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Predmbulo

Preambulo

La Sociedad tiene una intensa relacién con el patrimonio urbano.
Es el medio que crea para su habitat y confort, en el que trabaja, por el que
se mueve y que aprecia preservando la herencia de generaciones
anteriores. En este contexto, la Sociedad ha ido trasladando poco a poco su
vida a las ciudades, las cuales han experimentado una profunda evolucién
a lo largo de la historia: desde el Neolitico, donde el desarrollo de la
agricultura y el pastoreo favorecid la creacién de los primeros
asentamientos sedentarios, hasta la formacion de las primeras
civilizaciones agricolas, como Mesopotamia (3500 a.C.). Posteriormente
durante el siglo XVIII, época de la Revolucién Industrial, se promovié un
éxodo rural motivado por la presencia de fabricas, almacenes, estaciones
de ferrocarril, etc. en las ciudades, llegando al primer gran aumento de los
nucleos de poblacién.

En la actualidad, mas de 4200 millones de personas, en torno al 55
% de la poblacién mundial, residen en las ciudades, donde existe un mayor
crecimiento econdmico, como consecuencia de la industrializacion y de la
existencia de una red organizada de infraestructuras. Ademas, la
Organizacion de Naciones Unidas (ONU) prevé un drastico aumento de la
poblacion, llegando a los 9700 millones de habitantes para el ailo 2050. De
estos, se estima que en torno al 70 % vivira en medios urbanos. En Espania,
dicho porcentaje subird hasta alcanzar un 88 % de cara al 2050, como se
observa en la Figura 1 (datos procedentes de Division de Poblacién de las

Naciones Unidas (ONU)).



Nuevos materiales inorgdnicos funcionales para la prevencion de la contaminacion en el patrimonio y
hdbitat urbano

20,0% Estimacion

Figura 1. Evolucion del porcentaje de poblacion residiendo en dreas urbanas en Espafia
[Divisidn de Poblacion de la ONU].

Este acelerado crecimiento de poblacion urbana a nivel global viene
inherentemente asociado con una mayor necesidad de recursos
energéticos, un aumento de la utilizacién de los medios de transporte y una
extension de la industrializacién en general. En consecuencia, todos estos
factores hacen que el desarrollo sostenible del habitat urbano tenga un
papel crucial. En este aspecto, dos preocupaciones principales surgen en la
Sociedad respecto a la conservacién del patrimonio y habitat urbano: i)
prevenir el deterioro del mismo para que siga ejerciendo la funcionalidad
para el que fue creado y ii) asegurar su correcta y sana habitabilidad.

Gran parte del patrimonio histérico urbano como fachadas,
edificios, monumentos y esculturas estda elaborado con piedras de
diferente naturaleza (calizas, dolomitas, marmoles, etc.), morteros de
cemento, o morteros de yeso y cal. La gran variedad de materiales y
técnicas de ejecucion que se emplean implica que las alteraciones que
sufren son muy heterogéneas y complejas. Los procesos de alteracion y

deterioro se producen por el natural envejecimiento de los materiales y/o
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por la accion inducida de agentes como la temperatura, el agua, sales, ciclos
de hielo-deshielo o contaminantes medioambientales. De hecho, en los
ultimos afios se ha observado un deterioro acelerado en los materiales del
patrimonio urbano a causa del incremento de la contaminacidn urbana.
Uno de los principales procesos de degradacion de los materiales pétreos
es el biodeterioro provocado por la contaminacién microbiana. Diferentes
variedades de microrganismos, como algas y hongos, pueden crecer en la
superficie, poros o fisuras del material, originando procesos de
biometeorizacién, cambios del color, alteraciones superficiales, fendmenos
de disgregacion-pulverizacién, pérdida de adhesidon y cohesién entre los
constituyentes mineralégicos y una progresiva pérdida de material y de su
resistencia mecdanica. Para evitar este tipo de contaminacién, es comun la
utilizacidn de sistemas quimicos de conservacion preventiva. Estos sistemas
se basan en la aplicacidon de morteros de restauracion que incorporan en su
composicion agentes biocidas (también denominados agentes
antimicrobianos), es decir, compuestos quimicos que poseen la propiedad
de impedir el crecimiento microbiano en el material pétreo. No obstante,
la efectividad y duracién a largo plazo de la actividad antimicrobiana del
material es muy limitada debido a la lixiviacion y descomposicion de los
compuestos quimicos que ejercen la actividad biocida. Por consiguiente,
seria de interés el empleo de sistemas de liberacién controlada de estos
agentes quimicos. De esta manera, dichos compuestos se encontrarian
anclados a un soporte inorganico, quedando mds protegidos frente a
agentes externos (luz, pH, etc.) y retrasandose la lixiviacion al medio.
Ademas, una mayor dispersién del principio activo en el soporte haria que

se consiguiese el mismo rendimiento antimicrobiano con una menor
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cantidad de agente quimico, lo que mejoraria los costes de producciény la
sostenibilidad del sistema.

Por otra parte, la salud del ciudadano requiere respirar aire de
buena calidad. Su degradacidn o contaminacién ocurre por la emisién a la
atmdsfera de contaminantes procedentes de la industria y, principalmente,
del trafico rodado. Disponer de un aire limpio en el habitat urbano se ha
convertido en un objetivo prioritario de la politica ambiental y de las
estrategias de desarrollo sostenible. Entre los contaminantes primarios del
aire mas habituales se encuentran los oxidos de nitrégeno (NO y NO,,
denominados conjuntamente como gases NOx), los compuestos organicos
volatiles (COVs), y las particulas en suspensién. Los gases NOx son muy
toxicos (incluso mas que el mondxido de carbono), por lo que originan
efectos nocivos para la salud y ademds son responsables de serios
problemas medioambientales: smog fotoquimico, lluvia acida, ozono
troposférico, disminucién capa de ozono, etc., factores que también
acentuan el desgate de los materiales urbanos. Aunque la recomendacion
de la Organizacion Mundial de la Salud (OMS) vy la legislacién europea
establecen que no se puede superar la media anual de 40 pug/m?3 para el
NO; (o0 200 pg/m3 por hora), desafortunadamente, muchas ciudades en el
mundo, incluido ciudades espafiolas, superan estos valores (Figura 2). En
consecuencia, se ha documentado que alrededor de 71.000 personas
fallecen de forma prematura anualmente en la Unién Europea a causa de
la inhalacién de gases NOy (datos del Informe de la Agencia Europea del

Medioambiente, 2020).
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Figura 2. Concentraciones de NO; en Europa en 2018 [Informe de la Agencia Europea del
Medioambiente, 2020].

La concentracion atmosférica de NOx de una ciudad podria
reducirse in-situ (proceso llamado De-NOy) mediante la creacidon de
grandes superficies descontaminantes. En este sentido, se ha descrito la
capacidad de los materiales urbanos (morteros, pinturas, pavimentos, etc.)
para actuar como materiales auto-descontaminantes, gracias a la
incorporacién de aditivos basados en compuestos fotocatalizadores de
TiO,. A este respecto, la fotocatdlisis es una tecnologia muy prometedora,
dado que la accién De-NOy tiene lugar a temperatura ambiente y con el uso
exclusivo de agua, moléculas de oxigeno y luz solar, componentes
abundantes en la atmodsfera urbana. Como resultado, los gases NOy se
retiran de la atmdsfera cuando se oxidan a las especies nitratos y nitritos.
No obstante, la remediacién fotocatalitica es una tecnologia que no tiene
un uso extendido en la arquitectura urbana ya que, entre otras limitaciones,
el coste de los compuestos basados en TiO, es muy elevado en comparacién

con las materias primas que constituyen los materiales urbanos. Por lo
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tanto, la busqueda de aditivos fotocatalizadores alternativos de bajo coste
permanece como un reto pendiente de alcanzar.

En este contexto, este trabajo tiene dos objetivos globales. El
primer objetivo de esta Tesis Doctoral se centra en el estudio de nuevos
compuestos inorganicos que puedan ser utilizados como aditivos para
prevenir la contaminacién microbiana de los morteros de rehabilitacidon
usados en entornos urbanos. La investigacion aborda la utilizacién de
Carbendazima (CBZ), un fungicida de bajo coste inexplorado en este tipo de
materiales. Asimismo, se ha estudiado la incorporacidn de CBZ a diferentes
soportes inorganicos basados en compuestos tipo arcilla. Estos compuestos
poseen una gran capacidad adsorbente, un bajo coste de produccién y
aseguran una buena compatibilidad con la matriz del mortero.

El segundo objetivo global de este trabajo, también en consonancia
con la preservacion del habitat urbano, es el desarrollo de nuevos aditivos
inorganicos con propiedades fotocataliticas para el proceso De-NO,, de
manera que sean eficaces, econdmicos y viables para una utilizacion
extensiva. En esta linea, se ha estudiado el uso del ZnO nanoparticulado,
un fotocatalizador con baja toxicidad y gran capacidad de absorcién de
radiacion UV. En su sintesis se ha utilizado la cascara del arroz, un
importante residuo agroindustrial, con el objetivo de mejorar la dispersion
de las nanoparticulas de ZnO y de reducir costes, sin crear un mayor
impacto ambiental. Adicionalmente, la familia de compuestos Hidroxidos
Dobles Laminares (HDLs) han sido aplicados de forma novedosa como
fotocatalizadores De-NO,. Estos compuestos se caracterizan por una
sintesis sencilla y por una enorme versatilidad quimica y sostenibilidad
ambiental, lo que los hace ideales para aplicarlos en esta tecnologia

fotocatalitica especifica.



Preamble

Preamble

The Society has a close relationship with urban heritage. It is the
environment that he creates for his habitat and comfort, where he works,
through which he moves and appreciates all whilst preserving the
inheritance of previous generations. In this context, the Society has
gradually transferred its life to cities, which have undergone a profound
evolution throughout history: from the Neolithic Age, where the
development of agriculture and pastoralism favoured the creation of the
first sedentary settlements, to the formation of the first agricultural
civilizations, such as Mesopotamia (3500 BC). Later during the 18" century,
- the time of the Industrial Revolution - a rural exodus was promoted. This
was motivated by the presence of factories, warehouses, railway stations,
etc. in cities, and resulted in the first great increase in city centre
populations.

Currently, more than 4.2 billion people - around 55% of the world's
population - live in cities, where there is greater economic growth, as a
consequence of industrialization and the existence of an organized network
of infrastructures. Furthermore, the United Nations (UN) has foreseen a
drastic increase in the total population, which it expected to reach 9700
million inhabitants by the year 2050. Of these extra inhabitants, it is
estimated that around 70% will live in urban areas. In Spain, this percentage
will rise to 88% by 2050, as shown in Figure 1 (data from the Population

Division of United Nations (UN)).
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Figure 1. Evolution of the percentage of the population residing in urban areas in Spain
[Population Division of UN].

This accelerated growth of urban population at a global level is
inherently associated with, a greater need for energy resources, an increase
in the use of transportation, and, mostly, an extension of industrialization.
Consequently, all these factors make the sustainable development of urban
habitat play a key role. In this regard, two main concerns arise in the Society
regarding the conservation of heritage and urban habitat: i) prevent its
deterioration, so that it continues to exercise the functionality for which it
was created and ii) ensure its correct and healthy habitability.

Much of the urban historical heritage such as facades, buildings,
monuments and sculptures are made with stones of different nature
(limestones, dolomites, marbles etc.), cement mortars, or plaster and lime
mortars. The great variety of materials and execution techniques used
implies that the alterations they undergo are very heterogeneous and

complex. The alteration and deterioration processes are produced by the

8
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natural ageing of the materials and/or by the induced action of external
agents such as temperature, water, salts, freeze-thaw cycles or
environmental pollutants. In fact, in recent years there has been an
accelerated deterioration of these materials due to the increase in urban
pollution. One of the main degradation processes of stone materials,
caused by microbial contamination, is biodegradation. Different varieties of
microorganisms, such as algae and fungi, can grow on the surface, pores or
fissures of the material, causing bio-weathering processes, colour changes,
surface alterations, disintegration-pulverization phenomena, loss of
adhesion and cohesion between the mineralogical constituents and a
progressive loss of material and its mechanical resistance. To avoid this
type of contamination, the use of chemical preventive conservation
systems is common. These systems are based on the application of
restoration mortars that incorporate biocidal agents (also called
antimicrobial agents) in their composition, that is, chemical compounds
that have the property of preventing microbial growth in stone material.
The effectiveness and long-term duration of the material’s antimicrobial
activity is very limited however, due to the leaching and decomposition of
the chemical compounds that exert the biocidal activity. Consequently, the
use of controlled release systems for these chemical agents would be of
interest. In this way, these compounds would be anchored to an inorganic
support thus increasing protection from external agents (light, pH etc.) and
delaying leaching to the environment. In addition, a greater dispersion of
the active principle in the support would achieve the same antimicrobial
performance yet a lower amount of chemical agent. This would improve
the production cost and sustainability of the system.

Furthermore, the health of the citizens requires breathing good

quality air. The degradation or contamination of the air occurs due to the

9
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emission into the atmosphere of pollutants from industry and, mainly, from
road traffic. Having clean air in the urban habitat has become a high priority
objective of environmental policy and sustainable development strategies.
Among the most common primary air pollutants are nitrogen oxides (NO
and NO,, collectively known as NOx gases), Volatile Organic Compounds
(VOCs), and suspended particles. NO, gases are very toxic (even more so
than carbon monoxide), so they cause harmful effects on health. They are
also responsible for serious environmental problems: photochemical smog,
acid rain, tropospheric ozone, ozone layer depletion, etc., factors that also
accentuate the weathering of wurban materials. Although the
recommendation of the World Health Organization (WHO) and European
legislation state that the annual average of 40 pg/m?3 for NO, (or 200 pg/m?3
per hour) must not be exceeded, unfortunately, many cities in the world,
including Spanish cities, exceed these values (Figure 2). Consequently, it has
been reported that, annually, around 71,000 people in the European Union
die prematurely due to the inhalation of NOy gases (data from the European

Environment Agency, 2020 Report).

Annual mean NO, concentrations
in 2018

pg/m?
e <20
o 20-30
o 30-40
e 40-50
s >50

|:| Mo data
Countries/regions not
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exchange process

LV

Figure 2. NO, concentrations in Europe in 2018 [European Environment Agency, 2020
Report].
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The atmospheric concentration of NOy in a city could be reduced
in-situ (a process called De-NO,) by creating large decontaminating
surfaces. In this sense, the capacity of urban materials (mortars, paints,
pavements, etc.) to act as self-decontaminating materials has been
described, thanks to the incorporation of additives based on TiO;
photocatalyst compounds. In this sense, photocatalysis is a very promising
technology, since the De-NOy action takes place at room temperature and
with the exclusive use of water, oxygen and sunlight, components that are
abundant in the urban atmosphere. As a result, NOy gases are removed
from the atmosphere when oxidized to nitrate and nitrite species.
However, photocatalytic remediation is a technology that is not widely
used in urban architecture since, among other limitations, the cost of TiO,-
based composites is very high compared to the raw materials that make up
urban infrastructures. Therefore, the search for alternative low-cost
photocatalyst additives remains a pending challenge.

In this context, this work has two global objectives. The first
objective of this Doctoral Thesis is focused on the study of new inorganic
compounds that can be used as additives to prevent microbial
contamination of rehabilitation mortars used in urban environments. The
research addresses the use of Carbendazim (CBZ), a low-cost fungicide
unexplored in this type of materials. Likewise, the incorporation of CBZ to
different inorganic supports based on clay-type compounds has been
studied. These compounds have a high adsorptive capacity, a low
production cost and ensure good compatibility with the mortar matrix.

The second global objective of this work, also in line with the
preservation of urban habitat, is the development of new inorganic
additives with photocatalytic properties for the De-NOy process, so that

they are effective, economical and viable for extensive use. Along these
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lines, the use of ZnO nanoparticles, a photocatalyst with low toxicity and
high UV radiation absorption capacity, has been studied. For its synthesis,
rice husk, an important agro-industrial waste product, has been used with
the aim of improving the dispersion of ZnO nanoparticles and reducing
costs, without creating a greater environmental impact. Additionally, the
family of Layered Double Hydroxides compounds (LDHs) have been applied
in a novel way as De-NOy photocatalysts. These compounds are known by
its simple synthesis, enormous chemical versatility and environmental
sustainability, which makes them ideal for application in this specific

photocatalytic technology.
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Hipdtesis 1.

El crecimiento de los microrganismos en los poros, fisuras y grietas
de los materiales pétreos presentes en el Patrimonio urbano
(contaminacién microbiana) provoca efectos negativos en estos, tales
como cambios de tonalidad, pérdida de adhesién y cohesidn entre los
constituyentes mineralégicos y una progresiva pérdida de material y de su
resistencia mecanica [1].

Actualmente, los morteros de restauracidon que se emplean en las
tareas de rehabilitacion contienen aditivos con propiedades
antimicrobianas (compuestos biocidas) que protegen al material de la
contaminacién microbiana. Sin embargo, esta proteccién es muy limitada
en el tiempo debido a la descomposicidn y lixiviacidon al medio exterior de
los agentes antimicrobianos.

Para aumentar la duracidn del efecto antimicrobiano, los agentes
biocidas podrian ser adsorbidos en un soporte inorganico, de manera que
se consiguiera una liberacién controlada del princio activo (los compuestos
biocida), a la vez que quedarian mas protegidos frente a agentes externos
(luz, pH, etc.) [2]. Conjuntamente, una mayor dispersién del principio activo
en el soporte haria que se consiguiese el mismo rendimiento
antimicrobiano, pero empleando una menor cantidad de agente biocida, lo
gue mejoraria los costes de produccion y la sostenibilidad del sistema.

Las arcillas son filosilicatos cuya estructura se forma al apilar,
mediante varias combinaciones, capas de estructura tetraédrica de silicatos

I** en los huecos

[SiO4)* y octaédricas de iones hidroxilo con cationes A
octaédricos Entre las capas, se encuentran moléculas de agua y cationes
que son facilmente intercambiables. Ademads, la modificacion de las arcillas
para mejorar la adsorcion de compuestos hidrofébicos (organo-arcillas) es

sencilla de llevar a cabo, existiendo organo-arcillas comerciales. La
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abundancia, bajo coste y sostenibilidad de las arcillas hacen que sean
utilizadas en un importante niumero de aplicaciones. A destacar, las arcillas
se han utilizado como adsorbentes/sistemas de liberacion controlada de
pesticidas y herbicidas en la agricultura [3]. Sin embargo, apenas existe
informacién acerca del empleo de las arcillas como sistemas de liberacién
controlada en el ambito de los materiales pétreos del Patrimonio urbano.
La Carbendazima (metil-benzimidazol-2-il-carbamato; numero
CAS: 10605-21-7) es un fungicida de bajo coste y baja solubilidad en agua
(8 mg L) utilizado en la agricultura y en pinturas para fachadas [4, 5]. No
obstante, su aplicaciéon en los materiales de construccién permanece

inexplorada.

Obijetivo 1.

El primer objetivo de esta Tesis Doctoral se centra en el estudio de
nuevos compuestos inorganicos que puedan ser utilizados como aditivos
para prevenir la contaminacién microbiana de los morteros de
rehabilitacion usados en entornos urbanos. La investigacion aborda la
utilizacion de Carbendazima (CBZ) como fungicida, mientras que los
soportes inorganicos se basaron en compuestos tipo arcilla disponibles
comercialmente. Se emplearon una arcilla de referencia, sin modificacion
guimica, y dos organo-arcillas para estudiar la influencia de la adsorcidn de
la CBZ y conseguir un aditivo con un contenido elevado de agente fungicida.

Adicionalmente, como las organo-arcillas empleadas se encuentran

modificadas con surfactantes catidnicos (amonio cuaternario), cuyas
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propiedades alguicidas son conocidas [6], se espera que los aditivos
preparados tengan una accion biocida doble (fungicida y alguicida).

Finalmente, los compuestos seran utilizados como aditivos en la
preparacion de un mortero de restauracion en base cal, con el objeto de
lograr unas propiedades biocidas y de lixiviacién mejoradas.

Esta investigacidn se aborda en el articulo cientifico titulado:
Carbendazim-clay complexes for its potential use as antimicrobial
additives in mortars

Clic aqui para ver la version web del articulo

Hipdtesis 2.

La contaminacion atmosférica del hdbitat urbano, y en particular la
contaminacion derivada de los gases dxidos de nitrégeno (NOx = NO + NO,)
provoca una importante serie de efectos negativos a varios niveles: salud
humana, medio ambiente y materiales del Patrimonio urbano.

La concentracion atmosférica de NOx de una ciudad podria
reducirse in-situ (proceso llamado De-NO,) mediante la creacion de grandes
superficies descontaminantes. En este sentido, se ha descrito la capacidad
de los materiales de construccién usados en la arquitectura urbana
(hormigén, morteros, pinturas, pavimentos, etc.) para actuar como
materiales auto-descontaminantes, gracias a la incorporacién de aditivos

basados en compuestos fotocatalizadores, principalmente el didxido de
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titanio (TiOz). Mediante el proceso fotocatalitico, en el que intervienen la
luz solar y el agua y oxigeno atmosféricos, los gases NOx son oxidados a las
especies nitratos y nitritos y de este modo se retiran de la atmdsfera [7].

No obstante, la remediacion fotocatalitica es una tecnologia que no
tiene un uso extendido en la arquitectura urbana debido a ciertas
limitaciones del TiO,. Principalmente, el coste del aditivo fotocatalitico TiO,
es muy elevado en comparacion con las materias primas que constituyen
los materiales de construccién [8]. Otra limitacion se relaciona con la baja
selectividad De-NOy descrita para el TiO,, lo que indica que gran parte del
NO no es oxidado finalmente a especies nitritos/nitratos sino a NO, una
especie intermedia mucho mas tdxica que el NO [9]. Ademads, la Unidn
Europea ha indicado recientemente potenciales riesgos de padecer cancer
cuando se inhalan nanoparticulas de TiO; [10], por lo que habria que tener
en consideracion los riesgos futuros de la utilizaciéon de dicho compuesto.

Se han estudiado fotocatalizadores alternativos al TiO; al objeto de
conseguir un mejor rendimiento fotocatalitico en procesos De-NOy asi
como ofrecer productos mas econdmicos y sostenibles. Una de las acciones
de mejora del rendimiento fotocatalitico pasa por conseguir compuestos
con una elevada superficie especifica expuesta a las moléculas reactantes,
lo que se puede conseguir con soportes adecuados para la dispersidn del
fotocatalizador [11, 12]. A destacar, las cenizas de la combustion de la
cascara de arroz contienen un elevado porcentaje (> 90%) de SiO, amorfo
con elevada superficie especifica (> 200 m? g), por lo que se ha utilizado
en diversas aplicaciones, por ejemplo, como soporte inorganico de
catalizadores [13].

Por otro lado, el ZnO es un compuesto con propiedades
fotocataliticas similares al TiO,. Sin embargo, la preparacién de ZnO

nanoparticulado implica generalmente métodos hidrotermales, liquidos
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idnicos o sol-gel [14], por lo que es preferible conseguir un procedimiento

mas econdmico y sencillo.

Objetivo 2.

El segundo objetivo esta enfocado en la preparacién, mediante una
metodologia simple y econdémica, de nuevos fotocatalizadores con
actividad De-NOy mejorada. En este contexto de potencial industrializacion
y sostenibilidad, se ha investigado la valorizacién de la cascara de arroz,
residuo agroindustrial muy abundante en el mundo. Este residuo supone
un enorme problema medioambiental debido a la gran produccién mundial
de arroz, mas de 700 millones de toneladas anuales, de las cuales un 20 %
en peso es cascara.

Durante la sintesis del fotocatalizador, basado en ZnO, se pretende
que la cascara de arroz actue ademds como agente de plantilla para
conseguir nanoparticulas de ZnO que se encuentren dispersas sobre el
soporte inorgdnico de SiO,. Se espera que el menor tamafio de particula y
la mejor dispersion del ZnO en la matriz porosa del SiO, amorfo produzca
un aumento en la eficacia fotocatalitica De-NOx.

Esta investigacion se aborda en el articulo cientifico titulado:

ZnO on rice husk: A sustainable photocatalyst for urban air purification

Clic aqui para ver la version web del articulo

m] Thte [
I
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Hipotesis 3.

Como se deriva de la hipdtesis 2, actualmente existe gran interés
en la preparaciéon de fotocatalizadores De-NOy alternativos al TiO,, para su
aplicacion en superficies urbanas auto-descontaminantes.

Los Hidréxidos Dobles Laminares (LDH, del inglés) son una amplia
familia de compuestos con una estructura laminar tipo brucita, donde
existe una sustitucidon parcial isomodrfica de cationes divalentes por
trivalentes, generdndose asi la carga positiva en las laminas, que se
compensa por intercalacién de aniones entre ellas. Gracias a una gran
capacidad de modificacién de su composicidn, la facilidad y bajo coste de
su sintesis y su gran versatilidad quimica, los LDH se han estudiado para un
amplio abanico de aplicaciones [15].

Nuestro Grupo de Investigacidén fue pionero en la aplicacién de los
LDHs (basados en los cationes Zn?* y Al**) como fotocatalizadores De-NO,,
demostrando muy buenos valores de eliminacién de estos gases, asi como
una excelente selectividad del proceso De-NOy [16]. Sin embargo, dichos
compuestos, al igual que el TiO,, no son activos frente a la luz del espectro
Visible, por lo que se desaprovecha gran parte de la radiacién solar, en

torno a un 40%.

Obijetivo 3.

En este objetivo se busca conseguir la preparacion facil y
econdmica de LDHs, mediante un sencillo método de coprecipitacién, con
propiedades fotocataliticas De-NOyx mejoradas, asi como la profundizacion
del mecanismo implicado.

Tomando como base el compuesto ZnAl-LDH, se pretende

investigar el efecto que tiene el reemplazo gradual de AI** por Fe* en la
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mejora del rendimiento De-NOy. Se espera que la introduccidon de este
nuevo elemento genere nuevos estados energéticos que permitan un
mejor aprovechamiento de la luz visible, abra nuevas vias de desactivacion
de las fotocargas generadas (electron/hueco) que retrasen su
recombinacién y, por ende, aumente la actividad fotocatalitica. Ademas,
mediante el uso de técnicas como la Resonancia Paramagnética de
Electrones (EPR) y la fotoluminiscencia (PL), se pretende explicar la
potencial mejora del mecanismo fotocatalitico De-NOx.
Esta investigacion se aborda en el articulo cientifico titulado:

Effects of Fe* substitution on Zn-Al layered double hydroxides for
enhanced NO photochemical abatement

Clic aqui para ver la version web del articulo
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Hipdtesis 4.

Como se ha comentado en la hipdtesis anterior, los compuestos
LDHs se presentan como una familia de fotocatalizadores De-NOx muy
prometedora.

No obstante, los LDH sintetizadas con métodos tradicionales sufren
un apilamiento de las laminas, lo que da como resultados agregados de
particulas con poca area superficial especifica y pequefio volumen de poro

[17]. Esto da lugar a una baja dispersion de los sitios activos esenciales para
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reacciones fotocataliticas heterogéneas y con ello una menor interaccion
con las moléculas reactantes y un rendimiento fotoquimico mas bajo

Para abordar este problema, es de interés la preparacién de LDHs
con particulas constituidas por una sola [dmina o unas pocas laminas (2D-
LDH). Sin embargo, los métodos mas eficientes a temperatura ambiente a
menudo requieren disolventes agresivos y peligrosos (por ejemplo,
formamida), consumen mucho tiempo (por ejemplo, la intercalacién previa
de un anién adecuado) y ofrecen rendimientos muy bajos que impiden la
recuperacién de cantidades significativas de LDH [18].

Con el fin de producir grandes cantidades de 2D-LDHs de una
manera mucho mas sencilla, el Grupo del Prof. O'Hare ideé un método
novedoso, denominado Aqueous Miscible Organic Solvent Treatment
(AMOST) [17], donde el compuesto LDH recién formado es lavado y re-
dispersado en un disolvente organico miscible con el agua, dando lugar a
los compuestos denominados AMO-LDH que se caracterizan por presentar
una alta dispersién de particulas bidimensionales y gran volumen de poro,

lo que conlleva a obtener altos valores de superficie especifica.

Objetivo 4.

Parte del trabajo del objetivo 4 ha sido realizado por el doctorando
en el grupo del Prof. Dermot O’Hare, University of Oxford. En este objetivo
se busca conseguir, mediante el método AMOST, la preparacién de 2D-
LDHs con propiedades fotocataliticas De-NOx mejoradas. Se pretende que

la mayor dispersidn de las nanoldminas de LDH aporte mas sitios activos
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para reaccionar con los gases NOx durante el proceso fotocatalitico. Esta
seria la primera vez que un AMO-LDH es aplicado como fotocatalizador.

El LDH estudiado se basa en los cationes Ni?* y Ti*, ya que han sido
documentadas sus buenas propiedades fotocataliticas [19], si bien nunca
ha sido aplicado como fotocatalizador De-NOx.

Se estudiaran varios factores que podrian afectar al procedimiento
AMOST: el tiempo de redispersion en el disolvente, la temperatura durante
el proceso redispersion y la relaciéon entre los cationes metalicos que
forman las laminas (Ni** y Ti%).

Finalmente, mediante el uso de técnicas como la Resonancia
Paramagnética de Electrones (EPR), espectroscopia de infrarroja de
reflectancia difusa in situ por transformada de Fourier (DRIFT) y la
fotoluminiscencia (PL), se pretende explicar la potencial mejora del
mecanismo fotocatalitico De-NOx.

Esta investigacion se aborda en el articulo cientifico titulado:
Aqueous miscible organic solvent treated NiTi layered double hydroxide
De-NOy photocatalysts

Clic aqui para ver la version web del articulo
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Hypothesis 1.

The growth of microorganisms in the pores, fissures and cracks of
the stone materials used in buildings of significant cultural heritage
(microbial contamination) has a number of detrimental effects. These
effects include changes in tonality, loss of adhesion and cohesion between
the mineralogical constituents and a progressive loss of material and
reduced mechanical resistance [1].

Currently, restoration mortars contain additives with antimicrobial
properties (biocidal compounds) that protect the material from microbial
contamination. However, this protection is ineffective over longer periods
of time due to the decomposition and leaching of the antimicrobial agents.

In order to increase the duration of the antimicrobial effect, the
biocidal agents could be adsorbed on an inorganic support to achieve a
controlled release of the biocidal compound, thus becoming more
protected from external agents (light, pH, etc.) as well [2]. Furthermore, a
greater dispersion of the active agent (the biocidal compound) in the
support would achieve the same antimicrobial performance, but using a
smaller amount of biocidal agent, which would improve production costs
and the sustainability of the system.

Clay minerals, mainly the 2:1-type phyllosilicates, whose structure
is formed of octahedral alumina and two linked tetrahedral silicate layers,
are good adsorbents for cationic compounds, as a consequence of their
negatively charged surfaces. Furthermore, the affinity of these materials
towards hydrophobic compounds can be improved by a simple
modification of their surfaces, and there are organo-clays commercially
available. Clay minerals have been used as adsorbents/controlled release

systems for pesticides and herbicides in agriculture [3], but there is very
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little information about their use as controlled release systems in the field
of architectural conservation.

Carbendazim (methyl-benzimidazol-2-yl-carbamate; CAS number:
10605-21-7) is a low-cost fungicide with low water solubility (8 mg L) used
in agriculture and in facade paints [4, 5]. Nevertheless, its application in

building materials remains unexplored.

Objective 1.

The first objective of this Doctoral Thesis is focused on the study of
new inorganic compounds that can be used as additives to prevent
microbial contamination of rehabilitation mortars used in urban
environments. The research addresses the use of Carbendazim (CBZ) as a
fungicide, while the inorganic supports were based on commercially
available clay-like compounds. A reference clay, without chemical
modification, and two organo-clays were used to study the influence of the
adsorption of CBZ to obtain an additive with a high content of fungicidal
agent.

Additionally, as the used organo-clays are modified with cationic
surfactants (quaternary ammonium salts), whose algicidal properties are
well known [6], it is expected that the prepared additives would have a

broader spectrum of biocidal activity (fungicide and algaecide).
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Finally, the compounds will be used as additives in the preparation
of a lime-based restoration mortar to achieve improved biocidal and
leaching properties.

This research is addressed in the scientific article entitled:
Carbendazim-clay complexes for its potential use as antimicrobial
additives in mortars

Click here to see the web version of the article

Hypothesis 2.

Atmospheric pollution of urban environments, and in particular the
pollution derived from nitrogen oxide gases (NOx = NO + NO,) causes a
number of significant negative effects in various areas. These effects
include human health, environment and materials of the urban heritage.

The atmospheric concentration of NOy could be reduced in-situ (a
process called De-NOy) by creating large decontaminating surfaces. The
ability of building materials used in urban architecture (concrete, mortars,
paints, pavements, etc.) to act as self-decontaminating materials has been
described. This action is due to the incorporation of additives based on
photocatalytic compounds, mainly titanium dioxide (TiOz). Through the

photocatalytic process, with sunlight and atmospheric water and oxygen
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presence, the harmful NOy gases are oxidised to nitrates and nitrites
species and, therefore, removed from the atmosphere [7].

However, photocatalytic remediation is a technology that is not
widely used in urban architecture due to certain limitations of TiO2.Namely,
the TiO, photocatalytic additive is very expensive compared to the raw
materials that make up construction materials [8]. Another limitation is
related to the low De-NOy selectivity reported for TiO,, which means that
much of the NO gas is not finally oxidized to nitrites/nitrates species but to
NO,, a highly toxic intermediate [9]. Moreover, the European Union has
recently indicated potential risks of suffering cancer when TiO;
nanoparticles are inhaled, so future risks of the use of this compound
should be taken into account [10].

Alternative photocatalysts to TiO, have been studied in order to
obtain enhanced photocatalytic performance in De-NOy processes as well
as to offer more economical and sustainable products. One of the actions
to improve the photocatalytic performance is the preparation of
compounds with a high specific surface area exposed to reactant
molecules, which can be achieved with suitable supports for the dispersion
of the photocatalyst [11, 12]. Notably, the ash from rice husk combustion
contains a high percentage of amorphous SiO, (> 90%) with a high specific
surface area (> 200 m? g!), being used in various applications, for example

, as an inorganic catalyst support [13].

On the other hand, ZnO is a compound with photocatalytic
properties similar to TiO,. However, the preparation of ZnO nanoparticles
generally involves hydrothermal, ionic liquid methods or sol-gel [14], so it

is preferable to achieve a cheaper and simpler process.
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Objective 2.

The second objective is focused on the preparation of new
photocatalysts with enhanced De-NOx activity, through simple and
inexpensive methods. In the context of potential industrialization and
sustainability, the use of rice husk, a very abundant world agro-industrial
waste, has been investigated. This waste is a huge environmental problem
due to the large world production of rice, more than 700 million tons per
year, of which 20% by weight is husk.

During the synthesis of the photocatalyst, based on ZnO, it is
expected that the rice husk also acts as a template agent to obtain ZnO
nanoparticles that are dispersed on the SiO; inorganic support. The smaller
particle size and better dispersion of ZnO in the porous matrix of
amorphous SiO; is expected to produce an increase in De-NOy
photocatalytic efficiency.

This research is addressed in the scientific article entitled:
ZnO on rice husk: A sustainable photocatalyst for urban air purification

Click here to see the web version of the article
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Hypothesis 3.

Following from hypothesis 2, there is currently great interest in the
preparation of alternative De-NOx photocatalysts to TiO,, for their
application to self-decontaminating urban surfaces.

Layered Double Hydroxides (LDHs) are a wide family of compounds
with a brucite-type layered structure where divalent cation is
isomorphically substituted by a trivalent one, thus creating positively
charged layers which are balanced by which is balanced by intercalation of
hydrated anions between layers. LDHs have been studied for a wide range
of applications thanks to the highly modular composition, the ease and low
cost of their synthesis and its great chemical versatility [15].

Our Research Group pioneered the application of LDHs (based on
Zn** and AI** cations) as De-NOy photocatalysts, demonstrating very
promising elimination values for these gases, as well as excellent selectivity
in the De-NOy process [16]. However, similarly to TiO,, these compounds
are not active under Visible light and, therefore, a large fraction (40 %) of

the sunlight is not harvested.

Obijective 3.

This objective pursues the easy and economical preparation of
LDHs, by means of a simple co-precipitation method, with improved De-
NOx photocatalytic properties, as well as an in-depth investigation of the
involved mechanism.

Based on ZnAl-LDH, it is proposed to investigate the effect that the
gradual replacement of AI** by Fe3* has in the improvement of the De-NOy
performance. The introduction of this new element is expected to create

new energetic states which would allow a better harvesting of visible light.

32



Chapter 1. Hypotheses and objectives

Moreover, new ways of deactivating generated photocharges
(electron/hole pairs) might be created, thus delaying their recombination
and increasing the photocatalytic activity. In this sense, using techniques
such as Electron Paramagnetic Resonance (EPR) and photoluminescence
(PL), it is intended to explain the potential improvement of the De-NOy
photocatalytic mechanism.
This research is addressed in the scientific article entitled:

Effects of Fe* substitution on Zn-Al layered double hydroxides for
enhanced NO photochemical abatement

Click here to see the web version of the article

ObeA0
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As commented in the previous hypothesis, LDHs compounds are a
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s

Hypothesis 4.

very promising family of De-NOy photocatalysts.

However, LDHs synthesized by traditional methods undergo layer
stacking, resulting in particle aggregates with low specific surface area and
small pore volume [17]. This results in a low dispersion of active sites
necessary for heterogeneous photocatalytic reactions and, therefore, a
minor interaction with the reactant molecules and poor photochemical
performance.

To tackle this problem, the preparation of LDHs with particles

consisting of a single sheet or a few sheets (2D-LDH) is of interest.
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Nevertheless, the most efficient reported methods to achieve these
structures at room temperature often require aggressive and hazardous
solvents (e.g. formamide), are time consuming (e.g. pre-intercalation of a
suitable anion) and offer very low yields that prevent recovery of significant
amounts of LDH [18].

In order to produce large amounts of 2D-LDHs in a much simpler
way, the O'Hare Group devised a novel method, the Aqueous Miscible
Organic Solvent Treatment (AMOST) [17], where newly formed LDH
compound is washed with and redispersed in a water-miscible organic
solvent, giving rise to the so-called AMO-LDH compounds. These are
characterized by a high dispersion of 2D particles and large pore volume,

allowing the obtention of high specific surface areas.

Objective 4.

Part of the work on objective 4 has been carried out by the doctoral
student in the group of Prof. Dermot O'Hare, at the University of Oxford.
The aim of this objective is to achieve the preparation of 2D-LDHs using the
AMOST method with improved De-NOx photocatalytic properties. It is
expected that a greater dispersion of LDH nanosheets would provide more
active sites to react with NOy gases during the photocatalytic process. This
would be the first time that AMO-LDHs are applied as photocatalysts.

The studied LDH is based on Ni** and Ti* cations, since its good
photocatalytic properties have been documented [19], but it has never
been applied as a De-NOy photocatalyst.

Several factors affecting the AMOST procedure will be studied: the

redispersion time in the solvent, the temperature during the redispersion
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process and the ratio between the metal cations that form the sheets (Ni**
and Ti*).

Finally, by using techniques such as Electron Paramagnetic
Resonance (EPR), in situ diffuse reflectance infrared Fourier transform
spectroscopy (DRIFT) and photoluminescence (PL), it is intended to explain
the potential improvement of the De-NOy photocatalytic mechanism.

This research is addressed in the scientific article entitled:
Aqueous miscible organic solvent treated NiTi layered double hydroxide
De-NOy photocatalysts

Click here to see the web version of the article
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2.1. El patrimonio urbano

El patrimonio urbano es todo aquel conjunto de bienes
arquitecténicos acumulados a lo largo de los siglos, que, por su significado
artistico, arqueoldgico, etc., son objeto de proteccidon especial por la
legislacién correspondiente. Ya en 1943, en la Carta de Atenas (manifiesto
urbanistico que tuvo lugar en el IV Congreso Internacional de Arquitectura
Moderna), se tomd consciencia de la importancia de preservar los cascos
histéricos y los entornos urbanos [1]. No obstante, en la actualidad resulta
también de gran importancia la preservacion de otro conjunto de
instalaciones presentes en los espacios urbanos, como puede ser el
mobiliario urbano, edificios de viviendas u otras infraestructuras bdsicas
para el correcto y sano funcionamiento de una ciudad.

La labor de preservacidon de todas estas construcciones urbanas
estd justificada no solo por el gran valor cultural, sino también por la
riqueza derivada de las diferentes actividades econdmicas que van unidas
(gestidon, puesta en valor, turismo, etc.) a la importancia del patrimonio
urbano.

Con el objeto de preservar el patrimonio urbano, en las
jurisprudencias de los diferentes paises suelen estar recogidas las leyes de
urbanismo y las leyes del patrimonio (por ejemplo, en Espafia, Ley de
Patrimonio Histérico Esparfiol) donde se marcan las normas y protocolos
para llevar a cabo el mantenimiento preventivo y las posibles
restauraciones de todo este tipo de arquitectura. Desafortunadamente, la
gestion de patrimonio urbano actual no suele ser la adecuada [2], lo que
hace que no se realicen todas las labores de preservacion necesarias para

mantener la estética e integridad de las construcciones. Ademas, el elevado
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coste de las tareas mantenimiento suele influir en el retraso de la ejecucién

de los proyectos.

2.1.1. El deterioro de los materiales pétreos del patrimonio urbano

Existe una gran variabilidad de materiales pétreos presentes en el
patrimonio urbano. Asi, muchas de las construcciones pueden estar hechas
de morteros [3], estucos [4], granito [5], marmol [6], dolomita [7], piedra
caliza [8], arenisca [9], etc. Toda esta diversidad hace que el estudio de su
deterioro sea complejo y heterogéneo. En este sentido, uno de los factores
que influird sobre la evolucién del deterioro del material serd el tipo de
estructura que presente. Asi, la composicién quimica, el tipo de agente
cementante, la porosidad y permeabilidad al agua seran propiedades que
influiran necesariamente. Otros factores externos con una gran relevancia

en el deterioro urbano son:

1) Factores fisicos: la accién del viento, cambios de humedad y
temperatura, procesos de cristalizacién e hidratacion de las sales
gue contienen los materiales, ciclos de hielo-deshielo, etc [10].

2) Factores quimicos: reacciones quimicas que se producen entre los
componentes del material y los aerosoles [11] o los gases
contaminantes presentes en medios urbanos, como los NO,, el
S0,, el CO,, etc. [12]. Ademas, el agua puede producir la disolucién
de diferentes compuestos que constituyen el material.

3) Factores bioldgicos/bioquimicos: la colonizacion de diferentes
microorganismos y su metabolismo asociado producen diferentes
especies como el CO,, H* y acidos organicos e inorganicos, entre
otras. Todos estos compuestos provocan la biometeorizacién del

material, que unida a la penetracién de ciertos microorganismos
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con raices e hifas, producen alteraciones superficiales y del color,
microtensiones y una disminucion del tamafio de los cristales del
material. El metabolismo microbiano también genera diferentes
tipos de exopolimeros y 4cidos orgdnicos que pueden provocar
biocorrosion, mediante la formacién de complejos con los metales

[13].

Hay que tener en cuenta, por tanto, que todos estos factores
incidirdn en mayor o menor medida en los materiales urbanos, sobre todo
si se considera que las construcciones que encontramos en la arquitectura

urbana estan planteadas para tener una larga vida util.

2.2. Contaminacidon microbiana

La contaminaciéon microbiana derivada de la colonizacion de los
microorganismos es considerada como uno de los principales procesos del
deterioro de los materiales pétreos urbanos (biodeterioro) [13]. Este
término hace referencia a cualquier cambio no deseable en las propiedades
del material causado por la actividad de los organismos [14]. La
colonizacion de los microorganismos sobre las nuevas superficies de los
materiales dependerd, por un lado, de factores ambientales (pH, humedad,
irradiancia solar, temperatura, etc. [15]) y por otro, de la biorreceptividad
del propio material [16,17]. Este término, empleado por primera vez por
Guillitte [18], se define como la aptitud potencial de un material para ser
colonizado por organismos vivos. Es evidente que la biorreceptividad de los

materiales pétreos que se encuentran en los entornos urbanos serd mayor
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en comparacidn con otro tipo de materiales, al localizarse aquellos en el
exterior, quedando mas expuestos a los agentes de degradacion.

Aunque se tiene constancia de las importantes consecuencias
negativas (econémicas, de gestion, etc.) derivadas del biodeterioro de los
materiales pétreos de los entornos urbanos, resulta muy complejo calcular
su impacto de una manera fiable. Esto es debido a que este proceso viene
generalmente acompafiado de otros factores (ver apartado 2.1.1) que lo
aceleran, y a su vez el biodeterioro puede impulsar otros mecanismos de
degradacion. Un ejemplo de la estimacion del impacto del biodeterioro,
calculado mediante una serie de pautas [19], indica que cada afio se
pierden unos 40 mil millones de ddlares en materiales (pinturas, fibras
naturales, materiales pétreos, etc.) debido al ataque bioldgico causado por
hongos [20]. En otro ejemplo de estimacion aproximada, se ha informado
de que el coste anual de mantenimiento de los edificios de la ciudad de
Hamburgo por motivos de deterioro (biolégico, quimico y fisico) se sitla en
torno al 1% del valor de las edificaciones de esa ciudad [21].

Los microorganismos colonizadores se pueden clasificar en
diferentes tipos, segun el lugar en el que son capaces de desarrollarse

(Figura 1) [22-24]:

- Epiliticos: colonizan las superficies de las rocas y la piedra
de construccion.
- Endolitos: crecen debajo de la superficie del material
pétreo.
o Criptoendolitos: colonizan el interior de cavidades
y huecos en las rocas con mayor porosidad.

o Casmoendolitos: se desarrollan en grietas y fisuras.
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o Hipolitos e hipoendolitos: aquellos
microorganismos (generalmente extremdfilos) que

existen en las capas mas profundas.

Muchos de estos microorganismos son litétrofos, por lo que no solo
utilizan el material como medio de fijacidn, sino que se nutren de minerales
para mantener su metabolismo. Otra clasificacién hace referencia a la
funcidn del microorganismo, segun perfore activamente el sustrato rocoso

(euendolitos) o contribuya a la formacién de roca (autoendolitos) [25].

Euendolitos . =
Criptoendolitos

Epiliticos

Endolitos

Autoendolitos
Hipolitos

Hipoendolitos

Figura 1. Diversidad de microrganismos que pueden encontrarse en los materiales pétreos
(adaptado de [22]).

Existe una gran variabilidad de microorganismos que pueden
desarrollarse en los materiales: algas, hongos, liquenes, bacterias, y
arqueobacterias [26,27]. En los primeros momentos, la acciéon de los
agentes fisicos sobre en el material pétreo generara poros, grietas y fisuras.
Es entonces cuando estos defectos estructurales actlan como un

ecosistema para que diferentes microorganismos existentes en el aire se
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vayan depositando y queden fijados al material (Figura 2 (1)). Una vez que
se dan las condiciones ambientales favorables, los primeros
microorganismos en iniciar su metabolismo suelen ser las algas, y las
cianobacterias (Figura 2, (2)) [28,29]. Estos microorganismos, cuyo
metabolismo es fotdtrofo (utilizan la energia solar), pueden mejorar la
retencién del agua, polvo y tierra, promoviendo la formacion de suelo y por
tanto favoreciendo el crecimiento de otros tipos de microorganismos. Los
liguenes (simbiosis alga-hongo) también pueden crecer en estas etapas
iniciales. Todo este conjunto de microorganismos captay transforma el CO;
atmosférico en materia y acidos organicos. En etapas posteriores (Figura 2,
(3)), los litétrofos producen acidos inorganicos a partir de compuestos
nitrogenados y de azufre. De esta manera, se pueden producir acidos
fuertes, como el nitrico y el sulfurico, que producen la lixiviacion de iones
del material pétreo. Esto a su vez promueve el crecimiento de otros
microorganismos fotétrofos. Tras la accién metabdlica conjunta y la
sucesiva creacion de nuevos microambientes se formard un ecosistema
mas complejo, apareciendo bacterias y hongos, predominando los
organismos con nutricién heterétrofa (aquellos que obtienen sus
nutrientes y energia a partir de materia organica), como se ilustra en la
Figura 2, (4). Finalmente, los microorganismos colonizantes pueden formar
una membrana bioldgica conocida como biofilm [30,31], matriz que
permite la adherencia de los microrganismos a la superficie del material,
favoreciendo tanto la retencidn de humedad como la fijacién de otras
sustancias presentes en el microambiente. El biofilm puede extenderse
luego a otras areas mas grandes, acelerandose el biodeterioro del material

(Figura 2, (5) y (6) [32,33].

46



Capitulo 2. Introduccion
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Figura 2. Formacidn del biofilm sobre la superficie de un material pétreo (adaptado de [32]).

2.2.1. Mecanismos de biodeterioro en los materiales pétreos

La contaminacién microbiana en los materiales pétreos, ademas de
afectar negativamente a la estética, provoca cambios no deseables en las
propiedades fisicas y/o quimicas del material. Por un lado, el grado de
deterioro biogeoquimico del material estara regido por la composicidn

guimica de los minerales y de los compuestos cementantes existentes en
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cada tipo de material. Por otro lado, los mecanismos de deterioro
biogeofisicos dependeran en mayor medida de la porosidad o forma de los

huecos y oquedades del material en cuestion [34].

2.2.1.1. Mecanismos de deterioro biogeoquimicos

Dentro de los mecanismos que provocan deterioros
biogeoquimicos de los materiales pétreos se incluyen la aciddlisis, la
formacion de complejos, reacciones de oxidacién-reduccién y procesos de

acumulacién de nutrientes orgdnicos y suministro de oxigeno [34,35].

- Acidolisis: consiste en la reaccion de acidos (con poca o nula capacidad
de formar un complejo) con los minerales del material. Estos acidos
(inorgdnicos y orgdanicos) proceden del metabolismo microbiano

(acidos biogénicos). La reaccién quimica puede expresarse como:

M*(mineral)” + H*R™ = H*(mineral)” + M*R™ (1)

donde R puede ser SO4%7, NOs~, HCO;~, RCOO™. Este ultimo representa al
grupo de acidos organicos de cadena corta, como son el lactico, férmico,
glucdnico, acético, etc. Un ejemplo de aciddlisis es el provocado por las
bacterias nitrificantes que oxidan nitritos (procedentes de la polucion
atmosférica) a acido nitrico. Posteriormente, la reaccion de estos acidos
con los minerales conduce a la formacidn de sales mucho mas solubles en
agua que los compuestos del mineral original. La acidélisis es uno de los

mecanismos biogeoquimicos que mas se ha estudiado.

- Formaciéon de complejos: los acidos organicos excretados por los

microorganismos pueden formar complejos con cationes metalicos
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como el magnesio, calcio, silicio, aluminio, manganeso o hierro.
Algunos de los acidos son el citrico, oxdlico, fumarico, oxalacético,
glucdnico, 2-oxoglucénico o glioxalico. Ademas, el acido carbdnico
generado en la respiracion microbiana también puede actuar como
agente complejante. Los hongos y liquenes son los microorganismos

con mas capacidad de degradar los minerales.

- Reacciones de oxidacion-reduccion: Ciertas cepas de hongos vy
bacterias pueden oxidar los cationes de hierro y manganeso de la
matriz del mineral. De esta manera, se produce la movilizacién de estos
cationes al medio exterior. El sucesivo transporte de estos cationes
permite que se produzca un gradiente de concentracidn que hace que
el proceso de lixiviacion continde. Este mecanismo conduce a una

disminucién de la resistencia del material.

- Procesos de acumulacion de nutrientes organicos y suministro de
oxigeno: los oxidos metdlicos (producidos por las reacciones de
oxidacion-reduccién) pueden quedar fijados a la superficie celular de
los microorganismos, normalmente en asociacidn con algas vy
cianobacterias. Estos microrganismos autétrofos, a través de la

fotosintesis, producen oxigeno que favorecera otras reacciones redox.

En la Tabla 1 se pueden ver algunos ejemplos concretos del

deterioro biogeoquimico.
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Tabla 1. Ejemplos de procesos de deterioro biogeoquimicos en los materiales

pétreos (adaptado de [36]).

Proceso biogeoquimico Material susceptible

Oxidacion.
NHz* — NOy

Oxidacion.
NO;  — NOs3-
Reduccidn.
NO3 — NOy
Reduccidn.
NO3 — NH4*

Reduccion.
SO42 — H,S

Oxidacion.
H, — H,O0

Oxidacion.
S, compuestos reducidos
de azufre — H,S0,4

Oxidacion.
FeZ* — Fe3t

Oxidacion.
Mn2+ — Mn4+

Procesos fermentativos.
Corg — acidos organicos;
CcOo;

Piedra, ladrillo,
mortero, hormigon

Piedra, ladrillo,
mortero, hormigon

Piedra, ladrillo,
mortero, hormigoén

Hormigdn

Piedra, ladrillo,
mortero, hormigoén

Ladrillo, mortero,
hormigon

Piedra, ladrillo,
mortero, hormigon

Piedra, ladrillo,
mortero, hormigoén

Piedra, ladrillo,
mortero, hormigoén

Piedra, ladrillo,
mortero, hormigén
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Ejemplo de microorganismo
Bacteria: Nitrosomonas,
Nitrosococcus, Nitrosospira,
Nitrosolobus
Bacteria: Nitrobacter,
Nitrococcus
Bacteria: Escherichia,
Pseudomonas

Bacteria: Clostridium

Bacteria: Clostridium;
Bacterias reductoras de sulfato:
Desulfovibrio, Desulfomonas,
Desulfotomaculum
Bacteria: Alcaligenes,
Micrococcus,
Desulfovibrio
Bacterias oxidantes de azufre:
Acidithiobacillus, Thiobacillus,
Sulfobacillus, Sulfolobus
(archaeon)

Bacteria: Crenothrix,
Gallionella,
Leptothrix, Sphaerotilus,
Sulfobacillus, Acidithiobacillus
ferrooxidans,
Bacteria: Bacillus, Gallionella,
Pseudomonas, Sphaerotilus
Bacteria: Achromobacter,
Bacillus, Clostridium,
Eschericha, Lactobacillus,
Proteus, Pseudomonas
Alga: Aphanocapsa, Chlorella,
Chlorosarcinopsis,
Desmococcus,
Gomontia, Klebsormidium,
Pleurococcus
Hongo: Aspergillus,
Ceratostomella, Cladosporium,
Fusarium, Hormoconis,
Penicillium, Spicardia,
Trichosporon
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2.2.1.2. Mecanismos de deterioro biogeofisicos

Estos mecanismos son [34,35]:

- Modificacion de la porosidad total del material: los compuestos
coloidales generados por el biofilm penetran en el interior de los poros

del material y ocasionan tensiones estructurales.

- Cambios en la difusién de vapor de agua en la matriz mineral: El
biofilm contiene compuestos tensioactivos (glicolipidos, dcidos grasos,
etc.) que disminuyen la tension superficial del agua en los poros. Esto

evita la pérdida de agua y protege a los microrganismos.

- Tincidén y decoloracidn de la superficie del material: el metabolismo
microbiano genera, entre otros, pigmentos como la melanina (color
marrdn), la clorofila (color verde) o carotenoides (color naranja) y
compuestos de hierro o manganeso (Figura 3). Estos compuestos
provocan cambios en las propiedades térmicas e hidricas de la
superficie del mineral ya que se produce una alteracién de la capacidad

de absorcion de la radiacion solar.

- Formacion de costras negras en la superficie del material: El biofilm
favorece la absorcién de particulas en suspension y de gases
contaminantes como los NOy o el SO,. Las costras formadas quedan
fijadas al material y modifican ciertas propiedades fisicas como la

absorcién/difusiéon de la humedad.

- Procesos fisicos: la presion ejercida por las sustancias poliméricas

extracelulares, hifas etc. en la matriz del material acentua los efectos
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negativos de procesos como los ciclos de hielo deshielo o la

cristalizacion de sales.

- Cambios en el grado de oxigenacion de la superficie del material: la
posibilidad de colonizacion tanto de microorganismos aerobios como

anaerobios altera la concentracién de oxigeno en el biofilm,

favoreciendo procesos de oxidacién-reduccion.

Figura 3. Cambio de coloracién en una parte de los leones de la Fuente de los Leones del
Palacio de la Alhambra en Granada, Espafia (adaptado de [37]).

2.3. Sistemas de conservacién preventiva

Con el objeto de remediar o evitar los problemas derivados de la
contaminacidn microbiana en los materiales del patrimonio urbano, la
aplicacion de las técnicas de conservacion preventiva se torna como una
herramienta indispensable y a la vez compleja. La conservacién preventiva
se puede definir como una estrategia eficaz para proteger el patrimonio
cultural y que proporciona un método de trabajo sistemdtico para
identificar, evaluar, detectar y controlar los diversos riesgos de deterioro
de los bienes culturales. Su objetivo principal es eliminar o minimizar, en la

medida de lo posible, dichos riesgos, actuando sobre el foco del problema
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(normalmente debido a factores externos al bien cultural). Por
consiguiente, la conservaciéon preventiva evita el deterioro y reduce la
necesidad futura de acometer drasticos y costosos tratamientos aplicados
sobre los propios materiales [38]. La conservacion preventiva del material
se lleva a cabo bajo la documentacidn del Plan de Conservacién Preventiva,
en el que se gestiona la programacién, implantacién y coordinacién de las
tareas de conservacion. El Plan consta de varias fases, siendo el andlisis de
riesgos una de los mds complejas, por lo que existen normas
internacionales como la ISO 31000 (en Espafia, UNE-ISO 31000) donde se
detalla la metodologia a seguir [39].

En el caso concreto de los materiales pétreos del patrimonio
urbano, los tratamientos de conservacion que se utilizan de forma mas
habitual sobre las zonas superficiales del material son: la limpieza, la
aplicacion de consolidantes, de hidrofugantes (o protectores) y el control
biolégico mediante agentes biocidas. Pasaremos a comentar con mas

detalle este ultimo tipo de tratamiento.

2.3.1. Compuestos con propiedades biocidas

Se define como biocida a cualquier agente con capacidad para
eliminar organismos. Dentro de este término, microbicida hace referencia
a aquel que mata microorganismos. Los agentes alguicidas/fungicidas/etc.
son aquellos que presentan alta eficacia contra las algas/hongos/etc. Por
otro lado, si el agente no mata, sino que inhibe el crecimiento del
organismo, se dice que el agente tiene un efecto microbioestatico [40]. El
mecanismo de accién de los biocidas generalmente se basa en la
interaccion especifica con diferentes partes de la célula: pared celular,
membrana citoplasmatica y el citoplasma [41]. En cambio, otros

compuestos biocidas, como por ejemplo el TiO,, basan su efecto en la
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capacidad oxidante de las diferentes especies reactivas de oxigeno (-O3,
-OH, etc.) que pueden generar [42].

Debido al fundamento de accién de los biocidas, estos pueden
resultar potencialmente toxicos para el medio ambiente o las personas. Por
ello, los biocidas estdn sometidos a un control legislativo pormenorizado,
siendo uno de los de productos quimicos que acatan una regulacién mas
estricta [43]. En Europa, la Agencia Europea de Sustancias y Mezclas
Quimicas (ECHA) es el organismo que se encarga de gestionar vy
aprobar/rechazar los principios activos que pueden ser comercializados
[44]. Los biocidas se clasifican en 22 tipos de productos segun su aplicaciéon
(conservantes en el drea de alimentacién, higiene, pesticidas, etc.), que a

su vez se engloban en cuatro grandes grupos [45]:

- Grupo 1: Desinfectantes.
- Grupo 2: Conservantes.
- Grupo 3: Plaguicidas.

- Grupo 4: Otros biocidas.

Los biocidas dedicados a la conservacion de los materiales urbanos
aparecen dentro del Grupo 2. En este contexto, a finales del siglo XX se
comenzaron a usar familias de compuestos como las sales de mercurio y
otros derivados de metales pesados, que pronto se descartaron por su
elevada toxicidad [34]. Igualmente, otros compuestos utilizados hace unas
décadas, como el pentaclorofenol o el bromuro de metilo no estan
permitidos actualmente [46]. Con el paso del tiempo, los grandes avances
en la Quimica han conducido a compuestos biocidas mas selectivos y

efectivos, con una toxicidad reducida. Para que un compuesto biocida
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pueda ser aplicado en el dmbito de la restauracion y conservacion, este

debe cumplir una serie de requisitos [47-49]:

- gran eficacia biocida

- estabilidad quimica

- baja solubilidad en agua para evitar su lixiviacidon al medio
exterior

- nula interferencia con los materiales que constituyen la
obra (no generar cambios de color, precipitacidon de sales,
etc.)

- baja toxicidad para la salud humana

- respetuoso con el medio ambiente

- econdémico

- encaso de que el biocida se aplique en estado liquido, debe
de tener baja viscosidad para permitir una buena

penetracion en el sustrato

Por ejemplo, ciertos compuestos que han demostrado una gran
eficacia biocida en otros campos de estudio, como los derivados de la plata
o las nanoparticulas de cobre, resultan de menor aplicabilidad debido al
elevado coste o al cambio de color que producen en el material,
respectivamente [50,51]. Otros compuestos organicos muy conocidos son
la metil-isotiazolinona y la clorometil-isotiazolinona (MIT y CMIT), también
deben de descartarse para las tareas de restauracion de materiales urbanos
debido a su elevada solubilidad en agua [52].

En consecuencia, aunque existe un gran numero de familias de
compuestos biocidas (alcoholes, fenoles, acidos, ésteres de 4cido,

aldehidos, amidas, carbamatos, sales de amonio cuaternario, etc. [53-55]),

55



Nuevos materiales inorgdnicos funcionales para la prevencion de la contaminacion en el patrimonio y
hdbitat urbano

actualmente existen muy pocos productos especialmente disefiados para
la conservacion del patrimonio cultural. Esto se debe a que no se han
realizado suficientes estudios que abarquen la compatibilidad de los
componentes de los materiales (aglutinantes, pigmentos, etc.) con los
agentes biocidas en cuestiéon. Asimismo, existen pocos estudios que
investiguen los diversos efectos a largo plazo que los biocidas pueden
potencialmente provocar sobre el material [56].

Ademas de los compuestos orgdnicos, ciertos compuestos
inorgdnicos como el ZnO y el TiO, se han empleado como agentes
antimicrobianos. En este sentido, la nanotecnologia ha permitido un gran
avance en la preparacion de este tipo de compuestos, mejorando las
propiedades consolidantes o biocidas [51,57,58]. También se ha descrito
que los tratamientos superficiales del material basados en la combinacion
de agentes biocidas e hidrofugantes pueden mejorar la actividad
antimicrobiana [48,59].

En la Tabla 2 se muestran algunos ejemplos de los biocidas
(inorganicos u orgdanicos) utilizados en diferentes tipos de materiales
urbanos. Profundizando en este marco, se puede encontrar bibliografia
muy completa en la que se detallan las caracteristicas y propiedades de los
diferentes tipos de biocidas [40,54,55]. EIl modo de aplicaciéon de los
agentes biocidas sobre el material varia dependiendo de cada caso
particular, ya que se debe tener en cuenta varios aspectos como el tipo de
material sobre el que se aplican, el estado de conservacién del material, el
tipo producto biocida a seleccionar, etc. Los productos biocidas disponibles
en el mercado se encuentran en forma de liquidos, polvos dispersables o
emulsiones (ambas en base de agua o de disolventes organicos), por lo que
se pueden aplicar de diferentes maneras: cepillado, inyeccién, inmersion,

mediante compresas o en forma de aerosol [40]. Ademas, una amplia gama
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de productos empleados en construccién y en tareas de restauracion y
conservacién, como pinturas o morteros, contienen aditivos biocidas al
objeto de prevenir la contaminacién microbiana del material donde se
aplican [60-63]. De hecho, el empleo de este tipo de productos representa
mas del 95% del mercado correspondiente al aislamiento de fachadas de
los edificios [64]. En este contexto, el capitulo 2.4 de la presente memoria
refiere los aditivos antimicrobianos empleados en uno de los materiales
mas utilizados en las labores de conservacion: los morteros de

restauracion.

57



Nuevos materiales inorgdnicos funcionales para la prevencion de la contaminacion en el patrimonio y

habitat urbano

Tabla 2. Ejemplos de compuestos biocidas empleados en los materiales urbanos.

Nombre
comercial del
biocida

Acticide CF

Acticide IPW 50
Acticide OTW 16
Algon P Paste
Algon PS Paste

Konservan ZSW

ROCIMA 103

Mirecide

Kimistone

Fungipol CP 237

P25

Biotin T

Biotin R

Preventol RI80

Anios D.D.S.H

Algophase

Hyvar X

Glifene SL

DesNovo

Lichenicida

Usnic Acid

Microban B

Principio activo

2-N-octil-4-isotiazolin-3-ona y un derivado
de 2,4-diamino 6-metiltio-1,3,5-triazina

3-yodo-2-propinil N-butil carbamato
2-N-octil-4-isotiazolin-3-ona
Diuron
Terbutrina

Carbendazima

2-octil-2H-isotiazol-3-ona y cloruro de
didecil dimetilamonio

3-yodo-2-propinil N-butil carbamato y 2-N-
octil-4-isotiazolin-3-ona

cloruro de didecil dimetilamonio y cloruro
de benzalconio

Diuron, Carbendazima y 2-octil-2H-
isotiazol-3-ona
TiO,
cloruro de alquil-benzil-dimetil-amonio e
isopropil alcohol

2-octil-2H-isotiazol-3-ona y 3-yodo-2-
propinil N-butil carbamato

cloruro de benzalconio

propionato de n-didecil-n-metil-poli
(oxietil) amonio y acetato de alquil-
propilen-diamineguanidio

2,3,5,6-tetracloro-4-metilsulfonil-piridina
H,0,
5-bromo-3-sec-butil-6-metil uracilo
cloruro de benzalconio
Quitosano
AgNO3
N-(phosphonomethyl)glycine
cloruro de benzalconio

4,5-dicloro-2-octil-4-isotiazolin-3-ona, 3-
yodo-2-propinil N-butil carbamato, 2-N-
octil-4-isotiazolin-3-ona, y alcohol
benciilico

2,6-diacetil-7,9-dihidroxi-8,9b-
dimetildibenzofuran-1,3 (2H, 9bH) -diona

2,4,4-tricloro-2-hidroxidifenil éter

Zn0
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Material en el
que se aplica

Ceramica,
dolomita

Pintura, enlucido
Pintura, enlucido
Pintura, enlucido
Pintura, enlucido

Pintura, enlucido

Marmol, arenisca,
ladrillo revestido
de yeso

Marmol, arenisca,
ladrillo revestido
de yeso

Marmol, arenisca,
ladrillo revestido
de yeso

Pintura, otros
materiales de
rehabilitacion

Mortero
Mortero, granito,
arenisca

Granito, arenisca

Granito, arenisca

Mortero

Marmol
Marmol
Granito
Granito, arenisca
Caliza
Caliza
Arenisca

Arenisca

Arenisca

Arenisca

Hormigdn

Dolomita, caliza

Referencia

[65,66]

[67,68]
[67,68]
[67,69]
[67,69]
[67,69]

[70]

[70]

[70]

[71]

[72]

[72-74]

[73,74]

[73,74]

[72]

[75]
[75]
[76]
[74,76]
[77]
[77]
[74]
[74]

[74]

[74]

[78]
[13]
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2.3.2. Biocidas aplicados a los materiales urbanos

Como se comentd anteriormente, un modo muy frecuente de
utilizacidn de los biocidas consiste en su aplicacién directa sobre el material
urbano (mortero, madera, marmol, pintura, etc.) para intentar proteger la
superficie de una futura contaminacidn microbiana. Sin embargo, esta
metodologia suele requerir elevadas dosis de producto biocida si se desea
conseguir un efecto duradero, ya que los agentes biocidas quedan
expuestos a factores ambientales (lluvia, viento, temperaturas extremas,
radiacion UV, etc.) que provocan su degradacion a compuestos inactivos y
su lixiviacion al medio ambiente [79,80]. En este sentido, los compuestos
biocidas mas empleados suelen ser moléculas organicas de un tamafo
relativamente pequefio, con un elevado coeficiente de difusién, y por ende
con mayor tendencia a la lixiviacién [81-83]. Para paliar la pérdida de
eficacia biocida se suele realizar una aplicacidon con una mayor cantidad de
producto, lo que conlleva una mayor utilizacion de los
disolventes/dispersantes organicos de la formulacién a aplicar [84]. Como
resultado, estos factores aumentan de forma significativa el riesgo de
contaminacidon de los usuarios y del medio ambiente, asi como el
desperdicio del producto biocida.

Otro método comun de prevenir la contaminacién microbiana en
los materiales pétreos urbanos esta basado en la aplicacién de pinturas y/o
morteros de restauracién. Estas formulaciones contienen aditivos
antimicrobianos que dotan al material donde se aplica con propiedades
biocidas [60-63]. Si bien estos recubrimientos protegen al material por
periodos mas largos, de entre 6 meses y 2 afos, existe una necesidad
urgente de prolongar el efecto biocida de forma considerable, teniendo en
cuenta que la vida util de las construcciones urbanas es de al menos 10 afios

[85]. A destacar, la vida de los materiales pertenecientes al Patrimonio
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Cultural se estima en mucho mas tiempo al objeto de conseguir
transmitirlos a las generaciones venideras. Aunque aumentar la
concentracién del principio activo en la formulacidn haria que el efecto
antimicrobiano fuera mas duradero [79], hay que considerar que esta
operacion no es en absoluto viable desde un punto de vista
medioambiental y/o legal. Asimismo, el elevado coste de los principios
activos y la alteracion de las propiedades mecdanicas de la formulacidn
hacen descartar definitivamente dicha opcidn [81,86].

Una estrategia factible para aumentar la eficacia biocida a largo
plazo es la utilizacién de sistemas de liberaciéon controlada (SLC) de los
principios activos que se encuentran en la formulacion. Esta tecnologia ha
sido aplicada con éxito en d4reas de muy alto nivel tecnolégico para
encapsular/adsorber diferentes tipos de productos quimicos (antibidticos,
herbicidas, conservantes, etc.). Por ejemplo, se pueden destacar el area de
la medicina [87], el sector farmacéutico [88,89], el de los cosméticos
[88,90], la agricultura [91,92] y la alimentacién [93,94].

En esta tecnologia, el agente activo (un compuesto con
propiedades antimicrobianas, por ejemplo) se incorpora a la superficie o al
interior de la estructura de un compuesto adecuado que actia como
soporte o portador (de naturaleza inorganica u orgdnica), de manera que
se consigue una liberacién del agente activo mas sostenida a lo largo del
tiempo, desde el soporte al medio externo [95-97]. Como resultado, no
solo se amplia el tiempo en que la formulacién presenta actividad biocida,
sino que el soporte también puede dotar al principio activo de una
proteccion ante la exposicidn a diferentes factores externos (elevados pHs,
radiacion UV, etc.) que podrian dar lugar a su descomposicion. Asimismo,
como el principio activo se encuentra adherido al soporte, se reduce la

posibilidad de lixiviaciéon del compuesto biocida al medio ambiente, con el
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consecuente beneficio en términos de sostenibilidad y toxicidad (Figura 4)
[98]. Todas estas acciones conducen a una menor necesidad de futuros
tratamientos reiterados sobre las estructuras en las cuales se aplicarian
estas formulaciones, disminuyendo por tanto el coste econémico y de

gestidn de esas tareas de mantenimiento.
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Figura 4. Perfil de liberacion de un compuesto biocida a lo largo de la vida util de un material:
(A) biocida sin soportar; (B) biocida soportado

Una via para lograr la liberacion controlada del biocida es la
microencapsulacion [99—-101]. En este proceso, la formacién de céapsulas de
tamafio micrométrico o nanométrico (micro- o nanocapsulas) permiten
atrapar en suinterior el agente activo. También es posible obtener otro tipo
de estructura soporte, las microesferas, donde el agente activo se
encuentra disperso por toda la matriz que conforma la microesfera [101].

Otra estrategia para soportar los agentes biocidas se basa en la
adsorcion (fisicoquimica o fisica) del compuesto activo sobre un material
inorganico que actia como soporte [102] . En el procedimiento de la
adsorcion fisicoquimica, el primer paso reside en la funcionalizacidn
guimica de la superficie del soporte inorganico, lo que permitird en una fase

posterior formar enlaces quimicos con el agente antimicrobiano en
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cuestion [103—-105]. Esta fuerte unidn entre el soporte y el compuesto
biocida se traduce en una liberacidn del biocida mas controlada. Sin
embargo, este modo de adsorcién es complejo, costoso y requiere un
tiempo de sintesis elevado y es especifico para cada tipo de agente biocida
[95]. Por otro lado, en la adsorcidn fisica, una metodologia muy comun es
la de preparar una dispersion del soporte inorganico en una disolucion del
agente antimicrobiano que se quiere adsorber [97,106]. En este caso, la
metodologia es mas sencilla y se puede conseguir la adsorciéon de
diferentes clases de agentes antimicrobianos en funcién del disolvente
empleado [95]. En este sentido, los soportes mds demandados en estos
procedimientos de adsorcidn suelen ser los nanomateriales que presentan
elevados valores de superficie especifica y un gran volumen de poro, ya que
presentan potencialmente una gran capacidad para cargar compuestos en
su estructura porosa. En este sentido, se han utilizado como soportes de
biocidas las zeolitas [107] y nanoparticulas de silice mesoporosa [108-111],
destacando las estructuras con poros ordenados del tipo SBA [52] y MCM
[112-114].

También se han investigado otros soportes inorganicos cuya
obtencién sea mds sencilla y rapida, como 6éxidos, hidréxidos dobles
laminares y arcillas. En la Tabla 3 se recogen diversos estudios sobre este
area, indicando el biocida adsorbido y el material donde se aplicaria la

formulacion.
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Tabla 3. Ejemplos de 6xidos, hidroxidos y arcillas empleados como soportes de
liberacién controlada de agentes biocidas.

. Potencial )
Soporte/s Biocida/s .. Referencia
aplicacion
Al,0; Carbendazima Madera [115]
Al,03, MgO, SiO,, CuO, Clorotalonil, Diclofluanida, Diurén, Recubr(;r:lentos (116]

Zn0 y TiO2 Irgarol, Seanina y Tolilfluanida embarcaciones

Hidrdéxido Doble Laminar

[Mgo.66Al0.33(OH)2](NO3)o 33 Paeonol Resina [117]
n H,0
Hidréxido Doble Laminar
[Zno.66Al0.33(0OH)2](NO3)o 33 Paeonol Pintura [118]
n H,0
Compresas para
Humo de 5|I|cg, se!olohta, Cloruro de benzalconio rehabll!taqun [119,120]
montmorillonita de Patrimonio
Urbano
I\/Alc?ntmorillonit.j:l‘ Monoterpenqs: citronelol, citral y Pintura [121]
modificada con lecitina linalool
Haloisita Carbonato de yodobutilpropilo Pintura [122]
Haloisita 4,5-diclorooctilisotiazolona (DCOIT) Resina [123]

Existen un buen numero de trabajos enfocados al estudio de
recubrimientos del tipo de resinas y pinturas. Sin embargo, son pocos los
estudios dedicados a la incorporacion de biocidas soportados sobre
compuestos inorganicos para su aplicacién en materiales pétreos del
patrimonio urbano. A destacar, se ha estudiado la aplicacidon sobre el
hormigdn de un recubrimiento que incorporaba la composicién patentada
AglON™, basada en una zeolita como soporte de cationes de plata que
actuan como biocidas [124]. Este sistema resultd ser mucho mas eficaz que
el recubrimiento sin AglION™, evitando la contaminacién microbiana
(Acidithiobacillus thiooxidans) [125,126]. Por otra parte, De Muynck et al.
[78] investigaron la eficacia antimicrobiana de morteros (en base de
cemento) aditivados con varios sistemas comerciales: Microban® B (fibras
con el biocida triclosan [127]) o Zeomic (zeolitas de plata y cobre [128]).

Hay que destacar también algunos trabajos en los que las arcillas

con biocidas adsorbidos han sido afiadidas a la composicion de ciertos
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materiales pétreos. En este campo, Scarfato et al. emplearon la arcilla del
tipo haloisita para adsorber una formulacion biocida comercial (Biotin T),
posteriormente incorporando el composite a un mortero en base de
cemento. Para algunos de los morteros estudiados se observé una accion
biocida a partir del segundo afio, lo que se atribuyd a la liberacién
controlada del agente activo desde la haloisita. Asimismo, el composite hizo
disminuir la adsorcién capilar del mortero debido a cambios en la
microestructura de este, lo que conduciria a una mejora de la durabilidad
del sistema [129]. En otra investigacion pionera, el grupo de investigacion
de Puertas Maroto utilizd la sepiolita como adsorbente del biocida
pentaclorofenol para su aplicacién en morteros de restauracion (en base
cal [130]), estudiando en detalle varios efectos de la adicién de la arcilla y
del composite sobre el mortero y se determind la adecuada compatibilidad
de esta arcilla con el mortero, ademas de un cierto grado de proteccién del
mortero frente a algunos agentes externos [131-134]. Hay que mencionar
es que la sepiolita no posee gran afinidad por moléculas hidrofébicas como
pueden ser los propios compuestos biocidas, por lo que necesita ser
modificada para conseguir una organo-sepiolita [135,136]. En esta
direccidn, Eversdijk at al. desarrollaron una arcilla del tipo montmorillonita
modificada con surfactantes catidnicos (basados en sales de amonio
cuaternario) para mejorar la adsorcion de varios biocidas en el yeso
(propiconazol, imazalil y betoxacina), encontrando que la liberacién de
estos durante los ensayos de lixiviacion fue menor cuando se utilizaron

surfactantes con un caracter hidrofdbico [137].
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2.4. Morteros de restauracion

La intervencién en un edificio o monumento a rehabilitar debe de
comenzar por un analisis exhaustivo de su historia y los materiales
utilizados en su construccion. Conjuntamente, resulta crucial diagnosticar
las patologias del material, de manera que se pueda lograr una adecuada
seleccion de los productos y las técnicas a emplear [138]. Para ello, es
necesario el desarrollo de una investigacion multidisciplinar donde
intervienen areas como la quimica, petrologia, geologia, historia,
arquitectura, etc.

En este contexto, los morteros de restauraciéon son uno de los
materiales que se emplean con mas frecuencia en las labores de
intervencién dedicadas a los materiales pertenecientes a las construcciones
histdricas y arqueoldgicas [139-141]. En el ambito de la restauracién y de
la construccion, un mortero se define como una mezcla homogénea de
aridos, conglomerantes inorganicos y agua, a la que en ciertas ocasiones
se le afiaden diversos tipos de aditivos. Cuando aun no se ha afiadido agua
a la mezcla, el mortero es llamado “seco” (Figura 5), mientras que una vez
gue se ha anadido el agua y se ha realizado el amasado, el mortero es
llamado “fresco” y esta listo para su aplicacion.

La realizacidn de las técnicas de rehabilitacion de los materiales del
patrimonio estd regulada al objeto de conseguir un acabado adecuado. Por
ejemplo, la norma espafiola UNE 41807 IN:2012 describe las técnicas de
intervencién para la reparacién de revocos de mortero en fachadas de
edificios [142]. Esta norma incluye el procedimiento a aplicar para los
edificios o bienes catalogados de interés cultural y define los tipos de

morteros apropiados para realizar las intervenciones. Asi, se indica que los
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morteros a utilizar deben ser morteros de cal compatibles con los soportes

tradicionales.

Figura 5. Saco de 25 Kg de un mortero de rehabilitacion comercial [143].

2.4.1. Morteros de cal

El mortero de cal es uno de los mds empleados en obras de
rehabilitacion y restauracién de patrimonio histérico, aunque también
pueden aplicarse a obras nuevas (por ejemplo: revoques tradicionales,
saneamiento de paredes, pavimentos, etc.). El conglomerante de estos
morteros estd compuesto principalmente por el hidréxido de calcio,
Ca(OH),, también llamado como cal apagada. Cuando se procede con la
amasada de estos morteros tiene lugar el inicio del fraguado, que consiste

en la reaccién quimica entre el Ca(OH); y el CO, presente en el aire [144].

Ca(OH), + CO, — CaCOs + H,0  (2)

Esta reaccion es muy lenta, y puede tardar muchos afos e incluso

siglos en completarse. Varios factores ambientales, como la temperatura,
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humedad y concentracion de diéxido de carbono influyen en el proceso de
la carbonatacién [145].
Existen dos grupos de morteros de cal bien diferenciados, haciendo

referencia al tipo de cal que incorporan en su composicion:

- Cal aérea: principalmente compuesta por Ca(OH),. Puede contener
también hidréxido de magnesio, Mg(OH),. El proceso de fraguado se

produce por el CO; atmosférico, segun la reaccion anterior.

- Cal hidraulica: ademas del Ca(OH),, esta contiene silicatos y
aluminatos de calcio que le confieren propiedades hidraulicas. Asi,
esta cal puede fraguar y endurecer cuando se mezcla con agua
(hidratacién de los silicatos de calcio) y también por reaccién del

hidroxido de calcio con el CO; atmosférico [146].

El mecanismo de fraguado de los morteros de cal hidraulica da
lugar a unas propiedades especificas que se adaptan a las condiciones
requeridas en las obras de rehabilitacién y que permiten un
endurecimiento del mortero en ambientes humedos. Entre estas

propiedades se pueden destacar [139,147]:

Compatibilidad: los morteros de cal son adecuados para rehabilitacién
y restauracion debido a su excelente compatibilidad con los soportes
antiguos. Por un lado, estos morteros presentan buenas propiedades
mecanicas (baja resistencia a la compresidn), por lo que se consigue una
mejor adaptacion a los soportes donde se aplican, que suelen tener
bajas resistencias. Por otro lado, la compatibilidad quimica viene

derivada de la ausencia de sales solubles en la composicidon del mortero,
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evitando la precipitacion de compuestos que pueden afectar

negativamente a la integridad de este.

Permeabilidad: la formacién de poros y capilares en el seno del mortero
permite una alta permeabilidad. Esto se traduce en una reduccién del
riesgo de humedades al permitir el intercambio de vapor y se garantiza

una mayor durabilidad de la obra.

Trabajabilidad y flexibilidad: los morteros de cal poseen excelente
trabajabilidad (elevado tiempo de utilizacién en estado fresco), derivado
de la lentitud del proceso de carbonatacidon. Ademas, tienen una gran
plasticidad y un moédulo de elasticidad bajo, por lo que pueden
adaptarse a los pequefios movimientos y vibraciones producidos por los

materiales donde se aplican.

No obstante, no siempre se han utilizado este tipo de morteros en
la rehabilitacién, debido a la gran revolucidon que supuso la llegada del
cemento portland (conglomerante) en el mundo de los materiales de
construccion, a principios de siglo. Los buenos resultados que se estaban
obteniendo con la utilizacién de los morteros de cemento en el area de la
construccion, llevaron también a su empleo en los procesos de reparacion.
Sin embargo, no se tuvieron en cuenta las diferentes propiedades de los
morteros de cemento (elevada resistencia mecanica, inflexible e
impermeable) y el mortero de cal (baja resistencia mecanica, elevada
permeabilidad al vapor, deformabilidad) al que reemplazaba o
acompanaba.

Todo ello trajo efectos negativos en la conservacion de los

materiales donde se aplicaron [148]. Ante esta situacién, surgio la
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necesidad de utilizar los morteros basados en cal para estas aplicaciones.
Estos morteros satisfacen el principio de la minima intervencién sobre las
obras patrimoniales, al ser materiales analogos a los empleados en las

edificaciones originales.

2.5. Contaminaciéon atmosférica en el habitat

urbano

La definicion de contaminacion atmosférica realizada por el
Ministerio para la Transicion Ecoldgica y el Reto Demografico (Gobierno de
Espafia) hace referencia a la presencia en la atmdsfera de materias,
sustancias o formas de energia que implican molestia grave, riesgo o dafio
para la seguridad o la salud de las personas, el medio ambiente y demas
bienes de cualquier naturaleza [149]. Dicha contaminacidon se presenta
como un grave problema global, originado especialmente por la continua
extension de la industrializacion, medios de transporte y produccién tanto
en paises desarrollados como en aquellos que se encuentran en vias de
desarrollo. De hecho, las restricciones de movilidad y de produccién en
ciertos sectores del trabajo derivadas de la pandemia global de COVID-19
han puesto de manifiesto la significativa disminucién de la concentracion
de los contaminantes atmosféricos [150-152].

En este contexto, resulta primordial alcanzar un desarrollo que
cubra las necesidades del presente sin comprometer la capacidad de
generaciones futuras, concepto conocido como “desarrollo sostenible”.
Esta concienciacion de la Sociedad y de los organismos gubernamentales se
comenzd a establecer hace varias décadas con en el Informe Brundtland

[153], lograndose, en general, mejoras en la gestién de los recursos y el
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control en las emisiones gaseosas. Sin embargo, actualmente la
contaminacidn atmosférica sigue presente en el dia a dia de las personas,
pues el 91 % de la poblacién mundial vive en lugares donde la calidad del
aire excede los limites establecidos por la OMS [154]. En particular, los
efectos adversos que implica la contaminacion del aire son mds acentuados
en los medios urbanos, que son puntos criticos de emisiones gaseosas
[155]. En este sentido, la contaminacion del aire implica varios riesgos a

diferentes niveles:

- Salud humana: aunque los efectos concretos sobre el cuerpo humano
dependen de varios factores (tipo de contaminante, tiempo de
exposicidn, etc.), las principales enfermedades estan relacionadas con
el sistema respiratorio y cardiovascular (Figura 6). Otras evidencias
recientes asocian la contaminacién del aire con el trastorno
neurocognitivo (demencia) [156], el bajo peso al nacer [157] y a la
diabetes del tipo 2 [158]. Todos estos riesgos llevan a que alrededor de
4,2 millones de personas fallezcan cada afio de forma prematura en
todo el mundo (datos de 2016) [154]. Como comparativa, el nimero de
fallecidos en accidentes de trafico a nivel global se estima en 1,3

millones anuales [159].
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Efectos a 5

corto plazo /

Intensificacién del @L
Tos, pitos y
dificultad

para respirar

Esperanza
de vida
reducida

Figura 6. Principales efectos de la contaminacion atmosférica en la salud humana. Adaptado
de [160].

- Medio ambiente: entre otros muchos, se pueden citar la disminuciéon
de la capa de ozono, la eutrofizacion y acidificaciéon de las aguas (que
afectan a la diversidad de los ecosistemas), crecimiento reducido de las
especies vegetales y alteraciéon de sus procesos fisioldgicos y

bioquimicos, reducciéon de los rendimientos de la agricultura, etc. [161]

Materiales urbanos: como sea comentado en esta memoria, los gases y
vapores contaminantes pueden tener una naturaleza corrosiva
inherente, o bien pueden reaccionar quimicamente en la atmdsfera
para dar compuestos muy reactivos [12,161,162]. En definitiva, se
contribuye al deterioro tanto del Patrimonio como de las
infraestructuras urbanas (carreteras, redes eléctricas, puentes, etc.).
Estos efectos se traducen en pérdidas econdmicas y culturares

[163,164].

Hay que sefialar que las fuentes de emision de los gases
contaminantes pueden ser antropogénicas o naturales, si bien la evolucién

de estas ultimas no se considera preocupante al formar parte del equilibrio
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natural (erupciones volcanicas, incendios forestales naturales, flatulencias
de la digestion de los animales, etc.) [165]. Entre las fuentes antropogénicas
mas importantes se pueden citar la quema de combustibles fésiles para la
obtencién de energia (calor/electricidad), ciertos procesos industriales
(metalurgia, construccién, etc.) y los medios de transporte [165,166]. Entre

otros, los contaminantes atmosféricos mas importantes son:

- Particulas (PM): las particulas en suspension estan constituidas por una
mezcla compleja de sustancias sélidas y liquidas que varian en
composicion, forma y tamafo. La composicién de las PM varia
enormemente y depende de muchos factores, como la ubicacién
geografica, las fuentes de emisiéon y el clima. Las PM se clasifican
atendiendo a su tamafio, siendo las mas perjudiciales las menores o
igual a 10 um (PMyg) y las menores o igual a 2,5 um (PM3s). Estas
ultimas conllevan una peligrosidad mayor, pues ademds de alojarse en
los pulmones, pueden atravesar la barrera pulmonar y entrar en el
sistema circulatorio [154,161,167]. Como componentes principales se
pueden encontrar el hollin (carbono elemental u organico), iones
inorgdnicos (sulfatos, nitratos), cloruro de sodio, amoniaco, polvos

minerales y el agua.

- 0Ozono (0s): este compuesto aparece en nucleos urbanos cuando varios
contaminantes atmosféricos (Compuestos Organicos Volatiles, 6xidos
de nitrégeno, etc.) reaccionan de manera fotoquimica [168], y su

inhalacién provoca diversas afecciones en el sistema respiratorio [169].

- Oxidos de azufre (SO)): la contribucién antropogénica de estos

contaminantes (mondxido y didxido de azufre) se debe a ciertos
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procesos industriales (fundicion de menas) y a la combustién de los
combustibles fésiles, en cuya composicién suele aparecer el azufre. El
SO, afecta al sistema respiratorio, provoca irritacion ocular y participa

en la formacidén de la lluvia acida [154].

- Compuestos Organicos Volatiles (COVs): abarcan un conjunto de
compuestos quimicos de diversa procedencia. Se pueden clasificar
como COVs o como COVNM (COV No Metano) si no se incluye a dicho
gas. Las mayores fuentes antropogénicas derivan del uso de los
combustibles fésiles en el transporte y las industrias quimicas. Como
ejemplos se pueden citar el metano (contribucién al calentamiento
global), acetileno, benceno, xileno, 1,3-butadieno, (compuestos

cancerigenos), etc. [165,170].

- Oxidos de carbono (CO y CO,): el CO se genera como producto
intermedio en la combustion incompleta de combustibles fdsiles. Es
muy toxico y peligroso por su afinidad a unirse al hierro de la
hemoglobina impidiendo la unién y transporte del O, y ademas carece
de olor y es incoloro. Este gas se puede concentrar en tramos rodados
con poca ventilacidn y gran trafico, derivadas de las emisiones de los
vehiculos [165]. En cuanto al CO;, su emisidn antropogénica se debe a
ciertos procesos industriales como la produccion del cemento v,
principalmente, a la combustiéon de combustibles fésiles. Aunque no
esta considerado como un gas téxico [171], su capacidad como gas de

efecto invernadero hacen que sus emisiones estén reguladas.
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- Otros contaminantes: amoniaco, compuestos clorofluorocarbonados,

radén, plomo y demas metales pesados.

- Oxidos de nitrégeno (NO): los NO, (NO + NO,) se generan de forma
natural (reldmpagos, microorganismos, volcanes, etc.), si bien la
principal fuente de estos gases es la combustion de combustibles
fésiles derivada de los vehiculos de motor y de las centrales eléctricas.
Debido a su gran impacto ambiental y en la salud humana, estdn

considerados como uno de los contaminantes mas importantes [172].

De los contaminantes citados, hay que destacar que la Unidn
Europea identifica 7 como principales: PM, O3, SO,, COVNM, CO, amoniaco
y NOx [173]. De estos, los mas abundantes en el habitat urbano son el
didxido de nitrégeno, las particulas y el ozono [174] . Los contaminantes
atmosféricos se encuentran regulados en la Unién Europea (Directivas
2008/50/CE, 2004/107/CE y 2015/1480) ademas de las directrices fijadas
por la OMS en 2005, que proximamente esperan ser actualizadas (Tabla 4)
[175,176]. En este sentido, se ha descrito que los valores limite existentes
para todos los contaminantes deberian de ser reducidos para lograr una

mayor seguridad en la salud del ciudadano [177].
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Tabla 4. Comparativa entre los valores limite de los contaminantes del aire

legislados por la UE y los recomendados por la OMS.

Contaminante
SO, (horario)
SO, (diario)
NO; (horario)
NO; (anual)
PMy (diario)
PM; (anual)
PM,s (diario)
PM,,5 (anual)

03 (maximo diario 8h)

co

Pb (anual)

As (anual)

Cd (anual)

Ni (anual)
Benceno (anual)

Benzopireno

Valor legislado UE
350 pg/m? (>24 veces/afio)
125 pg/m?3 (>3 veces/afio)
200 pg/m? (>18 veces/afio)
40 pg/m?3
50 pug/ m3 (> 35 veces/afio)
40 pg/m?
25 pg/m?
120 pg/m?

10 mg/m?3 (méximo diario

octohorario anual)
0,5 pg/m*
6 ng/m?3
5ng/m?3
20 ng/m?3
5 pg/m?

1 ng/m3

Valor guia OMS

20 pg/m?
200 pg/m3
40 pg/m?3

50 pug/ m3(> 3 veces/afio)
20 pg/m?

25 pg/m3 (> 3 veces/afio)
10 pg/m?

100 pg/m3
10 mg/m3(8h)

0,5 ug/m3

5ng/m?3

2.5.1. Contaminacién por éxidos de nitrégeno y métodos de

mitigacion

Los NOy, suma de los gases NO y NO3, son considerados como unos

de los contaminantes del aire mds importantes [172]. EIl NO es un gas

insoluble en agua, sin color ni olor, mientras que el NO; si es soluble en
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agua, es de color marrén-rojizo y posee un olor desagradable y acido. En
cuanto a la peligrosidad, el NO; es mucho mds téxico que el NO.
El NO tiene una vida media relativamente corta, (de minutos a

horas), pues puede reaccionar fotoquimicamente para dar NO;:

2NO +0; —> 2 NO; (3)

Este gas también puede originarse por la reaccién del mondxido de

nitrégeno con el ozono:

2NO + 03 —> NO; + 0, (4)

El NO; puede sufrir fotdlisis bajo la irradiacién ultravioleta solar, lo

gue desencadena la generacion de ozono:

NO, + hv > NO + O* (5)

O*+0,+ M— 03+ M (6)

donde M es una molécula (principalmente N> u O,). El ozono a su

vez puede reaccionar con el mondxido de nitrégeno [161]:

O3z + NO + > 0, + NO, (7)

Como se aprecia en las anteriores ecuaciones, existe una relacion
entre los NOy y el ozono (Figura 7), en el que ademas participan radicales
derivados de la oxidacidon de los COVs (Figura 7) [178]. Este hecho es

particularmente importante en los entornos urbanos, donde la presencia
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de ambos contaminantes puede resultar perjudicial. Ademas, los NOx
juegan un papel importante en la emisién de las PM, ya que dichos gases
pueden reaccionar con el amoniaco y otros compuestos en presencia de
vapor de agua para producir aerosoles. Otro conjunto de contaminantes
derivados de los NOyx son los &acidos nitrico y nitroso (HNOs y HNO,,
respectivamente), el nitrato de peroxiacetilo (PAN), el éxido nitroso (N,0)
y el anhidrido nitrico (N2Os) [161]. Hay que destacar que la reactividad
asociada a los NOx no es la misma durante el dia (mientras hay luz solar) y
la noche, por lo que la concentracién de aquellos en el habitat urbano no

es constante [179,180].

Hydrocarbons

Figura 7. Principales reacciones entre NO, NO,, Os, y radicales libres [161].

En lo que respecta a la emisidn antropogénica de los NOy, en
Europa, el sector del transporte contribuyd al 39 % de las emisiones en 2018
(Figura 8). Sin embargo, esta contribucion es considerablemente mayor en

las zonas urbanas, pues las emisiones del transporte por carretera se
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localizan cerca del suelo y se distribuyen en dreas densamente pobladas

[181].

15%

39%
15%

15%

8% [

8%
M Agricultura
M Produccion de energia
M Industria exctractiva
Residencial, comercial e institucional
B Transporte no rodado
B Transporte rodado

Figura 8. Contribucién de las emisiones de NOx en Europa durante el afio 2018.

Los efectos de la contaminacién de los NOy, tanto a largo como a

corto plazo son sensiblemente negativas:

- Salud: la inhalacién de los NOx produce una serie de afecciones: asma,
infecciones respiratorias, bronquitis, disminucidn de la capacidad y del
crecimiento pulmonar, etc. [182,183]. De hecho, se estima que solo en
la Unién Europea fallecen de forma prematura unas 70.000 personas al

ano a causa de los efectos de los NO [177].

- Medio ambiente: ademas de su implicacién en la produccién de ozono

a nivel de suelo, los NOy participan en la formacién del smog (Figura 9)
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y contribuyen al efecto invernadero mediante la formacién del gas N,O.
Otro efecto directo causado por los NOy es la deposicidn acida, es decir,
la introduccidon de sustancias de caracter acido en los ecosistemas
terrestres y acudticos. En concreto, uno de los efectos mas conocidos
es la lluvia acida, referida también como como deposicion "humeda"

(precipitaciones con valores de pH que suelen ser menores a 5,7).

Figura 9. Smog en la ciudad de Madrid (Espafia) en 2016 [184].

- Materiales pétreos del patrimonio urbano: los dafos directos
provocados por los NOy derivan de su capacidad para formar acidos
cuando se disuelven en agua. Ademas, es particularmente importante

su sinergia con el SO,, actuando como oxidante de este [185]:

SO; + NO; + H,O = H,S04+ NO (8)

En el caso de los materiales calcareos, muy comunes en el
Patrimonio Histdrico, los acidos generados reaccionaran disolviendo el

carbonato calcico, formando nitrato de calcio que es facilmente lixiviable,
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por lo que los materiales sufren una pérdida de su consistencia original. De
igual manera, la deposicidn dcida en morteros y hormigones generara sales
del tipo bicarbonato, sulfato, nitrato que procederan a lixiviarse
progresivamente.

A pesar de las limitaciones de concentracion de NOy legisladas
(Tabla 4), muchas ciudades suelen sobrepasar los valores establecidos
[186]. Por ejemplo, 19 paises del continente europeo excedieron los limites
en el afo 2018. Ademas, el 95% de las estaciones de medida donde se
registraron valores medios superiores al permitido se correspondieron con
estaciones de tréafico [181]. Esto conlleva a un aumento potencial de los
efectos adversos de estos contaminantes.

Con el objeto de controlar las emisiones de los NO,, se han
desarrollado varios métodos basados en diferentes principios. En los
métodos denominados “primarios” se evita, en la medida de lo posible, la
generaciéon de NOx mediante el control de los pardmetros que afectan al
proceso de combustion (temperatura, tiempo de residencia de los gases,
concentracién de oxigeno en la cdmara de combustion, etc.). Algunos de
estos métodos son: empleo de quemadores de bajo NOy, recirculacién de
humos de combustion, la inyeccién escalonada del aire, etc. Los métodos
“secundarios” consisten en la disminucién de la concentracién de los NOy
qgue se han generado durante un proceso determinado. Estos pueden ser
implementados en conjunto con las medidas primarias. A destacar, una de
las medidas secundarias mas extendidas es la reduccion selectiva del NO;,
medida basada en la reduccidn quimica de los NOyx para formar nitrégeno
molecular (N;) [172,187]. Existen dos tipos de estas medidas basadas en

reduccién:
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Reduccion selectiva no catalitica (SNCR): durante el tratamiento de los
gases de combustion se inyecta un agente quimico reductor, normalmente

urea o un compuesto amoniacal (NHz, NHs).

Reduccidén catalitica selectiva (SCR): aunque el principio es similar a la
SNCR, en este caso se emplea un catalizador basado en zeolitas, carbono

activado, 6xidos de titanio, etc.

Otros métodos secundarios son la oxidacion de los NOx mediante
inyeccion de ozono [188], la adsorcion (mediante carbdn, oxido de
aluminio, etc. [189]) o el almacenamiento y reduccién de los NOx (NSR)
[190]. No obstante, ninguna de estas medidas esta disefiada para disminuir
la concentracién de los NOy de manera directa en los habitats urbanos,
lugares donde se concentran la mayor parte de estos contaminantes [181].

En este contexto, durante las Ultimas décadas ha surgido la
alternativa de utilizar el proceso de la fotocatalisis como una tecnologia
sostenible para la eliminacion de estos gases, asi como de otros

contaminantes, cuya discusidn se desarrolla en los apartados siguientes.

2.6. Principios de fotocatalisis

La fotocatalisis es un proceso mediante el cual una reaccidon
guimica es acelerada gracias a la accidn de una radiacidn luminica de una
determinada longitud de onda sobre un compuesto quimico denominado
fotocatalizador, que no es consumido en la reaccidn. Dicho proceso tiene
lugar, principalmente, a temperatura y presion ambientales. El trabajo
publicado en 1972 por los investigadores Akira Fujishima y Kenichi Honda

supuso un significativo avance en la tecnologia fotocatalitica. Estos autores
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describieron la capacidad de un semiconductor (TiO;) para producir, sobre
su superficie, la hidrélisis del agua cuando es irradiado con luz ultravioleta
[191]. A raiz de este articulo (mas de 21000 citas), surgié en la comunidad
cientifica un gran interés sobre la fotocatdlisis, pues se conseguia la
produccién de hidrégeno de una manera mas sostenible. No obstante, las
primeras menciones a la fotocatdlisis fueron anteriores a este trabajo
(1911-1913) [192-194].
Existen dos tipos de fotocatalisis en cuanto a las fases involucradas:
- Fotocatdlisis homogénea: el fotocatalizador y los reactivos se
encuentran en la misma fase. Por ejemplo, los sistemas basados en
ozono (fotocatalizador) disuelto en agua. En este tipo de fotocatalisis la
separacion de los productos de reaccién del fotocatalizador puede
suponer una limitacion.
- Fotocatalisis heterogénea: fotocatalizador y reactivos estan en una
fase diferente (por ejemplo, el fotocatalizador en estado sélido y los

reactivos en estado liquido o gaseoso).

2.6.1. Generalidades de los semiconductores

La mayoria de los fotocatalizadores heterogéneos, son compuestos
solidos semiconductores, poseen una estructura electrénica caracteristica
claramente diferenciable de la de los metales y materiales aislantes. Todos
estos materiales se diferencian segun el comportamiento de su
conductividad eléctrica al variar la temperatura. Mientras que en los
materiales conductores la conductividad de estos aumenta a medida que

se disminuye la temperatura, en los semiconductores ocurre lo contrario.
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Por otro lado, los materiales aislantes presentan una conductividad
eléctrica nula o muy baja [195].

La estructura electrénica de todos estos materiales puede ser
explicada considerando la Teoria de Orbitales Moleculares (TOM), donde el
solido en su conjunto es tratado como una molécula con un nimero muy
elevado de atomos. De esta manera, los valores de energia de los OM
enlazantes se aproximan tanto que logran formar un nivel Unico de energia
casi continuo. A este nivel se le denominada Banda de Valencia (BV). De
igual manera, los OM antienlazantes formaran la llamada Banda de
Conduccion (BC). Segun la naturaleza de la interaccion entre los OM, ambos
tipos de bandas pueden ser solapadas o existir un salto entre ambas (“Band
Gap”), en el cual no existe ningln estado energético posible (Figura 10)

[196].

—— B Banda de Conduccién (BC)
a— B Banda de Valencia (BV)

. ’
Energla ,' ~._-;/

Grafito Si, CdS Diamante

Figura 10. Ejemplos de la posicion de bandas electrdnicas en diferentes compuestos.

Adaptado de [197].

El solapamiento de bandas es tipico en el enlace metalico, donde
los atomos interaccionan de una manera mas débil y sin direccion

preferente. En cambio, el salto de energia entre bandas suele darse en
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compuestos con enlaces covalentes direccionales (aislantes o
semiconductores). Si la diferencia energética entre las bandas es
considerable, estaremos hablando de un aislante, mientras que si la
diferencia no es tan significativa, el material serd un semiconductor. De
manera general, se suele considerar que un material es aislante si el salto
de energia es superior a 4 eV [198].

En este contexto, hay que mencionar el Nivel de Fermi, que es un
valor de energia tomado para un sdlido: se define como el valor de energia
mds elevado que se encuentra ocupado por electrones, tomado a una
temperatura de 0 K. En los semiconductores, dicho nivel queda localizado
a un valor de energia perteneciente al salto prohibido de energia entre
bandas, y por ende, no se corresponde a ningln estado energético real
[196]. Sin embargo, en los conductores, el nivel de Fermi se localiza dentro
de alguna banda. De esta manera, si la Banda de Valencia no se encuentra
completamente llena, se puede producir el paso de los electrones cercanos
al nivel de Fermi hacia niveles cercanos en energia que estén vacios. Es
decir, los electrones exhibirian cierta movilidad a través del sdlido,
produciendo una determinada conductividad eléctrica [195]. Por otro lado,
los diferentes comportamientos de la conductividad eléctrica de
semiconductores y conductores frente a la temperatura pueden ser

explicados mediante la distribucién de Fermi [199].

2.6.2. Mecanismo de |a fotocatalisis

En un semiconductor, la fotocatélisis comienza con la irradiacién de
aquel con fotones que posean una energia igual o mayor al valor del band
gap del semiconductor. Hay que tener en cuenta que parte de los fotones

qgue alcanzan al semiconductor pueden no ser absorbidos por este, pues
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pueden tener lugar otros mecanismos Opticos como la reflexién o la
dispersidn de la radiacién [196]. La absorcidn de los fotones (energia) por
parte del semiconductor lleva a que los electrones de la BV promocionen
hacia la BC (esc), credndose por tanto huecos positivos en la BV (h*sy). Hay
qgue sefialar que este proceso ocurre de manera extremadamente rapida
(femtosegundos) [200,201]. Posteriormente, estos portadores de carga se
pueden trasladar por el sélido, pudiendo alcanzar la superficie del material
semiconductor, donde participard en reacciones quimicas con las
moléculas del medio de reaccidén que se puedan encontrar adsorbidas en
su superficie. Sin embargo, el par electron-hueco generado suele sufrir el
proceso de recombinacién, es decir, la anulacién entre ambos portadores
de carga. De hecho, se ha reportado que alrededor del 85% de la excitacién
de electrones cae en el proceso de recombinacién tras 10 nanosegundos
de irradiacion [202]. Es decir, la recombinacion es un fendmeno no
deseable a la hora de invertir la energia absorbida en el desarrollo de las
reacciones quimicas con las especies adsorbidas en el semiconductor.
Existen dos tipos principales de recombinacién: la radiativa
(fotoluminiscencia) y la no radiativa. Mientras que la primera depende de
las propiedades fisicoquimicas de cada semiconductor, la recombinacidn
no radiativa puede reducirse si se disminuye la densidad de los defectos en
la estructura del semiconductor, en los que los electrones/huecos

generados son atrapados [203].

2.6.2.1. Eliminacion de contaminantes mediante reacciones de oxidacion
fotocatalitica

Una de las aplicaciones derivada de la tecnologia fotocatalitica es
la degradacidon de contaminantes mediante el Proceso de Oxidacion

Avanzada (POA), donde intervienen especies muy oxidantes encargadas de
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eliminar los contaminantes. Estas especies son nombradas especies
reactivas de oxigeno (ROS) y consisten en radicales que contiene el 4&tomo
de oxigeno, como el -:OH (radical hidroxilo) y -O;™ (radical superdxido), entre
otros. Las ventajas de este proceso de oxidacidn residen en que ocurre en
condiciones suaves, esto es, a temperatura y presion ambientales [204].
Adicionalmente, mediante la fotocatalisis heterogénea, el fotocatalizador
(en estado sélido) podria ser utilizado para descontaminar fases acuosas o
fases gaseosas.

Para que el semiconductor (fotocatalizador) puedan generar las
ROS y que estas participen en reacciones quimicas, los electrones y huecos
fotogenerados deben alcanzar la superficie (evitando la recombinacién) y
transferirse a las moléculas adsorbidas en la superficie del semiconductor.
Asi, los huecos positivos (h*sy) podran intervenir en procesos de oxidacién
mediante la captacion de electrones desde las moléculas adsorbidas. Por
su parte, los electrones generados en el semiconductor (e’sc) podran ser
cedidos a una molécula adsorbida, produciéndose una reduccién quimica.
Para que estos eventos tengan lugar, el potencial de oxidacién de los h*sy
debe ser mayor que el de la molécula donadora de los electrones, mientras
que potencial de reduccidn de los e’sc debe ser menor que el de la molécula
aceptora de estos electrones. En consecuencia, la energia absoluta de la BV
y la BC del semiconductor es un parametro que considerar [198]. Como
ejemplo, en la Figura 11 se puede observar la posicién energética de las
bandas de algunos semiconductores comparada con los potenciales
estandar en agua de varias especies de interés en diferentes aplicaciones

fotocataliticas.
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Figura 11. Posiciones energéticas de algunos semiconductores y potenciales redox de

especies de interés. Adaptado de [205].

La generacidon de las especies ROS puede darse por diversos
mecanismos. Por ejemplo, el oxigeno adsorbido en el semiconductor se
reducird por accion de los electrones fotogenerados, produciendo radicales
superoéxido (-O,7) que posteriormente pueden reaccionar para formar
radicales hidroperoxilo (-HO;), peréxido de hidrégeno (H,0;) y finalmente
radicales hidroxilo (-OH) o agua. De igual manera, los huecos pueden oxidar
el agua o los OH" adsorbidos para dar radicales hidroxilo (-OH). Estas
especies poseen un potencial de oxidacion muy elevado, por lo que cuando
se produce el contacto con compuestos contaminantes adsorbidos en el
fotocatalizador se produce la descomposicidn de estos. De esta manera, los
contaminantes serdn oxidados progresivamente hasta alcanzar su grado de

oxidacion maximo. En el caso de los contaminantes orgdnicos ocurre su
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mineralizacidn, resultando asi moléculas de agua y compuestos/acidos
inorganicos [198]. El mecanismo, por tanto, puede resumirse de la siguiente

forma:

Fotocatalizador + hv = e sc + h'py (9)
h* + OHags = *OHags (10)
e + 02> 027ags (11)
H* + 027545 > ‘HO2 (12)

Cotaminantea.qs + ROS - Productos Inorganicos (CO,, H,0, H*, etc.) (13)

La capacidad descontaminante del proceso fotocatalitico
dependerd de una serie de factores: las propiedades fisicoquimicas del
fotocatalizador (composicidn, area superficial, etc.), el tipo y concentracién
de contaminantes y sus propiedades de adsorcién, la configuracion del
fotorreactor, la fuente de radiacién (longitud de onda e irradiancia) y las
condiciones de reaccién (temperatura, oxigeno disuelto, pH o humedad

relativa) [206].

2.6.2.2. Procesos fotocataliticos De-NOx

El proceso de eliminacion de los gases NOx se denomina proceso o
accion De-NO[207-209]. La reaccidn fotoquimica que ocurre con los gases
NOx y un semiconductor (fotocatalizador) sigue un mecanismo similar al
explicado en la seccion anterior: una vez que el fotocatalizador es irradiado
con una longitud de onda igual o superior a su band gap y se produce la
generacidén de los pares electron/hueco, los portadores de carga que
podran alcanzar la superficie del fotocatalizador, donde intervendran en
procesos redox para producir las ROS. En este punto, los radicales

superéxido (-O;7) oxidaran las moléculas de 6xido de nitrégeno (NO)
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adsorbidas a nitratos (NOs’), principalmente. Al mismo tiempo, los radicales
hidroxilo (-OH) procederan con la misma reaccidn, mediante varios pasos
intermedios (NO — HNO, — NO, — NOgs’) [209]. Por consiguiente, se logra
la eliminacién de unas sustancias gaseosas peligrosas mediante su
transformacion a sdélidos de naturaleza benigna (nitritos y nitratos). Dicho
mecanismo puede ilustrarse de manera resumida en la Figura 12. Hay que
resaltar que, si la actividad del fotocatalizador no es éptima, el NO puede
ser oxidado a NO, ademds de a nitratos. Este fendmeno no es nada
deseable desde el punto de vista medioambiental, pues se estaria

emitiendo un gas que es mucho mds tdxico que el NO [210].

.’{ NO;y
o,

“ 0, °
\ \ ' (@ FOTOOXIDACION
BC
hv ‘
@ \ % (
BV NO
@  OHe ©  rotooxiDACiON

HZO.‘ @... \~ N
NO, *Noz HNO,
. >

H " H,0

Figura 12. Mecanismo resumido de oxidacion fotocatalitica de NOx sobre el fotocatalizador

TiO,. Los nimeros indican el orden de las etapas. Adaptado de [209].

No obstante, el mecanismo real resulta complejo, segun se recoge
en [211], distinguiéndose diferentes reacciones e intermedios que ocurren
en ausencia o presencia de luz. En condiciones de oscuridad, las especies

de oxigeno pueden generar otras especies como por ejemplo el oxigeno
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atémico (O) o el 0" [212]. Al mismo tiempo, las moléculas de NO adsorbidas
pueden dar lugar a una variedad de intermedios. En este sentido, una de
las etapas clave del mecanismo De-NOy es la adsorcidon de las moléculas de
NO. Mediante esta adsorcidn, se pueden formar especies adsorbidas como
NOs, NO™ o N,0,% [213]. Por otro lado, el NO, fisisorbido podrd formar
HNO; o HNOs (segun la concentracion de NOz) mediante los intermedios
N,O4 y NO*, respectivamente [214-217]. Adicionalmente, es conocido que
la cantidad de agua involucrada en el sistema tiene gran influencia en la
reaccion. Por un lado, las moléculas de agua facilitan la absorcién de las
moléculas de NOy, como se ha visto, generan radicales hidroxilo [218—-221].
Por otro lado, si se aumenta el valor de la humedad, los sitios activos del
fotocatalizador pueden ser ocupados por las moléculas de agua en lugar de

los demas reactivos [222]. Todos estos procesos se ilustran en la Figura 13.

NO,
el =i
OH NO NO
(0] NO-
NO > No, "7 D"
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N,0, N,O,
H,O
NO;* | <

Figura 13. Conversion del mondxido de nitrégeno adsorbido en la superficie del

fotocatalizador en ausencia de irradiacion [211].

Cuando el fotocatalizador es iluminado, los nitratos son el principal

producto de la reaccién fotocatalitica De-NOy. Sin embargo, durante este
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proceso pueden formarse otras especies como NO*, N,Os, N,O, NO; o NO;*
mediante varios mecanismos. Por otro lado, los nitritos (NO;) pueden
formarse cuando el NO; toma un electron. De manera semejante, se ha
reportado la formacién de NO"y N,0,% mediante la captacidén de electrones
del fotocatalizador por parte del NO y NO,, respectivamente [223].
Ademads, la desproporcién de las moléculas adsorbidas de NO pueden dar
el intermedio NO™ [224,225]. Finalmente, el NO también puede ceder
electrones al fotocatalizador, generando NO* [226-229]. La Figura 14

representa de forma esquemadtica los procesos explicados.

*OH
0 OH
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OH *OH OH OH
NO o, NO, —— | NO,! N03
2 ’ 2 [ —
- H,0
o OH e e .0 NO
x ] * 2 I
e 0 N,0,* a—
% NO
"o - 2
OH- + e | N02
|N0"I *OH
‘O, +e

. HNO,

Figura 14. Conversion del mondxido de nitrégeno adsorbido en la superficie del

fotocatalizador bajo irradiacion [211].

Como se puede deducir, en el proceso De-NOy no solo hay que
considerar las propiedades electrénicas del fotocatalizador y su interaccién
con la luz, sino también la reactividad superficial de este. Esta ultima

también establecera el comportamiento reactivo de los portadores de
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carga generados con las moléculas adsorbidas en la superficie del

fotocatalizador.

2.7. Materiales de construccion

fotocataliticos

Una manera de reducir la contaminacién atmosférica del habitat
urbano, donde residen los ciudadanos, consistiria en la implantacion de
amplias superficies arquitectdnicas (edificios, pavimentos, ventanas, etc.)
con propiedades descontaminantes. Dichas propiedades derivan de la
inclusion de compuestos fotocataliticos en los materiales que forman parte
de una infraestructura determinada (morteros, pinturas, hormigon, etc.).
Durante el dia, la radiacién solar incidente en dichos materiales activara el
proceso fotocatalitico, y por ende, tendrd lugar la foto-oxidacion de los
contaminantes atmosféricos. Al mismo tiempo, las especies ROS
generadas, gracias a su poder oxidante, también conseguiran destruir a los
microorganismos adheridos al material, por lo que estos materiales poseen
propiedades autolimpiantes cuando reciben la irradiacion [230,231] .

La mayoria de los materiales de construccién fotocataliticos que se
comercializan en la actualidad estan basados en el uso de TiO,. En la
bibliografia reciente se encuentran publicadas revisiones que engloban los
avances de la aplicacién del TiO; en los materiales urbanos [232,233]. La
eleccién de este fotocatalizador estriba en sus convenientes propiedades:
elevado band gap (3,2 eV), estabilidad quimica, alta actividad fotocatalitica
y compatibilidad con materiales de construcciéon tradicionales [234].
Algunos ejemplos de materiales comerciales son TX Active® [235] vy

TioCem® [236] (cementos), Morcemsec® Active (mortero) [237], Betonella®
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CM 6 (hormigdn) [238], Activ™ (vidrios) [239], EcoClean™ y Reynobond®
(paneles de aluminio) [240], KEIM Soldalit-ME [241] y PhotoDeco [242]
(pinturas), etc.

La eficacia de descontaminante de los materiales de construccion
fotocataliticos ha sido comprobada tanto en ensayos de laboratorio [243—
245] como en condiciones reales [246—249]. En este contexto, se pueden
citar varios ejemplos de infraestructuras urbanas constituidas con esta
clase de materiales (Figura 15): el cemento de la iglesia del Jubileo (Roma,
Italia) [250], el hormigdn del Hospital General Dr. Manuel Gea Gonzalez
(Ciudad de México, México) [251], los paneles de hormigdén GRC (Glass
Reinforced Concrete”, es decir, hormigén armado con fibra de vidrio) de la
fachada Pabelldn Real Madrid Arena (Madrid, Espafia) [252] o |a pintura de

la fachada del edificio Santa Lucia (Sevilla, Espaifa) [253].

Figura 15. Ejemplos de infraestructuras constituidas con materiales fotocataliticos: (A)
iglesia del Jubileo; (B) Hospital General Dr. Manuel Gea Gonzalez; (C) Pabellén Real Madrid

Arena; (D) edificio Santa Lucia.
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En estos materiales, a medida que se produzca el proceso
fotocatalitico De-NOy, los nitratos se generaran y quedaran adsorbidos en
la superficie del material [209]. Como resultado, la capacidad de
eliminacion de los NOy ira decreciendo paulatinamente debido a que los
sitios activos del material quedaran bloqueados. Sin embargo, cuando
estos materiales se aplican en ambientes externos, los nitratos y nitritos
generados (especies muy solubles) son arrastrados por el agua de lluvia o
de rocio, donde se incorporan a las aguas fluviales que son tratadas de
manera convencional en las Estaciones Depuradoras de Aguas Residuales
(EDAR). Esto hace que la superficie del material quede de nuevo limpia y
disponible para continuar con la accién De-NOx[209,254-256].

No obstante, la extensa implantacién de los materiales
fotocataliticos en el habitat urbano permanece aun lejos de ser alcanzada
[257]. Una de las limitaciones que surgen es el coste del TiO,, que es muy
elevado en comparacién con las materias primas empleadas en los
materiales urbanos. En especial, el precio se ve incrementado en el TiO;
P25 AEROXIDE® (polvo nanoparticulado, mezcla de las fases cristalinas
rutilo y anatasa) que es un producto comercial empleado como estandar
por su elevada actividad fotocatalitica [258,259]. En este contexto, el precio
de un cemento fotocatalitico basado en TiO; es unas 8 veces superior al de
un cemento convencional [257].

Otra limitacién de este semiconductor es que absorbe Unicamente
en la regidn ultravioleta del espectro electromagnético (Figura 16). , siendo
esta solo el 4-5% de la energia solar que alcanza la superficie de la Tierra,
desaprovechandose asi la mayor parte de la irradiacién solar [260,261].
Como resultado, la eficacia fotocatalitica de estos materiales se ve limitada,
especialmente si se considera una aplicacién en zonas urbanas localizadas

en elevadas latitudes, con niveles bajos de radiacion ultravioleta [262]. De
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igual manera, la capacidad de absorcidon de luz de las infraestructuras
localizadas en las zonas mds sombrias de las ciudades tampoco seria éptima

para lograr una accion fotocatalitica completa.

Ultravioleta Visile Infrarrojo

Absorbancia / u. a.

1

T T - T T T T T T T T T T T T T
200 250 300 350 400 450 500 550 600 650 700 750 800
Longitud de onda / nm

Figura 16. Ejemplo de espectro de absorbancia UV-vis de una pelicula delgada de TiO; sobre

vidrio. Adaptado de [261].

Por otra parte, se conoce que el TiO, P25 exhibe una baja
selectividad en el proceso De-NOy, lo que significa que una parte
importante del mondxido de nitrogeno es foto-oxidado a didxido de
nitrégeno en lugar de a nitratos/nitritos [208,263]. Como se indico en la
seccidon 2.6.2.2, esto no es deseable para una aplicacién medioambiental.
Este fendmeno también se ha observado en una serie de estudios de
campo, empleando materiales basados en TiO,: Copenague (Dinamarca)
[264], Hong Kong [265] y La Haya (Paises Bajos) [266]. Por tanto, este
conjunto de factores hace que la eficacia De-NOy no sea suficiente desde
un punto de vista practico [267].

Finalmente, la Unidn Europea ha indicado recientemente

potenciales riesgos de padecer cancer cuando se inhalan nano-particulas
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de TiO,, por lo que habria que tener en consideracién los riesgos futuros de

la utilizacion de dicho compuesto [268].

2.8. Fotocatalizadores alternativos con efecto

De-NOy

Para lograr una amplia utilizacién de los materiales fotocataliticos
De-NOx en el habitat urbano, resulta primordial desarrollar
fotocatalizadores de bajo coste, con una mayor capacidad para absorber la
radiacion solar y que ademds muestren una actividad De-NOy elevada y
selectiva (baja emisién de NO,). De forma general, las direcciones a seguir
para conseguir estos objetivos se basan en modificar la estructura y/o
composicion del semiconductor, disminuir la recombinacion e’/h*,
aumentar la superficie especifica, mejorar la capacidad de absorcién de luz
e incrementar la eficiencia y selectividad del proceso De-NOy. En este
abanico de posibilidades, se han investigado diferentes tipos de
compuestos. A continuacidn, sin llegar a ser exhaustivo, se resumen los

principales estudios en varios subapartados.

2.8.1. Fotocatalizadores TiO> modificados

Una estrategia comun para mejorar los procesos fotocataliticos

consiste en el dopado del semiconductor con diferentes elementos como

por ejemplo cationes metalicos, metales nobles, no metales, etc. Esto
permite la creacién de niveles de energia intermedios entre BV y la BC, que
reducen la recombinacion e/h* e incluso la mejorar la absorcion de
absorcion de luz. Por ejemplo, He et al. prepararon nanocristales de TiO;

(fase anatasa) dopados con carbono (Figura 17). La mejorada superficie

96



Capitulo 2. Introduccion

especifica y la disminucién de la recombinacion e/h* respecto al
compuesto sin dopar explican el gran aumento de eficacia De-NO (~ 70 vs

20%) [269].

crc,

Time/min

Figura 17. A: imagen HRTEM de la nanoestructura de TiO, dopado con carbono; B: evolucién
de la concentracién de NO en funcién del tiempo del ensayo fotocatalitico (la irradiacion
comienza en el minuto 5 y finaliza en el minuto 30) para las diferentes muestras, donde TiO;

hace referencia a la muestra sin dopar [269].

También se estudio el dopaje de TiO, con estafio mediante un
método de reduccién, El Sn-TiO; azul obtenido logré una eficacia De-NOy
de un 72% y una menor liberacién de NO (~ 29%). Los buenos resultados
se atribuyeron a la existencia de un nuevo nivel de energia entre la BV y la
BC (Ti*, Ti** Sn?* y Sn**), que promueve la retencién de las fotocargas [270].

En un ejemplo de dopaje con varios elementos, el TiO, codopado
con wolfragmio y nitrégeno mostré una selectividad De-NOx mayor al 90%.
La presencia de sitios trampa como W>* y Ti®* hace que los electrones

fotogenerados tomen nuevas rutas de transferencia (reduccién del oxigeno
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en lugar de los nitratos) consiguiendo que se libere una menor cantidad del
intermedio NO; [271].

Respecto al dopaje con metales nobles, se encuentran diversos
ejemplos en la literatura [272—-274]. Por ejemplo, Herndndez Rodriguez et
al. empled Pt o Au (Pt-TiO,, Au-TiOz) como elementos dopantes del TiO;
P25. El dopaje con oro aumentd el rendimiento De-NOy tanto con
irradiacién visible como con UV. En cambio, la respuesta UV del Pt-TiO; no
se vio afectada. Se observé que la morfologia de las nanoparticulas del
fotocatalizador fue un factor clave, obteniéndose los mejores resultados
De-NOy en las muestras con particulas esféricas menores de 5 nm [275].

La introduccidn de defectos en la red estructural del TiO,, provoca

la aparicidn de niveles de energia entre la BV y la BC. En consecuencia, las
propiedades electrdonicas del compuesto se ven afectadas, pudiéndose
modificar la capacidad de absorcidn de la luz solar. Por ejemplo, se pueden
introducir vacantes de oxigeno (O,) mediante un dopado (como se comentd
en la seccidn anterior) o mediante ciertos procedimientos de sintesis. En
este sentido, Hu et al. prepararon microesferas huecas de O,-TiO, mediante
un proceso de calcinacidon de titanato de hidrégeno con urea. El mayor
contenido de O, en las muestras se vio reflejado en el mayor rendimiento
bajo irradiacion del espectro visible, la disminucién de la recombinacién e
/h*y en la mejor adsorcion y activacion de las moléculas de NO y O; en la
superficie del fotocatalizador [276].

En otro ejemplo Tan et al. prepararon mesocristales de TiO, con Ti**
como defecto estructural. Las muestras fueron obtenidas por un proceso
de hidrolisis hidrotermal, seguido de una calcinacién en vacio. Los

mesocristales exhibieron una actividad mejorada bajo luz visible y nula
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emision de NO,, factores atribuibles fundamentalmente a las especies de
Ti** y a la estructura mesoporosa, respectivamente [277].

Otro factor que tiene incidencia en las propiedades fotocataliticas
del TiO; es la orientacidn de los cristales, pues la cara (001) es mas reactiva
que la cara (101), que termodinamicamente es la mas estable [278]. En este
sentido, el TiO, (fase anatasa) con las caras (001) predominantes muestra
una mayor superficie especifica y una mejorada actividad De-NOy [279].

Otro aspecto interesante es la preparacidn de heterouniones
electrénicas. Una heterounidon se crea cuando dos semiconductores
diferentes, que presentan una estructura de bandas electrénicas desigual,
entran en contacto intimo de manera que las bandas quedan acopladas
entre si (Figura 18) [280]. La nueva disposicidon energética de las respectivas
bandas de conduccién y de valencia hace que se mejore la movilidad de los
portadores de carga, ademds de ampliar la capacidad de absorcién de luz
por parte de la heterounién. En el caso del TiO,, esta estrategia se ha
utilizado con éxito para aumentar su rendimiento fotoquimico y su

actividad bajo irradiacién del espectro visible.

Semiconductor
B

REDUCCION

OXIDACION ) ®\

Separacion espacial de e’/h*

Figura 18. llustracion de una posible heterounién entre dos semiconductores, A y B.

Adaptado de [280].
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Uno de los semiconductores elegidos para lograr heterouniones es
el nitruro de carbono (CsN4) debido a que posee un band gap de 2,7 eV, que
le permite absorber radiacién del espectro visible. En este sentido, las
heterouniones preparadas con TiO; resultan ser mds activas bajo
irradiacién de luz visible debido a una combinacién de las propiedades
Opticas y electrénicas de la heterounidén [223].

En otro trabajo, se preparé de manera andloga la heterounién g-
C3N4/TiO; acoplada con CaCOs;. Ademas de la respuesta mejorada de las
muestras bajo irradiacion del espectro visible, el caracter bdsico del CaCOs
disminuyé la emisién del intermedio NO, [281].

Por otro lado, las excelentes propiedades conductoras del grafeno,
entre otras, hacen que haya sido un candidato atractivo para formar
heterouniones. En este contexto, Trapalis et al. desarrollaron
heterouniones de grafeno u dxido de grafeno con TiO,, empleando un
proceso solvotermal con isopropdxido de titanio como precursor. Las
heterouniones consiguieron un rendimiento superior al TiO, puro, lo que
fue atribuido al papel del grafeno como trampa de electrones y al efecto
fotosensibilizador en el caso del éxido de grafeno (GO) [282—-285].

Otros ejemplos con GO/TiO, [283-285], o incluso con grafeno
insertado en nanofibras de TiO,/ZnO/Bi,0; pueden encontrarse en la
bibliografia [286].

Por otro lado, también se pueden mencionar heterouniones de
TisC,, quantun dots (QDs) u 6xidos de metales de transicidn. Por ejemplo,
C3N4/TiO,-TisC, [287], QD-CdTe/TiO, [288], QD-carbono/N-TiO, [289],
WO;/Ti02[290,291], MoO3/Ti02[292], PtO,/ TiO2 [293], ZnFe,04/TiO, [294].

Otra estrategia empleada por diversos autores consiste en

inmovilizar las particulas de TiO, en un soporte adecuado con el fin de

reducir la aglomeracion de las particulas. Se han estudiados composites de
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TiO3 con: arcillas (talco; arcilla tipo montmorillonita) [295], zeolitas (HZSM-
5) [296], arenas recicladas (procedente de ladrillos para la construccién)
[297], hidroxiapatita [298], Al,Os [299,300], CaO [301], SiO, [302,303],
proteina adhesiva de mejilldn [304], etc.; exhibiendo todos los composites

mejor eficacia De-NOy que el TiO; puro.

2.8.2. Oxidos basados en titanio

Los semiconductores de tipo perovskita que contienen titanio en su
composicion muestran gran estabilidad quimica y una excelente movilidad
de los portadores de carga [305]. Por ello, también se han aplicado como
fotocatalizadores De-NO.. Por ejemplo, Zhang et al. prepararon
nanocomposites de Ag-SrTiOs, variando la cantidad de plata depositada.
Este metal, gracias al efecto plasmodnico, permitid mejorar el rendimiento
fotocatalitico De-NOy bajo irradiacion del espectro visible [306].

Otros autores han optado por el dopaje de la estructura de SrTiOs,
por ejemplo, con Cr3* [307] o con Fe3* [308], para ampliar la efectividad
fotocatalitica en el rango espectral del visible.

Las heterouniones son también una via explorada en estos tipos de
estructuras. Por ejemplo, composiciones de LaTiOs-SrTiOs resultaron tener
una excelente actividad De-NOy bajo excitacion de luz visible en
comparacion con el semiconductor base (~ 40 vs 10%, respectivamente).
Esto fue atribuido, en especial, a la gran supresién de la recombinacidn de
las fotocargas en la heterounién [309].

Otros tipos de perovskitas basadas en titanio con elevados valores
De-NOy son: SrTiOsz decorado con SrCOsz [310], NaosBiosTiOsz [311],
Pb,BisTisO15[312] y N-La,Ti,O7[313].
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2.8.3. Fotocatalizadores g-C3Na

El nitruro de carbono grafitico, g-CsN4, es un semiconductor
polimérico no metalico que ha atraido la atencidn en la ultima década en
aplicaciones fotocataliticas. Su estabilidad quimica, band gap (2,7 eV) y
adecuada posicion de la BC y la BV (BC = -1,1 eV; BV = 1,6 eV, valores
respecto al electrodo estandar de hidrégeno) dan cuenta de este interés.
Sin embargo, este compuesto presenta limitaciones, como la elevada tasa
recombinacion de los pares electron/hueco, la baja area de superficie
especifica (en torno a 10 m?g?) o el bajo poder oxidante [314]. Como
consecuencia, los investigadores han trazado diferente estrategias para
mejorar el comportamiento De-NOx.

Sano et al. realizaron un tratamiento alcalino hidrotermal que logré
aumentar la superficie especifica mas de 8 veces [315]. En otro trabajo
similar, se informé que la concentracidon de la disolucién alcalina influyd en
el valor de la superficie especifica [316].

El grupo de Fan Dong investigé el efecto de la temperatura y tiempo
de la pirdlisis de ciertos precursores (urea o tiourea) sobre Ia
microestructura y actividad fotocatalitica del g-CsN,, llegando a los mejores
valores de eliminacion de NO cuando el tiempo/temperatura fueron
mayores. Los resultados se adscribieron a la mejor cristalinidad y area de
superficie especifica, asi como a la modificacion del band-gap [317,318].

También se han realizado modificaciones de la estructura del g-
C3Na: nanolaminas porosas [318,319], estructura tipo panal [320], ldminas
distorsionadas [321] y laminas enrolladas [322].

El dopado de g-CsN4 también ha sido investigado. Por ejemplo, en
se ha estudiado el codopado con los cationes sodio y calcio mediante un
tratamiento térmico. Se consiguid un efecto sinérgico: el dopaje con sodio

disminuy6 la tasa de recombinacién de las fotocargas y el calcio mejord la
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adsorcidn del intermedio NO; a causa de la formacién de carbonato calcico
[323]. En otra publicacidn reciente, En este estudio, se utilizd un residuo de
las plantas de coque para preparar g-CsN, dopado con azufre y con vacantes
de carbono. El band gap se vio aumentado (2,94 eV), se mejord la adsorcion
de Oy, y se redujo la generacién de NO; [324].

Recientemente, se ha conseguido preparar nitruro de carbono
amorfo con 3 vacantes de nitrogeno coordinadas, fotocatalizador que
alcanza un indice De-NOy del 57% bajo irradiacidon del espectro visible
(Figura 19). Los resultados se debieron a un incremento de la absorcion de
luz visible y a la enorme disminucién de la energia de activacién de los
enlaces N-O [325].

Finalmente, existen un gran nimero de publicaciones referentes a
la formacién de heterouniones y composites de g-CsNa4. Las heterouniones
con compuestos basados en TiO, han sido descritas previamente, en la
subseccién 2.8.1. Otras heterouniones se basan en las nanoparticulas de
plata [326] o bismuto [327-329] para aprovechar el efecto de resonancia
de plasmén superficial (SRP), asi como otras basadas en el propio g-CsN,4
[330] y otros compuestos: CeO; [331], BiVO4 [332], BiOBr [333], Bi,0,CO;
[334].
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Figura 19. A: evolucién de la concentracién de NO en funcidn del tiempo del ensayo
fotocatalitico (la irradiacion comienza en el minuto 10 y finaliza en el minuto 30) para las
diferentes muestras, donde ACN3 es el g-C3sN4 con vacantes de nitrogeno; B: espectro de
resonancia paramagnética electrénica de las muestras, demostrando la mayor existencia de

vacantes para la muestra ACN3 [325].

2.8.4. Compuestos basados en bismuto

Existe una extensa bibliografia relacionada con los compuestos
basados en bismuto como fotocatalizadores De-NOx. Esta dilatada area de
investigacion viene derivada de la capacidad fotocatalitica de estos
materiales para absorber radiacion del espectro visible. Entre este tipo de
compuestos se pueden encontrar los 6xidos binarios, los subcarbonatos,
los 6xidos multicomponente y los oxihaluros.

Dentro de los éxidos binarios, Ai et al. investigaron el compuesto a-
Bi»0s. La muestra sintetizada, con un band gap de 2,72 eV, mostré un indice
De-NOx mayor que el TiO, P25, bajo irradiacion del espectro visible [335].
El rendimiento de Bi:O; ha sido también mejorado mediante su
acoplamiento con bismuto metdlico por el efecto SRP [336,337].

En relacién con los subcarbonatos, Dong et al. prepararon
microesferas huecas de (BiO),COs; con forma de rosas empleando un

método hidrotermal. Dicha muestra logré un De-NOx ~ 48% bajo
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irradiacion del espectro visible. La estructura hueca favorecidé tanto la
difusidn de los intermedios de reaccién como la eficiencia de la absorcion
de luz, explicando asi la buena respuesta fotocatalitica [338]. EI mismo
grupo de investigacion demostré que las caras (001) del (BiO),CO3 son mas
eficientes que las caras (110) para la accion De-NOy debido a una mayor
facilidad para activar las moléculas de agua y oxigeno, y NO [339]. Otras
estrategias, aplicadas a veces en conjunto, estdan dedicadas a mejorar la
actividad de (BiO),COs. Por ejemplo: la modulacién de O, [340], el dopaje
con nitrégeno [225] o lantano [341], la formacidn de composites con
grafeno [342], la creacién de heterouniones [334,343,344] o la decoracién
con nanoparticulas metalicas de Bi [224], Fe [345], Ag [346] o Pt [347,348].

Respecto a los dxidos multicomponente con bismuto, se pueden
citar el Bi;WOs y el Bi.MoOs. Con relacién al primero, el grupo de
investigacion de Fan Dong llevd a cabo una modulacién de las vacantes de
oxigeno de la estructura. La muestra con mayor concentracion de O,
presentd un band gap reducido de 2,48 eV, un rendimiento De-NOx del 47%
bajo irradiacion visible, y solo redujo su actividad en un 17% tras ensayos
de irradiacion extendidos (2 horas y media) [349,350]. Haciendo referencia
al Bi,Mo0QOg, el bromo [351], bismuto [352], MoO3[353], o el carbonato [354]
son especies empleadas para mejorar la baja eficiencia del compuesto
puro. Respecto a las heterouniones con Bi;WOQg, se pueden encontrar en
bibliografia Bi,WQe/Bi/Bi,03 [355] y fésforo negro/Bi,WOg [356].

Otro compuesto con bismuto es el BiPO,4, que debido a su band gap
(4,1 eV) necesita el acoplamiento con otras especies para disminuir la
elevada recombinacidn de las fotocargas, como por ejemplo realiza Li et al,
explotando el efecto de resonancia de plasmdn superficial (SRP) del
bismuto metalico [357]. En la misma linea de trabajo, en bibliografia se

pueden encontrar otros dxidos multicomponente de bismuto que emplean
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el efecto SRP del bismuto metalico: Bi/Bi,0,Si0s [358], Bi/Bi,GeOs [359] y
BisMo0Os [360].

Por otro lado, la familia de los oxihaluros de bismuto son otra
alternativa bastante trabajada por los investigadores. Por ejemplo, el grupo
de Fan Dong investigd la serie BiOX (X = Cl, Br o I) sintetizada mediante
precipitacion a temperatura ambiente. Se encontré que el band gap y la
estabilidad térmica del fotocatalizador disminuian al aumentar el tamafio
del halégeno enlazado. BiOBr mostré la mayor actividad fotocatalitica De-
NOy (~ 25%), debido a la menor dimension de las nanoplacas, mayor, area
superficial y la adecuada estructura de las bandas electrénicas [361].

Diversos estudios propusieron mejorar el rendimiento
fotocatalitico del BiOCl mediante, la preparacién de vacantes de oxigeno
[362], la deposicidn de nanoparticulas de Ag/AgCl [363], bismuto metalico
[364] (efectos SRP) o estableciendo heterouniones con otros derivados de
bismuto: Bi;WOs [365], Cu,BiO4 [366] o BiOIl [367].

En el caso del BiOBr, se ha descrito que se puede mejorar su
rendimiento De-NOyx mediante el dopaje con iodo [368], preparando
disoluciones en estado sélido (BiOCIBri) [369,370], enriqueciendo las
caras (110) del BiOBr [371], o preparando heterouniones con C3N4[333],y
con Bi;2017Br> [372].

En lo que respecta al sistema BiOl, y de forma similar a lo anterior
mente comentado, la mejora DeNOx se alcanza mediante disoluciones
sélidas tipo (Bi0),COs3/BiOl [373] o heterouniones con BiOBr [374], BiOIO;
[375], g-CsN4 [376] y SrCO3[377].
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2.8.5. Oxidos basados en zinc y estafio

Los fotocatalizadores basados en dxidos de zinc y estafio han sido
estudiados debido a su elevada actividad bajo irradiacién ultravioleta o
visible, respectivamente.

Con relacion a los compuestos de estafio, se pueden encontrar, por
ejemplo, trabajos basados en SnO, nanoparticulado y Ag@SnO,. En el
primer fotocatalizador, el indice De-NOyx alcanzé un 64% [378], mientras
qgue en el segundo el rendimiento fue 70%, asistido por la transferencia de
carga existente desde las particulas de plata hacia el SnO; [379]. En vistas
de los buenos resultados, se han desarrollado heterouniones de SnO,/TiO,
aunque obteniendo unos reducidos valores De-NOy (~ 59%) [380].

En otro articulo, la espinela de Zn,Sn04 (band gap = 3,25 eV) logrd
superar el rendimiento De-NOy del ZnO o del SnO; puros (70, 42, 33%,
respectivamente) [381]. Los buenos resultados observados fueron
relacionados con la estructura porosa de la espinela y por la estructura de
bandas electronicas mejorada. Por otro lado, se han descrito
heterouniones de Sn0,/Zn,Sn04/grafeno con mejoras muy significativas en
el comportamiento De-NOy frente a la muestra sin grafeno (59% vs 7,5%,
respectivamente) [382].

En cuanto a los fotocatalizadores basados en ZnO, hay que sefialar
el trabajo del grupo de Long et al., donde investigaron el efecto de la
morfologia de las particulas del fotocatalizador en el proceso De-NO,
siendo la superficie especifica un factor clave [383]. También se ha
mejorado la eficiencia fotocatalitica de ZnO mediante la preparacion de
microesferas porosas [384] o con el incremento de los planos cristalinos
(002) [385].

Por otro lado, con el objeto de mejorar la eficacia de estos

fotocatalizadores, se han descrito varias decoraciones con nanoparticulas,
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como por ejemplo ZnO/Ag (mejora De-NOy del 35 %) [386] o ZnO/WO3
(mejora De-NOy del 15 %) [387], asi como dopajes con Cr [388], ZnO
soportado en SiO; [389] y heterouniones con TiO; [390,391] o CdO [392].

2.8.6. Oxidos de metales de transicion

Ademas del TiO,, ya comentado en secciones anteriores, se pueden
destacar: las diferentes variantes de éxido de hierro, ferritas de zinc, 6xidos
basados en wolframio y los 6xidos basados en vanadio.

Haciendo referencia al éxido de hierro, hay que destacar que este
compuesto fue por primera vez estudiado como fotocatalizador De-NOy en
nuestro Grupo de Investigacion (FQM-175). En concreto, mediante un
tratamiento térmico de residuos industriales con cierto contenido de hierro
se consiguieron composites ricos en a-Fe;0; (fase hematita). Estos
compuestos se usaron como aditivos para obtener materiales de
construccion fotocataliticos [393,394]. En otro trabajo posterior, se
fabricaron laminas delgadas con nanoestructuras de a- y B-Fe,0; mediante
la técnica de deposicion quimica de vapor (CVD). La mayor eficiencia De-
NOy de la fase a-Fe,03 se atribuyd a la mayor porosidad y area especifica
de dicha nanoestructura [395].

En la misma linea de investigacion, se prepararon muestras en
polvo de nanoparticulas de a-Fe,0; mediante calcinacion de la fase de
maghemita comercial (y- Fe,03). Para mejorar el pobre rendimiento De-NOy
de la muestra, (causado por la inadecuada posicién de la BC y la elevada
recombinacion de las fotocargas) se prepararon composites de C/o-Fe;0s.
El fotocatalizador consiguid aumentar la eficacia De-NOx en un 17% y
disminuir la liberacidon de NO; (Figura 20), hechos derivados de la capacidad

del carbono para adsorber el intermedio NO; y disminuir la recombinacidn
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de las fotocargas [396]. Otros estudios describen composites de Quantun

Dots de carbono (CQD) y FeEOOH con una actividad De-NOy superior al
FeOOH puro [397].

18| [EE@NO | B!

Nitrogen Oxide Removal / %

10 um NH RFH-A RFH-B

Figura 20. A: microestructura de la muestra RFH-B (composite de C/a-Fe,0Os; ratio
precursor:Fe = 4:1); B: eliminacion de gas NO durante los ensayos fotocataliticos. NH (a-

Fe,03); RFH-A (composite de C/a-Fe,0s; ratio precursor:Fe = 1:4) [396].

Se han desarrollado diferentes estrategias para continuar
mejorando la eficacia fotocatalitica De-NOy de la fase hematita. Por
ejemplo, se pueden citar las nanoestructuras de a-Fe;0s: nanofibras [398]
y nanotubos/nanoescamas [399] preparadas por electrospinning. En el
caso de los nanotubos/nanoescamas porosas a-Fe;Os, se consiguid un
rendimiento De-NOx cercano al TiO, P25 gracias a la capacidad de
adsorcion de NO; sobre la la red de microporos de la nanoestructura [399].
Ademas de las nanoestructuras, se han reportado heterouniones con TiO,
[400] y con TiO,/CaAl;04:(Eu, Nd) [401]. En este ultimo caso, la
fluorescencia persistente procedente del CaAl,04:(Eu, Nd) asiste el proceso

De-NOy en condiciones de oscuridad. Finalmente, merece la pena destacar
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otra publicacién donde se aplica Fe;04/SiO, para aprovechar el efecto
fototérmico en el proceso fotocatalitico De-NOy [402].

Otra familia de compuestos aplicados como fotocatalizadores De-
NOx son las ferritas de zinc. Por ejemplo, la ferrita ZnFe,04 (band gap = 1,96
eV) ha sido investigada para mejorar su elevada recombinacion de
fotocargas y su incapacidad para producir radicales superdxido. En este
sentido, se han desarrollado heterouniones como CDQs/ZnFe;04 [403], a
Bi,0,C03/ZnFe;04 [404] 0 TiO2/ZnFey04 [294].

Con relacidon a los 6xidos basados en wolframio, la wolframita
(ZnWOQ,4) [405] consiguid una eliminacion de gas NO del 35% bajo
irradiaciéon solar simulada. Dicha eficacia fue posteriormente mejorada en
otro trabajo, mediante el sistema Bi/Bi**-ZnWO, [406].

Para finalizar, los éxidos basados en vanadio son otro campo de
investigacion. En particular, las microesferas de BiVO, mostraron una
actividad fotocatalitica De-NOx ~ 50% bajo irradiacion del espectro visible
[407]. También se han trabajado heterouniones con este compuesto, como
BiVO4/Caln,S, [408] con valores De-NOx del 80%, bajo cortos tiempos de
iradiacion. En otro estudio, se prepararon heterouniones en forma de
aerogeles de C3N4QDs/GO-InVO,4 (C3Ns QDs = quantum dots de C3N4; GO =
oxido de grafeno). El valor De-NOx reportado fue de un 65% para la

composicion éptima [409].

2.8.7. Compuestos tipo MOFs

Los MOFs (Metal-Organic Frameworks) son un grupo de
compuestos que han sido recientemente aplicados como fotocatalizadores
De-NOy debido a la elevada superficie especifica, porosidad y capacidad de
modulacion los metales y linkers organicos. Por ejemplo, Nguyen et al.

estudiaron MOF basados en Fe (MIL-101, MIL-88B y MIL-53, MIL:
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Materiales del Instituto Lavoisier). De ellos, MIL-101 logré un elevado valor
De-NOy de 76% bajo irradiacidon solar simulada, debido a la gran area
superficial y volumen de poro, asi como a la caracteristica coordinacién del
Fe. No obstante, el fotocatalizador mostré signos de descomposicién tras 8
ciclos de reaccién [410].

En otro trabajo pionero, se sintetizd un nuevo polimero de
organotitanio tipo MOF decorado con particulas de Ag, mediante un
proceso asistido por microondas. La estructura formada consiguié un valor
de eliminacion de gas NO del 50% bajo irradiacion visible, gracias a la
coordinacion de enlace y al efecto de las particulas de plata metdlica [411].

Otro MOF que ha captado la atencién es el MIL-125(Ti) que
presenta un band gap de 3,6 eV y esta constituido por ligandos de acido
tereftalico (H2BDC) y clusters de TiOs. Para remediar la elevada
recombinacién de las fotocargas se ha acoplado con N-CQD [412]. En esta
investigacion, se concluyd que los ligandos organicos fueron responsables
de la absorciéon de la irradiaciéon UV emitida por los N-CQD, transfieren los
electrones a los sitios activos del cluster. Simultdaneamente, los centros Ti"-
Ti"V de MIL-125(Ti) actian como centros activos para captar la luz visible. En
consecuencia, la actividad de-NOy fue del 50% para el sistema dptimo,
mientras que el MOF puro no mostré fotoactividad alguna.

En otra publicacién relevante, se insertaron especies de Cu(l) y
Cu(ll) en el MOF NH-Ui0-66(Zr). Esto hizo que se acelerara de manera muy

significativa la transferencia de cargas desde los linkers a las especies de
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cobre. Como resultado, se obtuvo una actividad De-NOx = 88% bajo

irradiacion del espectro visible [413].

2.8.8. Hidroxidos Dobles Laminares

Los Hidroxidos Dobles Laminares (LDHs) presentan una estructura
laminar tipo brucita (Mg(OH,)), donde las sustituciones isomérficas de los
cationes divalentes M(ll) por cationes tri/tetra valentes M(IIl/IV) generan
cargas positivas, que son compensadas con aniones (A) situados entre
ldminas [414,415]. La férmula se puede expresar como [M?%;

M4 (OH)2)*Am/x-nH,0 donde:

e M2 (metal divalente) = Mg?*, Zn**, Ni?*, Co?*, Cu?*, etc.

o M3 (metal tri/tetra-valente) = AI**, Fe3*, cr**, Ti**, zr*, etc.

e A™(anidninterlaminar)=Cl~, C032_, acidos grasos, dodecilsulfato,
etc.

e xvariaentre0,2y0,4.

Debido a la extensa capacidad de modulacidon de su composicion,
la facilidad y bajo coste de su sintesis, y su gran versatilidad quimica, estos
materiales se han estudiado para un amplio espectro de aplicaciones [416—
420]. También, se han estudiado y mostrado sus buenas propiedades
fotocataliticas [421,422]. En este sentido, nuestro Grupo de Investigacién
fue pionero en la aplicacidon de los LDHs como fotocatalizadores De-NOy,

demostrando valores de eliminacion de estos gases del 50% bajo
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irradiacion solar simulada, junto con valores excelentes de selectividad
(90%) [423].

En otro trabajo posterior, el grupo de Fan Dong investigd la
influencia de varios aniones interlaminares (OH,, COs* y Mo0,*) sobre el
LDH basado en los cationes metalicos de zinc y aluminio con una relacién
atémica de 2:1 (denominado como Zn,Al), encontrando la mejor respuesta
De-NOy (47%) para el LDH con el carbonato como anién interlaminar (Zn,Al-
COs) [424]. En otro trabajo mas reciente, el mismo grupo investigd el
mecanismo sobre la serie Mg,.xNixAl-COs. La relacion metalica éptima fue
Mg sNigsAl, con un De-NOx = 45 % bajo irradiacién UV, aunque ninguna
muestra fue activa bajo irradiacion del espectro visible. A destacar, se
demostré que los OH™ de la estructura del LDH podian atrapar los huecos
fotogenerados para producir radicales hidroxilo [425].

En otro trabajo de nuestro Grupo de Investigacion, los LDHs
basados en ZnsAl;1«Crs-CO3 con diferentes niveles de sustitucion del cation
Al¥* por Cr** fueron estudiados, al objeto de mejorar el rendimiento
fotocatalitico De-NOy bajo irradiacién del espectro Visible. La muestra con
la mayor cantidad de Cr** exhibid el mejor comportamiento fotocatalitico,
logrando una gran eficiencia de eliminacion de NO (55%), una selectividad
sobresaliente (90%) y una buena reutilizacién tras 4 ciclos de 6 horas de
irradiacién [426].

En un reciente articulo, también elaborado por nuestro Grupo, el
LDH basado en MgsAl fue empleado como un compuesto descontaminante
de doble funcién. Por un lado, el LDH de MgsAI-COs fue calcinado y utilizado
como adsorbente del contaminante cromato (CrO4*) desde el agua. Por
otro lado, tras el proceso de adsorcidn, el sélido formado (MgsAl-CrO,) fue
aplicado como fotocatalizador De-NO.. El cromato presente en la

estructura del LDH hizo mejorar la absorcion de luz del espectro visible y la
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generacioén de radicales superéxido (Figura 21), resultando en un aumento
de un 20% en la eliminacién de NO en comparacién con la LDH con

carbonato como anidn interlaminar [427].

MgAl-Cr

Absorbance / a.u.
Signal / a.u.

00 . - - - = . . ,
200 300 400 500 600 700 800 348 348 350 352 354
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Figura 21. Espectros de absorcién UV-Vis (A) y espectros de resonancia paramagnética
electrénica de atrapamiento de radicales (B) para los LDHs: MgAl (MgsAI-COs) y MgAI-Cr
(Mg3Al-CrO4) [427].
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Highlights

« CL20 was the best clay to adsorb the CBZ biocide, using the
cosolvent DMF (25% v/v).

- Adsorption complexes showed good fungicidal action when Cs was

>>0 mg g‘l

« Lime mortars with CL20-CBZ achieved a biocidal effect lasting
after the leaching test.

+ The released amount of CBZ from the mortar was lower when it
was anchored to CL20.
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ABSTRACT

Mortars containing biocidal chemicals are widely applied as they
show resistance to microbiological growth, thus preventing the aging of
heritage materials. However, factors such as ultraviolet radiation, the
weather etc. could greatly affect the biocidal activity of the active
principles in mortars. The aim of this study was to optimize the
preparation of several complexes of the biocide carbendazim (CBZ) with
clays: natural Wyoming montmorillonite SWy-1 and two commercial
organoclays, Cloisite® 10 and Cloisite® 20, and to test their antimicrobial
activity for their potential application in restoration mortars. The
optimized material here proposed would minimize the amount of active
principle needed avoiding its leaching and consequently reducing its
environmental impact with a maximum heritage compatibility.

Prepared organoclay-CBZ adsorption complexes were inoculated
with microorganisms (algae and fungus) to assess the antimicrobial
activity. In this sense, one of the CL20-CBZ adsorption complexes which
showed the best algicidal and fungicidal activity was used to prepare the
antimicrobial mortar, and subsequently compared to those with pure CBZ
as a antimicrobial additive. Furthermore, the mortars specimens were
subjected to a standardized leaching test to check the effectiveness of the
antimicrobial activity. After the leaching tests, the antimicrobial action of
mortar containing only CBZ was lower compared to CL20-CBZ which had a
good antimicrobial effect. We can conclude from these results that the
heritage lime mortars could be easily prepared and have good efficiency

against microbial contamination.
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3.1.1. Introduction

Most of the cultural heritage in our cities, such as monuments and
facades, are built with plaster, lime mortars or stones of different nature
(limestone, dolomite, marble, etc.) [1]. With time, they suffer alterations,
which are very heterogeneous and complex in nature, since the materials
and techniques used for their preparation are very diverse. The
phenomena of alteration and deterioration are produced either by the
normal aging of the materials, or induced by environmental agents such
as humidity, temperature, light, CO, concentration or biological factors
[2-4].

Among these deterioration factors, microbial activity is one of the
most important and aggressive. The microflora of the external surface of
the stone is a complex ecosystem formed by fungi, algae, bacteria, lichens
and even protozoa [5]. These microorganisms induce biological processes
promoting deterioration to monuments, one of the least studied
mechanisms of heritage biodeteroration [6]. Moreover, this deterioration
phenomenon is being accelerated due to the increase in environmental
urban pollution and also the absence of preventive conservation systems
[7].

One way to address the problem is by incorporating biocidal
compounds as one of the raw materials used in the building and
restoration tasks concerning the cultural heritage. According to the
98/8/EC, 1 (BDP) European Directive on biocide products (chemicals used
to eliminate the growth of undesirable biological species) these can be
classified into four groups: preservatives, pest control, disinfectants and
other biocidal products [8]. Of importance, the biocidal product must
have high efficacy against biological agents, no interference with the

constituent materials of the monument, low toxicity and low risk of
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environmental contamination [9]. Nowadays, there is a wide variety of
commercial biocide compounds whose function and effectiveness
depends on their chemical composition and field of application [10,11].

Restoration mortars are perhaps the most frequently used
building material in the intervention tasks on historical and archaeological
constructions, because their composition can be formulated in a similar
manner to those of pristine materials, thus minimizing the apparition of
aesthetical or mechanical/degradation failures [12]. The development of
an additive with biocidal properties which could be properly incorporated
into a mortar formulation, is an interesting and simple way to avoid or
minimize the deterioration of historical buildings by microorganisms [13].
Most commercial biocides are not suitable for use in mortars, because
they exhibit some residual activity or instability at the high pH values
found in mortars. Among the different biocide compounds, the pesticide
carbendazim (CBZ) could be an attractive option due to its low cost and
low water solubility (8 mg L?), the latter being a key factor in avoiding
leaching from mortar cladding into outdoor environments. In fact, CBZ is a
fungicide with broad spectra to control a range of diseases and is one of
the most frequently used as a preservative in agriculture (corn, tomatoes,
fruit, etc.) [14].

Moreover, the expected durability of the biocide application for
mortar must be longer than that of other biocidal applications (cleaning
gels, containers, etc.), thus, the biocide additive must be retained in the
mortar for as long time as possible. Actually, an extended duration of
biocidal activity can be achieved by incorporating an active agent into an
adequate carrier. Thus, the biocide could be released more gradually, its
activity being extended. Also, carriers shield the biocidal compound from

any harmful effects of environmental exposure, making its handling
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easier, safer and with better environmental performance. For instance,
recently Scarfato et al. [15] proposed a novel carrier based on a natural
halloysite for the biocide Biotin T, effective in prolonging the activity of
the chemical for 2 years.

The use of clay minerals as adsorbents of pesticides has been
extensively studied in the field of agricultural and environmental sciences.
Mainly, the 2:1-type phyllosilicates, which contain a layer of octahedral
alumina and two linked tetrahedral silicate layers, such as smectites, are
good adsorbents for cationic and polar organic compounds, as a
consequence of their hydrophilic and negatively charged surfaces [16].
Nevertheless, the affinity of these materials towards anionic or
hydrophobic compounds can be improved by a simple modification of
their surfaces after the incorporation of organic cations in their interlayer
space through an exchange reaction, forming a new material generally
called organoclay [17-19]. Quaternary ammonium surfactants which are
found as cations in nature, are one of the most common modifiers used in
the preparation of organoclays [20,21]. They usually contain short
aliphatic chains or benzyl groups that are incorporated along with at least
one long aliphatic chain (C12—-C18) resulting in a higher interlayer space
which is capable of housing the organic compounds, among other
pesticides [20]. Consequently, smectites can be modified to improve their
affinity for a particular pesticide [16,22]. Furthermore, quaternary
ammonium surfactants have been approved by the European Biocide
Directive as an additive for commercial biocides in the context of the
monuments’ cultural heritage conservation [23].

Hence, these materials, smectites and organoclays, have been
used as supports for the slow release of pesticides, in such a way that the

active ingredient is not in an immediately available form, controlling the
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amount of pesticides and therefore avoiding undesirable leaching losses
thus reducing their environmental impact [24,25]. In this work, we
hypothesized that they can be good carriers for the control release of the
biocides in mortars, due to the peculiarity of their structures and their
compatibility as a component in mortars [26-29]. There are studies
dealing with the controlled release of biocides from paints [30-33], but
few regarding the release from mortars. In this study, we present new
results obtained in the development of a long-lasting biocidal additive
using carbendazim as a broad spectrum biocide, using the reference
Wyoming montmorillonite, SWy-1 and two commercial organoclays,
Cloisite® 10 and Cloisite® 20, as its encapsulation and protection system.
The biocidal activity of a restoration mortar with CBZ-clay complex and
free CBZ was also evaluated. The information provided would be
beneficial as an alternative of the current commercial biocides in the
context of using less amount of active compound ensuring their
bioefficacy and avoiding its leaching with a maximum heritage

compatibility.
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3.1.2. Materials and methods

3.1.2.1 Biocide

Carbendazim (CBZ) is a benzimidazole biocide with a molecular
weight of 191.21 g mol™, water solubility of 8 mg L and pKa of 4.2 (weak
base). Pure analytical CBZ (purity = 99.5 %), purchased from Sigma-Aldrich
(Spain), was used to prepare the external standards for its analysis,
preparation of the composites and for sorption experiments. The chemical

structure is represented in Fig. S1.

3.1.2.2. Adsorbents

Three layered materials were assayed as adsorbents for
carbendazim. The reference used was Na-rich Wyoming montmorillonite
(SWy-1) from The Clay Minerals Society (Purdue University), labeled as
SW, had a basal spacing doo; of 15.1 A, cationic exchange capacity (CEC) of
76.4 meq/100g, with principal exchange cations Na* and Ca*and surface
area of 11.5 m? g!. Two commercial organoclays, Cloisite® 10 and
Cloisite® 20, which were generously provided by BYK Additives &
Instruments, are labeled as CL10 and CL20, respectively. These two are
organobentonites modified with dimethyl, benzyl, hydrogenated alkyl
tallow quaternary ammonium and with dimethyl-bis (hydrogenated alkyl
tallow) quaternary ammonium cations, respectively. The schematic

structures of the interlayer cations are shown in Fig. S2.
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3.1.2.3. Preparation of biocide-sorbent complexes

Carbendazim-sorbent complexes were prepared by adding, in
duplicate, 30 mg of each layered sorbent to solutions of CBZ at different
concentrations. Methanol (MeOH) and dimethylformamide (DMF) 25 %
(v/v) in water were used as solutions. The volume and pH of the solution
and the CBZ concentration were variable, and in this way, the
optimization sorption process was planned. The initial conditions assayed
are compiled in Table 2. The suspensions were equilibrated for 24 h at 20
+ 2 2C until centrifugation (10 min, 10000 rpm). The supernatants were
removed, filtered (0.45 um) and the concentration of CBZ was determined
by high-performance liquid chromatography (HPLC). The solids, CBZ-
complexes, were dried overnight at 70 2C for the characterization and
bioassays experiments. Samples without adsorbents were also shaken for
24 h and served as controls. The amount of CBZ adsorbed on the layered
materials was calculated by the difference between the initial (Ci) and
final concentration after the equilibration time (Ce) biocide

concentrations as follows:

Cs = [(Ci-Ce) x V]/m

where Cs is the adsorbed amount of CBZ (mg g?), Ci is the initial
concentration of CBZ (mg L?), Ce is the concentration of CBZ after the
equilibration (mg L), V is the volume of the assayed solution (L), and m is

the mass of the adsorbent (g).
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3.1.2.4. Biocide analysis by HPLC

Carbendazim concentration in samples was determined by high
performance liquid chromatography (HPLC) using a Perkin Elmer Flexar
chromatograph coupled to a UV diode-array detector. The analytical
conditions were: Brownlee Analytical C18 column (150 mm length x 4.6
mm internal diameter and 5 um); eluent mixture, 35:65 acetonitrile/water
at a flow rate of 1 mL min%; 25 L injection volume and UV detection at
280 nm. Data acquisition and the processing system were carried out with
Chromera software. External calibration curves with four standard

solutions between 26.2 and 261.5 uM were used in the calculations.

3.1.2.5. Characterization of the biocide-adsorbent complexes

The basal spacings (doo1) of layered complexes were determined
with a Discover diffractometer (Bruker) with CuK & radiation, and the step
size and step counting time used were 0.02° (26) and 0.65 s respectively.
Attenuated total reflectance infrared (ATR-FTIR) spectra were recorded on
a Perkin Elmer Dos spectrometer using 20 scans from 450 to 4000 cm™
with a nominal resolution of 4 cm™. Zetasizer Nano ZSP (Malvern
Instruments) was used to measure zeta-potential at 25 °C and at two pH
values (4.0 and 6.6). Adsorption isotherms of N, on samples were
measured at 77 K, using a Micromeritics ASAP2020 gas adsorption
analyzer, to obtain the specific surface area (SSA) by applying the Brauner-
Emmet-Teller (BET) method. TG-curves of the complexes were recorded
on a Setaram Setsys Evolution 16/18 apparatus, in air atmosphere using a

heating rate of 10 °C min! until reaching the final temperature of 600 2C.
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3.1.2.6. Biocidal assays

The bioactivity of clay-supported and free carbendazim as well as
the untreated clays was tested by means of antimicrobial assays to
determine their fungicidal and algaecide bioefficacy. For the biocidal
assays, 100 mg of the sample were used: 15 mg of the biocide agent or
the CBZ-complexes were dispersed in 85 mg of dolomite, a standard filler
in building materials. This amount of each sample was placed in Petri
dishes containing an inoculated strain of algae (Stichococcus bacillaris,
UTEX 2542) or fungus (Aspergilius Niger, ATCC 16404) contained a specific
agar for each microorganism. The Petri dishes were incubated at 22 +2°C
for 7-14 days (Aspergilius Niger) or 30 days (Stichococcus bacillaris). At the
end of the incubation, the antimicrobial properties of the samples were
analyzed visually for the presence/absence of microorganisms. The same
procedure was used to assess the antimicrobial activity of the mortars by
placing the mortar specimens (with or without active principle) onto
inoculated Petri dish. Based on the obtained results, the CL20-CBZ
adsorption complex was selected as an additive for the mortar

preparation

3.1.2.7. Mortar specimens with biocide additives

Lime mortars specimens (height = 5 mm) were prepared using a
water-to-mortar ratio of 0.19. The mortar dosage is shown in Table 1. In
order to prepare biocidal mortars, two powdered biocidal additives were
added to the initial composition, the active ingredient (CBZ) dosage being
0.1 % w/w over the mortar. The selected additives were pure CBZ, and the
prepared adsorption complex CL20-CBZ. The specimens were placed in a

silicone mould and were kept at 20 £ 2 2C for one week. After that, the
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specimens were removed from the moulds and left to cure in a curing
chamber (20 + 2 °C and 65 + 5 % relative humidity) for 21 days. As the high
pH of the mortars prevented the growth of microorganisms even without
any biocide in their composition, it was necessary to age all the mortar
samples in a CO, chamber for a month (1% CO»; 21 + 2 2C; 60 + 10 %
relative humidity) in order to carbonate the mortar surface. The chosen
time was established after carrying out the fungicidal and algicidal activity
assays on a reference mortar (i.e. without antimicrobial additives) aged
for several periods in the CO, chamber. Finally, the aged mortars were

subjected to biocidal activity assays and leaching tests.

Table 1. Composition for biocide and reference mortars?

Component Dosage (% wt)
Aggregates 80-90
Lime 10-20
Pozzolan 0-1
Additives 0.0025 - 0.25

aReal dosage is protected by Grupo Puma S.L. manufacturer rights

3.1.2.8. Leaching tests

The ability of the mortars to keep the biocidal properties was
checked after performing a standardized leaching test. The procedure is
detailed in EA NEN 7375:2004 (Netherlands normalization institute
standard, 2004) and is used to simulate the leaching of inorganic
components from moulded and monolithic materials. The round mortar

specimens (h =5 mm, d = 25 mm) were placed in a sealed tank containing
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180 mL of distilled water and the eluate was replenished at different
times (0.25, 2.25, 4, 9, 16, 36, and 64 days). At the beginning (0.25 and
2.25 days) and at the end (64 days) of the leaching test, 2 mL were filtered
(0.45 pm) and analyzed by using HPLC-UV to obtain the CBZ
concentration. Once the leaching test was finished, the mortar specimens

were dried and used for biocidal assays.

3.1.3. Results and discussion

3.1.3.1. Preliminary study of biocide adsorption on adsorbents

The amount of CBZ adsorbed by the layered compound at
different ratios and solvent proportion is shown in Table 2. Adsorption
values, Cs, were higher for a solution/adsorbent mass ratio equal to 1000.
Slight adsorption was measured only when the methanol solvent was
used while the adsorption was pH-dependent. In this way, the organic-
modified layered materials, CL10 and CL20 displayed greater affinity at pH
6.6 instead of pH 4.0 (Table 2), which can be attributed to the
hydrophobic environment provided by the organic modifiers, since at this
pH (6.6), CBZ was predominantly present in the solution as a neutral form
[35]. Alternatively, under the same conditions but at pH 4.0, the amount
of CBZ adsorbed on SW was Cs = 24.6 mg g while there was no
adsorption at pH of 6.6. This result was indicative of the importance of the
pH for ionizable compounds, which is the case of CBZ. The fungicide is a
weak base with a pKa of 4.2 meaning that during the adsorption
experiment at pH of 4.0 (Table 2) was partially protonated showing
affinity for the negatively charged surface of SW, according to the zeta-

potential measured (Table S1). CBZ could be also adsorbed by ion
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exchange in the interlayer space [36,37], as will be confirmed by XRD
technique. This has been well-documented for the sorption of other basic
pesticides in their sorption on montmorillonites and soils [36,38,39]. The
greatest adsorption of CBZ on SW was registered when DMF (25%) was
the background solution, with the same trend as in the case of MeOH
(25%), at pH 4.0. On the other hand, the organic adsorbents displayed the
highest adsorption values at pH 6.6 (Table 2). This fact can be explained
by the high solubility of CBZ in DMF (5 g L) [40], which provides a higher
number of free biocide molecules in the solution, facilitating contact with

the clay surface.

Table 2. Solvent, absorbents, pH and concentration values used in the preparation of the
CBZ-complexes compounds.

CBZ solution  Solution/adsorbent Cs® (mg g?)
Solvent pH® concentration ratio (mL per 0.03
(mgL?) g) SW CL10 CL20
50 0 1.2 13
667 0 0 0
6.6 33
25%
MetOH 1000 0 104 11.6
4000 0 0 0
4.0 40 1000 24.6 0 0
25% 6.6 181 1000 0 58.2 79.0
DMF 40 181 1000 525 0 0

3 pH adjusted with HCl or NaOH as requested
b Amount of CBZ in adsorbents assayed after 24 h equilibration.

3.1.3.2. Characterization of the selected CBZ-complexes

XRD characterization. The XRD patterns of CBZ, unmodified SW,

CL10 and CL20 and the CBZ-complexes are shown in Fig. 1. The layered
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materials exhibited the classical patterns characteristic of this type of
materials, the diffraction peak of the basal plane, doo1 appearing for SW
and the Cloisites (Fig. 1), representative of a crystalline layered structure.
After the incorporation of CBZ into the complexes, structural differences
were observed. The incorporation of CBZ in SW slightly decreased the doo:
value from 13.3 to 12.8 A, Fig. 1A. This could be due to the strong
interaction between the N-H groups of the biocide and the negative layer
charges of SW, possibly maintaining the layers closer together [41], which
is also in good agreement with the adsorption mechanism proposed
above. It has been observed that for certain organic cations, the amino
groups could be keyed into the ditrigonal cavities of the clay mineral,

which hampered the expansion of the layers [19].
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Fig. 1. X-ray diffraction patterns of CBZ, unmodified SW, CL10 and CL20 and the CBZ-

complexes.
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However, for CL10, the position of the basal reflection (doo1) is
shifted to higher 26 values which indicates an increase in the distance
between the layers (from 18.7 A to 19.7 A) (Fig. 1B) probably because of
the CBZ incorporation into the adsorbed alkyl chains of the modifier, a
phenomenon known as “adsolubilitation” [42]. This expansion of basal
spacing reveals that the host-guest interaction has taken place between
clay layers. Conversely, for the CL20 sample, quite a substantial decrease
in the basal spacing occurred (from 30.8 A to 25.1 A) when CBZ was
incorporated (Fig. 1C). In this case, a very high basal spacing of the CL20
was caused by the organic modifier type, which possesses two alkyl
tallows leading to a more paraffinic structure. Thus, the initial interactions
between the alkyl chains of the modifier molecules have probably been
altered by means of the organic solvent (DMF) used during the adsorption
test, giving rise to a lower interlayer distance by the re-arrangement of
the alkyl chains in the interlayer space [43]. Notwithstanding, the
adsorption of CBZ in this case probably also occurs through a partitioning
mechanism, formerly reported for this type of host-guest interactions

[18,44,45].

FTIR Spectroscopy. The FTIR spectra of SW, CL10 and CL20 treated
with CBZ, together with those of the blank clay samples and the pure
biocide, were recorded to ascertain the presence of CBZ in the prepared
complexes (Fig. 2). Band assignation was performed according to Bellamy
[46]. In CBZ, the most important band recorded at 3325 cm™ was assigned
to the N-H stretching vibrations. Additionally, those appearing in the
range of 2500-3000 cm™ were attributed to the -CH stretch aromatic
group. In addition, the band recorded at 1700 cm™ was assighed to the

carbonyl —C=0 stretching vibration from the ester group -COOCH;,
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whereas the bands at 1625 cm™ and 1585 cm™ also corresponded with
the bending of —N-H groups with the contribution of the carbonyl group,
but were assigned as a part of carboxylate. Peaks at 1430 and 1600 cm™
were attributed to C=C stretching of aromatic carbon bonds, which can
overlap with the stretching -C=N bands, as well as the band recorded at
1392 cm™? which was assigned to -C-N vibration. Regarding the layered
materials, they exhibit their representative bands which were previously

recorded for the montmorillonites samples (SW, CL10 and CL20).
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Fig. 2. The FTIR spectra of CBZ, SW, CL10 and CL20 treated with CBZ, indicating the main

characteristic bands.

The presence of CBZ in the complexes was corroborated since the

bands described above for the compound were detected in the samples.
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Specifically, the bands belonging to C=C and -C=N stretching ranging

between 1625 cm™ and 1585 cm™®, were more noticeable for the cases of

CL10 and CL20 in comparison to SW (Fig. 2).

Thermogravimetric analysis. The thermal stability of the CBZ and

the complexes was also evaluated and the TGA curves are shown in Fig. 3.

The mass losses are compiled in Table S2. The thermogravimetric analysis

of the samples showed accordance with the data reported for the thermal

decomposition of layered materials [47,48].
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Fig. 3. Thermogravimetric analysis (TG) of CBZ and complexes prepared with SW, CL10 and

CL20.

They are characterized by an initial mass loss due to the

dehydration corresponding to the physisorbed water [19,48], as is shown
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for SW with a mass loss of 9.9 % around 100 °C (Table S2). The
dehydroxylation of the clay minerals usually occurs at temperatures
higher than 700 2C [49]. Therefore it was not possible in our case to
detect this step since the analyses were done at temperatures lower than
600 2C [50]. For the organoclays, the mass losses occurring between 200-
600 2C are attributed to the loss of the organic cation, phase which can
occur in several steps [49,51], as is shown in the case of CL20 (Fig. 3). The
presence of CBZ in the different complexes had a different effect on the
thermal stability. For instance, for CL10-CBZ, the second step was delayed
in comparison with the pristine clay, suggesting some interactions of CBZ
with the alkyl tallow of the CL10 (Fig. 3). A similar effect was also observed
for CL20-CBZ, since various steps were registered in the range of 180-600
oC, a most likely consequence of the different interactions between CBZ
and the organoclays (Fig. 3), which also justified the re-arrangement of
the alkyl chains by the presence of CBZ in the interlayer space according
to DRX data. Interestingly, CBZ started to decompose at lower
temperatures in the complexes in comparison to the free biocide. This
fact has been also observed for the adsorption of CBZ on alumina particles
[52]. The authors explained that lower thermal energy is required for the
degrading of the adsorbed CBZ molecules, compared to those necessary
for decomposing CBZ crystal lattice and its transformation into individual

molecules.

Specific surface area. In general, all adsorbents showed low
specific areas, following this order: CL20 (9.55 m? g?) < SW (11.5 m? g?) <
CL10 (36.30 m? g1). There was no correlation with adsorption capacity of
the adsorbent and SSA values. This is a consequence of the fact that the

SSA values are not a crucial factor defining the adsorption capacity of
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these layered materials, since N3 is not able to access all the adsorption
sites [18]. Thus, we can conclude here that the portioning mechanism has
a key role here, meaning that the hydrophobic interactions are

predominated.

3.1.3.3. Biocidal assays of CBZ-complexes powder samples

A preliminary biocidal assay was performed to assess the
antimicrobial effect of the pure adsorbents (clays). The existence of
antimicrobial effect was considered positive by the presence of a halo
surrounding the powder placed on the dishes, determined by the
visualization of the samples. Different antimicrobial behaviour was found
for the different clays. None of them were able to preserve the fungal
growth at 7 or 14 days of incubation (Fig. 4). The CL10 adsorbent was able
to inhibit any algal growth and the CL20 exerted a protection halo
preventing this growth. It is known that alkylammonium salts are used as
biocide compounds [53], therefore, this observed antifungal activity could
be associated to the modifier, since the montmorillonite SW did not show
this feature. Moreover, it suggested that the alkylammonium groups were
more bioavailable in CL10 as compared with CL20, in spite of the greater
interlayer space of CL20 compared to CL10.

Subsequently, the fungicidal and algicidal activities of the CBZ-
complexes were evaluated, with the aim of assessing the activity of a dry
mix powder (using dolomite as filler) which could potentially be used as a
biocide additive in mortar. Following the composition compiled in Table 2,
the assays of biocidal activity were observed for the samples with low
(Fig. 5) and high content (Figs. 6 and 7) of carbendazim, Cs. The samples

were denoted SW-xx, CL10-xx and CL20-xx, where xx means the Cs value
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measured for each CBZ-clay complex/dolomite mixture powder sample

(Table 2).

Sample
Microorganism | Incubation Blank SW CL10 CL20
days
7
Aspergilius
Niger

14

Stichococcus )8

bacillaris

Fig. 4. Preliminary bioassay showing the algaeicidal and fungicidal activity of layered SW,

CL10 and CL20 at different incubation times.

In the case of the antifungal effect on Aspergilius Niger, Fig. 5
shows that samples with Cs around 1.0 mg g?' were ineffective. The
samples with Cs around 11.0 mg g were able to stop the fungi growth
within the first 7 days but not after 14 days. Only the sample SW-25, due
to its higher Cs value, was effective as an antifungal compound (Fig 5). In
Fig. 6, it was observed that all CBZ-complexes, once the Cs values are
higher than 50 mg g, exhibited an antifungal effect during every period
of the microorganism incubation. Moreover, a bacterial contamination
appeared on CL10-58 and CL20-79 samples due to the sample
manipulation. Thus, it could be possible that the CBZ effect against

bacteria is less effective in comparison to Aspergillus Niger.
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Incubation Sample

days CL10-1 CL10-10 CL20-1 CL20-11

14

Fig. 5. Petri dishes photographs showing the fungicide activity of CBZ-complexes
containing CBZ at low biocide content on the growth of Aspergilius Niger.

Incubation Sample

days SW-52 CL10-58 CL20-79

14

Fig. 6. Petri dishes photographs showing the fungicide activity of CBZ-complexes
containing CBZ at high biocide content on the growth of Aspergilius Niger.

Following the fungi grown assays, the high content CBZ samples
were studied as anti-algae ingredients against Stichococcus Bacillaris, Fig.
7. In this case, the best response as algaecide was found for powder
samples when comprised of pure CBZ. However, a certain activity in a
wider halo is also observed for CL10-58 and CL20-79 CBZ-complexes,
being this inexistent for the SW-52 sample. By observing the algaecide
response of the three CBZ-clays complexes, and that illustrated in Fig. 4, it
seems that the anti-algae effect of CL organoclays is due to their chemical

composition (including the structural alkylammonium groups) and not to
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the adsorbed CBZ, the latter probably in too low an adsorbed amount to

produce an effective algaecide response.

Incubation Sample

days CBZ SW-52 CL10-58 CL20-79

28

Fig. 7. Petri dishes photographs showing the algaecide activity of CBZ-complexes
containing CBZ at high biocide content on the growth of Stichococcus bacillaris.

It is worth noting the good biocide response exhibited by the CBZ-
complexes when compared to the pure CBZ sample (Figs. 5 and 6),
considering that the amount of carbendazim present in the dolomite
mixtures of SW, CL10 and CL20 samples was around 93 % wt lower than
those of the dolomite mixture of CBZ. This is indicative of the favourable
dispersion of the biocide in the substrate itself giving rise to efficient
responses substantially lowering the amount of biocide needed, which
serves to reduce potential secondary environmental problems associated

with the use of biocides [54].

3.1.3.4. Biocide mortars

The biocide-mortar activity was performed on lime-based
mortars, which are mainly used in the rehabilitation tasks on cultural
heritage buildings, in which the presence of microorganisms on their
facade leads to serious external damages.

Among the three CBZ-complexes studied, the CL20-79 sample
showed the best response to both fungicidal and algicidal activity. This

sample was chosen as an additive to prepare a mortar with antimicrobial
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activity. Firstly, the antimicrobial activity of the mortar without any CBZ or
CBZ-complex additives was studied as a blank, because the mortar high
pH could also have biocidal properties. Thus, the mortar specimens were
studied before and after accelerated aging, for 30 and 60 day periods. A
halo protection towards the growth of Stichococcus Bacillaris
microorganism was observed for the sample mortar before aging,
although the halo evanesced after 30 and 60 days of aging (Fig. 8). In this
sense, the mortar carbonation process should have completed in 30 days
(giving rise to the mortar surface pH decrease), as it reported in a similar
study using clay additives in lime mortars [55]. Therefore, 30 days aged
samples are of interest to clearly discern the antimicrobial activity of the

biocide additive.

Microorganism

Aspergilius
Niger

Stichococcus
bacillaris

Fig. 8. Petri dishes photographs of reference mortars tested after different accelerating
ageing times.

Fig. 9 illustrates the antimicrobial effect exhibited by CBZ-Mortar
and CL20-79-Mortar. In order to carry out a comparative study and to

evaluate the effectiveness of supporting biocides in clays, both samples of
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mortars were prepared with the same charge of carbendazim, 70 mg per
kg of mortar. The first observation concerns the leaching effect on
mortars. Before leaching, both samples exhibit a powerful fungicidal and
algicidal activity. However, after the leaching test, and due to the
carbendazim release from the mortar, the antimicrobial effect clearly
decreased. Moreover, the leaching test could also induced a decrease of
surface pH of the mortars, so the microbial growth could be favoured. Of
importance, the halo protection remained greater in the CL20-79-Mortar
which would indicate that the stronger carbendazim bonding to the clay
adsorbate preserved its release into the environment to a greater extent
in comparison with the CBZ-Mortar. In fact, the released amount of CBZ
was measured at the beginning and at the end of the performed leaching
tests (Table 3), the results indicating a lower amount of released active for
the CL20-79-Mortar. Thus, taking into account the total moles leached for
every mortar sample, 17.8 % less of CBZ is released from CL20-79-Mortar
in comparison with the CBZ-Mortar. The best leaching data observed for
the adsorption complex are explained by the stronger interactions
between the CBZ molecules and the organic modifier, slowing down the

release of CBZ molecules into the environment.
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Microorganism | 'mcuPation | Leaching Sample
& days test CBZ CL20-79
14 NO
Aspergilius
Niger 7
YES
14
NO
Stlcho.coc.cus ’8
bacillaris
YES

Fig. 9. Petri dishes photographs of biocidal mortars tested before and after the leaching

test
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Table 3. Amount of CBZ leached during the standardized leaching test of the mortars.

(C Co?) x 100 (%)

Time (h)
CL20-79 CBz
6 2.52 3.52
54 2.70 2.88
1536 0.42 0.47

3.1.4. Conclusions

We have prepared different complexes of the biocide
carbendazim based on layered clay minerals natural Wyoming
montmorillonite SWy-1 and two commercial organoclays, Cloisite® 10 and
Cloisite® 20. The characterization of the samples showed the presence of
the biocide in all the prepared composites. XRD and TGA techniques
confirmed that the part of the CBZ was adsorbed in the interlayers of the
clay minerals studied here. The bioassays showed that the CBZ-clay
complexes displayed appreciable fungicidal activities when Cs was higher
than 50 mg g, whereas the CL20-CBZ complex showed the best fungicidal
and algaecidal effect. The use of clays as biocides supports significantly
decreased the amount of active necessary to obtain mixed powders with a
positive antimicrobial response and its corresponding environmental
benefits. Furthermore, the CL20-CBZ adsorption complex was used as an
additive in a typical lime mortar, providing a positive biocidal effect.
Finally, the endurance of the biocidal action present in the mortar was
checked after 64 days of leaching tests. In this sense, the amounts of
leached biocide were lower for CL20-CBZ-Mortar compared to CBZ-

mortar. The fact that carbendazim was attached to the clay, and not only
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mixed with the mortar components, would enhance the preservation of
the active principle over time. Because of the antimicrobial activity
developed by clays-complexes containing only low amounts principle
active and their preservation on time, the prepared complexes are highly
interesting for its potential application as biocide additives for building

materials.
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Appendix I: Supplementary Information

H

N }—DCH .
)—NH

N

Fig. S1. Chemical structure of carbendazim

CIZH3 ?Ha
—CH,~N—CH, CH3=(CH )7 N—CH,
(CH,)—CH, (CH,)—CH,

Fig. S2. Chemical structure of organic modifier cation of CL10 (left)
and CL20 (right).

Table S1. Zeta potential values (mV) measured for SW, CL10 and
CL20 at different pH values.

Adsorbent Z potential; pH = 6.6 Z potential; pH =4.0
(mV) (mV)
SW -20.4 -18.8
CL10 +20.7 +28.7
CL20 +20.0 +29.6
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Table S2. Steps and mass losses of CBZ, adsorbents and complexes
registered in TGA measurements.

Step Mass loss (%)

CBz 217.5°C > 248.0°C 15.72
248.0°C > 344.7 °C 26.61

344.7 °C 2 401.2 °C 12.80

401.2 °C - 496.8 °C 4.13

496.8 °C = 600.0 °C 31.82

Sw 25.0°C > 82.7°C 9.90
82.7 °C - 600.0 °C 3.90

SW-CBzZ 25.0°C 2 295.0°C 12.15
295.0°C = 600.0 °C 5.18

CL10 177.8°C > 237.5°C 8.27
237.5°C = 340.2 °C 10.76

340.2 °C - 600.0 °C 8.34

CL10-CBZ 25.0°C 2 219.7 °C 7.70
219.7°C > 334.6°C 14.13

334.6 °C = 600.0 °C 14.14

CL20 222.0°C > 347.0°C 17.70
347.0°C = 600.0 °C 9.35

CL20-CBZz 25.0°C > 149.1 °C 3.24
149.1°C > 188.4°C 6.67

188.4°C - 251.3°C 3.06

251.3°C > 281.8°C 8.84

281.8 °C = 600.0 °C 35.14
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Highlights

« RHA support influences morphological and physical
characteristics of deposited ZnO.

« ZnO@S10; based photocatalysts exhibit outstanding De-
NOx performance.

+ De-NOx selectivity values above 90% are found.

+ The photocatalyst is prepared by a cost-effective and easily
scalable methodology.

+ The photocatalyst can be used repeatedly in simulated real

life conditions.
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ABSTRACT

A cost-effective and sustainable De-NOx photocatalyst is prepared
using zinc acetate and rice husk. ZnO@SiO, samples are obtained from the
calcination of a homogenised precursor mixture at 600 °C. ZnO
nanoparticles (70 — 180 nm) grow aggregated in spheres and well
dispersed (40 — 53 m?2g? surface area) covering the silicon skeleton. The
corresponding band gap for ZnO@SiO, photocatalysts was estimated at
3.1 — 3.2 eV. When the samples are irradiated by sunlight in a nitrogen
oxide atmosphere the NO — HNO, — NO, — NOs” photochemical oxidation
takes place. In comparison to unsupported ZnO and TiO,-P25, ZnO@SiO;
samples exhibit high NOx removal values (70%) and outstanding selectivity
(> 90%), the latter related to the sensitivity of zinc oxide towards NO; gas.

This new photocatalyst is easily recyclable and reusable.
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3.2.1. Introduction

Semiconductor (SC) photocatalysts have been widely studied as
suitable materials for environmental remediation. A multitude of
compounds, based mainly on TiO;, ZnO, CdS, Fe;O; and WQOs, were
reported for the photocatalytic degradation of a variety of water, air and
solid pollutants [1, 2]. In the recent years, an increasing interest has
arisen in the study of the photochemical oxidation (PCO) of nitrogen oxide
gases as a sustainable tool to combat urban air pollution [3].

Because of their toxicity, the presence of nitrogen oxides,
commonly referred as NOx - nitric oxide (NO) and nitrogen dioxide (NO,) -
, in the urban environment is a high risk for human health [4]. Thus,
environmental agencies in the USA and European Community limit the
hourly NOx air concentration to 0.1 ppm and 0.2 ppm, respectively.
However, these limits are difficult to be attained because the NOx
emissions rates from older vehicles worsen as time goes on [5]. In fact,
nowadays higher NOx levels are measured in very populated cities all over
the world and thousands of early deaths worldwide are associated with
these NOx emissions [6, 7]. Today’s research works have demonstrated
the potential applicability of semiconductors in directly removing large
amounts of NOx gases (De-NOx action) from the urban centres in our
cities. In fact, at present, depolluting building materials, using TiO; as a
photocatalytic additive, are integrated in some advanced buildings in an
attempt to achieve effective NOx de-pollution in urban areas [8]. In this
sense, many researchers pay attention to the preparation of modified
titania with enhanced De-NOx photocatalytic performance [9-13].

However, it’s necessary to point out that TiO, has just been
proposed to be classified as possibly causing cancer when inhaled [14].

This could limit some of its applications and, therefore, a rapid advance in
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the study and development of new De-NOx photocatalysts is desired. g-
CsN4, N-(BiO),COs, BiOBr, Bi/ZnWO4, or Ni-Bi,0s among others, were
reported as alternative materials towards the photochemical NO
abatement [15-20]. In this work we study the De-NOx ability of ZnO, which
is not considered to be a threat to consumers health [21]. Even though
Zn0 is a preferred photocatalyst because of its high photosensitivity,
mechanical-thermal stability and tuneable morphology, only a few studies
have been recently reported for this specific environmental application.
Some of them are devoted to enhancing titanium dioxide De-NOx
efficiency through the preparation of TiO»/ZnO composites [22, 23]. In the
case of a pure ZnO photocatalyst, whose preparation proceeded by using
amine derivatives or ionic liquids, the NO conversion photo-efficiency was
equal to or lower than 50% [24-28]. On the other hand, the preparation of
Zn0O spheres by a carbon template via the one-step process is highly
interesting, the resulting compound showing the highest photocatalytic
activity [28]. Herein we propose a very simple procedure that allows us to
obtain a ZnO efficient photocatalyst by using rice husk ash (RHA) as a
support, a strategy successfully employed in the preparation of metals
and metal oxides (photo)catalysts [29-32]. Rice husk (RH) is an agricultural
waste product, the ash of which contains about 92-95% silica (SiO,) [29],
and when used to synthesize silica nanoparticles, offers additional
advantages, including greener raw materials, lower costs, and higher
sustainability [30]. The physicochemical characterization and
photocatalytic activity of different ZnO@SiO, samples are presented.
Remarkably, as the main novelty, De-NOx ZnO based photocatalysts are
prepared using a cost-effective and large-scale synthetic procedure and
exhibiting the highest NO photo-chemical conversion efficiency and

selectivity values reported. Due to the high selectivity values found, the
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use of photocatalysis proves to be sustainable as a NO abatement

process.

3.2.2. Materials and methods
3.2.2.1 Preparation of ZnO supported photocatalyst

The complete characterization of RHA support is provided in
Supplementary Information (SI; Figures S1 — S4 and Table S1). With the
aim of obtaining a cost-effective and large-scale synthesis procedure in
mind, the methodology used for the preparation of a photocatalyst was as
simple as possible. Zinc acetate is a very cheap salt that is successfully
used in the synthesis of ZnO-based materials [33]. Zn(OAc),2H,0 (99,0%,
Sigma-Aldrich) and RH were used as precursor components, in the 0.65
weight ratio. This ratio was selected following that previously reported as
optimum in the preparation of a catalyst on RHA as a support [34],
focussing the attention of this preliminary work in the preparative
methodology. Two methods were chosen in order to enhance the contact
between the precursor components:

i) Liquid to solid deposition. 30.73 g of Zn(OAc),-2H,0 was
dissolved in 150 mL of milliQ water. Subsequently, 20 g of RH was added
to the vessel. After 30 min of magnetic stirring, the paste was dried at 80
°C for 4 days. Later, the product was calcined at 600 °C for 2 and 4 hours.
The photocatalyst samples obtained were denominated as dZn@RHA-2
and dZn@RHA-4, respectively.

ii) Mechanical milling. A mixture of 30.73 g of Zn(OAc),-2H.0
and 20 g of RH was milled using a planetary mill (45 min, 300 rpm). The

collected product was calcined at 600 °C for 2 and 4 hours. The
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photocatalyst samples obtained were denominated as mZn@RHA-2 and

mZn@RHA-4, respectively.

3.2.2.2. Sample characterization

Energy Dispersive X-ray Fluorescence analysis (XRF) was done in a
ZSX Primus IV (Rigaku) equipment. The carbon content elemental analysis
was determined by using an Eurovector EA 3000 elemental instrument.
Crystalline phases were identified by using X-ray diffraction (XRD). The
XRD patterns were recorded in a Bruker D8 Discover A25 diffractometer.
The crystal size of the samples was determined by means of the Scherrer
equation. This equation was calculated with DIFFRACT.EVA V3.1 software.
The morphology of the samples was examined by scanning electron
microscopy (SEM). SEM images were obtained with a Jeol JMS-6400
microscope. Particle size distribution was estimated using a Visiolog 6.1
software. Nitrogen absorption isotherms were obtained at 77.4 K on an
ASAP 2020 instrument from Micromeritics, from which the specific
surface areas were calculated using the multipoint Brunauer-Emmett—
Teller (BET) and Barrett-Joyner-Halenda (BJH) methods. Diffuse
reflectance (DR) spectra were recorded using a Varian Cary 1E
spectrophotometer. Thermogravimetry (TGA) was carried out with a
Mettler Toledo in air atmosphere (flow: 100 mL min™) from room
temperature to 600 °C (heating rate of 10 °C min™2).

Additional information is provided in SI.
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3.2.2.3. Photocatalytic activity tests

The photocatalytic activity of the materials towards the oxidation
of NO was studied using a protocol similar to the standardised test
method developed for the characterisation of air-purification
performance, I1SO 22197-1 [35]. However, some of the specifications
described in this standard were modified in order to obtain better
performance with the samples of this study. Thus, the tests were carried
out on a 50 mm x 50 mm sample holder placed in a laminar flow reactor
[35]. Artificial sunlight irradiation (Solarbox 3000e RH light irradiation box)
was obtained with an Xe lamp with controlled irradiance (25 and 580 Wm-
2 for UV and visible, respectively). For each De-NOy test, 1.0 g of the
sample supported on the sampler holder inside the reactor was used. As a
pollutant, a mixture of air/NO was sent to the photoreactor with a NO
concentration of 150 ppb (obtained by mixing synthetic air and pure NO).
This concentration was chosen because it is representative of NO
concentrations found during intense photochemical pollution periods in
urban environments [6], having already been successfully adopted in
previous research works [15, 36, 37]. The gas mixture was supplied by
using a flow rate of 0.30 L min! and fixing the relative humidity at 50 +
5%. The measurement of the concentration of NO, NOx and NO; gases
was carried out wusing a chemiluminescence analyser (model
Environnement AC32M). Each test was repeated three times to obtain
average concentration values. The calculated standard deviations were +
0.3 ppb for NO concentration and * 1.0 ppb for NO; and NOx
concentrations. The photocatalytic efficiency was evaluated following the
NO conversion (%), NO; released (%) and NOx conversion (%) parameters

(defined in SI).
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3.2.3. Results and discussion

3.2.3.1. Photocatalyst characterisation

ZnO@SiO,; supported photocatalysts were obtained after the
calcination of the Zn(OAc),/RH precursor mixtures. The chemical
composition of samples is provided in Table S2. The XRD patterns
obtained for the four samples are shown in Fig. 1. Only peaks ascribable
to hkl reflections of hexagonal structure of ZnO (wurtzite) were detected.
The diffraction peaks at 31.5°, 34.2°, 36.1°, 47.3°, 56.4°, 62.7°, 66.1°, 67.7°
and 68.9° two theta degrees can be attributed to (100), (002), (101),
(102), (110), (103), (200), (112) and (201) crystal planes, respectively [38].
Apart from its amorphous character, the negligible presence of the silica
halo expected at 22° (Fig. S5) [39] would be indicative of good zinc oxide
covering on the silica support. For comparison purposes, ZnO without the

use of RH was also prepared using the same calcination procedure.

Zn-4

Zn-2

| A —— dZn@RHA-4
A J A A

dZn@RHA-2

Intensity / a. u.

v MZn@RHA-4

E— N W S A A An

o | mZn@RHA-2
1 1 1 1 L 1 |

15 20 25 30 35 40 45 50 55 6
2 Theta degrees

0 65 70

Fig. 1. XRD patterns for dZn@RHA, mZn@RHA and Zn samples.
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The ZnO samples thus obtained after 2 and 4 hours of calcination

were labelled as Zn-2 and Zn-4, respectively. Their corresponding XRD

patterns also show the formation of pure zinc oxide. In the case of silica

supported samples, the intensity of diffraction peaks is significantly lower

than that observed for Zn-2 and Zn-4 samples. Thus, the smallest

crystallite size values were estimated for the ZnO@SiO, samples, Table 1.

Table 1. The surface analysis parameters and crystallite size for zinc oxide samples.

*
BET BJH* BJH* BIH BJH* BJH* .
average Crystallite
surface pore mesoporous ore surface | mesoporous size
Sample area volume volume di:meter area surface area (nm)
(meg?) | (cmg?) | (em*g?) (meg?) | (mog?)
(nm)
dZn@RHA-
49,3 0,11 0,08 8,99 48,5 42,3 23,6
2
dZn@RHA-
53,5 0,13 0,1 9,00 56,2 49,5 25,0
4
mZn@RHA-
40,3 0,11 0,08 9,00 47,1 41,5 32,7
2
mZn@RHA-
50,7 0,10 0,07 8,66 45,1 38,8 36,9
4
Zn-2 4,5 0,01 0,01 17,15 3,3 2,5 62,0
Zn-4 2,8 0,01 0,01 21,02 1,8 1,4 72,1

* Determined from the N, desorption isotherm

The SEM images for dZn@RHA samples, Fig. 2, show ZnO particles

growing dispersed on the cob-shaped skeleton, being aggregated in

spheres of different sizes. The milling process breaks this skeleton but
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similar particle aggregation is observed for mZn@RHA samples, Fig. 3 (a-
d). In both cases, the wurtzite particle size is around 70-180 nm (Fig. S6a).
For the whole set of samples, the silica support (Supplementary
Information) appears completely covered by ZnO particles, as expected
from XRD patterns. The extended heating period of up to 4 hours had no
significant influence on the morphology of the ZnO crystals. The silica
skeleton acts as a support but also as a template influencing the growth of
the wurtzite crystals. Thus, without the use of RH, the ZnO is constituted
by independent larger amorphous nanoparticles of 140-280 nm, Figs. 3

(e,f) and S6b.

Fig. 2. XRD patterns for dZn@RHA, mZn@RHA and Zn samples.

The differences observed in ZnO crystallite size and morphology,
with and without the use of RH, could be explained by assuming the
following crystal growth mechanism. Since the RH decomposes at a lower

temperature than the zinc acetate precursor (Fig. S1), ZnO crystallizes
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once the amorphous silica is formed. By considering the appearance of
the Zener pinning process [40], the growth of the first ZnO crystals must
be restricted by the presence of silica as an inert phase, which is believed
to result in tiny discrete particles located in the interface regions between
the emergent ZnO nanocrystals. These reduce the radius of the crystallite
surfaces, thus increasing the energy required for growth. This would
explain the limited size of ZnO crystals and nanoparticles in Zn@RHA

samples (Fig. S6; Table 1).

Fig. 3. SEM images for mZn@RHA-2 (a, c), mZn@RHA-4 (b, d), Zn-2 (e) and Zn-4 (f)

samples.
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Because of the derived dependence on the photocatalytic activity,
the preparation of ZnO with a large surface area has been studied
extensively [41]. The ZnO exhibits very complex and diversified
morphologies, and the manipulation of a desirable structure for the
rational tailoring of surface to volume ratios was largely reported. Thus, as
way of example, large surface area ZnO photocatalysts were prepared
such as spherical shape nanocrytals, flower-like, mesoporous, nanostar,
nanofibers, tetrapods, nanorod arrays, porous nanopyramids, porous
nanosheets, hollow spheres, nanotube arrays and porous films
morphologies. Various preparative methods were employed such as
capping agent, spray pyrolysis, the solution combustion route, the
biotemplate-assisted approach, electrospinning, thermal evaporation, the
solution-phase approach, the polyol solution route or chemical deposition
[41]. Here we explore the influence of RH on the preparation of ZnO with
increased surface area. Thus, in order to establish the surface area and
porous structure of the photocatalysts, the corresponding N, adsorption-
desorption isotherms were measured.

In comparison with the bare RHA support (Fi, S4), the pore
structure changes considerably once ZnO growth covers silica support, Fig,
4. The isotherms of ZnO@SiO, composites exhibited almost the same
shape, being similar to BET classification type Il. These porous materials
are constituted mainly by mesopores in a wide range of sizes (Fig, 4
insets). Table 1 summarizes the main surface properties of the ZnO@SiO,
and ZnO samples. The pronounced hysteresis loop observed in the 0.45-
0.95 P/P, range for the RHA sample (Fig, S4) is almost closed. These pores
are progressively blocked and covered by the ZnO crystals on the surface,
thus explaining the significant decrease of N, adsorption on ZnO@SiO,, as

observed for other metal oxides catalysts supported on RHA [42].
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Fig. 4. N, adsorption-desorption isotherm and pore size distribution for dZn@RHA,

Zn@RHA and Zn samples.

The new porous structure formed by wurtzite covering the silica

skeleton exhibits a surface area of around 40 - 53 m? g, being larger for

samples obtained after 4 hours of calcination. In spite of the loss of

surface area found from RHA to ZnO@SiO, samples, which was four times

lower, the use of a silica skeleton as a support is of high interest. Thus,
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without the use of RHA the isotherms show a collapsed microstructure for
samples Zn-2 and Zn-4, exhibiting negligible surface area values lower
than 5 m?g? (Fig. 4; Table 1). From the results commented above, the
beneficial effect of RHA as a template, which allows smaller and well
dispersed ZnO particles, can be concluded.

The optical properties of the six samples were studied by a UV-
visible diffuse reflectance spectroscopy (Fig. S7). The acquired diffuse
reflectance spectra were converted to the Kubelka—Munk function,
[F(R=)hv]?. The band gap energies of the samples are estimated from the
tangent lines in the plots of the Kubelka—Munk function vs. the energy of
exciting light, as shown in Fig. 5. As expected, as SiO; is as a good insulator
material (8 eV; band gap energy) [43], significant changes were not
observed for the composites. The estimated band-gap values were in line
with those reported for pure ZnO [28, 44, 45]. Depending on the
morphology and particle size of the samples (Table 1), they ranged
between 3.1 and 3.2 eV. As previously reported [38] a slight decrease in
band-gap values was observed with the crystallite size increase for

ZnO@SiO, samples.
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Fig. 5. Kubelka-Munk transformed reflectance spectra for Zn@RHA (a) and Zn (b) samples.
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3.2.3.2. De-NOx photocatalytic tests

The photochemical ability of ZnO@SiO, samples to abate the
atmospheric concentration of nitrogen oxides gases was studied. The
photochemical De-NOyx process proved to be efficient when NOy gases
were removed from the air through their complete oxidation to
nitrite/nitrate (NO,/NOs’) species. This is not a simple process as it
involves several intermediate species [3, 46]. Briefly, it can be summarised

as follow:

SC+ hv e + h* (1)
H,O + h* = H* + OHe (2)
NO + 2 OHe = NO; + H,0 (3)
NO, + OHe = NOs + H* (4)
NO +NO; + H,0 = 2 HNO; (5)
0, +e = o0y (6)

NOx + O, = NO3 (7)

Therefore, when sunlight shines on ZnO nanoparticles
(semiconductor, SC) the electron in the valence band (VB) acquires the
necessary energy to migrate to the conduction band (CB), (reaction 1).
The pairs of mobile charges (e” and h*) that reach the surface of the
semiconductor particles react with the adsorbed water and oxygen
molecules (2,6). Thus, the formation of reactive oxygen species (ROS) — as
previously reported for ZnO systems [25, 26] — and the progressive
oxidation of nitrogen oxide gases is initiated (3,4,5,7) [24-26, 28]. During
this process, the presence of the intermediate NO; gas must be reduced

as much as possible (3) because NO; is far more dangerous than NO [47].
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Fig. 6 shows the evolution of the nitrogen oxide concentration profiles
recorded for the ZnO@SiO; samples as a function of light irradiation time.
In the absence of light irradiation, in the first ten minutes of the test, the
concentration of gases stayed constant confirming that neither NO gas
adsorption nor any reaction on the ZnO particle surface occurred.

The photochemical oxidation (PCO) process began on the ZnO
active sites once the lamp was switched on, as inferred from the sudden
decrease observed for NO concentration. This PCO process was kept
constant during the 30 min of light irradiation and stopped when the light
was turned off, then the NO concentration returned to its initial value.
Following this experiment, the decrease in NO concentration values
measured during the light irradiation period was related to the amount of
removed NO. For comparison purposes, the commercial Aeroxide® TiO;
P25 (Evonik) was also studied, a material broadly used worldwide as a
reference in photocatalysis. In fact, this material is quite similar to the
studied samples in reference to band- gap energy, crystal size and surface
area (3.18 eV ; 23-44 nm; 48.6 m?g?t) [48].

As expected, the NO conversion value was related to the surface
area exhibited by the samples, around 75% for ZnO@SiO, samples and
TiO, P25, and decreasing around 50% for pure ZnO samples, Figs. 6a and
7. As previously mentioned, it is worth remarking on the subsequent
appearance of the highly toxic NO, gas whose amount differs between
samples. As is known for other modified titania photocatalysts, and
different benchmark TiO, samples, the emission of NO, increases
continuously under light irradiation in the case of the TiO,-P25 sample,

Fig. 6b [48].
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Fig. 6. Nitrogen oxides concentration profiles obtained during the photo-degradation of

gaseous NO under light irradiation on dZn@RHA, mZn@RHA and Zn samples.

Thus, the highest slope observed for TiO,-P25 would indicate that
the theoretical full oxidation of NO towards nitrites/nitrates lowers with
the irradiation time, thus explaining the noticeably increased amount of
NO, molecules released during the experiment. This emission was
somewhat inhibited in pure ZnO samples. However, it is remarkable that
in ZnO@Si0, samples the amount of NO, concentration measured is
negligible. By considering a sustainable process, the photocatalytic De-

NOx process must address not only the highest NO conversion values, but
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also the aim of achieving the highest De-NOx selectivity. The selectivity
system parameter, S, expresses the ratio of degraded NO fully converted
into harmless nitrite/nitrate rather than into toxic nitrogen dioxide, being

determined according to the equation:

(INOX]ijn— [NOx]out)/[NOX]in

05) =
S (A)) ([No]in_ [No]out)/[NO]in

x 100 (8)

Therefore, the highest S values mean the highest amount of
nitrogen oxides removed from air. For a better comprehension of the
results obtained, Fig. 7 shows the conversion/emission nitrogen oxide
values together with the photocatalytic NOx abatement selectivity (S), in
the case of ZnO@SiO, and should be compared with those obtained for
common photocatalysts: ZnO and TiO,-P25 samples. The outstanding
results with S values above 90% measured for ZnO@SiO; samples, allowed
a high amount of the whole NOx gases, around 70%, to be removed. To
our knowledge, these high selectivity values are scarcely reported and
only for some TiO, advanced photocatalysts [11, 13, 49-52]. In fact, due to
its poor selectivity, the NOx removal observed for TiO, P25 is limited to
35%. In agreement with our findings, low NO, release was reported for a
ZnO thin film De-NOx photocatalyst [23] associated with the sensitivity of
this oxide to NO; gas [53]. On the other hand, S values of ZnO@SiO,
samples are higher than those of ZnO (samples Zn-2 and Zn-4). The
influence of the SiO, support on the ZnO crystalline growth allows
microstructures with higher surface area and pore volume to be obtained,
making the accessibility of reactant molecules to the active sites easier
and therefore, facilitating the oxidation of NO and NO; molecules. In this

sense, the best performance for the NO — HNO; — NO,; — NOs oxidation
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process (reactions 3 to 7) was easily achieved by the ZnO@SiO;
photocatalysts. Additionally, the nitrogen oxide gases abatement
performance of the last advanced De-NOx photocatalysts is compared in
Table S3. From this table it is usually observed that the photocatalysts
with higher NO efficiency values exhibited low De-NOj selectivity and the
vice-versa. The NOx abatement performance of our ZnO@SiO, sample is
among the best reported in the last few years for De-NOy photocatalysts
as shown in Table S3, showing very high NO/NOy and S values, in similarity

to BiOCI [54].
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Fig. 7. NO conversion (%, blue), NO; released (%, orange), NOx conversion (%, grey) and
Selectivity values (%, yellow) for dZn-RHA, mZn-RHA, Zn and TiO2-P25 samples. (For
interpretation of the references to colour in this figure legend, the reader is referred to the

web version of this article).

In order to confirm the mechanism proposed, which implies the
selective formation and deposition of nitrite/nitrate onto the surface of
the ZnO@SiO, sample, additional evidences were obtained. FTIR
measurement was used to qualitatively detect nitrogen oxide species on

the surface before and after photocatalytic reactions, Fig. 8a. No bands
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concerning N-O vibration modes were observed for the pristine sample.
However, new absorption bands at 1258, 1327, 1375, 1518 and 1702 cm'!
appeared once the sample was subjected to the photocatalytic reaction,
confirming the generation of nitrite/nitrate species during the PCO
process. The bands located at 1518 and 1370 cm™ correspond to
stretching vibrations of nitrate species [55-57], whereas that at 1327 cm™
is ascribed to nitrite ones [57, 58]. The assignation of the band located at
1258 cm™ could be ambiguously done for both nitrate [57, 59] and nitrite
[55, 60] species. Finally, the band at 1710 cm™ can be tentatively assigned
to the adsorbed NO, [59]. A more detailed assignment of IR bands
attributed to N-O stretching vibrations of surface nitrate (NOs’) and nitrite
(NOy) species is a difficult task, since v(N-O) of different NOs" and NOy
species fall in the same 1700-1000 cm™ interval and their IR bands are
strongly overlapped [55].

On the other hand, to shed light on differences found in De-NOx
selectivity values, new evidence was obtained from preliminary NO;
adsorption studies carried out on ZnO@SiO,, ZnO and TiO,-P25 samples.
Thus, a mixture of air/NO, was sent to the reactor with a NO;
concentration around 150 ppb, obtained by mixing synthetic air and pure
NO; (flow rate of 0.30 L min; R.H. at 50 + 5). In the absence of light
irradiation, NO, gas was passed over the samples and substantial
differences were observed in the evolution of the concentration profile
with time, Fig. 8b. The NO, concentration profile for TiO,-P25 is similar to
that of a blank test (without the presence of a catalyst). In both cases, the
NO; concentration remained constant at the initial inlet value during the
time of the experiment, and therefore, there was no interaction between
the gas and the catalyst or chamber surface. However, in the case of zinc

oxide samples, lower concentration values for NO, are measured during
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the first 30 minutes indicating that gas molecules are probably being
adsorbed on their surface. This adsorption is higher for the dZn@RHA-4
sample because of its larger surface area compared to that of Zn-4. As
aforementioned, the high De-NOxy selectivity found for ZnO@SiO, samples
would be explained based on their ability to adsorb the recently formed
NO; gas molecule (reaction 3), facilitating its oxidation to nitrate before
being released into the atmosphere. In the other hand, even though ZnO
has the same band-gap energy as TiOz-anatase (3.2 eV), its conduction
band (CB) is situated at a slightly higher energy level, which implies an
increase in the reduction ability of the CB electrons to form superoxide

radicals «O, [10, 61].
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Fig. 8. (a) IR spectra obtained for dZn@RHA-4 sample before and after light irradiation. (b)
NO2 concentration profiles obtained in dark condition for Zn-4, dZn@RHA-4 and TiO,
samples. Red line marks the NO; inlet concentration. (For interpretation of the references

to colour in this figure legend, the reader is referred to the web version of this article.)

This would also favour the oxidation of the NO, adsorbed
molecules. Therefore, it can be summarized that the higher sensitivity of
ZnO@Si0; samples to NO; gas greatly enhances the completion of NO —
HNO, — NO, — NOs- photochemical oxidation process. Thus, the amount

of NO, toxic molecules which rose into the atmosphere during the

222



ZnO on rice husk: a sustainable photocatalyst for urban air purification.

photocatalytic reaction is negligible, making the use of De-NOx
photocatalysts sustainable.

Finally, the potential practical application of these photocatalysts
was qualitatively characterized by the evaluation of their reusability on
large experiments. Fig. 9 shows the diurnal mean values of NO
concentration measured at an urban roadside in a highly populated city
[6]. Because of the road traffic the NO concentration increases during the
daytime, rapidly after sunrise and reaching its maximum level (= 180
ppbs) between 6.00 and 12.00 in the morning. It would seem of interest
that De-NOyx photocatalysts could serve to abate this main NOx peak
concentration level. In this sense, the dZn@RHA-4 sample was subjected
to four consecutive NO photocatalytic removal experiments run in periods
of 6 hours under similar NO concentrations. The data collected (Fig. 9)
suggest that most of the pollution peak is abated, around 110 ppbs of NO
being removed by the photocatalytic action (from a NO inlet
concentration of 150 ppb). The photocatalytic efficiency decreased slightly
in the next three cycles, probably due to the nitrite/nitrate deposition
masking the photoactive sites, thus hindering the photochemical
performance, this loss of efficiency being similar to that obtained during a
24 hour light irradiation test (Fig. S8). In fact, after the repeated
photocatalytic test cycles, the mechanism proposed is again validated by
the presence of nitrite/nitrate species in the corresponding FTIR spectra
(Fig. S9). Thus, after the fourth run, the sample was washed with water
(filtered, collected and dried) in order to eliminate nitrite/nitrate species.
(as confirmed by FTIR, Fig. S9). Even though there was a small amount of
decay compared to the 4™ run (probably because the washing/drying
procedure must be optimized in order to avoid particle aggregations), the

efficiency exhibited in the next two runs (5" and 6™) was similar,

223



Capitulo 3. Resultados y discusion

indicating good reusability. Moreover, the selectivity (data not shown)
was maintained around 85%. This qualitative study shows that ZnO@SiO,
photocatalysts would be highly useful in the abatement of the NO urban
pollution. The photocatalysts were prepared by cost-effective and easily
scalable methodologies. As the De-NOy performance was similar enough
for the four samples studied, avoiding the use of liquid solutions and
decreasing the amount of energy used during the calcination process it is
the preferred method for a potential industrialization of this synthetic
procedure. Thus, the production of a mZn@RHA-2 sample would be
preferred in which 20 g are easily obtained in only 3 hours of preparation

at lab scale, indicating its favourable scalability.
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Fig. 9. Diurnal distribution pattern of NO gas at urban roadside (grey shading) and NO
concentration profile obtained for dZn@RHA-4 sample (o) at different runs during 6 h of
light irradiation (NO inlet concentration: 150 ppb). The sample was washed and dried after

the 4t run.
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3.2.4. Conclusions

A cost-effective and easily scalable methodology was reported in
the preparation of a ZnO photocatalyst. By using simple procedures, liquid
to solid deposition or mechanical milling, homogenous zinc acetate/rice
husk mixtures were obtained by calcination at 600 °C thus obtaining
ZnO@Si0, samples. The ZnO particles, aggregated in spheres of different
sizes, grow dispersed on the silica skeleton which also acts as a template.
In comparison to pure zinc oxide obtained under the same experimental
conditions, the use of a silica support enables a lower particle size, 70 —
180 nm, and the highest surface area, 40 — 53 m?g? to be obtained.
Concerning the light absorption ability, 3.1 — 3.2 eV band gap was
estimated for ZnO@SiO, samples.

When they are activated by sunlight, the ZnO@SiO, samples act as
catalysts in the NO photochemical oxidation. The PCO process occurs
through the NO —» HNO; - NO; — NOs; oxidation steps, as confirmed by
the presence of nitrite/nitrate species on the catalyst’s surface after the
light induced reaction. High NO conversion values up to 75% are reached
because of the high surface area exhibited by ZnO nanoparticles when
grown on the silica skeleton, being limited to 50% for unsupported zinc
oxide. It is worth mentioning the excellent De-NOx selectivity values
measured with ZnO@SiO, photocatalyts, above 90%, which allows
removing approximately 70% of the NOx gases. In comparison, due to its
poor selectivity, the NOx removal observed for the benchmark product
TiO, P25 was limited to 35%. Thus, by using ZnO@SiO, samples the
amount of NO; gases, which rose into the atmosphere during the
photocatalytic reaction, is negligible. This minimal appearance of the NO;
toxic molecules makes the use of De-NOx photocatalysts sustainable. The

low emission of NO, molecules is associated with the sensitivity of zinc

225



. Resultados y discusion

oxide towards this gas. In fact, the preliminary adsorption essays indicated
that NO; gas is removed in the dark, in the presence of the ZnO@SiO;
sample. Moreover, this highly selective and sustainable photocatalyst
exhibits high efficiency and recovery when operated under experimental
conditions similar to NOx urban pollution periods (150 ppb NO; 6 hours),
thus being proposed as a potential photocatalyst for air remediation.
Because of their outstanding results of selectivity, further study will be
addressed in the near future to ensure that the photocatalytic process
works even more effectively. In this sense, metal doping would be an
interesting strategy (preventing the recombination of the charge carriers),
as we know that doped ZnO surpasses the photocatalytic efficiency of an

un-doped one [62].
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Appendix Il: Supplementary Information

Experimental

Characterization of RHA support

Prior to the photocatalyst’s preparation, the characterization of
the expected ashes to be used as a support was performed. Firstly, the
rice husk (RH; from Herba Ricemills, S.L.U.) was washed to remove dirt by
boiling in deionized water for 2 h under continuous stirring, then filtered
and dried in an oven at 70 °C for 24 h. A temperature of 600 °C was
selected to achieve the complete calcination process of the rice husk
(Figure S1; RH’s thermogravimetric pattern). The sample was calcined for
periods of 2 and 4 hours, obtaining the corresponding RHA-2 and RHA-4
silica ashes. The temperature time had no effect on the morphological or
mineralogical composition. The RHA sample consists of sub-millimetre
particles adopting a cob-shaped cellulose skeleton (Figure S2). The X-ray
diffraction patterns exhibited a broad peak centred at 22° (Figure S3a)
corresponding to amorphous SiO; [1].

Infrared spectra (IR) were obtained with a FT-MIR Tensor 27
(Bruker) collecting 100 scans from 450 to 4000 cm™ with a resolution of 4
cm™. Si-O vibration modes were only detected in the corresponding IR
spectra (Figure S3b). Three bands stand out: about 472 cm™, due to the
deformation vibration Si-O-Si; 820 cm™?, corresponding to rings of atomic
groups Si-O-Si; 1110 cm™, coming from the valence vibrations Si-O (SiO,).
In this last band we can distinguish a small shoulder at 1230 cm™, which is
due to the small amount of silica that is still polymerized in the structure.

Therefore, after calcination the carbon content was removed and
the product obtained consisted mainly of silica (>93% of Si, Table S1). On

the other hand, the porous structure was somewhat altered when the
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calcination period was extended. Both RHA-2 and RHA-4 samples
exhibited a similar N, adsorption-desorption isotherm identified as a type
(IV) isotherm with a type H1 hysteresis loop (Figure S4), the slight slope of
the isotherm in the 0.2—0.9 P/P, range being indicative of the presence of
mesopores [1, 2]. A larger surface area was developed when the
calcination period was prolonged from 2 to 4 h, and values of 157 and 194

m2glwere measured for samples RHA-2 and RHA-4, respectively.

Sample characterization

The XRD patterns were recorded in a Bruker D8 Discover A25
diffractometer equipped with CuKal radiation, germanium primary
monochromator and lynx-eye detector. The diffractogram was run with a
step size of 0.016 26° and a counting time of 19,2 s. The crystal size of the
samples was determined by means of the Scherrer equation,
D=(kA/BcosB), where D is the particle size in nanometres, A is 1.54056 A°
(which is the wavelength of the CuKal radiation), the constant k is 0.94, B
is the peak width at half-maximum intensity and 0 is the peak position.
Energy-Dispersive X-Ray Spectroscopy analysis (EDX) was obtained with a
Jeol IMS-6400 microscope. Diffuse reflectance (DR) spectra were recorded

at a scan rate of 150 nm min™ from 200 to 800 nm in 0.5 nm steps.

Photocatalytic activity tests

In order to discuss about the photocatalytic efficiency, the

following parameters were defined:

NO conversion (%) = {([NOJin - [NOJout)/[NOJin} x 100 (1)

NO; released (%) = ([NO2]out/[NOJin) x 100 (2)
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NOx conversion (%) = {([NOxJin - [NOxJout)/[NOx]in} X 100 (3)

where [NOx] = [NO] + [NO3].
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Table S1. EDX compositional analysis for RHA-2 sample.
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Table S2. XRF compositional analysis and carbon content for Zn@RHA and Zn samples.

Element / % weight

Sample
Zn Si Mg Ca K cl S P C
dZn@RHA-2 | 40,99 8,58 0,17 0,15 0,08 0,04 0,05 0,02 0,84
dZn@RHA-4 | 43,01 8,58 0,13 0,14 0,08 0,06 006 003 042
mZn@RHA-2 | 42,01 8,67 0,05 0,09 0,06 0,09 0,04 0,02 0,77
mZn@RHA-4 | 40,01 7,44 0,06 0,09 0,07 0,06 0,04 0,02 1,49
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Figure S5. Zoom in the XRD pattern obtained for mZn@RHA-4 sample.
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Table S3. Photocatalytic efficiency for the removal of NOy gases of different advanced De-

NOx compounds.

NO inlet Light NO NOy " ..
. . T . . Selectivity

Sample concentration Irradlatlon conversion conversion (‘y)
(ppb) time (min) (%) (%) 0

ZnO@SI0, (this
Work) 150 30 70 69 98
Zn0O spheres ? 1000 _ 68 . .

b
CQD/znFe;04 400 30 38 37 97
ZnAI-LDH © 150 60 55 50 91
600 60 50 45 90

Cuo.08IN0.25ZNS1.41
¢ 600 30 48 - -
TiO, © 400 30 65 55 84
TiO/HT | 1000 30 45 38 85
Fe-TiO, ¢ 400 = 58 38 65
TiOy/graphene P 1000 30 53 45 85

Tio,
mesocrystalline | 500 300 59 50 89
Ti3*-Ti0,

mesocrystal J 600 40 55 53 97

- i k
LaFe0s-5rTiOs 400 30 40 29 72

O |

P-g-CsNa 600 50 80 28 34

C3Ng4/graphene-
INVO, ™ 600 30 65
Bi@Bi20,5i03 " 450 30 50 48 9%
Biocl® 500 30 70 69 99
5rCOs-Bi0I P 30 48 48 100
Bi2MoOs 600 35 55 51 92

* Selectivity values were calculated from the cited articles by using
the equation (8) the in manuscript.
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The photocatalysts were selected from the best of the different
Zn, Ti, C3N4 and Bi based compounds.

Because these are UV and/or Vis active photocatalysts, the light
intensity was not considered as a comparative item, thus different light
irradiation lamps are used for each one. The NO inlet concentration and
light irradiation time also differ among the studies, 600 ppb and 30 min
being the most frequently used standard. Thus, with the aim of the
conclusions of the comparative results being reliable, the NO/NOx
conversion and S values were described in percentages. The comparative
is validated by the crossed references. Thus, the photocatalytic
efficiencies (in %) don’t seem to be significantly altered by the time of
light irradiation, as observed for TiO, mesocrystalline samples, nor by the
NO inlet concentration, as the case of ZnAl-LDH systems.

For both NO conversion and S values, the performance of
ZnO@Si0, samples is among the best reported in the last few years for

De-NOx photocatalysts.
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Figure S8. Concentration profile obtained during the photo-degradation of gaseous NO
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Highlights

+ ZnAlFe-CO; LHDs are effective UV-Vis light De-NOx
photocatalysts.

+ The AI** by Fe** ion replacement increases the surface area
and Vis light absorption.

+ The Fe centres decrease the e7/h* recombination
enhancing the ROS species production.

+ The observed De-NOy performance is remarkable.
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ABSTRACT

In this work the ability of ZnAlFe-COs layered double hydroxides
(LDHs) as highly efficient UV-Vis light photocatalysts for the
photochemical oxidation of NO gas was studied. LDHs with 3.5 to 4.1
M?2*/M>3* and 0.33 to 1.55 Fe/Al ratios were prepared by a coprecipitation
method. The samples were characterized by different techniques such as
XRD, XPS, FT-IR, ICP-MS, TG, SBET, SEM and Diffuse reflectance (DR). The
increased presence of the Fe3* ions gave rise to changes in the structure,
morphology and optical properties of the LDHs. The prepared ZnAlFe-CO3
systems exhibited increased surface area and enhanced visible-light
absorbance. The photochemical NO abatement resulted in outstanding
conversion efficiency (56%) and selectivity (93%) for the iron containing
samples, due to a decrease of the e/h* recombination, higher generation

of -0, and -OH radicals and their NO; adsorption ability.
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3.3.1. Introduction

The pollution in urban atmosphere is a major concern for modern
society being one of the most serious environmental problems. Among
the primary air pollutants, the presence of nitrogen oxides gases (NOx =
NO + NO,) is highly relevant because they cause several adverse and
harmful effects [1]. The transport sector contributes to about 30—-40% of
the emitted NOy, of which 80% comes from diesel-powered vehicles [2,3].
As the emissions from diesel cars worsen with age [4], and because of the
increase in road traffic,c the recommended maximum amount of
breathable NOx is still often exceeded, especially in large cities [5,6].

In recent years, with the aim to confront this environmental
problem, photocatalysis has been proposed as a viable technology to
remedy NOy pollution (De-NOy action) at ppb-ppm levels in surrounding
air [7]. Thus, photocatalytic De-NOx removal is carried out in the presence
of sunlight, atmospheric oxygen and water, all being abundant and
already present in working ambient [8,9]. The feasibility of this
remediation technology is demonstrated in many field tests [10,11] and
corroborated by a great variety of commercial products available on the
market, using TiO, as a photocatalyst due to its stable chemical
properties.

However, the large implementation of this promising air
purification technique requires tackling some of the drawbacks observed
for TiO,, such as its inability to exploit the visible light radiation, the low
De-NOy selectivity causing emissions of the higher toxic NO, molecules in
the atmosphere [12-14], and its potential toxicity when inhaled [15]. In
this sense, a large variety of semiconductor photocatalysts have been
proposed as an alternative to titanium dioxide, with Cugslno.2sZnS1.41 [16],

LaFeOs-SrTiO3 [17], p-g-C3N4 [18], C3N4/graphene-InVO, [19], Bi@Bi,0,Si03
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[20], BIiOCI [21], SrCOs-BiOl [22], Bi;M0Os [23], Bi/ZnWO4 [24], a-Fe,03
[25], WOs/ZnO [26], ZnO@SiO, [27]; Bi@Bi,GeOs [28], among the latest
advanced De-NOy compounds reported.

In this field of research we have just proposed the use of layered
double hydroxides (LDH) as promising De-NOy photocatalysts for the first
time [29]. LDHs are layered materials with the general formula
[M1"MM(OH)2** Xxa™ -mH20, where M(ll) and M(lII) are divalent and
trivalent cations and X is the interlayer anion. This structure is similar to
that of brucite, Mg(OH),, where a fraction of M (ll) ions is replaced by
M(lll) ones. The excess of positive charge in the layers is balanced by
intercalating anions and water molecules in the interlayer space. Metal
ions and interlayer anions may vary over a wide range, while a metal ratio
M(I1)/M(111) could be in the range 0.1 < x < 0.33 [30]. Recently, LDHs were
considered as novel photocatalysts in processes such as aerobic
degradation of pollutants [31], photocatalytic water splitting [32] and CO;
photoreduction [33]. The unique structure, uniform distribution of
different metal cations in the brucite layer, surface hydroxyl groups,
flexible tunability, a variety of intercalated anions in their interlayer
spaces, swelling properties, oxo-bridged linkage, high chemical stability
and easy preparation are some of the encouraging advantages of the use
of this group of materials as photocatalysts [34].

In the field of De-NOx photochemical processing, and considering
the high efficiency and selectivity of a Zn based photocatalyst [26,27], our
first approach in the use of LDH was related to the ZnAI-CO; system [29].
This photocatalyst, working under UV light, exhibited high NO removal
efficiencies and impressive selectivity to the De-NOyx process. However
new advances are necessary in the search of photocatalysts to be used in

applications for De-NOyx remediation of urban atmosphere, where the
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availability of UV light is sometimes limited due to the urban architecture,
geographical location and gloomy weather conditions [7]. Thus, the visible
light activation of a DeNOy photocatalyst is mandatory. To this aim, the
present work treats the effect that gradual Fe** for AI** replacement has
on improving LDH De-NOyx performance, i.e. on shifting their
photocatalytic activity to the visible range and the enhanced NO2
adsorption. Moreover, by using EPR and PL techniques, the enhanced
photocatalytic mechanism of NOx removal by using ZnAlFe-CO3; LDH was

explained.

3.3.2. Materials and methods

Zn(NOs)2-6H,0, Al(NO3)-9H,0 and Fe(NOs)-9H,O were purchased
from PanReac AppliChem. 5,5-dimethyl-l-pyrroline-N-oxide (DMPO) was
acquired from Sigma Aldrich. All the chemicals were at least 98-99% pure

and demineralized water was used in the experimental section.

3.3.2.1 Synthesis of LDHs

The coprecipitation method was used to synthetize ZnAlFe-LDHs
with different Fe/Al ratios. 100 mL of 0.015 M solution of Zn (NOs),-6H>0,
AI(NOs)-9H,0 and Fe(NOs)-9H20 (Zn/(Fe+Al) = 4; Fe/Al = 0, 0.3, 0.6, 0.9,
1.2, 1.5) was added drop-wise into 100 mL of 0.01 M Na,COs solution
under stirring at room temperature. The constant pH = 10 was kept by
dropping a 2.0 M NaOH solution during the coprecipitation reaction. The
slurry obtained was then stirred for 3 h, centrifuged, washed with distilled

water to be neutral (pH = 7.0), and dried in an oven at 60 °C. The LDHs
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prepared were labelled as ZAFO, ZAF0.3, ZAF0.6, ZAF0.9, ZAF1.2 and

ZAF1.5, the number denoting the initial Fe/Al ratio.

3.3.2.2. Characterization of the photocatalysts

X-ray diffraction (XRD) patterns of powdered samples were
collected on a Bruker D8 Discovery instrument using Cu Ka radiation (A
=1.5405 A) at the step size and step counting time of 0.02° (26) and 0.65 s,
respectively. Infrared spectra (IR) analyses from 450 to 4000 cm™ were
carried out on transmission mode in a FT-MIR Bruker Tensor 27 with a
resolution of 1 cm™. Nitrogen adsorption—desorption isotherms were
recorded at 77.4 k in an ASAP 2020 apparatus (Micromeritics). Prior to the
sorption measurements, samples were degassed at 105 °C under vacuum
for 3 h. Specific surface areas were estimated from the N; adsorption
isotherms, using the multipoint Brunauer—Emmett—Teller (BET) method
over the relative equilibrium pressure interval 0.05 < P/P, < 0.30. Scanning
electron microscopy (SEM) images were obtained with a Helios Nanolab
650 microscope. Analyses of chemical compositions of LDHs were
performed with induced coupled plasma mass spectroscopy (ICP-MS;
Perkin Elmer Nexion X) after dissolving the samples in 0.1 M HCl. The
water content of LDH was calculated from the thermogravimetric (TG)
analysis which was obtained by using a Mettler Toledo apparatus in air
atmosphere (flow: 100 mL min~!) at a heating rate of 10 °C min™?.

Diffuse reflectance (DR) spectra were collected from 200 to 800
nm in a Varian Cary 1E spectrophotometer, at a rate of 30 nm min™! and a
step of 0.5 nm. X-ray photoelectron spectra (XPS) were recorded using
non-monochromated MgK radiation (hv = 1253.6 eV) and a hemispherical

analyser operating at a constant pass energy of 29.35 eV (Physical
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Electronics PHI 5700 spectrometer): The X-ray generator operated at 15
kV and 300 W. The pressure in the analysis chamber was about 10-7 Pa.
Binding energies were corrected against those for C 1s peak of
adventitious carbon fixed at 284.8 eV. The XPS peaks were curve-fitted by
the software MultiPak version 9.3 using a convolution of independent
Gaussian and Lorentzian contributions (the so-called Voigt profile). The
steady-state photoluminescence (PL) emission spectra were collected on a
FLS920 Fluorimeter (Edinburgh Instrument Ltd, Livingston, UK). Electron
paramagnetic resonance (EPR) spectra were recorded in an EMXmicro
(Bruker) spectrometer at room temperature. LDH powder was dispersed
in a solution (water or methanol for detecting *OH or 0, respectively)
with 45 mM DMPO as the spin-trap agent and irradiated for 15 min with

artificial sunlight (Xe Lamp).

3.3.2.3. Photocatalytic activity tests

The experimental conditions to carry out the photocatalytic tests,
were based on ISO 22197-1, a method used to characterize the air
purification measurement. The performance of LDHs in photo-oxidizing
NO gas was assessed in a laminar flow reactor which contained a 50 x 50
mm sample holder. The reactor was placed inside a light sealed irradiation
box (Solarbox 3000e RH) equipped with a Xe lamp with controlled
irradiance. LDHs were irradiated with artificial sunlight (irradiances of 25
and 580 Wm™ for UV and visible light) using 500 mg of sample powder in
each test. Synthetic air and pure NO were mixed to create a simulated
polluted urban atmosphere of 150 ppb [35] and sent to the reactor (flow
rate gas = 0.30 | min™%). Air was previously passed through a gas-washing

bottle filled with demineralized water in order to maintain the relative
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humidity at 50 + 5%. The concentration of NO, NOx and NO; gases from
the reactor was continuously measured in a chemiluminescence analyzer
(model Environment AC32M). Before and after the irradiation period of
each test, the air/NO gas mixture was passed over the sample in the dark
for 15 min to discard the existence of NOx adsorption. Besides, there was
no NO photolysis when the photocatalytic test was carried out in the
absence of the sample. Each test was done three times in order to
calculate the average concentration values. The calculated standard
deviations were £ 0.3 ppb for NO concentration and + 1.0 ppb for NO, and
NOx concentrations. The photocatalytic activity of the samples was

studied regarding the following facets:

([NO]in_ [No]out) x

N0, 100 (1)

NO conversion (%) =

NOx|;,, — [NO
NOx conversion (%) = d x]”[qNO][ Xlout) x 100 (2)
in

Selectivity; S (%) = ([I(V[IOVxO]]m __ [gvooﬁ]oug)//[g\llvoof]in x 100 (3)
mn out mn

where [NOJin, [NOx]in and [NOJout, [NOx]out represent the measured inlet

and outlet concentrations, respectively, and [NOx] = [NO] + [NO,].
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3.3.3. Results and discussion

3.3.3.1. Phase and composition

The XRD patterns corresponding to the ZnAl-LDH and ZnAlFe-LDH
samples are shown in Fig. 1. All the recorded XRD patterns are
characteristic of layered double hydroxides, with higher intensity peaks (a
basal diffraction plane with its corresponding harmonics, (0 0 /) at 26
values below 30°, and with broader and lower intensity (h k /) peaks above
this value [36]. The basal spacing of around doos = 7.6 A obtained for all
samples indicates that the carbonate anion is situated in the interlayer of
LDH [37]. In comparison with the ZnAI-COs; LDH system previously
reported [29], the XRD reflection peaks in the ZnAlFe-LDH samples are
small and broad, suggesting that gradual substitution of AI** by Fe*
provokes a decrease in the size of the crystalline domains of the samples.
XRD patterns also show that the replacement of APP* for Fe* ions in the
samples provokes a slight shift of the 0 0 | reflections towards higher two
theta degrees, thus indicating that the value of the lattice parameter c
decreases (Table S1). This presence of Fe* increases the effective layer
charge and thus increases the attraction between positive layers and
interlayer anions. Moreover, the slightly larger ionic radius of Fe3* (0.69 A)
with respect to AIF* (0.67 A) causes a slight increase in the lattice
parameter a.

In Fig. 1, it is observed that XRD patterns of the ZnAlFe-LDH
samples are similar in the 0.33-1.22 Fe/Al ratio range, confirming the
crystallization of only a pure LDH phase. However, when increasing this
ratio to 1.55 significant changes are observed in the XRD pattern of the
ZAF1.5 sample (Fig. 1). Now a new low intensity reflection appears at

around 17 two-tetha degrees and the (0 1 2) plane becomes higher in
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intensity and slightly shifts two-theta degrees higher. Both reflections
could be tentatively assigned to the presence of the Fe,CO3(OH), phase
(ICDD card n° 01-076-6357) [38]. Figure S1 (in Supplementary
Information) comparatively shows the C 1s, O 1s, Fe 2p, and Zn LMM
normalized XPS spectra of the ZAF1.2 and ZAF1.5 samples. In addition to
the peak of adventitious C (284.8 eV), the intensity of the peak at 289 eV
associated with COs*(OH") [39] is higher for the sample ZAF1.5, which
corroborates that by XRD. All the rest of the samples showed a peak at
289 eV with an intensity similar to that shown for sample ZAF1.2 (Fig. S1).
0O1s peak at 531.4 eV was attributed to COs* and OH [39-41]. Figure S1
also shows the pattern of the Zn LMM Auger bands, with the main peak at
around 988 eV kinetic energy (498 eV binding energy) corresponding to
the Zns(CO3%)2(OH)s [39]. As shown by the pattern of the Al 2p (not
shown) and Fe 3p regions and their binding energies (Fig. S1), the

oxidation states were AI**and Fe3*, respectively.
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Fig. 1. XRD patterns for the ZnAl-LDH and ZnAlFe-LDH samples (*: Fe,CO3(OH),).
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The Fourier Transform Infrared (FT-IR) spectra of the samples
ZAFO and ZAF0.6, by way of example, is included in Fig. S2 and is
characteristic of LDH compounds [36]. The most representative features
are: a broad band around 3500 cm™ corresponding to the hydroxyl groups
vibrations, a band at 1634 cm™ due to the bending mode of water
molecules and the splited band around 1400 cm™ (at 1366 cm™ and 1507
cm™) of the carbonate v; antisymmetric vibration mode. This splitting is a
consequence of the symmetry lowering from Ds, to C, for the free
carbonate and the interlayered LDH carbonate, respectively, due to its
interaction with the OH™ groups and H,O molecules. This splitting is more
pronounced for ZnAlFe LDH phases [36] which confirms the Fe presence in
LDH brucite-layers (Fig. S2). The decrease of symmetry, also gives rise to
the activation of carbonate vi mode, infrared inactive in the free
carbonate, with the corresponding band around 1075 cm™, together with
the bending vibrations of OH groups in the 850-1000 cm™ range.
However, this range of IR spectrum is more complex because the
carbonate bands could be overlapped with OH groups and metal-oxygen
vibrational bands, as is the case in the ZAF sample [36,42,43].

Table 1 shows the data corresponding to the chemical analysis of
the pure LDH samples. In the case of the ZAFO, the Zn/Al molar ratio is
similar to that of the starting solution used to prepare the LDH material.
However, as the amount of iron increases, the Zn%* /M3 molar ratio
decreases, indicating the difficulty to preserve the M?*/M3* ratio constant
during the building of the LDH framework. The Zn/(Al + Fe) atomic ratio,
together with the number of water molecules (those calculated from the
first weight loss in the TG curve), were used to propose the chemical

formulae of the samples. It was assumed that the carbonate anions
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compensate all positive charge caused by the presence of M3* ions in the

layers.

Table 1. Chemical and physical properties for the pure LDH samples: metal content and

ratio; proposed formulae; BET surface and band gap energy value.

% Atomic Atomic ratio Proposed Formula Seer Band

Sample Zn Al Fe Zn/Al+Fe Fe/Al (m?g gap
(eV)

ZAFO 63.16 1534 -- 4.11 - [Znos1Alo.1s (OH)2](CO3)o.1-0.67H20 57.9 3.52

ZAF0.3 63.62 12.49 39 3.88 0.31 [Zno.soAlo.1sFeo.05(OH)2](CO3)0.1-0.48H,0  63.5 3.21
ZAF0.6 63.62 10.30 6.51 3.78 0.63 [Zno.79Al0.13Fe0.08(0OH)2](CO3)0.11.0.50H.0 72.6 3.13
ZAF0.9 61.02 8.96 8.34 3.53 0.93 [Zno.78Alo.11F€0.10(0H)2](CO3)0.11.0.62H,0  79.3 2.84
ZAF1.2 62.25 7.74 9.47 3.61 1.22 [Zno.78Alo.10Fe0.12(OH)2](CO3)0.11.0.68H,0 87.8 2.62

3.3.3.2. Morphology and porous structure of photocatalysts

The method of synthesis here used involves obtaining poorly
crystalline samples. Thus for the ZAFO sample, without iron, the typical
hexagonal sheet-like structure expected for ZnAl-COs3 LDHs was not
completely formed, and the particles appear as rounded pseudo
hexagonal sheets, as observed in the SEM images shown in Fig. 2. The
crystallization becomes poorer with the presence and increase of the
amount of iron in the chemical formulae, the sheets being mixed with
aggregates of smaller amorphous particles. In the same way, the presence
of iron seems to restrain the pillaring of LDH. In fact, the thickness of the
platelets clearly decreases from 34 nm for the ZAFO to 13 nm observed for

the ZAF0.9 and ZAF1.2 samples, Fig. S3.

258



Capitulo 3. Resultados y discusion

Fig. 2. SEM images for the ZnAl-LDH and ZnAlFe-LDH samples.

Subsequently, the surface area and porous structure were
elucidated from the corresponding N, adsorption-desorption isotherm of
the different samples, Fig. 3. The isotherm shape which corresponds to a
type Il, according to IUPAC classification [44] and characteristic of the
adsorption on macro and non-porous materials, is similar to that reported
for ZnAl LDHs [29,45]. At high relative pressure, P/Po > 0.85, the isotherms
exhibit a H1 hysteresis loop, suggesting the presence of mesopores. The
H1 loop is characteristic of agglomerates arranged in a fairly uniform way,

indicating relatively high pore size uniformity and facile pore connectivity
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[45]. In fact, a slight broadening of the hysteresis loop occurs when the
amount of Fe in the LDH samples is increased, in agreement with the non-
uniform particle size distribution observed by SEM. Specific surface areas
determined by BET method are given in Table 1 and were higher for Fe
substituted samples, increasing with the iron content, which is in
agreement with their lower crystallinity, as was confirmed by XRD (Fig. 1)

and SEM characterization (Fig. 2).

280l ZAFO 280l ZAF0.3
240+ 240+
200+ 200+
160 - 160}
120+ 120+
80+ 80+
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02

Volume / cm?’g'1

0 .
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8 1,0
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Fig. 3. N, adsorption-desorption isotherms for the ZnAl-LDH and ZnAlFe-LDH samples.
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3.3.3.3. Optical properties

The corresponding UV-Vis spectra of the samples are shown in
Fig. 4a. The absorption spectrum obtained for the ZAFO sample is as
expected for Zn-Al LHDs [46,47]. As AP**ions are replaced by Fe¥, the
absorbance increases and new bands characteristics of Zn-Fe LDHs appear
at 280, 414 and 480 nm, assigned to ligand-to-metal charge transfer (O —
Fe) for Fe3* species octahedrally coordinated within the brucite-like sheets
[48-51]. The incorporation of iron ions in the LDH structure results in the
enhancement of the visible light absorption, in agreement with the

appearance of a reddish colour in the samples (Fig. S4).
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Fig. 4. The UV-Vis absorption spectra (a) and the Kubelka-Munk transformed

reflectance spectra (b) for ZnAl-LDH and ZnAlFe-LDH samples.
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The acquired diffused reflectance spectra were converted to the
Kubelka-Munk function [F(R-)hv]?> with the objective to determine the
value of the optical band gap (Eg). The band gap energies of the samples
are estimated from the tangent lines in the plots of the modified Kubelka—
Munk function vs. the energy of exciting light [47], as shown in Fig. 4b.
The calculated band-gap energy for the ZAFO was 3.52 eV (Table 1), this
value decreasing as the iron content increased in the LDH compound.
Thus for the ZAF1.2 sample, those with the higher content in Fe, a value of
2.62 eV is measured, similar to that previously reported for Zn-Fe LDHs

materials [37,39].

3.3.3.4. Photocatalytic NO removal

The photochemical abatement of NO gas using ZnAlFe-LDH
photocatalysts was studied. As previously reported by our group, ZnAl-
LDHs are able to activate the complete oxidation of NO molecules to
nitrate species under sunlight irradiation [29]. Thus, once the LDH
particles absorb light, an electron transfer from the valence band (VB) to
the conduction band (CB) occurs. The pairs of mobile charges (e” and h*)
reaching the surface of the semiconductor particles [45,49] produce, as
we will discuss later, reactive oxygen species (ROS) from the adsorbed
water molecules, initiating the progressive oxidation of NO gas
[7,25,52,53]. The occurrence of this NO photochemical removal process is
simply confirmed through the observation of the evolution of the nitrogen
oxide gases concentration recorded for the ZnAl-LDH and ZnAlFe-LDH
samples as a function of sunlight irradiation time, Fig. 5a. In the absence

of light for the first 15 min, the inlet NO concentration remained constant
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indicating no physico-chemical interaction with the photocatalyst.
However, a sudden decrease of NO concentration occurred just when the
lamp was turned on. Under light irradiation, the NO removal rapidly
increased on time (60 min) and reached a constant value, indicating the
achievement of a stable photo-oxidation activity. The photochemical
process stopped when illumination was shut down. Interesting differences
were found for the NO abatement ability measured in the ZnAl-LDH and
ZnAlFe-LDH samples. The presence of Fe in the LDH compound enhanced
the NO abatement in 4-11%. The increased efficiency observed for the
enriched iron samples is related with their higher surface area, which
facilitates the contact between the reactant molecules and the metallic
photo-active centres. Morevover, the amount of Fe3* present in the LDH
sample is highly relevant to the photochemical activity measured under
only visible light (A > 510 nm), Fig. 5b, in correlation with the changes in
the band gap values measured (Table 1). Subsequently, a minor amount
of NO molecules (10-17 ppbs) are removed from the reaction chamber,
which is reasonable considering that the presence of Fe is 7 to 15 times
lower than that of Zn in the LDH formulae. Interestingly, in spite of the
minor presence of Fe, the efficiency in the NO abatement clearly increases
with the content of iron. This is indicative that, under visible light, the iron
centres are responsible for the light absorption and the photochemical
oxidation process. In fact, in the absence of iron (ZAFO sample), the NO
abatement was not detected (Fig. 5b). Therefore, the replacement of AI**

by Fe3* ions converts the LDH into a De-NOy visible light photocatalyst.
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Apart from the enhanced NO removal, the ZnAlFe-LDH samples
are of interest because of their higher De-NOy selectivity values. During
the NO photochemical oxidation, the NO, gas appears as an intermediate,
undesired specie because it is much more dangerous than NO [12]. The
De-NOy selectivity term [54], S, defines the ratio of degraded NO that is
ultimately converted into harmless nitrate rather than into toxic nitrogen
dioxide. In Fig. 5c, it can be observed that the amount of NO; raised
molecules when using ZnAlFe-LDH photocatalysts, is nearly half that
obtained by using ZnAl-LDH. As previously reported by our group [29], in
similarity to ZnO systems [27,55], the ZnAl-LDH exhibits outstanding De-
NOx selectivity due to the sensitivity to NO; gas. Thus, the preliminary NO,
adsorption studies carried out on the ZAFO and ZAF0.3 samples in the
dark, Fig. S5, show that lower concentration values for NO, are measured
during the first 30 min, in comparison to that of a blank test (without the
presence of a catalyst) in which the gas concentration remained constant.
This is indicative that, during the De-NOy process, the NO, gas molecules
are probably being adsorbed on the surface of LDHs, facilitating their
oxidation to nitrate before being released into the atmosphere. In Fig. S5,
both samples ZAFO and ZAFO0.3 exhibited a similar NO, gas adsorption
profile in agreement with their similar values of Zn content and specific
surface area. However, the release of NO; is doubled when the De-NOy
reaction is performed with the ZAFO sample, Fig. 5c. This would be
indicative that physical as well as electronic govern the photochemical
oxidation, as discussed below.

For practical considerations, Fig. 6a shows the NO and NOx
conversion and the S values measured from De-NOx tests performed on
phototacalysts and compared with those for Aeroxide® TiO, P25 (Evonik),

a material broadly used worldwide as a reference in photocatalytic De-
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NOx processes. The photocatalyst reusability is represented in Fig. 6b. Due
to their excellent S values around 92%, the ZnAlFe-LDH photocatalysts
possess a higher ability to remove the NOx oxides with an efficiency of
about 30%, higher than that of the non-substituted ZnAI-LDH. These
values are in line with the NO conversion (45—-70%) and selectivity (84—
98%) values recently reported for De-NOy photocatalysts [13,21,23,27,56—
58]. The measured values stand out from that of the TiO, P25 benchmark
product, obtained under identical experimental conditions. As inferred
from the nitrogen oxides concentration profiles obtained during the
photo-degradation of gaseous NO on TiO, P25, Fig. S6a, this photocatalyst
exhibited poor ability to avoid the release of NO; gas during the
photochemical test [59]. The TiO, P25 did not show sensitivity to adsorb
NO; gas [27], which would imply that the newly formed NO, molecules are
released into the atmosphere before being oxidized. Therefore, its low
De-NOx selectivity (40%) is detrimental for favourable NOyx removal
efficiency. Moreover, no photochemical activity was measured for TiO;
P25 under visible light irradiation, Fig. S6b. Fig. 6b shows the diurnal
mean values of NO concentration, reaching its maximum level (=180 ppb)
between 6.00 and 12.00 in the morning, measured at an urban roadside in
a highly populated city [35]. It is of interest to know how the ZnAlFe-LDH
could serve to abate this main NOx peak concentration level. Thus, the
ZAF1.2 sample was subjected to three consecutive NO photocatalytic
removal experiments run in periods of 6 h wunder similar NO
concentrations (NO inlet concentration of 150 ppb). The data collected
(Fig. 6b) suggest that half of the pollution peak is abated, decreasing the
photocatalytic efficiency by around 6% in the first three cycles due to the
deposition of the nitrite/nitrate species during the photochemical

oxidation process [27,29]. With the aim of eliminating these species, the
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sample was washed with milli-Q water (filtered, collected and dried) after
the third run. Subsequently, the efficiency was recovered in the next two
runs (1% and 2™ after washing) indicating good regeneration and
reusability for this type of photocatalyst. Therefore, the ZnAlFe-LDH can
be considered as a useful photocatalyst in the abatement of the NO urban

pollution.
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Fig. 6. (a) NO conversion, NOx conversion and Selectivity values (%) for the ZnAl-LDH,
ZnAlFe-LDH and TiO»-P25 samples. (b) The diurnal distribution pattern of NO gas at urban
roadsides and the NO concentration profile obtained for the ZAF1.2 sample (o) at different
runs during 6 h of light irradiation. The sample was washed and dried after the 3" run.
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3.3.3.5. Charge separation and oxidation mechanism

Recently, our research group reported on the ability of ZnAl-LDH
to photochemically remove the NOx from air by its conversion into nitrate
ions [29]. In the presence of oxygen and water molecules, the
photocatalytic oxidation mechanism is briefly summarized in the NO —
HNO,; — NO; — NOs sequential steps [29], assisting the reactive oxygen
species (ROS), hydroxyl and/or superoxide radicals, as strong oxidants.
The efficiency and active species involved in this mechanism when using
the ZnAlFe-LDH photocatalyst are studied.

Photoluminescence (PL) spectroscopy is commonly used to study
the photocharge generation, transfer and separation efficiency of
photocatalysts, including LDH compounds [60]. Fig. 7a shows the PL signal
corresponding to the ZnAI-LDH [61] and ZnAlFe-LDH photocatalysts.
Under appropriate light illumination, the electrons in the valence band of
ZnAl-LDH are promoted to the conduction band, leaving a hole in the
valence band. The electrons in the conduction band are taken up by the Al
atoms while the surface OH groups accept the photogenerated holes,
which minimizes the e /h* recombination. These photogenerated charges
initiate the formation of radical reactive species [62—64]. The high PL
intensity measured for the non-substituted ZnAl-LDH is indicative of the
high radiative recombination rate of the electrons and holes in the
semiconductor, which competes with the reaction of the photogenerated
charges with oxygen and water molecules to form the reactive oxygen
species [19]. However, the PL signal is strongly attenuated by the
presence of the iron centres in all the ZnAlFe-LDH samples. This behaviour
clearly indicates that a new deactivation pathway for the photocharges is

now available due to the presence of the iron centres. It is well-known
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that iron doping introduces energy levels into the band gap of the ZnAl-
LDH semiconductor which may act as electron scavengers [46]. Moreover,
the MMCT (metal to metal charge transfer) electron transition through
the oxo-bridged binuclear M"-0-M" linkages constructed in LDHs has
been previously reported for catalysts absorbing visible light [64—66]. In a
similar way, the absence of any PL signal in the ZnAlFe-LDH samples could
reveal that the photogenerated charge is mainly transferred from the zinc
to the iron centres even at low percentages of this metal. The MMCT
electron transition will result in the production of superoxide anion
radical, which is one of the main oxidative species in the NO — NOs
process. This effect should produce an enhancement of the catalytic
reaction rates, which is in agreement with the enhanced performance
commented above.

On the other hand, to shed light on the reactive species evolved in
the photochemical reaction over the ZnAl-LDH and ZnAlFe-LDH samples,
EPR measurements were conducted using DMPO as the spin trapping
agent under sunlight excitation, Fig. 7b and c. No signal was detected
when the photocatalyst suspension was in the dark. The strong
characteristic signals of :O,” were detected in a methanolic dispersion of
the ZnAl-LDH and ZnAlFe-LDH samples (Fig. 7b), whereas peaks of :OH
where observed in the corresponding aqueous dispersion (Fig. 7c). The
high intensity of both signals is indicative of the important role played by
these radical species in the photocatalytic NO oxidation. The four
characteristic peaks for the DMPO--0, adduct were observed in the case
of the ZnAl-LDH sample [67]. The presence of Fe3* ions induces changes in
the shape, and a sextet peaks appear in the signal measured for the
ZnAlFe-LDH samples, resembling those observed for Zn-Fe based

compounds [68,69].
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The intensity of the signal increases with the Fe content (Fig S7).
In agreement with the commented MMCT transition mechanism, ZnAlFe-
LDH samples displayed much stronger -0, signals indicating that more
radicals are produced by Fe substitution. For all the samples, the signal of
DMPO--OH adduct was constituted by quartet peaks featuring a 1:2:2:1
intensity ratio. The results commented above confirm the generation of
reactive species and their involvement in NO and NO, photochemical

oxidation, this being enhanced for the ZnAlFe-LDH photocatalyst.

3.3.4. Conclusions

ZnAlFe-CO3® LHDs were studied as UV-Vis light photocatalysts for
the photochemical oxidation of NO gas. The LHDs were prepared by the
coprecipitation method, the Al**ion being gradually replaced by Fe**in the
0.33 to 1.55 Fe/Al ratio range. All the samples crystallized as pure LDH
phase except Fe/Al = 1.55. The increased presence of Fe* ions caused
different structural and morphological effects. As the iron content
increased, the M?*/M?3* ratio and the c lattice parameter decreased.
Moreover, those samples enriched in iron exhibited the poorest
crystallized particles. Consequently, the specific surface area resulted
higher for the samples containing iron, and values ranging from 58 to 88
m2g! were determined for the ZAFO and ZAF1.2 samples, respectively.
Concerning the optical properties, the incorporation of iron ions in the
LDH structure resulted in the enhancement of the visible light absorption.

The ZnAlFe-LDH photocatalysts were able to activate the
photochemical oxidation of NO molecules under UV-Vis irradiation. The
photochemical abatement of NO gas is 4%—-11%, increasing with the

presence of Fe in the LDH compound. This enhanced photochemical
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efficiency is related to their higher surface area and the better sunlight
harvesting, as the iron centres are responsible for the visible light
catalysis. The LDHs samples exhibited ability to adsorb NO, gas molecules
explaining the outstanding De-NOy selectivity values measured (=92%), S
being higher for the iron containing samples. Moreover, the studied
photocatalysts are reusable, maintaining good NO removal for an
extended period. PL and EPR measurements also served to understand
how the electronic properties also assist to the high efficiency found in
the removal of NOx gases. The high radiative recombination rate of the
photocharges observed for the non-substituted ZnAI-LDH clearly
decreased in iron containing samples, indicating that the presence of the
iron centres in the LDH framework must promote a new deactivation
pathway for the photocharges. The EPR measurements confirmed the
participation of the -0, and -OH reactive species in the photochemical
processes involving in the ZnAl-LDH and ZnAlFe-LDH samples. The decay
of the PL signal together with the stronger -0, signal observed with the
increase of iron content in ZnAlFe-LDH samples suggests a MMCT electron
transition through the oxo-bridged M"-0-M" linkages in the LDH
framework.

In summary, the Fe®* substitution on the ZnAl-LDH induced
changes in the physical and electronic properties producing an
enhancement of the accessibility to the reactant molecules, of the light
harvesting, of the reaction rates and the availability of the reactive
species, all of them increasing the efficiency and selectivity of NO

photochemical abatement.
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Appendix Ill: Supplementary Information

The

Table S1. Cell parameters for the LDH samples.

Sample Lattice parameters (A)
doos® a c
ZAFO 7,54 3,08 22,63
ZAF0.3 7,44 3,08 22,33
ZAF0.6 7,54 3,09 22,63
ZAF0.9 7,51 3,10 22,54
ZAF1.2 7,44 3,11 22,34

(a)

unit cell

parameters were calculated as

Calculated form XRD patterns

reported for LDH

compounds by K. parida et al. in J. Phys. Chem. C 116 (2012) 22417-
22424. The standard deviation in the calculated values was + 1073
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Figure S1. XPS spectra obtained from the ZAF1.2 and ZAF1.5 samples surface: C
1s, O 1s, Fe 2p and Zn LMM regions.
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Figure S2. FT-IR spectra obtained for the ZAFO and ZAF0.6 samples.
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Figure S3. SEM images of the ZAFO and ZAF1.2 samples.
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Increasing Fe3* content

——
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Figure S4. Images of the ZAF sample powders.
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Figure S5. NO2 concentration profiles obtained in dark condition for the ZAFO and
ZAF0.3 samples. The red line marks the NO: inlet concentration.
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Figure S6. (a) Nitrogen oxides concentration profiles obtained during the
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photocatalyst. (b) Concentration profiles obtained for TiO2-P25 photocatalyst
during the photochemical degradation of gaseous NO under Vis light irradiation (A
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Figure S7. (a) DMPO spin-trapping EPR spectra of the ZnAlFe-LDH samples under
UV-Vis light irradiation in a methanol solution for «02".
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Highlights

+ LDH nanosheets are synthesized in large scale by a simple
AMOST method.

« AMO-LDHs show impressive specific surface area values
(up to 492 ng_lj.

« TiO, P25 De-NOx performance is surpassed by AMO-
LDHs in 29 %.

+ AMO-LDHs show an outstanding DeNO, selectivity.

» AMO-LDH photocatalysts are highly reusable.
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ABSTRACT

New efficient photocatalysts are required to remediate polluted
urban atmospheres. We prepared a series of highly dispersed aqueous
miscible organic (AMO) solvent treated NiTi layered double hydroxide
(NixTi-AMO-LDHs (x = 2,3)) and studied their performance in the
photocatalytic abatement of NOy gases. These photocatalysts can be
prepared by a simple and scalable coprecipitation method at room
temperature. NixTi-AMO-LDHs (x = 2,3) have been prepared with specific
N, BET surface areas and pore volumes up to to 492 m?gtand 1.37 cm3 g~
! respectively. Under sunlight simulation, the De-NO, performance of the
conventional LDH and P25 (TiO,) benchmarks were surpassed by 40% and
17% respectively by the NixTi-AMO-LDHs. The NiTi-AMO-LDHs
photocatalyst also exhibited outstanding reusability and unusually low
release of the toxic NO,. The selectivity for the De-NOx process was
investigated by in situ DRIFT measurements, the high surface area and
pore volume was observed to play a significant role on the adsorption of
the NO, and N,Os intermediates. The 2D character of the AMO-LDHs
contributed to an enhancement in the production of radical species under

illumination and reduction charge carrier recombination.
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3.4.1. Introduction

Air quality in urban environments is one of the main issues
marking current affairs and government policies [1,2]. The greater
industrialization together with road traffic emissions are causing an
increase in pollution in large cities despite the legislative measures taken
[3,4]. Among the existing urban air pollutant gases, the presence of
nitrogen oxides (NOx = NO + NO,) is of great concern because of their high
toxicity and their adverse effects on the environment such as acid rain,
tropospheric ozone and particulate matter formation [5,6]. Moreover,
their presence in the urban atmosphere causes thousands of early deaths
worldwide [7].

In recent years, photocatalysis has been shown to be a promising
process to remove NOy directly from the air (De-NOy process) [8,9]. In
contrast to the traditional catalytic reduction technologies which need
high temperatures to obtain a correct De-NOy efficacy, photocatalysis
works under mild conditions (room temperature and ambient pressure)
by using abundant and natural resources in the air: oxygen, water and
sunlight irradiation [10]. This alternative strategy has already been applied
in field trials using materials available in the commercial sector,
demonstrating a potential real life application [11-13]. Commercial
materials typically contain TiO, as a photocatalyst additive since it
possesses chemical stability and a high band gap value (3.0 — 3.2 eV).
Nevertheless, TiO; is also reported to exhibit some drawbacks such as the
negligible absorption in the visible spectrum [14], poor De-NOy selectivity
(i.e. NO oxidation towards highly toxic NO,) [15,16] or even hazardous
when the powder is inhaled [17]. Therefore, research has been carried out
to design alternative photocatalysts to TiO,. Several interesting alternative

De-NOy advanced photocatalysts have been proposed lately, such as a-
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Fe;03 [18], g-C3N4 [19], Fes0s/mpg-CsNa (mpg: mesoporous graphitic) [20],
BaW0a4/g-CsNs [21], Cuooslno2sZnSia1 [22], LaFeOs-SrTiOs [23], FeOOH-
Carbon quantum dots [24], WOs3/ZnO [25], ZnO@SiO, [26], Bi/Bi,0,-xCO3
[27], Au/La-BisO5I [28], BiSbO4 [29] and Bi,MoOs [30], between others.

Herein we have developed a novel approach to using a family of
layered double hydroxides (LDHs) as efficient De-NO photocatalysts,
working under UV light [31] or even visible light [32,33]. LDHs adopt a
brucite-like structure, whose general formula may be expressed as
[(Mf:(M’f(’Jr(OH)Z)]W+(A"_)W/n-mH20], where z is typically 2 and y can be 3
or 4, A is an n-valent anionic moiety, either organic or inorganic [34].
Among the wide variety of research fields using LDHs, photo-induced
applications have been highlighted in the recent years owing to the LDH’s
unique properties such as easy composition variation, synthesis simplicity,
uniform distribution of metal cations in the layers and oxo-bridged
linkages [35]. As a result, pollutant removal [36], photodetection [37], N2
fixation [38], CO, photoreduction and water splitting [39] have been
reported.

Nevertheless, due to their intrinsic hydrophilicity, bulk LDHs
prepared using traditional methods undergo extensive layer stacking
resulting in stone-like particle aggregates of low surface area and pore
volume [40]. This gives rise to a loss of the essential sites for
heterogeneous photocatalytic reactions. In order to tackle this issue, bulk
preparation of LDHs with particles constituted by only one monolayer or a
few layers — 2D-LDHs — can be performed by LDH delamination (Top-Down
Method) or from direct synthesis with controlled nucleation (Down-Top
Method) [41]. However, the most efficient reported methods at room
temperature often require aggressive and hazardous solvents (e.g.

formamide), are time consuming (e.g. pre-intercalation of a suitable
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anion) and offer very low yields that prevent recovery of significant
amount of LDH [41]. Therefore, it is desirable the preparation of 2D-LDHs
with a satisfactory combination of mass production ability, high yield, high
quality and low costs.

In order to produce large amounts of 2D-LDH samples in a much
simpler way, O’Hare and co-workers devised a novel method, Aqueous
Miscible Organic Solvent Treatment (AMOST) [42]. The so-formed LDH
wet cake is water washed and then redispersed in an aqueous miscible
organic solvent prior to the drying step, leading to so called AMO-LDHs
that exhibit high dispersion and large pore volumes [40,43]. Thanks to its
increased specific surface area, AMO-LDHs have been utilised as catalyst
supports [44], catalyst precursors [45], flame retardant additives [46], for
CO; capture [47] and for the thermochemical conversion of glucose to
fructose [48]. However, the use of the pristine AMO product as a
photocatalyst remains unexplored. Of importance, when compared to
several methods reported to prepare 2D photocatalysts, AMOST
procedure does not use toxic dispersants. As most of them usually contain
nitrogen in their formula, the emission of NOyx gases during the
photocatalysis occurs (the contrary to the desired De-NOy process).

In this work, for the first time, we have successfully implemented
the AMOST prepared 2D-LDH for its use as photocatalysts. Herein, we
have studied the use of NikTi-AMO-LDHs as a photocatalyst for air
purification, focusing the study on the removal of NOy gases from air. We
have prepared both conventional Ni(ll)/Ti(IV)-LDHs and Ni(ll)/Ti(IV)-AMO-
LDHs containing COs*™ as the interlayer anion (Scheme S1). There are
relatively few reports of convenient and scalable methods to synthesise
pure Ni,Ti LDH nanosheets (Table S1). The physicochemical properties and

the photocatalytic performance of the synthesised NixTi LDHs were
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characterised and discussed based on parameters influencing the AMOST
(i.e. metal ratio, redispersion time and temperature). We found the
AMOST process increased the LDH nanosheets dispersion and the specific
surface area up an unprecedented value of 492 m? g! (Table S1). Of
importance, the 2D character of samples helps to mitigate the

electron/hole recombination favouring the production of radical species.

3.4.2. Materials and methods

3.4.2.1 Chemicals

Ni(NOs);-6H,0, titanium isopropoxide (named as TiO'Pr4), Na,COs,
NaOH, HCI, Ethanol (EtOH) and 5,5-dimethyl-l-pyrroline-N-oxide (DMPOQ)
were purchased from Sigma Aldrich. Methanol was purchased from

PanReac AppliChem.

3.4.2.2 Photocatalysts preparation

3.4.2.2.1. Synthesis of conventional NixTi-LDHs (x = 2, 3).

An adapted method was followed to synthesise conventional
NixTi-LDHs (i.e. water-treated LDHs, named as LDH-W) using the
coprecipitation method [42]. 25 mmol of TiO'Pr, were slowly added
dropwise into a 3-neck round-bottom flask containing 100 mmol of
concentrated HCl under N, atmosphere. The yellowish solution thus
obtained was added into a 75 mmol of Ni(NOs), aqueous solution to get a
metal source with Ni:Ti = 3:1. Next, the metal source was dropped into a
Na,COs aqueous solution (25 mmol) while stirring for 1 hour. During the

reaction, a pH = 10 value was accurately maintained by using NaOH 4M
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added from an auto-titrator (Syrris, Atlas Syringe Pump). Subsequently,
the mixture was stirred at room temperature for 16 h, filtered and
washed with deionised water until pH = 7. Finally, the NisTi-W sample was
obtained after drying the product at 30 °C in a vacuum oven overnight
(Scheme S1). Around 8 g of green solid sample, NisTi-LDH-W, was
obtained (yield ~ 68%). A similar procedure was carried out to produce
Ni,Ti-W by using HCI (133.32 mmol), TiO'Pr, (33.33 mmol), Ni(NOs), (66.66
mmol) and Na,C0Os (33.33 mmol).

3.4.2.2.2. Synthesis of NixTi-AMO-LDHs (x = 2, 3).

For the AMO-LDH samples, the synthesis protocol is modified
after the aging stage. Following a modified published procedure [43], the
collected LDH product is washed with demineralised water and
subsequently with 500 mL of ethanol (Scheme S1). The obtained wet solid
was dispersed in ethanol (300 mL) and stirred at room temperature for 4
h. Finally, the LDH was filtered, washed with 200 mL of ethanol and dried
in @ vacuum oven at 30 °C overnight. These AMO-LDH samples were
labelled as NisTi-E4 (Ni:Ti = 3:1) and Ni,Ti-E4 (Ni:Ti = 2:1), where E refers to

the solvent (ethanol) and 4 refers to the redispersion time (4 h).

3.4.2.2.3. Variation the AMOST parameters

The redispersion time effect was studied over the samples with
Ni:Ti = 3:1. Four additional AMO-LDH samples were synthesised for which
the following redispersion times in ethanol were applied: 2, 6, 24 and 48
h. The samples were labelled as NisTi-E2, NisTi-E6, NisTi-E24 and Ni;Ti-E48,

respectively. Moreover, the temperature during the redispersion step was
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studied using the sample NisTi-E6 at 0 °C (NisTi-E6-0) or 50 °C (NisTi-E6-
50).

3.4.2.3. Characterization of the photocatalysts

The obtained samples were characterized using the following
techniques: X-ray diffraction (XRD), X-ray photoelectron spectra (XPS),
Infrared (FT-IR) and UV-Vis spectroscopy; Nitrogen adsorption—desorption
isotherms; Transmission electron microscopy (TEM); ICP mass
spectrometry, Thermogravimetric analysis coupled with mass
spectrometry (TGA-MS); Time-Resolved Photoluminescence (TRPL);
Electron paramagnetic resonance (EPR).

A detailed information is provided in “Electronic Supplementary

Information” (SI).

3.3.2.4. Photocatalytic activity evaluation

The ISO 22197-1 method (utilised to characterise the air
purification measurement) was applied to perform the NO gas abatement
photocatalytic tests. The capability of the photocatalysts to induce NO
photo-oxidation was assessed in a laminar flow reactor containing a 50x50
mm quartz sample holder with 300 mg of powdered sample. The reactor
was placed inside a light sealed irradiation box (Solarbox 3000e RH with
Xe lamp and controlled irradiance). Samples were irradiated during the
tests with artificial sunlight (irradiances of 25 and 580 W m™2 for UV and
visible light, respectively). For each test, a flow consisted of zero air and
NO (NO concentration = 500 ppb; flow rate gas = 0.37 L min™) was
continuously sent to the photoreactor. The relative humidity was set to 50

+ 5% by passing the air flow through a gas-washing bottle filled with
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demineralised water. A chemiluminescence analyser (Environment
AC32M) measured the concentration of NO, NOx and NO; gases from the
reactor. Before the irradiation period, adsorption—-desorption equilibrium
among photocatalysts was achieved upon passing the air/NO flow in the
dark for 10 minutes. A photocatalytic test blank (without sample) was
carried to discard NO photolysis. Tests were repeated three times and the
average concentration values were calculated. The obtained standard
deviations were £ 0.3 ppb for NO concentration and + 1.0 ppb for NO; and
NOy concentrations. The photocatalytic performance of the samples was

studied regarding the NO, NOx and S indexes (SI).

3.4.3. Results and discussion

3.4.3.1. Composition and structure

Fig. 1A and Fig. S1 show the X-ray diffraction (XRD) patterns for
the synthesised NixTi-CO; LDH samples. The XRD data exhibit the
characteristic Bragg diffraction from an LDH with R3m rhombohedral
symmetry (JCPDS 15-0087). Specifically, the Bragg reflections at 26 ~ 11°
and 23° correspond to the (003) and (006) basal planes respectively, while
the rest of the Bragg peaks belongs to (012), (015), (018), (110) and (113)
planes [49]. The basal spacing doos was calculated to be 7.9 A for the Ni,Ti-
W samples (Table 1), very similar to those reported for NixTi LDHs [50,51].
This value is consistent with the presence of COs% as interlayer anion.

The Bragg reflections are almost unaltered after the AMOST
(NixTi-E samples, Fig. 1A), indicating that the LDH structure is preserved
[52]. Based on previous reports, the AMO solvents (i.e. ethanol) may
partially enter the interlayer galleries, replacing the co-intercalated water

molecules and reducing the hydrogen bonding between layers [52]. Thus,
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the degree of LDH layer delamination slightly increases and the layer
stacking is decreased, leading to the broadness and decrease of peak
intensity of the basal XRD reflections [42,53], Fig. 1A. As a consequence,
the interlayer distance (doos) of NiTi AMO-LDHs increased up to ~ 8 A
(Table 1), this value being higher in NisTi-E4 than in Ni,Ti-E4.
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Fig. 1. (A) XRD patterns and (B) ATR spectra for NisTi samples.
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Table 1. Lattice parameters and basal spacing for the synthesised Ni,Ti LDH samples.

. Lattice parameters Crystal domain size (A)
Sample doos (A) (A)
a c c-axis ab plane
Ni, Ti-W 7.89 3.07 23.67 43.6 123.5
Ni, Ti-E4 8.01 3.08 24.02 35.2 119.7
NisTi-W 7.86 3.07 23.58 47.3 117.7
NisTi-E2 7.87 3.07 23.61 324 127.5
NisTi-E4 8.10 3.08 24.30 30.4 108.2
NisTi-E6 8.09 3.08 24.28 28.6 108.3
NisTi-E6-0 8.09 3.08 24.28 27.4 100.7
NisTi-E6-50 8.09 3.08 24.28 27.7 100.7
NisTi-E24 8.02 3.08 24.06 31.8 121.0
NisTi-E48 8.08 3.08 24.23 31.2 104.1

The effects of redispersion time during AMOST was studied for
the NisTi-LDH samples. Samples were obtained after 2, 4, 6, 24 and 48 h of
redispersion in ethanol (Fig. S1B). The NisTi-E6 sample exhibits the lowest
intensity and broadest (00/) Bragg reflections, indicating the lowest extent
of layer stacking. For redispersion times in excess of 2 h the interlayer
spacing increases to a similar value ca. 8.09 A, suggesting the
incorporation of ethanol molecules into the LDH gallery. Redispersion
temperature did not seem to be a crucial factor to boost the degree of
platelet delamination (Fig S1C).

The calculated crystal domain size, using the FWHM of the 003
Bragg reflection from the NixTi AMO-LDHs (Table 1), showed a significant
diminution of the domain length from 47.3 to 28.6 A with increasing
dispersion time from 0 to 6 h in ethanol, indicating a less layer stacking
degree of the sheets. In this regard, the least crystal domain size is

reached in the NisTi-E6 sample. Conversely, the crystal domain size along
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in the ab plane remained nearly constant for all the samples. When the
redispersion time was longer than 6 h, the dgs parameter remained
almost unaltered, which would suggest that the optimal dispersion time in
the AMOST was 6 h.

ATR spectra show the characteristic bands for LDH materials (Fig.
1B) [54]. Specifically, a broad band at ca. 3350 cm™ is ascribed to the
stretching mode of hydrogen-bonded OH arising from hydroxyl groups in
the layer and the water molecules in the interlayer spacing. The bending
mode of the interlayer water molecules is seen at 1638 cm™, Fig. 1B. The
vibration mode vs of the interlayer carbonate anions appears split into
two bands at 1462 and 1356 cm™. Indeed, this interlayer restricted
symmetry makes the v; carbonate mode to show a band at 1050 cm™. The
spectra were similar for all the samples. Additionally, for samples on
which water molecules are almost completely replaced by ethanol
molecules (Ni;Ti-E4 and NisTi-E6 samples, Table 2), new low intensity
bands appeared at 2974 and 1093 cm™ and the band at 1050 cm™
noticeably increased, Fig. S2. In order to reveal the origin of these bands
and discard possible impurity phases, the ATR spectra of other related
compounds TiO,, Ni(OH), (most common impurities) and ethanol were
recorded (Fig. S3). The comparison of the spectra indicates that these new
bands should correspond to the presence of ethanol molecules
adsorbed/incorporated in AMO-LDH. Slight shifts in the wavenumber of
these bands might be a consequence of the different vibration behaviour

between free ethanol and that incorporated into the AMO-LDH galleries.
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Table 2. Chemical properties for the synthesised NisTi LDH samples: metal content and
ratio; formula and band gap energy value.

% Atomic Atomic Band
Sample ratio Formula gap

Ni T Ni/Ti (ev)
Ni;Ti-W 055 023 237 [Nig.71Tio:3 (OH)2](CO3)o3 - 0.91 H,0 2.56
Ni;Ti-E4 055 022 247 [Ni°'”Ti°'29(og.);]ﬁ?é)l‘_’l”'0'09 H0- 2.94
NisTF-W  0.65 021  3.14 [Nio.77Tio.23 (OH)2](CO3)o.23 - 0.92 H,0 2.54
Ni;Ti-E2  0.65 021  3.04 [Ni‘”sTi"'zs(02?217((;?5)&25'0'19 H0 - 2.96
NisTi-E4  0.63 021 296 [Ni°'75Ti°'25(Og.)gll(i?g)ﬁ'zs’0‘17H20' 2.91
NisTi-E6  0.60 0.18  3.26 [Ni"'”Ti"'B(Og');]éi?g)ﬁ'”o‘m H0- 2.94
NisTi-E6-0  0.61 0.18  3.31 [Ni°'78Ti°'23(Og');]éi?é)ﬁ'u'0'O4H20' 2.96
NisTi-E6-50 0.60 0.18  3.30 [Nio77Tio.2 (Og')élg(i?é)ﬁ'“'o'oz‘ H0- 2.96
NisTi-E24  0.57 0.18  3.18 [Ni"'“ﬂ"'“(Og.);]éi?g)&“'0‘08 H0- 2.92
NisTi-E48  0.65 021  3.14 [Ni"'“ﬂ"'“(Og.)éla(i?g)&“'0‘14 H0- 2.88

X-ray photoelectron spectroscopy (XPS) was used to analyse the
NiTi-LDH surface in order to probe the oxidation states of Ti and Ni. C 1s
signal at 284.8 eV, was used as internal charge shift correction. No
significant differences between samples were found in their XPS spectra.
As way of example, the X-ray photoemissions of NisTi-W are shown in Fig.
S2. The Ni 2ps/, signal at 855.6 eV corresponds to Ni** hydroxide (Fig.
S4A). Fig. S4B shows the high resolution Ti 2p region. The Ti 2ps/; signal
has been deconvoluted in two resonances set at 459.2 and 457.7 eV, and
the corresponding to Ti 2p1/2 at 464.7 eV and 463 eV respectively, which
have been proposed to correspond to the contributions from Ti* ions in
tetrahedral and octahedral coordination, respectively [55]. This is

indicative that at the surface, some Ti* ions may have migrated out of the
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LDH layer network, possibly due to the high electrical charge of Ti**. No
evidence for any Ti** species was found in the samples, although these
have been reported in NixTi-LDHs synthesised by other methods [56]. The
C 1s XPS region shows contributions corresponding to the adventitious
hydrocarbon, —CO, and —COO- groups at 284.8, 286 and 288.6 eV
respectively (Fig. S4C). Finally, the Ols peak has been deconvoluted in
three peaks at 529.5, 531.1 and 532.5 eV, which have been assigned to
lattice oxygen in metal oxides (M-O-M), hydroxyl groups (M-0O-H) and
adsorbed water (H-O-H), respectively (Fig. $2D) [57].

All samples showed similar TGA profiles, characteristic of LDHs
[50]. The derivative of the TGA curves are depicted in order to investigate
the mass losses in more details (Fig. $5). NisTi-W exhibits two mass loss
events at 107 and 285 °C (P1 and P2 peaks, respectively). The first one is
ascribed to the removal of adsorbed and interlayer water, while the
second one is due to both carbonate decomposition and dehydroxylation
of LDH [58]. For Ni,Ti-W, both mass losses appeared shifted to lower
temperature than the NisTi-W sample (Fig. S5B), which could be a
consequence of some structural disorder in the LDH network due to its
higher Ti* cations content. When the AMOST was applied (NicTi-E
samples), the P1 event occurred at a lower temperature suggesting the
presence of both ethanol and water molecules. Moreover, the
temperature onset of the P1 event shifted depending on the AMOST
redispersion time (Fig S5D), appearing at the lowest temperatures for the
NisTi-E4 and NisTi-E6 samples. Beyond 6 h of redispersion time in the
AMOST, the P1 event shifted to higher temperature, indicating that the
optimal ethanol substitution was achieved at 6 h. The lower desorption
temperatures at the P1 event are indicative of weaker interactions

between sorbates and metal hydroxide layers, and the higher dispersion
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of the platelets. Similarly, the P2 event also underwent similar behaviour
in the AMO samples.

LDH composition was calculated by using the data from TGA and
ICP-MS techniques (in all cases carbonate anions were assumed to
balance the layer positive charge, Table 2). Good agreement was found
between the experimental values and the theoretical metal ratios in the
initial solution. TGA-MS studies corroborates that water molecules in LDH
structure are partially replaced by ethanol when the AMOST was
performed (Fig. $6). Water signal (m/z =18) decreased (Fig S6A) and the
ethanol signal appeared in NisTi-E samples (Fig S6B). The P1 events from
the derivative curves of the samples were deconvoluted to calculate the
amounts water and ethanol (Fig S6C, D) present. The estimated quantities
of ethanol in the samples (Table 2) correlated well with the interlayer
stacking and crystal domain size inferred from the XRD data. Thus, those
samples with a higher ethanol content (NisTi-E6 samples) exhibit the
highest interlayer distance (doos) and, because of the delamination effect,

lower crystal domain size.

3.4.3.2. Morphology and textural properties of photocatalysts

Different morphologies were found for the NisTi-W and NisTi-E
samples (Figs. 2 and S7). NisTi-W sample (Fig. 2A, S7A and S8A) consisted
of irregular particles with severe aggregation produced by the strong
interactions between the metal hydroxide layers, interlayer anions and
water molecules. In contrast, flower-type particles constituted by
corrugated nanosheets were observed after the AMOST (Fig. S7B, C, D, E
and F).
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Fig. 2. TEM images of: (A) NisTi-W; NisTi with different redispersion times
in the AMOST: (B) 2 h, (C) 4 h, (D) 6 h, (E) 24 h, (F) 48 h.
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The highest dispersion of nanosheets is observed for treatment
times longer than 2 h. For the NisTi-E samples optimal delamination was
observed at 6 h. Thus, the observed thickness of nanosheets decreased
from 4 — 5 nm of sample NisTi-E2 to 1 — 3 nm of sample NisTi-E6. The
morphology transformation is attributed to the AMOST effect, specifically
the ethanol displacing bound water from the LDH surface and reducing
the propensity of hydrogen bonding. Some insertion of ethanol molecules
into the LDH interlayer spacing also takes place [40], the net effect being a
boost of the metal hydroxide layers exfoliation. Similar observations were
found with Ni,Ti-E samples (Fig. S8). The temperature on the redispersion
step made no appreciable differences to the sample dispersion NisTi-E6
(Fig. S9).

In order to learn more about the pore structure and surface areas
of the samples, they were investigated by N, adsorption-desorption
measurements (Fig. 3, S10, S11 and S12). According to IUPAC
classification, the isotherm shape of NisTi-W and Ni,Ti-W samples were
characteristic of a type Il isotherm with a H2-type hysteresis, which
indicates the presence of narrow-neck porosity with wide bodies. These
pore types should be a consequence of the huge interparticle aggregation,
as observed by TEM. This microstructure was altered in the AMO samples.
Now, a IV type isotherm with a H3 hysteresis loop is observed for all of
them (Figs. 3B, $10 and S11B), this is in agreement with those reported
for other AMO-LDHs [43]. This pore structure is associated to slit-shaped
pores arising from the sheet-like morphology as observed in TEM images.

The redispersion time effect had a clear influence in the specific
surface area and pore volumes. The corresponding values measured for
NisTi-E2, NisTi-E4, NisTi-E6, NisTi-E24 and NisTi-E48 samples are shown in

Fig. 3C. The maximum values are reached after ethanol dispersion for 6 h
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(492 m? g and 1.37 cm® g%, respectively). This is consistent with the TEM
observations that showed a higher amount of thin nanosheets in NisTi-E6
sample. The Ni:Ti ratio seemed to affect the AMOST effectiveness (Table
S2), ethanol was less effective at dispersing Ni;Ti platelets compared to
NisTi platelets, the N, BET surface area increased by 0.25 and 3 times for
Ni,Ti-E4 and NisTi-E4, respectively. It is thought the greater layer charge
density has made it more difficult for the ethanol to delaminate the
platelets as confirmed by the XRD data. NisTi-E6 showed the highest
surface area and pore volume demonstrating that room temperature is
the optimum choice to obtain the highest degree of delamination (Table

s2).

700
160 LA Ni, Ti-wW “ 600 _B Ni,Ti-E4
o140t o
5 120 § 500
B 100 B 400 -
2 2
g 801 3300}
° =
< 60} ©
@ @200 -
S 5
S 2 S 100p
o . . . . 0 . . . .
0.0 0.2 0.4 0.6 0.8 1.0 0.0 0.2 0.4 0.6 0.8 1.0
Relative pressure / P/Pg Relative pressure / P/Pg
T T T T T T
115
- 492
L 50 C )
o 0
o~
o
e ®
— 400 IS
I o
m ~
S
[0}
< 300 €
3 3
Il o
© >
£ 200 o
2 g
|_
w 100
m
ol
9 > © X Q>
K & & & @
< S S S é\'y é\s

Fig. 3. (A, B) N> adsorption-desorption isotherms of NisTi samples. (C) BET surface area and
pore volume for NisTi with different redispersion times in the AMOST.
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By analysing the pore size distribution for different redispersion
times, it was found that the specific surface area boost came from the
increase of the mesoporous and macroporous pore regime (Fig. S13).
Specifically, pores in the region 6 — 13 nm and 20 — 40 nm were generated
for all NisTi-E samples, except for NisTi-E2, suggesting that the
delamination, by the AMOST process, has not totally been completed for
this sample. The NisTi-E6 porosity increased in the 4 — 5 nm pore size
region. Because its higher degree of delamination, the significance of this
small pore diameter could be associated to occurrence of a high number
of slit-shaped pores between the exfoliated nanosheets. In fact, both the
porosity in the 4 — 13 nm range and the pore volume increased with the

specific surface area (Fig. S13A).

3.4.3.3. Optical properties

The diffuse reflectance UV—Vis absorption spectra of NisTi-W and
NisTi-E4 samples are plotted in Fig. 4A. Two clear absorbances were
observed: bands between 200 and ~ 400 nm were ascribed to the ligand-
to-metal charge transfer for Ti* in an octahedral environment, while the
broad band in the region of 600-800 nm can be assigned to d-d transitions
for the Ni?* located in the layers [59]. This absorbance in the visible
spectrum region gives rise to a characteristic green colour observed for
the NixTi LDH-W samples (Fig S14). Remarkably, the sample absorbance in
this region was decreased when the AMOST was performed, probably
caused by the enhanced LDH particle dispersion (Figs. S15A, B). Band gap
values were calculated by plotting the transformed Kubelka-Munk
function versus the photon energy (Figs. 4B and S15C, D). The NisTi-W
sample showed an estimated band gap of around 2.5 eV (Table 2), a

similar value to that reported for previously reported NiTi-LDHs [56,59].
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This value increased to ~ 0.4 eV for all the NisTi AMO-LDH samples.
Analogous results were observed for the NisTi samples following different
redispersion times (Fig. S15C). After the redispersion process the NisTi-
LDH nanosheets are typically only a few layers thick. Similar to that
observed for 2D layered semiconductors, the electronic band structure
changes with the number of layers; band gap increasing with decreasing

thickness because of confinement effects [60].
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Fig. 4. (A) UV—Vis absorption spectra and (B) Kubelka-Munk transformed
function plots for NisTi-W and NisTi-E4 samples.
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3.4.3.4. De-NOx performance assessment

The synthesised compounds along with the benchmark TiO, P25,
used as standard for comparison purposes, were subjected to
photocatalytic tests to evaluate their activity for the NO gas removal.
Figure 5A shows the NOy gases concentration values recorded for the
NisTi-E4 photocatalyst in a typical De-NOy test. During the first 10 minutes,
under dark conditions, the simulated polluted atmosphere is flowed
through the photoreactor and the concentration of the gases remains
constant. Upon light irradiation the NO gas concentration rapidly drops
due to the onset of photocatalytic processes. On the surface of the
sample, reactive oxygen species (ROS) are produced and these are
responsible of the photochemical oxidation of the NO [8,61,62], which
may be briefly summarised as follows: NO — NO,~ — NO; — NOs~. This
process is fully selective when all nitrogen gases are removed as nitrite
and/or nitrate species. After 60 minutes of light irradiation, the lamp is
turned off and the photocatalytic process stops. After 10 minutes the gas
concentration recovers the original values. The De-NO and De-NOy
performances for the NisTi-W and NisTi-AMO-LDH samples with different
ethanol redispersion times is depicted in Figs. 5B, C. We observed that the
photocatalytic performance is closely related with the specific surface
areas of the samples. NisTi-W showed the lowest conversion figures (De-
NOx activity ~ 18%), much lower than the AMO samples (De-NOy activity >
50%). AMOST promotes delamination, increase in specific surface area,
leading to an increase in exposure of the reactant gases to the
photocatalytic centres on the LDH surface. The Ni:Ti ratio does not seem
to be an important factor in determining photocatalytic activity, Ni,Ti-E4

and NisTi-E4 both with surface areas ~ 312 m? g! exhibit similar De-NO
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activity (Fig. S16A). NisTi-E6 samples, having the highest surface area,
exhibited outstanding De-NO conversion of about 63%, and superior to
that observed for the TiO, P25 (57%) reference sample (Figs. 5B and
S16B).
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Fig. 5. (A) Nitrogen oxides concentration profile obtained during the photocatalytic NO
removal test on NisTi-E4 sample; (B) calculated De-NO and (C) De-NOx indexes for NisTi
with different redispersion times in the AMOST and TiO, P25.

More interestingly, the NisTi-AMO-LDH samples stand out in their
ability not to emit NO; gas, an intermediate appearing in the sequential
photochemical oxidation of NO. This is a key factor for successfully
applying these materials within an urban environment because NO; is
much more hazardous [63]. In order to assess this, the estimated

selectivity (S) index is shown in Fig. $17. Most NixTi-AMO-LDHs showed S
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values of ~ 94%, higher than LDH-W (~ 80%) and TiO, P25 (72%). This
result would be related with an enhanced adsorption ability towards NO;
for the NixTi-AMO-LDHs due to their larger specific surface areas. In this
regard, the NO; adsorption tests in darkness (Fig. S18) showed that, from
an inlet value of 150 ppb of NO,, a significant amount (~ 47%) is removed
over 1 hour by NisTi-E6. Conversely, lower amounts of NO, gas are
adsorbed by NisTi-W and TiO, P25 (20 and 3%, respectively). This could be
due to a superior ability for NisTi-AMO-LDHs to adsorb NO; on the surface
and then facilitate complete photocatalytic oxidation. In this sense, it has
been previously reported that mesoporous networks lead to easy
accessibility of active reactive sites to the reactant molecules [64], acting
as a sink on which the nitrogen oxide gases molecules are trapped [65].
Therefore, the higher mesopore volume of NisTi-E6, compared to NisTi-W,
could serve to restrain the NO, molecules.

As a consequence, complete removal of NOx performed by each
photocatalyst (De-NOy activity, Fig 5C) is related with its selectivity
towards the Photocatalytic Oxidation (PCO) process. Thus, NisTi-E6
samples exhibit De-NOy values around 57%, 29% higher than the one
shown using TiO, P25, being comparable or even superior to those
previously reported LDH De-NOy photocatalysts (42%, NiMgAI-LDH; [66]
50%, ZnAl-LDH [31]; 50%, ZnAICr-LDH [32]; 59%, ZnAlFe-LDH [33].
Moreover, the reusability of the NisTi-E6 and TiO, P25 photocatalysts was
evaluated (Fig. S19). After six runs (6 hours of light irradiation), the De-
NOx activity of NisTi-E6 photocatalyst remained almost constant,
producing outstanding De-NOx performance (~ 58%). Because its high
surface area (492 m?g™), there are clearly a vast number of available
active sites on photocatalyst’s surface to confront the oxidation of a huge

amount of NOx molecules. Thus, after each run, there are still enough
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active sites that remain unreacted to keep the De-NOy performance
constant. Therefore, the characteristic nitrate passivation of the surface is
delayed, whose later appearance should be easily removed by using a
simple water washing procedure [31-33]. However, the photocatalytic
activity of TiO, P25 was significantly reduced (~ 44%). Remarkably, the
NO, emission was around 8 times lower for the AMO photocatalyst than
for the TiO, P25 (Fig. $19 C, D). In summary, the NO removal efficiency
and Selectivity values found for AMO photocatalysts are in line with those

recently reported for advanced De-NOy photocatalysts, Table S3.

3.4.3.5. Photocatalytic mechanism assessment

Several experiments were performed to get an insight into the
photocatalytic mechanism expected for the Ni Ti AMO-LDHs. Picosecond
time-resolved photoluminescence decays (TRPL) were measured for NisTi-
W and NisTi-E photocatalysts. Fig. 6A displays the time profiles at 470 nm
with the best bi-exponential fits for both photocatalysts. For the samples
studied, the deactivation kinetics for the excited state develop within the
same time range with time constant of 6.4 and 284 ns for NisTiW, 6.5 and
260 ns for NisTi-E2, and 5.13 and 562 ns for NisTi-E6 photocatalysts. The
recombination kinetics of the electrons in the NisTi-E6 samples was
slightly slower, which might enhance the photocatalytic activity of this
compound. In parallel, EPR measurements were used to probe the
reactive species involved in the photochemical process. For methanolic
DMPO solutions, under light irradiation, the characteristic sextet of peaks
for the trapped -O5™ radical is observed for the three samples, Fig. 6B. The
intensity of the signal increases in the order NisTi-E6 > NisTi-E2 > NisTi-W,

being higher with the delamination degree of the sample.
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Fig. 6. (A) Time decay of the photoluminescence signals and (B, C) DMPO spin-trapping EPR
spectra for the NisTi-W, NisTi-E2 and NisTi-E6 photocatalysts.

For agueous solutions, the quartet of peaks DMPO--OH adduct is

clearly observed for the NisTi-W sample (Fig. 6C). However, the signal
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obtained for the case NixTi-E photocatalysts is more complex. Even though
the mentioned quartet is shown, there are additional peaks (marked with
asterisk) which precludes the existence of DMPO--O,” adduct, which
would be originated from the existence of ethanol molecules in the
samples. The higher amount of superoxide detected for NisTi-E6 sample
together with the slower recombination kinetics observed would be in
agreement with a higher availability of electrons on the semiconductor
surface. As previously reported, the 2D character of this photocatalyst
facilitates the electron conduction through the surface lessening the e”/h*
recombination [38].

In situ DRIFTS measurements were carried out with the aim to
monitor the photocatalytic removal of NO. Initially, the samples were
subjected to pre-treatment and NO adsorption processes. The background
spectrum was recorded before NO flow through the reaction chamber.
Fig. 7A shows the spectra obtained under dark conditions for samples
NisTi-W and NisTi-E6, once the background had been subtracted, after 10
minutes of NO flow. Signals corresponding to the appearance of NOy
species are observed. Clear differences between both samples were
found. The IR spectra indicate that NO is easily adsorbed onto NisTi-E6
photocatalyst surface (1070 cm™, [66,67]), presumably due its very high
specific surface area. As a result, NO~ and NO,™ species (1107 cm™ and
838-873 cm™, [67,68]) are produced by NO disproportionation in the
presence of the hydroxyl LDH groups [69]; (Egs. (1-3)), which ultimately
are oxidised to nitrate (1527 — 1577 cm™, [70,71]) (Eq. (5)). In addition, in
the presence of O,, NO is partially oxidised to NO, which could converted
into N,O4 (901 cm™ [68]; Eq. (4)). This last identification emphasizes the

ability of NisTi-E6 sample to adsorb most gases. These processes are
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scarcely observed in NisTi-W because its low affinity for NO adsorption.

These transformations can be summarised as follows:

2 NO + OH™ — HNO, + NO~ (1)
NO + HNO; + OH — NO™ + NO; + H,0 (2)
NO™ + NO; —> NO; + NO (3)
2NO + 0; = 2NO; — N,04 (4)
NO™+2 NO, — NOs™+2 NO (5)

Afterwards, the samples were irradiated by light during 60
minutes, and the amount and typology of adsorbed species on surface
change significantly. As light reaches the surface of the catalyst, the
photoexcited e and h* (Eqg. (6)) react with H,O and O, to produce
hydroxyl and superoxide radicals (Eqgs. (7-8)), which promote the
photochemical oxidation of NO. Thus, the spectra show now a larger
number and more intense signals corresponding mainly to nitrite (843-
882, 1138, 1294, 1353 and 1434 cm™, [67,68,71,72]) and nitrate species
(924-1054 and 1527-1583 cm™, [66,67,70,71]), as the resulting products
of the NO photo-oxidation (Fig. 7B) (Egs. (10-14)). Consistent with its high
De-NOy photoactivity, the spectra of NisTi-E6 are differentiated by the
highest intensity of these signals, the majority assigned to NOs~, the final
product of the PCO process. Under light irradiation, the occurrence of NO;
(1240 cm™, [67]) accounts from the oxidation of NO by superoxide
radicals (Eq. (9)), which in turn dimerizes to N,O,; (1397 cm™, [69]). The
identification of NO, and N,0, on the surface is in agreement with the
higher De-NOy selectivity of this photocatalyst. Thus, the retention of
these molecules on surface facilitates their oxidation, decreasing their

emission to the atmosphere. Interestingly, the presence of NO~ bands
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persisted under light irradiation, more clearly for the NisTi-E6 sample. This
evidence suggested that, similarly to that observed in the reusability tests
and after one hour of light irradiation, many unreacted active sites
remained available on photocatalyst’s surface to react with gaseous
molecules, playing the hydroxyl LDH groups a key role in anchoring NO
molecules as NO7, role emphasized by the large surface area exhibited by

the NisTi-E6 sample.
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Fig. 7. In situ DRIFTS spectra obtained while NO and O, gases are flowing through the NisTi-
W and NisTi-E6 samples in (A) dark conditions and (B) under light illumination.

Considering the above results, the primary NO oxidation reaction

mechanism could be proposed as follows:

LDH+hv > h*+e” (6)
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h*+H,0 — H*+-OH (7)
e +0;,—> ‘0 (8)
2NO+:07 — 2NO;+e (9)
NO; + e — NO; (10)

2NO+-0,7+ e — 2NOy  (11)
NO +-OH — HNO, (12)
NO; +2-OH— NOs +H,0  (13)

2NO; +:07—> 2NOs +e (14)

The in situ DRIFTS spectra provides evidence for the higher
efficiency of NisTi-E6 to promote the photochemical NO oxidation. The
ability of NisTi-E6 to physi/chemisorb NO and NO; on the surface
facilitates their oxidation to nitrites and nitrates, resulting a high De-NOy

selectivity.

3.4.4. Conclusions

A range of NixTi-AMO-LDHs with different degrees of platelet
dispersion were synthesised using the AMOST process. The redispersion
time of the NixTi LDHs in ethanol strongly influenced the surface area and
pore volumes of the sample. Extensive nanosheets dispersions was
observed after 6 h of ethanol dispersion leading to N, BET surface areas as
high as 492 m?2 gL,

NixTi-AMO-LDHs were found to be effective photocatalysts, they
exhibited much higher De-NOy performance in comparison to the
untreated LDH and the TiO, P25 benchmark producing a performance of

~58% under sunlight illumination (40 and 17% higher than conventional
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LDH and TiO, P25 respectively). Most importantly, the NisTi-AMO-LDHs
photocatalysts exhibited stable photocatalytic activity after consecutives
cycles, but they showed negligible emission of the toxic intermediate NO,.

The key role of the specific surface area was revealed: i) the
higher number of specific sites of the NixTi-AMO-LDHs photocatalysts
provided an enhancement for the adsorption capacity for NO and
especially NO, and delayed the photocatalyst passivation; ii) the 2D
character promotes a lessening of the charge carrier recombination and
the increase in the radical species production. Both characteristics, with
difference to TiO, P25, assist for the enhancement of the De-NOy
photocatalytic process. We conclude that AMO-LDHs provide a platform
approach to developing new effective and robust candidates for the

photocatalytic NO, removal.
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Characterization of the samples.

X-ray diffraction (XRD) patterns of powdered samples were
collected on a Bruker D8 Discovery instrument using Cu Ka radiation
(A=1.5406 A). The Scherrer’s equation [1] was used to calculate the
crystalline domain size of the samples (DIFFRACT.EVA V3.1 software) [2].
In the Scherrer’s equation, a K value of 0.9 and 1.84 was taken for the 003
and 110 planes, respectively [2]. The instrumental broadening was
previously measured by using a LaBg standard (Sigma-Aldrich).

Infrared spectra were obtained on a Vertex 80 Spectrometer,
equipped with a high performance DuraSamp1IR Il diamond accessory of
attenuated total reflection (ATR) mode.

Nitrogen adsorption—desorption isotherms were recorded at
77.4 K in a Micrometric Tristar surface characterization analyzer. Samples
were degassed overnight at 90 °C under vacuum prior to analysis. Specific
surface areas were measured by nitrogen adsorption and desorption
isotherms using the multipoint Brunauer—Emmett—Teller (BET) method
over the relative equilibrium pressure interval 0.05 < P/Po < 0.30.

Transmission electron microscopy (TEM) images were obtained
with a JEOL 2100 microscope (accelerating voltage = 200 kV). Powder was
dispersed in water or ethanol via sonication for 1 h before casting onto
carbon-coated grids.

Analyses of chemical compositions of LDHs were performed on
ICP mass (Perkin EImer Nexion X) after dissolving the samples in 0.1 M
HCl.

Typical thermogravimetric analyses were performed on a Mettler
Toledo equipment from 30 to 800 °C. Thermogravimetric analysis coupled

with mass spectrometry (TGA-MS) was performed on a Mettler Toledo
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model TGA/DSC 1 in the temperature range 30-500°C. The
thermobalance was connected to the output of a Pfeiffer Vacuum mass
spectrometer, model ThermoStar TM GSD 320. The analyses were carried
out in 70 pl Al,03 crucibles, with an air flow of 50 mL min? at a heating
rate of 5 °C mintand 5 mg of sample.

Diffuse reflectance (DR) spectra were measured from 200 to
800 nm on a UV-2600 equipment (Shimadzu).

X-ray photoelectron spectra (XPS) were recorded using a Physical
Electronics PHI Versa Probe Il spectrometer with a focused beam
diameter of 100 um AlKa (hv= 1486.6 eV), X-ray source radiation (15 kV,
25 W), analysis chamber pressure at 1077 Pa. Hemi-spherical analyzer
operating at a constant pass energy of 29.35eV. Software MultiPak
version 9.3 [3] was used to fit the xps peaks with Gaussian/Lorentzian

bands (Voigt profile, Shirley Background).

The time-resolved photoluminescence (TRPL) decays were
measured at room temperature with a FLS920 Fluorimeter (Edinburgh

Instrument Ltd, Livingston, UK).

Electron paramagnetic resonance (EPR) spectra were recorded
(EMXmicro, Bruker) at room temperature. Water or methanol LDH
dispersions (detection of eOH or e0;", respectively) were irradiated for

30 minutes and 45 mM of DMPO (spin-trap agent) was used.

A FTIR spectrometer (Perkin Elmer Frontier), equipped with a
Harrick reaction chamber, was used to perform in situ diffuse reflectance
infrared Fourier transform (DRIFT) spectroscopy. The DRIFT spectroscopy
measurements were employed to monitor the photochemical De-NOy
process and to check the intermediates and products formed on the

surface of the photocatalyst. The powdered photocatalyst was placed in
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the reaction chamber and treated at room temperature under high purity
Ar flow for 10 minutes to remove environmental impurities and then
scanned to produce a baseline. Afterwards, under dark conditions, a
mixture of 50 mL min NO (50 ppm) and 50 mL min O, was pumped into
the chamber being the sample subjected to adsorption reactions during
10 minutes and a new scan was obtained. Subsequently, light was turned
on for 60 minutes. The spectrum (accumulation of 12 scans) evolving

along with the photocatalytic reaction was obtained every 5 minutes.

The photocatalytic performance of the samples was studied

regarding the following indexes:

NO];, — [NO
NO conversion (%) = (NOlin — INOlows) X 100
[No]in

([Nox] in~— [Nox]out) %

100
[Nox]in

NO, conversion (%) =

P 0L — ([Nox]in B [Nox]out)/[Nox]in
Selecttvitys SO0 = N0y — NOJou)/INOTwr 0

where [NO]Jin, [NOxJin and [NOJout, [NOx]out is the measured inlet and outlet

concentrations, respectively, and [NOx]=[NO]+[NO,].
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Scheme S1. Description of the procedure for the synthesis of AMO-samples and related
main findings.

Table S1. Reported syntheses of NiTi LDHs and comparison with this work.
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Fig. S1. XRD patterns and inlet for (A) Ni;Ti samples, (B) NisTi samples with different
redispersion times for the AMOST and (C) NisTi-E6 samples with different temperatures in

the AMOST.
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Fig. S2. ATR spectra for Ni;Ti-E4 and NisTi-E6 samples with different temperatures in the
AMOST.
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Fig. S3. Comparative ATR spectra for NisTi-E6 sample: (A, B) comparison with possible

impurities; (C, D) comparison with ethanol.
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Fig. S4. XPS spectrum of NisTi-W sample: (A) Ni 2p region; (B) deconvoluted Ti 2p, (C) C 1s
and (D) O 1s XPS signals.

338



Capitulo 3. Resultados y discusion

ot
S
N
< =
= 5 [ First peak (P1)
< (3]
8 s .
o
= .q>_J i Ni, Ti-W  107.4°C
g I 1
=
60 + 8 107.4°C
| % Ni,Ti-E4  72.9°C
P1
0 1 1 1 1 1 1 1 1 1 1 1 1 1 1
100 200 300 400 500 600 700 800 100 200 300 400 500 600 700 800
Temperature / °C Temperature / °C
100 —— NiTi-W CJ.
—— Ni,Ti-E2 o
°
E First peak (P1)
8 9f L =
Z \ —— Ni,Ti-E6 =3 i 1
z R R S Ni,Ti-W  107.4 °C
= = .
© 80k . > N|3T|-E2 77.6°C
B3 7N|ST|-E48 = ]
T
I Ni,Ti-E6  64.7°C
[
70} 3 [
rpPL Ni,Ti-E48 92.3°C ]
60 L . . . . . . , , , , , , ,
100 200 300 400 500 600 700 800 100 200 300 400 500 600 700 800
Temperature / °C Temperature / °C
100 | - E | o — .»-,Eﬂ
7N|3T|-E6 o PR
7N|3T|—E6—O N
8 oof = A
= =y
5 :
R E ]
g Ni,Ti-E6
70+ 8 Ni Ti-E6-0
. . . . . . . . . . . . . .
100 200 300 400 500 600 700 800 100 200 300 400 500 600 700 800
Temperature / °C Temperature / °C

Fig. S5. TGA and derivative curves for: (A, B) NisTi and Ni,Ti samples; (C, D) NisTi with

different redispersion times for the AMOST; (E, F) NisTi-E6 with different temperatures in
the AMOST.
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Fig. S6. (A, B) Mass spectra of m/z 18 and 31 for NisTi-W and NisTi-E6 samples. (C, D)
Deconvolution examples of P1 peaks in the derivative TG curves.

Fig. S7. TEM images of: (A) NisTi-W; NisTi with different redispersion times in the AMOST:
(B) 2 h,(C)4h, (D) 6 h, (E) 24 h and (F) 48 h.
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Fig. S8. TEM images of: (A, B) Ni,Ti-W; (C, D) Ni,Ti-E4.
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Fig. $9. TEM images of NisTi-E6 with different temperatures in the AMOST: (A, B) room
temperature; (C, D) 0 °C; (E, F) 50 °C.
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Table S2. BET surface area and pore volume calculated for the prepared samples.

Sample BET surface area® / m?g* Pore volume® / cm?g?

Ni;Ti-W 254 0.16
Ni,Ti-E4 311 0.68
NisTi-W 164 0.16
NisTi-E2 221 0.52
NisTi-E4 314 1.01
NisTi-E6 492 1.37
NisTi-E6-0 382 1.11
NisTi-E6-50 395 1.24
NisTi-E24 327 1.05
NisTi-E48 324 0.96

2 Brunauer-Emmett-Teller calculation; ° total pore volume at P/Po= 0.99.
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the AMOST; (B) Ni;Ti samples.
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Fig. S14. Photographs of the LDH powders showing the colour change when AMOST is
applied to NisTi samples.
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Fig. S16. Calculated De-NO and De-NOx indexes for (A) Ni,Ti samples and (B) NisTi-E6
samples with different temperatures in the AMOST.
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Table S3. NO removed efficiency and Selectivity values observed for different DeNOy
photocatalysts.

Photocatalyst NO r;r:/:oved Selectivity / %
BiOCI-OV [18] 70 99
g-C3N4/BiOCI/WO,.0; [19] 69 93
GQDs/Bi,WO; [20] 73 81
MoS,/g-CsN, [21] 52 -
ZnO@Si0; [22] 70 90
Mg:AINi-LDH [23] 42 89
ZnsAlo.asFeoss-LDH [24] 59 92
TiO,-3/CNTs/N-CQDs [25] 60 98
Mesocrystalline TiO; [26] 59 89
TiO,-P25 (this work) 57 72
Ni3Ti-AMO-LDH (this work) 63 94
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Nuevos materiales inorgdnicos funcionales para la prevencion de la contaminacion en el patrimonio y
hadbitat urbano

Actualmente, en la Sociedad surgen dos preocupaciones
principales respecto a la conservacién del patrimonio y habitat urbano: i)
prevenir el deterioro de este para que siga ejerciendo la funcionalidad para
el que fue creado vy ii) asegurar su correcta y sana habitabilidad.

En este contexto, la presente tesis doctoral se ha centrado en dos

puntos interrelacionados:

i) Por un lado, se han investigado aditivos con propiedades biocidas
mejoradas que puedan ser usados en morteros de restauracion. Dichos
aditivos otorgan al mortero con propiedades biocidas para hacer frente a
la contaminacién microbiana que afecta a los materiales de construccion
utilizados en el patrimonio urbano. Los aditivos fueron preparados
mediante el proceso de adsorcion de Carbendazima (CBZ), un fungicida que
presenta adecuadas propiedades (bajo coste, baja solubilidad en agua) para
la aplicacidn deseada. Se desarrollaron estudios de adsorcion de CBZ sobre
compuestos tipo arcilla disponibles comercialmente (arcilla natural sin
modificar: SWy-1; organo-arcillas: Cloisite® 10 y Cloisite® 20) con el objeto
de disminuir la lixiviacién de CBZ y mejorar su dispersion en la matriz de la
arcilla. Las arcillas fueron seleccionadas como soportes inorganicos debido
a su bajo coste y buenas propiedades de adsorcion. Los complejos de
adsorcion de arcilla-CBZ preparados fueron caracterizados y se evaluaron
sus propiedades antimicrobianas frente a dos tipos de microorganismos
que se encuentran comunmente en los materiales pétreos (alga y hongo).
Para la preparacion del mortero antimicrobiano (en base cal) se utilizo el
complejo de adsorcion Cloisite® 20-CBZ, que mostré la mejor actividad
antimicrobiana. Las propiedades antimicrobianas del mortero con este
aditivo también fueron evaluadas y comparadas con el mortero con CBZ

como aditivo. Ademas, las muestras de mortero se sometieron a una
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prueba de lixiviacion estandarizada para comprobar la eficacia de la
actividad antimicrobiana a largo plazo. Después de las pruebas de
lixiviacién, la accién antimicrobiana del mortero que contenia CBZ fue
menor en comparacion con Cloisite® 20-CBZ, mostrando un buen efecto
antimicrobiano y una lixiviacion de CBZ un 20% menor.

Esta investigacion se aborda en el apartado 3.1., correspondiente
a la publicacién “Carbendazim-clay complexes for its potential use as

antimicrobial additives in mortars”.

ii) Por otro lado, se ha investigado una serie de compuestos
inorganicos con propiedades fotocataliticas mejoradas, para su aplicacion
en la eliminacién de los gases NOx (NOx = NO + NO;) presentes en el habitat
urbano (proceso De-NOy). Estos gases provocan graves efectos negativos
en la salud, medio ambiente y en los materiales del patrimonio urbano. Los
fotocatalizadores son capaces de oxidar esos gases nocivos a compuestos
benignos (nitratos y nitritos) empleando luz solar, oxigeno y agua
atmosféricos, a temperatura ambiente. La sintesis de los compuestos
estudiados ha implicado métodos muy sencillos, sin el empleo de
compuestos toxicos o de coste elevado, y con los que se obtienen
relativamente grandes cantidades de muestra. Estos factores han sido
considerados importantes teniendo en mente un potencial escalado
industrial, sin provocar gran impacto ambiental.

En un primer trabajo, se prepararon fotocatalizadores de ZnO
nano-particulado dispersados sobre una matriz inorganica de SiO, amorfo
(ZnO@Si0,). La sintesis se realizé6 empleando un residuo agroindustrial muy
abundante, la cascara del arroz, e implicd un método simple de mezclado
de precursores y una calcinacion convencional a una temperatura

relativamente baja (600 °C). Las nanoparticulas de ZnO (70-180 nm)
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crecieron agregadas en esferas y bien dispersas, cubriendo el esqueleto de
SiO; procedente de la cascara del arroz. En comparacién con el ZnO vy el
TiO-P25, las muestras de ZnO@SiO, presentaron valores altos de
eliminacion De-NO (70 %) y una excelente selectividad (> 90 %), esta ultima
relacionada con la sensibilidad del éxido de zinc hacia la adsorciéon del gas
NO..

Esta investigacion se aborda en el apartado 3.2., correspondiente
a la publicacion “Zn0O on rice husk: A sustainable photocatalyst for urban

air purification”.

En el siguiente trabajo, se prepararon fotocatalizadores De-NOy
basados en los Hidroxidos Dobles Laminares (LDHs), mediante el método
de coprecipitacién, a temperatura ambiente. Los cationes metdlicos que
constituyeron las ldminas de hidréxido fueron Zn?, AI**y Fe*, mientras que
el anién interlaminar fue el carbonato. Se estudio el efecto de la sustitucidn
progresiva de AI** por Fe® en la red estructural del LDH. La mayor presencia
de iones Fe3* origind cambios en la estructura, morfologia y propiedades
Opticas de los LDH. Los fotocatalizadores preparados presentaron mayores
valores de area de superficie especifica y una mejorada absorcién de luz
visible. Los resultados mostraron altos valores De-NOy (56 %) y de
selectividad (93 %) para las muestras que contenian hierro, debido a una
disminucion de la recombinacion e /h*, la mayor generacion de especies
reactivas de oxigeno, asi como la mayor capacidad de adsorcidn de NO,.

Esta investigacion se aborda en el apartado 3.3., correspondiente
a la publicacién “Effects of Fe** substitution on Zn-Al layered double

hydroxides for enhanced NO photochemical abatement”.
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Finalmente, se sintetizaron LDHs utilizando el método AMOST
(Aqueous Miscible Organic Solvent Treatment), para su aplicacién como
fotocatalizadores De-NO.. El método de sintesis fue llevado a cabo
mediante una sencilla coprecipitacidn, a temperatura ambiente, con un
posterior tratamiento (AMOST) consistente en un lavado y re-dispersion en
etanol para obtener las denominadas AMO-LDHs. Los cationes metalicos
constituyentes de las ldminas fueron Ni**y Ti**, mientras que el anién
interlaminar fue el carbonato. Se estudiaron varios factores que podrian
afectar al procedimiento AMOST: el tiempo de redispersién en etanol, la
temperatura durante la re-dispersién y la relacién entre los cationes
metalicos que forman las [dminas. Los compuestos AMO-LDH sintetizados
alcanzaron valores de area de superficie especifica de hasta 492 m?gty
volimenes de poros de 1,37 cm3 g, valores sin precedentes para estos
compuestos. El rendimiento De-NOyx de los compuestos AMO-LDH fue
elevado, superando al LDH convencional y al TiO, P25 en un 40 % y en un
17% respectivamente. Se observo que el elevado valor de area de superficie
especifica y el volumen de poro jugaban un papel significativo en la
adsorcion de los intermedios NO; y N2Oa. Ademas, el caracter 2D de las
AMO-LDH contribuyé a una mejora en la produccién de especies reactivas
de oxigeno y a una reduccién de la recombinacién de los portadores de
carga.

Parte de esta investigacion se ha realizado en el grupo del Prof.
Dermot O’Hare, University of Oxford, y se aborda en el apartado 3.4,
correspondiente a la publicacion “Aqueous miscible organic solvent

treated NiTi layered double hydroxide De-NO, photocatalysts”.
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Today, society has two main issues with regard to the conservation
of heritage buildings and urban habitat: i) preventing its deterioration so
that it continues to exercise the functionality for which it was created and
ii) ensuring its correct and healthy habitability.

In this context, this doctoral thesis has focused on two interrelated

points:

i) Firstly, additives with improved biocidal properties that can be
used in restoration mortars have been investigated. These additives give
mortar biocidal properties to deal with microbial contamination that
affects construction materials used in urban heritage. The additives were
prepared through the adsorption process of Carbendazim (CBZ), a fungicide
that has adequate properties (low cost and low solubility in water) for the
desired application. CBZ adsorption studies were carried out on
commercially available clay-type compounds (unmodified natural clay:
SWYy-1; organo-clays: Cloisite® 10 and Cloisite® 20) in order to decrease the
leaching of CBZ and improve its dispersion in the clay matrix. Clays were
selected as inorganic supports due to their low cost and good adsorption
properties. The clay-CBZ adsorption complexes prepared were
characterized and their antimicrobial properties were evaluated against
two types of microorganisms commonly found in stone materials (algae
and fungus). For the preparation of the antimicrobial mortar (based on
lime), the adsorption complex Cloisite® 20-CBZ was used, which showed
the best antimicrobial activity. The antimicrobial properties of the mortar
with this additive were also evaluated and compared with the mortar with
unmodified CBZ as an additive. In addition, the mortar samples were
subjected to a standardized leaching test to verify the efficacy of long-term

antimicrobial activity. After the leaching tests, the antimicrobial action of
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the mortar containing CBZ was lower compared to Cloisite® 20-CBZ,
showing good antimicrobial effect and 20% lower CBZ leaching.

This research is addressed in section 3.1., Corresponding to the
publication “Carbendazim-clay complexes for its potential use as

antimicrobial additives in mortars”.

ii) Secondly, a series of inorganic compounds with superior
photocatalytic properties have been investigated, for their application in
the elimination of NO4 gases (NOx = NO + NO;) existing in the urban
atmosphere (De-NOy process). These gases cause serious negative effects
on health, the environment and the materials of urban heritage sites.
Photocatalysts are capable of oxidizing these harmful gases to benign
compounds (nitrates and nitrites) at room temperature using sunlight,
atmospheric oxygen and water. The synthesis of the compounds studied
involves the use of very simple methods, without the use of toxic or
expensive compounds, and with which relatively large amounts of sample
are obtained. These factors have been considered important with respect
to a potential industrial scale production, without causing great

environmental impact.

In initial work, nano-particulate ZnO photocatalysts dispersed on
an inorganic matrix of amorphous SiO, (ZnO@SiO,) were prepared. The
synthesis was carried out using a very abundant agro-industrial residue, rice
husk, and involved a simple method of mixing the precursors and a
conventional calcination at a relatively low temperature (600 °C). The ZnO
nanoparticles (70-180 nm) grew aggregated in spheres and were well
dispersed, covering the SiO, skeleton derived from the rice husk. Compared

to ZnO and TiO;-P25, the ZnO@SiO; samples presented high De-NOy
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removal values (70%) and excellent selectivity (> 90%), the latter related to
the sensitivity of zinc oxide towards NO; gas adsorption.

This research is addressed in section 3.2., corresponding to the
publication “ZnO on rice husk: A sustainable photocatalyst for urban air

purification”.

In the subsequent work, De-NOx photocatalysts based on Layered
Double Hydroxides (LDHs) were prepared, by the coprecipitation method,
at room temperature. The metal cations that constituted the hydroxide
sheets were Zn%, AI**and Fe3*, while the interlaminar anion was carbonate.
The effect of the progressive substitution of AI** by Fe3* in the structural
network of LDH was studied. The greater presence of Fe3* ions caused
changes in the structure, morphology and optical properties of LDH. The
photocatalysts prepared showed higher values of specific surface area and
an improved absorption of visible light. The results showed high De-NO
(56%) and selectivity (93%) values for the samples containing iron, due to a
decrease in electro/hole recombination, the increased generation of
reactive oxygen species, as well as a higher NO; adsorption capacity.

This research is addressed in section 3.3., corresponding to the
publication “Effects of Fe** substitution on Zn-Al layered double

hydroxides for enhanced NO photochemical abatement”.

Finally, LDHs were synthesized using the AMOST (Aqueous Miscible
Organic Solvent Treatment) method, for their application as De-NOx
photocatalysts. The synthesis method was carried out by means of a simple
co-precipitation, at room temperature, with a subsequent (AMOST)
treatment consisting of washing and re-dispersion in ethanol to obtain the

so-called AMO-LDHs. The constituent metal cations of the hydroxide sheets
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were Ni?* and Ti*, while the interlaminar anion was carbonate. Several
factors that could affect the AMOST procedure were studied: the
redispersion time in ethanol, the temperature during re-dispersion and the
ratio between the metal cations that form the sheets. The synthesized
AMO-LDH compounds reached specific surface area values of up to 492 m?
g?! and pore volumes of 1.37 cm? g, unprecedented values for these
compounds. The De-NOy vyield of AMO-LDH compounds was high,
surpassing conventional LDH and TiO, P25 by 40% and 17% respectively.
The high specific surface area and pore volume were found to play a
significant role in the adsorption of intermediates NO; and N;O..
Furthermore, the 2D character of AMO-LDH contributed to an
improvement in the production of reactive oxygen species and a reduction
in charge carrier recombination.

Part of this research has been carried out in the group of Prof.
Dermot O'Hare, University of Oxford, and is addressed in section 3.4.,
Corresponding to the publication “Aqueous miscible organic solvent

treated NiTi layered double hydroxide De-NOy photocatalysts”.
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La investigacion realizada en la presente Tesis Doctoral ha dado

lugar a las conclusiones generales que se exponen a continuacion:

I) En relacidon con la preparacién de nuevos aditivos con propiedades

biocidas para evitar la contaminacién microbiana de los materiales pétreos

del Patrimonio urbano:

Mediante un simple método de adsorcidon a temperatura ambiente, el
biocida Carbendazima (CBZ) ha sido soportado en varias arcillas
comerciales.

Modificando los parametros de la adsorcién, se han preparado
complejos de adsorcion arcilla-CBZ con gran cantidad de CBZ adsorbida.
Uno de los complejos de adsorcién, basado en una organo-arcilla,
mostro adecuadas propiedades fungicidas y alguicidas.

Los morteros en base cal aditivados con dicho complejo de adsorcidn
lograron una lixiviacion del biocida reducida y unas propiedades

biocidas mejoradas.

Il) Respecto a la preparacion de nuevos fotocatalizadores funcionales para

la descontaminacién de la atmésfera del habitat urbano:

Mediante un procedimiento sencillo de calcinacién, la ceniza de la
cascara del arroz se ha empleado de forma exitosa como soporte
inorganico y como agente de plantilla para la preparacidn
nanoparticulas de ZnO.

Dichos fotocatalizadores han mostrado un rendimiento De-NOy vy
selectividad excelentes, siendo reutilizables por periodos de irradiacion
prolongados. El rendimiento observado fue mayor que el del TiO, P25

comercial.
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e Una serie de Hidréxidos Dobles Laminares (ZnAlFe-LDH), con un
contenido variado de Fe3* en la red estructural, han sido sintetizados
mediante una sencilla coprecipitacidon, a temperatura ambiente, vy
aplicados como fotocatalizadores De-NOx.

e El LDH con mayor contenido de Fe3* resultd en unas propiedades De-
NOx mejoradas en condiciones de iluminacidon solar simulada y bajo
irradiacién del espectro Visible, gracias al drea superficial especifica
mejorada y a la creacién de nuevas vias de desactivacidon de las
fotocargas.

e Por primera vez, un AMO-LDH (AMO-NiTi-LDH) ha sido aplicado como
fotocatalizador, especificamente en la eliminacién de gases NO,.

e Losexcepcionales valores de drea de superficie especifica y volumen de
poro de los AMO-LDH, asi como su cardcter 2D (nanoldminas),
resultaron en una excelente mejora del rendimiento fotocatalitico De-

NOy, superando los valores del TiO, P25 comercial.

Las conclusiones que se han expuesto ponen de manifiesto la
potencial aplicacién de estos nuevos compuestos para prevenir la
contaminacién microbiana de los materiales del Patrimonio urbano, asi

como la reduccidn de la contaminacion de NOy en el habitat urbano.
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The research carried out in this Doctoral Thesis has led to the

general conclusions that are set out below:

I) In respect of the preparation of new additives with biocidal

properties to avoid microbial contamination of the stone materials of the

urban heritage:

the

The Carbendazim biocide (CBZ) has been supported on commercial
clays (modified with different amounts of quaternary ammonium salts)
by simple adsorption processes taking place at room temperature.
The modification of the parameters that govern the adsorption process
have made it possible to prepare organoclay-CBZ complexes with a high
amount of adsorbed CBZ.

One of the organoclay-CBZ adsorption complexes prepared showed
adequate fungicidal and algicidal properties.

Lime-based mortars that include the organoclay-CBZ complex in their
formulation, show reduced leaching of the biocidal additive as well as

improved biocidal properties.

II) Regarding the preparation of new functional photocatalysts for

depollution of the atmosphere in the urban habitat:

The possibility of preparing inorganic compounds that act as new
alternative photocatalysts to TiO;, in the depollution of NOx gases
present in the urban atmosphere has been demonstrated.

By means of a simple calcination procedure, the rice husk ash has been

used successfully as an inorganic support and as a template agent for
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the preparation of ZnO nanoparticles, obtaining the ZnO@SiO;
photocatalyst.

The ZnO@Si0; photocatalyst has shown excellent De-NOy performance
and selectivities, being active and reusable in prolonged irradiation
periods. The observed De-NOy performance was higher than that of
commercial TiO, P25.

A series of Layered Double Hydroxides based on the ZnAlFe-COs
formula, with a variable content of Fe3" in the lattice, have been
synthesized by a simple co-precipitation method at room temperature,
and studied as De-NO photocatalysts.

The LDH photocatalyst with a higher Fe3* content develops improved
De-NOy properties, when irradiated with both simulated solar lighting
(UV-Vis) as well as with Visible light. This occurs thanks to the increase
in the improved specific surface area and the modification of the
electronic structure, allowing new ways of deactivating the
photocharges generated.

For the first time, a two-dimensional LDH obtained by the AMOST
process (AMO-NiTi-LDH) has been studied as a photocatalyst in the NOy
gas removal process.

It has been shown that the modification of the parameters that govern
the AMOST procedure allow the preparation of LDHs compounds with
a very high level of particle dispersion and two-dimensional (2D) nano-
sheets of very restricted thickness.

The exceptional values of specific surface area and pore volume of
AMO-LDH, as well as its 2D character (nanosheets), turned out to be
key parameters for the development of an excellent De-NO

photocatalytic performance, exceeding the values of commercial TiO;
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P25, as well as other advanced De-NOx photocatalysts previously

described.

The conclusions that have been presented show the potential
application of these new compounds to prevent microbial contamination
of urban heritage materials, as well as the reduction of NOy pollution in

urban habitat.
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I.I. Publicaciones en Revistas Cientificas

a) Publicaciones derivadas de la Tesis Doctoral. Indicios de calidad:

1) Titulo: ZnO on rice husk: A sustainable photocatalyst for urban air

purification. Clic aqui para ver seccion 3.2.

Autores: Adrian Pastor, José Balbuena, Manuel Cruz, lvana Pavlovic, Luis

Sanchez

Revista: Chemical Engineering Journal
Cédigo ISSN: 1385-8947

Aio: 2019; volumen: 368; paginas: 659-667
Editorial: Elsevier

DOI: 10.1016/j.cej.2019.03.012

Clic aqui para visitar la version web del articulo

Base de datos en la que esta indexada: Journal Citation Reports
indice de impacto de la revista: 10.652

Lugar que ocupa/Ne® revistas del area tematica:
Engineering, Environmental: 2/53 Q1

Engineering, Chemical: 4/143 Q1

2) Titulo: Carbendazim-clay complexes for its potential use as

antimicrobial additives in mortars. Clic aqui para ver seccion 3.1.

Autores: Adrian Pastor, Beatriz Gamiz, Manuel Cruz, Luis Sanchez, Ivana

Pavlovic

Revista: Building and Environment
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Cddigo ISSN: 0360-1323
Ano: 2020; volumen: 183; nimero de referencia: 107214
Editorial: Elsevier

DOI: 10.1016/j.buildenv.2020.107214

Clic aqui para visitar la version web del articulo

Base de datos en la que esta indexada: Journal Citation Reports
indice de impacto de la revista: 6.456

Lugar que ocupa/N® revistas del area tematica:
Engineering, Civil: 6/136 Q1
Construction & Building Technology: 6/66 Q1

Engineering, Environmental: 12/54 Q1

3) Titulo: Effects of Fe®* substitution on Zn-Al layered double hydroxides

for enhanced NO photochemical abatement. Clic aqui para ver seccidon

3.3

Autores: Adridan Pastor, Fredy Rodriguez, Gustavo de Miguel, Manuel

Cruz, Francisco Martin, Ivana Pavlovic, Luis Sanchez
Revista: Chemical Engineering Journal

Cédigo ISSN: 1385-8947

Aio: 2020; volumen: 387; nimero de referencia: 124110
Editorial: Elsevier

DOI: 10.1016/j.cej.2020.124110

Clic aqui para visitar la version web del articulo

Base de datos en la que esta indexada: Journal Citation Reports

375


https://doi.org/10.1016/j.buildenv.2020.107214
https://doi.org/10.1016/j.cej.2020.124110

Nuevos materiales inorgdnicos funcionales para la prevencion de la contaminacion en el patrimonio y
hdbitat urbano

indice de impacto de la revista: 13.273

Lugar que ocupa/Ne revistas del area tematica:
Engineering, Environmental: 2/54 Q1

Engineering, Chemical: 4/143 Q1

4) Titulo: Aqueous miscible organic solvent treated NiTi layered double

hydroxide De-NOy photocatalysts. Clic aqui para ver seccion 3.4.

Autores: Adridn Pastor, Chunping Chen, Gustavo de Miguel, Francisco
Martin, Manuel Cruz-Yusta, Jean-Charles Buffet, Dermot O’Hare, Ivana

Pavlovic, Luis Sanchez

Revista: Chemical Engineering Journal

Codigo ISSN: 1385-8947

Ano: 2021; volumen: 429; niumero de referencia: 132361
Editorial: Elsevier

DOI: 10.1016/j.cej.2021.132361

Clic aqui para visitar la version web del articulo

Base de datos en la que esta indexada: Journal Citation Reports
indice de impacto de la revista (¥2020): 13.273

Lugar que ocupa/N® revistas del area tematica (*2020):
Engineering, Environmental: 2/54 Q1

Engineering, Chemical: 4/143 Q1
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b) Otras publicaciones derivadas de la formacion investigadora:

5) Titulo: Insight into the role of copper in the promoted photocatalytic

removal of NO using Zn,.«CuxCr-COs3 layered double hydroxide

Autores: Javier Fragoso, Maria de los Angeles Oliva, Luis Camacho,
Manuel Cruz, Gustavo de Miguel, Francisco Martin, Ivana Pavlovic, Adridn

Pastor, Luis Sanchez

Revista: Chemosphere

Codigo ISSN: 0045-6535

Ano: 2021; volumen: 275; nimero de referencia: 130030
Editorial: Elsevier

DOI: 10.1016/j.chemosphere.2021.130030

Clic aqui para visitar la version web del articulo

Base de datos en la que esta indexada: Journal Citation Reports
indice de impacto de la revista (*2020): 7.086

Lugar que ocupa/N?® revistas del area tematica (*2020):

Environmental Sciences: 30/274 Q1

6) Titulo: Development of multifunctional coatings for protecting stones

and lime mortars of the architectural heritage

Autores: Alessandro Speziale, Jesus Fidel Gonzalez, Burcu Tasci, Adrian
Pastor, Luis Sanchez, Claudio Fernandez, Tamara Oroz, Cristina Salazar,

Ifigo Navarro, José Maria Fernandez, José Ignacio Alvarez
Revista: International Journal of Architectural Heritage

Codigo ISSN: 1558-3066
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Aio: 2020; volumen: 14 (7); paginas: 1008-1029.

Editorial: Taylor & Francis

DOI: 10.1080/15583058.2020.1728594

Clic aqui para visitar la version web del articulo

Base de datos en la que esta indexada: Journal Citation Reports
indice de impacto de la revista: 2.580

Lugar que ocupa/N?® revistas del area tematica:
Engineering, Civil: 63/136 Q2
Construction & Building Technology: 35/66 Q3

7) Titulo: Cr3* substituted Zn-Al layered double hydroxides as UV—Vis light

photocatalysts for NO gas removal from the urban environment

Autores: Fredy Rodriguez, Adrian Pastor, Gustavo de Miguel, Manuel

Cruz, Ivana Pavlovic, Luis Sdnchez

Revista: Science of the Total Environment

Codigo ISSN: 0048-9697

Ano: 2020; volumen: 706; nUumero de referencia: 136009
Editorial: Elsevier

DOI: 10.1016/j.scitotenv.2019.136009

Clic aqui para visitar la version web del articulo

Base de datos en la que esta indexada: Journal Citation Reports
indice de impacto de la revista: 7.963

Lugar que ocupa/Ne® revistas del area tematica:

Environmental Sciences: 25/274 Q1
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8) Titulo: Hematite porous architectures as enhanced air purification

photocatalyst

Autores: José Balbuena, Manuel Cruz, Ana Cuevas, Francisco Martin,

Adrian Pastor, Rocio Romero, Luis Sanchez
Revista: Journal of Alloys and Compounds
Codigo ISSN: 0925-8388

Aio: 2019; volumen: 797; paginas: 166-173
Editorial: Elsevier

DOI: 10.1016/j.jallcom.2019.05.113

Clic aqui para visitar la version web del articulo

Base de datos en la que esta indexada: Journal Citation Reports
indice de impacto de la revista: 4.650

Lugar que ocupa/Ne revistas del area tematica:
Metallurgy & Metallurgical Engineering: 8/79 Q1
Materials Science, Multidisciplinary: 81/314 Q2
Chemistry, Physical: 51/159 Q2

9) Titulo: Zn-Al layered double hydroxides as efficient photocatalysts for

NOx abatement

Autores: Fredy Rodriguez, Adridn Pastor, Cristobalina Barriga, Manuel

Cruz, Luis Sanchez, lvana Pavlovic
Revista: Chemical Engineering Journal
Cdodigo ISSN: 1385-8947

Aio: 2018; volumen: 346; paginas: 151-158
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Editorial: Elsevier

DOI: 10.1016/j.cej.2018.04.022

Clic aqui para visitar la version web del articulo

Base de datos en la que esta indexada: Journal Citation Reports
indice de impacto de la revista: 8.355

Lugar que ocupa/N?® revistas del area tematica:
Engineering, Environmental: 2/52 Q1

Engineering, Chemical: 6/138 Q1

10) Titulo: a-Fe;03/Si0, composites for the enhanced photocatalytic NO

oxidation

Autores: José Balbuena, Manuel Cruz, Adrian Pastor, Luis Sanchez
Revista: Journal of Alloys and Compounds

Cédigo ISSN: 0925-8388

Aio: 2018; volumen: 735; paginas: 1553-1561

Editorial: Elsevier

DOI: 10.1016/j.jallcom.2017.11.259

Clic aqui para visitar la version del web articulo

Base de datos en la que esta indexada: Journal Citation Reports
indice de impacto de la revista: 4.175

Lugar que ocupa/N?® revistas del area tematica:
Metallurgy & Metallurgical Engineering: 6/76 Q1
Materials Science, Multidisciplinary: 65/293 Q1
Chemistry, Physical: 47/148 Q2
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I.Il. Comunicaciones en Congresos Cientificos

1) Congreso: 2nd International Conference on sustainable, environmental

friendly construction materials
Tipo de participacion: Comunicacion oral, ponente

Titulo: Study of inorganic encapsulation systems to prepare biocidal

additive for heritage mortars

Autores: Adrian Pastor, Manuel Cruz, Ivana Pavlovic, Luis Sdnchez
Fecha de participaciéon: 01/09/2021

Ambito: internacional

Entidad organizadora: West Pomeranian University of Technology in

Szczecin

Lugar de celebracidn: Szczecin (Polonia) / online

2) Congreso: 2nd International Conference on sustainable, environmental

friendly construction materials
Tipo de participacion: Comunicacidn con péster

Titulo: Layered Double Hydroxides as photocatalytic additive for De-NOy

building materials

Autores: Javier Fragoso, Adrian Pastor, Jean-Charles Buffet, Chunping

Chen, Manuel Cruz, Dermot O’Hare, Ivana Pavlovic, Luis Sanchez
Fecha de participaciéon: 01/09/2021

Ambito: internacional
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Entidad organizadora: West Pomeranian University of Technology in

Szczecin

Lugar de celebracion: Szczecin (Polonia) / online

3) Congreso: Nanotech France 2021 International Conference and

Exhibition
Tipo de participacion: Comunicacion oral, ponente

Titulo: Doped ZnAl-COs layered double hydroxides as DeNOy

photocatalysts with enhanced visible light harvesting

Autores: Adrian Pastor, Fredy Rodriguez, Gustavo de Miguel, Manuel

Cruz, Francisco Martin, Ivana Pavlovic, Luis Sanchez

Fecha de participacién: 25/06/2021

Ambito: internacional

Entidad organizadora: SECTOR Conferences and Exhibitions

Lugar de celebracién: Paris (Francia) / online

4) Congreso: IX Congreso cientifico de investigadores en formacion de la

Universidad de Cérdoba
Tipo de participacion: Comunicacidn oral, ponente

Titulo: Profundizacion en la metodologia AMOST aplicada a Hidrdxidos

Dobles Laminares con propiedades fotocataliticas
Autores: Adrian Pastor, Ivana Pavlovic, Luis Sdnchez
Fecha de participacién: 03/05/2021

Ambito: nacional
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Entidad organizadora: Escuela de Doctorado de la Universidad de

Cérdoba y Escuela Internacional de Doctorado en Agroalimentacion

Lugar de celebracién: online

5) Congreso: | Congreso Anual de Estudiantes de Doctorado
Tipo de participacion: Comunicacion oral, ponente

Titulo: Influencia del método de preparacion de Hidréxidos Dobles

Laminares bidimensionales en la actividad fotocatalitica De-NOx

Autores: Adrian Pastor, Chunping Chen, Manuel Cruz, Jean-Charles Buffet,

Dermot O’Hare, Ivana Pavlovic, Luis Sanchez

Fecha de participacién: 02/02/2021

Ambito: nacional

Entidad organizadora: Universidad Miguel Hernandez

Lugar de celebracién: online

6) Congreso: 1°' International Electronic Conference on Catalysis Sciences
Tipo de participacion: Comunicacidn con péster

Titulo: AMO-NITi Layered Double Hydroxide Nanosheets for Photocatalytic

Removal of NOy Pollutant

Autores: Adrian Pastor, Chunping Chen, Manuel Cruz, Jean-Charles Buffet,

Dermot O’Hare, Ivana Pavlovic, Luis Sanchez
Fecha de celebracién: del 10/11/2020 al 30/11/2020

Ambito: internacional
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Entidad organizadora: Catalysts, MDPI

Lugar de celebracién: online

7) Congreso: VIII Congreso cientifico de investigadores en formacion de la

Universidad de Cérdoba
Tipo de participacion: Comunicacidn con péster, ponente

Titulo: Estudio de la degradacion fotocatalitica de gases NOx mediante
Hidréxidos Dobles Laminares pseudo-2D preparados con el método

AMOST

Autores: Adrian Pastor, Chunping Chen, Jean-Charles Buffet, Dermot

O’Hare, Ivana Pavlovic, Luis Sanchez
Fecha de participacién: 19/02/2020
Ambito: nacional

Entidad organizadora: Escuela de Doctorado de la Universidad de

Cdérdoba y Escuela Internacional de Doctorado en Agroalimentacién

Lugar de celebracién: Cordoba (Espaiia)

8) Congreso: Reunidn Bienal de la Sociedad Espafiola de Catalisis

(SECAT’19)
Tipo de participacion: Comunicacidn con péster

Titulo: Oxidacion fotocatalitica de gases NOx mediante Hidroxidos Dobles

Laminares

Autores: Javier Fragoso, Adrian Pastor, Fredy Rodriguez, Manuel Cruz,

Ivana Pavlovic, Luis Sdnchez
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Fecha de participacion: 26/06/2019
Ambito: nacional
Entidad organizadora: Sociedad Espafiola de Catalisis

Lugar de celebracién: Cérdoba (Espafia)

9) Congreso: XXXVIlI Reunion Bienal de la Real Sociedad Espafiola de

Quimica
Tipo de participacion: Comunicacion oral flash, ponente

Titulo: Photocatalytic removal of NOx gases by Zinc-Aluminum-Iron

Layered Double Hydroxides

Autores: Fredy Rodriguez, Manuel Cruz, Ivana Pavlovic, Luis Sdnchez,

Adrian Pastor

Fecha de participacién: 27/05/2019

Ambito: nacional

Entidad organizadora: Real Sociedad Espafiola de Quimica

Lugar de celebracion: San Sebastian (Espafia)

10) Congreso: International Conference on Green Construction
Tipo de participacion: Comunicacion oral, ponente

Titulo: Improving the biocidal properties of the restoration mortars by

carbendazim adsorbed on inorganic substrates
Autores: Adrian Pastor, Manuel Cruz, Ivana Pavlovic, Luis Sdnchez

Fecha de participaciéon: 09/04/2019
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Ambito: internacional

Entidad organizadora: Universidad de Cordoba y VIPSKILLS

Lugar de celebracién: Cérdoba (Espafia)

11) Congreso: Sétima edicion del Encuentro sobre Nanociencia y

Nanotecnologia (NANOUCO VII)
Tipo de participacion: Comunicacion oral, ponente

Titulo: Removal of NOx gases by using photocatalytic Zn-Al layered double

hydroxides

Autores: Adrian Pastor, Fredy Rodriguez, Manuel Cruz, lvana Pavlovic, Luis

Sanchez
Fecha de participacién: 22/01/2019
Ambito: nacional

Entidad organizadora: Instituto Universitario de Nanoquimica de Ia

Universidad de Cérdoba (IUNAN)

Lugar de celebracién: Cordoba (Espaiia)

12) Congreso: QIES 2018 (182 Reunidn del Grupo Especializado de

Quimica Inorganica)
Tipo de participacion: Comunicacidn con péster
Titulo: Eliminacidn de gases NOx por medio de hidrdxidos dobles laminares

Autores: Adrian Pastor, Fredy Rodriguez, Cristobalina Barriga, Manuel

Cruz, Ivana Pavlovic, Luis Sanchez
Fecha de participacion: 17/06/2018
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Ambito: nacional

Entidad organizadora: Grupo Especializado de Quimica Inorgdnica y
Grupo Especializado de Quimica de Estado Sélido (Real Sociedad Espafola

de Quimica)

Lugar de celebracion: La Laguna, Tenerife (Espafia)

13) Congreso: QIES 2018 (182 Reunidon del Grupo Especializado de

Quimica Inorganica)
Tipo de participacion: Comunicacion oral flash, ponente
Titulo: Eliminacidn de gases NOx por medio de hidrdxidos dobles laminares

Autores: Adrian Pastor, Fredy Rodriguez, Cristobalina Barriga, Manuel

Cruz, Ivana Pavlovic, Luis Sdnchez
Fecha de participacién: 17/06/2018
Ambito: nacional

Entidad organizadora: Grupo Especializado de Quimica Inorgdnica y
Grupo Especializado de Quimica de Estado Sélido (Real Sociedad Espafiola

de Quimica)

Lugar de celebracién: La Laguna, Tenerife (Espaia)

14) Congreso: Rehabend 2018
Tipo de participacion: Comunicacién oral

Titulo: Desarrollo de materiales funcionales basados en técnicas de
encapsulacion para la obtencion de productos en base morteros de cal con

actividad biocida para la rehabilitacion de patrimonio historico
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Autores: José Manuel Lloris, Marilé6 Sanchez, Pilar Calero, Adrian Pastor,
Manuel Cruz, Ivana Pavlovic, Luis Sanchez, Isabel Marmol; Josefina

Pedrajas
Fecha de participacion: 15/05/2018
Ambito: internacional

Entidad organizadora: Grupo de Tecnologia de la Edificaciéon de la

Universidad de Cantabria

Lugar de celebracion: Caceres (Espaiia)

15) Congreso: IV Reunion de Jévenes Investigadores en Coloides e

Interfases
Tipo de participacion: Comunicacidn oral, ponente

Titulo: Rice husk ash as support of photocatalytic zinc oxide nanoparticles

for NOy gases removal

Autores: Adrian Pastor, Manuel Cruz, Luis Sanchez
Fecha de participacién: 08/02/2018

Ambito: nacional

Entidad organizadora: Grupo Especializado de Coloides e Interfases de la

Real Sociedad Espafiola de Quimica y Real Sociedad Espafiola de Fisica

Lugar de celebracion: Cordoba (Espafia)

16) Congreso: VI Congreso cientifico de investigadores en formacién de la

Universidad de Cérdoba

Tipo de participacion: Comunicacion oral, ponente
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Titulo: Organo-arcillas como soporte de Carbendazima en la preparacion

de morteros de restauracion

Autores: Adrian Pastor, Manuel Cruz, Ivana Pavlovic, Luis Sanchez
Fecha de participacion: 25/01/2018

Ambito: nacional

Entidad organizadora: Escuela de Doctorado de la Universidad de

Cérdoba y Escuela Internacional de Doctorado en Agroalimentacion

Lugar de celebracion: Cordoba (Espafia)

17) Congreso: Sexta edicion del Encuentro sobre Nanociencia y

Nanotecnologia (NANOUCO VI)
Tipo de participacion: Comunicacidn con péster

Titulo: Preparacion de nuevos materiales laminares con propiedades

fungicidas

Autores: Adrian Pastor, Manuel Cruz, Ivana Pavlovic, Luis Sdnchez
Fecha de participacién: 25/01/2017

Ambito: nacional

Entidad organizadora: Instituto Universitario de Investigacién en Quimica

Fina y Nanoquimica (IUIQFN)

Lugar de celebracion: Cordoba (Espafia)

18) Congreso: Sexta edicion del Encuentro sobre Nanociencia y

Nanotecnologia (NANOUCO VI)
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Tipo de participacion: Comunicacion oral, ponente

Titulo: Utilizacion de cascarilla de arroz en la preparacion de nuevos

nanomateriales fotocatalizadores con efecto De-NOy
Autores: Adrian Pastor, Manuel Cruz, Luis Sanchez
Fecha de participacién: 25/01/2017

Ambito: nacional

Entidad organizadora: Instituto Universitario de Investigaciéon en Quimica

Fina y Nanoquimica (IUIQFN)

Lugar de celebracion: Cordoba (Espafia)

I.Ill. Contribuciones a capitulos de libros

1) Titulo del capitulo: Organo-arcillas como soporte de Carbendazima en

la preparacion de morteros de restauracion

Autores del capitulo: Adrian Pastor, Manuel Cruz, Ivana Pavlovic, Luis

Sanchez

Titulo del libro: Creando redes doctorales. Vol. VI: “La generacién del

conocimiento”
Paginas: 321-324

Editorial: UCOPress. Ediciones Universidad de Cérdoba. Campus
Universitario de Rabanales. Carretera Nacional IV, km. 396. 14071,

Cérdoba, Espaia
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Aiio de publicacién: 2018

ISBN: 978-84-9927-239-9

2) Titulo del capitulo: Estudio de la degradacion fotocatalitica de gases
NOyx mediante Hidroxidos Dobles Laminares pseudo-2D preparados con el

método AMOST

Autores del capitulo: Adrian Pastor, Chunping Chen, Jean-Charles Buffet,

Dermot O’Hare, Ivana Pavlovic, Luis Sanchez

Titulo del libro: Creando redes doctorales Vol. VIII. “La investigacién del

futuro”
Paginas: 415-418

Editorial: UCOPress. Ediciones Universidad de Cdrdoba. Campus
Universitario de Rabanales. Carretera Nacional IV, km. 396. 14071,

Cérdoba, Espaiia
Aio de publicacién: 2020

ISBN: 978-84-9927-508-6

3) Titulo del capitulo: Improving the biocidal properties of the restoration

mortars by carbendazim adsorbed on inorganic substrates

Autores del capitulo: Adridan Pastor, Manuel Cruz, Ilvana Pavlovic, Luis

Sanchez
Titulo del libro: New trends in Green Construction

Paginas: 147-148
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Editorial: UCOPress. Ediciones Universidad de Cérdoba. Campus
Universitario de Rabanales. Carretera Nacional IV, km. 396. 14071,

Cérdoba, Espaiia
Aiio de publicacién: 2020

ISBN: 978-84-9927-554-3

4) Titulo del capitulo: Profundizacion en la metodologia AMOST aplicada
a Hidrdxidos Dobles Laminares con propiedades fotocataliticas
Autores del capitulo: Adrian Pastor, Ivana Pavlovic, Luis Sdnchez

Titulo del libro: IX Congreso Cientifico de Investigadores en Formacion de

la Universidad de Cordoba: Nuevos desafios, nuevas oportunidades
Paginas: 213-217

Editorial: UCOPress. Ediciones Universidad de Cérdoba. Campus
Universitario de Rabanales. Carretera Nacional IV, km. 396. 14071,

Cérdoba, Espaiia
Ao de publicacién: 2021

ISBN: 978-84-9927-640-3

5) Titulo del capitulo: Study of inorganic encapsulation systems to prepare

biocidal additive for heritage mortars

Autores del capitulo: Adridn Pastor, Manuel Cruz-Yusta, lvana Pavlovic,

Luis Sanchez

Titulo del libro: 2" International Conference on Sustainable,

Environmental Friendly Construction Materials (ICSEFCM 2021)
Paginas: 85-90
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Editorial: West Pomeranian University of Technology, Szczecin Publishing

House al. Piastow 48, 70-311 Szczecin, Polonia
Ao de publicacién: 2021

ISBN: 978-83-7663-324-4

6) Titulo del capitulo: Layered Double Hydroxides as photocatalytic

additive for De-NOy building materials

Autores del capitulo: Javier Fragoso, Adrian Pastor, Jean-Charles Buffet,
Chunping Chen, Manuel Cruz-Yusta, Dermot O’Hare, Ivana Pavlovic, Luis

Sanchez

Titulo del libro: 2" International Conference on Sustainable,

Environmental Friendly Construction Materials (ICSEFCM 2021)
Paginas: 129-130

Editorial: West Pomeranian University of Technology, Szczecin Publishing

House al. Piastow 48, 70-311 Szczecin, Polonia
Ao de publicacién: 2021

ISBN: 978-83-7663-324-4

l.IV. Estancias de investigacion

1) Institucidon de destino: Chemistry Research Laboratory, Department of

Chemistry, University of Oxford. Oxford, Reino Unido

Fecha: desde 30/06/2021 hasta 30/12/2021

393



Nuevos materiales inorgdnicos funcionales para la prevencion de la contaminacion en el patrimonio y
hdbitat urbano

Objetivo de la estancia: Sintesis y caracterizacidon de hidréxidos dobles
laminares con actividad fotocatalitica De-NOyx mejorada en el espectro

visible.

Supervisor: Prof. Dermot O'Hare

2) Institucidn de destino: Chemistry Research Laboratory, Department of

Chemistry, University of Oxford. Oxford, Reino Unido
Fecha: desde 06/06/2019 hasta 06/09/2019

Objetivo de la estancia: Sintesis y caracterizacidon de hidréxidos dobles
laminares (AMO/AIM-LDH) para su empleo como fotocatalizadores De-

NO..

Supervisores: Prof. Dermot O'Hare y Dr. Jean-Charles Buffet

I.IV. Participacién en proyectos de investigacion

1) Titulo del proyecto: Nuevos materiales funcionales basados en técnicas
de encapsulacion para la prevencidn, conservacion y restauracion del

patrimonio historico. MATERPAT (RTC-2015-3916-6).

Investigador responsable: Luis Sanchez Granados (Universidad de

Cérdoba, Espafia)

Entidad financiadora: Ministerio de Economia y Competitividad. Plan

Estatal 2013-2016 de Investigacion Cientifica y Técnica y de Innovacion.

Contratado a Proyecto: desde 15-01-2016 al 22-10-2017
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2) Titulo del proyecto: Sistemas 2D y 3D basados en hidrotalcitas como

fotocatalizadores para la eliminacion de gases NOy

Investigador responsable: Luis Sanchez Granados (Universidad de

Cérdoba, Espafiia)

Entidad financiadora: Ministerio de Economia, Industria y Competitividad;

Convocatoria 2017.

Duracion del proyecto: del 01-01-2018 al 30-09-2021

I.V. Premios

1) Premio de investigacion “Jacobo Cardenas Torres”: mejor articulo

cientifico de un investigador menor de 35 afos en el drea de Ciencias

Titulo del articulo: ZnO on rice husk: A sustainable photocatalyst for urban

air purification
DOI: 10.1016/j.cej.2019.03.012
Entidad organizadora: Universidad de Cordoba (Espaiia)

Fecha: 19/01/2021

2) Premio de investigacion nacional: mejor articulo cientifico publicado

por un joven investigador

Titulo del articulo: ZnO on rice husk: A sustainable photocatalyst for urban

air purification
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DOI: 10.1016/j.cej.2019.03.012

Entidad organizadora: Grupo Especializado de Quimica del Estado Sélido

(Real Sociedad Espafiola de Quimica)

Fecha: 10/01/2020

3) Premio de fotografia cientifica: obra mds votada por el publico en el

Concurso de Fotografia e llustracion Cientifica ConCiencYarte 2020
Titulo de la obra: Cocodrilos por el Nilo

Entidad organizadora: Asociacion de Cientificos Espafoles en Suecia

(ACES)

Fecha: 03/12/2020

4) Primer premio: certamen de mondlogos cientificos “Cuéntame tu tesis”

Informacion del certamen: Certamen incluido en el proyecto FCT-17-
11833 V Plan Anual de Divulgacién y Cultura Cientifica y de la Innovacién
de la Universidad de Cérdoba y de la Fundacién Espaiola para la Ciencia y

la Tecnologia
Entidad organizadora: Universidad de Cérdoba (Espaiia)

Fecha: 28/09/2018
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I.1. Participacién en eventos de difusion cientifica

1) X Jornadas de Introduccion al Laboratorio Experimental de Quimica.
Lugar de celebracién: Universidad de Cérdoba, Espaiia

Fecha de participacion: 31/01/2017

Entidad organizadora: Facultad de Ciencias (Universidad de Cérdoba)

Tipo de participacion: Preparacién y desarrollo experimental de sesiones

practicas de laboratorio para el alumnado de institutos

2) Paseo por la Ciencia 2017.
Lugar de celebracion: Cérdoba, Espaiia
Fecha de participacién: 22/04/2017

Entidad organizadora: Asociacidon del Profesorado de Cérdoba por la

Cultura Cientifica; Ayuntamiento de Cérdoba

Tipo de participacion: preparacion y exposicion de sesiones

experimentales de quimica inorganica a los viandantes

3) Xl Jornadas de Introduccidn al Laboratorio Experimental de Quimica.
Lugar de celebracién: Universidad de Cérdoba, Espaiia

Fecha de participacién: 23/01/2018

Entidad organizadora: Facultad de Ciencias (Universidad de Cérdoba)

Tipo de participacion: Preparacién y desarrollo experimental de sesiones

practicas de laboratorio para el alumnado de institutos
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4) Paseo por la Ciencia 2018.
Lugar de celebracién: Cérdoba, Espaniia
Fecha de participacion: 14/04/2018

Entidad organizadora: Asociacion del Profesorado de Cérdoba por la

Cultura Cientifica; Ayuntamiento de Cérdoba

Tipo de participacion: preparacion y exposicion de sesiones

experimentales de quimica inorganica a los viandantes

5) Certamen “Cuéntame tu tesis”
Lugar de celebracion: Cérdoba, Espaiia
Fecha de participacién: 28/09/2018

Informacion del certamen: Certamen incluido en el proyecto FCT-17-
11833 V Plan Anual de Divulgacién y Cultura Cientifica y de la Innovacién
de la Universidad de Cérdoba y de la Fundacion Espafiola para la Ciencia 'y

la Tecnologia

Tipo de participacidn: realizacidn y exposicién publica de un mondlogo

humoristico sobre el tema de la presente Tesis Doctoral

6) Xll Jornadas de Introduccion al Laboratorio Experimental de Quimica.
Lugar de celebracién: Universidad de Cérdoba, Espaia

Fecha de participaciéon: 01/02/2019

Entidad organizadora: Facultad de Ciencias (Universidad de Cérdoba)

Tipo de participacion: Preparacién y desarrollo experimental de sesiones

practicas de laboratorio para el alumnado de institutos
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7) Paseo por la Ciencia 2019.

Lugar de celebracién: Cérdoba, Espaniia

Fecha de participacion: 06/04/2019

Entidad organizadora: Asociacion del Profesorado de Cérdoba por la

Cultura Cientifica; Ayuntamiento de Cérdoba

Tipo de participacion: preparacion y exposicion de sesiones

experimentales de quimica inorganica a los viandantes

8) XIll Jornadas de Introduccion al Laboratorio Experimental de Quimica.
Lugar de celebracion: Universidad de Cérdoba, Espafia

Fecha de participacién: 20/01/2020

Entidad organizadora: Facultad de Ciencias (Universidad de Cérdoba)

Tipo de participacidn: Preparacidon y desarrollo experimental de sesiones

practicas de laboratorio para el alumnado de institutos

9) Entrevista en television local.

Canal de television: PTV Cérdoba. Cérdoba, Espafia
Programa: Cérdoba TeVé

Fecha de la entrevista: 12/02/2020

Tipo de participacidn: Divulgacién de la investigacion relacionada con el
uso de la cascara de arroz en la descontaminacion
Enlace web a la entrevista:

https://www.youtube.com/watch?v=0szkBClov1s&t=1s
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I.Il. Referencias de los diferentes actos de difusion realizados
en prensa y otros medios de comunicacion
1) Referencia: noticia

Titular: Las claves de la Noche Europea de los Investigadores de Cordoba

ABCcérdoba CORDOBA B Q

Sevillav Semana Santa Andaluciav Opinién Economiav Espafia Internacional Deportesv Culturav Gurmév Gente EXCLUSIVO PREMIUM  Estilov Mas =

SEVILLA ANDALUCIA  Almeria Cidiz Cérdoba Granada Huelva Jaén Malaga Sevilla Oposiciones Compras El Tiempo

CIENCIA

Las claves de l1a Noche Europea de los Investigadores de
Cordoba

® Mas de doscientos cientificos participan en la sexta edicion de la velada divulgativa que se celebra este viernes

LO MAS LEIDO
Cérdoba Andalucia

Muere un nifio de cinco
anos tr | ataque de PRIEL, *d"
un perro en Lucena

(Coérdoba) mientras
dormia

2 Muerte de un nifio en
Lucena | ¢Como es un
pastor belga malinois?
e N
i
|

‘.3 Los clubes de alterne de

Cordoba, en la picota
con la nueva ley del
'solo sies si'

Medio de comunicacién en donde se ha publicado la noticia: Diario ABC

Cérdoba
Fecha de publicacion: 28/09/2017

Enlace web:

https://sevilla.abc.es/andalucia/cordoba/sevi-claves-noche-europea-

investigadores-cordoba-201709272206 noticia.html
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2) Referencia: noticia

Titular: La Noche Europea de los Investigadores registra un éxito total de

participantes en 75 actividades repartidas por toda la ciudad

‘ Buscar Blsqueda avanzada

o &

La Noche Europea de los Investigadores registra un éxito total
de participantes en 75 actividades repartidas por toda la ciudad

UCC+i

(1 voto)

El rector de la UCO con los finalistas del certamen Cuéntame tu tesis en la Gala central de la Noche de los
Investigadores

Medio de comunicacién en donde se ha publicado la noticia: Unidad de

Cultura Cientifica y de la Innovacion, Universidad de Cérdoba
Fecha de publicacién: 28/09/2018
Enlace web:

https://www.universidaddecordoba.eu/servicios/comunicacion/actualida

d/noticias/item/130494-la-noche-europea-de-los-investigadores-registra-
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un-%C3%A9xito-total-de-participantes-en-75-actividades-repartidas-por-

toda-la-ciudad

3) Referencia: noticia

Titular: Nuevos materiales permitirdn respirar un aire mds limpio en la

ciudad

Medio de comunicacién en donde se ha publicado la noticia: Unidad de

Cultura Cientifica y de la Innovacién, Universidad de Cérdoba
Fecha de publicacion: 14/12/2018
Enlace web:

https://www.uco.es/servicios/comunicacion/component/k2/item/131994

-nuevos-materiales-permitir’C3%Aln-respirar-un-aire-m%C3%A1s-

limpio-en-la-ciudad

4) Referencia: noticia en radio

Medio de comunicacion en donde se ha publicado la noticia: Onda Cero
Programa: Julia en la onda

Fecha de publicacién: 20/03/2019

Enlace web (minuto 42:30):

https://dpvclip.antena3.com/mp audios4//2019/03/29/8CB246BE-B544-

4ED3-A519-5B5CE46AA76A/8CB246BE-B544-4ED3-A519-

5B5CE46AA76A.mp3
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5) Referencia: noticia

Titular: Investigadores de la UCO idean un sistema para descontaminar el

aire en grandes ciudades mediante cdscaras de arroz

Medio de comunicacion en donde se ha publicado la noticia: Europa

Press
Fecha de publicacién: 28/03/2019
Enlace web:

https://www.europapress.es/andalucia/noticia-investigadores-uco-idean-

sistema-descontaminar-aire-grandes-ciudades-cascaras-arroz-

20190328104713.html

La noticia fue difundida por otros medios de comunicacién, entre ellos:

Titular: Las cdscaras de arroz, una solucion para acabar con la

contaminacion del aire en las grandes ciudades
Medio de comunicacién: 20 minutos

https://www.20minutos.es/noticia/3599698/0/cascaras-arroz-

descontaminacion-aire-ciudades/

6) Referencia: entrevista en radio al IP, Luis Sdnchez Granados

Titular: /nvestigadores espafioles logran descontaminar el aire de las

ciudades

Medio de comunicacion en donde se ha publicado la noticia: Radio

Nacional Espafiola

Programa: Marca Espaifa
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Fecha de publicacion: 05/04/2019
Enlace web:

https://www.rtve.es/play/audios/marca-espana/marca-espana-

investigadores-espanoles-logran-descontaminar-aire-ciudades-05-04-

19/5120987/?media=rne

7) Referencia: noticia
Titular: Cdscara del arroz contra la contaminacion

Medio de comunicacidn en donde se ha publicado la noticia: National

Geographic
Fecha de publicacién: 14/02/2020
Enlace web:

https://www.nationalgeographic.com.es/ciencia/cascara-arroz-contra-

contaminacion 15189

La noticia fue difundida por otros medios de comunicacién, entre ellos:
Titular: ¢ Cdscara de arroz para combatir la contaminacion?: Si
Medio de comunicacidn: Radio Duna (Santiago, Chile)

https://www.duna.cl/noticias/2020/02/21/uso-de-la-cascara-de-arroz-

para-combatir-la-contaminacion/
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https://www.rtve.es/play/audios/marca-espana/marca-espana-investigadores-espanoles-logran-descontaminar-aire-ciudades-05-04-19/5120987/?media=rne
https://www.nationalgeographic.com.es/ciencia/cascara-arroz-contra-contaminacion_15189
https://www.nationalgeographic.com.es/ciencia/cascara-arroz-contra-contaminacion_15189
https://www.duna.cl/noticias/2020/02/21/uso-de-la-cascara-de-arroz-para-combatir-la-contaminacion/
https://www.duna.cl/noticias/2020/02/21/uso-de-la-cascara-de-arroz-para-combatir-la-contaminacion/

Nuevos materiales inorgdnicos funcionales para la prevencion de la contaminacion en el patrimonio y
hadbitat urbano
8) Referencia: noticia

Titular: Crean un material resistente a microorganismos para restaurar el

patrimonio

Medio de comunicaciéon en donde se ha publicado la noticia: Cadena

Cope
Fecha de publicacién: 03/11/2020
Enlace web:

https://www.cope.es/actualidad/cultura/noticias/crean-material-

resistente-microorganismos-para-restaurar-patrimonio-

20201103 977919

La noticia fue difundida por otros medios de comunicacién, entre ellos:

Titular: Crean un material mds resistente a los microorganismos para

restaurar el patrimonio historico
Medio de comunicacion: Europa Press

https://www.europapress.es/andalucia/noticia-crean-material-mas-

resistente-microorganismos-restaurar-patrimonio-historico-

20201103101426.html

Titular: Crean un material mds resistente a los microorganismos para

restaurar el patrimonio histdrico

Medio de comunicacidon: Consejo Superior de Investigaciones Cientificas

(CsIC)
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https://www.cope.es/actualidad/cultura/noticias/crean-material-resistente-microorganismos-para-restaurar-patrimonio-20201103_977919
https://www.cope.es/actualidad/cultura/noticias/crean-material-resistente-microorganismos-para-restaurar-patrimonio-20201103_977919
https://www.cope.es/actualidad/cultura/noticias/crean-material-resistente-microorganismos-para-restaurar-patrimonio-20201103_977919
https://www.europapress.es/andalucia/noticia-crean-material-mas-resistente-microorganismos-restaurar-patrimonio-historico-20201103101426.html
https://www.europapress.es/andalucia/noticia-crean-material-mas-resistente-microorganismos-restaurar-patrimonio-historico-20201103101426.html
https://www.europapress.es/andalucia/noticia-crean-material-mas-resistente-microorganismos-restaurar-patrimonio-historico-20201103101426.html

Anexo Il. Difusion cientifica.

https://pti-pais.csic.es/crean-un-material-mas-resistente-a-los-

microorganismos-para-restaurar-el-patrimonio-historico/
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https://pti-pais.csic.es/crean-un-material-mas-resistente-a-los-microorganismos-para-restaurar-el-patrimonio-historico/
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