BODs (432 mL for values in a
range of 0-40 mg L' of 0,). pH of sample must firstly be adjusted to 6.5-7.5.
As inoculum, T mL of activated sludge from the municipal wastewater
treatment plant of Badajoz was added. Then, 2-3 pellets of NaOH were placed
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in the rubber cap that the device has for that purpose. After putting the
measuring head in the glass bottle, incubation was developed in a
temperature controlled chamber (22+2°C) and the automatic saving

registered the values during the first five days.
2.3.13. Toxicity tests

Toxicity of aqueous samples was evaluated with different methods
according to the capacity of response to the organism considered.

Acute toxicity to Daphnia parvula and Culex pipiens larvae

The acute toxicity tests using Daphnia parvula were conducted adapting US
EPA standard operating procedures [13]. This procedure was extrapolated to
carry out similar trials with mosquito Culex pipiens. Acute toxicity tests are
usually designed to provide dose-response expressed as the percent of
effluent concentration that is lethal to 50% of the test organisms (LCsp), within
the prescribed period of time (24-96 h). Nevertheless, toxicity evolution
through the time of the oxidation treatment applied was assessed by
measuring survival rate in samples taken from the reactor at different times.
LCso was just analyzed before applying any oxidation technology.

In a typical trial, 100 mL of test sample were placed in sterile plastic pots
and pH was adjusted to 7+0.1. After that, 20 young D. parvula or 15 second-
instar C. pipiens larvae were transferred using a sterile plastic container.
Cultures of D. parvula and C. pipiens larvae were received from installations of
Extremadura’s University, where organisms were naturally cultured in artificial
ponds. After adding test organisms, samples were subjected to natural 16:8
light: dark photoperiods at room temperature. Survival rate was monitored at
6, 24 and 48 h for D. parvula; and at 24, 46, 72 and 96 h for C. pipiens, without
any feeding during the experiments. Simultaneously, a triplicated blank test,
using the same agqueous matrix free of herbicide content, was carried out. For
the test results to be acceptable, control survival must be superior to 90%.

Vibrio Fischeri toxicity assay

Toxicity of reaction samples was also studied by the inhibition of the
bioluminescent bacterium Vibrio Fischeri. Since the bacterium emits light
within the visible range (490-505 nm) as a natural part of its metabolism, the
exposure to a toxic substance causes disruption of the respiratory process
which consequently develops an inhibition of bioluminescence. A Microtox®
M500 photometer was applied for that purpose.
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In a typical assay, a stock bottle of lyophilized and specially selected strain
of the marine bacterium Vibrio Fischeri (formerly known as Photobacterium
Phosphoreum, Microtox Acute Toxicity Test Reagent, NRRL-11177, stored in
between -15 and -25°C) was rehydrated with T mL of Reconstitution Solution
at 4°C, which consists of specially prepared and nontoxic ultrapure water. This
process provides a ready-to-use suspension of microorganisms. Next, 2.5 mL
of test sample was added in a glass cuvette (vial A) as well as 250 pL of
Microtox Osmotic Adjustment Solution (MOAS, 22% of NaCl and ultrapure
water solution), in order to adjust the osmotic pressure of the test sample to
approximately 2% of NaCl. In a second cuvette (vial B), 0.5 mL of Diluent
(nontoxic solution that is made of 2% NaCl in ultrapure water) was pipetted
and 10 pL of suspension of microorganisms was added. During the process,
the cuvettes were inserted in specific holes that Microtox® Model 500 device
provides in order to keep bacteria to the adequate temperature. After 15 min,
bioluminescence in vial B is measured (named as SET), and 0.5 mL of vial A is
transferred to vial B. At this point, time is controlled and vial B is newly
measured after 5, 15 and 30 min. Microtox® calculates the percentage of
inhibition as the fall of bioluminescence in vial B before and after adding test
sample fromvial A.

Phytotoxicity assays with Lactuca Sativa and Solanum Lycopersicum

Phytotoxicity tests were used to examine the evolution of toxicity of
aqueous samples through the reaction time. The bioassay applied was an
acute seed germination-root elongation toxicity test, based on US EPA
procedures [14]. Lettuce (Lactuca Sativa) is commonly used as target specie
due to its short period of germination and its sensitiveness to phytochemicals.
Tomato seeds (Solanum Lycopersicum) were also tested as target species.

Fifteen seeds of Lactuca Sativa (Vilmorin®, Batavia Blonde of Paris or
Romana Bionda Degli Ortolani) or Solanum Lycopersicum (Vilmorin®, cherry
tomato) were equally placed in a Petri dish (90 mm of diameter) equipped with
paper discs. 4 mL of aqueous test sample were transferred, moistening the
paper disc. Dishes were covered with parafilm plastic in order to avoid liquid
evaporation, and afterwards incubated in a germination chamber isolated
from light at 22+2°C. After 5 days of incubation, the root length, as the sum of
hypocotyl and radicle, was measured in those seeds whose germination had
taken place.

Additionally, a negative control or blank (ultrapure water) and a positive
control of H,0, 300 mM were carried out. The validity criteria for the test were
an upper 90% of germination, and a variation coefficient for the root growth
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below 30% in blank control experiments, done in triplicate. Positive control led
to germination of none of the seeds. The percentage root growth of test
sample was calculated by comparing the radicle lengths of each sample with
those observed in the control.

2.3.14. Turbidity

Turbidity of an agueous sample is defined as the propensity of particles to
scatter a light beam focused on them. Suspended particulates are quantified
by employing a source beam and a light detector set to one side, usually 90°,
of the source beam. Particle density is then a function of the light reflected
into the detector from the particles in the sample. The extent of this process
depends upon properties of the particles like their shape, color, and
reflectivity. The units of turbidity from a calibrated nephelometer are called
Nephelometric Turbidity Units (NTU).

The device used for turbidity measures, during the stay in UTAD, was a
2T00N IS Hach® turbidimeter. The apparatus was calibrated with a comercial
turbidimetry standards (kit stablcal®) of stabilized formazin (<0.1, 20, 200,
1000 and 4000 NTU).

2.3.15. pH and temperature

pH was measured in a GLP 21+ CRISON® pH-meter equipped with an 50
21T electrode and automatic temperature correction. pH calibration curves
were carried out dialy with CRISON® buffers.

Moreover, for those cases in which pH and temperature in the solution
were monitored continuously, a CRISON® multimeter (PH & REDOX 26) was
used. This device is equipped with pH, redox and temperature electrodes in a
single body. Calibration was performed daily with CRISON® buffers.

pH during the stay in UTAD was analyzed in a Jenway 3510 pH meter. It
was used for monitoring pH during the reaction by inserting the electrode into
the aqueous solution. Calibration was carried out with commercial buffers.

2.3.16. Conductivity

Conductivity was measured in a Crison® 524 conductimeter equipped with
graphite cell and automatic compensation of temperature, being the results
expressed at 20°C. The device was calibrated with standard of 1413 pS cm’
(or a standard of 12.88 mS cm' for measurements higher to 5mS cm™).
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2.4. CATALYSTS’ SYNTHESIS AND CHARACTERIZATION

In this section, the methodology to synthesize the lab-made catalysts and
the technigues used for its characterization are presented.

2.4.1. Catalysts’ synthesis
Bare & nitrogen-doped titanium dioxide (TiO» & N-TiO;)

Bare or nitrogen-doped titanium dioxide was manufactured and used in
photocatalytic processes. Firstly, research presented in chapter 3 is focused
on the use of bare or nitrogen-doped titania (doping either urea or
triethylamine) for the conventional photocatalytic oxidation process, i.e.
feeding oxygen as oxidant. Secondly, chapter 5 concentrates in the use of
photocatalytic ozonation with bare or nitrogen-doped titania, using
thriethylamine as doping agent in the process of synthesis. Whatever the case
may be, the process of synthesis followed was the same.

The manufacturated photocatalysts were synthesized adapting the
methodology described by Senthilnathan and Philip [14]. Basically, the
process for bare titania (TiO,) starts with the hydrolysis of titanium (V)
isopropoxide (0.017 mol) dissolved in ethyl alcohol (20 mL) by adding drop by
drop a 0.1 M solution of HCl (20 mL). Precipitation is completed after thermal
treatment at 80°C for 12 hours. Afterwards, the resultant suspension is
centrifuged at 3500 rpm and washed with ethyl alcohol and water. Then, the
solid is dried at 100-110°C in an oven. Finally, the dried solid is grinded and
calcined at a specified temperature for 4 hours. Nitrogen-doped titania was
made following the same steps, adding a fixed amount of urea previous to the
hydrolysis step, or triethylamine, to meet a required N:Ti ratio.

Lanthanum-cobalt perovskites (LaCo03)

Lanthanum-cobalt perovskite oxide (LaCoO3) was considered as an active
Fenton-like catalyst for the heterogeneous decomposition of
monoperoxysulfate, as reported in chapter 9. It was prepared by a specific
mild sol-gel method, known as the citrate route.

LaCo0O3 oxide was synthetized by the citrate method [16]. Citrate method
is the most widespread and effective route to create high-surface area
perovskites [17]. The process starts preparing an aqueous solution of methal
precursors, La(NO3);-6H,0 and Co(CH53C00);,-4H,0. Thus, 0.01 mol of each
metallic salt is dissolved in 400 mL of ultrapure water. After 1 hour mixing
under magnetic stirring, 100 mL of citric acid in excess, i.e. twice the
stoichiometrically needed for each metal, is slowly added. Citric acid acts as an
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organic complexing agent and the methal-citrate complex is formed. The
resultant solution is heated at 100°C to remove water excess, drying
thereafter the obtained pinkish gel. During the drying step, the decomposition
of amorphous citrate precursors leads to solid solution of high homogeneity.
The solid is grinded and calcined at 700°C for 7 hours, considering an initial
ramp of 10°C min' from room temperature.

Lanthanum-cobalt perovskites coupled to titanium dioxide (LaCoO5-TiO,)

Chapter 10 reports the investigation of the heterojunction of the previous
perovskite oxide and titanium dioxide (LaCo03-Ti05). This catalyst is prepared
in two different steps.

Firstly, LaCoO3 perovskite is synthetized in the presence of citric acid as
complexing organic agent as described in previous section. Secondly, LaCoOs-
TiO, heterojunction was prepared by hydrothermal precipitation of a titanium
organic precursor in the presence of the previous synthetized perovskite.
0.0405 mol of titanium (IV) isopropoxide was dissolved in 100 mL of
2-propanol and a fixed amount of the previously LaCoOs; was added under
stirring to meet a specific LaCoO5:TiO, molar ratio (0:1, 0.05:1, 0.1:1, 0.25:1,
0.5:1, 0.75:1 and 1:0). Afterwards, 100 mL of ultrapure water was gradually
dropped into the above suspension. The precipitation of titanium dioxide was
thermically completed by autoclaving the mixture at 80°C for 12 h. The
resultant suspension was centrifuged at 3500 rpm and the solid washed with
water and 2-propanol. Finally, the solid dried overnight at 100°C was calcined
at 500°C for 4 hours under air atmosphere (initial ramp, 10°C min™).

2.4.2. Techniques for analysis and characterization of catalysts

Synthetized catalysts properties and suface characteristics were analyzed
by the ‘Servicio de Andlisis y Caracterizacion de Sélidos y Superficies (SACSS)’ of
‘Servicios de Apoyo a la Investigacion de la Universidad de Extremadura
(SAIUEx), with the exception of diffuse-reflectance UV-vis spectroscopy which
was carried out by the analysis service of the ‘Instituto the Catdlisis y
Petroleoquimica (ICP) del CSIC, in Madrid. Table 2.5 summarizes the
parameters studied and the technigues used for that purpose.

Table 2.5 Methods and equipments applied in analyses of catalysts

Parameter Method of analysis Equipment
Superficial morphology ~ Scanning Electron Microscopy (SEM) Hitachi 5-4800
: " . X . FEI
& semiguantitive with Energy Dispersive X-ray (EDX)
- g . ESEM-FIB
superficial composition detection

QUANTATM 3D FEG
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Cristal morphology at Transmission Electron Microscopy FEI
nanoscale range (TEM) TECNAI G2 20 Twin
) . . . Bruker®
Cristallyne composition X-Ray Difracction (XRD) DS ADVANCE

Superficial composition

X-Ray Photoelectron

ThermoFisher

& oxidation state Spectroscopy (XPS) Scientific XPS K-Alpha
UV‘VtiS atésorgtion Difusse Reflectance Spectroscopy Varian
SDdeC a. band gap UV-vis (DRS-UV-vis) Cary 5000
etermination
Bl al i Wavelength Dispersive X-Ray Brucker ®
ementat composition Fluorescence (WDXRF) S8 Tiger 4K
Quantachrome
. Nitrogen adsorption isotherm. QUADRASORB evo™
Specific surface area BET area Quantachrome

Autosorb iQ2-C

Variation of mass,

TermoGravimetry-Diffraction

released heat and gases Thermal Analysis coupled Setaram
with temperature to Mass Spectrometry SETSYS Evolution-16 +
Prisma™ QMS200

treatment

(TG-DTA-MS)

pH of point of zero

Mass tritation

charge (pHp.c)

Scanning Electron Microscopy (SEM)

The scanning electron microscopy (SEM) is a microscopy technique that
produces images scanning it with a focused beam of high-energy electrons.
Accelerated electrons carry significant amounts of kinetic energy, and this
energy is dissipated as a variety of signals produced by electron-sample
interactions when the incident electrons are decelerated in the solid sample.
As a result, a variety of signals at the surface of solid specimens is generated.
These derived signals reveal information about the sample, including external
morphology and texture, chemical composition, crystalline structure and
orientation of materials. Thus, a 2-dimensional generated image displays
spatial variations in these properties. Secondary electrons, backscattered
electrons (BSE), diffracted backscattered electrons, characteristic X-rays that
are used for elemental analysis, visible light, and heat are the most commonly
signals derived from interaction of accelerated electron with the solid surface.
From them, secondary electrons and BSE are commonly used for depicting
samples. Secondary electrons are useful for showing morphology; while BSE
are valuable for illustrating contrasts in composition in multiphase samples.
Furthermore, characteristic X-rays that are produced by the interaction of
electrons with the sample can also be detected in an SEM device equipped for
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Energy-Dispersive X-ray (EDX) spectroscopy, allowing semiguantitative
analyses of elements abundance in the sample.

SEM images, either built with secondary electrons or BSE, were obtained
from two different SEM microscopes. Both devices were equipped with EDX
analysis technigue for microanalysis. The first microscope was a Hitachi
5-4800 working at 0.5-30 kV with amplification of 30x-800kx. The second
one was an ESEM-FIB QUANTA™ 3D FEG of FEI Company working at 0.2-30 kV
with amplification of 30x-1280kx.

Transmission Electron Microscopy (TEM)

Transmission electron microscopy (TEM) is another microscopy technique
working with a high-energy beam of electrons which are transmitted through
an ultra-thin sample, interacting with it as result of its penetration. The
interaction between the electrons and the atoms is used to depict detailed
micro-structural examination through high-resolution and high magnification
imaging, allowing the investigation of crystal structures, specimen
orientations and chemical compositions of phases. Range of visualisation and
analysis of specimens covers the realms of microspace to nanospace.

The TEM microcope used was a TEM TECNAI G2 20 Twin of FEI Company
fitted with electron source from LaBg emiter, working at high tension between
20 and 200 kV. It also had a combination of 3 opening condensers from 30 to
200 pm and 8 target apertures from 10 to 100 um for Low Magnification,
Normal and High Magnification applications in Microprobe and Nanoprobe. The
device is complete with a CCD FEI Eagle 4k camera. The maximum
magnification available was 1.05Mx.

X-Ray Difraction (XRD)

X-ray diffraction relies on the phenomenon of radiation dispersion by a
crystalline sample. The dominant effect that occurs when an incident beam of
monochromatic X-rays interacts with a target material is scattering of those
X-rays from atoms within the target material. The incident scattered
monochromatic X-rays that are in phase, produce constructive interference at
certain angles, giving rise to the diffracted rays. This process of diffraction of
X-rays by crystals is described by Bragg's Law, which says that the difference
of paths traveled by the scattered rays must be equal to an interger number
of wavelengths:

nA=2dsin® (2.15)
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where n is a positive integer, A is the wavelength of incident wave, d is the
interplanar distance, and 0 is the scattering angle. The intensities of the
diffracted waves depend on the kind and arrangement of atoms in the crystal
structure. However, most materials are not single crystals, but are composed
of many tiny crystallites in all possible orientations called a polycrystalline
aggregate or powder. When a powder with randomly oriented crystallites is
placed in an X-ray beam, the beam will see all possible interatomic planes. If
the experimental angle is systematically changed, all possible diffraction
peaks from the powder will be detected.

XRD spectra were produced in a microcrystalline powder diffractometer
Bruker® D8 ADVANCE. This device has Bragg-Brentano geometry, operating in
both reflection and transmission. It allows measuring polycrystalline and
sintered samples, as well as samples in capillaries. It is equipped with a
Vario-1 primary monochromator (Ge-111) that allows the use of
monochromatic Cu Ko, radiation (\=1.5406 A). It also has a point detector and
a Vantec-1 position sensitive detector with aperture up to 12°. Furthermore, it
offers the possibility of swapping the sample holder, by either a temperature
chamber or the capillary support.

X-Ray Photoelectron Spectroscopy (XPS)

X-Ray Photoelectron Spectroscopy (XPS) is a surface quantitative
spectroscopic technigue that measures the elemental composition, chemical
state and electronic state of the elements that exist within a solid sample. The
interaction of a beam of X-ray onto the atoms of a solid sample provides them
with enough energy to remove electrons of different elements of the first
layers of the surface (effective penetration of 2-10 nm). These electrons come
out of atoms with a characteristic kinetic energy that gives information about
what type of atom they belong to, and what kind of atoms they may be
interacting with. Thus, as the energy of the X-ray source is known, and since
the kinetic energy of the emitted elecrons are measures, the electron binding
energy of each emitted electron can be determined by using the following
expression:

Ebind\'ng = EX—ray source _(Ekmetic + ¢) (21 6)

where Epinging is the binding energy of the electron, Ex.ray source the energy of the
incident X-ray photons being used, Eyieiic is the kinetic energy of the electron
as measured by the instrument, and ¢ is the work function dependent on both
the spectrometer and the material.
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The XPS device used was a ThermoFisher Scientific XPS K-Alpha model
spectrometer working with @ monochromatic radiation source Ko of Al
radiation (1486.68 eV). Working conditions undergo until a maximum voltage
of 12 kV and current of 6 mA. Source was placed with an inclination of 30°
respect to the horizontal of the sample. The spot size resolution of 30 to
400 um in ellipsoidal arrangement. Spectral energy resolution: 0.9% of the
values set in pass energy. It also includes a depth profile source of Ar* ion
bombardment (energies 1, 2 or 3 KeV), placing the source at a 30° inclination
with respect to the horizontal of the sample.

Post-acquired data were processed with XPSpeak 4.1 for background
extraction (Shirley type) and peak fitting. Superficial atomic ratio
determination was estimated from the peak areas using Wagner atomic
sensitivity factors [18].

Diffuse Reflectance Spectroscopy UV-visible (DRS-UV-vis)

Diffuse reflectance spectroscopy relies upon the focused projection of a
spectrometer beam into the sample where it is reflected, scattered and
transmitted through the sample material. The back reflected, diffusely
scattered light is then collected by the accessory and directed to the detector
optics. Only the part of the beam that is scattered within a sample and
returned to the surface is considered to be diffuse reflection. A diffuse
reflectance accessory, i.e. an integration sphere, is capable of collecting the
reflected flux. The integrating sphere is essentially a hollow sphere coated
with a white material whose diffuse reflectanceis close to 1.

DRS-UV-vis spectra were carried out in a UV-Vis-NIR Varian Cary 5000,
equipped with double beam spectrophotometer and synchronized double
shutter. The sources used were Deuterium (UV) and halogen quartz. The
detectors consisted of a photomultiplier, and a refrigerated PbS detector for
the NIR zone. Spectra can be registered in the range 200-2500 nm.

Band gap indicates the difference in energy between the top of the valence
band filled with electrons and the bottom of the conduction band devoid of
electrons. Tauc plot is a widespread method for the determination of band
gap from a diffuse reflectance spectrum. Tauc, Davis and Mott proposed the
following formula for computing the band gap [19, 201

(ahv)" =c(hv-E,,) 217)

where o is a coefficient of absorption, h refers to Plank’s constant, v means
the frequency of inciden photons, c is a proportional constant, Egg represents
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the band gap energy of the semiconductor, and the value of the exponent n
denotes the nature of the sample transition. This parameter takes the
following values: direct allowed transitions, n=1/2; direct forbidden
transitions, n=3/2; indirect allowed transition, n=2; indirect forbidden
transition, n=3. Since the direct allowed transition is used in titania based
semiconductors, a value of n=1/2 can be considered. The absorption
coefficient of measured material can be provided by the following expression:
a:wA (2.18)
L

where L is the optical path length, and A means the absorbance measured at a
specific frequency of incident photons.

Consequently, plotting (ahv)® versus hv and extrapolating the linear
interval with a straight line makes possible to obtain in the intersection with
the abscissa axis the value of Ege.

Wavelength Dispersive X-Ray Fluorescence (WDXRF)

Wavelength Dispersive X-Ray Fluorescence (WDXRF) is one of two general
types of X-Ray Fluorescence (XRF) technigues used for elemental analysis
application. Thus, in a WDXRF spectrometer, the analysis is based on the
detection of secondary X-ray that comes from the simultaneously excitation
from a primary X-ray source. All of the elements in the sample are excited
simultaneously. The different energies of the characteristic radiation emitted
from the elements in the sample are diffracted into different directions and
are characteristic of each element.

The device used was a Brucker ® S8 Tiger 4K WDXRF spectrometer. It was
equipped with an excitation X-ray source of rhodium (4kW) operating at
maximum voltage of 60 kV and at maximum current of 170 mA. The mask
sizes were 32, 24 and 8 mm; the analyzer crystals available were XS-55, PET,
LiF(200), XS-Ge-C, LiF(220), XS-B, XS-C and XS-N; being the apparatus fitted
with proportional and scintillation counter detectors (for light and heavy
elements, respectively). Spectra®™ (version 3) analytical software package
supported the acquisition and evaluation of measured data.

Nitrogen adsorption isotherms. BET area determination

Physical adsorption of gases and vapors in solids is a commonly applied
technique for the analysis of porous texture of a solid surface. Not only
surface is analyzed, but also information of volume and distribution of
different sized pores are also provided. This surface phenomenon consists in
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the adsorption of a gaseous adsorbate (commonly N, or CO;) on a solid
adsorbent at a constant temperature, creating a film of adsorbate adhered
molecules onto the surface of the adsorbate. The exact nature of the adhesion
depends on the details of the species involved; nevertheless, the process is
generally classified as physisorption, characteristic of weak Van der Waals
forces; or chemisorption, which involves covalent bonding.

Isotherms were determined in two different devices. Samples were
previously outgassed under high vacuum conditions at 120-150°C during 4-
12 hours. The first device was a Quantachrome QUADRASORB evo™ gas
sorption surface area and pore size apparatus working with N, as adsorbent
(minimum surface area and p/po, 0.01 m® g and 4 107, respectively). The
second one was an Autosorb iQ2-C series of Quantachrome, using N, as
adsorbent (minimum area detectable, 0.01 m? g'; and minimum relative
pressure, 3 107).

The specific surface area was determined from the amount of gas needed
to form a statistical monolayer of molecules adsorbed onto the surface of a
solid sample using the model proposed by Brunauer, Emmett and Teller,
which provides the known as BET area [21]:

1 -1
V[(po/p)-1] VuC By Y, C

where p and pg mean the equilibrium and the saturation pressure of
adsorbates at the temperature of adsorption (77 K), respectively; V displays
the specific adsorbed gas quantity and V., represents the specific monolayer
adsorbed gas quantity. The BET constant C is related to the strength and
interaction of the solid with the adsorbate, and therefore, to the heat of the
process. The representation of the left term of BET equation versus p/pg
(typically linear in the interval between p/py=0.05-0.3) makes possible to
obtain the specific BET area (Sger) from the following expression:

(2.19)

_ NAA molec vm (220)

S =
BET M

v

where N, is Avogadro number, A qec refers to the proyected area of a N,
molecule (0.162 nm?% and My the molar volume at normal conditions
(22.414 L mol™).
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ThermoGravimetry and Differential Thermal Analysis coupled to Mass
Spectrometry (TG-DTA-MS)

The thermogravimetric analysis determines, by controlled heat, the
variations of weight that a solid experiences with the temperature due to the
compounds that are being adsorbed, desorbed, decomposed or reacted. The
technigue submits a sample of known weight to a controlled temperature
program under a known atmosphere, usually air or oxygen, recording the
evolution of the weight with the temperature. Thermogravimetry measures
the variation in mass of the sample through a temperature program. It is
possible to couple a mass spectrometer to the thermobalance, permiting to
analyze the gases involved in the thermal process. Moreover, a measure of
temperature changes gives information about heat flow in Differential
Thermal Analysis (DTA).

Thermal Gravimetry, Differential Temperature Analysis and released gases
Mass Spectrometry (TG-DTA-MS) was performed in a Setaram SETSYS
Evolution-16 equipment connected to a Prisma™ QMS200 quadrupole mass
spectrometer. The operation conditions were: air flow rate 50 mL min™' and
heating rate of 10°C min™' from room temperature.

pH of point zero charge (pH,,.)

Point of zero charge is commonly described as the pH value at which a
solid submerged in an electrolyte exhibits zero net electrical charge on the
surface. pH of point zero charge (pH,,c) is a tool to describe zero net charge
only for systems in which H/OH™ are the determining ions, i.e. agueous
environments. Therefore, when pH is inferior to pH,,, the acidic solution
donates more H" than OH™ and so the adsorbent surface is positively charged,
being capable of attracting anions. Conversely, at pHs up to pHy,. surface is
negatively charged, attracting cations.

pH of point of zero charge (pH,.c) was obtained by mass titration method
[22]. Briefly, a solution of HNO3 0.1 M was prepared and pH adjusted until
value of 3 with NaOH 0.1 M. Different containers with increasing amounts of
solid (0.05, 0.1, 0.5, 1, 5, 10 and 20%) were filled with 15 mL of solution.
Solutions were kept under stirring and pH was measured after 48 h of
equilibria. A plot of pH versus solid fraction (%) gives a curve which tends
asymptotically to pH,, value.
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CHAPTER THREE

PAPER ONE

Photocatalytic elimination of aqueous 2-methyl-4-
chlorophenoxyacetic acid in the presence of
commercial and nitrogen-doped TiO;

Int J Environ Sci Technol 12 (2015) 513-526
J.Rivas, R. R. Solis, O. Gimeno, J. Sagasti

ABSTRACT. An attempt to synthesize an active photocatalyst for 2-methyl-4-
chlorophenoxyacetic acid removal has been accomplished. Black light (main
emission wavelength at 365 nm) photocatalytic experiments with bare and
N-doped titania have been carried out, and the results compared to those
obtained in the presence of titania Degussa P25. Doping percentage and
calcination temperature influences have been investigated in photocatalytic
runs using pure and commercial 2-methyl-4-chlorophenoxyacetic acid. In no
case, the results obtained with synthesized titania improved the activity of
P25. Some kinetic tests allowed for the proposal of a pseudoempirical
reaction mechanism capable of acceptably simulating the process in the
presence of P25. From the proposed mechanism, the roles played by
hydroxyl, peroxyl and organic radicals have been suggested.

KEYWORDS: Black light, photocatalysis, reaction mechanism, titania
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3.1. INTRODUCTION

2-Methyl-4-chlorophenoxyacetic acid (MCPA) is an herbicide belonging to
the phenoxy or phenoxyacetic acid family. MCPA is used as a post-emergence
herbicide for the selective control of broadleaf weeds. Phenoxy herbicides act
by simulating the action of natural hormones, producing uncoordinated plant
growth. MCPA disrupts both seedling emergence and vegetative vigor, and can
be used to control both dicots and monocots. In USA, approximately 4.6
million pounds of MCPA active ingredient is annually applied [1].

Surface water contamination by MCPA may directly result from spray drift
or indirectly from runoff and/or leaching. Extreme contamination is generated
from spills, deliberate dumping of tank residues, or equipment-washing
operations. Groundwater contamination may occur through improper handling
procedures or through normal use in areas with shallow aquifers.
Contamination of water with MCPA is common due to its extensive application,
high water solubility, and low affinity for most soils. Thus, MCPA is frequently
found in rivers and wastewater treatment plants effluents [2,3]. Phenoxyacid
herbicides are only moderately toxic compared to other family herbicides;
however, they can affect the nervous system irreversibly after adsorption
through the skin. Additionally, their prolonged inhalation can cause dizzines,
burning in the chest, and coughing [4].

Development of inexpensive and suitable technologies to remove trace
contaminants in waters is in continuous growth. Hence, since solar radiation is
an incessant source of energy in Mediterranean countries, water treatments
developed under the idea of using solar radiation constitute an interesting
research field from the economic point of view [5]. Also, the use of low-cost
black light lamps (if compared to UV-C lamps) can be considered as a parallel
alternative in those regions where solar radiation is limited by weather
conditions.

In this context, illumination of photocatalysts with photons of energy equal
to or greater than their band gap leads to the formation of electron/hole pairs
with free electrons moving to the empty conduction band (ecs), leaving
behind an electron vacancy or “hole” in the valence band (hys*). Under
appropriate conditions, these charged species can react with adsorbed
electron donors or electron acceptors to generate a free radical mechanism.

Having in mind all the previous statements, in this work, an attempt has
been conducted to manufacture a TiO,-based photocatalysts to efficiently
remove MCPA from water while showing acceptable settling properties. Due to
the influence of the presence of substances other than the parent compound
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in photocatalytic process, runs have been conducted in the presence of MCPA
of high purity degree and also by using marketable MCPA (60%) commonly
used in agriculture. Additionally, some tests have also been conducted to
clarify the species involved in the photocatalytic degradation of MCPA. From
the previous results, a pseudoempirical mechanism has been proposed and
tested. All the experiments have been carried out at the University of
Extremadura (Badajoz, Spain) during the second half of 2012 and first half of
2013.

3.2. MATERIALS AND METHODS
3.2.1. Photoreactor and procedure

A 1.0 L capacity perfectly mixed borosilicate glass photoreactor was used
in all the experiments (see Figure 3.1). The reactor was placed in the middle of
a 31 cm external diameter pipe (54 cm height). The internal wall of the pipe
was covered by aluminium foil to increase the photons reflection towards the
reaction media. Four black light lamps (41 cm length) were evenly distributed
and attached to the pipe. The lamps (LAMP15TBL HQPOWER™ manufactured
by Velleman®) had a nominal power of 15 W mainly emitting within the range
350-400 nm, the maximum being located at 365 nm. Actinometry
experiments in the presence of ferrioxalate led to values of 1.77, 3.26, 5.13
and 6.86 10® Einstein L' min” when 1, 2, 3 and 4 lamps were used.
Additionally, when the aluminium foil covering the internal walls of the
installation was substituted by a black surface, the intensity (4 lamps switched
on) decreased to 3.60 10 Einstein L' min™".

Previously to the photodegradation experiments, the mixture water-
photocatalyst was stirred for 60 min in the dark to achieve the MCPA
adsorption equilibrium on the photocatalyst surface. With the exception of the
run conducted at low oxygen concentration (nitrogen bubbling), oxygen was
continuously bubbled into the water bulk by means of a diffuser placed at the
reactor bottom.

The gas flow rate was kept constant at 30 L h™" in all the experiments.
Photocatalysts were maintained in suspension by magnetic stirring. Prior to
the analysis, the solid was removed from samples by filtration through Millex-
HA filters (Millipore, 0.45 pm).
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Figure 3.1 Experimental setup. Front and top views

3.2.2. Materials

Commercially available MCPA (60%) and pure MCPA from Aldrich (>99%)
were used in different experiments, and the rest of chemicals were purchased
from Sigma-Aldrich and used as received. Organic solvents were HPLC grade
obtained from Panreac. For comparison purposes, a commercial TiO, Degussa
P25 photocatalyst (70% anatase and 30% rutile) was used with an average
particle size of 30 nm and BET surface area of 50 m? g™'. Water purified by a
Milli-Q water system (Millipore) was used in the preparation of solutions and
suspensions.

Different manufactured photocatalysts abbreviated as TiO, (U or E
1:x_T°C) were used. In this nomenclature, the first letter indicates the nitrogen
source (urea -U- or ethylenediamine -E-), 1:x is the ratio of N atoms to Ti
atoms in the synthesis process and T°C is the calcination temperature in
Celsius. The photocatalysts were synthesized following the methodology
described by Senthilnathan and Philip [6]. Basically, the steps were the mixing
of titanium isopropoxide in ethyl alcohol and addition of predetermined
amounts of the nitrogen source to meet the N:Ti ratio. When required, NH4F
was added to get a ratio Ti:F 5:1 [nitrogen from NH4F is not accounted for in
the general formula TiO, (U or E 1:x_T"()]. HCl was added to the previous
mixture to get a clear liquid. Precipitation was accomplished after autoclaving
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at 80°C for 12 h. The suspension was centrifuged and the solid dried at 100°C.
Calcination was carried out for 4 h.

3.2.3. Analysis

MCPA was analysed by high-performance liquid chromatography (Agilent
1100). The column used was a Kromasil 100 5C18. The mobile phase
acetonitrile (40)/water (60) was acidified with 0.1% of phosphoric acid and
pumped at a flow rate of 1 mL min™'. Detection was conducted at 230 nm.
Reaction intermediates were tentatively identified by direct comparison of
retention times and pure standards in the HPLC analysis. Some intermediates
were also confirmed by LC-MS.

In order to assess the degree of mineralization, total organic carbon (TOC)
was determined by a Shimazdu TOC 5000A analyzer by directly injecting the
agueous solution.

The pH of the reaction media was measured by means of a Radiometer
Copenhagen pH-meter (HPM82).

3.2.4. Catalyst characterization

XPS spectrum was obtained by means of a XPS K-alpha Thermo Scientific
apparatus with a ka monochromatic source of Al (1,486.68 eV). Peak energies
corresponding to Ti2p, N1s were calibrated based on the response of the Cls
peak at 284.8 eV.

TEM analysis was carried out by a TEM Tecnai G2 20 Twin-FEI Company
apparatus (filament LaBs, voltage hasta 200 kV, magnification up to 1.05 10°)
while SEM was conducted in a Quanta 3D FEG-FEI Company device.

3.3. RESULTS AND DISCUSSION
3.3.1. Experiments carried out with pure MCPA: influence of TiO, doping

The positive effect of titania doping with different anions has previously
been reported [7]. This positive effect is normally associated with a decrease
in the energy band gap of the photocatalyst; however, some controversy has
been raised in relation to this positive influence. Moreover, in some cases,
titania doping can lead to an increase in the undesirable recombination rate of
holes and electrons. In order to assess the effect of nitrogen doping, some
experiments were carried out with pure MCPA in the presence of N-doped
titania. For comparison purposes, control runs were also completed by using
bare titania and the well-known Degussa P25. Figure 3.2 shows the results
obtained.
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Figure 3.2 Photocatalysis of pure MCPA (0.025 mM) in the presence of different
photocatalysts (0.5 g L"). e, Degussa P-25; TiO» (U 0:1.0_550); m, TiO> (U 1:0.4_550);
A TiO; (U 1:0.8_550); ¥, Ti0, (U1:1.2_550); #, TiO2 (U 1:1.6_550). Open symbols
stand for TOC conversion

From Figure 3.2, it can be observed that in no case, the manufactured
photocatalyst did show a better activity than the commercial P25. Thus, in the
presence of 0.5 g L' of P25, MCPA was degraded in just 15 min compared to
60-90 min when doped titania was used. Similar trends were experienced
when analysing the mineralization degree in terms of TOC conversion. The
photocatalyst Degussa P25 was capable of removing approximately the 50 %
of the initial TOC in 180 min, and slightly lower values around 40 % of
mineralization were obtained when N-TiO, was used. The reason for these
differences in reactivity may rely, amongst others, in the different particle size
observed for the two types of catalysts. Hence, particle size of synthesized
photocatalysts was higher than P25 grain size suggesting that some external
diffusion limitations may occur in the adsorption process previous to the
photocatalytic reaction.

The influence of the ratio N:Ti adopted in the synthesis process is also
depicted in Figure 3.2. In this study, bare titania showed a lower activity than
N-doped titania, indicating the beneficial effect of the doping stage.
Additionally, the photocatalyst manufactured with the lowest urea dose
(lowest N:Ti ratio) showed a better performance in terms of MCPA removal. No
appreciable variances between the rest of experiments were experienced.

119



120

Photocatalytic oxidation of agueous herbicides with radiation of low energy.
Application of catalysts, ozone and peroxidic promoters

When monitoring TOC conversion, no significant differences were experienced
regardless of the N:Ti ratio used. The role played by N in doped titania is
controversial. Hence, even if N-doped TiO, materials may absorb visible light,
some authors claimed that they are frequently inactive in photoxidation
reactions under visible light irradiation [8]. Similarly to the results found in this
work, under visible light irradiation, the quantum vyield of isopropanol
decreased with increasing the dopant N content, a fact that was attributed to
the parallel increased formation of oxygen vacancies, acting as recombination
centers for photoproduced electron-hole couples [9]. Fu et al. [10] claimed
that many examples of visible light photo-decomposition of organics on
N-doped TiO, actually proceeded via electron-mediated reactions involving
0, and not through holes generated at N dopant sites.

In spite of the fact of a poorer performance of the TiO, (U 1:0.4_550)
photocatalyst, its settling properties were significantly better than Degussa
P25. Hence, contrarily to Degussa P25, almost 90-100% of the manufactured
photocatalyst could be recovered from solution by the action of gravity with
no need of centrifugation. However, this behavior can just be attributed to the
higher particle size.

The TiO, (U 1:0.4_550) catalysts were characterized by TEM, SEM and XPS.
Figure 3.3 shows the results obtained. TEM image (up right) depicts the
normal anatase bipyramidal shape with a large percentage of {101} facets
although some truncated octahedral shapes largely dominated with {101} and
{001} facets are also envisaged. SEM analysis shows a broad range of particle
sizes. It has to be highlighted the rugosity of particle surfaces (bottom right).

The N1s peak showed a bonding energy of 400.2 eV, typical of interstitial
positions in the environment O-Ti-N [11]. Formation of N-Ti-N structures is
ruled out due to the lower binding energy (397.2 eV) of TiN [12]. The
substitution of oxygen atoms by N atoms involves the decrease in the
electronic density around N if compared to TiN crystals. Accordingly, the
binding energy of N1s in O-Ti-N is higher than in N-Ti-N. Ti2p peak appears at
458.8 eV, also indicating the presence of structures O-Ti-N [6]. Nitrogen shifts
the binding energy of Ti2p in pure anatase (459.1 eV). The presence of
nitrogen atoms provokes the increase in the titanium atoms electronic
density. The Shirley method led to a N:Ti ratio of roughly 1%.
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Figure 3.3 XPS, TEM and SEM of catalyst TiO, (U 1:0.4_550)

3.3.2. Experiments carried out with commercial MCPA: influence of
calcination temperature

Following the results obtained previously, it was decided to assess the
influence of the photocatalyst calcination temperature. Hence, the ratio N:Ti of
1:0.4 was thereafter used to photodegrade an agueous solution of the
commercial MCPA.

Calcination temperature plays a crucial role in the activity of synthesized
titania. Accordingly, temperature governs the elimination rate of organics used
in the synthesis process and the distribution of the rutile and anatase phases.
At macroscopic scale, the transformation of anatase to rutile reaches a
measurable speed for bulk TiO, at T>600°C.

Figure 3.4 shows the results obtained. As seen in this figure, once again
none of the photocatalysts manufactured at different calcination
temperatures could enhance the results obtained with P25. Low temperatures
(i.e. 200°C) seem to be insufficient to remove the organic template used in the
synthesis process while high temperatures (i.e. 700°C) seem to favor the
formation of the less active rutile phase in contraposition to the anatase
phase. In any case, according to the literature, the presence of both phases
(anatase and rutile) shows a better photocatalytic activity than the use of
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single anatase [13]. Also, the sintering process into larger particles may be
favored at high temperatures decreasing the photocatalyst activity.

0 20 40 60 80 100 120 140 160 1
time (min)

Figure 3.4 Photocatalysis of commercial MCPA (0.025 mM) in the presence of different
photocatalysts (0.5 g L'). e, Degussa P-25; m, Ti0> (U 1:0.4_200); A, Ti0> (U
1:0.4_300); ¥ Ti0, (U 1:0.4_400); +, TiO2 (U 1:0.4_500); o, Ti0, (U 1:0.4_600); o,
TiO, (U 1:0.4_700)

3.3.3. Experiments carried out with commercial MCPA: influence of the
ratio N:Ti in the synthesis process

Based on previous results, a new attempt to synthetize a photocatalyst
with similar activity than P25 was completed. Accordingly, a series of
photocatalytic experiments was carried out with different catalysts calcinated
at 300°C (lowest temperature with maximum activity) and using different N:Ti
ratios in the synthesis process. Figure 3.5 illustrates the results obtained.
From this figure, it is inferred that an excess of urea in the synthesis process
leads to the deactivation of the photocatalyst. It seems that an excessive
doping of the titania crystals increases the sites of electron hole
recombination, reducing therefore the beneficial effects of band gap
narrowing. It can be hypothesized that there exists an optimum in nitrogen
doping, assuming a balance between the positive narrowing of the band gap
and the negative effect of increasing electron hole recombination.
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Figure 3.5 Photocatalysis of commercial MCPA (0.025 mM) in the presence of different
photocatalysts (0.5 g L"). e, TiO> (U 1:0.2_300); m, TiO> (U 1:0.3_300); A, TiO> (U
1:0.4_300); ¥, Ti0; (U 1:0.5_300). Inset figure: e, Ti0, (U 1:0.4_300) + NH4F; m, TiO;
(U 1:0.4_500) + NH4F; A, TiO2 (E 1:0.4_500) + NH4F; ¥, TiO; (E 1:0.4_500); #, TiO; (E
1:0.4_700); o, TiO; (E 1:0.4_300)

Stabilization of the {001} faces of anatase was also tried by adding NH4F
[14] in the synthesis process; however, no positive results were obtained (see
Figure 3.5 inset). Similarly, based on the work of Senthilnathan and Philip [6],
the nature of the nitrogen source was changed from urea to ethylenediamine
leading to disappointing results if compared to the performance of the P25
photocatalyst (see Figure 3.5 inset).

3.3.4. Preliminary kinetic tests

In an attempt to assess the species involved in the photocatalysis of MCPA,
some experiments with pure MCPA and Degussa P-25 were completed in the
presence of different specific scavengers of the common reactive species in
photocatalytic processes.
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Figure 3.6 Photocatalysis of pure MCPA in the presence of Degussa P-25 (0.5 g L™).
Influence of scavengers: e, No scavenger; m, 0.25 M TBA; A, 0.25 M 2-propanol; V¥,
3 10% MKI; ¢, 10° M Oxalate; o, 107 M p-benzoquinone; o, 2.5 10° M Tiron, A, N;
bubbling

Influence of free hydroxy! radicals scavengers

Tert-butyl alcohol (TBA) was chosen as a molecule capable of scavenging
free radicals in solution with a low tendency to be absorbed onto titania
particles [15]. The rate constant of free hydroxyl radicals and TBA is in the
proximity of 6 10® M s'. Accordingly, an experiment in the presence of
0.25 M in TBA was conducted. The results are plotted in Figure 3.6. From this
figure, it can be inferred that free hydroxyl radicals in solution play an
important role; however, even in the case of using an extremely high TBA
concentration, MCPA removal was not totally prevented. As the reaction time
increased, some MCPA conversion was experienced. Hence, it is hypothesized
that MCPA can be degraded by other routes different from free HO™ attack,
leading to the formation of reactive intermediates (i.e. organic radicals or
peroxyradicals, quinones, etc.), which can act as promoters of the chain
reaction. In this way, Zertal et al. [16] report the significant role played by
guinonic derivatives in MCPA photodegradation. These authors claim the
occurrence of an auto-photocatalytic mechanism according to:
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Similarly to TBA, the influence of 2-propanol was also tested in
photocatalytic experiments. This alcohol can react with free and adsorbed HO*
radicals and also with generated holes. As observed in Figure 3.6, the curve of
MCPA degradation was altered in the presence of 0.25 M of 2-propanol. In this
case, however, the influence was less pronounced than in the case of TBA. The
rate constant between 2-propanol and HO" radicals is 2 10° M's™". These
results are somehow contradictory. According to the rate constants between
hydroxyl radicals and the two alcohols used, 2-propanol should deactivate
MCPA degradation to a higher extent than TBA. Hence, 2-propanol could not
guench the reaction to the same extent than TBA due to the formation of
peroxy radicals (see reactions 3.3-3.5), suggesting the participation of the pair
0,7/HO," in MCPA degradation [17].

C3H,0H+HO" — C3HgOH' +H,0 (33)
C3H;0H +0, — C3H.000H' (3.9)
C3H,000H" +HO" - C3H0+HO (3.5)

Additionally, the radicals C3HgOH™ and C3HgOOOH™ might also attack the
MCPA molecule initiating an alternative route of MCPA degradation. In this
sense, the reaction between C3HgOH" and 2-propanol has been given a value
of 53M'sT[18].

Influence of electron donors (hole reacting substances)

The effect of 3 10“ M of K| was investigated in the photodegradation of
MCPA. As inferred from Figure 3.6, potassium iodide significantly reduced the
conversion rate of MCPA if compared to the control run. It has to be
highlighted that the amount of Kl used was sensibly lower than the
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concentration of TBA, leading to comparable results. lodide can react with
holes; however, it can also be oxidized by free HO" radicals (rate constant
1.3 10" M7 s7), so the negative effect experienced cannot be associated with
a unique scavenging effect.

Oxalate has been claimed to mainly react with photogenerated holes [19].
However, oxalate ions can also scavenge hydroxyl radicals with a lower rate
constant (7 108 M s™) than KI. Accordingly, an experiment was carried out in
the presence of 10 M in oxalate. The curve obtained suggests that MCPA is
partially photodegraded by holes. The influence experienced is less
pronounced than in the case of Kl. According to these results, it can be
hypothesized that HO" radicals play a more important role than holes in MCPA
photocatalytic degradation.

Alternatively, hydroperoxyl radicals generated in oxalate photodegradation
(Equations 3.6-3.7) might also contribute to MCPA conversion.

(,05 +h" — (05 +C0, (3.6

(05 +0, —05 +C0, (3.7)

The possible reactivity of CO,™ with MCPA could also be considered. Hence,
the reaction between the radical COOHCOO" and oxalate has been given a
value of 2 10° M1 s [20].

Influence of ' 0, reacting substances

The addition of 0.01 M of NaN; to the reaction media completely
deactivated the MCPA photodegradation process. NaNs is known to steadily
react with singlet oxygen [21]; however, this compound can also react with
hydroxyl radicals and holes. The azide ion reacts with HO™ with a high rate
constant value, 8 10'° M s [22]. Accordingly, from the results obtained, no
fundamental conclusions can be derived.

Influence of quinonic substances

To ascertain the occurrence of reactions similar to those presented in
Equations 3.1-3.2, an additional reaction was carried out in the presence of
10 M in p-benzoquinone. The results indicate the deactivating nature of this
species, capable of reacting with HO™ radicals, peroxyl and hydroperoxyl
radicals. According to the MCPA profile obtained, it seems that reactions of the
type 3.1-3.2 do not occur.
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Influence of HO,"/0," scavengers

The potential role played by the pair HO,"/0,™ has been postulated in
previous sections. To assess the participation of these species, one
experiment in the presence of a substance capable of scavenging the
HO,/0," radicals has been conducted. Hence, when MCPA photocatalysis was
carried out in the presence of 2.5 10° M in 1,3-benzenedisulfonic acid, 4,5-
dihydroxy-disodium salt (Tiron), the process experienced an induction period
of roughly 60 min. Thereafter, MCPA disappeared with a rate similar to the
control run. Likely, after 60 min, Tiron has been removed from the media and
afterwards MCPA is photodegraded. Unfortunately, this substance can also
react with HO" radicals so the participation of the pair HO,"/0,™ cannot be
confirmed but only suggested.

Influence of oxygen concentration

One more experiment was carried out by firstly purging the system with
nitrogen and bubbling this gas throughout the experiment. Amazingly, it can
be seen that oxygen had no influence at all. This fact was mechanistically
confirmed in next section

3.3.5. The proposed mechanism

From the previous results and identification of some intermediates by
direct comparison of retention time and standards, the following
considerations can be assumed to tentatively propose a pseudoempirical
model mechanism (see Figure 3.7).

The adsorption of contaminants onto the TiO, surface is normally a crucial
stage in photocatalytic processes; however, in this study, adsorption of MCPA
has not been detected to an appreciable extent in dark experiments (or,
alternatively, adsorption is under the detection limit used in the analytical
procedure). Some authors have reported the partial adsorption of MCPA onto
Degussa P25. Hence, Zertal et al. [23] claim 20% of MCPA (5.6 107 M initial
concentration) removal in dark experiments in the presence of 1 g L' of P25.
Considering a concentration of adsorption sites in the proximity of 4 10° M
[24] and the initial concentration of MCPA used in this study (2.5 10 M), by
using 0.5 g L of Ti0, (6.25 10 M), only 2.5 107" M in MCPA could have been
adsorbed, below the detection limit of the analytical procedure. In any case, an
adsorption stage has been added to the model:

STIY-OH + MCPAT22>T{"_OH=MCPA (3.8)
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Figure 3.7 Proposed mechanism scheme

The value of the equilibrium constant is normally high and does not affect
the kinetics of the process [25]. This is particularly applicable to molecules
mainly degraded in the water bulk (as in this case). Noncompetitive oxygen
adsorption was also considered. It is assumed that reduction sites (>Ti0,P)
are different from oxidation sites (>Ti"-OH) [26]. The adsorption of 0, (log K
0, = 4) has been taken from the work of Feitz and Waite [27]. The number of
oxygen molecules adsorbed (Ti0,*P=0,) at any time is constant, provided
that oxygen is continuously fed.

Koy .
>TiO§ED +0,== T'OEED =0, 3.9)

The simultaneous presence of radiation and TiO; involves a series of well-
assumed reactions in photochemistry. For instance, the initiation stage is the
formation of holes and electrons:

K _ +
> Ti0, +hyv—8N8 5 e +his (3.10)

Generation of holes and electrons mainly depends on the lamps
characteristics, catalyst nature and concentration. Theoretical calculations
about the rate of holes/electrons generation and recombination can be
conducted by computing the Local Volumetric Rate of Photon Absorption
(LVRPA); however, this is out of the scope of this study and the formation rate
of holes and electrons has been considered to be proportional to TiO,
concentration and optimized according to experimental data:
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dC . dC.
BT LR (3.11)

|< — + C H
dt dt eg—hyg 110z

The parameter k'e. is not a true constant and depends on the radiation

CB'h\jB
intensity and catalyst loading [25].

Trapping of electrons by adsorbed oxygen has been considered with a rate
constant of 7.6 10" M s [28]:

ko
egg+> TI050 =0, —1%=% ,7i0, =05 (3.12)
The adsorbed peroxy radical can be desorbed according to the equilibrium

with log (Keg ):4 [271.

Tio, =0

K&
Ti0p=05

>Ti0, =0; ==——==>>TiO}""+0} (3.13)

0, is in equilibrium with the hydroperoxy!l radical log KE?)'"‘ =4.8:
2
K:‘;
H+ 0, «—=H0; (3.14)

Radical-radical recombination can lead to hydrogen peroxide formation,

_ 7 1.1
kHO.z_vO.z__gj 10°M s " and logKEl(jO2 =11.7:
kHO"O"
HO; +07 =2222H0, +0, (3.15)
Ko,
HO,+ H =22H,0, (3.16)

Hole-electron recombination (Krecoms=4.6 102> M's™) can proceed lowering
the efficiency of the photocatalytic process:

ecR +h§BM>Heat/Light (3.17)

Holes can react with adsorbed water or hydroxide groups to generate
hydroxyl radicals [29].
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k
hyjg —2Z—>HO" (3.18)

In equation 3.18, kye. is @ lumped rate constant involving the invariability of
the concentration of adsorbed water/OH molecules. Davis and Huang [30]
used a value of 2.0 10'> M's™! for this constant. When hydrogen peroxide is
generated, trapping of ecg” by this species might occur [25]:

Ko, .
STIO®+ H.0, =22 Ti0M™ =H,0, 3.19)
RED K0, B
>Ti05™ =H,0, + e — 27228 5 > HO" +HO™ (3.20)
where quo has been given a value similar to K(e)q and
2Y2 2

_ 10 pgp-1-T e .
Ko _ - =11 10" M''s" has been assumed to be similar to the reaction
Ti0,=H,0,,ecq

of aqueous electrons and hydrogen peroxide [31]. The scavenging effect of
H,0, is represented by:

-
H,0, +HO" —22% 5 HOS +H,0 (3.21)
o | k., | TIOBED +HO, +H"
TIORED =0, + VB L Kom T2 2 (3.22)
>HO* TiO5 +HOS +Hs,0

The negative effect of TBA (this alcohol does not absorb onto titania) in
MCPA degradation suggests that the removal process of the parent compound
mainly takes place in solution. Accordingly, once the initiating stages proceed,
MCPA degradation can progress through the following steps. A small fraction
of MCPA adsorbed onto TiO, can react with adsorbed HO® radicals
or/alternatively directly oxidized by holes [23]:

o .
- = + kOX \CH
>TIOV OH™MCPA * h' ' c02+ 2
cl
- . kox \&)J\OH
>TiOV OH™MCPA * HO'(@d5) — = H,0 + H
a

The main oxidation pathway seems to be the oxidation with free HO" in
solution:

(3.23)

(3.24)
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K .
MCPA+HQ" —HA% 5 H,0+R2" (3.25)

The value of Keygation = 8.5 10° M s [32] has been assumed to be similar
for reactions 3.23-3.25. Radical species R1" and R2" can trap dissolved oxygen
leading to:

RT +0, —2875R105 (3.26)
K o
R2" +0, —2% 5R205 (3.27)

Rate constants corresponding to oxygen addition to organic radicals are in
the order of 10°M ' s [33].

R2" can be reduced to generate 4-chloro-2-methylanisole:

N 0
- h ~
R2te g /@
Cl

Rate constant in equation 3.28 has been assumed to be of similar order
than the reaction between hydrated electrons and anisole, 3 10° M s [311.

(3.28)

The organic peroxyradical R10," decomposes into 4-chloro-2-
methylphenylformate, releasing one hydroperoxy! radical:

0

. . ~CHO
o —- i
Cl

First-order decomposition of organic peroxyl radicals varies in a wide range
of values from some hundreds (or even lower figures) to values in the interval
10°-10° M s [33]. An intermediate value of 10° M s™" has been used in this
work. 4-chloro-2-methylphenylformate can be further oxidized by HO"
radicals (or holes) to 4-chloro-2-methylphenol (main intermediate detected in
the process). This stage has been given a generic rate constant of 5 10°M™'s™.

(3.29)

As stated previously, the fact that TBA at high concentrations (0.25 M)
cannot completely deactivate the MCPA degradation process suggests the
existence of parallel routes of MCPA removal other than the direct attack of
hydroxyl radicals. The autocatalytic behaviour observed has been attributed to
reactions of organic peroxyradicals and MCPA:
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R100" (6R200°) + MCPAﬂ)RT (6R2%)+R100H (6 R200H)

(3.30)

No data are available for Kperoxyi. Reactions of substituted alkylperoxyl
radicals with several organic substrates were compiled by Neta et al. [33]. A
generic value of 10° M s™ has been assumed. Also, MCPA is assumed to react
with  hydroperoxyl radicals to generate  hydrogen  peroxide
(Kiyaroperoyt=1 10> M 57 assumed value). Pichat et al. [34] state the role
played by 0,"/HO," in photocatalytic processes.

k
HOS +MCPA—2®A R 11,0, (3.31)

Other routes of H,0, generation include the first-order decomposition of
organic peroxides:

R100H——4 —cloro—2-methyphenylformate +H,0, (3.32)

R1I00H——4 - chloro—2-methylphenol +H,0, (3.33)

Decomposition rates in equations 3.32-3.33 have been optimized to fit
experimental and calculated results. 4-Chloro-2-methylphenol can further be
oxidized by means of hydroxyl (Kcup_io.) and/or perhydroxyl (Kcup-io2.) radicals
leading to methylhydroguinone. The later can also be oxidized to
1,2,4-trihnydroxybenzene. Finally, 4-chloro-2-methylanisole can also be
oxidized to 4-chloro-2-methylphenol by hydroxyl radicals.

The set of differential equation derived from the previous reactions applied
to a discontinuous batch reactor was numerically solved by the fourth-order
Runge-Kutta method. Figure 3.8 (top) shows the results obtained after
modelling the MCPA photocatalytic degradation in the presence of 0.5 g L™ of
Degussa P25. As observed, the model does an adequate job when simulating
the evolution profile of the parent compound. Additionally, given the
complexity of the system and the excessive number of unknown rate
constants, the trends observed in H>0, accumulation and 4-chloro-2-methyl
phenol generation are also acceptably calculated. It is obvious that the model
is not complete and additional reactions leading to ring opening and low
molecular weight compounds formation should be considered.

In spite of the system complexity, the proposed mechanism is also capable
of simulating the effect of different scavengers. As observed in Figure 3.8
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(bottom), the model adequately predicts the MCPA profiles after addition of
0.25 M of TBA or 3 10* M of I by just considering their reactions with free
hydroxyl radicals (rate constants 6 102 and 1.3 10" M s, respectively).

When the addition of 2-propanol was modelled, reactions 3.3-3.5 led to a
lineal MCPA degradation, different from the curved profile experimentally
observed. However, if MCPA removal by organic radicals generated after HO
attack to 2-propanol is considered, the MCPA conversion acquires the
observed curvature. A value of 20 M s™' given to this constant allows for
obtaining the theoretical profile observed in Figure 3.8 (bottom). It should be
noticed the similar magnitude of the adopted value and the rate constant
corresponding to the reaction between C3HgOH" and 2-propanol.

254

CMCPA']-O5 (M)

60 80 100 120 140 160 180
time (min)
Figure 3.8 Modelling the photocatalysis of pure MCPA in the presence of Degussa P25
(0.5 g L™"). Top figure: e, MCPA evolution; m, 4-chloro-2-methylphenol generation; A,
H.0, formation. Bottom figure: Experiment in the presence of: e, 0.25 M TBA; m,
310*MKI; A, 2510°%M 0z; ¥, 0.25 M 2-propanol; 4, 0.01 M NaNs; o, 10° M
Oxalate (Dashed lines = model calculations)
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The total deactivation of the process in the presence of 0.07 M in sodium
azide was theoretically obtained by just considering the reaction of this
species with hydroxyl radicals.

The effect of oxalate was also adequately simulated by considering its
degradation by direct attack of holes and further generation of hydroperoxyl
radicals. Similar results could be obtained by taking into account the direct
attack of CO,™ to MCPA.

Finally, theoretical calculations conducted at low oxygen concentration
(2.5 10® M) could also acceptably simulate the results obtained in the
experiment carried out by bubbling nitrogen (the reactor was open to the
atmosphere, so oxygen concentration was not considered zero).

As stated previously, the mechanism here presented is not complete and
probably lacks of some reactions. Accordingly, the optimized rate constants
used should be taken with caution. Nevertheless, the reaction mechanism
reveals the importance of HO® in MCPA photodegradation and also the
presumably important role played by organic radicals and hydroperoxyl
radicals. A sensitivity analysis of different parameters is shown in Figure 3.9.
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Figure 3.9 Sensitivity analyses of some of the rate constants in the proposed reaction
mechanism

From Figure 3.9, it has to be highlighted the obvious influence of the
holes/electrons generation rate. Oxygen addition to radicals R1" and R2
affects MCPA conversion profiles only for rate constant values well below the
normal ones (108-10° M's™). In a similar way, the rate constant in equation
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3.29 only influences MCPA degradation when low values are used. The effect
0f Kpyaroperoxyt CONfirms the hypothesis previously suggested of the role played
by the pair HO,'/0,".

3.4. CONCLUSIONS

From the experiments completed in this investigation, the following
conclusions can be withdrawn:

* MCPA can be photocatalytically degraded in the presence of powdered
titania.

« Doping of bare titania with nitrogen enhances the MCPA removal rate. An
optimum in doping percentage can be foreseen.

» (alcination temperature at the time of catalyst preparation is a crucial
variable.

* In spite of the high number of attempts, in no case the results obtained
improve those obtained by using the commercial P25.

« A mechanistic approach to the process reveals the importance of free
radicals in MCPA photocatalytic oxidation.

« Other minor degradation routes include the role played by organic and
hydroperoxy! radicals.
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CHAPTER FOUR

PAPER TWO

Photocatalytic ozonation of 4-chloro-2-
methylphenoxyacetic acid and its  reaction
intermediate 4-chloro-2-methyl phenol

J Taiwan Inst Chem Eng 46 (2015) 125-131
R. R. Solis, F.J. Rivas, J.L. Pérez-Bote, O. Gimeno

ABSTRACT. Agueous 4-chloro-2-methylphenoxyacetic acid (MCPA) has been treated
by the systems UVA/TiO2/N>, O3, Ti0»/03, UVA/O3, UVA/TiO2/0,, and UVA/TiO>/05.
Under the conditions investigated (T=20°C, pH=4.5, Qgas=30 L h™", V=1L, Co3=5 mg L°
T Cucpa=5mg L, Crin2=0.5 g L"), MCPA is removed in less than 30 min. Photocatalytic
ozonation is the most efficient process both in terms of MCPA removal rate (100%
conversion in less than 15 min) and mineralization extent (60% after 3 h and 25°().
4-chloro-2-methyl phenol (CMP) is detected in those systems combining TiO, and
UVA radiation. The presence of ozone involves the complete depletion of CMP
following its generation. The direct rate constant between CMP and ozone
corroborates the high reactivity observed (7.2+0.3 10° M's™", 4.4+0.2 10° M's”! and
2.9+0.7 10° M's™ at pHs 4, 7 and 10, respectively). Identified intermediates detected
in the UVA/Ti0,/03 applied to MCPA correspond to oxygenated species derived from
the parent compound after loss of some substitution groups. No significant toxicity of
intermediates is observed in BODs, Daphnia parvula, and Culex pipiens larvae tests.

KEYWORDS: MCPA, photocatalytic ozonation, 4-chloro-2-methyl phenol, kinetics,
herbicides
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4.1. INTRODUCTION

4-Chloro-2-methylphenoxyacetic acid (MCPA) is a widely used herbicide of
the chlorophenoxy type family. Phenoxy herbicides act by simulating the
action of natural hormones to produce uncoordinated plant growth. Their
action is selective as they are toxic to dicotyledonous plants. The acid is the
parent compound, but a number of formulations in use contain the more
water soluble amine salts or the ester derivatives, which are readily dissolved
in an organic solvent. Regulatory agencies in their evaluations of these two
constituents have found MCPA unlikely to be human carcinogen; however, a
number of epidemiologic studies have found positive associations between
exposure to chlorophenoxy compounds and an increased risk of some
lymphohematopoietic cancers, primarily non-Hodgkins lymphoma, but also
Hodgkin’s disease, soft tissue sarcoma, and to a lesser extent, leukemia [1].

MCPA can be easily degraded in agueous solution by means of TiO»
mediated photocatalysis in the presence of UVA or visible light [2,3]. MCPA
photocatalysis leads to the complete removal of the parent compound in a
relatively short period of time; however, the herbicide is not completely
mineralized and some inter-mediates accumulate in the reaction media [4].
4-Chloro-2-methyl phenol (CMP) is the main intermediate that accumulates in
the MCPA photocatalytic process. CMP is generated from MCPA by direct
photolysis and "OH/h+ reaction (higher CMP yield). CMP is more toxic than the
parent compound [5]. Accordingly, water treatment technologies dealing with
MCPA removal should take into consideration the evolution of this byproduct.
The accumulation of CMP in the Degussa P25 mediated photocatalysis has
been previously experienced [6].

In the present study, the photocatalytic ozonation of MCPA is investigated
and compared to other systems such as single ozonation, photolytic
ozonation, catalytic ozonation and photocatalysis. Use of ozone in
photocatalytic processes shows some advantages if compared to the system
in the absence of ozone, namely the presence of an additional oxidant (03)
reacting with organic molecules by direct or indirect ("OH) pathways, additional
generation of free radicals by ozone photolytic scission, potential catalytic
ozone decomposition by the TiO, surface, etc. [7].

Photocatalytic ozonation has normally been applied by using UV-C
radiation, few works have applied cheap black light lamps (UVA radiation),
[8,9]. Additionally, the number of studies focused on the photocatalytic
ozonation of pesticides is also limited. Some works can be listed. Rajeswari
and Kanmani [10] combined UVA radiation and ozone in the presence of
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titanium dioxide and carbaryl as model pollutant. Under their experimental
conditions, 76.5% of total organic carbon (TOC) removal and increase of the
five day biological oxygen demand-chemical oxygen demand ratio
(BODs/COD) were reported. Farré and co-workers [11,12] conducted a
preliminary chemical treatment of pentachlorophenol, isoproturon, diuron,
alachlor and atrazine pesticides in agueous solutions analyzing the toxicity of
the effluent after the treatment. Beduk and collaborators [13] carried out the
photocatalytic ozonation in the presence of UV-C radiation of the
organophosphorus pesticides malathion and parathion. Cernigoj and co-
workers [14,15] also studied the photocatalytic ozonation of thiacloprid and
neonicotinoid insecticides.

In this work the influence of pH, photocatalyst and MCPA initial
concentration has been assessed in the UVA/Ti0,/05 system. Additionally, the
response of CMP toward the studied technologies has also been investigated.
Toxicity tests have completed the work.

4.2. EXPERIMENTAL
4.2.1. Photoreactor and procedure

A 1 L capacity perfectly mixed borosilicate glass photoreactor was used in
all the experiments. The reactor was placed in the middle of a 31 cm external
diameter pipe (54 cm height). The internal wall of the pipe was covered by
aluminum foil to increase the photons reflection toward the reaction media.
Four black light lamps (41 cm length) were evenly distributed and attached to
the pipe. The lamps (LAMP15TBL HQPOWER™ manufactured by Velleman®)
had a nominal power of 15 W mainly emitting within the range 350-400 nm,
the maximum being located at 365 nm. Actinometry experiments in the
presence of ferryoxalate led to a value of 6.86 10 Einstein L' min™' when 4
lamps were used.

Previously to the photodegradation experiments, the mixture water +
photocatalyst was stirred for 60 min in the dark to achieve the MCPA
adsorption equilibrium on the photocatalyst surface. Oxygen or a mixture
oxygen-ozone was continuously bubbled into the water bulk by means of a
diffuser placed at the reactor bottom. The gas flow rate was kept constant at
30 L h™in all the experiments. Photocatalysts were maintained in suspension
by magnetic stirring. Prior to the analysis, the solid was removed from
samples by filtration through Millex-HA filters (Millipore, 0.45 pym).

Ozone was produced from pure oxygen by using a Sander Laboratory
0zone Generator. Dissolved ozone in solution was determined by the indigo
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method, the analysis is based on the decoloration of the
5,5,7-indigotrisulfonate [16]. Ozone in the gas phase was monitored by
means of an Anseros Ozomat ozone analyser. The analysis was based on the
absorbance at 254 nm. All experiments were conducted at the natural pH of
the solutions, with no addition of buffering substances.

4.2.2. Materials

Pure MCPA from Aldrich (>99%) was used in different experiments, the rest
of chemicals were purchased from Sigma-Aldrich and used as received
(acetaminophen >99%, CMP 97%, phosphoric acid 85%). Organic solvents
were HPLC grade obtained from Panreac. Commercial TiO, Degussa P25
photocatalyst (70% anatase and 30% rutile) was used with an average particle
size of 30 nm and BET surface area of 50 m® g'. Water purified by a Milli-Q
water system (Millipore®) was used in the preparation of solutions and
suspensions.

4.2.3. Analysis

MCPA and CMP were analyzed by high-performance liguid chromatography
(Agilent 1100). The column used was a Kromasil 100 5C18. The mobile phase
acetonitrile:water:phosphoric acid (40:54:6) was pumped at a flow rate of
1 mL min". Detection was conducted at 230 nm. In the case of
acetaminophen, the reference compound in rate constant determination
experiments, the mobile phase was changed to acetonitrile:water:phosphoric
acid (18:76.5:8.5), and detection was conducted at 244 nm. Byproducts were
tentatively identified by HPLC coupled to mass spectrometry. The detector
was a guadrupole-time-of-flight mass spectrometer (Agilent Technologies
6520, Accurate-Mass Q-TOF LC/MS) equipped with a dual ESI electrospray
interface. The analytical operating conditions were as follows: capillary 3500
V; nebulizer, 30 psi; gas flow, 5 L min™"; gas temperature 300°C; skimmer
voltage, 65 V; octapole rf, 750 V; fragmentor, 100 V. The mass spectra were
processed by means of the Agilent Mass Hunter Qualitative Analysis B.04.00
software.

In order to assess the degree of mineralization, total organic carbon was
determined by a Shimazdu TOC 5000A analyzer by directly injecting the
agueous solution. The pH of the reaction media was measured by means of a
Radiometer Copenhagen pH meter. pH adjustment was carried out by addition
of NaOH or perchloric acid. Biological oxygen demand after five days
determination was conducted by the respirometric method, based on the
absorption of the CO, generated in the microbial metabolism by solid NaOH.
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4.2.4. Ecotoxicity bioassays with Daphnia parvulaand Culex pipiens larvae

The acute toxicity tests using Daphnia parvula were conducted using US
EPA standard operating procedures [17]. This procedure was extrapolated to
carry out similar trials with mosquito Culex pipiens larvae. A culture for
D. parvulaor C. pipiens larvae was received from installations of Extremadura’s
University, where organisms were naturally cultured in artificial ponds.

20 young D. parvula or 15 second instar C. pipiens larvae were placed in
100 mL of test solution using a disposable plastic transfer pipette, and were
subjected to 16:8 light:dark photoperiods at room temperature. Survival
numbers were recorded and monitored at 6, 24 and 48 h for D. parvula; 24,
46, 72 and 96 h for C. pipiens. Organisms were not fed during the experiments.
In ecotoxicity tests, commercial MCPA (MCPA 60% from KENO-GARD®) or CMP
solutions were prepared in mineral water (10.7 mg L™ HCO5", 5.3 mg L™ SO,%,
19.0 mg L' Cl, 27 mg L™ Ca%*, 2.7 mg L' Mg®, 14.7 mg L' Na', and
14.3 mg L' Si0,). pH was adjusted to 7+0.1. Three blank tests, without MCPA
or CMP addition, were considered per each run.

Initially trials were carried out at various parent compound initial
concentrations in order to determine the concentration which causes the 50%
mortality (LCsp). Organisms were exposed to nine concentrations (1000, 500,
250, 125, 62.5, 31.2, 15.6, 7.8, and 3.9 mg L' of MCPA: or 10, 5, 2.5, 1.25,
0.62, 0.31, 0.15, 0.08 and 0.04 mg L™ for CMP). After this preliminary study,
samples from photocatalytic ozonation experiments at different stages of
oxidation extent (0, 25, 50, 75, 100% of initial MCPA removal) were taken. An
additional sample was also considered when TOC removal reached the steady
state level.

4.3. RESULTS AND DISCUSSION
4.3.1. Preliminary experiments: Technologies comparison
4-Chloro-2-methylphenoxyacetic acid oxidation

Some preliminary experiments were initially carried out to compare the
performance of individual systems derived from the UVA/TiO,/05 technology.
Figure 4.1 shows the results obtained in terms of MCPA normalized
degradation and TOC conversion when an agueous solution of the herbicide
was treated by means of UVA/TiO»/N,, O3, Ti0,/05, UVA/O5, UVA/TIO,/0,, and
UVA/TiO,/0s.



CHAPTER IV. PAPER TWO. Photocatalytic ozonation of 4-chloro-2-methylphenoxyacetic acid
and its reaction intermediate 4-chloro-2-methyl phenol

10% -
‘\.,g\g 508 -
0.8 B \\vﬁ 0,9
LA 0.6 - B
Lo e e ) o
£ Q\A\\ v 3 o 33
Sost o\ Sl e’ ey
O VOB S, / /A//{g —————— YT
< : \ 2 s '<>/ e
& 04 - ‘\\ Q‘Q ',/' / NV N oy A 1= .
LE) \ N 0.0 > Ol ! [ | [
\ A XA g
O ® <>\\ OO 20 40 60 80 100 120 140 160 18@
02 L RS 2 time (min)
\, > o
Q‘\ A\@* <
- ATOR
0.0 ! e &9 A S > S i . 8
0 5 10 15 20 25 30
time (min)

Figure 4.1 Removal of MCPA and TOC conversion by different systems. Experimental
conditions: T=298 K, pH=4.5, Qgs=30 L h™', V=1 L, Co3=5 mg L, Cucpa=5 mg L,
Crioz= 0.5 g L. o, UVA/TiOz/Nz; o, O3; 2, Ti02/03; v, UVA/Og; <, UVA/TiOz/Oz; o,
UVA/TiO,/0s3.

From Figure 4.1 it can be observed that, under the operating conditions
investigated, MCPA (5 mg L) quickly disappears in less than 20-25 min
regardless of the oxidizing system used. Roughly, all the technologies used
present a similar efficiency with the exception, perhaps, of the photocatalytic
ozonation, capable of reducing the time to completely oxidize MCPA to
12-14 min. However, different patterns were experienced when TOC
conversion was monitored. In this latter case, single MCPA ozonation only
achieved a scarce 15% in TOC conversion after 180 min of treatment. The
combination of ozone with either TiO, or UVA light increased the final TOC
removal to values close to 30-35%. TiO, can act as a catalyst in ozonolysis
reactions by accelerating the ozone decomposition into radical species.
Alternatively, oxidation reactions can take place on the solid surface
decreasing the activation energy of the ozonolysis [18-21]. The positive effect
of the pair ozone-UVA may be attributed to the photoactivity of ozonation
intermediates that would accumulate in the absence of the radiation.

The photocatalysis in the presence of ozone (UVA/TiO,/0;) or oxygen
(UVA/TiO,/0,) led to a TOC conversion in the proximity of 60%, however this
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high value was reached by the UVA/Ti0,/05 system in just 60 min, compared
to >180 min required by the UVA/TiO,/0, system. Roughly 40% of the initial
TOC content remains in solution after 3 h of treatment. As occurring in most
oxidation processes, accumulation of low weight oxygenated species
(carboxylic acids, aldehydes, ketones, etc.) from the recalcitrant TOC
remaining in solution.

The synergistic effect experienced when using the UVA/TiO,/05 system is
the result of a higher inhibition of electron-hole recombination, the catalytic
effect of TiO, in the presence of ozone, and the high photoactivity of ozone
intermediates.

CMP was only detected in those systems combining UVA radiation and
titanium dioxide (no matter the presence or absence of ozone). As stated
previously, CMP is generated from direct photolysis or "OH attack to MCPA,
suggesting that the systems O3 and/or 03/TiO, proceed through a mechanism
different from hydroxyl radical formation (i.e. direct ozone attack). In this
sense, Benoit-Guyod and co-workers [22] report two distinct ozonolysis
pathways in the presence and absence of UV radiation: ring-hydroxylation and
cleavage by molecular ozone in the dark, and side-chain oxidation by hydroxyl
radicals under irradiation. Alternatively, CMP could have been generated and
instantaneously removed, as a consequence CMP presence could not be
detected. Since CMP is the main intermediate detected in the MCPA
photocatalytic ozonation (the most efficient system), the response of this
compound to the oxidizing agents used in this work was also assessed.

4-Chloro-2-methyl phenol oxidation

Figure 4.2 shows the normalized CMP removal after application of different
oxidizing systems. From this figure the fact that the UVA/TiO,/0, process is
the less effective technology is inferred, hence, the accumulation of this
compound in the MCPA photocatalysis system is corroborated. However, when
ozone is used, CMP is completely eliminated in less than 10 min regardless of
the simultaneous application of UVA radiation or UVA+Ti0. Similarly to MCPA
degradation, in terms of TOC conversion, Degussa P25 did show some
catalytic effect in the ozonation process if compared to the single ozone
application.
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Figure 4.2 Removal of 4-chloro-2-methyl phenol by different systems. Experimental
conditions: T=298 K, pH=5.0, Qgs=30 L h™", V=1 L, Co3=5 mg L, Cawp=5 mg L,
Cri02=0.5 g L. 0, 0s5; 0, TiOz/Og; Al UVA/O3; v, UVA/TiOz/Oz; <, UVA/TiO>/05.

The potential of ozone to oxidize CMP was corroborated by calculating the
second order rate constant corresponding to the direct reaction between
molecular ozone and CMP. Accordingly, three series of ozonation experiments
in a homogeneous and semicontinuous mode, in the presence of 0.01 M of
tert-butanol (radical scavenger), were completed. The method consists in the
continuous pumping of an ozone saturated solution to a tank containing CMP
and a reference compound whose ozonation rate constant is previously
known [21]. The mass balance equations describing the system are:

dc;  dv

V_dt +Cy T —z7Vko, 1C0,Cr
dC dv

dv

E_Q

In the above equations, Q, is the ozone saturated solution flow-rate, V is
the reaction volume, C is concentration, z, the stoichiometric coefficient, and
the subscripts T and R refer to target and reference compounds, respectively.



148

Photocatalytic oxidation of agueous herbicides with radiation of low energy.
Application of catalysts, ozone and peroxidic promoters

To eliminate the unknown Cg; concentration, if the reference and target
compound mass balances are divided, after integration it follows:
VG, zrKo,T VG

In =
VCrl g Zko,r ch\tZO

(4.2)

A plot of the left hand side of equation 4.2 versus In (VCr/VCgli=o) should
lead to a straight line of slope (z1/zr)(kgs /Ko r). By @assuming a stoichiometric
coefficient of one mol of ozone per mol of organic and acetaminophen as the
reference compound [23], the rate constants of CMP-03 (koscup) at pHs 4, 7
and 10 were 7.2+0.3 10* M's™", 4.4+0.2 10° M's!, and 2.9+0.7 10° M's™",
respectively (results not shown).

These values corroborate the high reactivity of ozone and CMP
experimentally observed in this study. Also the variation of the rate constant
with pH indicates the higher reactivity of the anionic form of CMP if compared
to the neutral or protonated forms. The pK, value from the neutral to the
anionic form of CMP is 9.7 while no data is available on the pK; value for the
protonation, in any case protonation of phenols usually shows pK, values in
the proximity of 6.

In order to compare the direct ozonolysis of CMP versus the reaction with
hydroxyl radicals, the second order rate constant of the latter was calculated
by means of the hydrogen peroxide photolysis in the presence of CMP. Thus
by using the method reported by Beltran and co-workers [24], the calculated
values of kyo., MCPA and kyo., CMP were 4.3 10° M's™ and 7.8 10° M's™".
Typical HO" concentrations in advanced oxidation systems range in the interval
103-10" M suggesting that the following inequality —applies

(K-, cmp Cro- <<Ko3,cmpCo3).
4.3.2. The system UVA/TiO,/05. Operating variables effect

Given the higher efficiency in TOC removal of the MCPA photocatalytic
ozonation if compared to the rest of technologies studied, the former system
was investigated in more detail. Accordingly, the influence of some operating
variables was investigated, namely TiO, concentration, MCPA initial
concentration and pH.

Catalyst concentration

Ti0, concentration was tested in the rage 0.01 to 1.5 g L™". Figure 4.3
shows the results obtained. As a rule of thumb, no significant differences were
found in terms of MCPA degradation rate regardless of the amount of catalyst
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used. The experiment conducted with 1.0 g L' of Ti0, seems to proceed
slightly faster than the rest, indicating the existence of an optimum in
photocatalyst concentration, typical of photocatalytic processes, however
differences are not statistically significant.
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Figure 4.3 Removal of MCPA and TOC conversion in the UVA/TiO2/03 system.
Experimental conditions: T=298 K, pH=4.5, Qgs=30 L h™', V=1 L, Cp3=5 mg L™,
Cuepa=5mg L, Crig2 (gL):0,0.01;9,0.1; 2,0.5; v, 1.0; ©, 1.5.

Differences in TOC conversion are more significant. Hence, TOC elimination
is substantially lower in experiments conducted with the lowest TiO, amount,
achieving removal degrees in the proximity of 20% when 0.01 and 0.1 g L™ of
catalyst were used. TOC elimination percentage increased to 50-60% in the
rest of experiments. TiO, positive effect is undoubtedly related to its capacity
to catalyze the ozonolysis process and its crucial role in the photocatalysis
due to the formation of electron-hole pairs. The evolution of CMP is depicted
in Figure 4.4. As inferred from this figure, the evolution of this intermediate is
highly influenced by TiO, concentration. Broadly speaking, TiO, concentration
exerts a positive influence in CMP generation. The presence of high amounts
of TiO, promotes the photocatalytic process in detriment of the direct
ozonation. This effect involves the formation of CMP which is apparently
associated to the Ti0,/UVA system. In all cases, the simultaneous application
of ozone leads to a Gaussian profile of CMP concentration, being this
compound removed from the reaction media in roughly 10 min.
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Figure 4.4 Evolution of 4-chloro-2-methyl phenol in the UVA/Ti0,/03 system applied
to MCPA. Experimental conditions: T=298 K, pH=4.5, Qgs=30 L h' v=1 L,

Co3=5mg L™, Cuecpa=5mg L™, Crioz (@L"):0,0.01;9,0.1; 2,0.5; v, 1.0; ¢, 1.5.

MCPA concentration

MCPA initial concentration was tested within the range 1.5-50 mg L.
Figure 4.5 shows the results obtained in terms of MCPA removal and TOC
conversion. As expected, decay profiles are steep in those runs with low initial
MCPA concentration. The slope is less pronounced in the run carried out with
50 mg L' of MCPA. However, in terms of MCPA removal rate the trend is the
opposite, thus, the higher the initial MCPA concentration the higher its
elimination rate. An experiment was conducted at 35°C showing the positive
effect of this parameter, particularly in terms of mineralization extent after
180 min. Thus, TOC profiles indicate a lower conversion (35-40%) in the
experiment completed with the lowest MCPA concentration than in the rest of
runs. Conversion values of 50-60% are experienced when MCPA initial
concentration is above 5 mg L. This experimental fact suggests a partial
autocatalytic behavior in terms of TOC removal. The maximum TOC conversion
(90%) was achieved at the highest temperature tested. Temperature likely
accelerates the reactions of organic radicals substantiating the hypothesis of

the autocatalytic pathway in terms of mineralization.
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Figure 4.5 Removal of MCPA and TOC conversion in the UVA/Ti0./03 system.
Experimental conditions: T=298 K, pH=4.5 (average value), Qqgs=30 L h' v=1 L,
Co3=5mg |_71, Crio2=0.5¢ Liw, Cmcra (mg |_71)I 0,1.5;0,5:4,11;v,50; ¢,50(35°C).

Figure 4.6 illustrates the evolution of CMP. As expected the higher the
initial MCPA concentration, the higher the amount of CMP generated. Also,
temperature exerted a significant effect in CMP generation.
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Figure 4.6 Evolution of 4-chloro-2-methyl phenol in the UVA/TiO>/03 system applied
to MCPA. Experimental conditions: T=293 K, pH=4.5, Qgs=30 L h', V=1 L,
Co3=5mgL™, Cri02=0.5g L, Cmepa (MgL"): 0, 1.5;0,5; 4, 11; v, 50; ¢, 50 (35°C).
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pH influence

Finally, pH was tested under acidic (pH=2), natural (pH=5), neutral (pH=7)
and basic (pH=12) conditions (results not shown). pH did not appreciable
affect MCPA removal rate, however CMP profiles were severely influenced by
this parameter. Thus, when pH was initially varied by NaOH or HClO4 addition,
the amount of CMP generated was drastically reduced, with no significant CMP
formation/detection at pHs 7 and 12. Similarly, variations in the initial pH also
reduced the final TOC conversion after 180 min from 60% (no pH variation) to
20% (pHs 7 and 2). The worst results were obtained at pH 12 with no
observable TOC reduction.

4.3.3. Detected intermediates and toxicity

Different samples of the MCPA photocatalytic ozonation were analyzed by
mass spectrometry. Some positively identified intermediates are shown in
Table 4.1.

Table 4.1 Transformation products tentatively identified in MCPA photocatalytic
ozonation at low conversion values

Mass Proposed formula lonm/z  Proposed estructures

3-hydroxyl-2,5-furandione

14 CaH204 112.9763 2,3-dioxosuccinaldehyde

142 C7H7ClO 140.9989 4-chloro-2-methyl phenol (CMP)

200 CgHgeClO3 198.9978 MCPA

4-chloro-6-methyl-3,5-cyclohexadiene-1,2-diol

160 C7HsClO. 158.3245 5-chloro-2-cyclohexene-1-carboxylic acid

196 CgH406 194.9704 2,5-dicarboxy-1,4-benzoquinone

4-chloro-2-(hydroxymethyl)phenol
158 C7H-ClO; 156.9920 5-chloro-3-methylbenzene-1,2-diol
3-chloro-2,5-cyclohexadiene-1-carboxylic acid

(2E)-2-chloro-2,3-dideoxyhex-2-enonic acid

196 CeHsClOs 195.0118 dimethyl 2-chloro-3-hydroxybutanedioate

126 CeHeO03 125.1081 4-hydroxycatechol

125 C7Hg0; 123.9865 methyl hydroguinone

Identified intermediates are mainly oxygenated species derived from the
parent compound after losing some of the substitution groups. In some cases
the ring may have been opened leading to aliphatic oxygenated chains as it is
the case of 2,3-dioxosuccinaldehyde. Not many works have dealt with
subproducts in the photocatalytic ozonation of MCPA. Zertal and collaborators
[4] report the formation of 4-chloro-2-methylphenol, methylhydro-quinone
and  5-chloro-2-hydroxy-3-methylphenylacetic acid in  photocatalytic
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experiments in the presence of Ti0,. The first two substances were also
indentified in this work. Topalov and co-workers [25] proposed the formation
of 4-chloro-2-methylphenol in a similar process, further oxidation of this
species would easily lead to the formation of 4-chloro-2-
(hydroxymethyl)phenol or 5-chloro-3-methylbenzene-1,2-diol tentatively
detected in this research. Benoit Guyod and co-authors [22] claim the
formation of 4-chloro-2-methylphenyl formate, 4-chloro-salicylaldehyde,
4-chlorosalicylic acid and 5-chloro-3-methylbenzene-1,2-diol monomethyl
ether in the photolytic ozonation of MCPA. None of them were found in the
samples analyzed in this work.

Toxicity of the intermediates generated during the photocatalytic
ozonation of MCPA was assessed by measuring the BODs of the reacted
solutions after 10 and 180 min of reaction. Nutrients were added to water
samples according to the recipe given in the literature [26,28]. As seen in
Figure 4.7, neither MCPA nor the intermediates showed any appreciable toxic
effect toward the activated sludge used in the BOD analysis, even when a high
MCPA initial concentration was applied.
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Figure 4.7 Evolution of BODs after UVA/TiO./0s applied to MCPA. Experimental
conditions: T=293 K, pH=4.5, Qgs=30 L h™', V=1 L, Co3=5 mg L, C1i02=0.5 g L.
o, Control run; 0, 1.0 mg L' of initial MCPA, time reaction=0 min; 4, 5.0 mg L™ of initial
MCPA, time reaction=0 min; v, 5.0 mg L' of initial MCPA, time reaction=10 min; ¢, 5.0
mg L of initial MCPA, time reaction=180 min.

Additional toxicity tests were carried out by using two species, D. parvula
and larvae of C. pipiens (common mosquito). For comparison purposes, some
preliminary ecotoxicity assays were completed with the parent compounds
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MCPA (commercial) and CMP at different concentrations. These tests are

shown in Figure 4.8. Survival percentage was corrected to account for natural
mortality in control runs by means of the expressions [29]:

% MWC-% CM

% corrected mortality= 009 CM (4.3)
=70

% corrected survival=100-% corrected mortality (4.4)

In equation 4.3, MWC and CM stand for mortality without correction and
control mortality (mortality in blank runs), respectively. Figure 4.8 reveals that
the intermediate CMP is more toxic than the parent compound MCPA.
D. parvula LCsy values corresponding to MCPA at 6, 24, and 48 h are
approximately 717, 266 and 230 mg/L, in accordance with the data provided
by the supplier (LCsq to D. magna at 48 h >190 mg L™') while D. parvula LCsy
values corresponding to CMP at 6, 24, and 48 h are roughly 9.0, 6.5 and
1.5mg L. These differences in toxicity were also experienced when C. pipiens
were used. In this latter case, MCPA and CMP showed values of 206 and

150 mg L' (MCPA) and 1.5 and 0.5 mg L' (CMP) after 72 and 96 h of larvae
exposure, respectively.

=
STl

03{ 7
S SRR
(7

Corrected survival (%)
Corrected survival (%)

9 —
< & 100
© —
E .g 80
a :_7—,) 60
ks - 40
2 g 2
: g
o 8 24
108 gV
th 127 (@
) Co®

Figure 4.8 Percentage of survival of D. parvula and C. pipiens larvae as function of
MCPA or CMP concentration and time of exposure.
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The goal to be achieved is the application of the photocatalytic ozonation
to remove MCPA without generating an effluent more toxic than the initial
herbicide solution. Accordingly, a number of samples were withdrawn from
the reactor at different oxidation times and the toxicity analyzed. Figure 4.9
illustrates the results obtained.
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Figure 4.9 Percentage of survival of D. parvula and C. pipiens larvae in solutions of
photocatalytic ozononated MCPA at different reaction periods. Initial MCPA
concentration (mg L™): top figure=100; middle figure=50; bottom figure=5. Time of
exposure (h): ©, 6; 0, 24; 2,48; v, 72; ¢, 96. (e, MCPA removal; ®, TOC removal).

In the case of D. parvula, a clear relationship between toxicity and MCPA
abatement is inferred. For instance, when analyzing the experiment
completed with an initial MCPA of 100 mg L™, the oxidized solution goes
through a period when mortality increases to values of 100% regardless of
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the exposure time. Once MCPA is completely eliminated, the solution becomes
non-toxic. Similar results were obtained when 50 mg L' of MCPA were
oxidized. The most diluted MCPA concentration barely showed a small
increase in toxicity in the first 30 min of photocatalytic ozonation. Thereafter,
D. parvula survival increased to values close to 100%.

In the case of C. pipiens, patterns are similar to those obtained when D.
parvula was used. The experiment conducted with 5 mg L™ does not present
appreciable toxicity after 5-10 min of treatment (100% MCPA conversion).
When high MCPA concentrations were used, mortality significantly reduced to
values close to zero when MCPA was removed from solution (60 min);
however, 72 and 96 h samples slightly reduced the survival percentage when
the ozonation process was extended to 180 min. Increasing the reaction
period to 180 min involves the generation of low weight carboxylic acids and
release of free chlorine. Likely the accumulation of these species affects the
survival of the larvae.

In any case, as a rule of thumb, after the oxidation, all samples showed
toxicity values lower than the initial nontreated MCPA solution.

4.4. CONCLUSIONS

e MCPA is easily degraded by single ozonation or any combination of light,
ozone and TiO5.

e The photocatalytic ozonation leads to a significant mineralization of the
initial TOC content at acceptable rates.

e TOC removal in Ti0,/053/UVA is significantly increased when working at
35°Cinstead of 25°C.

e The main intermediate generated in the photocatlytic ozonation of MCPA is
4-chloro-2-methyl phenol which is steadily removed from the media due
to its high reactivity with ozone.

e TiO, concentration does not affect MCPA removal rate. TOC conversion is
dependent on the amount of solid used. An optimum at 0.5 g L™ was found
under the experimental conditions investigated.

e End products accumulated after the photocatalytic ozonation present
toxicity values toward D. parvula and C. pipiens larvae below the values
obtained for the un-treated MCPA solutions.
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CHAPTER FIVE

PAPER THREE

Photocatalytic ozonation of clopyralid, picloram and
triclopyr. Kinetics, toxicity and influence of
operational parameters

J Chem Technol & Biotechnol 91 (2016) 51-58

Rafael R. Solis, F. Javier Rivas, Olga Gimeno, José Luis Pérez-Bote

ABSTRACT. BACKGROUND. Phatolysis, photocatalysis, ozonation and photocatalytic ozonation
in the presence of titania have been applied to the elimination of three pyridine carboxylic acids
herbicides (clopyralid, picloram and triclopyr) in water. RESULTS. Photocatalytic ozonation led to
the best results in terms of herbicide elimination rate and mineralization. The herbicides were
relatively recalcitrant to direct ozonation (rate constants: 20 M™" min™' for clopyralid and
triclopyr, and 105 M "min™'in the case of picloram). Herbicides degradation proceeds by
hydroxyl radicals attack (rate constants: 0.73, 3.80 and 1.73 10°M™" s for clopyralid, picloram
and triclopyr, respectively). Monitoring of chloride and nitrates suggests dechlorination as the
primary stage in the process. Further ring opening led to the accumulation of nitrates and the
appearance of some low weight carboxylic acids. Toxicity decreased at the end of the process.
CONCLUSION. Tested herbicides slowly react with ozone. Photocatalytic ozonation shows
different degrees of synergism; leading to 80% mineralization in less than 1 h. Small amounts
of Ti0z (i.e. 5 mg L™") maintain the efficiency of the photocatalytic ozonation. Quantitative free
chloride and nitrates rapidly appear in the 03/UVA/TiO, system. First intermediates in the
photocatalytic ozonation of clopyralid show higher toxicity than the parent compound.

KEYWORDS: cloyralid, picloram, triclopyr, photocatalysis, photocatalytic ozonation, titania
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5.1. INTRODUCTION

Picloram (4-amino-3,5,6-trichloro-2-pyridinecarboxylic acid), clopyralid
(3,6-dichloro-2-pyridinecarboxylic acid) and triclopyr (3,5,6-trichloro-2-
pyridinyloxyacetic acid) are three chlorinated pyridine selective herbicides used
for control of broadleaf weeds.

The principal environmental risks of these herbicides relate to
contamination of surface and ground water, and damage to non-target
terrestrial plants including crops adjacent to areas of application via runoff or
drift. Such damage to plants may also emanate from more distant areas
where ground water is used for irrigation or is discharged into surface water.
Non-target plants adjacent to areas of application may be exposed to
concentrations many times the levels that have been associated with toxic
effects. In addition, the US Environmental Protection Agency (EPA) has
concerns related to endangered terrestrial mammals and endangered aquatic
animals. These herbicides are highly soluble in water, resistant to biotic and
abiotic degradation processes, and mobile under both laboratory and field
conditions.

Clopyralid is an herbicide that has recently been reported to occur in
drinking water at concentrations above the permitted concentration value
(PCV) for an individual pesticide (EU directive 98/83/EC) [1]. Triclopyr acid is
persistent, and is mobile. The predominant degradation pathway for triclopyr
in water is photodegradation [2]. EPA is concerned about the potential chronic
toxicity and persistence of the triclopyr degradate, 3,5,6-trichloro-2-pyridinol,
in the aquatic environment and is requiring additional confirmatory data to
better characterize the fate of this metabolite. Picloram is highly soluble in
water, resistant to biotic and abiotic degradation processes, and mobile under
both laboratory and field conditions. It is stable to hydrolysis and anaerobic
degradation, and degrades very slowly with half-lives ranging from 167 to
513 days [3]. EPA is concerned about degradation of water quality in picloram
use areas. Eventual contamination of ground water is virtually certain in areas
where picloram residues persist in the overlying soil. Once in ground water,
picloram is unlikely to degrade, even over a period of several years. Picloram
also has a high potential to contaminate surface water by runoff from use
areas.

Herbicides maximum concentration values for long-term runoff and peak
runoff water contamination scenarios have been reported to be in the
proximity of 0.11and 1.2mg L™, 2.3 and 13 ug L™, for clopyralid and triclopyr,
respectively. Higher values have also been reported in accidental spillages [4].
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In this work, several advanced oxidation systems have been applied to
remove these pesticides from water. Among them, special emphasis has been
paid to photocatalytic ozonation in the presence of Ti0,. This powerful
process is capable of combining the positive effect of three simpler processes
(ozonation, photocatalysis and catalytic ozonation) leading to a global
synergistic effect, especially significant when analyzing the mineralization
extent.

Unreported data on ozone and hydroxyl radical reactions of tested
herbicides are given in this work. Additionally, toxicity evolution is investigated
when photocatalytic ozonation is applied.

5.2. EXPERIMENTAL
5.2.1. Photoreactor and procedure

A 1 L capacity perfectly mixed borosilicate glass photoreactor was used in
all the experiments with the exception of those using UVC light. The reactor
was placed in the middle of a 31 cm external diameter pipe (54 cm height).
The internal wall of the pipe was covered by aluminium foil to increase
photons reflection towards the reaction media. Four black light lamps (41 cm
length) were evenly distributed and attached to the pipe. The lamps
(LAMP15TBL HQPOWER™ manufactured by Velleman®) had a nominal power
of 15 W mainly emitting within the range 350-400 nm, the maximum being
located at 365 nm. Actinometry experiments in the presence of ferryoxalate
led to a value of 6.86 10 Einstein L' min™ when four lamps were used.

Oxygen, nitrogen or a mixture of oxygen-ozone was continuously bubbled
into the water by means of a diffuser placed at the reactor bottom. The gas
flow rate was kept constant at 30 L h' in all the experiments.
Photocatalystswere maintained in suspension by magnetic stirring. Previously
to the photodegradation experiments, the mixture water-photocatalyst, was
stirred for 30 min in the dark to achieve herbicide adsorption equilibrium on
the photocatalyst surface. Before the analysis, the solid was removed from
samples by filtration through Millex-HA filters (Millipore, 0.45 pm). Thiosulfate
was used to quench the reaction.

Ozone was produced from pure oxygen using a Sander Laboratory Ozone
Generator. Ozone in the gas phase was monitored by means of an Anseros
Ozomat ozone analyser, based on the absorbance at 254 nm.

Kinetic experiments carried out with the system UVC/H,0, were completed
ina 1 L glass annular jacketed photochemical reactor. Water pumped from a
thermostatic bath circulated through the reactor jacket to ensure a constant
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temperature inside the reactor. The reactor walls were insulated to avoid
release of radiation and/or heat outside. A 15 W HERAEUS low pressure
mercury vapour lamp introduced in a quartz reactor was used for experiments
carried out using UVC radiation (254 nm). Actinometry experiments led to the
determination of the incident radiation flux (g = 2.5 10°® Einstein cm™@s™') and
radiant power (E¢=3.3 10 Einsteins™).

5.2.2. Materials

Herbicides were purchased from Sigma-Aldrich and were used as received.
Cliophar 425 from AGRIPHAR® (42.5% in the amine salt of clopyralid) was
considered for ecotoxicity bioassays. Organic solvents were HPLC grade
obtained from VWR Chemicals. Commercial photocatalyst TiO, Aeroxide® P25
from Evonik Industries (70% anatase and 30% rutile) with an average particle
size of 30 nm and BET surface area of 50 m? g~' was used. Water purified by a
Milli-Q® water system (Millipore) was used in the preparation of solutions and

suspensions.
5.2.3. Analysis

Herbicides were analysed by high-performance liquid chromatography
(Agilent 1100). The column used was a Kromasil 100 5C18. The mobile phase
was pumped at a flow rate of 1 mL min™, and the acetonitrile: acidified water
(0.1% phosphoric acid) volume percentages applied were 40:60, 20:80 and
25:75 for tryclopir, clopyralid and picloram, respectively. Detection was
conducted at 230, 200 and 220 nm, respectively.

lonic short chain organic and inorganic compounds were monitored by ionic
chromatography (Metrohm 881 Compact Pro), whose performance is based
on high selectivity conductivity measurements.

In order to assess the degree of mineralization, total organic carbon (TOC)
was determined by a Shimazdu TOC 5000A analyzer by directly injecting the
aqgueous solution.

Dissolved ozone in solution was determined by the indigo method; the
analysis is based on decolouration of the 5,5,7-indigotrisulfonate based on
the Bader and Hoigné method [5]. The pH of the reaction media was
measured by means of a GLP 271+ CRISON pH meter. This parameter remained
uncontrolled in non-kinetic experiments, although it did not significantly
change at the end of the process.
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5.2.4. Ecotoxicity bioassays with Daphinia parvulaand Culex pipienslarvae

Acute toxicity tests using Daphnia parvula were conducted using US EPA
standard operating procedures [6]. This procedure was extrapolated to carry
out similar trials with mosquito larvae Culex pipiens. A culture of D. parvula or
C. pipiens larvae was received from installations of Extremadura’s University,
where organisms were naturally cultured in artificial ponds (experiments
completed under the Spanish regulation on animal protections RD 50/2013).

20 young D. parvula or 15 second-instar C. pipiens larvae were placed in
100 mL of test solution using a disposable plastic transfer pipette, and were
subjected to 16:8 light: dark photoperiods at room temperature. Survival
numbers were recorded and monitored at 6, 24, and 48 h for D. parvula; 24,
46, 72, and 96 h for C pipiens. Organisms were not fed during the
experiments. In ecotoxicity tests, commercial clopyralid solutions were
prepared in mineral water (10.7 mg L™ HCO5", 5.3 mgL™" S0,%, 19.0 mg L™ Cl,
27 mg L’ @, 2.7 mg L' Mg®, 14.7 mg L' Na*, and 14.3 mg L' SiO,). pH
was adjusted to 7+0.1. Three blank tests, without commercial herbicide
addition, were considered per each run.

Initially trials were carried out at various parent compound initial
concentrations in order to determine the concentration causing the 50%
mortality (LCse). After this preliminary study, samples from photocatalytic
ozonation experiments at different stages of oxidation extent were taken. An
additional sample was also considered when TOC removal reached the steady
state level.

Survival percentage was corrected to account for natural mortality in
control runs by means of the expressions [7]:

0, _0
% corrected mortality =%1 00 (5.1)
— /0

% corrected survival =100 —% corrected mortality (5.2)

In Equation 5.1, MWC and CM stand for mortality without correction and
control mortality (mortality in blank runs), respectively.
5.3. RESULTS AND DISCUSSION

5.3.1. Technologies comparison

In a preliminary experimental series, different systems were applied to
individual herbicides to assess their potential to remove these substances
from water. Accordingly, UVA (365 nm) photolysis, UVA (365 nm)



CHAPER V. PAPER THREE. Photocatalytic ozonation of clopyralid, picloram and triclopyr. | 167
Kinetics, toxicity and influence of operational parameters

photocatalysis in the presence of titania, single ozonation and UVA (365 nm)
photocatalytic ozonation in the presence of titania were investigated. Figure
5.7 shows the normalized remaining concentration of clopyralid, picloram and
triclopyr with time and the corresponding mineralization degree in terms of
total organic carbon conversion. From this figure a similar behavior is
observed in all cases. Hence, none of the herbicides presents photolytic
activity at the wavelength used (365 nm). Ozonation of clopyralid requires
almost 180 min to reduce its concentration by 99% while in the case of
picloram the reaction is slightly faster, showing conversions >99% in roughly
140 min. Triclopyr is the most recalcitrant compound when subjected to single
ozonation. The presence of halogens in the molecules of the herbicides tested
suggests their recalcitrant nature to ozonation. The electrophilic nature of
halogens produces reactive molecular sites that are electron-deficient,
inhibiting the ozonation process [8]. Also, due to the large size of the halogen
atoms such as chlorine, bromine, etc. they create steric hindrance to attack by
ozone on the herbicides. Single ozonation led to poor results in terms of
mineralization reduction (20-30% TOC conversion after 180 min).

The low efficiency of the ozonation process could be corroborated by
calculating the direct rate constant between the different herbicides and
molecular ozone. Accordingly, some experiments were conducted in the
presence of tert-butanol (t-BuOH), a well-known free hydroxyl radical
scavenger. Under these conditions, the parent compound removal rate can be
formulated as:

_%:kOin'C% =k03vic\'|: at +bt” + catan(t) +d tanh(t)] 5.3)

In equation 5.3, the experimental ozone concentration has been fitted to a
mathematical expression with parameters a, b, c and d. In addition kg3; stands
for the direct ozonation rate constant of compound i and C;, Cp the
concentration of parent compound and ozone in the bulk water, respectively.
Equation 5.3 applies when slow kinetic regimes develop in the system, that is,
when Hatta number values are below 0.02. This expression was numerically
solved by using the 4™ order Runge Kutta method. Unknown Kos; was
optimized to minimize the squared differences between experimental and
calculated herbicide concentrations. The SOLVER add-in included in the EXCEL
spreadsheet was used in the optimization process.
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Figure 5.1 Removal of herbicides by different technologies. Experimental conditions:
V=1.0 L, Cyi02=0.5 g Liw; Qeas=30 L hq; Cozin=10 mg Liw, pH=5.0; CHerbicide =5.0 mg L.
Symbols: @, O3; m UVA; 4, 0,/UVA/TiO>; v, 03/UVA/TIO>
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Figure 5.2 shows the experimental and calculated results obtained in
ozonation experiments in the presence of t-BuOH. The optimization process
led to kos; values of 20.0£#1.7 M min™" (R°=0.97), 105+10.4 M min
(R°=0.99) and 20.0+3.1 M min™" (R®=0.96) corresponding to the direct
ozonation rate of clopyralid, picloram and triclopyr, respectively. The value
obtained for picloram is beow the interval 300-9000 M min™' proposed by
Yao and Haag [9]. No available data were found for the other two compounds.

c/c,
Dissolved 003-104 (M)

0 20 40 60 80 100 120 140 160 180
time (min)

Figure 5.2 Removal of herbicides by ozonation in the presence of 10 M of t-BuOH.
Experimental conditions: V=1.0 L, Qcas=30 L h™"; Co3n=50 mg L"; pH=7.0; Cherbicide=
5.0 mg L. Symbols: e, clopyralid; ®, picloram; 4, triclopyr. Open symbols correspond
to dissolved ozone. Solid line=model calculations, dashed lines=mathematical fitting

The values of koz; confirm the low reactivity of these herbicides towards
ozone. Hatta number is below 0.02 in all cases, validating the use of Equation
(5.3). In an attempt to corroborate the calculated kos; values, a series of
competitive experiments were carried out. Hence, when two herbicides (i and j)
are simultaneously ozonated at pH 7 in the presence of tert-butanol, the
following equation applies (slow regime):

Nk, (cC
In & =% =L (5.4)
C\'o k03,j Cjo
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Figure 5.3 Competitive ozonation of herbicides in the presence of 10 M of t-BuOH.
Experimental conditions: V=1.0 L; pH=7.0; Cherbiciee=5.0 mg L". Symbols: e, i=Triclopyr
j=Picloram; v, i=Triclopyr j=Clopyralid; 4, i=Picloram j=Clopyralid. UVC photolysis in the
presence of H20, 0.5 M (V=1.0 L; pH=7.0; CHerbicide=5.0 mg L™"). Symbols: o, Clopyralid;
A Picloram; v, Triclopyr

Equation 5.4 is plotted in Figure 5.3. The slopes Kos picoram/Ko3 Triciopyr (4.1)
and Ko picioram/Ko3,clopyratia (4.7) were acceptably close to the expected value of
5.2, however the slope Ko3riciopyr/Ko3clopyrais (2.5, R’=0.99 in duplicated
experiments) substantially differed from the expected value of roughly 1.0. By
considering the evolution of the dissolved ozone concentration in the latter
experiments the value of Ko copyraid Was around 20 M min™": in other words,
the presence of clopyralid increased the apparent value of Koz tricopyr DY @
factor of 2.5. Given the experimental conditions used in the competitive
experiments, any role played by hydroxyl radicals could be a priori neglected.
The activity of organic peroxyradicals and other organic radicals formed upon
ozonation of clopyralid might explain the observed results.

From Figure 5.1 it can be inferred that photocatalytic ozonation was the
most efficient technology in terms of herbicide removal rate and
mineralization degree achieved after 3 h of treatment. Photocatalysis also led
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to acceptable results compared with the inefficient photolysis or even single
ozonation of herbicides.

In order to assess the potential synergistic effect of the simultaneous
application of ozone, UVA radiation and TiO, the apparent pseudo-first order
rate constant was calculated for the system O5/UVA/TiO, and compared with
the sum of the corresponding k-values for 05 and 0,/UVA/TiO,. Obviously, the
pseudo-first order rate constants calculated have no rigorous kinetic basis and
they are just considered as a mere comparison tool. Table 5.1 shows the three
constants obtained under the experimental conditions used, and the
synergistic effect observed.

Table 5.1 Observed pseudo-first-order rate constant in different systems. Synergistic
effect

Observed pseudo-k rate constant (102, min™) Synergism (%)
Compound . ' . ks —(k1 +k2).
3 (k1) 02/UVA/TiOz (k2)  03/UVA/TIO: (k3) B 100
Clopyralid 2.3 39 226 726
Picloram 4.1 8.5 103.8 87.9
Triclopyr 0.42 3.1 67.4 94.8

As displayed in Table 5.1, the efficiency observed in photocatalytic
ozonation cannot be explained by the simple summation of the single
ozonation and photolysis processes. Thus, a higher generation of hydroxyl
radicals is expected in the photocatalytic system when ozone is present in the
media. Ozone is capable of trapping photocatalytic generated electrons more
efficiently than oxygen, avoiding, therefore the recombination of electron-hole
pairs according to the following mechanism [10].

Ti0, +hv — e, +hi, (5.5)
0,+e 07 ,

Electrontrapping (5.6)
0,+e =07

0y +H" —>HO, —% 50, +H,0, —% 50, +HO" +OH
0; +H" > HO; - 0, +HO’ HO" generation
h*+H,0, —H +HO'

(5.7)
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e, *R—Products
HO" +R — Products ;Parent compounds initial reactions (5.8)
hys *R— Products

In the above mechanism one molecule of ozone necessitates only one
electron to produce one hydroxyl radical, compared with three electrons
required by oxygen to get the same HO" yield.

Mineralization of the herbicides is much improved when Ti0; is in the
reaction media. The system 03/UVA/TiO; leads to a final TOC conversion in the
range 70-80% regardless of the oxidized herbicide. In addition, it should be
highlighted that TOC elimination preferentially occurs in the first 40-50 min of
photocatalytic ozonation, i.e. TOC concentration comes to a halt after the first
hour of treatment. The photocatalytic oxidation by HO™ radicals is
hypothesized to be the main path to TOC abatement. Accordingly, the rate
constants between this species and the used herbicides were calculated. The
photolysis of each herbicide in the presence of a high concentration of H,0,
was completed by using UVC radiation. In this system, the following
differential equations apply [11]:

dc(t) g (1)

=g, o[ 1-exp(-2303L A, (0) [+k . C(OC, . () (5.9)
dt A254nm

dc,, (1) €40 Co ()
e = g el [ 1-exp(-2.303L Ay, (D) 4K G (0C, (O

HO!
A254nm

(5.10)

dc 0, G )

- Do, o[ 1-exp(-2.303L Ay, (V) -k . C(OC,. (D

HO™ i 1
254nm( ) ‘

tC, . (H-k (tC,, ()

Hzoz( Ho VT HO" ,Intermediates Intermediates HO

(5.11)

In the above mechanism, ¢; and g; are the guantum yield and molar

absorptivity at 254 nm of compound i, respectively. As4.m(t) accounts for the
absorption of UV light of all the species present in solution at time t, Iy is the
incident radiation intensity per volume (1.73 10°® Einstein L' s™') and L is the
radiation pathlength in the reactor (3 cm).
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Since H,0; is in excess, complete adsorption of UVC radiation by H,0, can
be assumed. Generated hydroxyl radicals are mainly trapped by H,0, and the
parent compounds studied. Also, given the high hydrogen peroxide
concentration used, its concentration does not appreciably vary with time. As a
consequence, applying the steady state assumption to hydroxyl radical
concentration, the herbicide removal rate simplifies to:

oo, . (t)2@H202|0[1—exp(—2.303LSHZOZCHZOZO )]
de v k, Cl+k C

H,0,
HO" H0, 220

(5.12)

after integration:

c 2@Hzozlo[1—exp(—2.3O3LeHzozCH202 )}
| 2 =k AR (5.13)
o' ko Gk C

H,0
HO"Hp0p 2 %0

From equation 5.13 (Figure 5.3), the following kyo.; values were obtained:
0.73+0.05, 3.8+0.1 and 1.73+0.04 10° M's™" corresponding to clopyralid,
picloram and triclopyr, respectively.

5.3.2. Photocatalytic ozonation. Influence of variables
Catalyst concentration

The effect of catalyst concentration was investigated in the range 0.5-
0.005 g L, in individual experiments. Figure 5.4 shows the results obtained.
As observed from this figure, TiO, amounts as low as 5 10> g L' are able to
degrade the target pesticides without significantly decreasing the oxidation
rate if compared with experiments completed with higher titania
concentrations. In the specific case of picloram, no significant differences were
found between the experiment conducted with 5 102 g L™ TiO, and the
experiment carried out with a concentration 100 times higher. In the case of
triclopyr and clopyralid, a slight decrease in the efficiency can be envisaged,
which is in agreement with the existence of an optimum concentration (M may)
in TiO,. This optimum concentration seems to be Mma>0.5 g L' for clopyralid,
0.05>Mmax>0.1 g L' for triclopyr and Mmax<0.005 g L™ for picloram. Similar
results (not shown) were obtained when TOC evolution was analyzed.
Differences in titania optimum concentrations may be attributed to the
different adsorption properties of the herbicides on the TiO, surface, although
this hypothesis has not been proven.
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Figure 5.4 Photocatalytic ozonation of clopyralid (left), picloram (middle) and triclopyr
(right). Influence of catalyst concentration. Experimental conditions: V=1.0 L; pH=5.0;
Cherbicide=5.0 mg |__1, Qeas=30 L h_w; Co3in=10 mg L. Crio2 (mg LJ): e, 500; m 100; 4,
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Catalyst reuse

One of the most important shortcomings in heterogeneous catalysis is the
loss of activity of the solid after several cycles. In the particular case of titania
at laboratory scale, this situation is aggravated by the difficulty to recover
100% of the catalyst amount used in each run. The latter drawback is
minimized when experiments are carried out at pilot plant scale, where
relative loss is minimized.

In this work an attempt was made to reuse TiO, in consecutive
photocatalytic ozonation experiments by utilizing each time, the amount
recovered after centrifugation. As a consequence, the amount of catalyst used
in each consecutive run gradually diminishes. With this methodology, the
potential deactivation of TiO; is not hindered by the addition of fresh catalyst
that would be required to get the same initial solid concentration in all
recycling experiments.
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Figure 5.5 Photocatalytic ozonation of clopyralid (left), picloram (middle) and triclopyr
(right). Influence of catalyst reuse. Experimental conditions: V=1.0 L; pH=5.0;
CHerbicide=5.0 mg L™, Qeas=30 L h™"; Co3;n=10 mg L"; initial Cti02=0.5 g L. e, fresh
(0.5gL™); m 1% reuse (0.32-0.35 g L"); 4, 2™ reuse (0.22-0.25 g L™"); v, 3™ reuse
(0.12-0.13 gL

Figure 5.5 shows the results obtained, indicating that the amount of
catalyst used in each cycle decreases to 65%, 45%, and 25% of the initial TiO»
added at the first, second and third reuses, respectively. From Figure 5.5 it is
observed that catalyst deactivates in consecutive runs when the parent
compound is monitored. The loss in Ti0, concentration due to the inefficient
recovery process does not explain the loss in herbicides removal efficiency.
For instance, picloram is similarly degraded in the presence of 0.5 or
0.005 g L™ of titania (Figure 5.4), however in Figure 5.5 it is observed how runs
conducted with 0.5 g L™ (fresh catalyst) and 0.12 g L' (3" reuse) show a
partial deactivation of the solid in terms of picloram removal. Similar
reasoning can be applied to the other two herbicides.

The degree of mineralization did not follow the same pattern. Thus,
besides some differences in the TOC abatement rate, at the end of the process
TOC conversion is similar regardless of the reuse cycle of the catalyst. At this
point it has to be highlighted that TOC final conversion is obtained after 180
min of treatment. After this time, all pesticides had disappeared so small
changes in activity observed during the initial period of reaction are hindered
when monitoring TOC evolution.
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Initial herbicide concentration

Figure 5.6 shows the results of two experiments carried out with initial
herbicide concentrations of 5, and 20 mg L™, respectively. As observed,
increasing the initial herbicide load leads to the displacement of the curve to
the right, so the time needed for complete herbicide removal is practically
doubled. This curve shift discards the development of first-order kinetics, a
complex reaction mechanism proceeds in this type of systems. Previous
adsorption of the pesticides onto the catalyst likely occurs, so Langmuir type
kinetics develops.
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Figure 5.6 Photocatalytic ozonation of clopyralid (left), picloram (middle) and triclopyr
(right). Influence of initial herbicide concentration. Experimental conditions: V=1.0 L;
pH=5.0; Qeas=30 L h™"; Co3in=10mg L"; C102=0.5 g L"; Chaerpicice (Mg L"): @, 5; m, 20

In addition, TOC evolution should be highlighted. Hence, TOC conversion
increases as the initial concentration of clopyralid or picloram is increased,
while in the case of triclopyr no clear trend was experienced. These results
suggest the development of autocatalytic mechanisms in TOC abatement,
possibly due to the generation of reactive organic radicals. The TOC removal
when 20 mg L™ of initial herbicide concentration was used was correlated with
the evolution of some ionic species such as nitrate, chloride and some low
weight organic acids (end-products). Figure 5.7 shows the evolution of the
aforementioned species. As seen in Figure 5.7 some low weight organic acids
such as acetic, formic, and oxalic acids were identified during the process.
Particular importance is given to the evolution of chloride. This anion
immediately reaches the maximum amount that can be released from the
herbicide in just 10-15 min (represented by the dashed line Clyax), in
agreement with the total abatement of the parent compound. These results
suggest the primary attack is to the Cl-C bond in the herbicides. Some authors
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have reported the generation of intermediates keeping the Cl moiety in their
structures. Thus, Sojic et al. [12] claim the formation of 3,6-dichloropyridin-2-
ol, 3,6-dichloro-4-hydroxypyridine-2-carboxylic acid and 3,6-dichloro-5-
hydroxypyridine-2-carboxylic acid in the first stages of the photocatalysis of
clopyralid. Also, 2,3,5-trichloropyridine-4-ylamine, 3,5,6-trichloropyridine-2-
carboxylic acid, 4-amino-5,6-dichloro-3-hydroxypyridine-2-carboxylic acid
and 5,6-dichloro-3-hydroxypyridine-2-carboxylic acid were detected in the
degradation of picloram by the electro-Fenton process [13].

From chloride evolution in this work, dechlorination of herbicides seems to
be the initial mechanism of parent compound abatement. These results are
also substantiated in other work [14].

In addition, nitrate accumulation curves follow the same pattern as TOC
conversion indicating that ring opening and pyridinic-nitrogen loss are the key
stages in mineralization. Figure 5.7 shows the maximum nitrate concentration
expected in solution from the pyridinic nitrogen. Nitrate final concentration
reached 70-80% of the maximum amount in the case of clopyralid and
triclopyr and 100% in the case of picloram. In the latter case formation of
oxamic acid from the amine group is likely to occur [15].
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Figure 5.7 Photocatalytic ozonation of clopyralid (left), picloram (middle) and triclopyr
(right). lonic species evolution. Experimental conditions: V=1.0 L; pH=5.0;
Qeas=30 L h71; ko3,n=10 mg Liw; Crio2=0.5¢g |_71; Cherbicide=20 mg L. e, chloride (left
y-axis); ® nitrates (left y-axis); 4, formic acid (left y-axis); 0, acetic acid (right y axis); O,
oxalic acid (right y-axis)

Among the identified low weight carboxylic acids, formic acid predominates
over the rest, suggesting breakage of the COOH moiety in the herbicides.
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5.3.3. Photocatalytic ozonation of commercial clopyralid. Toxicity evolution

Given the similarity between the structures of the herbicides used, it was
decided to evaluate the toxicity of only one of them in its commercial form.
Hence, branded clopyralid was oxidized and the toxicity of intermediates
generated evaluated at different parent compound conversions. Previously,
some preliminary tests were carried out to assess the potential toxicity of the
non-treated herbicide. Several herbicide concentrations were used and the
toxicity to D. parvula and C. pipiens larvae monitored at 6, 24, 48, 72, and 96
exposure hours.

Figure 5.8 shows a higher toxicity of clopyralid to D. parvula. In all cases,
toxicity levels are relatively low for both the crustacean and the larvae. From
Figure 5.8 the following LCsq values towards D. parvula can be calculated,
184 mgL" (24 h)and 70 mg L' (48 h). An ECs, (48 h) value of 225 mg L™ can
be found in the EPA database [16] when using D. magna. In the caseof
C. pipiens larvae, clopyralid concentrations tested are not sufficiently high to
achieve the zero survival limit; however, assuming that 100% mortality can be
achieved at high concentrations, calculated LCsp values are 3550 mg L' (72 h)
and 3100 mg L™ (96 h).
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Figure 5.8 Survival percentages of D. parvula and C. pipiens larvae at increasing values
of clopyralid concentration. Exposure time (h): ©, 6.0; 0, 24; 2,48; v, 72; ©, 96

As stated previously, photocatalytic ozonation is a suitable process to
eliminate the herbicides used in this study. Nevertheless, the toxicity of
intermediates and accumulated end products in the reaction media requires
attention. Subsequently, toxicity bioassays were completed by considering
different stages in the oxidation process, i.e. considering several values of
clopyralid conversion. In addition, different clopyralid initial concentrations
were also used in these runs. Figure 5.9 shows a general trend in toxicity
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profiles. Apparently, the first intermediates generated in clopyralid oxidation
are more toxic than the parent herbicide. For instance, when 100 mg L' of
clopyralid was treated, D. parvula mortality at 24 and 48 h of exposure
reached the top limit of 100% when the herbicide was present in solution.
However, the survival percentage drastically increased once clopyralid was
removed from solution. As expected, the experiment carried out with the
lowest clopyralid concentration (5 mg L") barely exhibited toxicity regardless
of the time exposure.
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Figure 5.9 Survival percentages of D. parvula and C. pipiens larvae in solutions of
photocatalytic ozononated clopyralid for different reaction periods. Initial MCPA
concentration: top figure = 100 mg L™"; middle figure = 75 mg L™; bottom figure =
5 mg L. Time of exposure (h): ©, 6.0; O, 24; 2, 48; v, 72; ©, 96 (solid circles =
remaining clopyralid percentage)
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As stated previously, C. pipiens larvae are less sensitive to the herbicide
than Daphnis. This can also be translated to intermediates, although again the
‘U’ type profiles in survival percentage (mainly after 72-96 h exposure) can be
envisaged when high clopyralid concentration is used. Again, the lowest value
of clopyralid initial concentration led to solutions of negligible toxicity towards
the larvae.

5.4. CONCLUSIONS
The following conclusions can be listed:

e (lopyralid, picloram and triclopyr are relatively recalcitrant towards ozone.
These species are better degraded in those systems capable of generating
radical species.

e The combination of ozone and photocatalysis lead to the best results in
terms of herbicide abatement rate and mineralization extent.

¢ In the photocatalytic ozonation process, TOC conversion is not negatively
affected by anincrease in the initial herbicide concentration, suggesting the
development of autocatalytic reactions.

e The photocatalyst partially deteriorates after several reuses when the
herbicide evolution was monitored; however, the solid kept its
mineralization activity after the third reuse.

e Free chloride immediately accumulates in the reaction media,
dechlorination is supposed to occur in the first stages of the photocatalytic
ozonation process.

e In order to decrease the toxicity of treated effluents, special care must be
considered to completely remove herbicides from water. In any case,
intermediates generated in the photocatalytic ozonation of diluted
herbicides do not present toxicity problems.
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CHAPTER SIX

PAPER FOUR

Photocatalytic ozonation of pyridine-based herbicides
by N-doped titania
J Chem Technol & Biotechnol 91 (2016) 1998-2008

Rafael R. Solis, F. Javier Rivas, Olga Gimeno, José Luis Pérez-Bote

ABSTRACT. BACKGROUND: A mixture of three pyridine herbicides in water (clopyralid, triclopyr
and picloram) has been treated with photocatalytic processes, involving oxygen or ozone.
Nitrogen doped and undoped titania were used in the process. Toxicity evolution during
photocatalytic ozonation was monitored considering BOD, Daphnia parvula and fitotoxicity
trials. RESULTS: N doped titania with an optimized photoactivity was tested in photocatalytic
ozonation, leading to nearly 95% mineralization in 180 min. This catalyst was characterized by
SEM, TEM, XRD and XPS techniques (13.5 nm crystal size, anatase phase, 1% of nitrogen, and
formation of O-Ti-N linkage). No loss of photocatalytic activity was observed after five
consecutive runs. Although no toxicity from the parent compounds was observed, this
parameter increased during the early stages of the oxidation process. When parent compounds
were totally degraded and dechlorination was completed, toxicity decayed again to negligible
values. CONCLUSION: N doping improves bare titania photoactivity through an optimum amount
of N. Photocatalysis/ozone showed better behavior than photocatalysis/oxygen in herbicide
removal and mineralization, and no significant loss of activity was observed after five runs.
Toxicity initially increased due to toxic byproducts formation; however, it decreased after their
abatement.

KEYWORDS: cloyralid, picloram, triclopyr, photocatalysis, photocatalytic ozonation, doped
titania
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6.1. INTRODUCTION

Picloram (4-amino-3,5,6-trichloro-2-pyridinecarboxylic acid), clopyralid
(3,6-dichloro-2-pyridinecarboxylic acid) and triclopyr (3,5,6-trichloro-2-
pyridinyloxyacetic acid) are selective herbicides included in the chlorinated
pyridine derivatives family. Picloram and clopyralid belong to the picolinic acid
family while triclopyr derives from pyridiniloxyacetic acid.

Picloram is used to kill unwanted broad-leaved plants on pastures and
rangeland, in reforestation programs, in uncultivated areas, and along rights-
of-way, the majority being used on pasture and rangeland [1]. In the case of
clopyralid, it is used to kill unwanted annual and perennial broadleaf plants in
turf and lawns, range, pasture, rights-of-way, and some agricultural crops [2].
Pastures, woodlands, and rights-of-way are the main scenarios of triclopyr
uses, while rice is the major agricultural use [3].

The main concern related to the use and application of these herbicides is
their relatively high solubility in water, persistence and mobility. Due to this,
they are likely to leach into groundwater or surface water which is certain in
those areas where residues may be persistent in the overlying solid [4-7].
Once in water, the herbicides are unlikely to degrade even after a long period
of time. In addition, of special relevance is the potential carryover of picolinic
herbicides in animal manure, compost, plant mulch, etc. These species may
pose phytotoxic properties for non-target plants after their uncontrolled
application. Some crops such as tomatoes, potatoes (picloram, clopyralid) or
tobacco (picloram) are negatively affected by exposure to these herbicides.

Efficient methods of water treatment to remove microcontaminants
involve physical processes such as adsorption on activated carbon, membrane
technologies, or chemical stages such as oxidation/reduction processes.
Among the latter, photocatalysis has emerged as one of the most attractive
technologies, especially when solar radiation or low cost radiation sources are
used. Black light lamps are economical devices characterized by their emission
in the proximity of 365 nm. Furthermore, they may be a suitable alternative in
areas where climate limits the use of solar radiation. The correct selection of
an active and stable photocatalyst is of paramount importance. Titanium
dioxide is an economical and suitable choice due to its nontoxic nature and
photocatalytic activity. Generation of hole-electron pairs is produced for
wavelengths lower than 387 nm. Doping of TiO» can lead to an increase of the
maximum wavelength of excitation or, alternatively a higher quantum yield at
a particular wavelength.
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One of the reactions to be minimized during photocatalysis is the
recombination of electron-hole leading to inefficient heat release. This step is
partially prevented by the oxygen presence which is reduced while holes
directly react with contaminants or with water to produce hydroxyl radicals.
Trapping of electrons can also be accomplished by inorganic peroxides such as
H,0,, monoperoxysulfate, persulfate, etc. [8]. A promising alternative is the
simultaneous application of ozone and photocatalysis. This combination
allows for the concurrent action of molecular ozone and photocatalysis with
the synergistic effect of electron trapping by Os. Electron trapping by ozone
leads to the development of a radical mechanism capable of generating more
powerful hydroxyl radicals than the process in the presence of oxygen [9]:

TiO, +hv > e, +h; (6.1)
0,+e =05 _

Electron trapping (6.2)
0,+e - 07

05 +H —HO, —*%50,+H,0, —%50,+HO" +OH
0; +H" ->HO; — 0, +HO’ HO" generation
h*+H,0, »H' +HO"

e +R—Products
HO" +R — Products ¢Parent compounds initial reactions (6.4)

h"+R — Products

In this work an attempt has been made to synthetize a TiO, based
photocatalyst by improving its properties using nitrogen doping [10-14]. For
that purpose, triethylamine was considered because of its high capacity for
forming a stable organic titanium complex which plays an important role
during the hydrolysis stage [15].

A mixture of picloram, clopyralid and triclopyr has been used to test the
activity and stability of the catalyst. These herbicides have been eliminated
from aqueous media by several technologies such as Fenton [16], electro-
Fenton [17], photo-Fenton [18], O3/H,0, [19], photocatalysis [20-24], UV
[25] and H,0,/UV [26], etc. However, to the best of the author’s knowledge,
the efficiency of photocatalytic ozonation has not been investigated for the
removal of pyridine-based herbicides.
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6.2. EXPERIMENTAL
6.2.1. Photoreactor and procedure

A schematic of the experimental setup is shown in Figure 6.1. It is
composed of a 1.0 L reactor inside an external cylindrical pipe (54 cm of height
and 31 cm of external diameter) with four black light lamps of 41 cm length
attached to the inner wall. The lamps (LAMP15TBL HQPOWER™ manufactured
by Velleman®, 41 cm length and 15W nominal power emitting in the range
350-400 nm) were equidistantly distributed at 90°. The inner wall was
covered by aluminum foil to increase photons reflection. Actinometry
experiments in the presence of ferryoxalate led to quantification of the
radiation at a value of 6.86 10° Einstein L' min™' when the four lamps were in
use.

Figure 6.1 Experimental setup: 1, oxygen tank; 2, ozone generator; 3, flow rate
controller; 4, gas inlet; 5, cylindrical reactor; 6, sampling port; 7, thermometer; 8,
black-light lamps; 9, magnetic stirrer; 10, gas outlet; 11, ozone analyzer

The photoreactor was continuously fed with oxygen, nitrogen or a mixture
of oxygen-ozone by means of a diffuser placed inside the reaction bulk.
30 L h™' gas flow rate was used in all trials. The solid photocatalysts were
added before the photoreaction to reach the herbicides adsorption equilibria
onto their surface. When samples were extracted, the solid was removed by
filtration through Millex-HA filters (Millipore, 0.45 pm).

Ozone was produced by electrical decomposition of oxygen in a Sander
Laboratory Ozone Generator. Ozone gas phase concentration was monitored
by an Anseros Ozomat ozone analyzer.
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6.2.2. Materials

Pure herbicides, titanum (V) isopropoxide (97%) and potassium
indigotrisulfonate were purchased from Sigma-Aldrich; while triethylamine
(99.5%), hydrochloride acid (37%) and absolute ethanol were from Panreac. A
high performance liquid chromatograph (HPLC) was fed with organic solvents
from VWR Chemicals and ionic chromatography solutions were prepared with
Sigma-Aldrich reagents. All chemicals were used as received. Finally, water
from a Milli-Q® water system (Millipore) was used for preparation of all
solutions and suspensions.

6.2.3. N-doped titania synthesis

The lab-made photocatalysts were synthesized applying a sol-gel method
followed by thermal treatment and calcination. A literature method was
carried out in order to synthesize them [27]. Roughly, it starts by dissolving
titanium isopropoxidde in ethanol, followed by addition of a predetermined
amount of nitrogen organic source (in this case triethylamine) to meet the
required N:Ti ratio. Afterwards, HCl 0.1M is gradually added to the organic
solution to obtain a clear liquid. The precipitation process is completed by
autoclaving the mixture at 80°C for 12 h. Then, the suspension is centrifuged
at 3500 rpm, and the resultant solid dried overnight at 100°C. Finally,
calcination is carried out at 500°C for 4 h with an initial ramp of 10°C min™". The
manufacturated photocatalysts were labeled with the general formula
TiO»_1:x, where 1:x means the ratio of Ti atoms to N atoms in the synthesis
process.

6.2.4. Catalyst characterization

X-ray photoelectron spectroscopy (XPS) spectra were obtained using XPS
K-alpha-Thermo Scientific equipment, working with a Ko monochromatic
source of Al (1486.68 eV). A value of 284.8 eV for the C 1 s peak was taken to
calibrate the signals of Ti 2p, O 1s, N 1s peaks. Crystalline phase was analyzed
by X-ray diffraction (XRD), in a Bruker D8 Advance diffract meter equipped
with a monochromator of Ge 111 Ka of Cu (wavelength, 1.5456 A).
Transmission electron microscopy (TEM) analysis was applied using a TEM
Tecnai G2 20 Twin-FEI company apparatus (filament LaBg, voltage 200 kV,
magnification up to 1.05 10°) while scanning electron microscopy (SEM) was
conducted in a Hitachi S-4800 coupled to a secondary electrons detector
(acceleration voltage 20 kV).

Diffuse reflectance UV-VIS spectroscopy, used to obtain the catalysts UV-
VIS absorbance spectra and band gap values of the catalysts, were completed
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with a Jasco V670 UN/VIS/NIR spectrophotometer equipped with an
integrating sphere device. BET surface area was quantified through nitrogen
adsorption isotherms obtained at 77K with a Quadrasorb instrument
(Quantachrome). Samples were treated previously at 150°C for 24h under
high vacuum conditions for out degassing the adsorbed gases.

Thermal gravimetry, differential temperature analysis and released gases
mass spectrometry (TG-DTA-MS) were performed with Setaram SETSYS
Evolution-16 equipment connected to a Prisma™ QMS200 quadrupole mass
spectrometer. The operating conditions were: sample loading 28 mg, air flow
rate 50 mL min”' and heating rate of 10°C min™' from room temperature to
900°C.

6.2.5. Analysis

High performance liquid chromatography (HPLC, Agilent 1100) was used in
the analysis of herbicides. The HPLC was equipped with a Kromasil 100 5C18
column. A gradient elution was pumped at a flow rate of 1 mL min, and the
acetonitrile: acidified water (0.1% H3P0O,4) volume percentages were increased
from 10:90 to 50:50 in 12 min. After that, it was kept at 50:50 for 6 min. An
engaged wavenumber of 230 nm was considered for conduction.

Short chain organic and inorganic anionic compounds were monitored by
ionic chromatography (Metrohm 881 Compact Pro). Total organic carbon (TOC)
content was determined by means of a Shimazdu TOC 5000A analyzer which
directly injects the aqueous sample.

A method based on the decoloration of 5,5,7-indigotrisulfonate was
applied for the determination of dissolved ozone concentration in aqueous
solution [28]. A GLP 21+ CRISON pH-meter was used for pH measurement. pH
of the media was not adjusted and reactions were conducted at the natural pH
after herbicides addition. In toxicity trials, pH was adjusted with H3PO4 and
NaOH.

Biological oxygen demand after 5 days (BODs) was conducted by
respirometry. Commercial respirometers OXITOP® were used for the purpose.
BODs was determined after the addition of inorganic salts, nutrients and
microorganisms from activated sludge to simulate the behavior in a standard
residual urban wastewater. A synthetic wastewater representing a secondary
treated effluent was prepared [29]. Inoculate was obtained from the local
wastewater treatment plant of the city of Badajoz.
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6.2.6. Ecotoxicity bioassays with Daphinia parvula

For ecotoxicity purposes, the acute toxicity to Daphnia parvula was carried
out according to US EPA standard procedure [30]. The crustaceans were
grown in artificial ponds located at Extremadura University installations.

The analysis started by placing 20 young D. parvula into a 100 mL water
sample, by means of disposable plastic transfer pipettes. After that, the
crustaceans were exposed to 16:8 light: dark photoperiods at room
temperature. Surviving organisms were counted at 24 and 48 h, without being
fed. The herbicides were dissolved in mineral water (composition: 10.7 mg L™
HCO5%, 53 mg L™ S0,%, 19.0 mg L Cl,, 2.7 mg L' Ca*, 2.7 mg L' Mg,
14.7 mg L' Na*, and 14.3 mg L™ Si0,). In these experiments, pH was adjusted
to 7.0+0.1 after extracting samples. Three blank samples without herbicide
addition were considered in order to study the mortality due to natural
reasons. One photocatalytic ozonation process was carried out; samples at
different stages of oxidation extent of the most refractory herbicide were
extracted (0, 25, 50, 75, and 100% of initial clopyralid removal). A final sample
when TOC removal achieved a steady state level was also analyzed.

The formula proposed by Abbott was used to correct the survival
percentage due to natural causes [31]:

% Mg —% Mg

% Mc =
100—9% Mg

(6.5)

%S, =100 %M, (6.6)

In these equations Ms and Mg denotes mortality without correction in the
sample and blank tests, respectively; and, M's and S's are the sample
respective mortality and survival corrected percentages.

6.2.7. Acute fitotoxicity assays

Seeds of Lactuca Sativa and Solanum Lycopersicum were purchased from
Vilmorin® (Batavia blonde of Paris lettuce and cherry tomato, respectively) and
used as test plants for acute fitotoxicity assays of water samples extracted at
different times of treatment.

Fifteen L. Sativa or S. Lycopersicum seeds were equally distributed in Petri
dishes equipped with paper discs moistened with 4 mL of water sample. The
dishes were covered with paraffin plastic in order to avoid liguid evaporation,
and incubated in a germination chamber isolated from light at 22+2°C for
120 h. After that period, the root length (L), expressed as the sum of
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hypocotyl and radicle, was measured for those seeds whose germination had
taken place.

Additionally, a negative control or blank of MilliQ® water and a positive
control of H,0, 300 mmol L™ were carried out. The validity criteria for the test
were an upper 90% of germination and a variation coefficient for the root
growth below 30% in negative control experiments. Positive control led to
germination of none of the seeds. The percentage root growth was calculated
by comparing the radicle lengths for each sample with those observed in the
control (L/Lggnk)-

6.3. RESULTS AND DISCUSSION

6.3.1. Photocatalytic oxidation. Activity of catalysts with different Ti:N
ratios

Previously to the application of ozone, some photocatalytic tests were
carried out in the presence of oxygen. Different catalysts were synthetized by
varying the ratio Ti:N in the manufacturing process. Accordingly, different
doping percentages are expected in the lab-made photocatalysts. Doping
percentage of titania particles influences the activity of the photocatalyst [32].
Hence, Ti:N ratios from 1:0 to 1:2 were used in the photocatalysis of a mixture
of the three herbicides considered in this work.

Figure 6.2 shows the evolution of the normalized concentration of
herbicides treated in the presence of different catalysts. Also, the evolution of
total organic carbon (TOC) is displayed.

The positive effect of N-doping is observed in Figure 6.2. Regardless of the
catalyst nitrogen content, the presence of this anionic dopant improves
conversion of the herbicides and the mineralization degree achieved after
180 min of treatment. Optimum N percentage was experienced when the
TiO>_1:1.6 catalyst was used. The presence of an optimum relies on the
influence of opposite effects. On one hand, N doping involves a decrease in the
band gap energy and, as a consequence, higher photolytic activity. On the
other hand, an increase in particle diameter (lower specific area), formation of
TiN (non-transparent), and the number of oxygen vacancies (electron-hole
recombination sites) are related to high N doping photocatalysts [33]. In any
case, this subject is controversial: some authors claim that N doping decreases
particle size while electron-hole recombination is prevented by oxygen
vacancies (photoluminescence intensity minimization) [34]. An increase in BET
surface area as N percentage reaches a determined value has been reported,
values above the optimum lead to a BET area decrease [35]. The mechanisms
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of improved photoactivity of N doped titania are beyond the scope of this

work.
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Figure 6.2 Black light photocatalysis of a mixture of clopyralid, picloram and triclopyr.
Experimental conditions: T=20°C, V=1.0 L; 1=6.86 10 Einstein L' min™; pH=4.0
(average value), Chericiee=5.0 mg L™ (each), Ceatayst=0.5 g L. Catalyst: e, Ti0,_1:0; =,
Ti02_1:0.4; 4, Ti0,_1:0.8; v, Ti0,_1:1.2; 0, TiO2_1:1.6; ¢, Ti0,_1:2

Under optimum conditions, after 3 h of reaction, mineralization of the
herbicides was 50%. Therefore, in an attempt to improve the extent of TOC
conversion, photocatalysis was carried out in the presence of ozone, leading
to the photocatalytic ozonation process. For comparison purposes, single
ozonation was applied first.

6.3.2. Ozonation and photocatalytic ozonation. Activity of catalyst with
different Ti:N ratios

Ozonation of the herbicides mixture (Figure 6.3) confirms the recalcitrant
nature of these compounds towards molecular ozone. In fact, in previous
work the rate constants between ozone and the herbicides were tested and
took values of 20 M min™ for clopyralid and triclopyr, and 105 M min™" in
the case of picloram [36] TOC remains almost constant showing conversion
values in the proximity of 10% after 3 h of ozonation. Dissolved ozone and at
the reactor outlet were immediately detected and remained unchanged
throughout the process, corroborating the slow regime developed in this
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heterogeneous reaction. Accordingly, the system UVA/Os/TiO, was applied
using different TiO,_1:x catalysts.

Figure 6.3 shows the results obtained in photocatalytic ozonation
experiments. As observed, use of ozone in the presence of titania significantly
increases the efficiency of herbicides removal and TOC conversion. In this case,
however, with the exception of the TiO,_1:1.6 catalyst, doping of titania
particles does not necessarily enhance the rate of abatement of herbicides.
Moreover, Ti0,_1:0.8 and Ti0,_1:2.0 display a worse performance than
undoped TiO»_1:0 when herbicides conversion is monitored. The best results,
in terms of parent compounds elimination, were experienced with the
TiO,_1:0.4 and Ti0,_1:1.6 catalysts.

CCIopyra\Iid/CCIopyraIid0

CTricIopyr/CTricIoper

0 10 20 30 40 50 60 0 20 40 60 80 100 120 140 160 180
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Figure 6.3 Black light photocatalytic ozonation of a mixture of clopyralid, picloram and
triclopyr. Experimental conditions: T=20°C, V=1.0 L; 1=6.86 107 Einstein min™' L™
pH=4.0 (average value), Chenicide=5.0 mg L (each), Ccaayt=0.5 g L. 0, Single
ozonation; 2, Photolytic ozonation. Photocatalytic ozonation: Catalyst: e, TiO,_1:0; m,
Ti02_1:0.4; 4, Ti0,_1:0.8; v, Ti0,_1:1.2; ©, TiO2_1:1.6; ¢, TiO>_1:2.

These two catalysts are capable of achieving >99% conversion of
clopyralid, picloram and triclopyr in 60, 20 and 30min, respectively. After
180 min, single ozonation just led to 27, 77, and 44% conversion of the same
herbicides. Again, it seems that an optimum in N doping extent does exist.
Mineralization of the reaction mixture revealed the higher activity of
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TiO>_1:1.6 compared with the rest of the catalysts and, obviously, single
ozonation. For instance, photocatalytic ozonation in the presence of
TiO>_1:1.6 led to 80% mineralization in roughly 60 min, while the rest of the
catalysts tested required 180 min on average to achieve the same TOC
conversion.

Photocatalytic ozonation in the presence of undoped titania suggests the
existence of some synergistic effect when combining the UVA/TiO,_1:1.0 and
03 systems. This synergism is particularly visible when TOC evolution is
analyzed. Hence, the UVA/TiO,_1:1.0 system hardly achieved 5% TOC
reduction while single ozonation led to just 10% of mineralization (after 180
min). Adding the TOC conversions experienced in individual systems (roughly
15%) is far away from the 80% obtained in the combined process. As stated
previously, doping of the titania particles to generate the Ti0,_1:1.6 catalyst
increased the final TOC removal to 95% after 180 min treatment. Synergism is
also observed with the latter catalyst, experiencing TOC reductions of 10%
and 45% over single ozonation and photocatalytic oxidation, respectively,
after 3 h.

6.3.3. Photocatalytic ozonation. Stability and characterization of
TiO>_1:1.6 catalyst

Stability of the TiO,_1:1.6 catalyst (the most active solid) was assessed by
recycling the solid through five consecutive runs with no replacement of solid
losses during the recovery stages. Recovery of the catalyst by filtration at lab
scale led to significant reductions in the catalyst amount used in the following
run.

Thus, catalyst concentrations in the 2", 3, 4™ and 5™ runs were reduced
to 66%, 46%, 30% and 20% of the amount used in the 1°' experiment. As
inferred from Figure 6.4, a slight decrease in herbicide removal rate was
experienced after the 2" use. However, this fact was no impediment to
achieving 100% conversion of the parent compounds at similar reaction times
to those obtained in the first two runs. Analogous behavior was observed
when TOC conversion was considered. Hence, 90-95% mineralization of the
mixture was obtained after 180 min regardless of the amount of catalyst and
reuse. For comparison purposes an empirical pseudo-first-order reaction
constant has been calculated and normalized to the catalyst concentration
used in each run. Hence, the normalized rate constants were 0.053, 0.089,
0.0767, 0.10 and 0.14 min™" L g, corresponding to the 1, 2" 3 4™ and
5" reuses, respectively. These empirical reaction rates have revealed that
effectively no apparent deactivation of the catalyst occurs, moreover, some
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enhancement of the process can be envisaged likely due to optimization of
catalyst concentration in the media. Some theoretical analysis of the reactor
geometry and efficiency based on Monte Carlo simulations reveal that
optimum catalyst concentration is below 0.1 g L™ to achieve the maximum
LVRPA (Local Volumetric Rate of Photon Absorption).
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Figure 6.4 Black light photocatalytic ozonation of a mixture of clopyralid, picloram and

triclopyr. Experimental conditions: T=20°C, V=1.0 L; 1=6.86 107 Einstein L' min™";

pH=4.0 (average value), Chemicde =5.0 mg L' (each). Ceatayst=Ti02_1:1.6 (g L"): e,

0.50 7' use; ®, 0.33 2" use; 4, 0.23 3 use; v, 0.15 4" use; ,0.10 51 use.

To elucidate the possible reason for the TiO,_1:1.6 higher activity, some
preliminary tests were applied to all the manufactured solids.

UV-vis absorption spectra

UV-vis absorption spectra profiles of manufactured catalysts are shown in
Figure 6.5. This figure reveals no significant differences in the spectra
obtained. Tauc’'s method to calculate the band gap energy was applied
thereafter [37]. Table 6.1 displays the results obtained, confirming that the
band gap energies of the solids were quite similar and do not explain the
observed differences in activity.
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Figure 6.5 UV-vis absorption spectra profiles of catalysts and Tauc's plot
corresponding to TiO2_1:1.6 (inset figure).

Table 6.1 Characterization of manufactured catalysts

800

Catalyst Band Gap (eV) Sger (M°g™)

Ti0,_1:0 2.991 14.48
Ti0,_1:0.4 3.145 -
Ti0,_1:0.8 3.095 11.34
Ti0>_1:1.2 3.129 -
Ti0,_1:1.6 3.130 34.56
Ti0,_1:2.0 3.075 12.98

BET area

The other parameter that has been suggested to contribute to the activity
of N doped titania is the increase in surface area. Table 6.1 shows the BET area
found in nitrogen adsorption experiments. The displayed results show a
higher area for the TiO,_1:1.6 catalyst that would explain its higher activity
[35].

Given the high stability and activity of the TiO,_1:1.6 catalyst, additional
characterization of this solid was carried out by different technigues.

X-ray diffraction

Figure 6.6 shows the XRD pattern of TiO,_1:1.6 as a function of
temperature. As expected, according to the temperature of calcination
(500°C), a 100% anatase phase diphractogram was obtained. Higher
temperatures involve the partial transformation of anatase to the non-
photoactive rutile [32], hence, rutile percentages of 9.4, 15.3 and 24.3% were
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obtained at temperatures of 550, 600 and 700°C, respectively. The Scherrer
equation was used to estimate the crystal size (D) according to:

A
B cosO

D=K (6.7)

where 6 is the diffraction angle of the peak selected, B the half-height peak’s
width (in radians); A the wavelength of the source of X ray applied (1.5456 A
for Cu radiation); K Scherrer’s constant, which depends on the shape of the
particles (value of 0.9 if spherical shape is considered). Considering the
anatase peak at 260=25.4° a value in the proximity of 13-14 nm was obtained
in all diphractograms with the exception of 700°C where a higher value of
29 nm was obtained.

700°C
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N
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Figure 6.6 XRD pattern diphractograms of TiO,_1:1.6 as a function of temperature
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X-ray photoelectron spectroscopy

Three areas of the XPS spectum were investigated: the Ti 2p, O Tsand N 1s
regions (Figure 6.7). The binding energy of N 1s when introduced into the TiO>
structure extends from 397 to 403 eV. In the spectra of Ti0,_1:1.6, a peak at
400.0 eV is observed.

—— without sputtering Ti2p

— without sputtering Ols —— 15s sputtering

15s sputtering

480 475 470 465 460 455 450

Lo —— without sputtering Nis
15s sputtering

A

404 402 400 398 396
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Binding Energy (eV)

Figure 6.7 XPS spectra of fresh TiO,_1:1.6 catalyst

Sputtering for 15 s led to cleaning of the superficial layer and the energy of
the N 1 s peak increased to 400.5 eV. According to the literature, this peak can
be attributed to the environment O-Ti-N [33], or the states of nitrogen doped
in titania might be various and coexist in the form N-Ti-0 and Ti-O-N [27]. 0 1s
shows a certain asymmetry due to the fact that it has contributions of two
peaks, located at 530 and 531 eV. The first one is characteristic of O-Ti-O
linkages, while the second one is frequently attributed to O-Ti-N structure
[38]. Ti 2p peak observed (results not shown) had a lower binding energy
compared with 0-Ti-0 linkage, which is also indicative of insertion of N in the
TiO, lattice. Nitrogen content calculated from the spectra revealed values of
1.7 and 0.96%, before and after 15 s of etching, respectively. The Shirley
method was applied in order to determinate the baseline of quantified peaks.

Scanning electron microscopy/Transmission electron microscopy

SEM analysis of Ti0,_1:1.6 shows (Figure 5.8) a variety of particle sizes and
shapes forming heterogeneous agglomerates. TEM images (Figure 6.8)
corroborate the crystal size obtained by XRD. Some images display crystals
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showing an octahedral derived shape with the appearance of rhombic {100}
and hexagonal {112} faces.

3 3 3 200um

Figure 6.8 SEM/TEM images of fresh Ti0,_1:1.6 catalyst

Thermal gravimetry-differential temperature analysis-mass spectrometry

Figure 6.9 displays the percentage of mass loss in the characterization run.
A linear decrease is experienced up to 500°C. Thereafter a partial stabilization
was observed. The mass loss was roughly 24%. The differential thermal
analysis reveals two main exothermic variations in energy coinciding with the
release of water and carbon dioxide (280 and 440°C).
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Figure 6.9 TG-DTA-MS results of fresh TiO,_1:1.6 catalyst

6.3.4. Photocatalytic ozonation. Toxicity and fitotoxicity of treated samples

Toxicity of the herbicide mixture after photocatalytic ozonation was first
tested bymonitoring BOD evolution of different samples. BOD tests were
carried out by using synthetic water doped with the herbicides and being
exposed to the photocatalytic ozonation process. Figure 6.10(A) shows the
results. BOD evolution of synthetic water, with and without doping before
being treated by photocatalytic ozonation, showed similar trends with a value
after 5 days of 19 mg L™". This might be indicative of the nontoxic nature of the
herbicides. Nevertheless, different results were observed after treating the
initial compounds by the oxidation process. After 10 min treatment, parent
compounds are completely abated, and BODs dropped off to a value of
13 mg L™, which could be considered as an increase in toxicity. This effect is
assumed to be due to the formation of reaction intermediates more toxic than
the parent compounds. Maxima in concentrations of organic short chain acids
such as acetic, propionic and oxalic acids were detected (embedded figure plot
in Figure 6.10 O).
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Figure 6.10 Black light photocatalytic ozonation of a mixture of clopyralid, picloram
and triclopyr. Experimental conditions: T=20°C, V=1.0 L; 1=6.86 10 Einstein L' min™";
pH=4.0 (average value), Cremide=5.0 mg L (each). Ceatayst=0.5 g L Ti02_1:1.6.
(A) BOD evolution in synthetic water: o, water without herbicides; o, doped water with
5 mg L in each herbicide; 4, doped water after 10 min of photocatalytic ozonation; v,
doped water after 180 min of photocatalytic ozonation. (B) 24 h D. Parvula survival
percentage after different periods of photocatalytic ozonation. (Embedded figure:
evolution of e, clopyralid, m, picloram, 4, triclopyr, ©, chloride, and T, nitrate during the
experiment). (C) 48 h D. Parvula survival percentage after different periods of
photocatalytic ozonation. (Embedded figure: evolution of e, acetic acid, ©, propionic
acid, and 4, oxalic acid during the experiment). (D) Fitotoxicity evolution of black light
photocatalytic ozonation of a mixture of clopyralid, picloram and triclopyr. e, L. Sativa;
m S [ycopersicum.
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Rupture and opening ring of the herbicides take place at an early stage of
the process. Chloride profile sustains the previous hypothesis (embedded
figure of plot in Figure 6.10 B). After enough time of treatment (180 min), TOC
removal reaches a state value. At this point BODs took a value of 177 mg L™,
higher than BODs at 10 min, but lower than the initial value (19 mg L™).

Since BOD is a general parameter affected by a number of variables, some
additional toxicity tests considering the exposure of D. parvula were
completed. In this case, more samples at initial stages of parent herbicides
oxidation were taken and exposed to the crustacean. The first one, which
corresponds to a 25% removal of the most recalcitrant herbicide (clopyralid),
showed the highest mortality rate. After that, survival rate increases to almost
100% in the sample having 75% clopyralid removal, and remains constant for
the rest of the treatment. Again, as BOD s suggested previously, a maximum of
toxicity appears at the early stage of the photocatalytic ozonation process.
Formation of more toxic chloride organic intermediates before the
dechlorination to short-chain organic compounds can explain the results. Once
the herbicides have been degraded, mortality drops off to a negligible value. It
should be highlighted that this absence of toxicity corresponds with a
mineralization extent up to 95%. Similar results to those previously discussed
were found when fitotoxicity assays were completed (Figure 6.10 D).

6.4. CONCLUSIONS

From the results obtained in this work, the following conclusions can be
drawn:

e An optimum amount of triethylamine applied in the synthesis led to the
highest activity in photocatalytic oxidation trials. N doping improves titania
photoactivity.

e Photocatalytic ozonation considerably improved herbicide and TOC
abatement compared with photocatalytic oxidation or single ozonation.

e N doped titanium dioxide with the best photocatalytic behavior showed
100% of anatase phase with a crystal size of 13.5 nm. XPS analysis
suggests the formation of O-Ti-N linkage and N content of 1%.

e Photoactivity is maintained after four consecutive runs.

e At the early stages of the herbicide photocatalytic ozonation process,
toxicity suffered a significant increase. It disappeared when parent
herbicides were completely abated and dechlorination completed.
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CHAPTER SEVEN

PAPER FIVE

Ozonation, photocatalysis and  photocatalytic
ozonation of diuron. Intermediates identification

Chem Eng J 292 (2016) 72-81

Rafael R. Solis, F. Javier Rivas, Ana Martinez-Piernas, Ana Aglera

ABSTRACT. Aqueous 3-(3,4-dichlorophenyl)-1,1-dimethylurea (diuron) has been oxidized by
ozonation, photocatalysis and photocatalytic ozonation. Diuron degradation takes place via
radical pathway through hydroxyl radicals in those systems involving ozone. Diuron elimination
in photocatalytic ozonation is not enhanced if compared to single ozonation; however, TOC
removal was significantly improved. Specifically, 80% TOC removal in 2h was reached in
photocatalytic ozonation while single ozonation just led to 25% TOC reduction. Photocatalysis
required 9 h to reach 25% TOC reduction. Ten transformation by-products generated during the
application of the three technologies were tentatively identified by liquid chromatography-
guadrupole time-of-flight mass spectrometry (LC-QTOF-MS/MS). Single ozonation and
photocatalytic ozonation led to the formation and complete elimination of all by-products. Low
weight carboxylic acids evolution suggests that high TOC removal in photocatalytic ozonation is
linked to its capacity to oxidize small oxygenated compounds and release of inorganic chloride
and nitrate. Toxicity evolution to Vibrio fischeriin photocatalytic ozonation displayed an increase
in inhibition at the initial stages (>90% of inhibition), followed by a decrease of this parameter as
the reaction progressed. The final treated sample shows a lower toxicity than the initial one
(55% vs 20%).

KEYWORDS: photocatalytic ozonation, diuron, transformation products, toxicity evolution
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7.1. INTRODUCTION

Intensive agriculture involves a high herbicide demand. The presence of
these substances in the environment is alarmingly increasing all over the
world. Since herbicides are usually persistent in soil and water, their presence
supposes a potential harmful risk in natural ecosystems.

Water resources scarcity is an increasingly problem in many areas of the
Earth. Recycling agqueous effluents by new treatment methods is a challenge
for the scientific community. Although treating organic/inorganic pollutants by
means of different technologies (usually biodegradation) is quite often viable,
a variety of them, such as some pesticides, are recalcitrant to conventional
biological treatments[1]. For this reason, more powerful oxidizing
technologies are required.

Organochlorides are some of the most popular and widely used pesticides.
They derive from chlorinated hydrocarbons. The high physical and chemical
stability favor their persistence and slow biodegradability in the environment.
Diuron (CgH40CI;N,0, 3-(3,4-dichlorophenyl)-1,1-dimethylurea) works by
inhibiting the photosynthesis process. Diuron is an organochloride phenylurea
herbicide commonly used as pre and post emergent herbicide of a huge
variety of both, crop and non-crop areas. Diuron’s use is currently approved in
the European Union until 2018 [2]. This herbicide, whose presence has been
reported in 70% of 100 rives of 27 European Countries with a maximum
concentration of 0.826 ugL™" [3], appears to be moderately persistent and
relatively immobile in water [4]. Moreover, because of its high toxicity,
pollution due to this substance is considered as a real environmental hazard.
This is evidenced by a recently launched European Directive which includes
diuron in the list of priority pollutants in water treatment policy [5].

The harmful presence of phenylurea herbicides in agueous environments
has initiated a considerable research production, including ozone and
advanced oxidation processes such as Fenton-based systems, photocatalysis
and, ozone combined with UV radiation, catalysts or H,0, [6]. Diuron
ozonation has been reported in the literature as an effective technology [7].
Nevertheless, to the author's knowledge, individual diuron photocatalytic
ozonation focused on the generated transformation products has not yet
been reported.

Photocatalytic ozonation consists in the simultaneous application of ozone
and photocatalysis. The process is presented as a promising chemical
technology which reaches high mineralization rates. The combination of ozone
in photocatalytic systems allows for a synergistic effect based on the high
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efficient electron trapping by ozone. Additionally higher amounts of hydroxyl
radicals are generated if compared to photocatalysis in the presence of
oxygen alone [8]. In spite of being an effective technology, separation of
catalyst from the media and energy requirements must be considered at the
time of scaling up. In any case, the synergistic effect frequently observed
considerably reduces the costs if compared to photocatalysis or ozonation
alone [9].

In the last years, photocatalytic efforts have been focused on developing
more reliable and efficient photocatalysts which can take benefit of the solar
spectrum more effectively [10]. Amongst the main proposed strategies,
TiO, metal and non-metal doping[11], coupling of oxides to TiO, [12],
photocatalysts alternative to TiO, and supported or easily removable
solids [9] and [13] can be listed. In this work, a lab manufactured N-doped
titania has been used. N doping improvements on photoactivity and
characterization of the solid have previously been studied in-depth in a
mixture of three pyridine based herbicides, under photocatalysis and
photocatalytic ozonation processes[14]. Moreover, N-doping may be
considered as a starting point in catalyst recovering due to the increase in
particle size. A higher particle diameter, if compared to commercial formulas,
makes easier the recovering process from the effluent. Ozonation and
photocatalysis of diuron have been compared to photocatalytic ozonation
under UVA radiation when required (maximum of emission at 365 nm).

The aim of the present work has been focused on the identification of the
main transformation byproducts formed in photocatalytic ozonation and
comparison to those generated under single ozonation or photocatalysis.
Final oxidation organic acids evolution has also been monitored in order to
explain TOC removal extents. Toxicity evolution to bacteria Vibrio fischerihas
been studied for the three processes and compared to results of
intermediates, organic acids released and TOC evolution.

7.2. MATERIALS AND METHODS
7.2.1. Chemicals

Analytical standard diuron was acquired from Sigma-Aldrich (>98%) and
used as received in all experiments. HPLC-grade acetonitrile from VWR
Chemicals was used in the HPLC system. lonic chromatography solutions were
prepared from Sigma-Aldrich reagents. Titanium isopropoxide (Sigma-Aldrich,
>97%), trimethylamine (Panreac, 99.5%) and HCl (Fischer Scientific, 37%) were
used in N doped titania photocatalyst synthesis. Potassium indigo trisulfonate,
used in dissolved ozone monitoring, was purchased from Sigma-Aldrich
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(99%). Ultrapure water used in all trials was produced in a Milli-Q® academic
(Millipore) system.

Chemicals for mobile phase in LC-QTOF-MS analysis (water, >99.9% and
acetonitrile, >99.9%) were LC-MS CROMASOLV® from Fluka. Formic acid was
used (98%, LC-MS from Fluka) to acidify water.

7.2.2. Experimental setup and procedure

Photoreaction installation was equipped with a 1.0 L volume cylindrical
reactor made of borosilicate glass. The reactor was placed into a cylinder pipe
(54 cm of height and 371 cm of external diameter) equipped with four black
light lamps of 41 cm of length (LAMP15TBL HQPOWER™ 15 W emitting in the
range 350-400 nm, maximum at 365 nm). The inner surface was covered with
aluminum foil in order to enhance photons reflection. UVA photon flow
entering the reaction system was calculated in a previous work by means of
ferrioxalate  actinometry.  Values of 177, 3.26, 513 and
6.86 107 EinsteinL™' min™" when 1, 2, 3 and 4 lamps, were reported [15].
Additionally, when the aluminum foil covering the internal walls of the
installation was substituted by a black surface, the intensity (4 lamps switched
on) decreased to 3.60 107 Einstein L™" min™".

In a typical experiment, 30 L h™' gas flow rate of oxygen, or an oxygen-
ozone mixture, was fed to the photoreactor system through a stainless steel
diffuser. Solid photocatalyst was added 30 min before starting the reaction, in
order to reach the possible adsorption equilibria onto its surface. Samples at
different times were extracted and filtered by means of Millex-HA filters
(Millipore, 0.45 pm) before analysis.

Ozone was continuously generated by electrical discharges of pure oxygen
in a Sander Laboratory Ozone Generator. An Anseros Ozomat ozone analyzer,
the measurement based on 254 nm absorbance, was used to monitor ozone
gas phase concentration.

7.2.3. Photocatalyst synthesis

N doped titania photocatalyst was prepared applying a sol-gel method
followed by thermal treatment and calcination according to literature and
previous works [16] and [14]. Briefly, 12 mL of titanium (IV) isopropoxide were
dissolved in 100 mL of ethanol. Next, 9 mL of triethylamine was added.
Afterwards, titania was precipitated using 100mL of HCl 0.1M. The
suspension was thermally treated at 80°C for 12 h. The final residue was dried
overnight at 100°C and calcined at 500°C for 4 h (initial ramp of 10°C min™").
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7.2.4. Analytical methods

Diuron was analyzed by an Agilent 1100 (Hewlett-Packard) high
performance liquid chromatography with UV detection (HPLC-UV). The column
used was a Kromasil 100 5C18 (5 pm, 2.1 x 150 mm). 0.1% H5PO, acidified
water (A) and acetonitrile (B) were the mobile phases used. An elution gradient
from 50% to 65% of B in 6 min was applied. UV detection was conducted at
243 nm.

Liguid chromatography coupled to a quadrupole time-of-flight mass
spectrometer (LC-QTOF-MS) was used to identify and monitor transformation
products generated in single ozonation, photocatalytic oxidation and
photocatalytic ozonation processes. Chromatographic separation was carried
out in an Agilent 1260 Infinity system equipped with a Poroshell 120 EC-C18
(2.7 ym, 4.6 x 50 mm) column. Pure Milli-Q® water (phase A) or acidified water
with 0.1% formic acid (for negative and positive ionization modes,
respectively), and acetonitrile (phase B) were used as mobile phases. Elution
gradient at 0.4 mL min™" flow rate went from 10% A (1 min) to 100% B in
10 min, and kept thereafter for 5min before returning to initial conditions.
Injection was completed with 10 pL. HPLC system was connected to a hybrid
guadrupole time-of-flight mass spectrometer TRIPLE TOF 5600 + system (AB
Sciex) with an electrospray interface (ESI). Both ESI (+) and ESI (=) modes were
considered for unknown transformations products (TPs) identification. The
equipment worked via TOF MS survey scan followed by four IDA (Information
Dependent Acquisition) TOF MS/MS scans. Alternatively to IDA mode, other
tools like ‘mass defect filters’ and ‘include list’ for potential candidates were
used in order to focus and shorten TPs identification during the acquisition
process. Besides, for low intensity TPs, the SWATH® tool was considered to
obtain MS/MS fragmentation patterns. Scanned mass range was from
m/z =50 to 800 Da, either in TOF or MS/MS experiments. An accumulation
time of 100 ms was used in each scan. IDA criteria considered dynamic
background subtraction. Collision energy of 30 eV with a +10 eV spread was
used in MS/MS fragmentation. Diverse AB SCIEX software (Analyst TF 1.5,
PeakViewTM 2.2 and MasterView 1.1) was used to record and process LC-
QTOF-MS data. MasterView processing was also enhanced with potential
candidates lists based on computational (in silico) prediction tools like
University of Minnesota Pathway Prediction System and PathPred [17].

lonic short chain organic and inorganic anions were monitored by ionic
chromatography using a Metrohm 881 Compact Pro ionic connected to MaglC
NET™ software.
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Total organic carbon (TOC) was determined by a Shimadzu TOC 5000A
analyzer. Aqueous dissolved ozone was measured by Bader and Hoigné
method [18], the analysis is based on 5,5,7-indigotrisulfonate decolouration,
spectrophotometrically determined at 600 nm.

7.2.5. Ecotoxicity assays

Toxicity evolution was evaluated by means of the bioluminescence
bacterium Vibrio fischeriinhibition to reaction samples. Microtox 500 was used
at room temperature to quantify light emitting decay when exposed to
reaction samples extracted at different oxidation times. Luminescence decay
was recorded at different exposure times (5, 15 and 30 min) and inhibition
percentages were calculated.

7.3. RESULTS
7.3.1. Efficiency of ozonation, photocatalysis and photocatalytic ozonation

Some preliminary experimental series were conducted to assess the
efficacy of different oxidation systems on both, diuron and TOC removal.
Additionally, the effect of different catalysts (doped, undoped and commercial
TiO,) was also investigated. Experimental conditions such as catalyst load and
ozone dose have been chosen according to previous literature [19].
Figure 7.1 shows the results obtained.

Figure 7.1reveals some interesting aspects. Hence, no appreciable
difference in diuron conversion was experienced in runs conducted in the
presence of ozone. Single ozonation, catalytic ozonation and photocatalytic
ozonation led to similar diuron depletion rates. However, contrarily to the first
though, in these systems diuron (and likely TOC) is mainly removed by the
action of hydroxyl radicals generated after ozone decomposition. Some
simple calculations could corroborate the previous hypothesis.
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Figure 7.1 Normalized concentration of diuron (left) and TOC removal (right) evolution
with time wunder diverse technologies. Experimental conditions: V=1.0 L;
Cowo=10 mg L™"; Qc=30 L h™"; Cosnet=10 mg L"; (if applied); Ceatayst=0.5 g L™";
pHo0=5.6-6.0 o, ozonation; O, catalytic ozonation; 4, photocatalytic ozonation with N
doped TiO;; v, photocatalytic ozonation with undoped TiO;; ¢, photocatalytic
ozonation with Degussa P25 TiO;; 2, photocatalysis with N doped TiO;; v,
photocatalysis with undoped TiO;

If the heterogeneous reaction develops in the slow regime, the following

rate expression can be applied:

_ dCDIU
dt

:kO3CDIUC03d +|<-0HCD\UC-OH (7.1)
where kg3 and k.gy are the second order rate constants of the reactions
between diuron and ozone and hydroxyl radicals, respectively. The Hatta
number was thereafter calculated to estimate the regime of the reaction.
Hatta number (Ha) is defined as:

Ha:—“Dlul<03|:)03 (7.2)
|<L

Dgs stands for ozone diffusivity in water and k; is the individual mass
transfer coefficient in the liquid phase. Values used to calculate Ha were
Dos =1.710°m?s ™" [20]and k, =510 ms™', typical of bubble contactors.
When Ha<0.03 slow regime kinetic is developed. If only the reaction of diuron
with molecular ozone took place, which can experimentally be tested adding a
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hydroxyl radical inhibitor, such as tert-butyl alcohol, equation 7.1 would be
reduced to:

dC

_ Yoy

dt

= ko3 CDIUCOBd (7.3)

Since.  ozone  concentration  was  experimentally  measured,
equation 7.3 could be numerically solved by applying the simple Euler
method:

Cou= Cou = (ko3 CEJIUCtO3d )At (7.4)

In the previous expression, ozone concentration was adjusted to a third
order polynomial leading to:

Coo= Coo=(ko, G [0t ctedt (7.5)

Figure 7.2 shows the experimental evolution of diuron in absence and
presence of tert-butyl alcohol. A value of kg3=19.2+1.1 M 57" (R? > 0.99) was
obtained by considering the ozonation in presence of tert-butyl alcohol, where
Ha value was always below 0.03. Other authors have reported similar kinetic
rate constant values, 14.7M's™' [21]and 16.5 M 57 [22], evaluated under
competition kinetic methods. As observed from Figure 7.2, the radical
pathway of diuron oxidation plays an important rolled under the operating
conditions used in this study.

Moreover, since diuron conversion in the absence of tert-butanol does not
depend on initial concentration, Figure 7.2 suggests that the concentration
curves obey first order kinetics. First order kinetics can be obtained provided
that ko3 CpiuCoz<<k.onCpC.on and C.oy is kept constant during the process, i.e.
guasi steady state conditions in hydroxyl radicals concentration applies.
Accordingly, equation 7.1 was now solved optimizing the C.qy to minimize the
differences between experimental and calculated DIU depletion profiles. A
steady state hydroxyl radical concentration of 7.1 107" M, assuming
k.oy=6.6 10°M 57" [22], was found to acceptably model the process. This
result allows for elucidating the percentage of indirect diuron removal due to
hydroxyl radicals as the ratio:

I<-OHC-OH

=——20 " %100 (7.6)
I<03Co3 + KouCoon

N.on



216

Photocatalytic oxidation of agueous herbicides with radiation of low energy.
Application of catalysts, ozone and peroxidic promoters

This ratio had a minimum around 99% when ozone concentration reached
its maximum but DIU conversion was above 99% (see Figure 7.2) which is
similar and consistent with previous ozonation works [7].

time (min)

Figure 7.2 Ozonation of diuron. Experimental conditions: V=1.0 L; Q=30 L h™
Co3inet=10 mg wa, pHo=5.6-6.0. Ozonation: e, Cpuop=5 Mg L%; m, Cpuo=10 mg L.
Ozonation with tert-butyl alcohol: 4, Cpie=10 mg L™ and Cigop = 1072 M. Empty
symbols correspond to dissolved ozone concentration (Cosq). Solid lines: normalized
diuron model concentration and 3 order polynomial representing dissolved ozone.
Dashed line: normalized diuron model concentration with no radical contribution.

As DIU was mainly eliminated by hydroxyl radicals, photocatalytic
ozonation would have been expected to enhance the DIU depletion rate;
however, this was not the case. Previous results indicate that hydroxyl radicals
generated in the presence of ozone are sufficient to degrade diuron and
additional active species from the photocatalytic system do not play a
significant role in diuron conversion. Nevertheless, substantial differences
were experienced when analyzing TOC results. Figure 7.1 shows a poor 25%
mineralization when O3 or 03/N-TiO, was applied for 2 h. Photocatalysis could
achieve similar results only after 9 h. Mineralization, however, reached an
outstanding (if compared to the rest of systems) 80% after 120 min when
photocatalytic ozonation was used. A synergistic effect could therefore be
obtained when simultaneously applying the photocatalysis in the presence of
ozone. Ozone might improve photocatalytic systems by trapping photo-
generated electrons, avoiding, therefore, the undesirable hole-electron
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recombination. Additionally, after electron trapping, more active species
(mainly radicals) are generated [8]. The extent of synergism can be calculated
from:

kPhotCat—O3 '[kaonation +kPh0tCat ] e

Asynergism = 00 (7.7)

Kphotcat-o0,

where Kpnotcat-03, Kozonation @nd Kpnotcat are empirical pseudofirst order rate
constants corresponding to photocatalytic ozonation, single ozonation and
photocatalysis, respectively. TOC removal pseudo first order rate constants
values obtained from Figure 7.1 were, when N-TiO, was applied,
1.66 10° min™" (R°=0.997), 1.90 107 min™' (R*=0.995) and 0.8 10 min”"
(R%=0.992), for Kpnotcat-03, Kozomation and Kpnotcat  respectively. Synergism
percentage was calculated to be 83.7%.

Moreover, Figure 7.1 shows that N doping of TiO, improves photoactivity in
the photocatalytic ozonation process. Although Figure 7.1 shows no
significant differences in diuron removal for undoped and doped catalyst,
N-TiO, led to higher mineralization rates than undoped TiO,. Undoped titania
achieved 40% TOC reduction after 180 min while N doped TiO, led to 80%
under the same operating conditions. Physical properties of solids and its
photoactivity behavior have previously been discussed [14]. Commercial P25
also exhibits 80% of mineralization.

After assessing the efficiency of the different systems under study, in the
next stage an attempt was conducted to identify some of the most important
transformation products (TPs) generated during their application.

7.3.2. ldentification of TPs by LC-QTOF-MS/MS and ionic chromatography

In this work, 10 compounds have been tentatively identified by LC-QTOF-
MS/MS. Table 7.1 summarizes, organized in increasing experimental accurate
mass value, some of their characteristics such as generating system, retention
time and elemental composition of the protonated/deprotonated ions and
their fragment ions, obtained by ESI (+) or ESI (-) and Rings plus Double Bonds
Equivalent (RDBE).
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Table 7.1 Proposed intermediates found by LC-QTOF-MS/MS after diuron oxidation by
ozone, photocatalysis and photocatalytic ozonation
Transformation Oxidation Retention Eigceglmaesr;tal lon formula, lon formula, RDBE
Product Process time (min) [M+H]+ [M-H]-
(error, ppm)
0,/UVA/CAT 216.9940 (2.10) CgH,Cl:N,0" 5.0
HO OH
a NH o ch 03 9.20
C%N/ 03/UVA/CAT 159.9726 (3.25) CeHaCloN 4.0
a ety
250.9985 (-2.1)  CgHgClN, 05" 5.0
;:> " H 05 10.64 159.9731 (6.4) CeHaClN" 5.0
Ac OH
TP3 249.0192 (-2.2) CgH11ClNZ 057 5.0
0,/UVA/CAT 10.63
G@NH SO 03/UVAICAT : 159.9715(-3.6)  CgHqCloN* 5.0
a J>V \H,
244.9890 (2.21) CoH7Cl2N,0; 6.0
P4 216.9941 (2.56) CgH7Cl2N,0 5.0
0.,/UVA/CAT 10.42 187.9675 (2.69) C7H4ClNO" 5.0
Oi 159.9726 (3.25) CeHaClN 40
cl NH CHO "
& y 0 Jounicat 58.0298 (8.80) C,H4NO
It yﬁ \CH3 2470812 (13) CgHgClzNzOz 60
10.45 123.9968 (11.3) CgHsCIN® 4.0
60.0444 (-8.9) CoHeNO® 1.0
DIV 9.62 185.9519 (3.0) C;H,ClNO" 5.0
0,/UVA/CAT 149.9744 (-1.2) C7HCINO 5.0
a CH, 03 233.0243 (-2.3) CgH11Cl;N, 07 5.0
N 03/UVA/CAT 958 187.9664 (-3.2) C;H4ClNO* 5.0
a A ’ 159.9715(-3.6) CeH4CloN" 4.0
72.0444 (-7.5) C3HgNO® 2.0
TP5 9.20 216.9941 (2.56) CgH7Cl:N, O 5.0
0,/UVA/CAT ) 159.9726 (3.2) CeHaClLN 4.0
a W n 03 219.0081 (-4.9)  CgHsClLN,0" 5.0
(%N’ 03/UVA/CAT  9.27 161.9869 (-5.2) CeHeCLoN" 4.0
a ket 127.0183 (-4.5)  CeHeCIN® 45
213.0425 (-2.7) CoH10CIN; 0, 5.0
TP6 6.44 167.9858 (3.4) C;H3CINO; 6.0
0,/UVA/CAT ’ 139.9909 (4.2) CgHsCINO N/A
a W on 0s 132.0091 (4.1) C7H2NO, N/A
H \CHy 6.59 126.9945 (-4.5) CeH4ClO" 4.0
72.0440 (-13.0) C3HeNO® 1.0
TP7 203.0662 (-2.9) C7H11N205 4.0
185.0566 (1.98)  C7HgN,04" 3.0
)kI )k 0; 144 157.0604 (-5.8) CeHgN, 03 3.0
E/ 72.0462 (17.5) C3HeNO 2.0
Hs
TP8 201.94681(9.1) C7H,ClINO," 6.0
a NH
BN O2/UVA/CAT  9.54 165.9701 (3.12) C,HCINO - N/A
0 0
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TP9 187.9675 (2.7) C7H4ClINO 5.0
0,/UVA/CAT 159.9726 (3.2) CeHaClLN 4.0
a NH 03 10.44
%H 03/UVA/CAT 116.0142 (4.8) C7H,NO N/A
a
TP10 159.9726 (1.9) CeH4ClN 4.0
5.0

cl

0,/UVA/CAT
Cl‘@*“ 82/UVA/CAT 9.23 123.9960 (4.8) CoHsCIN

Diuron and some of their TPs were identified in both ESI (=) and ESI (+)
modes. From the [M-H] ion two fragments were obtained corresponding to
the loss of the -NH(CH3), group and further chloride release from the aromatic
ring. From the [M-H]" three fragments were detected, again the loss of the
-NH(CH3)> group and the two moieties resulting from breakage of the
-CO-NH(CH3), side chain. This MS/MS fragmentation pattern may be useful to
interpret where the initial molecule has easiness to be oxidized since this are
the more likely bounds to be broken by oxidation processes [23].

The first transformation product TP1 was given an ion formula
[CoHoCl;N,05]". Figure 7.3 shows the product ion spectra and tentative
fragment ion structures of some TPs found in this investigation. This molecule
could be the result of two hydrogen abstractions by hydroxyl radicals present
in the three investigated systems. Hydroxylation of diuron has been reported
to occur in photocatalytic systems both in the aromatic ring and -CH5 groups
[24] and [25]. However, fragmentation of the precursor led to the loss of a
-CH(OH), group and further release of the -CO-NHCH;-CH(OH), moiety,
suggesting that hydroxyl attack has occurred in one of the external methyl
chains. The proposed structure of this transformation product has also been
reported in the photo Fenton treatment of a mixture of diuron and linuron
[26]. Attack of hydroxyl radicals to N-methylated derivatives of formamide
and acetamide has been reported to occur by abstraction of hydrogen from
the methyl group [27].
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Figure 7.3 MS/MS fragmentation pattern spectra and fragment ion structures of some
TPs found in this investigation in ESI (=)

TP2 presents an ion formula [CgHgCl,N,03]* obtained in ESI (+) mode. It
would result from demethylation of TP1 and further release of a molecule of
formaldehyde. Fragmentation of TPZ2 suggests the presence of the
dichlorophenyl structure (loss of the -CO-NH-CH(OH), group). The proposed
formula would be 3-(3,4-diclorofenil)-1,1-dihydroxy urea. This compound has
also been proposed as an intermediate in the photo Fenton process [26]. In
this investigation TP2 was only detected when single ozonation was used. TP2
is also likely to be generated in the photocatalytic ozonation but it must be
instantaneously removed from the reaction media, so it could not be detected.

TP3 was identified in those systems using radiation. The ion formula of this
compound, [CoH41Cl;N,0,]", maintains the same number of carbons than the
parent herbicide. Fragmentation of the precursor leads to the detection of an
m/z moiety corresponding to the dichloroaniline ion. Accordingly, loss of a
-CO-N(CH3)CH,0H group is suggested. TP3 formation is previous to TP1, since
hydroxylation of methyl group takes place in two steps. The presence of this
structure in the photo Fenton and photocatalytic systems has been reported
[24],[26] and [28].

220
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TP4 led to 4 fragments in ESI (=) and 2 fragments in ESI (+) modes. The
precursor was tentatively assigned in ESI (-) as [CqH;Cl;N,0,] (or
[CgHgCL;N;0,]" in ESI (+) mode). Fragments in ESI (-) mode indicated losses of
-CO, -N(CH3)CO and -CON(CH3)CO (see Figure 7.3). TP4 is the main byproduct
of diuron oxidation detected in photocatalytic [24] and [28], photoFenton [26]
and [28] and ozonation [29] and [30] systems.

TP5 was identified in ESI (+) and ESI (-) modes, in both cases fragmentation
led to the release of the -CONHCH5 group. The proposed structure of this
transformation product is likely to be the result of diuron demethylation,
already reported in all the cited works dealing with identification of byproducts
of diuron.

TP6 was the only transformation product suggesting the hydroxylation of
the aromatic ring by substitution of one of the chloride groups in the parent
herbicide. This hypothesis is substantiated by the analysis of the fragments
generated from the precursor (see Figure 7.3). Hence, in ESI (-) mode the
precursor [CoH10CIN,0,] exhibits the typical loss of the -NH(CHs), group,
followed by losses of the -CO group or the HCl neutral loss. The absence of
the ion 159.9715 (CgH4Cl,N") found in the rest of TPs that still maintain the
dichloroaniline structure, which also indicates the breakage of the ring.

TP7 was only detected in the ozonation process, being the unique
transformation product resulting from the aromatic ring opening.
Fragmentation of TP7 leads to the release of H,0, -COOH and -CO-N(CHs),
groups. The lower retention time and RDBE value compared to the rest of
precursors is consistent with the increased polarity of the proposed structure
confirming the suggested structure. No bibliographic reference could be found
for this compound. The proposed structure indicates a high degree of
oxidation with two acidic groups located in the opened ring (see Table 7.1). Itis
noteworthy to say that the side chain bounded to the aromatic ring in the
original diuron molecule is kept unchanged in TP7, suggesting that multiple
hydroxyl attack to the aromatic ring has previously occurred. This is
substantiated by a high release of Cl” during ozonation process (see below in
Figure 7.6).

TP8 was only detected in the photocatalytic systems. Moreover, TP8
(together with TP4) accumulates in the reaction media after 540 min of
photocatalysis treatment showing a high intensity. TP8 involves the release of
one molecule of dimethylamine (or N,N-dimethylhydroxyamine) from diuron
and further formation of an oxazole like ring. No reference has reported the
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formation of this compound; however two ring transformation products have
been suggested elsewhere [31].

TP9 structure is the result of the release of the dimethylamine group (or
N,N dimethylhydroxyamine) from diuron. Fragmentation of TP9 includes the
loss of -CHO in one of the fragments and the two -Cl of the aromatic ring in
the other analyzed fragment (Figure 7.3).

Finally, TP10 suggests the formation of dichloroaniline, the typical end
product in all kind of incomplete diuron mineralization systems.
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Figure 7.4 Tentative oxidation pathway in diuron oxidation by "OH radical attack TPs
detected are highlighted in boxes

Based on the structures found in this work and results presented in
literature [24], [27] and [28], Figure 7.4 summarizes the proposed
mechanism pathway degradation by "OH radical attack. Since direct ozonation
is negligible if compared to "OH radical pathaway, TPs formation is assumed to
be the consequence of hydroxyl radicals reactions. Two different routes have
been considered, the attack and oxidation of the alkyl side chain and the
substitution of chlorine by OH groups. However, other authors include the "OH
attack to aromatic rings and simultaneous substitution of chlorine by "OH,
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oxidation of alkyl chain and "OH attack to aromatic rings [28]; reactions that
have not been considered in this work.

160 2(;0 360 460 5(;0 608. Ovv160 2(30 360 4(‘)0 5(30 600
time (min)

Figure 7.5 Evolution of normalized intensity of TPs related to maximum intensity of

DIU at time zero in the ozonation (top), photocatalytic ozonation (middle) and

photocatalysis (bottom) of diuron. Symbols: v, TP1; 4, TP2; ¢, TP3; v, TP4; m, TP5: e,

TP6; o, TP8; 2, TP9; o,TP10. (Dashed lines: Intensity in ESI (+) mode, solid line:

Intensity in ESI (-) mode, thick dashed line: DIU evolution)

Figure 7.5 shows the evolution of normalized intensity of TPs related to
maximum intensity of diuron at time zero. Normalized intensity percentage is
not necessarily proportional to concentration in the same proportion for all
compounds, i.e. peak intensity highly depends on analytical operating
conditions and easiness of ionization of the TP. However, this parameter could
give an approximated idea of the amount of TP generated and its evolution
with time. Accordingly, from Figure 7.5 some hypothesis can be derived.
Hence, in the ozonation process, based on peak intensity, TP2 and TP4 are the
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transformation products showing a higher transient concentration in the
media with a maximum located in the range 5-7.5 min and 2.5-5 min for TP2
and TP4, respectively.

Photocatalytic ozonation is characterized by the apparent high selectivity
of the process towards TP4 formation, achieving a peak intensity of roughly
45% of the initial diuron intensity. Also, if compared to the ozonation process,
maximum in concentration for some TPs are shifted from the range
2.5-7.5 min to values above 20 min. Thus, TP1, TP9 and TP10 show increasing
intensities from 0 to 20 min.

The photocatalysis was the least efficient system. Diuron and TPs were
detected even after 540 min of reaction. TP8 and TP4 were the TPs presenting
a higher intensity. The first one was only detected in this system.

Figure 7.6 displays the evolution of some typical low weight organic acids
that accumulate in the media after applying advanced oxidation systems. Also
nitrate and chloride profiles are shown. As observed, chloride appears in the
three systems almost from the beginning, suggesting that hydroxylation of
diuron aromatic ring immediately takes place coinciding with the hydroxyl
attack to the chain attached. Also it has to be pointed out that, when ozone is
present, chloride concentration linearly increases from the initial state until
diuron has disappeared, thereafter a second slower period of chloride
accumulation occurs due to chloride release from intermediates. Nitrate
follows a similar pattern in the ozonation process although a short lag period
previous to its detection was found. This lag period was more evident in the
photocatalytic ozonation. In this process nitrates were not detected until
diuron was completely depleted. Thereafter nitrate concentration linearly
increased up to the values predicted from the initial diuron concentration. The
higher mineralization capacity of the photocatalytic ozonation, if it is
compared to single ozonation, is the capacity of oxidizing small oxygenated
molecules. This fact is patent after observing the concentration profiles of
formic acid in both systems. Formic acid reached a value of 1.16 mg L™ after
180 min of ozonation, followed by a clear upward trend, while this compound
presented a maximum of around 1.03 mg L' in photocatalytic ozonation at
30 min sharply decreasing its concentration to 0.05 mg L™ at 120 min. In
opposition to single ozonation, photocatalytic ozonation is capable of
removing formic acid. Finally, it should be mentioned the absence of nitrates in
the photocatalytic process which agrees with the fact that nitrogen derivatives
of diuron are still present in solution.
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Figure 7.6 Anionic and short chain organic acids evolution during ozonation (left),
photocatalytic ozonation (middle) and photocatalysis (right). Experimental conditions
as inFigure 7.1. Left y-axis (dashed lines): e, chloride normalized to maximum
chloride concentration; ®, nitrate normalized to maximum nitrate concentration. Right
y-axis (solid lines): 4, acetic acid; v, formic acid; ©, oxalic acid

7.3.3. Evolution of toxicity to Vibrio fischeri

Toxicity of TPs towards V. fischeri was assessed at different times of
exposure in samples taken along the reaction period in single ozonation,
photocatalysis and photocatalytic ozonation runs. Figure 7.7 depicts the
inhibition percentage as a function of time. This figure shows diverse trends
when using different systems. With the exception of photocatalysis, a slight
increase in toxicity at the initial stages of the oxidation followed by a decrease
in toxicity as the reaction proceeds is observed. This tendency is related to a
higher toxicity from initial intermediates. As low weight oxygenated species
are being formed, toxicity tends to be reduced. In relation to diuron toxicity,
Gatidou and co-workers [32] reported an ECsg value of 9.2 mg L™ after 30 min
of exposition to V. fischeri.

Although ozonation and photocatalytic ozonation display similar toxicity
responses with a maximum (>90% inhibition at 30 min of exposure) followed
by decrease; some slight differences could be extracted. Hence, photocatalytic
ozonation exhibits lower inhibition values at the final stage of the process,
when small organic acids and TOC are removed from the media. After 3 h of
treatment ozonation decreased the inhibition percentage to 55% while
photocatalytic ozonation reduced it to 20%. The maximum inhibition reached
might be due to the higher toxicity of intermediates compared to diuron,
especially TP10 (3,4-dichloroaniline) which is the most toxic transformation
product [33] and [34]. Moreover, photocatalytic ozonation clearly reaches its
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maximum in toxicity at 5 min, while ozonation requires 15-20 min. This delay
supports the idea that maximum of toxicity matches maximum of TPs
formation in each oxidation technology, discussed previously.
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Figure 7.7 Toxicity evolution to V. fischeri during ozonation (left), photocatalytic

ozonation (middle) and photocatalysis (right) at different exposure times.

Experimental conditions: V=1.0 L; Couo=10 mg L™"; Qc=30 L h™"; Cosinet=10 mg L";

(if applied); Cn.1i02=0.5 g L™"; pHo=5.6-6.0. Exposure time (min): e, 5; ®, 15; 4, 30.

(Dotted lines: normalized DIU concentration, dashed lines: normalized TOC removal)

In the case of photocatalysis, the inhibition profile steadily increases
through the process because of the incomplete oxidation of intermediates.
According to Figure 7.5, photocatalysis is the technology displaying the
highest values of TPs intensity. This explains why after 9 h of treatment
inhibition percentage reaches 85% (30 min of exposure).

7.4. CONCLUSIONS

Diuron has a low rate constant towards molecular ozone, accordingly,
oxidation processes involving ozone take place via hydroxyl radical, this latter
pathway supposes above 99%. Photocatalytic ozonation does not significantly
improve parent compound removal. However, high TOC removal rates are
reached by this system, showing an outstanding 83% of synergism in TOC
removal if compared to single ozonation and photocatalysis.

Transformation products derived from ozonation, photocatalysis and
photocatalytic ozonation are guite similar since the radical pathway plays an
important role in the three systems. In processes in the presence of ozone,

CDIU/CDIUO & l'CToc/CToco
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TPs maximum formation were observed once diuron was abated, afterwards
they were utterly removed. Photocatalytic ozonation displayed high selectivity
to TP4 formation (N-[(3,4-dichlorophenyl)carbamoyl]-N-methylformamide).

High mineralization rates linked to photocatalytic ozonation are due to the
high capacity of oxidizing small oxygenated organics. Chloride evolution
suggests that hydroxylation of diuron takes place coinciding with hydroxyl
radical attack. Inorganic nitrogen was not displayed until diuron was
completely depleted.

Toxicity evolution to V. fischeri during photocatalytic ozonation showed an
increase at the initial oxidation stage (>90%) decreasing thereafter as the
reaction progresses. Ozonation displayed a lower ability to decrease the
inhibition percentage after reaching the maximum in toxicity. Photocatalysis
gradually increased the toxicity to the bacteria.

Photocatalytic ozonation has a powerful capacity of generating radicals
making possible the oxidation of organic pollutants, with high environmental
concern. This is the origin of the observed higher mineralization rate if
compared to single ozonation or photocatalysis.
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CHAPTER EIGHT

PAPER SIX

Monoperoxysulfate photocatalysis under 365 nm
radiation. Direct oxidation and monoperoxysulfate
promoted  photocatalysis of the herbicide

tembotrione
J Environ Manag 181 (2016) 385-394

Rafael R. Solis, F. Javier Rivas, Mercedes Tierno

ABSTRACT. Oxone® (potassium monoperoxysulfate, MPS) has been used to oxidize the
herbicide tembotrione in agueous solution. Tembotrione elimination kinetics by MPS direct
oxidation has been studied. The influence of the main operating variables affecting the
process (MPS concentration, temperature and pH) has been evaluated. The process
follows 2/3 and first orders in MPS and tembotrione concentrations, respectively. Optimal
pH is located around circumneutral conditions. MPS decomposition in the presence of
365 nm UVA radiation and titanium dioxide has also been studied. The system
MPS/UVA/TiO; significantly improves tembotrione and mineralization rate abatement if
compared to runs conducted in the absence of MPS. Tembotrione total abatement was
achieved in 20 min when 0.05 g L™ of titania and 10“ M of Oxone® were used. TOC
conversion was roughly 70% in 90 min under similar operating conditions. An experimental
design (Plackett-Burman) has been considered to study the influence of the main variables
affecting tembotrione photocatalytic oxidation promoted by MPS.

KEYWORDS: tembotrione, monoperoxysulfate, oxone, photocatalysis, UVA radiation
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8.1. INTRODUCTION

As a consequence of increasing population needs, pesticides are used in
intensive farming around the world. Uncontrolled use of pesticides supposes
an alarmingly hazard for the environment and human health. Triketone
herbicides, such as sulcotrione, mesotrione or tembotrione, are
4-hydroxyphenylpyruvate dioxygenase (HPPD) inhibitors, which act blocking
the HPPD indispensable enzyme in plant growth. Thus, the plant develops leaf
bleaching followed by necrosis and death [1]. Since some weeds developed
resistance to traditional herbicides and because pesticide legislation became
more restrictive to classical herbicides, HPPD inhibitors were brought to North
American and European markets as the newest class herbicides in the late
1990s and 2000s. Tembotrione (TEMB), 2-[2-chloro-4-mesyl-3-((2,2,2-
trifluoroethoxy)methyl)benzoyllcyclohexane-1,3-dione, was launched in 2007
by Bayer CropScience (Laudis®) to control different types of grass and
broadleaf weeds during the early to mid-post-emergence of field corn [2].
Although TEMB is mostly used in popcorn crop, sweet corn and seed corn
fields; other applications, like in sorghum and soyabean, are still under
consideration. In 2013, the global demand of the tembotrione market was
267.4 tons and it is expected to reach a market value of US$51.2 million by
2020 [3]. Since tembotrione is one of the newest herbicides released, little is
known about the effects on the environment; however, its use is currently
approved in the European Union [4].

Pesticides, as an example of organic and emerging contaminant, are not
properly removed in conventional biological wastewater treatment. Amongst
the Advanced Oxidation Processes applied to herbicides management,
photocatalysis has raised a great interest, particularly if considering the use of
solar radiation which reduces the environmental impact if compared to other
technologies. To the authors’ knowledge, not many works have dealt with the
oxidation of tembotrione in water. Although chlorination [5], photolysis [6-8],
Fenton process [9] and other Advanced Oxidation Processes [10,11] have
been reported in the elimination of triketone herbicides, few of them include
tembotrione in their research.

Oxone® is a chemical manufactured by DuPont. This compound is a triple
salt rich in monoperoxysulfate (2KHSO0s5-KHS04-K»,504). Monoperoxysulfate
(MPS) is considered an alternative to other chemical oxidants because of
several advantages. It is a homogeneous oxidant whose activity is higher than
other traditional oxidants like hydrogen peroxide. MPS decomposes into
sulfate and hydroxyl radicals. Sulfate radicals present a higher standard
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reduction potential compared to hydroxyl radicals (2.5-3.1 V at neutral pH
versus 1.8-2.7 V depending on the pH). Moreover, MPS decomposition is easily
promoted by transition metals [12] or by heterogeneous catalysts [13-15], UV
radiation [16, 17] or heat [18]. Furthermore, MPS is usually labelled as an
environmentally-friendly oxidant, as it does not generate toxic byproduct after
its application. MPS research has recently been focused on the removal of
phenols [19,20], pharmaceutical compounds [21,22], herbicides [23],
chlorinated compounds [24], and disinfection [25]. However, to date, few
works have integrated the use of MPS as oxidant promoter in photocatalysis
[26-28].

Since previous experiments revealed the direct reaction between oxone
and tembotrione, in this work, this herbicide has been oxidized in the presence
of MPS. The most influencing variables in the process such as MPS
concentration, temperature and pH, have been studied. In order to improve
mineralization extent, MPS was used as a promoter in the photocatalytic
tembotrione oxidation using TiO,. Previously, MPS decomposition under
365 nm UVA radiation has been assessed. MPS photocatalytic oxidation of
tembotrione has been studied. A Plackett-Burman experimental design has
been completed to examine the weight of the main variables of the process
(MPS, tembotrione concentration and catalyst load).

8.2. EXPERIMENTAL
8.2.1. Materials

Analytical standard tembotrione (PESTANAL®, CAS 335104-84-2) was
purchased from Sigma-Aldrich and was used as received in all the
experiments. Oxone® and the rest of chemicals were acquired from Sigma-
Aldrich. Acetonitrile from VWR Chemicals was used in HPLC determination of
tembotrione. All solutions were prepared with ultrapure water from a Milli-Q®
academic (Millipore) system. Commercial TiO, Degussa P25 (70% anatase and
30% rutile) was the photocatalyst used in heterogeneous experiments
(average particle size of 30 nm and BET surface area of 50m?g™").

8.2.2. Analytical methods

Tembotrione was quantified by means of an Agilent 1100 (Hewlett-
Packard) high performance liquid chromatography system with UV detection
(HPLC-UV). A Kromasil 100 5C18 (5 mm, 2.1x150 mm) column was connected.
The mobile phase was a 50:50 (A:B) mixture of 0.1% H;PO, acidified water (A)
and acetonitrile (B). UV detection was conducted at 250 nm. Relative error of
HPLC determination, expressed as relative standard deviation of a sample of
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5mg L™ of tembotrione which was analyzed 10 times, was found to be 0.46%.
Moreover the limit of detection of the calibration curve [29] was 54.5 ug L™

Tembotrione mineralization was monitored by analyzing the total organic
carbon (TOC) in a Shimadzu TOC 5000A analyzer. 1.31% of relative error was
obtained (5 mg L™ of tembotrione which corresponds to 2.5 mg L' of TOC)
and the limit of detection of the calibration curve was 114 pg L.

MPS concentration evolution was analyzed spectrophotometrically by a
colorimetric method based on N,N-diethyl-pphenylenediamine (DPD)
oxidation [30], with a relative error of 3.44%. pH of the reaction media was
adjusted and controlled by means of a Radiometer Copenhagen pH-meter
(HPM82).

8.2.3. Photoreactor setup and experimental procedure

The reaction system, whose scheme is depicted in Figure 8.1, consisted of
a cylindrical 1.0 L borosilicate photoreactor. The glass reactor was located in
the middle of a 31cm external diameter pipe of 54 cm height. The reactor was
magnetically stirred by an IKA® RCT basic stirrer equipped with temperature
control. In order to maximize photons reflection, the internal wall of the pipe
was covered by aluminum foil. Four black light lamps of 41 cm height
(LAMP15TBL HQPOWERTM manufactured by Velleman®) were evenly placed
and attached to the internal wall of the pipe. Each lamp, which a nominal
power of 15 W, mainly emits radiation within the range 350-400 nm with a
maximum located at 365 nm. UVA photon flow was determined in a previous
work by means of ferrioxalate actinometry. Values of 1.77, 3.26, 5.13 and
6.86 10™ Einstein L' min™" with 1, 2, 3 and 4 lamps switched on, were
obtained [31]. Moreover, the intensity decreased to
3.65 107 Einstein L' min™' when the aluminum foil covering the internal wall
was substituted by a black surface (4 lamps switched on).
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31lcm 3lcm

22 cm

Figure 8.1 Frontal and top views of the photoreactor setup

In all experiments 5 mg L' of initial tembotrione was used. This abnormally
high concentration was used to be able to monitor TOC evolution.
Homogeneous experiments of MPS oxidation were carried out with the lamps
switched off, under stirring and control of temperature. Less than 10 mL of
MPS was added from a high concentrated solution to start the reaction.
Steadily samples were withdrawn from the reactor and quenched with
Na,S,03 0.5 M (10 pyL per 10 mL of sample). When required, pH was
controlled by NaOH or HCl addition. Heterogeneous photocatalytic
experiments were carried out in the same way, in this case, in order to reach
the tembotrione adsorption equilibria onto titanium dioxide (if any), each trial
was preceded by 30 min of stirring under absence of radiation. Millex-HA
filters (Millipore, 0.45 pm) were used to remove the catalyst before analysis.

8.3. RESULTS AND DISCUSSION

8.3.1. Monoperoxysulfate promoted experiments in the absence of light
and photocatalyst

Influence of initial Oxone® concentration

A series of preliminary experiments was carried out to investigate the
potential oxidation of tembotrione by monoperoxysulfate as a sole oxidizing
agent. The capability of monoperoxysulfate as oxidant in the absence of any
decomposition promoter has been reported previously by some authors [21].



CHAPTER VIII. PAPER SIX. Monoperoxysulfate photocatalysis under 365 nm radiation. Direct
oxidation and monoperoxysulfate promoted photocatalysis of the herbicide tembotrione

1 L 1 L 1

0 20 40 60 80 100 120 140 160 180

1 L 1 L 1 L 1

time (min)
Figure 8.2 Oxone® oxidation of tembotrione. Influence of the initial Oxone®
concentration. Experimental conditions: T=25°C; V=1.0 L; pH=3.1; Cremgo-5 mg L™
(average value); Coxoneo -10%(M): ®, 1.05; m, 2.52: o, 5.0; v, 10.0; 4, 25.1; v, 50.0; &,
10.0 (in the presence of UVA light). Solid lines correspond to pseudofirst order kinetics
fitting, R>>0.99 in all cases

Figure 8.2 shows the evolution of normalized tembotrione concentration in
experiments conducted in the presence of initial Oxone® concentrations in the
range 1.0-50 10 M. As inferred from the figure, tembotrione is eliminated at
acceptable rates by apparently following exponential pseudofirst order
kinetics. In these experiments, however, no TOC reduction was appreciated,
suggesting the absence or insufficient generation of powerful free radicals
species. Addition to double bonds is normally associated to direct attack of
monoperoxysulfate to organic molecules [32].

In the worst case, initial tembotrione concentration is at least 20 times
lower than monoperoxysulfate concentration. Accordingly, it can be assumed
that Oxone® concentration will remain practically constant along the oxidation
experiments. Also, as stated previously, monoperoxysulfate likely adds to any
tembotrione double bond in the molecule. Since this compound presents
several positions of potential attack, a generic n-th order was assumed
regarding Oxone® concentration. As a consequence, the following kinetic
expression was assumed to describe the process:
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_ dCraye =k C @l

Oxone

(8.1)

TEMB

where k is a rate constant depending on temperature and pH. If Oxone®
concentration remains constant:

dC .
—— =k COxoneOCTEMB:kObs Cren (8.2)
dt
After integration:
C
"=k, t (8.3)

TEMB

Values of kgps were obtained after plotting the left side member in
equation 8.3 versus time, leading to values of 0.113+0.002, 0.179+0.005,
0.364+0.012, 0.506+0.015, 0.754+0.014, 1.278+0.020 h™' in experiments
completed in the presence of 1.05, 2.52, 5.0,10.0, 25.1, and 50.0 10“ M of
Oxone® initial concentration, respectively.

The order regarding Oxone® concentration could be obtained after
applying natural logarithms to Kops:

=k C§

kObs Oxone,

In(ky,. )= In(k)+n In(C

(8.4)

Oxonegy )

An adeguate plot of equation 8.4 led to a value of n=0.62+0.03 (~2/3) and
k=22.2+1.43 M2 1 (R°=0.99) at pH 3.1.

Influence of temperature

Temperature influence was investigated in the interval 25-60°C.
Experiments were conducted in the presence of 102 M in Oxone®. Figure 8.3
shows the results obtained. Once again pseudofirst order kinetics regarding
tembotrione concentration could acceptably describe the process. In this case,
calculated kgps values were 0.506+0.015, 1.26+0.04, 2.29+0.08, and
4.29+0.06 h', corresponding to experiments completed at 25, 40, 50, and
60°C, respectively.
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Figure 8.3 Oxone® oxidation of tembotrione. Influence of temperature. Experimental
conditions: Coxone,0=107 M; V=1.0 L; pH=3.T; C1ems0=5 mg L' (average value); T (°C): e,
25; m 40; 4, 50; v, 60. (Inset: Arrhenius plot). Solid lines correspond to pseudofirst
order kinetics fitting, R>~0.999 in all cases.

Although heat could activate the decomposition of MPS into radicals,
monoperoxysulfate is poorly activated at temperatures below 80°C [33].
Accordingly, any effect observed by an increase in temperature will only be
related to changes in the value of the direct rate constant.

Assuming Arrhenius behavior in the observed rate constant:

EA
kObs: A(:gxoneO et
E (8.5)

ln(kObs)z ln(A ngone ) Sr—
°© R
where R is the universal gas constant, E, is the activation energy of the
process and A, the pre-exponential factor. A plot of equation (8.5) is shown in
the inset of Figure 8.3. From this plot, the activation energy of the process was

calculated to be 50.1+0.1 kJ mol™.

Again, no significant TOC reduction was experienced regardless of the
temperature used.
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Influence of pH

pH is an important parameter in monoperoxysulfate oxidation mediated
processes [21]. This aspect was assessed by completing an experimental
series at different pHs in the range 3-12. Figure 8.4 shows the results
obtained.

.0 02 04 06 0.8 10

o W M 00 N ©

- 0 20 40 60 80 100 120 140 160 180
time (min) Kops (N
Figure 8.4 Oxone® oxidation of tembotrione. Influence of pH. Experimental conditions:
T=25°C; Coxone0=107 M; V=1.0 L; Crems0=5 mg L' (average value); pH: @, 3.1; m, 4.0 4,
5.0; v,7.0; ¢,9.0;0,10.0; 2, 11.0; v, 12.0. (Right figure: observed rate constant as a
function of pH). Solid lines correspond to pseudofirst order kinetics fitting, R>>0.99 in
all cases.

Figure 8.4 reveals an optimum in pH around 7.0. Two effects could be
considered to explain these results. Hence, monoperoxysulfate has a second
acid dissociation pK, of roughly 9.4 while tembotrione presents a pK, of 3.2. It
seems that the anionic form of tembotrione is more reactive than the
molecular form, that is, increasing the pH above 3 up to circumneutral
conditions favors the process since the oxidant remains as HSOs". Contrarily, if
pH is increased above 7-8, monoperoxysulfate dissociates and the
predominant species is SOs°, which, apparently, reacts with the ionic form of
tembotrione at a lower rate than the protonated form. No mineralization of
the parent compound was observed no matter the working pH used.

As stated previously, no TOC reduction could be achieved by using
monoperoxysulfate as the only oxidant agent. In an attempt to improve the
process, UVA light was applied to the reaction media (see Figure 8.2). As seen
in Figure 8.2, tembotrione depletion was slightly improved if compared to the
run conducted in the dark under similar conditions. This improvement could be
associated to partial Oxone® decomposition due to UVA light absorption (not
probable because Oxone® does not absorb at 365 nm) or the generation of
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some intermediates acting as sensitizers of the photolysis (tembotrione does
not absorb UVA light). In any case, no mineralization of the herbicide could be
detected.

8.3.2. Oxone® promoted tembotrione photocatalysis

In an attempt to accelerate the parent compound removal and
simultaneously increase mineralization, some experiments were conducted in
the presence of Oxone® and Degussa P25 titania applying UVA light at
365 nm. For comparison purposes, some nonpromoted experiments were
also carried out.

Figure 8.5 shows the evolution of the normalized tembotrione
concentration in experiments conducted in the presence of titania at two
different pHs. As observed, the process is significantly improved both in terms
of tembotrione abatement rate and mineralization extent if compared to the
application of Oxone® as the unigue oxidant.

When pH is not adjusted, the non-promoted photocatalysis of tembotrione
leads to total parent compound abatement in roughly 90 min while if 10 M of
Oxone® is added, this time is reduced to 20 min and pH does not exert a
significant effect in tembotrione abatement when monoperoxysulfate is not
added to the reaction media, however some inhibition was observed in
Oxone® promoted experiments when increasing the pH from 3.1 to 7. pH
effect is associated to several parameters such as reagents pK, and also the
point of zero charge of titania which influences the adsorption extent.

The extent of synergism (Asynergism) reached during tembotrione

oxidation could be calculated as follows:

Agynerg-‘sm (%)_ |<O><onel3hot0|§at _(kPhotoCat _kOxone ) < —I OO (86)

OxonePhotoCat

where Koxonephotocat; Kphotocat @Nd Koxone represent the empirical pseudofirst
order rate constant corresponding to photocatalytic oxidation promoted with
Oxone®, without Oxone® and the direct reaction with Oxone®, respectively.
Table 8.1 shows the results of synergism. Hence, promoted photocatalytic
oxidation cannot be explained as the sum of photocatalytic and direct
oxidation processes, reaching higher synergism values for tembotrione at
acidic pH.
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Figure 8.5 Photocatalysis of tembotrione in the presence of titania P25. Influence of

Oxone® addition at different pHs. Experimental conditions: T=25°C; V=1.0 L;
Cremso=5 mg L' (average value); Cti02=0.05 g L™". Symbols: e, pH=3.17 and Coxoneo=0

M: o, pH=3.1 and Coxoneo=10" M; &, pH=7.0 and Coxone0=0 M; 4, pH=7.0 and

Coxone0=10"* M. Solid lines correspond to pseudofirst order kinetics fitting, R>0.99 in
all cases.

It is also noteworthy to highlight the mineralization extent achieved. A
maximum of roughly 70% after 3 h of treatment was experienced when
0.05 g L' of titania were used in the presence of Oxone® with no pH
adjustment. Once again, a synergistic effect is appreciated in TOC removal (see
Table 8.1).

In this section some experiments were conducted in the presence of free
radical scavengers (results not shown) at a high concentration of Oxone®
(10 M) in order to prove their inhibitory effect if any. Contrarily to Oxone®
photocatalysis, partial inhibition of the process was experienced at pH=7
suggesting the presence of radicals in solution. Methanol showed a higher
scavenging capacity than tert-butanol. If a sufficiently high scavenger
concentration is used (0.071 M), both alcohols lead to similar results, reducing
the pseudofirst order reaction rate constant from roughly 16 h™' to 6.3 h™.
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Table 8.1 Experimental pseudofirst order rate constant (h™') of tembotrione and TOC
removal obtained from Figure 8.5
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Tembotrione TOC
kOxonePhotoCat kPhotoCat kOxone ASynerg'\sm kOxonePhotoCat kPhotoCat kOxone ASynergism
(R?) (R?) (R?) (%) (R?) (R?) (RY) (%)
Uncontrolled 12.69 2.33 0.11 0.78 0.36
oH (0994)  (0984) (0994 °°®  (0g9s) (099 ° 38
B 3.69 1.82 5 0.25
pH=7 (0.999) (0983 %% 447 (0.992) 0 0

2 Obtained theoretically from equation 8.4 knowing koss at pH=7 and 10> M of Oxone®

8.3.3. Tembotrione photocatalysis in the presence of Oxone®.
Experimental design

A final effort was made to optimize the promoted photocatalytic process
by completing a Plackett-Burman experimental design (ED) with three factors
and two center points. The three factors were the initial concentrations of
Oxone® and herbicide concentration plus the amount of catalyst added to the
reaction media. Although pH exerts a high influence in the process, in order to
reduce the disadvantages associated to a pH adjusting step in a real
application, this parameter has not been considered in the experimental
design.

Table 8.2 shows the factor values of the ED. The observed pseudo first
order rate constant of tembotrione abatement was considered as the
response of the process.

The regression of the data was completed by codifying the values of the
factors between -1 and 1 corresponding to the minimum and maximum
values used. A freeware Excel addin was used in the process.

By considering a linear plus interaction regression, the best output of the
tembotrione abatement rate constant and the corresponding ANOVA analysis
is shown in Table 8.3.

Table 8.2 Plackett-Burman experimental design and responses
Crioe Coxone’10%  Cremso krems  Kroc'10% Koxone10°

Experiment /5y M) (mgl) (min!)  (min)  (min)
1 0.05 13 4.65 0.23 1.07 0.23
2 0.50 0.083 1.23 0.08 0.46 1.68
3 0.05 0.083 1.22 0.20 1.22 2.03
4 0.10 1.0 2.42 0.23 1.02 1.83
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5 0.10 1.7 2.43 0.23 0.64 1.37
6 0.50 13 1.29 0.79 0.68 0.70
7 0.05 12 4.60 0.23 0.81 0.17
8 0.50 0.083 5.12 0.04 0.63 0.59
9 0.50 14 4.59 0.25 0.64 0.46
10 0.05 0.14 511 0.06 0.44 1.01
11 0.05 0.11 1.27 0.29 1.44 1.54
12 0.50 0.13 3.66 0.04 0.18 1.1
13 0.05 12 0.88 0.98 1.61 0.79
14 0.50 13 0.88 1.01 1.05 0.45

Table 8.3 Modelling of tembotrione abatement and mineralization in the Oxone®
promoted photocatalysis system.

k;llMB = bO +b1CTIOZ +b2(:0><one +b3CTEMB +b4CTiOZ COxone +b5COxoneCTEMB
Model parameters e ANOVA [
(Krews™) parameters analysis Value
p-value-10?

bo 7.853 0.002 R? 0.941

b, 2.575 1.277 Ragj 0.905

b, -5.876 0.022 Durbin Watson d 2.06

bs 3512 0.779 SUM G SEUBIES 911
(regression)

ba 2782 0.973 Ll @] S8 U e 56.7
(residuals)

bs -2.650 2.877 Fsignit (Regression) 0.941

As inferred from Table 8.3, tembotrione abatement is acceptably modelled
showing an Rzadj of 0.905, i.e. all the terms in the model are significant. Under
the operating conditions investigated, titania and tembotrione concentrations
show a negative effect in the pseudofirst order rate constant while Oxone®
exerts a positive influence. An optimum in titania concentration was
experimentally observed in the proximity of 0.05 g L', coinciding with
theoretical calculations of the LVRPA (Local Volumetric Rate of Photon
Absorption) by means of Monte Carlo simulations (results not shown). The
negative effect observed at higher titania concentrations is normally
associated to a “shielding” effect, however, this aspect is at least controversial
and is not substantiated by theoretical calculations. Likely, the negative effect
observed is related to particle agglomeration leading to a lower surface
exposed to radiation and tembotrione adsorption.
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Figure 8.6 compares the values of krews™' calculated and experimentally
obtained. Also using the model parameters, some validation reactions
completed at different titania concentrations and 10 M in Oxone® have been
simulated and compared to model results. The simulation acceptably predicts
the tembotrione removal profiles in runs not used in the experimental design.
Some discrepancies were observed in the reaction completed with 0.05 g L™
of titania; however, given the complexity of the system, these differences can
be assumed within the uncertainty of the process variables.
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Figure 8.6 Oxone® promoted photocatalysis of tembotrione in the presence of titania
P25. Left: comparison of experimental and model calculations. Right: Influence of
titania concentration from model calculations. Experimental conditions: T=25°C; V=1.0
L; pH=3.7; Coxone0=10"*M, Crems0=5 mg L' (e, experimental results at different titania
concentrations)

8.4. CONCLUSIONS

Use of Oxone® seems to be a suitable alternative to oxidize organic
agueous contaminants. Direct tembotrione MPS oxidation follows 2/3 and first
order in MPS and tembotrione concentrations, respectively. pH exerts an
important effect since MPS and tembotrione pK,'s do affect the process.
50.1 kJ mol' of activation energy was found to describe temperature
influence on rate constant, according to Arrhenius definition.

MPS improves photocatalytic oxidation of tembotrione in both, parent
compound and mineralization rate. The experimental design carried out
shows that under the operating conditions investigated; titania and
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tembotrione concentrations show a negative effect in the pseudofirst order
rate constant while initial concentration of Oxone® exerts a positive influence.

Acknowledgments

Authors thank economic support received from Gobierno de Extremadura
and CICYT of Spain through Projects GRU10012 and CTQ2012-35789-C02-01,
respectively. Mr. Rafael Rodriguez Solis also thanks Gobierno de Extremadura,
Consejeria de Empleo, Empresa e Innovacion, and FSE Funds for his Ph.D. grant
(PD12058).

REFERENCES

[1] Sutton P, Richards CL, Buren L, Glasgow L, Activity of mesotrione on
resistant weeds in maize. Pest Manag Sci 58 (2002) 981-984

[2] Tarara G, Fliege R, Desmarteau D, Kley C, Peters B, Environmental fate of
tembotrione. Bayer Crop Sci J 62 (2009) 63-78

[3] Transparency Market Research USA & Canada, 2015. Global Tembotrione
Market to Be Driven by Usage in Glyphosate-resistant Weed Control.
http://www.transparencymarketresearch.com/article/global-
tembotrione-market.htm (last accessed 01-04-2016)

[4] European Union, Commission implementing decision of 10 April 2012
allowing Member States to extend provisional authorizations granted for
the new active substances amisulbrom,  chlorantraniliprole,
meptyldinocap, pinoxaden, silver thiosulfate and tembotrione. Official J
Eur Union 102 (2012) 15-16

[5] Tawk A, Deborde M, Labanowski J, Gallard H, Chlorination of the b-
triketone herbicides tembotrione and sulcotrione: kinetic and mechanistic
study, transformation products identification and toxicity. Water Res 76
(2015) 132-142

[6] Calvayrac C, Bontemps N, Nouga-Bissoue A, Romdhane S, Coste (M,
Cooper JF, Photolysis of tembotrione and its main by-products under
extreme artificial conditions: comparison with another [-triketone
herbicide. Sci Total Environ 452-453 (2013) 227-232

[7] Trivella A, Stawinoga M, Dayan FE, Cantrell CL, Mazellier P, Richard C,
Photolysis of natural b-triketonic herbicides in water. Water Res 78 (2015)
28-36

[8] Halle AT, Richard R, Simulated solar light irradiation of mesotrione in
natural waters. Environ Sci Technol 40 (2006) 3842-3847



CHAPTER VIII. PAPER SIX. Monoperoxysulfate photocatalysis under 365 nm radiation. Direct | 247
oxidation and monoperoxysulfate promoted photocatalysis of the herbicide tembotrione

[9] Bensalah N, Khodary A, Abdel-Wahab A, Kinetic and mechanistic
investigations of mesotrione degradation in aqueous medium by Fenton
process. J Hazard Mater 189 (2011) 479-485

[10] Jovi¢ M, Manojlovi¢ D, Stankovi¢ D, Dojc¢inovi¢ B, Obradovi¢ B, Gasi¢ U,
Rogli¢ G, 2013. Degradation of triketone herbicides, mesotrione and
sulcotrione, using advanced oxidation processes. J Hazard Mater 260
(2013) 1092-1099

[11] Murati M, Oturan N, Aaron JJ, Dirany A, Tassin B, Zdravkovski Z, Oturan
MA, Degradation and mineralization of sulcotrione and mesotrione in
aqueous medium by the electro-Fenton process: a Kinetic study. Environ
SciPollut Res 19 (2012) 1563-1573

[121Sun J, Li X, Feng F, Tian X, Oxone/Co** oxidation as an advanced oxidation
process: comparison with traditional Fenton oxidation for treatment of
landfill leachate. Water Res 43 (2009) 4363-4369

[13] Anipsitakis GP, Stathatos E, Dionysiou DD, Heterogeneous activation of
oxone using Co304. ) Phys Chem B 109 (2005) 13052-13055

[14]Su S, Guo W, Leng VY, Yi C, Ma Z, Heterogeneous activation of Oxone by
CoFes.x04 nanocatalysts for degradation of rhodamine B. ). Hazard Mater
244-245 (2013) 736-742

[15]Yao VY, Xu C, Qin J, Wei F, Rao M, Wang S, Synthesis of magnetic cobalt
nanoparticles anchored on graphene nanosheets and catalytic
decomposition of orange I. Ind Eng Chem Res 52 (2013) 17341-17350

[16] Fernandez J, Maruthamuthu PA, Kiwi J, Photobleaching and mineralization
of Orange Il by oxone and metal ions involving Fenton like chemistry under
visible light. ) Photochem Photobiol A 161 (2004) 185-192

[17]Rivas FJ, Gimeno O, Borralho T, Carbajo M, UV-C radiation based methods
for aqueous metoprolol elimination. J Hazard Mater 179 (2010) 357-362

[18] Gao YQ, Gao NY, Deng Y, Yin DQ, Zhang VS, Rong WL, Zhou SD, Heat
activated persulfate oxidation of sulfamethoxazole in water. Desalination.
Water Treat 56 (2015) 2225-2233

[19] Anipsitakis GP, Dionysiou DD, Gonzalez MA, Cobalt-mediated activation of
peroxymonosulphate and sulphate radical attack on phenolic compounds.
Implications of chloride ions. Environ Sci Technol 40 (2006) 1000-1007



248

Photocatalytic oxidation of agueous herbicides with radiation of low energy.
Application of catalysts, ozone and peroxidic promoters

[20]Ji F, Li C, Deng L, Performance of CuO/Oxone system: heterogeneous
catalytic oxidation of phenol at ambient conditions. Chem Eng J 178
(2011) 239-243

[21]Rivas FJ, Gimeno O, Borallho T, Agueous pharmaceutical compounds
removal by potassium monopersulfate. Uncatalyzed and catalyzed
semicontinuous experiments. Chem Eng J 192 (2012) 326-333

[22]1Deng J, Shao Y, Gao N, Tan C, Zhou S, Hu X, CoFe,0, magnetic
nanoparticles as a highly active heterogeneous catalyst of oxone for the
degradation of diclofenac in water. ) Hazard Mater 262 (2013) 836-844

[23]Romero A, Santos A, Vicente F, Gonzalez C, Diuron abatement using
activated persulfate: effect of pH, Fe(ll) and oxidant dosage. Chem Eng J
162 (2010) 257-265

[24]Cong J, Wen G, Huang T, Deng L, Ma J, 2015. Study on enhanced
ozonation degradation of para-chlorobenzoic acid by peroxymonosulfate
in aqueous solution. Chem Eng J 264 (2015) 399-403

[25] Anipsitakis GP, Tufano TP, Dionysiou DD, Chemical and microbial
decontamination of pool water using activated  potassium
peroxymonosulfate. Water Res 48 (2008) 2899-2910

[26] Malato S, Blanco J, Richter C, Braun B, Maldonado MI, Enhancement of the
rate of solar photocatalytic mineralization of organic pollutants by
inorganic oxidizing species. Appl Catal B Environ 17 (1998) 347-356

[27] Gimeno O, Carbajo M, Lopez MJ, Melero JA, Beltran FJ, Rivas FJ,
Photocatalytic promoted oxidation of phenolic mixtures: an insight into the
operating and mechanistic aspects. Water Res 41 (2007) 4672-4684

[28] Shukla PR, Wang S, Ang HM, Tadé MO, Photocatalytic oxidation of phenolic
compounds using zinc oxide and sulfate radicals under artificial solar light.
Sep Purif Technol 70 (2010) 338-344

[29] Miller JN, Miller JC, Stadistics and Chemometrics for Analytical Chemistry,
sixth ed. Pearson, Harlow 2010

[30] Fukushima M, Tatsumi T, Effect of hydroxypropyl-b-cyclodextrin on the
degradation of pentachlorophenol by potassium monopersulfate
catalyzed with iron(lll)-porphyrin complex. Environ Sci Technol 39 (2005)
9337-9342

[31]Rivas J, Solis RR, Gimeno O, Sagasti J, Photocatalytic elimination of
aqueous 2-methyl-4-chlorophenoxyacetic acid in the presence of



CHAPTER VIII. PAPER SIX. Monoperoxysulfate photocatalysis under 365 nm radiation. Direct | 249
oxidation and monoperoxysulfate promoted photocatalysis of the herbicide tembotrione

commercial and nitrogen-doped TiO.. Int J Environ Sci Technol 12 (2015)
513-526

[32] Renganathan R, Maruthamuthu PJ, Kinetics and mechanism of oxidation
of aromatic aldehydes by peroxomonosulfate. Chem Soc Perkin Trans 11
(1986) 285-289

[33]Yang S, Wang P, Yang X, Shan L, Zhang W, Shao X, Niu R, Degradation
efficiencies of azo dye Acid Orange 7 by the interaction of heat, UV and
anions with common oxidants: persulfate, peroxymonosulfate and
hydrogen peroxide. ) Hazard Mater 179 (2010) 552-558






CHAPTER NINE

PAPER SEVEN

Removal of aqueous metazachlor, tembotrione,
tritosulfuron and ethofumesate by heterogeneous
monoperoxysulfate decomposition on lanthanum-

cobalt perovskites
Appl Catal B Environ 200 (2017) 83-92

Rafael R. Solis, F. Javier Rivas, Olga Gimeno

ABSTRACT. This study reports LaCoOs perovskite oxide activity in the removal of aqueous
herbicides (metazachlor, tembotrione, tritosufuron and ethofumesate) by means of potassium
monoperoxysulfate (MPS) decomposition. The influences of initial MPS concentration and
catalyst load have been assessed. MPS is instantaneously absorbed onto the perovskite surface
where this species decomposes. Thus, MPS breakage leads to the formation of powerful
oxidizing radicals which react with herbicides in solution. Tritosulfuron was the most recalcitrant
compound towards this technology. Catalyst stability was tested by means of consecutive reuse
cycles. No appreciable loss of activity was experienced. Experiments in the presence of
tert-butyl alcohol, methanol and carbonate outlined the importance of radicals in herbicides
degradation. Finally, synthetized LaCoOs was characterized. Scanning and transmission
electron microscopy showed the presence of nanosized material, mostly spherical shaped, with
15.20 m?g™' of BET area. LaCoO3 perovskite structure was corroborated by diverse techniques
such as X-ray fluorescence (La:Co atomic ratio of 1:1), X-ray photoelectron spectroscopy
(surface Co(lll) and La(lll)), and X-ray diffraction (rhombohedral LaCoO3 phase).
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9.1. INTRODUCTION

Farming uses large amounts of herbicides which usually run off into water
resources. Therefore, a large list of different herbicides and pesticides is
frequently detected in surface waters as micropollutants [1,2]. These
discharges suppose a great environmental impact causing undesirable effects
on non-targeted species. Metazachlor (Cy4H.6CIN3O, CAS 67129-08-2,
METAZ) belongs to chloroacetamide family, tembotrione (Ci;H,ClF506S, CAS
335104-84-2, TEMB) is a synthetic B-triketone, tritosulfuron (C;3HgFgNs04S,
CAS 142469-14-5, TRITO) is a sulfonylurea and ethofumesate (Ci3H1505S,
CAS 26225-79-6, ETHO) is an example of benzofuran selective systemic
herbicide. All of them are commonly applied as pre and post-emergence
control of diverse weeds in a wide variety of crops. Table 9.51 shows some of
their most important properties. Although the majority of these herbicides are
relatively new in use, their occurrence in water is being screened at ng L™ or
even ug L' levels [1-5].

Oxone® (2KHS0s5-KHS0,4K,504) is the commercial name of the main
source of potassium monoperoxysulfate (MPS), which is considered a versatile
and environmentally friendly oxidant used for bleaching, cleaning and
disinfection. MPS is attracting attention due to its capacity of producing sulfate
radicals which have some advantages over hydroxyl radical, such as higher
oxidation potential, higher selectivity and effectiveness; wider pH range for
reaction and higher half-life [6]. MPS can be activated by means of
temperature [7], UV radiation [8], and metallic catalysts [7]. Hence, cobalt is
catalogued as one of the best transition metal in the homogeneous activation
of MPS [9]. However, homogeneous catalysis requires the further removal of
the catalyst, especially in those cases where the active substance presents
toxic properties. Actually, cobalt shows toxicity and causes health problems at
very low concentrations, leading to the development of asthma, pneumonia
and cardiomyopathy [10]. As a consequence, developing heterogeneous
catalysts containing cobalt for MPS activation seems to be a challenging and
promising alternative. Nevertheless, acid conditions usually lead to cobalt
leaching. Thus, this latter aspect has to be taken into account.

A number of previous studies have investigated the heterogeneous
catalytic decomposition of MPS using cobalt oxides such as CoO and Cos04
[11], spinel cobalt ferrite (CoFe,05) [12], and cobalt supported onto diverse
materials like different oxides (Ti0,, MgO, Al,05, Si0,, MnO, or Zn0) or
activated carbon [6]. In a high number of cases, problems associated to cobalt
leaching have been experienced.
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Perovskite oxides derive from the ABO; structure, where the A cation is
larger than the B cation. LaXO5 perovskite oxides have been demonstrated to
be active in wet peroxide oxidation processes [13]. Lanthanum perovskites
have successfully been used in catalytic ozonation [14] and some H,0, and/or
UV mediated processes [15]. Nevertheless, to author's knowledge, no
attention to LaCoOs; as a MPS activator has been paid. The present study
reports the use of LaCoO5 perovskite oxide in MPS activation. LaCoO5 has
been synthetized, and the solid characterized by means of nitrogen isotherm
adsorption, scanning and transmission electron microscopy, X-ray
photoelectron spectroscopy, X-ray fluorescence and X-ray diffraction. LaCoO3
and MPS combination has been applied to a mixture of four herbicides in water
(metazachlor, tembotrione, tritosulfuron and ethofumesate). The
effectiveness of LaCo03 and MPS combination has been studied varying MPS
concentration, catalyst load and solution pH, which are the main operating
variables. Cobalt leaching has also been considered at different operating pHs.
Catalyst reusability and radical scavenger presence have also been assessed.

9.2. EXPERIMENTAL
9.2.1. Materials

Analytical herbicide Pestanal® standards were purchased from Sigma-
Aldrich®. Oxone® was acquired from Sigma-Aldrich®. Lanthanum (lll) nitrate
hexahydrate (>99.99%) from Aldrich®, cobalt (II) acetate tetrahydrate (>98%)
from Sigma-Aldrich® and citric acid (99%) from Aldrich® were used for
perovskite synthesis. The rest of chemicals were purchased from Sigma-
Aldrich and used as received. Acetonitrile from VWR Chemicals was used in
HPLC determination of herbicides in water. All solutions were prepared with
ultrapure water from a Milli-Q® academic (Millipore) system (18.2 MQ cm).

9.2.2. Catalyst synthesis and characterization

LaCoO5 perovskite was synthetized in the presence of citric acid as
complexing organic agent [16]. In a typical synthesis run, La(NO3)5-6H,0 and
Co(CH5C00),-4H,0 with a molar ratio La:Co=1:1 were dissolved in 400 mL of
ultrapure water. After 1 h mixing under magnetic agitation, 100 mL of citric
acid in excess (twice the stoichiometrically needed for each metal [16]) was
slowly added. The resultant solution was heated at 100°C to remove water
excess, drying thereafter the obtained pinkish gel. The solid was grinded and
calcined at 700°C for 7 h. This catalyst was used in all experiments.

pH of point of zero charge (pH,,.) was obtained by mass titration method
[17]. Briefly, a solution of HNO3 0.1 M was prepared and pH adjusted until
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value of 3 with NaOH 0.1 M. Different containers with increasing amounts of
solid (0.05, 0.1, 0.5, 1, 5, 10 and 20%) were filled with 15 mL of solution.
Solutions were kept under stirring and pH was measured after 48 h of
equilibria. A plot of pH versus solid fraction (%) gives a curve which tends
asymptotically to pH,, value.

BET surface area was quantified by means of nitrogen adsorption
isotherms obtained at 77 K with a Quadrasorb instrument (Quantachrome).
Prior to analysis, samples were treated at 150°C for 24 h under high vacuum
conditions.

Scanning Electron Microscopy (SEM) was conducted in a Hitachi-S-4800
coupled to a secondary electrons detector (acceleration voltage 20 kV) while
Transmission Electron Microscopy (TEM) analysis was applied using a TEM
Tecnai G2 20 Twin-FEI company apparatus (filament LaB6, voltage 200 kV,
magnification up to 1.05 10°).

X-ray Photoelectron Spectroscopy (XPS) spectra were obtained using a
XPS K-alpha-Thermo Scientific device, working with a Koo monochromatic
source of Al (1486.68 eV). A value of 284.8 eV for the C 1s peak was taken to
calibrate the signals of the rest peaks. High resolution of XPS spectra for La
3d, Co 2p and O 1s were recorded.

The XRF measurements were carried out by a sequential wavelength
dispersive X-Ray Fluorescence (WDXRF) spectrometer (S8 Tigger, Brucker)
equipped with an X-ray tube of rhodium anode operating at 60 kV, and
170 mA.

Thermal Gravimetry, Differential Temperature Analysis and released gases
Mass Spectrometry (TG-DTA-MS) was performed with a Setaram SETSYS
Evolution-16 equipment connected to a PrismaTM QMS200 quadrupole mass
spectrometer. The operation conditions were: sample loading 21 mg, air flow
rate 50 mL min”' and heating rate of 10°C min™' from room temperature to
800°C.

Crystalline phases were analyzed by X-Ray Diffraction (XRD), in a Bruker D8
Advance diffract meter equipped with @ monochromator of Ge 111 Ko of Cu
(wavelength, 1.5456 A). A temperature chamber complemented the
installation in order to obtain difractograms through temperature variation.

9.2.3. Experimental setup and procedure

The experimental reaction system basically consisted of a 1.0 L borosilicate
cylindrical glass vessel. It was magnetically stirred by an IKA® RCT stirrer
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equipped with temperature control. The reactor was filled with 1.0 L of
herbicides (1 mg L' of each) water solution. pH was adjusted by NaOH
addition (10 or T M). In order to start the reaction, a small volume (less than
10 mL) of a high concentrated MPS solution was initially added, and pH was
thereafter readjusted. Previously, to achieve the adsorption equilibrium, the
solution was kept under stirring for 30 min. Samples were regularly extracted
at different times and filtered with Millex-HA filters (Millipore, 0.45 pm). HPLC
samples were quenched with Na,5,05 0.5 M (10 pL per 1 mL of sample).

9.2.4. Analytical methods

Herbicides were analyzed by an Agilent 1100 (Hewlett-Packard) High
Performance Liquid Chromatography equipped with UV detection (HPLC-UV).
The column used was a Kromasil 100 5C18 (5 pym, 2.1x150 mm). A mobile
phase composed by 0.1% H3PQO, acidified water (A) and acetonitrile (B) was
pumped at a flow rate of 1 mL min™', with an isocratic percentage composition
of 55:45 A:B. UV detection was conducted at 220 nm. Observed retention
times were 6.4, 11.3, 12.5 and 14.9 min for metazachlor, tembotrione,
tritosulfuron, and ethofumesate, respectively. Figure 9.51 shows a typical
example of chromatogram.

MPS concentration evolution was analyzed spectrophotometrically by a
colorimetric method based on N,N-diethyl-p-phenylenediamine (DPD)
oxidation [18].

Cobalt leaching was quantified by means of atomic absorption, using a
Varian SpectrAA Series 140 instrument. Alternatively, this methal was also
analyzed spectrophotometrically by the zincon method [19].

pH of the reaction media was monitored, adjusted and controlled by means
of a Crison GLP 21+ pH meter, whose electrode was submerged into the
reactor.

9.3. RESULTS AND DISCUSSION
9.3.1. Operating variables influence

pH influence and cobalt leaching

As stated in the introduction section, one of the main drawbacks in using
heterogeneous catalysts containing transition metals is the deactivation of the
catalyst due to leaching of these metals into the water bulk [20]. Additionally,
homogeneous catalysis of dissolved metals may mislead to the interpretation
of the results obtained. Accordingly, a first experimental series was conducted
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at different pH operating conditions. In addition to parent compound removal,
leached cobalt was also monitored in these experiments.

Figure 9.1 shows the results obtained when pH 3, 5, 7, and 9 were used.
Previous to these experiments, blank runs demonstrated the negligible
reactivity of monoperoxysulfate alone towards individual herbicides (the
exception was tembotrione). However, some conversion was obtained in all
herbicides when treated with MPS simultaneously (likely, tembotrione partial
conversion generates some species capable of reacting with the rest of
herbicides).

0.0

0.0 Il Il Il Il . —
0 20 40 60 80 100 120 140 160 180 0 20 40 60 80 100 120 140 160 180

time (min) time (min)
Figure 9.1 Oxone® mediated elimination of a mixture of herbicides in the presence of
LaCoOs. Influence of pH. Experimental conditions: Chemiqce=1T mg L' each,
Claco03=0.5 g L™, T=20°C. Coxone,0=1.0 10* M, pH: ®,3.0; m, 5.0; 4,7.0; v, 9.0; 4, 7.0,
homogeneous contribution. Open symbols in top right figure: Oxone® conversion.
Inset figure: leached cobalt (grey filled symbols correspond to atomic absorption
analysis, black ones were spectrophotometrically obtained).

As observed in Figure 9.1, the system is more effective at low pH. Hence,
instantaneous 100% conversion (less than 1 min) of metazachlor,
tembotrione and ethofumesate was experienced when pH values in the range
3-5 were used. Tritosulfuron was the most recalcitrant compound, requiring
more than 100 min to achieve 90% elimination. Inset in Figure 9.1 depicts the
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evolution of cobalt in water. At the sight of the figure, a significant leaching of
cobalt to water bulk was obtained when the working pH was 3. The
concentration of this transition metal was as high as 4 mg L' even before the
addition of Oxone®, (leached during the 30 min adsorption period). Under
these conditions, the homogeneous reaction predominates over the
heterogeneous path. Moreover, as the reaction progresses, the concentration
of cobalt reaches values in the proximity of 10 mg L. Oxone® is easily
decomposed in the presence of dissolved cobalt leading to radical species
[11]. Hence, monoperoxysulfate concentration rapidly decreases at pH 3 and
5. As a consequence, tritosulfuron abatement comes to a halt when Oxone®
conversion reaches roughly 90%. Homogeneous catalyzed Oxone®
decomposition rate is favored at alkaline conditions [21], explaining why the
peroxide is faster removed at pH 5 than at pH 3, even when cobalt
concentration is lower at the more basic pH. Monoperoxysulfate
decomposition orders regarding Co®* and H* concentrations are 1 and -1,
respectively [22]. Accordingly, a 5-10 fold increase in dissolved cobalt
concentration exerts a lower influence than a 100-fold decrease in protons. At
circumneutral or basic pH, leached cobalt concentration is quite low (below
0.2 mg L™ or 3.4 10°° M). The homogeneous contribution was analyzed at
neutral pH by carrying out an experiment in the presence of 0.2 mg L' of
cobalt, which is the observed cobalt lixiviated at this pH. The results revealed
that herbicide conversions were similar to those obtained in a blank run in the
presence of Oxone® and absence of cobalt and catalyst.

pH reduces cobalt leaching and decreases monoperoxysulfate abatement.
The pH,,. value of the catalyst was found to be 9.08 (Figure 9.52). This
explains the ability of the catalyst to adsorb anions, such as monopersufate,
at acidic or neutral pH since its surface is positively charged. The low MPS
decomposition at pH=9 is likely related to its second acid dissociation pK,;=9.4.

Oxone concentration

Taking into account the results obtained in the previous section, in order to
avoid cobalt leaching and limit this study to the heterogeneous catalysis, next
experiments were conducted at pH 7, a compromise between leached cobalt
and reaction rate. The influence of the initial Oxone® concentration was
studied in the range 10-107 M. Figure 9.2 shows the results obtained in this
experimental series. As inferred from this figure, Oxone® concentration above
510“ M led to the instantaneous removal of metazachlor, tembotrione and
ethofumesate while tritosulfuron required almost one hour to completely
disappear when 5 10% M in Oxone® was used. As stated previously,
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experiments in the absence of perovskite did show some reactivity of Oxone®
towards the herbicides when simultaneously treated.
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Figure 9.2 Oxone® mediated elimination of a mixture of herbicides in the presence of

LaCo0s. Influence of initial Oxone® concentration. Experimental conditions:

Chierbicide=1 Mg L each, pH=7, Claco03=0.5g |_71, T=20°C. Coxoneo"1 04 (M): o, 1.0; m 2.0;
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An analysis of Oxone® uptake (measured as moles of monoperoxysulfate
consumed per mol of herbicide abated, see Figure 9.3), applied to the two
runs conducted with the lowest oxidant concentration revealed an efficient
consumption of the oxidant up to values of 60-70% of total herbicides
conversion; thereafter, the stoichiometric coefficient sharply increased by
following an exponential growth, likely due to the accumulation of
intermediates competing for the active oxidizing species generated.

From a practical point of view, conversion values below 70% are
recommended provided that the effluent can be further polished in a
biological step or fulfill the regulatory laws of direct discharge. At this point, it
should be pointed out that 70% total conversion involves the complete
elimination of metazachlor and tembotrione and 80% removal of
ethofumesate. Tritosulfuron, being the most recalcitrant compound only
achieves a scarce 10% oxidation.
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Figure 9.3 Oxone® mediated elimination of a mixture of herbicides in the presence of
LaCo0s. Monoperoxysulfate uptake as a function of total conversion. Experimental
conditions: Chericde = 1 mg L™ each, pH = 7, Clacoos = 0.5 g LT, T = 20°C.
COXOHE,0:1 0 - 20 1074 M

Catalyst concentration influence

An additional experimental series was conducted at different perovskite
concentrations by maintaining the rest of operating variables constant.
Figure 9.4 depicts the results obtained when 10 M in Oxone® was used. As a
rule of thumb, perovskite amount exerts a positive influence on herbicides
conversion, although global differences are minor when analyzing the results
of total herbicide abatement achieved when 0.5, 1.0 and 1.5 g L' of catalyst
were used (see bottom-right inset of Figure 9.4 which depicts total conversion
versus time).

Once more, Figure 9.4 confirms the recalcitrance of tritosulfuron if
compared to the reactivity of the rest of herbicides. The shape of the curves
revealed a fast initial period (first 2-3 min) where herbicide concentration
sharply decreases. Thereafter, the removal rate slows down resembling first
order like kinetics. A priori, this behavior cannot be attributed to a fast
adsorption of herbicides. Hence, previous to each experiment, the herbicides
solution is stirred in the presence of perovskite for 30 min with negligible
change in their aqueous concentration.
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Figure 9.4 Oxone® mediated elimination of a mixture of herbicides in the presence of
LaCo0s. Influence of perovskite concentration. Experimental conditions:
CHerbicice=1 mg L™ each, pH=7, T=20°C. Coxone0=1.0 T0* M, Clacoo3 (g L™"): ®, 0.25; m,
0.50; 4, 1.0; v, 1.5. Inset Figures: top-left, Oxone® normalized concentration; top-
right, monoperoxysulfate uptake; bottom-left, cobalt leached; bottom-right, total
herbicide conversion.

On the one hand, the rise of catalyst load does significantly affect the rate
of decomposition of monoperoxysulfate (top-left inset of Figure 9.4) which
denotes the role played by the catalyst in the formation of radicals. On the
other hand, a high amount of solid seems to negatively affect the
monoperoxysulfate efficient uptake (top-right inset of Figure 9.4). Hence, a
slightly higher consumption of Oxone® was experienced when 1.5 g L™ of
LaCoO5 was used, not leading to an appreciable improvement in herbicides
total conversion if compared to results obtained when lower solid
concentrations were used.

Additionally, the bottom-left inset of Figure 9.4 shows that the amount of
cobalt leached was negligible, below 0.2 mg L', and constant regardless of
the initial perovskite concentration or elapsed reaction time. This small
amount suggests a high stability of the catalyst which was thereafter checked
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by conducting some runs using the same recovered catalyst. From the
experimental results obtained previously the following simplified mechanism
is proposed, taking monoperoxysulfate and organic matter (represented as R)
into account:

HSO; +LaCo0, =2 HSO; (adsorbed) (9.1)
HSO5 (adsorbed) — (HO orS03) (9.2)
(HO" or S03)+R — R +(H,0 or HS0Z) (9.3)
R*+0, —R0OO" (9.4)
R-H+R0O" —>ROOH+R’ (9.5)
ROOH—R0OO" +HO' (9.6)

Hence, the fast adsorption of monoperoxysulfate until equilibrium would
lead to the instantaneous generation of radicals and fast removal of
herbicides. Thereafter, a chain radical mechanism would evolve accounting for
the second slower stage. The second stage would be controlled by the rate of
organic radical reactions.

Catalyst stability

To ascertain the stability of the catalyst, six consecutive runs were
conducted by recycling the catalyst used. As observed in Figure 9.5, the solid
maintains its activity even in the last run. This fact is also corroborated if
considering the monoperoxysulfate depletion profile shown in the embedded
plot. No appreciable cobalt leaching was experienced in these experiments.
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Figure 9.5 Oxone® mediated elimination of a mixture of herbicides in the presence of
LaCoO0s. Influence of perovskite reuse. Experimental conditions: Chericide=1 Mg L™’
each, pH=7, T=20°C. Coxone0=1.0 10% M, Claco03=0.5 g L. e, Fresh catalyst; =, 1
reuse; 4, 2" reuse; v, 3" reuse; #, 4" reuse; 4, 5" reuse. Inset Figure: Oxone®
normalized evolution

Scavengers influence

The influence of radical scavengers was assessed by using tert-butyl
alcohol (t-BuOH), Methanol (MeOH) and carbonates which react with hydroxyl
and sulfate radicals with second order rate constants of 6 108 M's™' [23] and
410°M7's'[24],9.7 108 M s [25] and 3.2 10° M s [26], and 8.5 108 M 's™!
[27]1and 9.1 10°M's™' [28], respectively.

Figure 9.6 reveals some interesting aspects. Hence, tert-butyl alcohol, a
well-known hydroxyl radical scavenger, has no significant influence in the
monoperoxysulfate decomposition rate onto the perovskite surface. This fact
suggests that monoperoxysulfate is not decomposed by free hydroxyl radicals
found in the solution bulk according to:

k=1.010" M5

HO" +HS0z »505 +H,0 9.7)

0 30 60 90 120 150 180 ) 20 40 60 80 100 120
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Figure 9.6 Oxone® mediated elimination of a mixture of herbicides in the presence of
LaCoOs. Influence of scavengers presence. Experimental conditions: Crericide=1 mg L™’
each, pH=7, T=20°C. Coxone0=1.0 10% M, Crac003=0.5 g L, Scavenger: e, No
scavenger; ®, Methanol 102 M; 4, tert-butanol 10 M; v, Carbonates 5 1073 M. . Inset
Figure: Oxone® normalized evolution

These results could be expected since herbicides compete with the
promoter to trap the HO™ species (Reaction 9.3) showing second order rate
constants around 2-3 orders of magnitude higher. Accordingly, by considering
the total herbicide concentration (roughly 12 pM) and an average second order
rate constant of 5 10° M's™", the ratio of the above competing reactions would
be:

Ratio= kHo'vherb;ddescherbicides - 51 09 x1.21 075 -
C 110" x2.0107°

HO" HSO; ~HSO5

(9.8)

However, the presence of the tertiary alcohol partially inhibits the removal
rate of the herbicides, suggesting that HO" species are present in solution.

Given the particular effect of MeOH addition, this reaction was conducted
by triplicate. The reproducibility of the results confirmed a fast inefficient
monoperoxysulfate depletion leading to a significant inhibition of herbicides
removal. The inhibition is likely related to suppression not only of HO" but also
of sulfate radicals due to their reactions with methanol. Additionally,
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monoperoxysulfate would tentatively be decomposed by reacting with
hydroxymethyl radicals (Equation 9.12) initiating an inefficient chain
mechanism in terms of herbicides removal. Additionally, the aforementioned
hypothesis would sustain why tembotrione is less affected since this
compound directly reacts with monoperoxysulfate. The mechanism
supporting these facts obeys the following reactions [22, 28]

HO" +CH,0H—<211CM 55 *CH OH+H,0 (9.9)
"CH,0H+ "CH,0H—1210M5 5 (CH,0H), (9.10)
"CH,0H+ *CH,0H—2419 (1 0+ CH,0 (9.11)
"(H,0H+HS0; —550; +H,0+CH,0 9.12)
HSO; +50; —2M s 3 HSO; +50; (9.13)
SO; +H,0e——HS0; +HO (9.14)
250 RO 45 g2 9.15)
SO; +CH,OH—=122 550" + *CH,0H (5.16)

Carbonates negatively affect herbicides removal rates, likely due to radical
scavenging. However, contrary to MeOH, monoperoxysulfate is decomposed
to a lower extent if compared to the experiments in the absence of
scavengers. The explanation can be associated to two potential effects, on
one hand by partially avoiding the reactions of radicals and
monoperoxysulfate; and on the other hand, the most probable cause may be
that carbonates could negatively affect the adsorption of Oxone® onto the
perovskite surface impeding its decomposition.

9.3.2. Catalyst characterization

Figure 9.S3 reports results of nitrogen adsorption isotherm. As it could be
observed, LaCoOs provides a type Il isotherm, which is characteristic of non-
porous or macroporous materials. In this kind of isotherm unrestricted
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monolayer and multilayer adsorption may take place. Multipoint BET surface
area fitting (see Figure 9.53 inset) in the range p/po 0.1-0.35 led to a specific
surface area of 15.20 m? g, which is indicative of a non-porous material
(R=0.998). It might proof the fact of a nanosized material. From this linear
regression is also possible to obtain the C constant (C=5.592), which is related
to the affinity and interaction of the solid with the adsorbate; and therefore,
the heat of the process.

Figure 9.7 LaCo05 powder SEM images obtained using secondary electrons (A-H) and
backscattered electrons (I and J)

LaCoO5; powder was also studied by means of Scanning Electron
Microscopy (SEM). Diverse micrographs are summarized in Figure 9.7. Firstly,
main images, which are obtained from secondary electrons, verify the
existence of homogeneous nanosized spherical particles, which are in the
range 15-18 nm. This fact has been reported in literature [29,30]. However,
these particles seem to form bigger agglomerates (100-200 nm). Actually,
some structures are made of these spherical particles, strongly linked to each
other, where it is difficult to distinguish them. In others, the spherical
aggregates are weakly linked. The biggest structures might have followed a
pattern before grinding the powder in the synthesis process, as it could be
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discerned in some images. Secondly, from BackScattered Electrons (BSE)
pictures (images | and J in Figure 9.7), it is possible to analyze the
homogeneity in terms of composition of the sample. Thus, the contrast in the
image produced is determined by the distribution of different chemical phases
in the sample. Accordingly, high homogeneity was observed, leading to the
idea of one phase oxide composition. Thirdly, an Energy Dispersive X-ray (EDX,
Figure 9.54) analysis led to an elemental composition, expressed as atomic
percentage, 22.12+0.55, 23.60+1.31, 54.28+1.82 for La, Co and O,
respectively.

Wavelength Dispersive X-Ray Fluorescence (WDXRF) was also applied to
calculate the proportion between cobalt and lanthanum (Fig. S5). Without
taking oxygen into account, 49.45+0.02 and 50.54+0.02% of atomic La and
Co was found, respectively (proportion La:Co=1.00:1.02).

TEM analysis confirmed the morphology and size particle observed in SEM.
Results are shown in Figure 9.56. In this figure it is possible to observe that
spherical particles illustrated in SEM micrographs are likely to be composed by
smaller aggregates, whose size is inferior to 100 nm is some cases. Despite
what is reported in others LaCoO5 works [31,32], a clear crystal phase could
not be confirmed from TEM analysis.

XPS technigue was employed to analyze LaCoO; surface properties.
Figure 9.8 depicts general and high resolution spectra of La3d, Co2p and O1s
regions. In Co2p region two peaks can be appreciated, whose maximums are
located at 794.8 and 779.9 eV. These values correspond to Co2p;;> and
Co2psp, respectively. Co2ps binding energy highly coincides with
conventional value reported on Co,05 and LaCoO5 [33,34], were Co(lll) state
dominates. Furthermore, absence of satellite peaks ensures that the
perovskite catalyst exclusively contains trivalent cobalt. La3d shows two
regions with two peaks each one, corresponding to La3ds, (834.5 and
837.6 eV) and La3ds,; (851.2 and 854.8 eV). These values again ensure the
presence of La (lll) as it is observed in La,03 [29]. XPS spectrum of O1s level
presents two high features at 531.2 and 528.7 eV. The lower value could be
attributed to oxide state, 0%, characteristic of perovskite oxide network; while
the higher value mainly represents the existence of hydroxyl groups in the
surface, or adsorbed oxygen arising from atmospheric exposure [29,35,36].
The atomic superficial percentages, after a Shirley type background
subtraction were 15.05, 11.48 and 57.25 for La, Co and O, respectively. These
values differ from atomic ratios reported by EDX and XRF technigues, leading
to a higher O proportion. Since XPS is a superficial analysis, the reason of this
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behavior may be originated from the presence of hydroxylated groups onto
the surface of the solid.
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Figure 9.8 XPS of LaCo0s. General and high resolution spectra of La3d, Co2p and 01s

In order to assess the effect of temperature during the process of
calcination, a sample dried at 105-110°C before being annealing was
characterized by means of Thermal Gravimetry, Differential Temperature
Analysis and released gases Mass Spectrometry (TG-DTA-MS) and X-ray
Diffraction (XRD). TG spectrum (Figure 9.9) shows a weak and continuous
weigh loss up to 120°C due to water desorption and condensation of hydroxyl
groups, being accompanied with a slightly exothermic peak at 157°C. Firstly,
from this temperature until ~320°C, H,0 and CO; are continuously released. In
a second stage, at 347°C a maximum of CO, release and an exothermic DTA
peak are appreciated. This fact is the result of organic species burning and
solid-state reaction. At this temperature a change in TG rate is also observed.
DTA peak keeps increasing until 480°C, sharply decreasing at 500°C, when
combustion is supposed to be finished. After 500°C, no significant changes in
TG, DTA and released gases are appreciated. A final 71.3% of mass loss is
observed. In this loss, 15.76% is associated to H,0 and 79.9% corresponds to
CO,. A final 4.35% is due to minor gases which accompany the two CO,
release steps. H; is appreciated in the second and most important release of
C0,. Mass 58 may be identified as an acetone derivate. The simultaneous
release of mass 15 may correspond to methyl fragments. A very low intensity
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mass 36 is observed, which might be tentatively identified as a sulfur
derivative.
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Figure 9.9 TG-DTA-MS of uncalcined LaCoO3 powder

XRD in a thermal untreated sample was carried out, in order to assess the
effect of temperature in LaCoO3 structure formation. Results are depicted in
Figure 9.10. During the calcination process rhombohedral LaCoO5 perovskite-
type symmetry is formed [29,30,34]. At low temperatures, e.g. 600°C, a
semicuantitative analysis outlines Co(OH), (hexagonal, 18.9%), Co30,4 (cubic,
9.6%), La,0,C0; (hexagonal, 11.3%), La,0; (cubic, 2.3%), CoCO;
(rhombohedral, 48.5%) and La(OH)s (hexagonal, 9.4%) as the main species.
Hydroxides and carbonated precursors are likely to be responsible for LaCo0O3
formation. As temperature increases, the intensity of the starting patterns
gradually diminishes and the peaks of perovskite structure increase. Thus, at
800°C the sample is composed mainly by LaCoO3 (rhombohedral, 83.6%), and
small amounts of La,03 (hexagonal, 8.5%) and Co30, (cubic, 7.9%).
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Figure 9.10 XRD patterns of LaCoO3 precursor during calcination process

9.4. CONCLUSIONS

LaCo05 shows a high activity with unappreciated cobalt leaching at neutral
or basic pH. While acidic conditions accelerate the process due to
homogeneous contribution from cobalt leaching, basic pH also worsens MPS
decomposition rate. Furthermore, catalyst stability was analyzed by means of
consecutive recycling uses and no significant loss in removal rate activity was
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experienced. pH and stability highly concern the nature of water which is
suitable to be considered for this technology. Herbicides as micropollutants
are frequently screened in natural water resources, whose pH is usually
around circumneutral conditions. Thus, natural waters with a low content of
organic matter and neutral or slightly basic pH are recommended.

Oxone® concentration up to 10* M led to a complete elimination of
herbicides, being tritosulfuron the most recalcitrant compound. Experiments
in the presence of tert-butyl alcohol indicate that MPS decomposes onto the
perovskite surface. The technology seems to be suitable for removing organic
pollutants even at mg L™' concentrations.

Solid LaCoQ;5 settles down easily which is an advantage if compared to
other catalysts. Moreover, since load does not significantly improve reaction
rate, a low concentration would be enough for activating MPS decomposition,
facilitating its recovering from the solution.

SEM and TEM techniques reveal the formation of nanosized particles,
mainly spherical shaped. A poor 15.20 m? g"' BET area was found and LaCoOs
perovskite presence was remarked by diverse techniques such as X-ray
Fluorescence (La:Co atomic ratio of 1:1), X-ray Photoelectron Spectroscopy
(surface Co(lll) and La(lll)), and X-ray Diffraction (rhombohedral LaCoO5 phase).
TG-DTA-MS and XRD corroborated the formation of perovskite at
temperatures higher than 700°C.

Future work should be focused on assessing the possibilities of this
perovskite catalyst in combination with some photocatalysts. Adding radiation
might enhance MPS decomposition and radicals’ production.
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Table 9.1 Herbicides properties (from the Pesticide Properties Database,
http://sitem.herts.ac.uk/aeru/ppdb/en/index.htm)
Water
Herbicide Molecule Structure Formula CAS pKa solubility
(mgL™")
Y
(e} N”
Metazachlor ClJNJ C14H16CIN3O 67129-08-2 N/A 450
H3C\©/CH3
o O Cl
Tembotrione o C”H1GSGF3OG 335104-84-2  3.18 71000
° d/g\CHg
H3C‘O
R Ci3H9FeN504
Tritosulfuron FC)LN/)\N)LN)\sf/O CF, S 142469-14-5 469 78.3
8 H H
CH,
0=8=0 cH,
Ethofumesate 0 o Cq13H1805S 26225-79-6 N/A 50
O \_CH,
metazachlor
> tritosulfuron
‘0
c
% tembotrione
ethofumesate
“— /\
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Figure 9.51 HPLC-UV chromatogram of a mixture of metazachlor (5.010 mg L),
tembotrione (5.010 mg L), tritosulfuron (5.005 mg L") and ethofumesate
(5.005 mg L") in water. Chromatographic analysis conditions: mobile phase 45% ACN-
50% H>0 (0.1% H3P04), flow rate 1 mL min™, injection volume 100 pL, UV conduction

at 220 nm
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CHAPTER TEN

PAPER EIGHT

Synergism  between  monoperoxysulfate  and
LaCo0Os-TiO, photocatalysis for oxidation of
herbicides. Operational variables and catalyst

characterization assessment
J Chem Technol & Biotechnol DOI: 10.1002/jctb.5228

Rafael R. Solis, F. Javier Rivas, Olga Gimeno, Jose-Luis Pérez-Bote

ABSTRACT. BACKGROUND. This paper reports the use of novel coupled LaCoOs3-TiO; as
photocatalyst with double route of monoperoxysulfate (MPS) activation. Firstly, as a
photocatalyst due to titania; and secondly, through MPS heterogeneous decomposition onto
LaCo0s particles. Thus, photocatalytical activity was tested for removing a mixture of four
herbicides of different recalcitrance (metazachlor, tembotrione, tritosulfuron and
ethofumesate). RESULTS. The presence of light and MPS highly enhances herbicides rate
removal. 3.5-5 times of increase were appreciated because of UVA light. Oxidant concentration,
catalyst load, pH and temperature were assessed. Herbicides were completely oxidized
depending on the operational variables and their recalcitrant nature. 55% of TOC conversion
was reached using Oxone® 5 10 M. Phytotoxicity assays denoted no inhibition after 180 min of
treatment (~80% of initial inhibition). Solid properties of Co/Ti=0.1:1 ratio were studied by
means of SEM (LaCoO3 aggregates linked to a variety of shapes and sizes of Ti0,), XRF (6.1% of
LaCo0s), XPS (superficial Co**, La** and Ti**), XRD (anatase, rutile and rhombohedral LaCo03)
and UV-vis reflectance (visible range absorption and bandgap of 2.88 eV for Ti0;).
CONCLUSIONS. Catalysts based on LaCo03-TiO, combined to MPS seem to be suitable for
removing organic pollutants, with a moderate conversion of TOC and elimination of toxicity.

KEYWORDS: photocatalysis, advanced oxidation, environmental remediation, heterogeneous
catalysis, oxidation, decontamination
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10.1. INTRODUCTION

Agueous contaminants represent an environmental hazard since most of
them are persistent and not easily removed by themselves in natural
ecosystems. Pesticides are frequently detected in watercourses at low levels
that risk non-compliance with European water framework Directive
2000/60/EC [1] drawn up to protect all surface and ground waters [2,3].
Metazachlor (METAZ, Cy4H:5CIN;O, CAS 67129-08-2), tembotrione (TEMB,
Ci7H16CIF506S, CAS 335104-84-2), tritosulfuron (TRITO, Ci3HgFgN5QO,4S,
CAS 142469-14-5) and ethofumesate (ETHO, Ci3H1505S, CAS 26225-79-6)
are three different pesticides, with a relatively new presence in herbicide’s
market, which are used as pre and post-emergence herbicide to control a
broad spectrum of broad-leaved and grassy weeds in crops, ornamental trees
and shrubs. All of them, except tembotrione, are labelled as carcinogens.
Moreover, tritosufuron and ethofumesate seem to have mutagenic action, and
tritosulfuron is also an endocrine disrupter [4]. Some of them, like
ethofumesate, have been recently detected in surface and ground water [5] or
soil [6].

Management of organic aqueous pollutants is a matter of concern to water
companies that need to develop new and specific technologies for that
purpose. Conventional biological treatment seems to be inefficient due to the
organic recalcitrant nature of these substances [7,8]. That is why alternative
technologies such as chemical oxidation through Advanced Oxidation
Processes are required. Monoperoxysulfate (MPS) is an oxidant which is
attracting attention recently. This substance can be used as a promoter of
sulfate radicals which present diverse advantages upon hydroxyl radical
generation. Sulfate radical has a higher oxidation potential, more selectivity
through electron transfer to chemicals that contains unsaturated bonds or
aromatic rings, wider range of pH work in contrast to Fenton’s chemistry, and
higher half-life period which improves contact with the target compound.
Furthermore, MPS decomposition provide both, sulfate and hydroxyl radicals
[9].

MPS by itself is poorly capable of attacking organic compounds at some
points such as double bonds or aromatic rings [10]; however its
decomposition promoted by homogeneous or heterogeneous catalysts,
temperature, UV radiation, or ultrasound, considerably improves the
elimination rate of organic pollutants. Homogeneous catalysis has the
disadvantage of catalyst elimination and recycling after reaction, especially in
those cases where its presence is undesirable, e.g. toxicological concerns.
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Some alternatives have been recently suggested. Heterogeneous catalysis
combined with or without radiation [11,12], has raised attention of diverse
researching groups, mainly focusing on cobalt oxides [13]. Among them,
heterogeneous combination with photocatalysts, such as titanium dioxide [14,
15] is drawing attention due to enhancement in MPS decomposition. Cobalt
inserted into the titania lattice acts as active center in MPS decomposition

[111:
Co** +HSO, — Co™ +50; +HO" (10.1)
Co™ +HSO; —Co”* +S0; +H’ (10.2)

Photocatalytic decomposition of MPS can also be launched under the
presence of radiation [15]:

TiO, +hv —>e +hjg (10.3)
HSO; +e; — SO, +HO (10.4)
HSO; + ez, — 502 +HO' (10.5)
H,0+hj, >HO" +H" (10.6)

Moreover electrons generated in photocatalytic processes contribute to
regenerate the original oxidation state of cobalt, minimizing electron-hole
recombination [15]:

Co™ +e, » (0™ (10.7)

Co* +hi, »> 0™ (10.8)

Thus, a powerful reaction-chained mechanism is triggered, generating
sulfate and hydroxyl radicals from photocatalytic reaction and Fenton-like
heterogeneous reactions. It should be highlighted that few new catalysts
different from cobalt oxide have been coupled to TiO, [16,17].

This study reports the performance of lanthanum cobalt perovskite
coupled to titania (LaCoOs-TiO,) as a new catalyst which combines
heterogeneous and photocatalytic decomposition of MPS. The MPS catalytic
decomposition through catalytic reactions (10.1) and (10.2) using LaCoO3 has
been studied in a previous work, proving its high effectiveness, stability and
low cobalt leaching under circumneutral pH range [18]. The purpose of the
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current work is to combine heterogeneous cobalt activity of LaCoOs3 and
photocatalytic activity of TiO, in order to enhance the oxidation of organics
pollutants, in this case a mixture of four new herbicides with high
environmental concern. LaCo05:TiO, proportion influence on catalytic activity
has been studied, being Co/Ti=0.1:1 chosen for the rest of the study. Main
operational parameters such as MPS concentration, catalyst load, pH and
temperature affecting herbicides’ removal were considered. Catalyst stability
was evaluated in consecutive runs of reusing. Phytotoxicity assays were
carried out in order to assess the toxicological aspects of remaining TOC.
Finally, main superficial properties of Co/Ti=0.1:1 ratio were analyzed through
diverse technigues: SEM, XRF, XPS and UV-vis diffuse reflectance.

10.2. EXPERIMENTAL
10.2.1. Chemicals

All chemicals used were analytical grade and were used as received.
Herbicides standards (purity >99%) were purchased from Sigma-Aldrich®.
Oxone®, monoperoxysulfate compound (2KHSO5-KHS0,4K,504,  CAS
37222-66-5), was obtained from Sigma-Aldrich®. Chemicals used in catalyst
synthesis were pure grade. Acetonitrile from VWR Chemicals was used in HPLC
determination of herbicides in water. All solutions were prepared with
ultrapure water from a Milli-Q® academic (Millipore) system (resistivity
18.2 MQ cm).

10.2.2. Catalyst synthesis and characterization

LaCo05-Ti0, was prepared in two different steps. Firstly, LaCoO;
perovskite was synthetized in the presence of citric acid as complexing organic
agent [19]. In a typical synthesis run, La(NO3)5-6H,0 and Co(CH5C00),-4H,0
with @ molar ratio La:Co=1:1 were dissolved in 400 mL of ultrapure water.
After 1 hour of mixing under magnetic agitation, 100 mL of citric acid in
excess, twice the stoichiometrically needed for each metal, was slowly added.
The resultant solution was heated at 100°C to remove water excess, drying
thereafter the obtained pinkish gel. The solid was grinded and calcined at
700°C for 5 hours.

LaCo05-Ti0, heterojunction was prepared by hydrothermal precipitation of
a titanium organic precursor in the presence of the previous synthetized
perovskite. Titanium isopropoxide was dissolved in 2-propanol and a fixed
amount of LaCoO3 was added under stirring to meet a specific LaCo05:TiO»
molar ratio. Afterwards, ultrapure water was gradually dropped into the above
suspension. The precipitation of titanium dioxide was completed by
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autoclaving the mixture at 80°C for 12 h. The resultant suspension was
centrifuged at 3500 rpm and the solid washed with water and 2-propanol.
Finally, the solid dried overnight at 100°C, was calcined at 500°C for 4 hours
under air atmosphere (initial ramp, 10°C min™").

Mass tritation method was considered to estimate pH of point of zero
charge (pH,,c) [20]. A solution of pH=3 was prepared by adding NaOH 0.1 M to
a HNO5 0.1 M solution. Different glass bottles of 30 mL of capacity were filled
in with 15 mL of the above solution, and different amounts of catalyst were
added to meet a certain solid mass percentage (0.05, 0.10, 0.50, 1.00, 2.50,
5.00 and 10.00%). After 48 hours of equilibrium in a shaking water bath (25°C,
100 rpm), pH was measured. A plot of pH versus solid percentage gives a
curve whose asymptote tends to be pHp,. value.

Scanning electron microscopy (SEM) was conducted in a QUANTA 3D FEG
(FEI) coupled to secondary and backscattered electrons detectors
(acceleration voltage 20 kV).

XPS K-alpha-Thermo Scientific device was used for obtaining X-ray
photoelectron spectroscopy (XPS) spectra, working with a Ka monochromatic
source of Al (1486.68 eV). 284.8 eV for C1s peak was taken to calibrate the
signals of the rest peaks. High resolution of XPS spectra for La3d, Co2p, Ti2p
and O1s were recorded.

Atomic concentration of La, Co and Ti were quantified by X-ray
fluorescence (XRF) in a sequential Wavelength Dispersive X-ray Fluorescence
(WDXRF) spectrometer (S8 Tigger, Brucker) equipped with an X-ray tube of
rhodium (60 kV, 170 mA).

Crystalline phase composition was analyzed by X-ray diffraction (XRD), in a
Bruker D8 Advance diffract meter equipped with @ monochromator of Ge 111
Ka of Cu (wavelength, 1.5456 A).

Diffuse reflectance UV-Vis spectra was performed by using a Varian-
Agilent UV-Vis-NIR Caty 5000 spectrophotometer, equipped with an
integrating sphere device.

10.2.3. Photoreactor and procedure

Experimental photoreactor setup consisted of a cylindrical glass vase
(10 cm of diameter and 22 cm of height) in which 1.0 L of herbicides mixture
(1 mg L") was loaded. The reactor was magnetically stirred and thermally
controlled by using an IKA® RCT basic stirrer. The installation was completed
with a 31 cm external diameter pipe of 54 ¢cm of height, being the reactor
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located in the centre. Four tubular black light lamps (41 cm of height,
LAMP15TBL HQPOWERTM manufactured by Velleman®, 15 W of nominal
power) were equidistantly distributed and attached to the internal wall of the
pipe, which was foiled by aluminum foil. Every lamp mainly emits radiation
within the range 350-400 nm, with a maximum placed at 365 nm.
Figure 10.51, available in supplementary information, provides a scheme of
the photoreaction system and Figure 10.52 the emission spectrum of UVA
lamp.

Previous to the experiment, pH (Crison GLP 21+) was adjusted to the
specific value and 30 min of stirring without MPS was carried out in order to
achieve the adsorption equilibrium of organic compounds onto catalyst
surface (if any). A small volume (less than 10 mL) of a concentrated MPS
solution was added in order to meet the MPS initial concentration and to start
the reaction. pH was quickly readjusted. Samples were extracted at different
times and filtered with Millex-HA filters (Millipore, 0.45 um). HPLC and TOC
samples were quenched with Na,5,05 0.5 M (10 pL per 1 mL of sample).

10.2.4. Analytical methods

MPS concentration was spectrophotometrically quantified by means of a
method based on N,N-diethyl-p-phenylenediamine (DPD) oxidation [21].

Herbicides aqueous concentration were analyzed by liquid chromatography
in @ HPLC Agilent 1100 equipped with UV detection. A Kromasil 100 5C18
column (5pum, 2.1x150 mm) was used, and a mobile phase composed by
0.1% H3P0, acidified water (A) and acetonitrile (B) was pumped at a flow rate
of T mL min™, with an isocratic percentage composition of 55:45 A:B. UV
detection was conducted at 220 nm.

Total Organic Carbon (TOC) content was determined by means of a
Shimazdu TOC-Vy 5000A analyzer which directly injects the agueous
sample.

The lonic Chromatographic system was a Methrom® 881 Compact IC pro
equipped with a 800 Dosino, chemical suppression, autosampler (863
Compact autosampler) and conductivity detector. The stationary phase was an
anionic exchange column (MetroSep A Supp 5).

Cobalt in solution was measured through atomic absorption in a Varian
SpectrAA Series 140 device.

Phytotoxicity assays were carried out with seeds of Lactuca Sativa as test
plant (Romana Bionda Degli Ortolani, Vilmorin®). Fifteen seeds were equally
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distributed into Petri dishes equipped with paper discs moistened with 4 mL of
sample. Parafilm was used to cover the dishes in order to avoid liquid
evaporation, and the seeds were incubated in a germination chamber, isolated
from light at 22°C during 120 hours. After that, the root length of each
germinated root was measured (L), expressed as the sum of hypocotyl and
radicle. The percentage root growth was calculated by comparing the radicle
lengths for each sample with those observed in the control (Ly), done with
ultrapure water.

10.3. RESULTS & DISCUSSION
10.3.1. Effect of the ratio LaCo05:Ti0»

Different catalysts were tested varying the ratio of the perovskite to
titanium dioxide. Also, pure TiO, and LaCoO5 were also used as control runs to
have a reference in activity. The first case represents the conventional
photocatalytic process in the presence of a promoter. The second case reveals
the capacity of the perovskite to decompose monoperoxysulfate. Figure 10.1
shows the results obtained.
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Figure 10.1 Oxone® promoted photocatalytic elimination of herbicides. LaCoO3-TiO;
ratio influence. Experimental conditions: Crersicidae=1.0 mg L™ each, pH=7.0, T=15-20°C,
Ccar=0.5 g L7, Coxonee=1.0 10°* M. Ratio Co/Ti: o, 0:1; g, 0.05:1; A, 0.1:1; V, 0.25:1; ¢,
0.5:1; e,0.75:1; m, 1:0.
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At the sight of Figure 10.1, depending on the herbicide the optimum
catalyst is different. As a rule of thumb, catalysts with Co:Ti ratios in the range
0.1:1 to 0.5:1 show a higher activity than the rest of solids tested. Titanium
dioxide displays moderate activity with the exception of ethofumesate. In the
latter case, TiO, leads to the highest herbicide conversion after 60 minutes
(around 70% conversion of the initial ethofumesate concentration).
Tembotrione is one of the most reactive herbicides tested, in this case, even
monoperoxysulfate in the absence of radiation and catalyst is capable of
oxidize the herbicide.

Additionally, no matter the ratio Co:Ti used, a fast initial period in herbicide
elimination was experienced followed by a second slower stage. An analysis of
Oxone® evolution (results not shown) reveals that the slow stage does not
coincide with monoperoxysulfate total depletion. A potential explanation
could be a shortage in dissolved oxygen that would prevent the propagation
of the free radical mechanism through organoperoxides radical formation-
decomposition [22]. Also, electron-hole recombination is favored in the
absence of oxygen. As a consequence, a new experimental series was
conducted by injecting an oxygen stream to the reaction media.

Figure 10.2 illustrates that oxygen has no influence in the process with the
exception of tembotrione. In this latter case the concentration of O, exerts a
positive influence, however, given the high reactivity of tembotrione and the
residual improvement obtained in terms of total conversion of herbicides, it
was decided to continue this study in the absence of oxygen, avoiding,
therefore, additional costs associated to the process.

S
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Figura 10.2 Oxone® promoted photocatalytic elimination of herbicides. Oxygen
bubbling effect. Experimental conditions: Chemiide=1.0 mg L' each, pH=7.0,
T=15-20°C, Ccat=0.5 g L, Coxonee=1.0 10°* M, Ratio Co/Ti=0.25:1. eo, Metazachlor;
mo, Tembotrione; A A, Tritosulfuron; ¥V, Ethofumesate. (Open symbols: oxygen
bubbling, Solid symbols: air bubbling)
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10.3.2. Monoperoxysulfate concentration effect

Given the results obtained in the previous section, the catalyst with a ratio
Co:Ti of 0.1 was thereafter used in the rest of experiments. This catalyst
represents a compromise between conversion achieved and low cobalt
content to avoid leaching of this transition metal.

The next experimental series was conducted at different initial Oxone®
concentrations and keeping constant the rest of operating variables.
Additionally, some control runs have also been conducted.

Figure 10.3 illustrates the results obtained. For comparison purposes, from
the same figure, the role played by Oxone® alone is shown. At this point it
should be highlighted that in a previous work [23], only tembotrione
presented some reactivity towards Oxone® in experiments carried out
individually. However, when treating the four herbicides simultaneously,
conversions of 78, 53, 3 and 21% in metazachlor, tembotrione, tritosulfuron
and ethofumesate were experienced after 180 min. It seems that either
species formed in the oxidation of tembotrione by Oxone® have the capacity
to co-oxidize the rest of herbicides or/and at pH=7, herbicides are more
reactive towards monoperoxysulfate than at pH=3 used in the reference. A
first approximation to monoperoxysulfate oxidation kinetics can be
accomplished by considering a second order reaction:

dC

- hCelr’EiCide =Kups Crerticce Crps (109

Where Cueicide @and Cups mean the concentration of herbicide and MPS,
respectively, and kwps the second order pseudo rate constant. Applying
equation 10.9 to experiments displayed in Figure 10.3 led to Kguene Values of
75.1+¢7.3, 50.2+5.2, 2.0+0.6, and 15.1+1.8 M" min" (corresponding to
metazachlor, tembotrione, tritosulfuron, and ethofumesate removal,
respectively), where herbicides concentration was monitored in mg L and
MPS concentration in mol L™". Given the values of kyps, the most recalcitrant
compound is tritosulfuron while the most reactive is metazachlor. Notice that
in individual experiments metazachlor did not react with monoperoxysulfate
at pH=3.

The presence of light and MPS involves a considerable enhancement of the
process. This improvement is not the consequence of the direct activation of
monoperoxysulfate by UVA radiation. At 365 nm nor MPS nor the herbicides
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absorb radiation (see Supplementary Material, Figure 10.S2). Likely, herbicides
act as sensitizers of the photoreaction initiating the mechanism of
photodecomposition of monoperoxysulfate. Again, for comparison purposes
the global process was modeled by a second order expression, similar to
Equation 10.9 leading to wvalues of the rate constant of
Kupsuva=0.350+0.04 10°, 0.175+0.028 10° 8.5+1.1, and 75+5 M min
(metazachlor, tembotrione, tritosulfuron, and ethofumesate). As inferred from
these values, the presence of light increased the reactivity in the range of
3.5-5 times if compared to experiments in the absence of radiation. LaCoO3
does not have photocatalytic activity by itself, fact that was proved by carrying
out an experiment in absence of MPS (results not shown). In a similar way,
TiO, shows is capable of oxidizing herbicides at similar rate constant to direct
oxidation with Oxone®, as it can be appreciated in Figure 10.3.
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Figure 10.3 Oxone® promoted photocatalytic elimination of herbicides. Oxone®
concentration influence. Experimental conditions: Crericige=1.0 mg L™ each, pH=7.0,
T=15-20°C, Ccar= 0.5 g L', Ratio Co/Ti=0.1:1, Coxonee-10% (M): 0, 5.0; o, 2.0; A, 1.5; V,
1.0; @, 1.5 (no UVA, no catalyst); m, 1.5 (no catalyst); A, 5.0 (Ratio Co/Ti= 0:1); ¢, 0
(Ratio Co:Ti=0:1)- Dashed lines: theoretical calculations with n = 0.8
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When the LaCo05-TiO, catalyst was added to the reaction media, MPS
concentration exerted a positive influence in herbicides removal rate. An initial
concentration of the promoter of 5 10 M led to the instantaneous removal of
three of the four compounds, tritosulfuron was eliminated after roughly
2 hours. Maximum TOC conversion after 180 min was 55%. At the sight of the
profiles obtained and the low TOC reduction, accumulation of intermediates is
likely to occur impeding the adsorption of reactants onto the catalyst surface
and competing for oxidizing species. Moreover, curve shapes rule out the
development of simple second order kinetics. Accordingly, a rough empirical
approximation to the kinetics of the process would consider that the rate of
any herbicide removal would be proportional to the amount of the parent
compound, catalyst load and the concentration of reactive species, and
inversely proportional to the amount of intermediates generated. Some of the
previous parameters have not been monitored in this study, however, for
comparison purposes a pseudoempirical model can be proposed by
considering that oxidizing species are proportional to MPS concentration and
intermediates accumulation is proportional to reaction time:
~ e _ k(T,CAT,UVA,pH) Coumi (o)

at ermediates (10.10)

C..C
~ k(T, CAT, UVA, DH) herbm:e MPS
In equation 10.10, herbicides concentration has been measured in mg L™
and MPS in mol L™". Time in minutes is powered to “n”. The rate constant is a
function of temperature, catalyst load, UVA radiation and geometry of the
reactor, and likely, of pH. Applying the Euler approximation to the derivative
term:

>

intermediates

¢ ..>»C
C\'+1,herbicide = CI,herbidde - {k(Tv CAT, UVA: DH) Lherbicide L oxidants ]At I~

N
i

C...C
% C, perbite —(k(T, CAT,UVA, DH)MJM

(10.11)

Where C; is the concentration at time | and Ci.; refers to the concentration at
time i+At. The optimization process that minimized the squared difference
between calculated and experimental concentrations led to values of n in the
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range 0.5-0.8, however, for comparison purposes in terms of reactivity of
herbicides, in this first series, this parameter was fixed to 0.8 in all
experiments. The rate constants k were 4.8+0.1 10°,3.9+0.2 10°, 5.9+1.1 10°,
and 2.6+0.3 10° M min®?, corresponding to metazachlor, tembotrione,
tritosulfuron, and ethofumesate removal, respectively. As seen in Figure 10.3,
equation 10.10 is a suitable tool to compare the reactivity of the different
herbicides under a variety of experimental conditions. In this case, the most
reactive substance is metazachlor while tritosulfuron is almost 10 times more
recalcitrant than the former.

The presence of cobalt in the catalyst is of paramount importance. Hence,
Figure 10.3 displays how, under similar experimental conditions, the removal
rate of herbicides diminishes when only TiO, was present if compared to the
similar experiment completed with the LaCoOs-TiO, catalyst. Also, the
accumulation of intermediates affects to a lower extent the conversion of the
herbicides at higher reaction times. As a consequence, when Ti0, was used,
the curve profiles were different to those experienced when the LaCoO5-TiO,
catalyst was employed. Hence, the initial oxidation rate was slower in TiO»
based experiments. However, this reaction rate did not suffer a sharp
decrease at higher reaction times as in the case of the perovskite based solid.
An expression similar to equation 10.10 was adopted to model the process.
With the exception of tritosulfuron, the model led to acceptable results. As
deduced from the curve shapes the value of “n” decreased from 0.8 to 0.4
indicating the lower effect of intermediates on catalyst activity.
Simultaneously, the values of the rate constants also diminished to values of
2.2+0.6 10°, 1.0+0.08 10° and 0.95+0.04 10> M min™®® for metazachlor,
tembotrione, and ethofumesate, respectively.

10.3.3. Influence of catalyst concentration

The influence of catalyst concentration was investigated in the range 0.05
to 0.5 g L. Figure 10.4 depicts the results obtained. As inferred from the
figure, no significant influence was observed and herbicide conversion was
almost similar regardless of the amount of catalyst used in the interval
studied. Catalyst dosage did affect the MPS decomposition rate. Hence, the
higher amount of catalyst, the faster decomposition of monoperoxysulfate.
However, as stated previously, this decomposition does not lead to a better
performance in terms of herbicides or TOC removal.
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Figure 10.4 Oxone® promoted photocatalytic elimination of herbicides. Catalyst load
influence. Experimental conditions: Chersiciae=1.0 mg L™ each, pH=7.0, T=15-20°C,
Ratio Co/Ti=0.1:1, Coxonee=1.5 10 M, Ccat (gL"): @, 0.05; m, 0.10; A, 0.25; ¥, 0.50

10.3.4. pHinfluence

pH influence was assessed from slightly acidic conditions (pH=5) to slightly
basic conditions (pH=8). pH plays a notorious role in the chemistry of
monoperoxysulfate decomposition. Figure 10.5 shows the results obtained.
As observed, pH exerts a notorious influence in the herbicides removal rate.
Total organic carbon elimination, however, was similar regardless of the pH
(roughly 30% conversion after 180 min).
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Figure 10.5 Oxone® promoted photocatalytic elimination of herbicides. pH influence.
Experimental conditions: Chervicde=1.0 mg L' each, T=15-20°C, Ratio Co/Ti=0.1:1,
Coxonee=1.5 10" M, Ccat=0.5g L', pH: ®, 5; m, 6; A, 7; ¥, 8. Open symbols correspond
to Oxone® conversion. Dashed lines: Theoretical calculations with n=0.5-0.8. Inlet
bottom-right figure: pH,.c determination

As inferred from Figure 10.5, the best conditions were obtained at the
lowest pH used. One of the reasons to explain the results could be the
influence of leached cobalt into solution. Cobalt above the detection limit of
the analytical procedure used was only detected at pH=5. Under these
conditions the maximum amount of Co®" was 0.8 mg L (1.4 10° M) at
180 min. Some experiments carried out in homogenous mode revealed that
this small amount was insufficient to explain the effect of pH and/or the
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activity of the tested catalyst. In most cases, equation 10.10 could acceptably
simulate the curve profiles obtained. The optimum value of n was 0.8 for
metazachlor and 0.5 for the rest of herbicides. pH negatively affected the
values of k. Table 10.1 shows the values obtained as a function of pH.

Table 10.1 Rate constants (107) calculated for herbicides elimination (M min™™")
as a function of pH (n = 0.8 for metazachlor and n= 0.5 for the rest of compounds).

pH metazachlor tembotrione tritosulfuron ethofumesate

5 - - 4.6 £0.1 -

6 - - 2.8+0.1 9.0+0.3
7 6.0+0.3 31+04 0.55+0.08 21+0.2
8 41+04 1.2+04 0.22+0.02 055+0.12

The tendency here obtained coincides with those reported when the
perovskite LaCoO3; was used in the presence of Oxone® to treat these
herbicides [18]. Apparently, the dissociation degree of monoperoxysulfate
(PK5=9.4) highly influences its decomposition onto the catalyst surface. The
catalyst has a point of zero charge around 6.22, suggesting that the solid
presents low affinity towards negative ionic species.

10.3.5. Temperature influence

The effect of temperature was investigated by using two different initial
MPS concentrations, 1.0 and 1.5 10 M. Figure 10.6 illustrates the results
obtained in experiments completed with the lowest MPS concentration in the
range 30-50°C. Insets contain the Arrhenius plot derived from calculated rate
constants.

As expected, temperature exerts a positive influence in the process;
however, the values of the activation energy obtained are not excessively
high, indicating that this parameter does not produce notable modifications in
the efficacy of the process, at least in the range of temperatures investigated.
Calculated activation energies were 14.7 (R°=0.96), 20.5 (R°=0.96), 20.5
(R°=0.98) and, 28.7 (R°=0.99) kJ mol” corresponding to metazachlor,
tembotrione, ftritosulfuron, and ethofumesate, respectively. Higher
temperatures (above 80°C) might lead to the thermal decomposition of MPS
into radicals. In this case, temperature influence could be different [24].
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Figure 10.6 Oxone® promoted photocatalytic elimination of herbicides. Temperature
influence. Experimental conditions: Chericde=1.0 mg L™ each, pH=7, Ratio Co/Ti=0.1:1,
Coxonee=1.0 10 M, Ccar=0.5 g L', T (°C): », 30; m, 40: A, 50. Inset figures: Arrhenius
plot. Dashed lines: Theoretical calculations withn = 0.5-0.8

10.3.6. Catalyst stability

Catalyst stability was assessed by conducting several consecutive
experiments using the same recycled catalyst after filtration and drying.
Figure 10.7 shows the evolution of Oxone® decomposition with time in the
aforementioned experiments. The calculated reaction rate constant according
to equation 10.10 is also depicted for each cycle. At the sight of Figure 10.7, a
slight decrease in monoperoxysulfate decomposition rate can be envisaged as
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the number of reuses is augmented; however, this reduction is not translated
to a deterioration of the process efficiency. Actually, with the exception of
tritosulfuron, calculated rate constants maintain, or even increase, the values
obtained when fresh catalyst was used. In the case of tritosulfuron, the rate
constant is reduced from the control run (fresh catalyst) to the first cycle;
thereafter, this constant does not suffer any appreciable change. The reason
is unclear and needs further work; in all cases leached cobalt was negligible.

2<

0 l-m—HBHHH
01234 01234 01234 01234
number of reuses

10 '@' T T T T T T T T T T T T T T
o 0.8 % g .
(] % @
o , |
g 06t © o ¥ § 2 .
v

@) i = KR~ &

\CD 04* D O o T
5 02l s 2
O ' | D

U 0.0 | L | L | L | L | L | L | L |

0O 20 40 60 80 100 120 140 160 180
time (min)

Figure 10.7 Oxone® promoted photocatalytic elimination of herbicides. Catalyst
stability. Experimental conditions: Cuerbicide=1.0 mg L' each, pH=7, Ratio Co/Ti=0.1:1,
Coxones=1.5 104 M, Ccar=0.5 g L™, T=20°C. Top figure: calculated k value with n=0.8
(metazachlor) and n=0.5 (rest) according to equation 10.10: white bars, metazachlor;
grey bars, tembotrione; black bars, tritosulfuron; striped bars, ethofumesate. Bottom
figure: oxone® decomposition, number of reuses: o, initial; o, 1 reuse; A, 2" reuse; V,
3 reuse; 0, 4" reuse

10.3.7. Phytotoxicity evolution

Previous experiments have revealed that herbicides can be easily removed
from water if adequate conditions are applied. However, no total
mineralization of the samples could be achieved. Accordingly, this section was



CHAPTER X. PAPER EIGHT. Synergism between monoperoxysulfate and LaCo0Os-TiO; photocatalysis for | 297
oxidation of herbicides. Operational variables and catalyst characterization assessment

devoted to assess the potential phytotoxicity of the accumulated
intermediates during the photocatalytic oxidation in presence of Oxone®.

Hence, a series of experiments were conducted in the presence of radiation
and different amounts of Oxone®. Thereafter, seeds of Lactuca Sativa were
germinated as described in the experimental section. Figure 10.8 illustrates
the results of root length obtained when germinating the seeds in water
obtained at different reaction times. As observed, when no treatment is
applied (time zero), root growth only achieves ~20% (~80% of inhibition) of
the root length obtained with pure water. As the reaction exposure increases,
phytotoxicity almost disappears. Hence, the higher the initial MPS amount
used, the faster the phytotoxiciy decreases. With the exception of the run
conducted with the lowest MPS concentration, all samples did show no
phytotoxicity after 180 min of treatment.
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Figure 10.8 Oxone® promoted photocatalytic elimination of herbicides. Phytotoxicity

evolution. Experimental conditions: Crericiee=1.0 mg L™! each, pH=7, Ratio Co/Ti=0.1:1,

Cear=0.5 g L', T=20°C. Variation of phytotoxicity (expressed as normalized root
length) during treatment time and Oxone® concentration.
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Although organic intermediates have not been measured in this work,
some ionic species were detected and monitored throughout the reaction by
ionic chromatography. In this sense, several aspects can be highlighted.
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Hence, the F-C bond is hardly broken in -CF3 substituents; the amount of free
fluoride found in most cases was below the 10% of the maximum
concentration that could be released. Nitrates were found at maximum
concentrations around 18% of the highest concentration that could be found.
This quantity coincides with the amount of nitrates that would be generated
from the two amine groups in tritosulfuron, i.e. nitrogen in the heterocycle
seems to be difficult to be converted to inorganic nitrate. Amongst small
organic acids, acetic, formic, succinic and muconic acids were tentatively
detected. Figure 10.9 shows the evolution of acetic and formic acids.
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Figure 10.9 Oxone® promoted photocatalytic elimination of herbicides. Evolution of
released acetic and formic acids. Experimental conditions: Chericide=1.0 mg L™ each,
T=15-20°C, Ratio Co/Ti=0.1:1, Ccar=0.5 g L, pH=7, Coxonee 10% (M): ®, 1.0; m, 1.5; A,
2.0;V¥,50
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10.3.8. Catalyst characterization

Once the performance of the catalyst was assessed, the catalyst with the
ratio Co/Ti= 0.1:1 used in most of experiments was characterized by means of
several technigues. Figure 10.10 summarizes some of the SEM images
obtained. A, B and C pictures were obtained with secondary electron detection,
while A, B"and C are their corresponding images acquired with BackScattered
Electron (BSE). More detailed pictures can be observed in supplementary
information, Figure 10.S3. From Figure 10.10 can be appreciated a variety of
sizes (from 20 to less than 5 pm) and shapes likely due to irregularity of titania
particles. From BSE images brighter particles outstand from the rest. These
highlighted regions, which usually correspond to heavy elements, represent
aggregates of smaller spherical LaCoOs particles. Energy Dispersive X-ray
(EDX) analysis led to the confirmation of composition (Table 10.51), enabling
the corroboration that the darkest particles of BSE images belong to titania
while the brightest correspond to perovskite.
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X-ray Fluorescence (XRF) technique made possible to obtain global
percentages of each element, and not only superficial. In this way, mass
percentage of each element, without considering oxygen, were 80.41, 12.63
and 5.72 for Ti, La and Co, respectively. In a LaCoOs5 structure atomic mass
relation between composition percentages of La and Co is La/Co=2.36, while
in the synthesized LaCo0O5-Ti0» this relation is 2.20. This near proportion
might be considered as a proof of perovskite presence. Moreover, if it is
considered that for a 10% of LaCoOs in the structure of the catalyst, mass
percentage of La must be 20.55; a 6.1% of molar perovskite is found in the
synthesized solid.

"
....

Figure 10.10 SEM images of LaCo03-TiO, (Co/Ti=0.1:1) obtained from secondary
electron (A, B and C) and their corresponding’s from backscattered electron (A", B’ and
Q)

Surface composition and oxidation state of each element were analyzed by
means of XPS. Figure 10.11 summarizes the results of general spectrum and
high resolution spectra for La3d, Co2p, Ti2p and 0O1s. On one hand, Co and La
present trivalent oxidation states. Co2p image depicts two peaks at 794.1 and
779.4 eV, corresponding to Co2pq, and Co2ps, respectively. The value
observed for Co2ps;» matches with that observed in cobalt oxides such as
C0,05 [25] and LaCo05 [26], where Co(lll) is the main oxidation state. La3d
presents two regions (La3ds, and La3ds;), containing two peaks each one
whose values are 834.7 and 839.0 eV for La3ds;; region; and, 851.4 and
856.0 eV for La3ds,. These values are consistent with that expected for
trivalent La in LaCoO3 network [27]. On the other hand, Ti2p peak showed the
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typical value when XPS is carried out in TiO,. Thus, Figure 10.11 illustrates a
symmetrical Ti2ps;; peak whose maximum is located at 458.8 eV. Finally, O1s
presents a completely symmetrical peak at 529.9 eV, associated to 0% state,
which outlines the absence of hydroxylated groups onto the surface. A
guantitative surface analysis, after Shirley’s background subtraction, led to the
following composition expressed as atomic percentages: 59.3 of 0, 21.5 of Ti,
3.1 of La, and 4.36 of Co.
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Figure 10.11 XPS spectra of LaC0o03-Ti0O, (Co/Ti=0.1:1)

XRD technigue was applied in order to study the nature of crystalline
phases present in the catalyst. XRD patterns are presented in Figure 10.12.
Anatase and rutile were identified as the main TiO, phases, being anatase
73.1% of all Ti0,. LaCoO5; presence was confirmed as rhombohedral
crystalline structure, as well as small amounts of cubic Co30,.
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Figure 10.12 XRD diffractogram of LaCo03-TiO2 (Co/Ti=0.1:1)

Finally, optical absorbance was applied by means of diffuse reflectance
UV-vis technique. Figure 10.13 illustrates the spectra obtained and the
corresponding Tauc’s plot for bandgap determination. At first sight, absorption
efficiency considerably increases in the visible range due to perovskite
presence. Moreover, the LaCo0s-TiO, presents two different absorption
regions, whose bandgaps are 2.88 and 1.81 eV, being attributed to TiO, and
LaCoOs3 respectively. Cobalt oxides combined with TiO, frequently has two
bandgaps [16]. Titania synthesized by hydrothermal methods usually
presents values around 3.2 eV, not showing visible light absorption. Although
a slight decrease of bandgap might be consequence of cobalt [15, 28] or
lanthanum doping [29], in this case this value drops to 2.88 eV, far from being
explained by this effect. Presence of transition metal oxides coating TiO» has
been reported to shift bandgap value of TiO, [30]. Therefore, LaCoO5 in the
lattice of titania may be the origin of the bandgap decrease for TiO, reported
in this study.
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Figure 10.13 Diffuse reflectance UV-vis spectra of LaCo03-TiO, (Co:Ti=0.1:1). Inset
figure: Tauc’s plot for bandgap determination

10.4. CONCLUSIONS

Catalysts based on LaCo05-TiO, seem to be suitable for removing organic
pollutants through combination of photocatalytic and heterogeneous
decomposition of monoperoxysulfate. Co/Ti ratio of 0.1:1 is enough to reach
enhanced degradation rates if compared to bare titania or pure perovskite.
From all variables assessed, oxone® concentration is the most influential,
making possible to remove almost instantaneously herbicides at
concentration up to 5 10 M of oxone®. Tritosulfuron was 10 times more
recalcitrant than the rest. Maximum mineralization extent was found to be
55% (5 10 M oxone®, 3 hours of treatment), with low release of fluorine
(~10%) and nitrate (~18%). Nevertheless, phytotoxicity assays of Lactuca
Sativa germination pointed out almost complete disappearance of growth
inhibition. Thus, the higher MPS amount used, the faster phytotoxicity
decreases during treatment.

LaCo05-Ti0, (ratio Co/Ti=0.1:1) characterization by SEM indicated a
heterogeneous variety of TiO, size and LaCoO3 aggregates which seem to be
made of smaller spheres. XRF technique led to quantification of roughly 6% of
LaCoOs5 in the solid. Superficial XPS highlighted the oxidation states of Co™*,
La*", Ti**, 0% and absence of hydroxyl groups. A high increase in absorption in
the visible range is appreciated in UV-vis spectra, with bandgaps of 2.88 and
1.81 eV due to TiO, and LaCo0Os5 particles, respectively.
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Figure 10.51 Scheme of the photoreactor setup
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Figure 10.S3 Extended selection of SEM images of LaCo03-Ti0, (Co/Ti=0.1:1) acquired
from secondary electron (1 to 7) and from backscattered electron (3" to 7°)
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Table 10.51 Semiquantitative EDX determination of LaCo03-TiO, (Co/Ti=0.1:1)

SEM image Point % atomic

(from Figure 10.52) 0 Ti La Co
1 67.31 20.34 9.64 2.72

4 2 75.65 24.35 - -

3 78.55 21.45 - -
1 65.12 14.34 12.38 8.16
6 2 72.20 26.37 1.44
3 75.29 23.71 1.00
7 1 43.41 6.34 23.03 8.27
2 54.28 42.12 - 1.42
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Figure 10.54 XRF spectra of LaCo03-TiO; (Co/Ti=0.1:1)
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Integrated aerobic biological-chemical treatment of
winery wastewater diluted with urban wastewater.
LED based photocatalysis in the presence of
monoperoxysulfate
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ABSTRACT. The aim of this research is to develop a combined biological + chemical process in
order to achieve the degradation of biodegradable and recalcitrant organic content of Winery
Wastewater (WW). In this sense, a biological oxidation by diluting WW with simulated urban
wastewater is carried out by applying activated sludge. Acclimation of sludge to Diluted Winery
Wastewater (DWW) was first applied, and afterwards some aspects of paramount importance
concerning biological oxidation were evaluated. Moreover, parameters of sedimentation design
were also studied. After DWW has been biologically oxidized (40-50% of COD removal in 8
hours), chemical processes based on UVA-LEDs radiation, monoperoxysulfate (MPS) and
photocatalysts were applied in order to complete oxidation of the remaining COD and complete
oxidation of the polyphenols, which were poorly degraded by means of activated sludge. From
the all options tested, the combination of UVA, MPS and a novel LaCo0O5-TiO, composite, with
double route of MPS decomposition through heterogeneous catalysis and photocatalysis,
reached the best results (95% of polyphenol degradation, and additional 60% of COD removal).
MPS concentration and pH effect in this process were assessed.

KEYWORDS: winery wastewater, polyphenols, monoperoxysulfate, LEDs, photocatalysis,
perovskites, titania
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11.1. INTRODUCTION

Wine industry is one of the largest marketplaces in agricultural production
all around the world, with a global production of ~265 million of hL in 2015
[1]. Over 50% of wine production is focused on Mediterranean European
countries, where it supposes a high impact activity for their economies. It is
estimated that 1.2 liters of wastewater are produced per liter of wine
processed [2]; however, this value strongly depends on the size and disposal
practices of each cellar.

Wastewater produced in winery industry is mainly the result of wine
processing (grape reception, fermentation steps, filtrations, tank transfers and
bottling), cleaning activities (tanks, floors and equipment), disposable wine
and product losses [3,4]. The effluent generated generally is rich in alcohols
(methanol, ethanol and glycerol), sugars, organic acids (acetic, tartaric,
propionic), aldehydes, phenolic compounds, fermentation products, soaps and
detergents resulting from cleaning operations [4,5]. Thus, winery effluents
present high values of Chemical Oxygen Demand (COD), reaching values over
25 g L at acidic conditions (pH below 4 during vintage period). Although the
majority or organic content is biodegradable, biorecalcitrant or toxic
contribution of some compounds, i.e. polyphenols, joint to an inadequate
proportion C:N:P, make difficult in some cases to yield an acceptable
purification degree by just applying biological treatments.

Recently, the addition of Advanced Oxidation Processes (AOPs) as a post-
treatment of biological processes seems to show promising COD reductions
and it was found to be the most effective combination, yielding the highest
removal rates [3]. While AOPs are focused on the use of hydroxyl radical (HO"),
which unselectively oxidize organic matter, this work considers the use of
sulfate radical (SO4™) which overcomes some interesting advantages [6].
Monoperoxysulfate (HSOs™, MPS) is commonly used as promoter of sulfate
radicals. Although persulfate presents a higher oxidation potential
(2.07 versus 1.82 V), MPS seems to develop better oxidation activity of organic
compounds [7]. MPS can be easily activated by means of heat, UV radiation
[8,9] or homogeneous catalysis in presence of some metallic species such as
Co(ll), Fe (I, Ru () [10,11], being Co(ll) the most active catalyst. Cobalt
triggers MPS decomposition by means of a Fenton-Like mechanism that can
be summarized in the equations [12]:

Co® +H,0 — CoOH" +H' (11.1)
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CoOH" +HSO; - Co0" +H,0+50; (11.2)
Co0" +2H" - (0™ +H,0 (11.3)
Co™ +HSO; — Co®™ +H" +50; (11.4)

Homogeneous catalysis requires the further removal of the catalyst,
especially in those cases where the active substance, i.e. cobalt, presents toxic
properties. Conseqguently, the development of heterogeneous catalysts
emerges as solution.

Recently, LaXO5; perovskite oxides have proved their high capacity to
promote the heterogeneous catalytic decomposition of MPS [13], LaCoOs
showing the highest activity [14,15]. Other option for heterogeneous
activation of MPS is photocatalysis. MPS decomposition can be achieved
photocatalytically, using a semiconductor in which MPS can be reduced be
excited photoelectrons coming from the conduction band [16]:

HSO; +e;, »HO +50; (11.5)
HS0; +e;, —>HO™ +50; (11.6)

MPS traps electrons, avoiding the undesirable recombination of the
photogenerated hole-electron pair. Recently, the option of coupling cobalt
oxides to photocatalysts like TiO, is gaining attention since electrons
generated in photocatalytic process contribute to regenerate the original
oxidation state of cobalt, minimizing therefore the electron-hole
recombination [17,18]:

Co™ +eg, > o™ (11.7)

Co* +hj, > Co™ (11.8)

Hence, two heterogeneous routes of MPS activation, via photocatalysis and
heterogeneous Fenton-Like, are launched.

The objective of the research here presented is the use of a combined
biological-chemical treatment of a real Winery Wastewater from a local cellar
of Douro valley (Portugal). Not only main aspects concerning biological
treatment such as efficiency of mineralization and Monod kinetic growth of
biomass are studied; but also sedimentation parameters design of the
generated sludge are evaluated. After that, the biologically treated effluent
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was further oxidized by combining UVA-LEDs radiation, monoperoxysulfate
and photocatalysis based on LaCo0s-TiO,, whose ability to decompose MPS
into free radicals seems to be promising [19]. Diverse combinations of LEDs,
MPS and photocatalysts (commercial P25, lab-made Ti0O,, LaCoO; and
LaCo05-Ti0;) were conducted for comparison purposes. UVA/MPS/LaCo05-
TiO, was significantly the most efficient, in which optimal conditions were 10
mM of MPS concentration and circumneutral pH.

11.2. EXPERIMENTAL SECTION
11.2.1. Reagents

All chemicals used were analytical grade and were used as purchased.
Monoperoxysulfate was obtained from Merck (2KHSO5-KHSO,4-K;S04).
Solutions were prepared with distillated or ultrapure water (18.2 MQ cm).

11.2.2. Wine Wastewater and analytical procedures

The Wine Wastewater (WW) used in this study came from a local cellar
located in the Douro Region (Amarante, Portugal), collected during wine
harvest. Raw wastewater was filtered with paper, stored at 4°C and
characterized as received. Due to the high content of volatiles, aeration
overnight was carried out. Table 11.1 shows the results of characterization
before and after removal of volatile content.

Table 11.1 Characterization of Wine Wastewater (WW)

Parameter Raw WW WW after volatile removal
COD(gL™ 139.25+2.55 63.1+1.]

TOC(gL™) 44500+ 0.150 26.49 +0.30

BODs (gL™) 425+25 27.0+1.0

Total polyphenols (mg L")? 438 + 1 622 +2

Azss” 2.58 2.88

pH 3.43 4.01

Conductivity (uS cm™) 243 +0.04 432 +0.09

Turbidity 453 + 33 527 + 34

@ Expressed as phenol
b Measured ina 1 cm path quartz cell after dilution (1:10)

Chemical Oxygen Demand (COD) was analyzed by means of dichromate
reflux oxidation method in a Hach® COD block heater (COD reactor, model
45600) followed by colorimetric determination in a DR/2400 Hach®
spectrophotometer.

Biological Oxygen Demand after five days (BODs) was conducted by
respirometric method, using BOD seed capsules of ColeParmer® as inoculum
and OxiTop® respirometers.
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Total polyphenols content was quantified by the Folin-Ciocalteau method,
using phenol as the standard to express the results [20].

Total Organic Carbon (TOC) and Inorganic Carbon (IC) content were
determined by a Shimadzu TOC-Ly analyzer with Non-Dispersive InfraRed
(NDIR) detection, equipped with ASI-L autosampler.

Turbidity was achieved in a 2100N IS Hach® turbidimeter based on the
nephelometric measurement procedure. pH was measured in a Jenway 3510
pH meter, whose electrode was immersed into the solution when pH was
controlled during the reaction. Conductivity was measured in a Crison® 524
conductimeter equipped with graphite cell and automatic compensation of
temperature.

11.2.3. Biological treatment with activated sludge

Activated sludge from the local Urban Wastewater Treatment Plant
(UWWTP) of the city of Vila Real (Portugal), designed for 60,000 equivalent
inhabitants (AdTMAD, Aguas de Tras-os-Montes e Alto Douro, Portugal), was
used as inoculum in the aerobic biological treatment. Sludge was taken from
the recirculation line after the secondary settling tank (8.75 g L' of Total
Suspended Solids and 6.81 g L Volatile Suspended Solids), and used
immediately after being collected.

Given the high organic load of the aerated wastewater, this effluent was
first diluted with a synthetic wastewater whose composition simulated the
properties normally found in urban wastewater. The resulting wastewater was
named as Diluted Wine Wastewater (DWW).

The sludge of the UWWTP was first acclimated to the DWW by decreasing
the amounts of glucose and glutamic acid from the synthetic wastewater and
increasing the amount of the organic load coming from the DWW [21] until
reaching an initial COD content of roughly 1400-1500 mg L™ (see Table 11.2).
Apart from considering the joint treatment of urban and industrial effluents,
the objective of using a synthetic wastewater was also to provide the mineral
content required by microorganisms in the activated sludge (wine wastewater
does not contain a sufficient amount of salts for the sludge to proceed with
the biodegradation). The resultant effluent pH was adjusted to 7.0+0.5.
Thereafter, a 5.0 L cylindrical reactor equipped with aeration was inoculated
with activated sludge in order to have a final concentration of 1-2 g L' of Total
Suspended Solids (TSS) in the reactor. A total volume of 5.0 L was treated in
each biodegradation assay. Consecutive reactions in batch mode were
completed, keeping the same biomass after each use. Samples at different
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times were extracted and filtrated with glass microfiber filters (Whatman®
Reeve Angel™, grade 403). The filtrate was used in COD, TOC and polyphenols
analysis, while the glass fiber with the filtrated activated sludge was used in
the determination of Total Suspended Solids (TSS) and Volatile Suspended
Solids (VSS). Sedimentation analysis was also carried out at different times by
taking one liter of sample in a graduated glass cylinder. Aeration was
controlled to have up to 2.5 mg L™ of dissolved oxygen and enough agitation.

Table 11.2 Planning of acclimation and reactions of biological treatment with DWW

Reaction time (days)
1 2 3 4 5 6 7 8

Components (mg L™

Glucose 150 1125 75 375 - - - -
Glutamic acid 100 75 50 25 - - - -
K>HPO4 138

KH,PO4 69

NH4Cl 52

MgSQ4-7H,0 26

FeS04-7H,0 1

ZHSO4'7H20 1

MnSQ04-7H,0 1

CaClz 7

NaHCO3 83.2

Amount of WW (mL/L) 0 6 12 18 24 24 24 24
Percentaje of DWW 0 25 50 75 1700 100 100 100
COD 172.8 548 847 1252 1636 1427 1406 1465
TOC 81.7 207.1 323.6 4950 6449 5586 561.8 570.7

11.2.4. LED photoreactor system

Diluted Wine Wastewater pretreated by biological oxidation was thereafter
considered in photocatalysis oxidation experiments using sulfate radicals. The
experimental setup consisted in a photosource of 12 InGaN LEDs lamps
(Roithner APG2C1-36E LEDs, nominal consumption of 1.4 W each) emitting
within the range 360-380 nm (maximum located at 368 nm). The resultant
UVA irradiance was 85 W m™. LEDs system was located on the top of the glass
reactor, perfectly mixed through magnetic stirring. Figure 11.1 depicts a
scheme of the photocatalytic setup. The irradiance absorbed in the 500 mL
reactor, quantified by means of ferryoxalate-polyoxometalate actinometry
[22], was 2.45 10 Einstein L' s,

Experiments in batch mode were carried out by adding the photocatalyst
and a required amount of monoperoxysulfate (Oxone®,
2KHS05-KHS0,4-K,S04). As photocatalyst was considered a lanthanum-cobalt
perovskite coupled to titania, previously studied. Catalysts synthesis and
characterization belongs to previous works [15,19]. pH was adjusted after
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Oxone® addition by adding NaOH 10 M. Samples were extracted and filtered
with Millipore® Millex-GV (PVDF 0.22 um) at different times for COD, TOC and
polyphenols analyses.

maximum at
368 nm - /3
2
>
320 340 360 380 400 420 1 @) O I

A (nm)

Figure 11.1 Photocatalytic setup installation and UVA-LEDs emission spectra
(1: magnetic stirrer, 2: glass photoreactor, 3: UVA-LED photoirradiation system)

11.3. RESULTS AND DISCUSSION
11.3.1. Aerobic Biological treatment of DWW

As stated previously, given the high content in polyphenols, activated
sludge was acclimated to DWW for eight consecutive days by increasing the
percentage of DWW from 0 % (first day) to 100% (fifth day). Four replicates
under the last conditions (100% DWW) were completed in days 5 to 8. Figure
11.2 shows the evolution of COD and TOC in acclimation experiments. As
observed, once the activated sludge was acclimated, the biological process
was capable of reducing around 45-50% of the initial COD content in 8 hours
of reaction. Similar results were obtained when considering TOC abatement,
suggesting the conversion of the organic matter directly to carbon dioxide and
water. Reduction in polyphenols (results not shown) was around 50-55% at
the end of the process.

Figure 11.2 Acclimation of microorganism to aerobic biodegradation of DWW at
increasing doses of the wastewater
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The path of the wastewater biodegradation can be assessed by
determining the evolution of the Average Oxidation State of Carbon (AOSC)
and the efficiency through partial oxidation (Uparox). These parameters are
defined as follows [231:

A(AOSC) =A0SC-A0SC, =4 COD, —@ & (11.9)
TOC, TOC M02
CoD
l“l artox: == (1 ‘I ‘I O)
P COD,-COD
where
TOC| A(AOSO) | M
CoD _ToC[AA0SQ] Mo, (11.17)

partox 4 M

C

In equations 11.9 to 11.11 the subindex “0” denotes conditions at time
zero and M¢ and Mg, are the molecular weight of carbon and oxygen
respectively. Theoretically, the closer the value of ppaiox to 1, the higher the
extension of the oxidation to generate oxygenated intermediates instead of
total mineralization to carbon dioxide. Contrarily, a value of pparox Close to O
indicates that no partial oxidation proceeds and just complete conversion to
C0; is occurring [24]. Applying equation 11.10 to the average results obtained
with 100% of DWW led to a Ppartox Value of -0.03+0.06, close to the minimum
value for this parameter of 0.

Substrate consumption in a biological process measured as COD or TOC
abatement can be associated to two possible routes. Hence, COD (or TOC) may
be the carbon supply of the biomass to grow up, or, alternatively, is the source
of energy required to maintain cell activity. Accordingly, the following equation
can be used [211]:

dc 1
Subtrate _ HCVSS + mCVSS (1 1.1 2)

dt Y,

VSS/Substrate

where Csustrate 1S the substrate concentration (COD or TOQ), t is time, Cyss is the
biomass concentration expressed as the amount of volatile suspended solids
per liter, m is the maintenance energy coefficient, u the specific growth rate of
biomass defined in equation 11.13 and Yyss/subastrate the heterotrophic yield
coefficient, defined in equation 11.14, relating substrate consumption and
increase in biomass concentration during the exponential growth phase.
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U = UMax K C_fébstrate (’I ‘I ‘I 3)

Substrate

Cpes —C

Vss T -uss,

Y,

VSS/Substrate C

(11.14)

Substrate, CSubstrate

Expression 11.13 is Monod equation where pmay represents the maximum
specific growth rate and Ks is the saturation constant.

In the exponential growth phase of biological batch experiments, substrate
consumption is associated to formation of new microorganism, and therefore,
as a consequence, the term m-Cyss can be assumed negligible. Since
Yyss/substrate  @lMOSt  remains constant during the exponential growth
(Yyss/cop = 0.3-0.35), equation 11.12 can be analytically integrated leading to:

-Y, C C
(\II+Y K )[{M]y K mccﬁzumaxwt

VSS/COD' S C VSS/COD' NS
VSS, COD,
(11.15)
where the parameter W is defined as:
\P:CVSSO +Y\/SS/CODCCODO (17.16)

Moreover, since the value of Ks is normally small [25], equation 11.15
becomes:

ln{—T_YVES/CODCCOD ]=Umaxt (11.17)

Vss,

A plot of the left hand side of equation 11.17 versus time should lead to a
straight line of slope Pmax. Figure 11.3 shows the results of the linear
regression applied to COD abatement in experiments conducted with 100% of
DWW. The value of pmax found was 0.0119+0.0011 h™', similar to the value
reported when wastewater from table olive manufacturing industries was
treated after dilution with urban wastewater [21] following a similar kinetic
approach.
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Figure 11.3 Kinetics of the aerobic biodegradation of DWW.
Validation of equation 11.17

One of the crucial parameters in conventional activated sludge processes is
the secondary settling stage to recirculate the sludge. Hence, settling
properties of activated sludge are of paramount importance. Figure 11.4 (left)
shows the evolution of the interface clarified water-sludge blanket as a
function of time in sedimentation experiments conducted with activated
sludge after the biodegradation took place. The previous plot can be fitted to
the model proposed by [26]:

ol h oC,.. h
it hy) =y sl exp[—ij (11.18)
p p Koo

where t stands for time, h(t, hg) is the sludge height at time t; hy the initial
sludge height; o and B the adjustable parameters for the sedimentation
process and Cyssg the initial volatile solid concentration. The adjustable
parameters were: 0.=2.09 cm min” and B=18,026 mg L' cm min™". (R?~0.99).
Solid concentration as a function of height can be obtained by [27]:

C,.. h
sss(th) = "o 2 (11.19)

ht,h,)— a—ih(t,ho) t

Vss,' 0

C

In case of effluents with a high content in solids (>500 mg L"), the solid flow
rate fed to the clarifier per surface unit, (kg m* day™") is the criteria in clarifiers
design.

321
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Figure 11.4 Settling properties of activated sludge (Cysso = 2.04 g L™"). o, water sludge

interface height vs time (long dashed line: fitted curve); e, Gg vs Cyss (solid line: fitted
curve), &, Clarifier area At vs Cyssy

A graphical method can be used in the design of clarifiers [28]. Hence, Gg is
defined as the solid flow rate in the clarifier due to gravity and is given by:

Gp =Ciss Vhithy) (11.20)

where Viehy) is the settling velocity corresponding to a sludge height of

concentration Cyss.

al..h
Vitth) = P ho —— exp _i (11.21)
"o Xoho B X h

00

The plot Gg vs Cyss is shown in Figure 11.4. A simple exponential
correlation of the type Gg=K-Cyss"-¢Cyss was used to fit experimental data
(fitting parameters: K, n and ¢). Designing a continuous settling tank does
depend on the compacting index, y. This parameter is the ratio solid

concentration fed (Cysso) to solid concentration in the concentrated sludge
(Cyssy) withdrawn from the tank. Thus, if y =4 the sludge should have a solid

concentration of Cyss,®8000 mg L. The graphical methodology consists of
plotting the tangent to the Gg curve containing the point (Cyssy, 0). The Y-axis



CHAPTER XI. PAPER NINE. Integrated aerobic biological-chemical treatment of winery wastewater diluted [ 323
with urban wastewater. LED based photocatalysis in the presence of monoperoxysulfate

intercept of this tangent gives the value of Gy, accounting for the global solid
flow rate (Gr = Gg + Gy) due to gravity (Gg) plus the one due to the
movement resulting from sludge outlet at the clarifier bottom (Gy). Hence, if
y =4, this value is approximately Gr=123.6 kg m™* day™'. The area required

for the clarifier is given by Ar=Q, Cysso Gr™', where Q, stands for the
volumetric flow rate fed to the settling tank. Hence, if Q, is given a generic
value of 1000 m? day™', A+=16.5 m’, that is, the diameter of a cylindrical
clarifier should be 4.5 m approximately. Figure 11.4 illustrates the value of At
as a function of the Cyss,, for a generic value of Qu=1000 m’day™.

11.3.2. Chemical post-treatment of biologically processed DWW

After the activated sludge process, DWW still shows an unacceptable COD
content, impeding the direct discharge of this effluent to the environment.
Accordingly, several options were contemplated based on the use of UVA
radiation generated by LEDs technology in the presence of a radical promoter
(monoperoxysulfate, MPS) and a solid catalyst.

Some preliminary control/blank experiments were first carried out. Hence,
the potential photolysis and monoperoxysulfate oxidation (in the presence or
absence of a cobalt based perovskite) were initially assessed. Figure 11.5 (up)
shows the results obtained. As observed from this figure, none of the system
tested was capable of efficiently reduce the COD or TOC levels to values
suitable for direct discharge into natural water streams. Nevertheless,
phenolic content could be partially eliminated when monoperoxysulfate was
added to the reaction media, the efficacy rising to 100% abatement in less
than 10 minutes if the perovskite LaCoO; was present to decompose the
inorganic peroxide.

The next stage was to investigate the photocatalytic process in the
absence of radical promoters and the promoted photolysis in the absence of
catalyst. Accordingly, two more experiments were conducted by applying UVA
radiation in the presence of a labmade photocatalyst (composite of LaCoOs
and Ti0,) or in the presence of sodium monoperoxysulfate. Figure 11.5
(bottom) shows the low efficiency of the UVA/LaCo05-TiO, system both in
terms of COD and TOC reduction. Better results were, however, obtained when
UVA radiation was used in the presence of monoperoxysulfate. In this latter
case COD and polyphenol conversions were roughly 40% and 909%,
respectively.
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Figure 11.5 Chemical treatment of biologically processed DWW at pH 7. Time
evolution of normalized COD (solid symbols) and TOC conversion (open symbols).
Inset figures: phenolic content. Up figure: e, UVA radiation; A, MPS oxidation (0.01 M);
¥, LaCo03-Ti0> (0.5 g L")/MPS (0.01 M). Bottom figure: e, UVA/LaCo0Os-TiO:
(0.5gL"); A, UVA/MPS (0.01 M)
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In an attempt to improve the process, different options were
contemplated. Figure 11.6 (up) depicts the time evolution of COD, TOC and
polyphenol content in experiments conducted by irradiating DWW with UVA in
the presence of commercial or manufactured TiO, and monoperoxysulfate as
promoter. Unexpectedly, no significant differences were found if compared
these results with those obtained in the absence of TiO, (i.e. MPS promoted
photolysis). The systems UVA/TiO, and UVA/MPS when integrated in a more
complex technology do not add up their actions, likely due to easy abatement
of non-recalcitrant COD by the promoted photolysis so the photocatalysis
does not play any significant role. Given the previous results, it was decided to
incorporate a solid to the system capable of decomposing MPS such as
perovskite type catalysts [15,19]. Hence the systems UVA/MPS/LaCoOs,
UVA/MPS/LaCo05-Ti0, and UVA/MPS/LaFe0;-TiO, were investigated.
Figure 11.6 (bottom) shows the results corresponding to this experimental
series. At the sight of this figure, the system UVA/MPS/LaCo05-TiO, seems to
be the best option in terms of COD conversion and mineralization. Under the
conditions used in the experiment with the system UVA/MPS/LaCo05-TiO;, the
percentage of COD that suffered partial oxidation rose to 16% after 180 min,
however, in the first hour almost all the removed COD was converted to CO».

No significant differences were obtained when considering phenolic
content abatement; in this sense the previous three systems tested were able
to instantaneously reduce this parameter to values below 5% in a few minutes
(results not shown). At this point it can be noticed that inorganic carbon with
an initial concentration of roughly 100 mg L™ was efficiently eliminated from
the reaction media, suggesting the potential scavenging effect of carbonates
if a radical mechanism was developed. To assess this later hypothesis, one
more experiment was completed with the system UVA/MPS/LaCo05-TiO, by
first removing the carbonate content (acidification + stripping). This
experiment did show no significant differences in terms of COD and TOC
evolution while inorganic carbon gradually increased from 0 to 35 mg L™ in
the interval 0-45 min, thereafter linearly decreasing its concentration to
17 mg L™ after 180 min of treatment. This result suggests that if the process
occurs through a radical mechanism, the scavenging nature of carbonates is
neutralized by the potential oxidizing action of generated radical carbonates.
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Figure 11.6 Chemical treatment of biologically processed DWW at pH 7. Time
evolution of normalized COD (solid symbols) and TOC conversion (open symbols).
Inset figure: phenolic content. Normalized inorganic carbon=solid line. Up figure: e,
UVA/MPS (0.01 M)/P-25 (0.5 g L™"); A, UVA/MPS (0.01 M)/TiO2 (0.5 g L"). Bottom
figure: ®, UVA/MPS (0.01 M)/LaCoO3 (0.5 g L™"); A, UVA/MPS (0.01 M)/LaCo03-TiO>
(0.5gL™"); ¥,UVA/MPS (0.01 M)/LaFe05-Ti0> (0.5gL™)



CHAPTER XI. PAPER NINE. Integrated aerobic biological-chemical treatment of winery wastewater diluted | 327
with urban wastewater. LED based photocatalysis in the presence of monoperoxysulfate

In a final attempt to increase the efficiency of the system
UVA/MPS/LaCo05-Ti0, some experiments were conducted at different initial
amounts of MPS or different pH. For comparison purposes a simple first order
reaction rate was calculated in these experiments. Given the complexity of the
photocatalytic mechanism, data from first order kinetics are a mere
comparison tool, with no valuable meaning in terms of kinetics. Figure 11.7
reveals how a high concentration of monoperoxysulfate reduces the efficiency
of the process in terms of COD removal, likely due to the scavenging character
of MPS towards generated radicals if used in excess, according to:

HS0; +50;" —HS0; +50; (11.22)

HO" +HSO. —S0; +H,0 (11.23)

Additionally, no significant effect was experienced when working in the pH
range 5-7, however basic pHs (i.e. pH=9) negatively influenced the process. At
high pHs, monoperoxysulfate dissociates (second acid dissociation pK, of
roughly 9.4), so apparently, the SOs* species is less effective in the process.
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Figure 11.7 Monoperoxysulfate promoted photocatalysis of biologically processed
DWW by UVA/MPS/LaCo05-TiO> (0.5 g L™"). Influence of initial MPS concentration and
pH on pseudo first order rate constant of COD abatement. e, MPS influence at pH 7; o,
pH influence with Cupso = 0.01 M
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11.4. CONCLUSIONS

Biological treatment of Diluted Winery Wastewater (DWW) takes place by
direct conversion of TOC to CO,, as the efficiency through partial oxidation of
AOSC theory denotes (Upariox®0). Although the joint of DWW and simulated
urban wastewater reached 45-50% of COD degradation in 8 hours, biological
treatment by itself seems to be insufficient if applied in small dimensions
biological reactors. This is the case of cellars of small village where vine is
produced. This issue can easily be resolved by coupling a chemical oxidation
process such as photocatalysis using MPS.

Among the chemical processes tested, based on LEDs, MPS and
photocatalysis, the photocatalytic decomposition of MPS on LaCo0s-TiO;
composite attained the best results. Photocatalysis with TiO, did not improve
the results observed during photolytic decomposition of MPS. However,
LaCo05-TiO; highly improved COD conversion and mineralization, appreciating
a direct conversion of COD into CO.. Polyphenols, which were only removed in
a 50% extent during biological treatment, were almost instantaneously
oxidized in chemical processes (95% in UVA/MPS/LaCo03-TiO, system). The
presence of carbonate in this system outlines that the mechanism of
scavenging might be neutralized by the potential oxidizing action of generated
radical carbonates. Initial MPS concentration in the UVA/MPS/LaCo0;-TiO,
system highlights that an increase of this variable exerts a positive effect until
reach an optimum value (107 M), after what it slightly starts to be negative.
Concurrently, working at basic pH conditions results negative due to the
dissociation of HSOs” into SOs* (pK,=9.4).
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After the results have been presented, and the specific conclusions of each
piece of research have been drawn, the following general conclusions can be
inferred.

From the paper one, ‘Photocatalytic elimination of aqueous 2-methyl-4-
chlorophenoxyacetic acid in the presence of commercial and nitrogen-doped
TiO,’, where the development of N-doped titania for photocatalytic oxidation
of MCPA was investigated, it was proved that nitrogen doping enhances de
photocatalytic oxidation of the herbicide MCPA if compared to the undoped
synthetized titania. An optimum in N doping percentage can be foreseen.
Nitrogen organic compound such as urea as doping agent displayed the best
results, comparable to triethylamine. Calcination temperature resulted crucial
since up to 600°C the undesirable rutile crystalline phase starts to be formed.
A mechanistic approach to the process carried out by adding scavengers,
reveals the importance of free radicals in MCPA photocatalytic degradation.
Specifically, the importance of the formation of the organic radicals derived
from the oxidation of adsorbed MCPA in the surface of the photocatalyst.

Paper two was focused on the photocatalytic ozonation of MCPA using
commercial TiO,, Degussa P25 (‘Photocatalytic ozonation of 4-chloro-2-
methylphenoxyacetic acid and its reaction intermediate 4-chloro-2-methyl
phenol’). MCPA is easily oxidized by single ozonation or any combination of
light, ozone and TiO,. Due to this fact, photocatalytic ozonation slightly
improved the MCPA degradation rate. However, it did lead to a significant
mineralization of initial TOC content (maximum observed, 60 %) at acceptable
rates. The main intermediate observed in photocatalytic processes of MCPA
oxidation was 4-chloro-2-methyl phenol (CMP), which was steadily removed
from the media due to its high reactivity with molecular ozone. Although TiO>
concentration does not affect MCPA removal rate, TOC conversion is
dependent on the amount of solid used since TiO is undoubtedly related to its
capacity to catalyze the ozonolysis process. Identified intermediates during
photocatalytic ozonation were mainly oxygenated species derived from parent
compound after losing some of the substituting groups or opening the
aromatic ring leading to aliphatic oxygenated compounds. These
intermediates did not present appreciable acute toxicity toward D. parvula and
C. pipiens larvae after the oxidation treatment. It was necessary to carry out
oxidation trials with high content of MCPA to appreciate acute toxicity at low
oxidation times, which was removed as the oxidation proceeded.

Paper tree, entitled ‘Photocatalytic ozonation of clopyralid, picloram and
triclopyr. Kinetics, toxicity and influence of operational parameters’, explores
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the use of photocatalytic ozonation, using commercial TiO», Degussa P25, as
the oxidation technigue in pollutants refractory to single ozonation. Pyridinic
herbicides, highly recalcitrant towards ozone, were easily degraded in systems
able to produce radical species. The combination of ozone and photocatalysis
in this case did considerably enhance herbicide abatement rate and
mineralization extent, if compared to moderately refractory compound like
MCPA which only presents a notorious synergism effect in mineralization.
Similarly to what was observed for MCPA, TOC conversion is not negatively
affected by an increase in the initial herbicide concentration in photocatalytic
ozonation process. Newly, this fact suggests the development of autocatalytic
routes. Although a slight decrease in herbicide removal rate after several
reuses was experienced, commercial titania photocatalyst keeps its
mineralization activity. Mineralization analysis was accompanied with study of
inorganic species release. It was observed that, chlorine immediately
accumulates in the reaction media, suggesting that dechlorination is supposed
to occur in the first stages of the photocatalytic ozonation process, probably
due to the attack of radical species. Toxicity evolution of photocatalytic
ozonation process demonstrates the effectiveness of the technology in
removing possible toxic intermediates leading to refractory carboxylic acids
such as formic, acetic and oxalic.

Photocatalytic ozonation of pyridinic herbicides was further studied in
paper four using synthesized nitrogen doped TiO, (‘Photocatalytic ozonation
of pyridine-based herbicides by N-doped titania’). Nitrogen doping improved
bare titania photoactivity, appreciating an optimum amount of doping agent.
As noticed in the previous work, both herbicide and TOC abatement showed
synergistic improvement if compared to photocatalytic oxidation or single
ozonation. Concerning to toxicity evolution, photocatalytic ozonation
displayed a significant increase at the early stages of the herbicide oxidation. It
disappeared when parent herbicides were completely abated, and
dechlorination accomplished.

Paper five (‘Ozonation, photocatalysis and photocatalytic ozonation of
diuron. Intermediates identification’), dealing with the identification of
transformation products of processes involving photocatalysis and or ozone,
states the similarity of the nature of intermediates during these processes due
to the low rate constant of diuron towards molecular ozone. Photocatalytic
ozonation does not significantly improve the parent compound removal, since
hydroxyl radical produced in single ozonation results enough to degrade the
parent compound. However, high TOC removal rates were reached by this
system, showing an outstanding synergism in TOC removal (83%). Actually,
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high mineralization rates linked to photocatalytic ozonation are due to the
high capacity of oxidizing small oxygenated organics, as the analysis of the
released organic acid revealed. Regarding intermediates analysis,
transformation products derived from ozonation, photocatalysis and
photocatalytic ozonation were quite similar since the radical pathway plays an
important role in the three systems. However, in processes involving ozone,
intermediates maximum formation were observed once diuron was abated,
afterwards they were utterly removed. To finish with this piece of research,
toxicity evolution to V. Fischeri during photocatalytic ozonation showed an
increase at the initial oxidation stage (>90%), decreasing thereafter as the
reaction progressed. Ozonation displayed a lower ability to decrease the
inhibition percentage after reaching the maximum in toxicity, while
photocatalysis gradually increased the toxicity to the bacteria.

In a second part of this dissertation, the research was focused on the use
of monoperoxysulfate (MPS) as oxidant agent or promoter of radical species.
From paper 6, entitled ‘Monoperoxysulfate photocatalysis under 365 nm
radiation. Direct oxidation and MPS promoted photocatalysis of the herbicide
tembotrione’, it is concluded that monoperoxysulfate is a suitable alternative
to oxidize organic aqueous pollutants. pH exerts an important effect in MPS
oxidation chemistry due to its pK,'s, being positive the neutral-acidic interval.
In relation to photocatalytic oxidation in presence of monoperoxysulfate as
promoter, the presence of MPS improved the parent compound and
mineralization rates. MPS concentration exerts an important and positive
effect in the process.

Heterogeneous decomposition of monoperoxysulfate seems to be an
attractive way to generate radicals, as the results of chapter 9 stated
(‘Removal of aqueous metazachlor, tembotrione, tritosulfuron and
ethofumesate by heterogeneous monoperoxysulfate decomposition on
lanthanum-cobalt perovskites’). Thus, lanthanum-cobalt perovskite has a high
activity with unappreciated cobalt leaching at circumneutral pH conditions.
However, acidic conditions strongly produce cobalt leaching, a negative aspect
for environmental purposes. Basic conditions, negatively affected the
monoperoxysulfate decomposition chemistry. So, this technology would only
be appropriate in treating effluents with a low content of organic matter and
at neutral or slightly basic pH. MPS concentration up to 2 10™ M and small
loads of catalyst were enough to produce decontamination of pollutants at
mg L level.
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The combination of heterogeneous and photocatalytic decomposition of
monoperoxysulfate into radicals significantly improves the effect of removal
of aqueous organic pollutants. Chapter 10, ‘Synergism between
monoperoxysulfate and LaCoO3-TiO» photocatalysis for oxidation of herbicides.
Operational variables and catalyst characterization assessment’, proves that
catalysts based on LaCo0s-TiO,, achieves that behavior. A molar ratio
LaCo05:Ti0, of 0.1:1 is adequate to reach that goal. Once again, initial
monoperoxysulfate concentration is the most influential variable. A maximum
mineralization extent of 55% was reached with 10~ M of monoperoxysulfate.
Although a complete mineralization is not achieved, phytotoxicity pointed out
almost complete disappearance at the end of the process; appreciating that
the higher MPS amount used, the faster phytotoxicity decreases.

Photocatalytic processes seem to be an interesting alternative for
biological + chemical oxidation processes of Diluted Winery Wastewater
(DWW), as shown in Chapter 11, ‘Integrated aerobic biological-chemical
treatment of winery wastewater diluted with urban wastewater. LED based
photocatalysis in the presence of monoperoxysulfate’. This piece of research
also highlights the direct conversion of TOC to CO, during biological oxidation
treatment. Among the chemical processes tested, based on LEDs, MPS and
photocatalysis, the photocatalytic decomposition of MPS on LaCo03-TiO,
composite attained the best results (95% in UVA/MPS/LaCo05-TiO, system).
An increase in the initial MPS concentration exerts a positive effect until reach
an optimum value (10° M), after what it slightly starts to be negative.
Concurrently, working at basic pH conditions results negative due to the
dissociation of HSOs ™ into SOs°".
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