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INTRODUCCION
1 NANOTECNOLOGIA

“En el fondo, hay espacio de sobra.” Ese fue el titulo con el que el premio Nobel
de Fisica Richard Feynman comenzé un discurso ante la American Physical Society en
diciembre de 1959 en el que sent6 las bases de un nuevo y sorprendente campo
cientifico, la Nanotecnologia. El término como tal se debe al profesor Taniguchi de la
Universidad de Tokio quien lo acufié en 1974. La ASTM (American Society for Testing
and Materials) se define a la Nanotecnologia como un campo que incluye tecnologias
que miden, manipulan o incorporan materiales con una o varias de sus dimensiones

comprendidas entre 1 y 100 nm. En la Figura 1 se muestra un ejemplo de la escala

nanométrica.
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Figura 1. Ejemplo de escala nanométrica segun NCI [1]

Han pasado ya mas de diez afios desde que el National Science and Technology
Council (NSTC) de Estados Unidos emitiera el primer comunicado sobre
Nanotecnologia [2]. Durante este tiempo, la Nanotecnologia ha supuesto un avance
revolucionario tanto para la ciencia como para la tecnologia. Desde el 2001 hasta el
2008, el numero de descubrimientos cientificos, la inversion en 1+D, asi como el
numero de trabajadores para la industria nanotecnoldgica, crecieron a un ritmo

promedio del 25% anual [3].

Hasta el momento la Nanotecnologia ha cosechado numerosos éxitos. Se ha

desarrollado toda una nueva gama de materiales: desde estructuras “pasivas”, como



10

Introduccién

materiales de refuerzo en polimeros, hasta construcciones mucho mas sofisticadas o
“activas” que permiten la transferencia de informacion entre nanoestructuras. Muchos
de estos adelantos han llegado ya al mercado, existiendo numerosos productos de

consumo plenamente desarrollados como se detalla mas abajo [4, 5].

1.1 (Qué son los nanomateriales? Definicibn de nanomaterial vy

caracteristicas

La Nanotecnologia permite controlar la composicion y estructura de la materia a
escala cercana a la atdmica, pudiendo dar lugar a materiales avanzados con
propiedades Unicas. La Comision Europea definié el término nanomaterial como un
material formado por particulas presentes de forma individual o formando agregados
0 aglomerados, donde el 50% o mas de las particulas poseen una distribucion de
tamafios en una o en varias dimensiones, en el rango de 1 nm a 100 nm. Este
porcentaje puede disminuir hasta en un 1% en algunos casos [6]. Un nanomaterial
puede tener mdltiples origenes, generarse de forma natural, accidental o

intencionadamente.

Varios grupos de normalizacion con competencias en la materia han publicado
documentos tratando de normalizar la terminologia basica que define a los
nanomateriales. Segun la ISO TS 27687[7] un nano-objeto es un material cuyas
dimensiones externas o estructura interna se hallan en la escala nanométrica y que
pue demostrar caracteristicas nuevas comparadas con las del mismo material fuera de
la nanoescala. Los nanobjetos engloban a las nanoparticulas, la nanofibras o los
nanoplatos. En el caso de nanoparticulas y particulas ultrafinas, la norma ISO/TR
27628:2007[8] aclara que ambos términos se refieren a particulas con didmetros
nominales inferiores a los 100 nm, sin embargo, el término ultrafino suele aplicarse a
particulas en suspensién generadas en procesos de combustién o humos de soldadura,

etc.
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1.2 Aplicacionesy productos de consumo

La Nanotecnologia permite controlar la composicion y estructura de la materia a
escala cercana a la atomica dando lugar a materiales avanzados con propiedades
Unicas. El mercado nanotecnoldgico esta estimado en un valor de unos veinte billones
de euros [9]. Asimismo, el total anual de nanomateriales manufacturados (MNM en
sus siglas en inglés) presentes en el mercado a escala global se estima en 11.5 * 10°

toneladas.

Existen numerosos productos de consumo basados en Nanotecnologia. Segun el
Project on Emerging Nanotechnologies (PEN)[10], que comenz6 en el 2005, se han
identificado mas de 1.850 productos producidos por mas de 500 empresas localizadas
en unos 30 paises distintos [11]. Estos datos sirven para estimar el impacto directo que

la Nanotecnologia tiene tanto en los consumidores como en la sociedad.

Muchos de los nanomateriales que dominan el mercado nanotecnoldgico han
sido utilizados durante décadas, como el negro de humo (carbon black) que se usa
principalmente como sistemas de refuerzo en neumaticos y otros productos de goma
[12] o la silice amorfa que se utiliza en numerosas aplicaciones [13] desde relleno

funcional en polimeros [14], hasta aditivo en productos alimentarios [15].

Cada dia se incorporan al mercado nuevos nanomateriales, cosechando muchos
de ellos un gran éxito. Por citar algunos ejemplos, el éxido de titanio nanométrico [16]
es utilizado como filtro UV en protectores solares y pinturas [17], las nanoparticulas de
plata presentan propiedades antimicrobianas que se aplican en una variedad de
escenarios y los nanotubos de carbono permiten fabricar materiales compuestos, los
llamados Nanocomposites [18-20] utilizados en gran medida en la industria
aeroespacial (desarrollo de materiales superligeros y recubrimientos de alta resistencia
en superficies aerodinamicas) y en la industria automotriz y de transporte. De hecho,
los nanotubos de carbono se citan a menudo como un ejemplo clasico de material de
éxito. Esto ha sido posible gracias al desarrollo de procesos de produccion escalable y
de bajo coste, que han permitido disponer de nanotubos de carbono a un precio

razonable[21].

1"
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Las previsiones para los préximos afios apuntan a una expansion significativa de
la Nanotecnologia [3], esperandose un crecimiento que va desde un volumen global de
unos 200 millones de euros hasta los dos trillones en el 2015. Ademas, el Programa
Marco de investigacion e innovacion de la Unién europea Horizonte 2020 (H2020), ha
identificado a la Nanotecnologia como una de las areas tecnolégicas claves para

impulsar la competitividad de Europa [22].

1.3 Impacto de la Nanotecnologia en el medio ambiente y en la salud

Como hemos visto, los avances en Nanotecnologia suponen un gran impacto en
el mercado tecnoldgico y en la sociedad ya que permiten el disefio de soluciones
innovadoras en mdltiples areas y el desarrollo de nuevos productos de consumo. Este
progreso ha dado lugar a una gran paradoja. Sin embargo, muchas de las
caracteristicas de los nanomateriales que son utiles y deseables en aplicaciones
biomédicas y tecnoldgicas, como su gran reactividad o su capacidad de “cruzar”
barreras bioldgicas, pueden representar un riesgo potencial tanto para la salud como
para el medio ambiente [23]. Dada la amplisima variedad de nanomateriales
disponibles y el ritmo al que se generan, nos enfrentamos a un enorme potencial
positivo en cuanto a sus propiedades, pero también a riesgos potenciales que todavia
no se conocen suficientemente. El desconocimiento de los riesgos que estos nuevos
materiales pueden presentar ha despertado la preocupacion de la sociedad [24]. Es
ineludible el desarrollo de una evaluacion de riesgos especializada en este tipo de
materiales que cubra tanto los efectos para la salud de los trabajadores y los
consumidores, como sobre el medio ambiente. Como consecuencia, ha surgido una
nueva area de investigacion denominada “Nanoseguridad” (Nanosafety), que evaltay

estudia los riesgos potenciales de los nanomateriales asi como su utilizacion segura.
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2 NANOSEGURIDAD

La nanoseguridad trata de evaluiar, identificar y controlar los posibles efectos
negativos que la Nanotecnologia pueda tener en la salud o el medio ambiente. Para
poder asegurar un desarrollo positivo de la Nanotecnologia es necesario un enfoque
multidisciplinar que va més alla de una evaluacion de riesgos tradicional [25]. Puesto
que debe abarcar el ciclo completo de los nanomateriales incluyendo su produccion,
utilizacién y disposicion final o reciclaje, esta nueva disciplina integra conocimientos
provenientes de areas tan dispares como la toxicologia, la ingenieria quimica e

industrial, la ciencia de materiales, la fisica de aerosoles y las ciencias ambientales.

La Nanoseguridad se encuentra en pleno auge, dentro de la lineas principales de
actuacion del programa marco europeo Horizonte 2020 se incluyen el desarrollo y la
aplicacion seguras de la Nanotecnologia [26]. Recientemente, el Instituto Finlandés de
Salud Ocupacional (Finnish Institute of Occupational Health) ha publicado un plan
estratégico para los préximos 10 afios sobre Nanoseguridad en el cual se destacan
aspectos clave a desarrollar como la identificacion y clasificacion de nanomateriales, el
estudio de la exposicion y la transformacion de los nanomateriales, sus efectos en la
salud y el medio ambiente y el desarrollo de herramientas especificas de prediccion y

evaluacion de riesgos [22].

2.1 Riesgos potenciales de los nanomateriales

El Comité cientifico de riesgos sanitarios emergentes y recientemente
identificados (CCRSERI) determind que existen riesgos comprobados para la salud
vinculados a varios nanomateriales manufacturados. No obstante, cabe aclarar que

cada riesgo esté relacionado con un nanomaterial especifico en un determinado uso.

No todos los nanomateriales son potencialmente peligrosos para la salud y de
hecho, convivimos con algunos nanomateriales desde hace miles de afios. El riesgo
potencial de los nanomateriales es muy variado: se han identificado desde materiales
totalmente inocuos hasta materiales que presentan un riesgo elevado [27]. El riesgo

especifico de un nanomaterial esta condicionado por su composicion quimica,
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distribucion de tamafios, forma y area superficial, entre otros factores [28]. A este
respecto son especialmente preocupantes los denominados materiales
manufacturados ENMS (de sus siglas en inglés: “Engineered Nanomaterials™), es decir
materiales totalmente nuevos, concebidos y sintetizados en el laboratorio durante los

Gltimos anos.

Los resultados obtenidos hasta la fecha, a pesar de ser bastante controvertidos,
apuntan a que los metales y 6xidos metélicos son los materiales que presentan los
principales riesgos potenciales para el medio ambiente. Por otro lado, en lo que
respecta a la salud humana, la principal amenaza es el desarrollo de enfermedades
cronicas a partir de actividades donde se produce la liberacion de particulas al medio

de forma incontrolada [29].

En general, los efectos negativos de los nanomateriales suelen asociarse con
varios factores como su capacidad para traspasar barreras bioldgicas (translocacion),
su area superficial que les proporciona una gran reactividad, su solubilidad o
caracteristicas propias y estructurales. Cada caso particular debe evaluarse de forma

independiente ya que el abanico de materiales disponibles es amplisimo.

La toxicidad de materiales inorganicos como SiO, TiO, y ZnO estd asociada
principalmente a la formacion de ROS (Reactive Oxygen Species). Un exceso de ROS
puede dar lugar a estrés oxidativo haciendo que se produzcan fallos en el
funcionamiento de las células que, a su vez, pueden afectar al ADN dando lugar a fallos
en la sefializacion celular, citotoxicidad, apoptosis y finalmente, cancer [30]. Para el
Oxido de titanio en particular se han observado efectos antibacterianos e inflamacion
pulmonar en roedores [31]. En algunos casos las propiedades superficiales ejercen un
gran efecto en la toxicidad de un material. La porosidad, el area superficial y la fase
cristalina de las particulas son determinantes de sus efectos nocivos [32]. Por ejemplo
en el 6xido de titanio, la fase cristalina anatasa produce generalmente mayor

respuesta pulmonar que el rutilo en los estudios de toxicidad.

Algunos de los nanomateriales mas comunes, como las nanoparticulas metélicas
0 de base carbonosa, pueden modificar el sistema endocrino dando lugar a problemas

reproductivos, sindrome metabdlico e incluso algunos tipos de cancer [33]. Los
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nanotubos de carbono han causado una gran preocupacién hasta el momento, sus
caracteristicas propias como su longitud, contenido metalico o tendencia a agregarse o
aglomerarse, ademas de sus propiedades superficiales son criticas a la hora de evaluar
su toxicidad. A pesar de la disparidad de resultados presentes en la literatura, la
toxicidad de los nanotubos parece debida a una respuesta oxidativa que da lugar a
respuestas inflamatorias, genotdxicas y citotoxicas [34]. En el caso del grafeno, sus
caracteristicas completamente distintas a las de nanoparticulas esféricas o a las de los
nanotubos de carbono hacen que su toxicidad esté estrechamente relacionada con sus

caracteristicas superficiales, tamafio, nimero de capas entre otros [35].

A pesar del esfuerzo realizado hasta el momento sigue existiendo una notable
incertidumbre respecto al efecto de los nanomateriales en la salud humana, a su
interaccion con los sistemas bioldgicos, 0 a su migracion en el interior del organismo
[36]. Es necesaria una evaluacién especifica de cada uno de los materiales para poder
priorizar la investigacion sobre los que mayor impacto puedan tener en la salud y

seguridad ocupacional.

2.2 Exposicion a nanomateriales

La exposicion a nanomateriales puede producirse en diversos entornos en los
que estos se manipulan, se procesan o se utilizan, por tanto, trabajadores,
consumidores y publico estan potencialmente expuestos [37]. El personal del sector
nanotecnoldgico es un colectivo de riesgo que puede estar expuesto durante distintas
etapas del ciclo de vida de los nanomateriales como su produccion, procesado, uso, y
eliminacion [38-41]. Debido a ello, es imprescindible evalura cada una de las etapas

que componen el ciclo de vida de estos materiales [23].

En el afio 2012, el empleo relacionado directamente con el sector
nanotecnoldgico en Europa genero, segun las estimaciones, entre 300 000 y 400 000
puestos de trabajo [9]. Los trabajadores y los investigadores del sector son
especialmente vulnerables debido a que la concentracion de nanomateriales suele ser
mas alta en los lugares de trabajo [36]. Sin embargo, la evaluacion de riesgo de cada

entorno laboral no un proceso sencillo y requiere una aproximacion caso por caso, ya
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que el impacto provocado por los nanomateriales depende siempre de su uso
particular [40]. En todo caso, es imprescindible que los trabajadores del sector reciban
mas informacién sobre los riesgos de los nanomaeriales y las posibles rutas de
exposicion existentes, ya que, se han detectado serias deficiencias en cuanto a las
medidas de seguridad adoptadas, incluso en colectivos altamente cualificados como el

caso de los investigacores [41].

Desde un punto de vista bioldgico, existen tres rutas principales de entrada de
los nanomateriales en el organismo humano que son la inhalacion, la absorcion a
través de la piel y la ingestién (Figura 2 (a)). La inhalacion es una de las vias de
exposicion mas preocupantes desde un punto de vista de salud ocupacional. La
deposicion de particulas en las vias respiratorias depende de varios factores como las
propiedades intrinsecas de las particulas, los patrones de respiracion de la persona y
las dimensiones de las vias respiratorias [42]. Un 90% o mas de las particulas inhaladas
con diametros de 100 nm o menores se depositan en el tracto respiratorio, (Figura 2
(b)) [43] Ademas, los efectos mas nocivos producidos por los nanomateriales afectan a
los pulmones e incluyen, entre otros, inflamacion, dafios de tejidos, fibrosis, y
generacion de tumores. Los nanomateriales pueden alcanzar otros érganos y tejidos
entre los que se cuentan el higado, los rifiones, el corazon, el cerebro, el esqueleto y
diversos tejidos blandos [27, 44, 45].
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Figura 2 a) Rutas potenciales de exposicion a nanoparticulas: inhalacién, ingestion, dérmica y
parenteral [46] b) Deposicion regional y total de particulas inhaladas en el tracto respiratorio
seguin el modelo ICRP [43].
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Asimismo, la ingestion y la absorcién de nanoparticulas a través de la piel
tambien presenta serios riesgos para la salud humana [47, 48]. En general, la
investigacion relacionada con los efectos toxicoldgicos de la exposicion cuténea a
nanomateriales, ha estado principalmente centrada en los riesgos que presentan tanto
el oxido de titanio como el 6xido de zinc ya que estos materiales estan presentes en
numerosos productos cosméticos [49]. Sin embargo, la informacién y los resultados
obtenidos todavia resultan contradictorios [50-52]. Fuera de este dominio, existen muy
pocos estudios tanto acerca de la absorcion dérmica de nanomateriales asi como sobre

la exposicién cuténea de los trabajadores y del publico en general.
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2.3 Evaluacion de riesgo y control de exposicion

En general, los estudios que existen hasta la fecha sobre exposicién ocupacional
a nanomateriales presentan una gran variabilidad en los resultados, siendo dificiles de
comparar ya gque se han realizado utilizando metodologias distintas. Por lo tanto, en el
campo de la Nanoseguridad es claramente necesario una armonizacion de datos,

metodologia y materiales [23].

A pesar de que la estrategia europea de salud y seguridad laboral del periodo
2007-2012 sefial6 a la Nanotecnologia como una posible fuente de riesgo, no existe en
la actualidad una reglamentacion especifica para nanomateriales en la Unién Europea.
La regulacion de la Nanotecnologia se ha visto obstaculizada por la complejidad propia
de esta area, su aplicacion en distintos sectores, y la falta de métodos de medida e
informacion estandarizados. Hasta el momento en la Unién Europea se aplica la
legislacién general, sin mencionar de forma especifica a los hanomateriales [23]. La
regulacién relacionada con la proteccién de la salud laboral mas directamente

aplicable engloba a la Directiva 67/548 y a la Directiva 98/24/EC.

Tampoco existe una legislacion que establezca oficialmente limites de exposicion
(OEL segun sus siglas en inglés) a distintos nanomateriales [53]. Solo existen limites
recomendados por varias organizaciones para determinados materiales que actdan
como valores orientativos. Algunos ejemplos son los valores propuestos para el 6xido
de titanio nanométrico (< 100 nm) o para los nanotubos de carbono (CNTs). En una
revision sobre el estado del arte de los limites de exposicion a nanomateriales llevada
a cabo por Schulte y cols. [53], se resumen los OEL recomendados para distintos

materiales.

Con el fin de evaluar el riesgo para la salud de los nanomateriales se han
propuesto distintos enfoques como por ejemplo la herramienta de franjas de control
(control banding) [54]. En el caso de la evaluacion de riesgo de exposicion a
nanoparticulas, el Instituto Nacional de Higiene en el Trabajo de nuestro pais, propone
en su NTP n® 877 una aproximacion cualitativa que utiliza una metodologia

simplificada, similar a la usada en la evaluacion de riesgos debidos a agentes quimicos.
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El riesgo R se evalla mediante la estimacion cualitativa de los dos parametros que lo
determinan, la severidad S, que esta basada en parametros toxicolGgicos y la
probabilidad P de exposicién. A la hora de calcular la severidad, se tienen en cuenta
tanto propiedades toxicoldgicas y fisicoquimicas del material como las propiedades del
llamado material padre o material similar no nanométrico. El resultado de dicha
evaluacion puede dar lugar a cuatro niveles de riesgo y, en cada caso, se propone una
actuacion (Tabla 1). Este método presenta una posible alternativa a una aproximacion
clasica de higiene industrial. Sin embargo conforme aumenten los conocimientos sobre
toxicologia y se obtengan un mayor numero de datos sobre exposicion esta

herramienta debera refinarse.

Aunque bastantes organizaciones han publicado guias sobre el manejo de
nanomateriales [24, 55-58], todavia no existe una normativa de uso general que sea
equiparable a, por ejemplo los valores TLV (Tresold Limite Value) de la ACGIH
(American Conference of Industrial Hygienists). Esto puede ser explicado debido a la

novedad y a alta la velocidad de desarrollo del sector.

PROBABILIDAD
Improbable Poco Probable Probable Muy probable
(0-25) (26-50) (51-75) (76-100)

<D( Muy Alta (76-100) RL3 RL3 RL4 RL4
=)
o

< Alta (51-75) RL2 RL2 RL3 RL4
&

Media (26-50) RL1 RL1 RL2 RL3

Baja(0-25) RL1 RL1 RL1 RL2

RL1: ventilacion general

RL2: ventilacién con extraccion localizada o campanas de humos
RL3: confinamiento

RL4: buscar asesoramiento externo

Tabla 1. Matriz de decisiones adaptada del NTP N°877 propuesta por el Instituto nacional de
higiene en el trabajo.
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Evaluar la exposicion a nanomateriales consiste en determinar como es el lugar
de exposicion (laboral, medioambiental, de consumo), la via (inhalacion, ingestién,
dérmica), su alcance (grado, duracion y frecuencia) y, dependiendo del lugar de
exposicion, la poblaciéon que puede estar expuesta [54]. El primer paso a tomar es
identificar la fuente de exposicién [59]. Una deteccidén temprana de las nanoparticulas,
ya sea en forma de aerosoles o presentes como contaminacién en distintas superficies,
se convierte por tanto en un asunto de gran interés, especialmente teniendo en
cuenta que, aunque se ha demostrado toxicidad para algunos nanomateriales, en la

mayor parte de los casos aln se ignoran sus efectos especificos para la salud.

2.3.1 Particulas aerosolizadas

La inhalacion es una de las vias de exposicion que afecta a mas personas y que
ademas, genera mayor preocupacion entre la comunidad cientifica. Las nanoparticulas
qgue se encuentran formando un aerosol tienen una gran probabilidad de entrar al
organismo a través del sistema respiratorio [60]. Ademas, las nanoparticulas son
propensas a aglomerarse dando lugar a estructuras mayores, modificando su

estabilidad y por tanto, su tendencia a ser inhaladas [60, 61].

Conforme el tamafio de un nanomaterial disminuye, su area superficial aumenta
y también lo hace su reactividad. De hecho, los estudios realizados hasta el momento
parecen indicar que uno de los factores clave en la toxicidad de los nanomateriales es
su area superficial. Debido a ello, el enfoque clasico generalmente utilizado a la hora
de monitorizar aerosoles, estd siendo cuestionado. La norma de muestreo de
aerosoles UNE-EN 481 considera que se deben medir concentraciones en masa por
unidad de volumen (mg/m®). Sin embargo, las medidas basadas en masa no son las
mas adecuadas en el caso de nanomateriales ya que, debido a su relacién de tamafio,
un gran numero de nanoparticulas da lugar un valores pequefios de masa. Por el
momento no existe un consenso claro sobre qué pardmetros (volumen, nimero o
masa por volumen) estan mas relacionados con la respuesta bioldgica a este tipo de

materiales y por tanto seria mas aconsejable medir
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Lo que parece claro es que es imprescindible una correcta y pronta identificacién
de las fuentes que pueden liberar material de tamafio submicrométrico
potencialmente inhalable. Ademas es necesaria una cuantificaciéon y una completa
caracterizacion del material liberado sin importar donde se encuentre la fuente, bien
sea en entornos laborales (laboratorios e industria) como fuera de ellos. Finalmente, se
necesita un mayor conocimiento de las condiciones y situaciones en las que se liberan
particulas al medio asi como una profunda evaluacién de las caracteristicas de las
emisiones que favorecen la absorcion, distribucion y retencion de dichos materiales en

el organismo asi como las dosis que se consideran peligrosas para la salud [62].

2.3.2 Superficies contaminadas por nanomateriales

Como ya se ha mencionado anteriormente, una de las posibles vias de acceso de
los nanomateriales al organismo es el “contacto” a través de la piel. Siendo esta via
ademas, la ruta de entrada menos estudiada. El proyecto europeo NANOderm fue
uno de los primeros en abordar esta cuestion, estudiando, in vivo e in vitro el paso de
las nanoparticulas de Oxido de titanio a través de la piel utilizando cultivos
representativos de piel humana y porcina. Una de las conclusiones mas importantes
mostr6 que las nanoparticulas de Oxido de titanio recubiertas, utilizadas
principalmente en cremas solares, no se absorben a través de la piel sana. Sin embargo
existe todavia una gran falta de informacion sobre la absorcion en el caso de pieles
atdpicas o con microlesiones [63] y también en el caso de otros tipos de particulas con

distintas caracteristicas superficiales, composicion, etc.

En general, los resultados relacionados con la toxicologia y la absorcion de las
nanoparticulas siguen siendo controvertidos [50]. En 2012, Bennett y cols. encontraron
que las nanoparticulas de éxido de titanio podian penetrar a través de la piel al

romperse sus agregados debido a mecanismos foto-inducidos [64].

Por otro lado, a pesar de que los estudios de toxicidad se han centrado
principalmente en las particulas utilizadas en productos cosméticos, hay que destacar
que, los trabajadores e investigadores de la industria nanotecnolégica son un sector

altamente expuesto a una contaminacion cutanea. Al generar y manipular material en
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nanoparticulado, es muy probable que las superficies de trabajo se contaminen .Esto
puede dar lugar a su vez a una redispersion del material o a una contaminacion directa
de la piel de los trabajadores. A pesar de que algunos articulos han advertido sobre
esta posibilidad [65, 66] en muy pocos casos se ha estudiado la contaminacion de las
superficies de trabajo. Este tipo de contaminacion resulta relevante ya que a menudo
los trabajadores pueden entrar en contacto con las superficies contaminadas sin
proteccion (guantes), pudiendo producirse la exposicion por via dérmica, o0
indirectamente mediante ingestion. Ademas la contaminacion puede ser redispersada

transporténdose a otra zonas.
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2.4 Marcaje y deteccion especifica de nanomateriales

A pesar del desarrollo que la nanoseguridad ha sufrido durante los Gltimos 5
afos, todavia quedan grandes retos por superar. Un informe de la Comision Europea
del 2011 destaca la necesidad de determinar el impacto de los nanomateriales
manufacturados (ENM) en la salud humana [23]. A pesar de que este término se
refiere a materiales sintéticos, hay que resefiar que los nanomateriales pueden estar
presentes en el ambiente procedentes de diversas fuentes, por ejemplo como
consecuencia de procesos de combustion [23]. Por tanto resulta critica la necesidad de
desarrollar la capacidad de identificar y diferenciar los nanomateriales manufacturados

(ENM) de las particulas previamente existentes en el ambiente.

Las particulas presentes en el ambiente, pueden provenir tanto de fuentes
naturales como antropogénicas y, debido a su preponderancia, pueden presentar
serios problemas en las medidas de exposicion a nanomateriales. Numerosos autores
han sefialado la necesidad de desarrollar métodos para una correcta discriminacion de
los nanomateriales frente a las nanoparticulas de fondo [29, 67-70]. Recientemente, la
Comision Europea destacado este asunto como un aspecto clave en la evaluacion de la

exposicion a nanomateriales[23].

A pesar de la insistencia en la necesidad de identificar de forma inequivoca a los
nanomateriales, sélo existen unos pocos estudios experimentales realizados hasta la
fecha que aborden el problema. Los métodos propuestos se basan en la deteccién de
las particulas utilizado el uso de marcadores fluorescentes [71-73], métodos de
marcado radioactivo [74-76], is6topos estables como trazadores [77, 78] o las
propiedades cataliticas de las particulas Neubauer y cols. [79, 80]. Sin embargo la
mayor parte de los métodos propuestos se basan en técnicas de deteccion demasiado
complejas o0 caras y por tanto, costosas y dificiles de aplicar. Por tanto, parece
necesario el desarrollo de nuevos métodos mas asequibles y sencillos que permitan

superar este problema
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3 COMPENDIO DE TRABAJOS Y UNIDAD TEMATICA

La Nanotecnologia es un conocimiento clave para el desarrollo de futuras
innovaciones y nuevos productos. A pesar de los innegables beneficios que pueden
resultar de su desarrollo, existe una creciente preocupacion entre la comunidad
cientifica y algunos gobiernos por el riesgo para la salud que supone la presencia de
materiales totalmente nuevos. Sin ir mas lejos, la Agencia europea de seguridad y
salud laboral (EU-OSHA) ha identificado a los nanomateriales como un riesgo
emergente [81]. En respuesta al creciente interés social en Nanoseguridad, la presente
tesis ha pretendido avanzar en el conocimiento relacionado con las emisiones
producidas durante la manipulacion de distintos materiales nanoparticulados de

interés industrial.

Recientemente, el Comité cientifico de riesgos sanitarios emergentes vy
recientemente identificados (SCENIHR)[82] ha recalcado la necesidad de materiales de
referencia y métodos de deteccion de nanomateriales. En la presente tesis se han
sintetizado y caracterizado nanoparticulas de Oxido de titanio como material de
referencia. En relacion con los métodos de referencia, se han desarrollado nuevas
formas tanto de generacion como de captura de aerosoles nanoparticulados en dos
publicaciones. En el Articulo 1 del compendio de publicaciones se han generado
aerosoles de oOxido de titanio a partir de dispersiones coloidales. Ha sido escrito por
Gomez V., Irusta S., Balas F. y Santamaria J., y se titula “Generation of TiO, aerosols
from liquid suspensions: Influence of colloid characteristics”. En él se ha realizado un
estudio exhaustivo sobre la influencia del coloide y de las condiciones de operacién
(concentracién de nanoparticulas, caudal utilizado y pH) en el aerosol generado. El
segundo trabajo (Articulo 2) desarrolla un nuevo medio de filtracién y captura de
nanoparticulas basado en una bateria de difusion mixta. Este articulo se ha realizado
por Gomez V., Alguacil F. J., y Alonso M., durante una estancia predoctoral en el
Centro Nacional de Investigacion MetalUrgica (CENIM) perteneciente al Consejo
Superior de Investigaciones Cientificas (CSIC) bajo la supervisién del Dr. Manuel Alonso
y se titula “Deposition of Aerosol Particles below 10 nm on a Mixed Screen-Type

Diffusion Battery”.
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Uno de los puntos clave en Nanoseguridad es identificar y evaluar fuentes de
emision de nanomateriales para minimizar el riesgo a la exposicion. Se pueden
producir emisiones al manipular directamente nanomateriales o0 materiales
compuestos que incluyen algiin nanomaterial en su formulacion. Siendo especialmente
preocupantes las operaciones con material en forma pulverulenta. Por otra parte se
pueden producir emisiones accidentales o no intencionadas de material

nanoparticulado, siendo estas dificilmente previsibles e identificables.

En la presente tesis doctoral se han identificado y caracterizado distintas fuentes
de emision a lo largo de cuatro publicaciones denominados Articulos 4, 5, 7y 8 en el

compendio de publicaciones.

Los Articulos 4 y 5 tratan sobre la deteccién y caracterizacion de fuentes
emision de material nanoparticulado en un laboratorio de investigacion. Se han
sintetizado y utilizado ademéas nanoparticulas trazables que pueden ser discriminadas
respecto a las particulas del ambiente permitiendo desarrollar protocolos de deteccion
especificos. En el Articulo 4, ademas, se ha abordado una de las rutas de
contaminacion menos estudiadas hasta el momento: la contaminacion de superficies.
Este trabajo ha sido desarrollado por los autores Gomez V., Clemente A., Irusta S.,
Balas F. y Santamaria J. y esta titulado “Identification of TiO, nanoparticles using La
and Ce as labels. Application to the evaluation of surface contamination during the
handling of nano-sized matter”. El segundo trabajo (Articulo 5) tiene como autores a
Goémez, V., lrusta, S., Navascués, N. Balas, F. y Santamaria, J. y lleva como titulo
“Unintended emission of nanoparticle aerosols during common laboratory handling
operations” y consiste en el estudio de las emisiones generadas en operaciones

comunes de laboratorio.

En los Articulos 7 y 8 se estudian procesos de soldadura electrénica y
mecanizado respectivamente. El Articulo 7 tienen como autores a Gomez, V., Irusta, S.,
Balas, F. y J. Santamaria en “Intense generation of respirable metal nanoparticles from
a low-power soldering unit”. Por otra parte, el Articulo 8 se realizé durante una
estancia predoctoral en el National Research Centre for the Working Environment bajo

la supervisioén del profesor Keld Aldstrup Jensen. Los autores de este articulo son
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Gomez V., Levin M., Saber A,, Irusta S., Dal Maso M., Hanoi R., Santamaria J., Jensen
K.A., Wallin H., y Koponen |.K. y esta titulado “Comparison of Dust Release from Epoxy

and Paint Nanocomposites and Conventional Products during Sanding and Sawing”.

Los nanomateriales sintetizados en esta tesis doctoral han sido utilizados
también en areas distintas a la linea principal de Nanoseguridad colaborando para ello
con distintos grupos de investigacion en Nanotecnologia. De esta forma se han
publicado los Articulos 3 y 6 del compendio de publicaciones. El Articulo 3 se ha
realizado en colaboracion con el grupo del Prof. Revercheron en la Universidad de
Salermo (Italia) y tiene como autores a Campardelli R., Della Porta G., Gomez V., Irusta
S., Reverchon E. y Santamaria J y se titula “Titanium Dioxide nanoparticles
encapsulation in PLA by Supercritical Emulsion Extraction to produce photoactivable
microspheres”. Se han sintetizado microparticulas de acido polilactico encapsulando
nanoparticulas de 6xido de titanio para dar lugar a un material compuesto con efecto
bactericida. El Articulo 6 se trata de una colaboracion con el grupo del Profesor Rafael
Luque del Dpto. de Quimica Organica de la Universidad de Cérdoba y tiene como
autores a Gomez V., Balu A. M., Serrano-Ruiz J. C., Irusta S., Dionysiou D. D., Luque R.,y
Santamaria J. y se titula “Microwave-assisted mild-temperature preparation of
neodymium-doped titania for the improved photodegradation of water contaminants”.
En él se estudian las propiedades fotocataliticas de nanoparticulas de éxido de titanio

dopadas con neodimio al aplicarlas a la degradacion de contaminantes en agua.
La estructura de la tesis doctoral se puede dividir en tres grandes bloques:

e Blogue 1 Generacion y captura de aerosoles nanoparticulados.
Este bloque se desarrolla a lo largo de los Apartados 1 de resultados vy
conclusiones. Engloba la sintesis de materiales de referencia y la generacién y el
filtrado de aerosoles nanoparticulados. Este bloque incluye los resultados
relacionados con los Articulos 1 y 2 del compendio. Ademés se incluye un
pequefio resumen del Articulo 3 en el que las nanoparticulas de referencia se

han utilizado para sintetizar materiales compuestos con efectos bactericidas.



Introduccién

Bloque 2 Marcado, deteccion e identificacion de particulas.

Este bloque habla sobre la sintesis y caracterizacion de nanomateriales trazables
y su deteccién e identificacion tanto en superficies como formando aerosoles. Se
desarrolla en el apartado 2 de resultados y de conclusiones y esta relacionado
con los Articulos 4 y 5 del compendio. Incluye ademés un resumen del Articulo 6
en el cual se han caracterizado las propiedades fotocataliticas de nanoparticulas
de Oxido de titanio dopadas con lantanidos.

Bloque 3 Estudio de diversas fuentes de aerosoles nanoparticulados.

Este blogue se centra en la evaluacién de distintas fuentes de emision de
nanoparticulas (apartado 3 del bloque resultados y conclusiones) y esta
relacionado con los Articulos 7 y 8 del compendio. Incluye el estudio del material
particulado emitido en procesos de soldadura electrénica y en el mecanizado de

materiales compuestos.
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OBJETIVOS

Los objetivos globales de esta tesis doctoral se enumeran a continuacion:

. Sintesis de materiales de referencia. Sintetizar nanoparticulas de oxido de titanio y
estudiar sus propiedades fisicoquimicas. Los nanomateriales sintetizados se
utilizaran como referencia en estudios relacionados con la Nanoseguridad.

. Generacién de aerosoles. Generar aerosoles con caracteristicas conocidas. En el
caso de la nebulizacion de dispersiones coloidales, estudiar la influencia de distintos
pardmetros en la concentracion y distribucién de tamafios de particula en el
aerosol.

. Desarrollo de nuevos métodos de filtrado. Desarrollar y caracterizar una bateria de
difusién mixta.

. Sintesis y caracterizacion de nanomateriales trazables. Sintetizar nanomateriales
trazables mediante dopado con cantidades conocidas de lantanidos y estudiar su
influencia en las caracteristicas fisicoquimicas originales de las particulas.

. Métodos de deteccion e identificacion de nanomateriales. Desarrollar distintos
métodos de deteccion de nanomateriales, incluyéndose las operaciones de toma
de muestra, deteccién y andlisis quimico tanto en forma de aerosol como
contaminando superficies.

. Deteccidon y estudio de emisiones. Analizar distintos escenarios de emision o
liberacion de nanomateriales al medio como operaciones basicas de manejo de
material pulverulento, procesos de soldadura y mecanizado de materiales
compuestos.

Desarrollar distintas aplicaciones nanotecnoldgicas para los materiales

sintetizados.
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METODOLOGIA E INSTRUMENTACION

En este apartado se describe tanto la metodologia utilizada para sintetizar
nanoparticulas de referencia, generar y filtrar aerosoles, como la instrumentacion
relacionada con la caracterizacién de aerosoles. Ademas, se han descrito las camaras
de exposicion utilizadas y las distintas operaciones realizadas dentro de ellas para
estudiar procesos de emisién. En el ultimo apartado de la metodologia se detallan las
estimaciones de las intensidades de emision asociadas a la liberacion de material
nanoparticulado. La descripcién de las técnicas y equipos utilizados en la sintesis y

caracterizacion de nanomateriales se ha incluido en el Anexo | de la tesis.

1 METODOS DE SINTESIS Y DOPADO DE NANOPARTICULAS DE OXIDO
DE TITANIO

Se han sintetizado nanoparticulas de 6xido de titanio mediante un método sol-
gel seguido de un tratamiento térmico por microondas. Ademas, estas particulas han
sido dopadas con lantanidos. A continuacion se describen los métodos de sintesis y

dopado utilizados.

Un proceso sol-gel de sintesis de nanoparticulas de TiO,,  transcurre
generalmente mediante reacciones de hidrélisis y condensacién de un precursor de
titanio, normalmente un alcoxido o una sal metélica. Comienza con una mezcla en
solucion de precursores idnicos (sales) y/o moleculares que evoluciona por medio de
una serie de reacciones quimicas de hidrolisis y polimerizacion y, tras una etapa de
densificacion mediante una serie de tratamientos térmicos, se forma un sélido

inorgénico.

Las nanoparticulas de titanio sintetizadas mediante el proceso sol-gel se forman
mediante la union de particulas primarias. EI nimero de particulas primarias que dan
lugar a una secundaria aumenta con el tiempo y, por tanto, el radio medio de las
nanoparticulas aumenta con el tiempo de acuerdo con el modelo de coalescencia de

Lifshitz-Slyozow-Wagner[83].
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En muchas sintesis de Oxido de titanio el precursor es TiCl, u otra sal metalica de
Ti* que reacciona rapidamente con el agua siendo por tanto bastante dificiles de
manejar. En nuestro caso se ha preferido sustituir esta clase de precursores por otros
menos reactivos como los alcoxidos metalicos utilizdndose tetraisopropoxido de
titanio. Los productos obtenidos tras la sintesis sol-gel, necesitan un tratamiento
térmico posterior para ser cristalinos. En nuestro caso se ha utilizado un tratamiento

por microondas (MW) para sintetizar 6xido de titanio con estructura cristalina [84, 85].

Brevemente, el método de sintesis consiste en la hidrdlisis catalizada por acido
acético bajo agitacion magnética, de una cantidad adecuada de tetraisopropodxido de
titanio (TIPO) en etanol absoluto. Después de agitar durante un tiempo, se afiade agua
a la mezcla y se procede a calentar durante 15 minutos a 120°C en un horno
microondas bajo agitacién. Cuando la reaccion ha terminado, el producto precipitado
es separado mediante centrifugacion y lavado con etanol absoluto. Mediante este
método, se producen rapidamente nanoparticulas altamente cristalinas,
monodispersas, con formas homogéneas, tamafios inferiores a los 20 nanémetros y

cuya fase cristalina es anatasa [86-88].

El método de sintesis descrito ha sido ligeramente modificado para conseguir
dopar las nanoparticulas. El objetivo principal del dopado es utilizar estas particulas
como trazadores de contaminacion ya que, la presencia de metales poco comunes en
las particulas, permite identificar el material y por tanto seguir sus emisiones al medio.
Se han seleccionado a los lantanidos como agentes dopantes ya que no se encuentran
en concentraciones significativas en el medio ambiente. Ademas, generan sefiales con
buena sensibilidad en distintas técnicas de andlisis como EDX, XPS e ICP, e incluso, en
el caso del neodimio, es posible observar absorciones especificas en el espectro

visible.

Normalmente, para introducir el metal dopante en la reaccion de sintesis se
utiliza un nitrato u otra sal [89-96]. En el caso de las nanoparticulas de 6xido de titanio
[87], se ha modificado la sintesis simplemente afiadiendo la cantidad deseada del
nitrato de lantano correspondiente a la mezcla de reaccion. Al afadir el nitrato

durante el proceso, se consigue que el ion metélico correspondiente se distribuya de
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forma homogénea en los productos sintetizados. Este método resulta muy versatil ya
que permite introducir distintos tipos de metales en las particulas y ademas controlar
la cantidad incorporada. A lo largo de esta tesis doctoral se sintetizaron nanoparticulas
de dxido de titanio dopadas con lantano, cerio y neodimio. Hay que aclarar que la
proporcién de lantanidos en las particulas se ha expresado como una relacion atémica
porcentual N/Ti, siendo N el lantanido correspondiente. Los materiales se han
denominado X N-TiO,, siendo N el lantanido correspondiente y X la relacién atémica

expresada en tanto por uno.

Las nanoparticulas sintetizadas no sélo se han utilizado para aplicaciones
relacionadas con la nanoseguridad (Articulos 1, 4 y 5 del compendio), sino que
también en otras aplicaciones como la sintesis de materiales compuestos con efecto

bactericida (Articulo 3) [86] y fotocatalizadores (Articulo 6) [87].

2 FOTOCATALISIS

La fotocatélisis heterogénea es un campo de investigacion muy amplio que
ademas tiene aplicaciébn en numerosos procesos quimicos incluyendo reacciones
reductoras, isomerizaciones, sustituciones, condensaciones, polimerizaciones e incluso

descomposicién de agua para la generacion de hidrogeno[97].

En general, la fotocatalisis heterogénea persigue la aceleracién de una reaccion
en presencia de un semiconductor fotocatalitico. La metodologia clésica consiste en
iluminar, utilizando el espectro ultravioleta (UV) cercano, particulas cataliticas
suspendidas en fase liquida o films. Este proceso forma especies que dan lugar a
degradacion de agentes contaminantes o a la aceleracion de otro tipo de reacciones
[98, 99].

A lo largo del presente trabajo se estudiaron las propiedades fotocataliticas de
nanoparticulas de 6xido de titanio dopadas con neodimio. Para ello se utilizaron dos
tipos de reacciones: la degradacién de la Rodamina B y la oxidacion del fenol bajo luz
ultravioleta. En el caso de la rodamina, las particulas se dispersaron en una disolucion
acuosa con 125 ppm de rodamina B para dar lugar a concentraciones de 1mg/ml. Se

observo la evolucion del colorante bajo una lampara de luz ultravioleta con una
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longitud de onda méxima de 365 nm. Para ello, se tomaron muestras cada 20 minutos
y se midieron en un espectrofotémetro ultravioleta/visible. De forma paralela se
estudio la evolucién de blancos tanto en la oscuridad como con iluminacion y sin

catalizador.

El estudio de la degradacion del fenol fue llevado a cabo en la Universidad de
Cérdoba. Se mezclé bajo agitacion una disolucion de 50 ppm de fenol con el
catalizador hasta producir una suspensién uniforme a temperatura ambiente. Se
observo la evolucion del fenol mediante un equipo HPLC equipado con un detector
PDA y una columna Elipse XDB-C18 bajo una lampara de luz ultravioleta con una

longitud de onda méaxima de 365 nm.



Metodologia
3 METODOS DE GENERACION DE AEROSOLES

A continuacion se describirdn los procesos de nebulizacién y evaporacion-
condensacion utilizados como métodos de generacion de aerosoles a lo largo de la

presente tesis doctoral.

3.1 Nebulizacion

La nebulizacién permite general aerosoles a partir de suspensiones. En los
experimentos realizados se ha utilizado un nebulizador comercial tipo “jet” Philips
SideStream® cuyo esquema de operacién aparece en la Figura 3. Se han nebulizado
suspensiones acuosas de dos tipos de nanoparticulas de 6xido de titanio: particulas
comerciales (denominadas TiO,) y particulas sintetizadas por el método descrito en el

apartado 1.1 (denominadas como MWTIO,).

Caudal de entrada

Figura 3 Esquema de operacion del nebulizador Philips SideStream adaptado de [88]

El funcionamiento de un nebulizador “jet” se basa en hacer pasar una corriente
de aire que, al focalizarse cerca de la superficie del liquido mediante un deflector, es
capaz de generar un esfuerzo rasante en la pelicula de liquido suficiente para producir
un “spray” de gotas del tamafio deseado. El resto del disefio del nebulizador tiene el
proposito de eliminar las gotas que superan un diametro dado y de esta forma, limitar

el tamafio de gota de salida [100].

El sistema experimental utilizado en los experimentos de nebulizacion se

describe en la Figura 4. Las gotas generadas por el nebulizador jet pueden medirse

35



36

Metodologia

mediante un contador éptico o pueden atravesar un desecador comercial por difusion
((TSI Model 3062). Tras la etapa de secado y evaporacion de las gotas, se obtiene un
aerosol que es caracterizado en un clasificador electrostatico (SMPS). El sistema
experimental también permite acoplar un precipitador electrostatico u otros medios
de recogida de muestras del aerosol para su posterior analisis.

Dispersion de

nanoparticulas DMA
» Exceso

SMPS
CPC
Nebulizador : > ” ”
1
e ____ . 0PC

Caudal de entrada Desecador

Figura 4 Sistema experimental utilizado en los experimentos de nebulizacion de dispersiones
coloidales.

3.2 Evaporacion-condensacion

Durante la estancia realizada en el Centro Nacional de Investigaciones
Metalurgicas (CENIM-CSIC) se gener6 un aerosol de nanoparticulas de cloruro de sodio
mediante evaporacién-condensacion. Este método consiste en sublimar una cierta
cantidad de cloruro de sodio (NaCl) en polvo en un horno eléctrico generando un
vapor que, tras atravesar un refrigerante, condensa dando lugar a un aerosol. La
distribucion de tamafios y la concentracion del aerosol generado pueden ser

modificadas con la temperatura del horno o los caudales de arrastre de aire utilizados.

Las particulas de NaCl generadas con una distribucion de tamafios polidispersa,
se dirigen a un neutralizador. Alli, adquieren una distribucion de cargas eléctricas que
les permite ser clasificadas en un clasificador electrostatico (DMA segln sus siglas en
ingles). Seleccionando distintos voltajes se pueden obtener aerosoles monodispersos y

suficientemente concentrados con distintos tamafios de particula promedio.



Metodologia

Mediante el método de evaporacion condensacién, se generaron aerosoles
monodispersos con didmetros inferiores a los 10 nm. Las particulas generadas se
neutralizaron al atravesar un neutralizador bipolar y fueron utilizadas en distintos
experimentos de filtrado. Tanto los equipos utilizados como los sistemas de filtrado se

describiran con mayor detalle posteriormente.
4 DETECCION, MEDIDA Y CARACTERIZACION DE AEROSOLES

A continuacion se describirdn las técnicas e instrumentos utilizados en la
caracterizacion de aerosoles. Se incluyen tanto técnicas de lectura directa basadas en
la deteccidn Optica de particulas como técnicas de deteccidn eléctrica. También se han

descrito distintos métodos de recogida de muestras para su posterior analisis.

4.1 Técnicas de lectura directa basadas en deteccion Optica

Las técnicas de deteccion Optica de aerosoles se basan en la deteccién de la luz
dispersada por las particulas al interactuar con un haz electromagnético. El primer
instrumento que utiliz6 este fendmeno para observar particulas pequefias fue el

ultramicroscopio y fue desarrollado en 1914 por el premio nobel Richard Zsigmondy.

Los sistemas de deteccion Opticos se basan en la teoria de dispersion de la luz de
Mie [101]. La dispersion de la luz que produce una particula de diametro comprendido
entre las 0.3 y las 0.6 micras es proporcional al cuadrado de su didmetro [102]. Los
dispositivos de deteccion éptica pueden calcular la distribucion de tamafio de un
aerosol comparando la luz difractada que produce con una curva de calibracién.
Makynen y cols. [103] y Cheng y cols. [104] realizaron a principios de los afios 80 una
serie de experimentos independientes comparando las respuestas de dos detectores
Opticos de la época. Méas tarde, toda una serie de detectores Opticos han sido

desarrollados a partir de esta idea con aplicaciones en multiples y diversos campos.

4.1.1 Contadores 6pticos de particulas (OPC)

Los contadores Opticos o Optical Particle Counters (OPC) pueden detectar una

particula al atravesar una celda iluminada por una lampara o por un laser. En la Figura
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5 se puede observar un esquema de su funcionamiento. El rango de tamarios que

puede medir van desde las 0.3 a las 22 micras.

La informacion obtenida depende de las caracteristicas de las particulas medidas
por lo que, generalmente, se suelen calibrar con esferas de latex (PSL) cuyo didmetroy
densidad es estable y conocido [105]. En la presente tesis se ha utilizado un Optical
Particle Counter (OPC) (Grimm-Aerosol GmbH) a un caudal fijo de 1.2 I/min utilizando
15 canales de medida. Este equipo se ha utilizado principalmente en los Articulos 1y 7
para caracterizar las gotas nebulizadas y los aerosoles generados en distintos procesos

de soldadura electronica respectivamente.

% f ‘| Monitor
{ [ | X ¥
Laser LT 2 T L
S .

Detector Flujo de

particulas

Figura 5 Esquema de operacion del OPC adaptado de [106]

4.1.2 Detector de tiempo de vuelo

El primer detector de tiempo de vuelo, Aerodinamic Particle Counter (APS) en
inglés) fue propuesto por Wilson y Liu en 1980 [107] y, con el paso de los afios, el
disefio inicial ha sufrido una serie de mejoras. En este tipo de dispositivos, se mide el
didametro aerodinamico de una particula al calcular la velocidad de esta en un flujo de

aire acelerado.

En general, los dispositivos basados en este método pueden medir didmetros de
particulas entre 0.5 y 10 micras. Una de las ventajas de este tipo de instrumentos es
que, a diferencia de en los contadores Opticos, es que el proceso de medida es
independiente de las propiedades dpticas de las particulas. Su funcionamiento se basa

en la deteccion de dos pulsos de luz generados cuando una particula acelerada recorre
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una distancia determinada entre dos haces de luz. El tiempo de vuelo de la particula se

convierte en un diametro aerodindmico usando una curva de calibracion.

El equipo utilizado en la presente tesis doctoral fue un Aerodynamic Particle Sizer
(TSI, APS Model 3321) que puede clasificar particulas en un rango de tamafios de 0.56-
20 um. Este equipo se usé en los experimentos realizados en el centro NRCWE,
descritos en el Articulo 8. Las medidas consistieron en estudiar el aerosol generado al
reprocesar distintos nanocomposites, para ello se diluy6 el aerosol de entrada en la

proporcién 1:20 utilizando el equipo dilutor (Aerosol Diluter TSI 3302A).

4.1.3 Contador de nucleos de condensaciéon (CPC)

Un contador de nicleos de condensacion o Condensation Particle Counter (CPC)
es un dispositivo que se utiliza para medir la concentracion de particulas en un gas.
Este equipo ha sido disefiado para detectar particulas pequefias, en especial,
didametros inferiores a 300 nm, ya que no es posible observar directamente la
dispersion de la luz que producen estas particulas [108, 109]. Su funcionamiento se
basa en la condensacion de un liquido alrededor de las particulas a detectar

aumentando su diametro hasta un valor que pueda observarse en un detector optico.

Existen distintos tipos de contadores segun el tipo de liquido que utilizan. Un
esquema de operacién de un CPC con butanol aparece en la Figura 6. El aerosol entra
en una cdmara saturada de vapor y después pasa a otra camara con una temperatura
inferior. El vapor condensa sobre las particulas incrementando su tamafio y haciendo

posible su deteccion.
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Figura 6 Esquema de operacion del CPC adaptado de [106]

Se han utilizado dos tipos de contadores de ndcleos de condensacion, un equipo
de la marca TSI modelo 30252 y un equipo de la marca Grimm modelo 5401. Ambos
utilizan butanol como liquido de saturacion. En el modelo de TSI el tamafio minimo de
particula detectado es de 3 nm (al 50%) y 5 nm (al 90%). El rango de concentracion de
particulas se extiende desde 0.01 hasta 10° particulas/cm®, con una exactitud de +10
%. Este dispositivo se utilizo en los experimentos del Articulo 2 con un caudal de 1.5

I/min, desviando el exceso de aerosol a través de un filtro HEPA.

Por otra parte en el modelo de Grimm el tamafio minimo de particula detectado
es de 5 nm y el limite de concentracién maximo detectable es de 10 particulas/cm®. El
equipo puede operar a dos caudales distintos (0.3 y 1.5 I/min) aunque en la mayor
parte de los experimentos se ha utilizado el caudal méas pequefio. Este dispositivo se ha

utilizado en los Articulos 1, 5, 7y 8.
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4.2 Técnicas basadas en la deteccidon eléctrica.

Las particulas con diametros inferiores a 100 nm presentan dificultades para ser
medidas mediante técnicas opticas. Por tanto, las técnicas cominmente utilizadas para
la medida y clasificacion de este tipo de particulas se basan en la aplicacion de fuerzas

electrostaticas [110].

La movilidad eléctrica (Z,) se puede utilizar como pardmetro para obtener
distribuciones de tamarfios de un aerosol con una resolucién relativamente alta. Una
particula con una sola carga que se encuentre dentro de un campo eléctrico
determinado, migrara con una velocidad que dependera Unicamente de su tamafio y
estructura. Para una particula determinada, su movilidad eléctrica viene dada por la

expresion:

neC, (1)
Z =—5
P 3d,

siendo n el nimero de cargas, e la carga de un electron, C. el nimero de

Cunningham, u la viscosidad del aire y d, el diametro de particula.

Para poder aplicar técnicas basadas en movilidad eléctrica a un aerosol, este
debe estar previamente cargado. Existen diferentes mecanismos de cargado de
particulas, aunque los mas convencionales son el cargado por difusion y el cargado en
presencia de un campo eléctrico. Las particulas se ponen en contacto con iones de
ambos signos (bipolares) o de un solo signo (unipolares) “captando” iones en su

superficie y adquiriendo carga eléctrica.

4.2.1 Tipos de cargadores

Las particulas de un aerosol pueden adquirir carga con distintos tipos de
cargadores. Segun la fuente de ionizaciéon que utilicen estos dispositivos pueden ser
cargadores corona o cargadores radiactivos. Los cargadores corona estan formados
por dos electrodos, en uno de ellos se genera una descarga corona que ioniza el gas a

su alrededor generando iones que se dirigiran hacia el electrodo opuesto. Los
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cargadores radiactivos consisten en una fuente ionizante radiactiva. Ambos tipos de
dispositivos, pueden ser a su vez cargadores unipolares o bipolares segun los iones

generados sean de ambos signos o de un solo signo.

Los cargadores bipolares, especialmente los radiactivos, son los mas comunes.
La interaccion de las particulas con los iones generados por la fuente ionizante da lugar
a un estado de carga de equilibrio, con particulas neutras y cargadas positiva y
negativamente. Asi pues, se alcanza una distribucién de carga estacionaria que sigue la
Ley de Boltzmann [111-115]. Esta distribucion tiene una carga media cero por lo que

los cargadores bipolares son llamados frecuentemente neutralizadores.

Los cargadores bipolares radiactivos mas comunes son los que utilizan como
fuentes ionizantes ®*Kr #°Po y ***Am. En la presente tesis se han utilizado cargadores
de ?*Am. El is6topo 241 de americio es un emisor a (a=*He) y da lugar a una
ionizacion especifica muy elevada. En el caso de los cargadores corona bipolares,
cuando a uno de los electrodos se le aplica corriente alterna (AC) se generan iones de

ambos signos.

4.2.2 Impactador eléctrico de baja presion (ELPI)

Un impactador eléctrico de baja presion o Electrical Low Pressure Impactor (ELPI)
permite clasificar particulas en un aerosol mediante tres pasos: el cargado eléctrico en
un cargador corona bipolar, su clasificacién en un impactador cascada y, finalmente, la

deteccion de la carga eléctrica transportada mediante electrometros.

Las particulas transportadas por una corriente gaseosa se clasifican segin su
diametro aerodinamico en un impactador en cascada integrado en el equipo. Un
impactador cascada estd formado por distintas zonas, cada una de ellas consta de un
disco en el que hay practicados distintos orificios seguido de una superficie de
coleccion de particulas. La velocidad de las particulas se modifica al atravesar los
distintos orificios. Cuando el didmetro de particula es mayor a un diametro de corte
determinado y caracteristico, las particulas no pueden seguir las lineas de flujo e

impactan en el disco colector mientras el resto continla hacia la siguiente etapa.
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El diametro de corte de una etapa es definido como el diametro de particula que
se deposita con un 50% de eficiencia. Idealmente, todas las particulas mayores son
recolectadas mientras que el resto contintan hacia la siguiente etapa. Sin embargo,
efectos como la difusion de particulas pequefias o el rebote de las grandes pueden
modificar de forma sustancial la coleccion real [116]. La eficiencia de coleccién de
particulas grandes se suele mejorar al engrasar la superficie de coleccion con distintos
productos. Los diametros de corte de un impactador decrecen a lo largo de las
distintas etapas. En la presente tesis doctoral se ha utilzado un Electrical Low Preasure
Impactor (Dekati, ELPI+ Model 10016) que divide a las particulas en 14 fracciones
dentro de un rango de tamafios de 6 nm a 10 micras. Este dispositivo se ha utilizado

principalemente en el Articulo 8.

Segun el principio de operacién del ELPI la carga transportada por las particulas
que se depositan en las distintas etapas del impactador da lugar a una corriente
eléctrica que es proporcional a la concentracion de las particulas en cada etapa. En la

Figura 7 se muestra un esquema del dispositivo.

Entrada

Cargador

13
12
1
Electrémetros
Impactador

T

e

Equipo

Figura 7 Esquema de operacion e imagen el equipo ELPI. Adaptado de DEKATI

43



44

Metodologia
4.2.3 Clasificador electrostatico (SMPS)

Un clasificador electrostatico o Scanning Mobility Particle Sizer (SMPS) esta
formado por un analizador de movilidad eléctrica (DMA) y un contador de particulas
por condensacion (CPC). Estos equipos son una herramienta indispensable en el
estudio de aerosoles y su importancia ha quedado patente durante méas de dos

décadas.

El aerosol de entrada es cargado mediante un neutralizador bipolar o un
cargador corona. Las particulas se clasifican en el analizador de movilidad eléctricay el
aerosol de salida se detecta en un contador de particulas por condensacion. En la
presente tesis se ha utilizado un equipo SMPS de la empresa Grimm-Aerosol GmbH en
la caracterizacion de aerosoles de 6xido de titanio (Articulo 1) y en el estudio de un
proceso de soldadura electrénica (Articulo 7). A continuacion se describiran las partes
principales que componen este equipo: un analizador de movilidad eléctrica (DMA) y

un contador de nucleos de condensacion (CPC).

4.2.3.1 Analizador de movilidad eléctrica (DMA)

El analizador de movilidad eléctrica o Differential Mobility Analyzer (DMA) fue
inicialmente disefiado por Hewitt (1957)[117] y después mejorado por Knutson y
Whitby (1975) [118] que entendieron el potencial de este equipo para medir

distribuciones de tamarios de particulas.

Fundamentalmente este equipo puede considerarse un condensador coaxial de
flujo que clasifica particulas cargadas basandose en la capacidad de estas para migrar

en presencia de un campo eléctrico, es decir, basandose en su movilidad eléctrica, Z,.

Esta formado por dos cilindros metalicos concéntricos que actian como
electrodos (Figura 8). Sobre ellos se aplica una diferencia de potencial que genera un
campo eléctrico radial. Por la parte superior se introduce un caudal de arrastre Qc, aire
limpio que fluye axialmente entre los electrodos. El aerosol que se desea clasificar,
previamente cargado, entrara en el equipo también por la parte superior Q, y se

movera en direccion axial a la misma velocidad que el gas de arrastre. A lo largo de su
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recorrido, el campo eléctrico establecido entre los electrodos deflecta las particulas
cargadas en direccion radial hacia el electrodo interior, con una fuerza proporcional a
su movilidad eléctrica. En el electrodo interior hay una rendija por la cual saldra el
aerosol clasificado Qs.

Aerosol polidisperso

Q,

y |

Aire de arrastre
R

Trayectoria de
las particulas

.......... -

Aerosol
monodisperso

Q,

Figura 8 Esquema de operacion simplificado de un DMA.

La movilidad eléctrica Z,. de las particulas que se extraen por la rendija de

clasificacion viene dada por [119]

Zp :Qt +0'5(Qa _QS)In(E) (2)
c 201V r
@ +Q,) l{:j (3
AZ — 1
2V

siendo V el voltaje y Q; el caudal total, Q. y Qs los caudales de aerosol de entrada
y salida, r1 y r, son los radios de los cilindros interno y externo que forman del DMAy L
es la longitud entre la entrada del aerosol y la rendija de salida. Cuando los caudales de
entrada y de salida estan “compensados” (Qa = Qs) la movilidad de una particula se

reduce a:
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Q, |n[r2j (4)
z = 1/

oAV

De esta forma, las particulas describiran diferentes trayectorias parabdlicas bajo
la accion de la fuerza del gas de arrastre y la fuerza eléctrica. La curvatura de las
trayectorias depende de la movilidad eléctrica de la particula, del campo eléctrico
aplicado y de los caudales de aire limpio y aerosol. Solo las particulas cuya movilidad
eléctrica se encuentra en un estrecho intervalo en torno a un valor determinado por el

potencial aplicado, son clasificadas y salen del analizador de movilidad eléctrica.

En la ecuacion ( 1) se puede observar la relacion entre la movilidad eléctrica Z, de
una particula y su didmetro d,. Considerando que las particulas han alcanzado un
estado de carga estacionario y conocido antes de entrar al analizador de movilidad
eléctrica, al aplicar un voltaje determinado, se fija el intervalo de movilidad eléctrica a
la salida del equipo y por tanto el rango de didmetros de particula. Es decir, este
equipo permite obtener un aerosol cargado y monodisperso, con un rango de
diametros de particula conocido. La resoluciébn del equipo condiciona la
polidispersidad del aerosol de salida y es dependiente de los caudales de entrada y de
salida y de parametros que corresponden al disefio del equipo, ecuacion ( 4). Sera
maxima cuando disminuyen los caudales de entrada y salida del aerosol respecto al

caudal total en el dispositivo.

4.2.3.2 Contador de nucleos de condensacion o Condensation Particle

Counter (CPC)

Un contador de nucleos de condensaciéon (CPC) es un dispositivo para medir la
concentracién numeérica de particulas en un gas y comunmente se utiliza como
detector en un SMPS. La descripcién de este equipo se ha realizado en el apartado
4.1.3. de la Metodologia.
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4.2.4 Nanoparticle Spectrometer (NPS)

Un Nanoparticle Spectrometer (NPS) es un equipo cuyo funcionamiento se basa
en el de un clasificador electrostatico y esta compuesto por un analizador de movilidad
eléctrica y un contador de nucleos de condensacion (Figura 9). La principal ventaja de
este equipo, ademéas de su tamafio compacto, es que el proceso de cargado del
aerosol se realiza mediante un cargador corona en lugar de utilizar fuentes radiactivas.
El equipo utilizado en la presente tesis es un Nano-ID NPS500 de la empresa Naneum y

se ha utilzado principalmente en los experimentos realizados en el Articulo 5.

J»
Nano-ID sraod

Figura 9 Imagen del Nanoparticle Spectrometer utilizado en la presente tesis.

4.2.5 Fast Mobility Particle sizer (FMPS)

El Fast Mobility Particle Sizer (FMPS) es un dispositivo que permite obtener la
distribucion de tamafios de particulas en un rango de te tamafios desde 5.6 hasta 560
nm. El primer prototipo de este instrumento fue desarrollado en 1980 en Estonia por
Mirme A. y cols.[120]. Su funcionamiento se puede equiparar al del SMPS ya que en él

las particulas son clasificadas segun su movilidad eléctrica.

El aerosol de entrada se carga en dos cargadores unipolares de signos
opuestos. Seguidamente, accede a una zona entre dos cilindros concéntricos
empujados por una corriente de aire limpio y filtrado vertical. El cilindro externo
tiene una serie de electrodos en forma de anillos mientras que el cilindro interno

esta conectado a alto voltaje. Las particulas cargadas seran repelidas por el
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cilindro interno y describiran trayectorias parabdlicas llegando a los electrodos,

transfiriendo su carga y permitiendo asi su deteccién en tiempo “real”. En la

Figura 10 se puede observar un esquema de operacién de este equipo. La
principal ventaja frente al SMPS es las medidas de distribucion de tamafios son mucho
mas rapidas. Se ha utilizado un equipo Fast Mobility Particle Sizer (TSI, FMPS model

3091) en los experimentos realizados al mecanizar materiales compuestos descritos en

el Articulo 8 del compendio.

Aerosol ——= T .

) - Cargador’ )

i

Exceso

/ / /
|— SINAWOIDNI —J
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Q \ . \
\ E \ \
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Figura 10 Esquema de operacion simplificado de un FMPS adaptado de TSI.

4.3 Meétodos de muestreo

Los instrumentos utilizados para la toma de muestra de particulas en la presente
tesis se describirdn a continuacion, incluyen un precipitador electrostatico, un

recolector de muestras para TEM y un ciclon.

4.3.1 Precipitador electrostatico (PPT)

Un precipitador electrostatico o Electrostatic Precipitator (PPT) es un dispositivo
desarrollado para capturar particulas cargadas mediante el uso de un campo eléctrico.
Consta basicamente de un tubo conectado a tierra y un alambre a lo largo de su eje al
que se aplica un voltaje (positivo o negativo) para precipitar las particulas con una

movilidad igual o mayor a una cierta movilidad critica Z. El precipitador electrostatico
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utilizado ha sido el modelo 5561 de la marca Grimm-Aerosol GmbH (Germany) que

permite recoger particulas en un rango de tamafios desde 0.8 hasta 1100 nm.

4.3.2 Recolector de muestras para TEM

Para recoger particulas de una aerosol para su posterior observacién por
microscopia, se ha utilizado un dispositivo que consiste en un porta-filtros de acero
inoxidable en el que se coloca un filtro de policarbonato (Figura 11) y una rejilla de

cobre para su posterior observacion por SEM o TEM respectivamente [121].

j Rejilla de TEM

Filtro de policarbonato

—
I l I Portafiltros
Figura 11 Esquema de colector de muestras adaptado de [121].

4.3.3 Ciclon

Los ciclones son comunmente utilizados como método de rutina para tomar
muestras al estudiar la exposicion a determinados aerosoles. Se basean en la
deposicion selectiva de las particulas mas gruesas de un aerosol con respecto a las mas
finas. Dentro de un cicldn el aire fluye siguiendo un patrén helicoidal haciendo que las
particulas méas grandes (y mas densas) posean demasiada inercia como para seguir el

flujo y caigan a la parte inferior.

La geometria de este dispositivo junto con su flujo volumétrico, definen el punto
de corte del cicldn, es decir, el tamafio de las particulas que seran retiradas con un 50%
de eficiencia. Las particulas mayores que el punto de corte se depositaran con una
mayor eficacia y las menores continuaran. En el caso de los ciclones compatibles con
portafiltros, como el que se ha utilizado en la presente tesis doctoral, las particulas

mas finas quedan retenidas en un filtro mientras que las de mayor tamafio caen a un
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depdsito situado en la parte inferior del ciclon (Figura 12). En experimentos realizados

en el Articulo 8 del compendio, se ha utilizado un ciclén (BGI, GK 2.69).

Figura 12 Imagen de un ciclon compatible con un portafiltros adaptada de BGI.
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A continuacion se resumiran los equipos utilizados en una tabla (Tabla 2).

. . Rango de
Equipo Proceso de medida J . Marca y modelo
trabajo
Contador dotico de Optical Particle Counter
. P Detectan la luz dispersada por una particula. 300 - 22000 nm (OPC); Grimm-Aerosol
particulas (OPC)
GmbH
Detector de tiempo El diametro aerodinamico de una particula se mide al 500 - 20000 nm Aerodynamic Particle Sizer
de vuelo (APS) calcular su velocidad en un flujo de aire acelerado. (TSI, APS Model 3321)
Condensation Particle
Contador de Las particulas acttian como niicleos de condensacion de Counter (CPC)
nucleos de un liquido, aumentando su didmetro hasta un valor 5-1000 nm
o d . TSI modelo 30252
condensacion (CPC) observable en un detector optico.
Grimm modelo 5401
Tres pasos: las particulas se cargan en un cargador corona )
Impactador ) tF))l olar seF():Iasifican en un?m actador cgscada Electrical Low Preasure
eléctrico de baja Dlpoar, P . Y 6 - 10000 nm Impactor (Dekati, ELPI+
. finalmente, se detecta la carga eléctrica transportada
presion (ELPI) . . Model 10016)
mediante electrémetros
- El aerosol de entrada al dispositivo sufre un proceso de
Clasificador ) L . .
L carga, las particulas clasificadas en el analizador de SMPS de Grimm-Aerosol
electrostatico . L 5-1000 nm
(SMPS) movilidad eléctrica y detectadas en un contador de GmbH (Germany)
particulas por condensacion.
Fast Mobilit Similar al del SMPS pero con varios electrodos para . . .
. . y . P . : . p . Fast Mobility Particle Sizer
Particle sizer detectar las particulas. Permiten medidas mas rapidas 5-560 nm (TSI, FMPS model 3091)
(FMPS) que el SMPS. '
Electrostatic Precipitator
Precipitador Se aplica un voltaje para precipitar particulas con una 0.8- 1100 nm (PPT) modelo 5561 de la
electrostatico (PPT) movilidad igual o mayor a una cierta movilidad critica Z. ' marca Grimm-Aerosol
GmbH (Germany)
L i Depende del
Portafiltros de acero inoxidable con un filtro de .p
Recolector de . - - filtroy las .
policarbonato que puede tener distintos tamarios de . Basado en el articulo [121]
muestras para TEM . condiciones de
poro, y unarejilla de cobre. .
filtrado.
Se basa en la deposicién selectiva de las particulas mas Depende del
Ciclon gruesas de un aerosol con respecto a las mas finas debido | disefio del ciclon BGI, Modelo GK 2.69
a un flujo helicoidal del aire en el interior del ciclon. y del flujo de aire.

Tabla 2 Tabla resumen de los equipos de deteccion, medida y caracterizacién de aerosoles.
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5 METODOS DE FILTRADO DE AEROSOLES

Los métodos de filtrado son la forma méas comun de eliminar particulas sélidas
de una corriente gaseosa y tienen infinidad de aplicaciones [122]. Sin embargo, la
filtracién es un proceso complejo en el que, aunque los principios generales son bien

conocidos, todavia existen numerosas cuestiones por resolver.

Existen distintos mecanismos de deposicion de particulas en un filtro. Para
particulas en el rango nanomeétrico el mecanismo predominante es la deposicion por
difusién. Las baterias de difusion son los sistemas filtrantes basados en este
mecanismo estan formados por una serie de filtros colocados en serie a través de los
cuales circula el aerosol a filtrar. Su eficiencia de recoleccion de particulas se basa en el
modelo de Chen and Yeh [123]. Este tipo de sistemas tienen numerosas aplicaciones e

incluso hay equipos de medida de particulas basados en sus propiedades [124].

En la presente tesis doctoral se trabajé con baterias de difusién durante la
estancia realizada en el CENIM (CSIC) (Articulo 2 del compendio). El sistema de filtrado
utilizado consta de dos unidades de filtrado geométricamente idénticas y colocadas en
paralelo, una vacia y la otra con un determinado nimero de mallas de alambre

metélicas que forman la bateria de difusion (Figura 13).

Cada una de las unidades de filtracion (Figura 13) esta formada por tres cilindros
de latén, uno de entrada, otro de salida y el cilindro intermedio que es donde se
colocan las rejillas filtrantes. La longitud total de cada unidad es de 186 mm y su
didametro interno de 8 mm. Entre el cilindro de entrada y el de salida se colocaron 5
anillos también de laton que tienen una anchura de 4 mm y un diametro externo e
interno de 14 y 8 mm respectivamente. Dichos cilindros permiten colocar hasta 6
rejillas metalicas. El hecho de que las rejillas colocadas estén en contacto con el
cilindro metalico principal hace que las cargas que se generan en ellas durante el

proceso de filtrado, sean disipadas rapidamente y no interfieran en las medidas.
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Figura 13 Unidad de filtrado en la que se colocan las rejillas filtrantes formando una bateria de
difusion.

6 CAMARAS DE EXPOSICION

Una cdmara de exposicion permite manipular de manera segura y controlada
nanomateriales. Ademas ofrece un ambiente controlado en el que se puede trabajar
en un medio libre de particulas ambientales. De esta manera, se pueden estudiar las
caracteristicas de las emisiones producidas en el proceso a considerar o bien, si se
trabaja en presencia de particulas ambientales, observar su interaccion con las

particulas del ambiente.

Cada camara de exposicion tiene un disefio determinado con el fin de interferir
minimamente en las medidas tomadas en su interior. Cuando se trabaja en un
ambiente libre de particulas ambientales, las cdmaras de exposicion sufren un
exhaustivo proceso de limpieza. Normalmente se utiliza una corriente de aire libre de
particulas que ha atravesado previamente un filtro de alta eficiencia (High Efficiency
Particulate Air (HEPA)). Segln el National Institute of Occupational Safety and Health
(NIOHS) aislar la fuente de generacion mediante el uso de un sistema de ventilacion
exhaustivo y un sistema de filtrado de alta eficiencia, es un método efectivo para
capturar y eliminar particulas [60]. Durante la realizacién de la tesis se trabajo

utilizando dos tipos de camaras de exposicion que se describiran a continuacion.

53



54

Metodologia
6.1.1 Camara de exposicion |

Se trata de una cémara de guantes sSidENTRY™ comprada en Sigma Aldrich. Es
una cdmara acrilica de dimensiones 0.61 x 0.61 x 0.71 m. El aire de la camara es
limpiado facilmente a través de filtros HEPA y su tamafio hace que sus paredes sean
facilmente accesibles (Figura 14). De esta manera la cAmara de guantes puede ser
limpiada facilmente utilizando bayetas especificamente disefiadas para la limpieza y
mantenimiento de salas blancas. En algunos casos, se ha introducido en el interior de
la cdmara un pequefio ventilador para asegurar un mezclado homogéneo del aerosol a

estudio. Esta camara ha sido utilizada en los articulos 4, 5y 7 del compendio.

A\ 454

Figura 14 Esquema de la camara de guantes sidENTRY™ utilizada como camara de expaosicion.

6.1.2 Camara de exposicion Il

La cAmara de guantes utilizada en el National Research Center for the Working
Environment (NRCWE) es de acero inoxidable y tiene un volumen de 0.66 m®. Consta
de un sistema de ventilacion que la limpia con aire filtrado para asegurar una baja
concentracién de particulas. Ademas, esta equipada con un pequefio ventilador
interior que asegura un mezclado homogéneo y completo del aire interior. Consta de
distintas salidas de toma de muestra y ademés posee una escotilla que permite ver lo
que sucede en su interior (Figura 15). En esta camara se han realizado los

experimentos que han dado lugar al Articulo 8.
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Figura 15 Esquema de la camara de guantes utilizada como cAmara de exposicion Il.

7 OPERACIONES DE RIESGO

Se llevaron a cabo distintas operaciones con riesgo de emision de
nanomateriales dentro de las camaras de exposicion. Operaciones como la
manipulacion materiales pulverulentos, el mecanizado de materiales compuestos o
procesos de soldadura electronica sirven como referencia para identificar sus
principales riesgos y para estudiar y evaluar las emisiones potenciales de material

nanoparticulado asociadas.

A continuacion se describiran los experimentos realizados en el estudio de

distintos procesos con riesgo de emisién de nanomateriales.

7.1.1 Contaminacién de superficies durante la manipulacion de

nanomateriales

El desarrollo de métodos de deteccion de contaminacion de superficies por
nanomateriales es uno de los puntos clave de esta tesis doctoral y ha sido desarrollado

en el Articulo 4 del compendio.

Para estudiar la contaminacion de superficies se realizaron una serie de
experimentos dentro de una superficie delimitada en el interior de la camara de

exposicion |. Basicamente, los experimentos consisten en manipular pequefias
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cantidades de nanoparticulas marcadas en polvo y estudiar la deposicién de particulas
en el &rea a estudio. Para ello, se colocaron trocitos de cinta de carbono (1cm x 1cm)
como “testigos” a distintas distancias del punto de manipulacion y se estudiaron por

microscopia electrénica de barrido.

Se desarroll6 también un método cuantitativo de evaluacion de contaminacion
por nanomateriales. La toma de muestra en uno de los pasos mas delicados del
método y consiste en recoger las particulas en una superficie delimitada, con una
toallita especial llamada Ghost Wipe. Las muestras recogidas se digieren y analizan
mediante espectroscopia de emision atémica con plasma acoplado (ICP-OES). Un
esquema de las etapas del proceso se recoge en la Figura 16 Esquema del método de
recogida y cuantificacion de nanomateriales en superficies; (1) toma de muestra (2)
disolucién de la toallita en agua caliente (3) centrifugado (4) digestion (5) analisis

quimico.

Ghost wipe

(1)

Figura 16 Esquema del método de recogida y cuantificacion de nanomateriales en superficies;
(1) toma de muestra (2) disolucion de la toallita en agua caliente (3) centrifugado (4) digestion
(5) andlisis quimico.

Este método de analisis se evalu6 mediante un control positivo para conocer la
eficiencia de recoleccion de nanoparticulas. Para ello, se distribuyd una cantidad
conocida de nanoparticulas marcadas en una superficie, se tom6 una muestra que se
digirié y analizd, repitiéndose este proceso varias veces. Finalmente, se comparé el
valor obtenido con la cantidad inicialmente depositada encontrando méas de un 75 %
de recuperacion. A pesar de su aparente simplicidad, este método de analisis resulta

altamente eficaz para cuantificar particulas.
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7.1.2 Manipulacién de nanoparticulas

Con el fin de estudiar las emisiones generadas en distintas operaciones basicas
de laboratorio, se caracterizaron las emisiones generadas al manipular pequefias
cantidades de nanomateriales dentro de la cAmara de exposicion I. Ademas, se

experimentos tanto en presencia como en ausencia de particulas ambientales.

Las actividades seleccionadas para representar la manipulacion habitual de
nanomateriales en un laboratorio (Articulo 5 del compendio) fueron: el trasvasado, el
molido, y la manipulacion con espatula de nanomateriales pulverulentos. También se
simulé un derrame accidental. En todo caso la cantidad de material utilizado fue

inferior a dos gramos de material.

Para caracterizar las emisiones producidas durante la manipulacion se utilizaron
distintos equipos de monitorizacion como un contador de nucleos de condensacion
(CPC) y un clasificador electrostatico (SMPS). Ademas se tomaron muestras de las
particulas emitidas para observar su morfologia en microscopia electrénica de
transmision (TEM), utilizando para ello el colector de muestras para TEM previamente

descrito en el punto 4.3.2.

7.1.3 Procesos de soldadura

Para estudiar las emisiones generadas en procesos de soldadura electrénica se
realizaron distintos experimentos en la cAmara de exposicion |. Para ello, tal y como se
describe en el Articulo 7 del compendio, se seleccionaron dos tipos de hilos de
soldadura formados por aleaciones con plomo en su formulacion (denominado
SnPbCu) y sin plomo (llamado SnAgCu). Los hilos contienen ademés alrededor de un
2% en peso de resina colofonia en su composicion que permite una fusién mas facil del

hilo y evita su oxidacion.

En los experimentos realizados se simula un proceso de soldadura al fundir un

trozo de hilo utilizando un soldador cerdmico (Model LF369D, XYtronic Inc, Shingle
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Springs, CA). Cada experimento se puede dividir en tres etapas: la medicion del
numero de particulas presentes inicialmente en la camara, el calentamiento del
soldador hasta que alcanza la temperatura deseada y el proceso de soldadura en si

mismo.

El material particulado generado en los humos fue monitorizado mediante
contadores de nucleos de condensacion (CPC), contadores O6pticos (OPC) y un
clasificador electrostatico (SMPS). Por otra parte las muestras recogidas se

caracterizaron por SEM, TEM y EDX.

7.1.4 Reprocesado de materiales compuestos

Se mecanizaron dos tipos de materiales compuestos resinas epoxy con
nanotubos de carbono y pintura blanca con nanoparticulas de Oxido de titanio
(Articulo 8). En ambos casos se incluyé una muestra libre de nanomateriales. Los
procesos estudiados fueron el lijado y serrado eléctrico, se utilizaron herramientas
eléctricas y se trabajo en un ambiente libre de particulas dentro de la camara de
exposicion Il. Cada proceso de mecanizado consiste en tres etapas, en la primera se
mide el nUmero de particulas presente en la camara de exposicién, se mecaniza el
material durante unos 30 segundos y se continua midiendo la evolucién de las

emisiones durante unos minutos tras finalizar el mecanizado.

Los aerosoles generados se estudiaron utilizando varios equipos de medida
(APS, ELPI, FMPS y CPC) que trabajaron en un rango de tamarios desde 5 nm hasta 20
micras. Se recogieron muestras en filtros de policarbonato utilizando para ello un
ciclén (BGI, GK 2.69). Las particulas recogidas en los filtros fueron estudiadas mediante
microscopia electronica de barrido y andlisis de rayos X. Finalmente, algunos de los
filtros fueron ultrasonicados con el fin de recuperar las particulas y depositarlas en una

rejilla de cobre para su posterior analisis por microscopia de transmisién electronica.
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8 INTENSIDAD DE EMISION

La intensidad de emisidn (o Source Strength en inglés) es un pardmetro clave que
permite comparar distintas fuentes de emision de material particulado. A continuacion

se describiran las distintas estimaciones utilizadas en el compendio.

En el caso de emisiones continuas, la intensidad de la emision se puede calcular
directamente como la pendiente (S, s* cm® de los datos de concentracién de
particulas respecto al tiempo. Esta aproximacion se ha utilizado en el caso de procesos
continuos de mecanizado (lijado) de materiales compuestos en el Articulo 8 del
compendio. Los datos experimentales han sido medidos con un ELPI y se han calculado
valores de S; para cada uno de los rangos de tamarfo de los canales de medida del

equipo.

Por otra parte, se puede estimar la intensidad de emision de una fuente,
utilizando los llamados factores de emisién en ndmero (NEF (s*) segun sus siglas en
inglés) y en masa (MEF (s™)). La diferencia entre ellos esta basada principalmente en
que los datos experimentales utilizados para su célculo estén expresados en nimero
de particulas por volumen o en masa por volumen. Estos factores se han utilizado en
las emisiones producidas al soldar (Articulo 7) o manipular material nanoparticulado
(Articulo 5) a partir de los resultados experimentales obtenidos mediante contadores

de particulas.

El célculo de estos factores se basa en un balance de materia utilizado
comunmente para predecir concentraciones de particulas en ambientes interiores.

Esta ecuacion fue propuesta por He y cols. [125]:

dCin(t)  NEF (5)
g v K@

Siendo V (cm®) el volumen, Ci,(t) concentracién total de particulas en la
camara(cm™), t el tiempo (s), k (s*) es la velocidad decaimiento del nimero de

particulas e incluye los procesos de dilucion y de deposicién. Asumiendo que la
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disminucién de la concentracion de particulas es constate durante los experimentos,
se puede proponer una solucion a la ecuacion (5) integrando el tiempo desde t =0 a un

valor arbitrario denomidado t;.

NEF =V

Cin (tF) - Cin (0)
tp

+ kcll’l (tF) ( 6)

Los valores de NEF calculados tras cada experimento, se estimaron considerando
que la camara de exposicion donde se trabaja se encuentra libre de particulas antes de
cada experimento. Si consideramos tscomo el tiempo en el que se termina la emisién

se puede obtener la expresion [126]:

NEF — t_FV Cin(tp) — C;in(0)

+ kC,, (tp) (7)
ts F

Esta expresion se ha utilizado en los articulos 5y 7. En ambos casos los valores
de concentracion se obtuvieron a partir de datos experimentales experimental. Las
emisiones estudiadas en el Articulo 5 son emisiones puntuales y de corta duracion por
lo que se tomo un tiempo arbitrario tr (300 s tras la emisién) para reducir la influencia
del tiempo de duracién de las emisiones en el calculo del NEF. Por el contrario, las
emisiones en procesos de soldadura son emisiones continuas por lo que t- es igual a ts

en este caso.

El coeficiente K incluye todos los procesos por los que se eliminan particulas del
aerosol. Se estimé resolviendo el balance (1) considerando que la emisién es cero

quedando:

InCyy, = —Kt + In Cyyax (8)

El valor de k se puede estimar calculando el decaimiento promedio de la

concentracién a partir de los datos experimentales obtenidos tras la emision.
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RESULTADOS

El apartado de resultados de la presente tesis doctoral resume los resultados
presentados en los ocho articulos que forman el compendio. Este apartado se ha

divido en tres grandes bloques:

Generaciéon y captura de aerosoles nanoparticulados. En este apartado se
describe la sintesis y caracterizacion de nanoparticulas de 6xido de titanio, sus coloides
y la generacion de un aerosol nanoparticulado mediante nebulizacion (Articulo 1).
También se ha desarrollado y caracterizado un nuevo tipo de bateria de difusion
denominada bateria de difusion mixta (Articulo 2). Finalmente, como un resultado
colateral, se han generado microesferas de &cido polilactico (PLA) con nanoparticulas

de Oxido de titano que les confieren propiedades bactericidas (Articulo 3).

Marcado, deteccion e identificacién de nanoparticulas. Este apartado incluye la
sintesis y caracterizaciéon de nanoparticulas de 6xido de titanio marcadas y el
desarrollo de métodos de deteccion de material nanoparticulado (Articulo 4). También
se han estudiado las emisiones producidas al manipular nanomateriales pulverulentos
en operaciones basicas de laboratorio (Articulo 5). Finalmente, se han utilizado
nanoparticulas de oOxido de titanio dopadas con neodimio como fotocatalizadores
(Articulo 6).

Estudio de diversas fuentes de emisién de aerosoles. Se han identificado y
evaluado distintas operaciones con riesgo de emision de nanomateriales: procesos de
soldadura electronica (Articulo 7) y operaciones de mecanizado de materiales
(Articulo 8).

A lo largo del apartado de resultados se hace referencia a figuras o tablas
incluidas en las publicaciones que forman parte del compendio. Se ha utilizando la
siguiente terminologia: AX Fig. N o AX Tabla Z. Siendo X el nimero de la publicacién
del compendio, N el namero de figura y Z el nimero de tabla en el articulo
correspondiente. La Figura 17 relaciona la estructura del apartado de resultados con

sus articulos correspondientes en el compendio de publicaciones.
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Nebulizacion de dispersiones coloidales de TiO2

ARTIiCULO 1

GENERACION Y CAPTURA DE

N, Filtrado en una bateria de difusion mixta

ARTiCULO 2

Aplicacidn colateral: material compuesto bactericida
ARTICULO 3

Nanoparticulas marcadas y deteccién de contaminacién
ARTICULO 4

R e e Identificacion y monitorizacion de la manipulaciéon de ENMs

RESULTADOS

IDENTIFICACION -
ARTICULO 5
Aplicacion colateral: fotocatalisis
ARTICULO 6
Humos de soldadura
FUENTES ARTiCULO 7
DE AEROSOLES

Mecanizado de nanocomposites
ARTICULO 8

Figura 17 Esquema de los resultados obtenidos en la presente tesis doctoral
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1 GENERACION Y CAPTURA DE AEROSOLES NANOPARTICULADOS

El Comité Cientifico de Riesgos Sanitarios Emergentes y Recientemente
Identificados (SCENIHR) ha destacado que el desarrollo de materiales y métodos de
referencia es una de las necesidades clave en el campo de la nanoseguridad. Siguiendo
esta recomendacion, se han sintetizado nanoparticulas de éxido de titanio como
material de referencia ya que el Oxido de titanio es uno de los nanomateriales
manufacturados mas comunes. Con el fin de generar aerosoles con caracteristicas
controlables (naturaleza, concentracion, distribucién de tamafios, etc.) que puedan ser
utilizados en el futuro en estudios toxicoldgicos u otras aplicaciones, se ha estudiado la
nebulizacion de dispersiones coloidales de nanoparticulas de titanio. Por otro lado, se
ha desarrollado y caracterizado un nuevo método de filtrado por difusion de

nanoparticulas mediante una bateria de difusion mixta.

1.1 Nebulizacion de dispersiones coloidales de nanoparticulas de oxido

de titanio

La nebulizacion neumatica es una de las técnicas de generacion de aerosoles mas
versatiles. Los nebulizadores son utilizados en aplicaciones como biomedicina (Henning
et al. 2010), administracion de farmacos [127, 128] o incluso en procesos de sintesis
quimica (Kodas 1999). En el campo de la nanoseguridad, la nebulizacion es uno de los
métodos utilizados para simular y estudiar la exposicion a nanoparticulas ya que la
inhalacion es la ruta de exposicion que mayor preocupacion causa entre la comunidad

cientifica [129, 130].

La nebulizacion presenta retos y cuestiones por resolver, especialmente cuando
se aplica a dispersiones coloidales en el rango nanométrico. El principal desafio es
conocer la relacion entre el grado de dispersion de las particulas que forman el coloide
y el aerosol generado. Ademas, sales u otros compuestos solubles pueden precipitar
durante el proceso de nebulizacion dando lugar a contaminacion en los aerosoles. Por
tanto, es necesario minimizar la presencia de residuos en el liquido nebulizado,
especialmente cuando se utiliza agua [131]. La presente tesis incluye un estudio sobre

la influencia del coloide y de las condiciones de operacion (concentracion de
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nanoparticulas, caudal utilizado y pH) en la generacion de un aerosol nanoparticulado
de Oxido de titanio (Articulo 1). Se utilizaron nanoparticulas de diéxido de titanio (TiOy)
para generar los aerosoles por ser este uno de los nanomateriales mas utilizados en
aplicaciones tecnoldgicas e industriales [132-136]. A continuacién se describira tanto la
sintesis de nanoparticulas, su caracterizacion y el estudio de sus coloides como la

generacion y caracterizacion del aerosol generado mediante nebulizacion.

1.1.1 Sintesis de nanoparticulas de oxido de titanio

Tras realizar una revision bibliografica de los distintos tipos de sintesis de
nanoparticulas de TiO, se observd que muchos de los métodos existentes hasta la
fecha presentan problemas. Los métodos basados en procesos sol-gel y en
microemulsiones generan materiales amorfos por lo que se necesita un tratamiento
térmico para inducir la cristalizacion de las particulas. Sin embargo, estos tratamientos
pueden dar lugar a transformaciones de fases, sinterizacion, crecimiento de grano y
pérdida del area superficial de las particulas. Otros métodos como la sintesis
hidrotermal en la que se trabaja directamente a altas temperaturas generan cristales
aglomerados cuyas propiedades son muy dependientes de las condiciones de reaccion
[137]. Con el fin de minimizar los problemas mencionados se decidi6 emplear un
procedimiento de sintesis sol-gel seguido de un tratamiento por radiacion de

microondas [87, 88].

El proceso sol-gel presenta numerosas ventajas respecto a otros métodos de
sintesis como la alta pureza y homogeneidad de los productos, las bajas temperaturas
de proceso, la posibilidad de obtencién de materiales porosos y la opcion de poder
realizar un dopaje controlado y homogéneo de los materiales, entre otras. Sin
embargo, es dificil conseguir una buena cristalinidad de los productos obtenidos y
minimizar la agregacion de las particulas a lo largo del proceso. Para superar estos
inconvenientes la sintesis de 6xido de titanio se realiza en dos etapas. Una etapa inicial
sol-gel en la que se produce una hidrolisis catalizada por éacido acético de
tetraisopropdxido de titanio (TIPO) y una segunda etapa que consiste en un

tratamiento térmico mediante radiacién microondas. El calentamiento por microondas
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produce una rapida transferencia de calor y un calentamiento selectivo del medio
reduciéndose por tanto el tiempo y la energia utilizada en la sintesis. La sintesis de
nanoparticulas se ha descrito en detalle en el Articulo 1 del compendio de

publicaciones.

Mediante esta sintesis se obtuvieron particulas con formas homogéneas,
tamafios inferiores a los 20 nandmetros y fase cristalina anatasa (Al Fig.2). De esta
manera se ha logrado una sintesis sencilla, rapida y eficiente con la que se producen
nanoparticulas de o6xido de titanio altamente cristalinas y que no necesitan

tratamientos posteriores.

1.1.2 Caracterizacion de 6xido de titanio nanométrico

Las caracteristicas de las nanoparticulas de Oxido de titanio sintetizadas, en
adelante denominadas MWTIO,, se compararon con las de nanoparticulas comerciales
denominadas simplemente como TiO,, Las principales diferencias entre los dos tipos de
nanoparticulas se deben a sus distintos grados de dispersion y a su area superficial
siendo en ambos casos superiores en el caso de las particulas sintetizadas. Los valores
de area superficial y de volumen de poro se determinaron mediante adsorcién de
nitrégeno obteniéndose valores de area BET para TiO, y MWTiO, de 83 m?/g y 239

m?/g respectivamente.

Mediante microscopia SEM y TEM se observé la morfologia y el grado de
aglomeracion de los materiales. La Figura 18 muestra formas y tamarfios heterégéneos
para las nanoparticulas comerciales mientras que la muestra MWTIO, esta formada
por particulas regulares y homogéneas. Estas Ultimas tienen un tamafio promedio en
torno a los 15 + 4 nm (medido a partir de una muestra de N > 100 particulas), y se

encuentran menos agregadas.
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Figura 18 Micrografias de microscopia de barrido (SEM) y transmisién (TEM) de nanoparticulas
comerciales TiO, (a, b) y sintetizadas MWTIO; (c, d).

1.1.3 Caracterizacion de los coloides

Para entender el proceso de nebulizacion de un material [138], es imprescindible
conocer las caracteristicas de la dispersion de partida. Al estudiar las particulas de
oxido de titanio en agua mediante potencial zeta, se observé un comportamiento
anfotero [139] que se debe a la presencia de grupos hidroxilo en la superficie de las
particulas que, a valores de pH inferiores o superiores al del punto isoeléctrico, dan

lugar a especies cargadas positiva o negativamente.

A pesar de estar compuestas por el mismo material, las nanoparticulas
comerciales y las sintetizadas muestran un comportamiento diferente en dispersion
acuosa. Como puede observarse en la Figura 19, las particulas de TiO, presentan
valores absolutos de potencial Z menores que MWTIiO,en el rango de pH estudiado.
Resultados de FTIR y XPS confirman diferencias en su composicion superficial que
pueden justificar este comportamiento: MWTIO, posee bandas correspondientes a

grupos organicos en el espectro de FTIR y su andlisis XPS muestra un porcentaje de
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O/Ti mayor que TiO,. Este ultimo resultado puede explicarse gracias al mayor area
superficial de MWTIO, y por tanto a la presencia de méas grupos hidroxilo superficiales,
lo que aumenta la concentracion atémica de oxigeno y contribuye por tanto a mayores

valores de carga en su superficie.

30 o —=— MW TiO,

TiO

PG

N

Figura 19 Valores de potencial Z medidos a distintos pH en dispersiones coloidales de
nanoparticulas de MWTIO, y TiO,

Al analizar las particulas mediante DLS se observé que los coloides preparados a
partir de TiO, muestran diametros hidrodindmicos en torno a los 800 nm y mayores
indices de polidispersidad mientras que las muestras de MWTiO, presentan diametros
en torno a los 200 nm para el mismo pH. En ambos casos, pH acidos o béasicos dan
lugar a una disminucion de los diametros hidrodinamicos promedio y por tanto a una

mejor dispersion de las muestras (Al Tabla 1).

1.1.4 Caracterizacion del aerosol

Para generar aerosoles de 0xido de titanio, es necesario comprender los factores
que influyen en la nebulizacién de dispersiones coloidales de nanoparticulas. Por
tanto, se ha estudiado la influencia de la contaminacion residual, el caudal utilizado y

las propiedades de los coloides (concentracion y grado de dispersién) la nebulizacion.
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e Efecto de la contaminacion residual en el aerosol

Uno de los grandes problemas de la nebulizacion es la presencia de impurezas
en el liquido da lugar a sélidos cuando las gotas se secan[140]. Estas impurezas pueden
generar particulas individuales o adherirse a la superficie de las particulas que forman

el coloide de partida [141].

Para minimizar su influencia sobre los aerosoles nanoparticulados, se nebulizé
agua con tres origenes distintos: i) agua comercial con uso en biologia molecular
previamente filtrada a través de un filtro de 0.10 micras, ii) agua Milli-Q (filtrada a

través de un filtro de 0.22 micras) y iii) agua corriente de la ciudad de Zaragoza.

Al nebulizar las distintas aguas y medir la concentracién de particulas residuales
con un CPC se observo que el agua corriente es la que da lugar a un mayor nimero de
particulas residuales, por encima de 10° particulas/cm® (A1 Fig. 5). Una combinacién de
filtrado y agua de alta pureza minimiza los residuos por lo que se utiliz6 agua Milli-Q
para el resto de las dispersiones de nanoparticulas usadas en la generacion de

aerosoles.

e Efecto de los caudales de aire

Tanto el tamafio como la concentracion de las gotas generadas depende de
varios factores como el caudal de gas utilizado, las propiedades del liquido de partida o
el disefio del nebulizador, entre otros [142]. Se estudid la influencia de distintos
caudales de aire en las gotas generadas en la primera etapa de la nebulizacion. Al
medir la distribucion de tamafios de las gotas con un OPC, se observé que su numero
aumenta al aumentar el caudal de aire mientras que su distribucion de tamafios
permanece inalterada y, gracias al disefio del nebulizador, se mantiene por debajo de
las 10 micras. No se encontraron diferencias significativas al comparar las
distribuciones de tamafio de las gotas generadas a partir de agua o a partir de una

dispersion de nanoparticulas (Al Fig. 1).

También se estudi6 el efecto de los caudales de aire en el aerosol. Para ello se

utilizaron dispersiones coloidales de nanoparticulas de 6xido de titanio sintetizadas
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MWTIO, y comerciales TiO,. Al aumentar el caudal, aumenta el nimero de gotasy se
genera un aerosol méas concentrado. De esta manera, es posible variar el nimero de
particulas del aerosol modificando los caudales. Se generaron aerosoles de oxido de
titanio en un rango de concentraciones desde las 2 10° a las 4 10* particulas por
centimetro cubico (Al Fig. 6) obteniéndose aerosoles mas concentrados al partir de

particulas MWTIO,,

Las distribuciones de tamafios de los aerosoles generados estan por debajo de
los 200 nm para los dos tipos de particulas estudiadas. La distribucién al nebulizar
particulas TiO, es monomodal con un didmetro medio geométrico (GMD segun sus
siglas en inglés) de 58 nm (Al Fig. 7 a). No obstante, al nebulizar MWTIO, se obtiene
una distribucién de tamafios bimodal con GMDs 14 y 80 nm (Al Fig. 7 b).

La forma de la distribucion y la concentracion de los aerosoles MWTIO, indican
que el grado de dispersién del coloide no solo influye en la forma de la distribucion
sino también en el nUmero de particulas aerosolizadas. Asi el coloide que esta mejor

disperso da lugar a mas particulas en el aerosol.

Se estudié la morfologia y el tamafio del aerosol por microscopia de barrido y de
transmision. Las particulas que lo forman son agregados de forma pseudo-esférica con
diametros inferiores a los 200 nm (Figura 20). La forma de las particulas puede ser
explicada debido al mecanismo de secado de las gotas: la tensién superficial hace que
la forma esférica se mantenga durante el proceso de evaporacion mientras las
particulas se van agregando al aumentar su concentracion. Ademas, el pequefio
tamafio de las nanoparticulas respecto a las gotas da lugar a agregados altamente
empaquetados debido a procesos de auto ensamblaje [143]. Al observar mas
detalladamente las particulas recogidas se ve que el empaquetamiento que forman las
particulas MWTIiO, es mucho méas compacto que el de las de TiO, gracias a su mayor

homogeneidad en tamarios y formas, Figura 20 b).
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Figura 20 Imagenes de microscopia de transmision electronica de los agregados esféricos
generados mediante la nebulizacion de dispersiones coloidales de nanoparticulas de 6xido de
titanio a)TiO, y b) MWTIO,

e Efecto de la concentracion de los coloides en el aerosol

Para estudiar el efecto de la concentracion en la nebulizacién se trabajé con
dispersiones de TiO, de dos concentraciones distintas (0.1 mg/mL y 1 mg/ml). En
ambos casos la distribucion de tamafio de las particulas generadas es similar
mostrando valores de GMD alrededor de los 60 nm. Sin embargo, se observa que para
una mayor concentracion, la distribucion se ensancha especialmente hacia didmetros
superiores. Este suceso se puede relacionar con la formacion de agregados de

diametro mayor en el aerosol cuando la concentracion en el coloide es mayor [144].

Ademaés se observd que el tipo de empaquetado que forman las particulas
durante el secado, también esta influido por la concentracion de la dispersion. La
fraccion de volumen de particulas en el grano final, disminuye al aumentar la
concentracién por lo que se forman agregados mas grandes aunque menos

densamente empaquetados [143].

e Efecto de la dispersion de los coloides en el aerosol

Como ya se ha comentado, el éxido de titanio presenta un caracter anfétero en
medios acuosos. Al estudiar el efecto del pH en los aerosoles generados, se observo

que a pH 5 se obtenian las concentraciones méas bajas. Este pH esta préximo al del
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punto isoeléctrico del material por lo que el grado de aglomeracién en la fase acuosa

sera mucho mayor que a pH &cidos o basicos (Al Fig. 9).

Si suponemos en la nebulizacion se generan gotas llenas y vacias y que cada
gota llena al secarse da lugar a una particula. Mas gotas vacias dan lugar a un aerosol
menos concentrado. Cuando se forman aglomerados grandes estos no son capaces de
acceder a las gotas mas pequefias, habiendo mas gotas vacias y dando lugar a una
disminucion del nimero de particulas en el aerosol ya que la poblacion total de
nanoparticulas primarias se distribuye en un nimero menor de agregados de mayor

tamano.

Cuando el pH es distinto al del punto isoeléctrico, los valores absolutos de se
forman dispersiones mas estables [145], se generan menos gotas vacias en la

nebulizacion y el aerosol generado es mas concentrado.
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1.2 Filtrado de nanoparticulas en una bateria de difusion mixta

Dentro de los distintos mecanismos de captura de particulas, los métodos de
filtrado son la forma mas comin para eliminar particulas solidas de una corriente
gaseosa Yy tienen infinidad de aplicaciones desde el desarrollo de equipos de
proteccion respiratoria hasta la mejora de la calidad del aire, el procesado de material

radiactivo o peligroso y las aplicaciones en salas blancas [122].

Las particulas suspension presentes en el aire son consideradas particulas finas si
su diametro aerodinamico se encuentra por debajo de 2.5 micras (PM2.5) y cuando
son menores de 0.1 um se denominan particulas ultrafinas (PMO0.1). En el caso de
particulas ultrafinas los mecanismos filtrantes predominantes son la difusion y la
atraccion electrostatica. Cabe aclarar que la norma ISO/TR 27628:2007 [8] considera
que los términos nanoparticula y particulas ultrafina se refieren a particulas con
diametros nominales inferiores a los 100 nm aunque el término ultrafino suele
aplicarse a particulas en suspension generadas de forma secundaria. En este apartado

se utilizardan ambos términos indistintamente.

Con el desarrollo de la Nanotecnologia, ha aumentado la preocupacion sobre la
eficiencia de algunos de los filtros mas utilizados a la hora de capturar nanoparticulas
[146]. Por tanto, se necesitan nuevos medios de proteccion y captura de una eficacia
aln mayor [147]. Las baterias de difusion son dispositivos de filtrado formados por una
serie de mallas o filtros colocados en bateria que permiten capturar particulas de una
corriente gaseosa. Este tipo de sistemas de filtrado generan gran interés ya que se
utilizan con nanoparticulas en el rango nanomeétrico y tienen numerosas aplicaciones
especialmente en el desarrollo de equipos de medida de aerosoles (Fierz, Weimer et
al. 2009[148, 149]).

El presente trabajo consiste en el desarrollo y caracterizacién de un nuevo tipo
de bateria de difusion mixta formada por dos tipos de mallas metélicas. Este tipo de
baterias permite combinar las caracteristicas de distintos tipos de filtros aumentando
asi la eficiencia de filtrado y reduciendo ademas costes en su disefio. Se realiz6 en el

Centro Nacional de Investigacion MetalUrgica (CENIM) perteneciente al Consejo
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Superior de Investigaciones Cientificas (CSIC) bajo la supervision del Dr. Manuel

Alonso.

1.2.1 Filtrado de nanoparticulas en baterias de difusion

Los principales mecanismos de deposicion de particulas en un filtro son: difusion,
impacto, intercepcion y deposicion gravitacional [150]. En el caso de particulas con
diametros inferiores a 100 nm el mecanismo el predominante es la difusion [146]. La
energia térmica de un gas se distribuye entre las moléculas que lo forman, si hay
particulas suspendidas en el gas, estas también sufriran procesos de intercambio de
energia térmica, dando lugar a un movimiento microscopico conocido como
movimiento Browniano [151]. Este movimiento es el causante de que las particulas no
sigan escrupulosamente las lineas de flujo en un gas sino que difundan. Cuando se
topan con una superficie, existe una probabilidad de que se adhieran a ella por fuerzas
de Van der Waals. Si se produce un namero de choques suficiente la mayoria de las

particulas se depositaran en ella.

Para caracterizar la capacidad de filtrado de un medio filtrante se utiliza un
pardmetro denominado eficacia unitaria de fibra (n) definido como el cociente entre el
numero de particulas retenidas en una fibra entre el nimero de particulas que serian
retenidas si las lineas de flujo no divergieran alrededor de la fibra rodeandola [152].
Como este parametro es independiente del grosor del filtro, permite comparar la
capacidad filtrante de filtros distintos. Otros pardmetros que caracterizan a un filtro
son, su fraccion de volumen sélida (o), didmetro de fibra equivalente (df) y su

pardmetro de red o malla (S).

En el presente trabajo se ha desarrollado una bateria de difusién mixta en la que
se han colocado una serie de rejillas “sandwich”, estando cada una de ellas formada
por una malla de oro colocada entre dos mallas de aluminio. Existe un tipo especial de
bateria de difusion que utiliza un concepto similar y se denomina “graded screen
array” (GSA). Desarrollada por Holub and Knutson [153], se trata de una bateria de
difusion mixta formada por rejillas o mallas que poseen distintas caracteristicas

geomeétricas. En las baterias “graded screen array” (GSA) cada una de las rejillas esta
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separada respecto a las otras por una cierta distancia, mientras que en el caso a
estudio, las tres mallas que forman cada rejilla compuesta “sandwich” estan en

contacto.

Este nuevo disefio de bateria mixta hace que, mientras que la penetracion de un
aerosol que atraviese una bateria GSA se pueda calcular mediante el producto de las
penetraciones individuales para cada una de las rejillas que lo forman, en el caso de las
rejillas “sandwich” este modelo ya no es valido. Una rejilla mixta esta formada por tres
rejillas en contacto por lo que el flujo del aerosol que atraviesa la segunda y tercera
rejilla esta afectado por las anteriores. Todo ello hace que este nuevo tipo de rejillas
compuestas deba ser caracterizado de forma experimental, utilizando para ello un

aerosol de nanoparticulas de NaCl generado mediante evaporacién-condensacion.

1.2.2 Caracterizacion de una bateria de difusion mixta

En un aerosol que esté formado por particulas neutras con diametros en el rango
nanométrico, el inico mecanismo de filtrado es la difusion. En este caso la eficacia de

filtrado de una sola fibra (n) de un filtro se define segun Lee y Liu [154] como:
1 1/3
Ny =25 ;“j pe-2/2 (9
K

donde K es el factor hidrodinamico

2
K=—%Ina—§+a—a— (10)

4

a se define como la solidez o fraccion volumétrica sélida del filtro, y Pe es un
numero adimensional que relaciona las velocidades medias de conveccion y difusion

de las particulas, denominado nimero Peclet, que se define como:
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D

Pe =

U (m/s) es la velocidad interfacial del flujo, di (m) el didmetro de fibra

equivalente y D es el coeficiente de difusion (m?/s).

A su vez, el coeficiente de difusion D (m?/s) se define como

D - KTC (12)
3rudp

siendo k la constante de Boltzmann, 1.38 x 10-'® (dinas.m/K), T (K) es la
temperatura absoluta, p (dinas.s/m) es la viscosidad del gas, d,, (m) es el diametro de

particula y C. es el factor de correccion de Cunningham

—0.435d—p
C.=1+ 2.492di+0.84die[ * ] (13)

p p

donde A (m) es el recorrido libre medio de las moléculas de gas.

Tradicionalmente, las baterias de difusion se han utilizado para probar de forma
experimental la definicién de la eficacia de filtrado de una sola fibra propuesta por Lee
y Liu (10) [123, 155, 156]. Chen y Yeh propusieron un modelo que describe la eficacia

de filtrado de una bateria de difusion [123] segun la expresion

Ny = 2.7Pe 7?3 (14)

Este modelo es estrictamente valido en el caso de valores de Reynolds de fibra
inferiores a 1. El nimero de Reynolds (Re) es un nimero adimensional utilizado en
mecanica de fluidos, disefio de reactores y fendmenos de transporte para caracterizar
el movimiento de un fluido, valores del numero de Reynolds bajos describen un flujo
en estado laminar mientras que, por el contrario, valores altos definen un flujo

turbulento.
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En este trabajo el modelo de Chen y Yeh se va a aplicar para obtener los
pardmetros catacteristicos de la nueva bateria de difusion mixta desarrollada. Sin
embargo, primero se debe comprobar la validez del modelo de Chen and Yeh para las
condiciones experimentales utilizadas. Para ello se realizaron una serie de
experimentos utilizando una bateria de difusion clasica formada por seis rejillas de
aluminio colocadas en serie. Las rejillas utilizadas poseen unas caracteristicas
perfectamente conocidas y se encuentran separadas unas de otras dentro del sistema

de filtrado.

Es dispositivo experimental se describe en la Figura 21 a). En ella el dispositivo de
filtrado esta formado por dos unidades idénticas, una vacia (es la unidad de referencia)
y la otra conteniendo varias rejillas o mallas [157]. Una descripcion mas detallada de

las partes que componen cada bateria de difusién se ha realizado en la Metodologia.

Para obtener datos experimentales se ha utilizado un aerosol formado por
nanoparticulas de NaCl y generado mediante evaporacion condensacion. Inicialmente
se trata de un aerosol polidisperso por lo que, utilizando un clasificador electrostatico
(DMA segun sus siglas en ingles) y seleccionando distintos voltajes aplicados al
clasificador, se pueden obtener distintos aerosoles monodispersos que seran
posteriormente neutralizados al atravesar un neutralizador bipolar. Como puede
observarse en la Figura 21 a) tras atravesar el neutralizador bipolar, las particulas que
siguen teniendo carga son eliminadas en un precipitador electrostatico. Finalmente,
los aerosoles monodispersos, con diametros promedios inferiores a los 10 nm vy
neutros, atraviesan las unidades de filtrado y llegan a un contador de nucleos de

condensacion (CPC).

El aerosol monodisperso y neutro atraviesa alternativamente los dos dispositivos
de filtrado permitiendo obtener datos de su penetracion a través del filtro. La
penetracion de un aerosol se expresa como el cociente entre el nimero de particulas
que atraviesan la unidad de filtrado (Figura 21 b)) entre las que atraviesan la unidad
vacia. Los valores de penetracion se han medido a distintos caudales manteniéndose

siempre el régimen laminar.
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Figura 21 Esquema del a) sistema experimental en el que un aerosol monodisperso y neutro
atraviesa el sistema de filtrado y es medido en un contador de ndcleos de condensacion (CPC).
b) Esquema de la unidad de filtrado en la que se colocan las rejillas o mallas que forman la
bateria de difusion.

Se calcularon las eficacias de filtrado de una sola fibra correspondientes
mediante la expresion basada en el modelo de Cheng and Yeh [123] utilizando los

datos de penetracion obtenidos:

ns

T]do =

siendo P los valores experimentales de penetracion de las particulas neutras al
atravesar la rejilla de difusion, n el numero de rejillas utilizadas y S el parametro de red

de cada una de ellas.

Como muestra la Figura 22, las penetraciones medidas de forma experimental
para distintos aerosoles monodispersos neutros y las calculadas mediante el modelo
de Cheng y Yeh muestran resultados similares. Lo cual indica que, para los valores de
numero Reynolds de fibra experimentales (entre 1 y 17), no existe un efecto
significativo del flujo en la penetracion de las particulas a través del filtro. Por tanto
este resultado valida el modelo tedrico de Cheng y Yeh para el sistema y las

condiciones experimentales propuestas.
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Figura 22 Comparacion entre las medidas de penetracion y las calculadas con el modelo de
Chen-Yeh para una bacteria de difusion formada por seis rejilla de Al en serie

En la bateria de difusion desarrollada, cada rejilla mixta esta formada por una
malla de oro colocada en contracto entre dos mallas de aluminio (A2 Fig. 3), por tanto,
no se conoce su valor de diametro de fibra equivalente, clave en la caracterizacion de
un filtro. Este parametro se ha calculado de forma experimental midiéndose distintos
valores de penetracion de particulas neutras con didmetros promedios inferiores a 10

nm a través de la bateria de difusion.

Utiliando las expresiones del modelo de Chen y Yeh para la eficiacia de filtrado
de una bateria de difusién (14) y expresion que relaciona la penetracién con la eficacia
de filtrado (15), la penetracion de las particulas debida a fendmenos de difusion se

puede expresar como

2

P:explo'—thaE?d‘g (16)
l-a)\D)

donde a es la fraccion de volumen soélido de la rejilla, h es su grosor, n es el
numero de rejillas, u es la velocidad de flujo y D es el coeficiente de difusion de las

particulas. Tanto la fraccién de volumen sélido de la rejilla mixta como su grosor se ha



Resultados

medido experimentalmente mientras que el coeficiente de difusién se determiné a
partir de la movilidad eléctrica de las particulas medida con el DMA utilizando la

relacion de Einstein

_kTZ (17)
€

D

Donde k, 1,38 x 10-16 (dinas.cm/K), es la constante de Boltzmann, T (K) es la

temperature absolutay e es la carga un electron.

Por tanto, como puede observarse en la Figura 23, al representar el logaritmo

neperiano dela penetracion frente al factor que multiplica a d¢>?

en la expresioén (16)
da lugar a una serie de datos que se pueden ajustar linealmente. El didmetro de fibra
equivalente para las rejillas mixtas fue calculado a partir de dichos datos obteniéndose
un valor de 52 micras. Curiosamente, este dato se trata de un valor intermedio entre
los valores experimentales de las rejillas individuales que forman la rejilla compuesta
que son 100 um para la malla de aluminio, and 5 um para la de oro. Al introducir este

valor en la expresion del parametro de malla:

3_& (18)

Czd, (1-a)

se obtiene un parametro de red de 6. Finalmente, una vez que se conoce el
diametro de fibra equivalente el modelo de Cheny Yeh es capaz de predecir de forma
eficaz la penetracion de particulas a través de la baterias de difusion mixta formada

por este tipo de filtros.
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Figura 23 Determinacién del diametro de fibra equivalente para las rejillas mixtas obtenido a
partir de los datos experimentales de penetracion de nanoparticulas neutras.
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1.3 Resultado colateral: Nanoparticulas de 6xido de titanio encapsuladas

en microesferas de acido polilactico (PLA) con efecto bactericida

En el presente trabajo, se ha aprovechado una de las propiedades mas utilizadas
del 6xido de titano, su capacidad de degradar microorganismos a través de sus
propiedades fotocataliticas bajo luz ultravioleta (UV) [158] para generar un material
compuesto con efectos bactericidas. Se han sintetizado microesferas de acido
polilactico (PLA) con nanoparticulas de 6xido de titanio encapsuladas en su interior
[86].

Las nanoparticulas de Oxido de titanio se sintetizaron siguiendo el proceso
descrito en el apartado 1.1 de la Metodologia y tienen fase cristalina anatasa (SA3 Fig.

1), formas homogéneas y tamafios inferiores a los 20 nanémetros (SA3 Fig. 2).

Se ha utilizado un proceso continuo de extraccion supercritica de una emulsion
(SEE-C segun sus siglas en inglés), desarrollado por el grupo del Prof. Revercheron en
la Universidad de Salermo (Italia) para sintetizar microparticulas de PLA compuestas.
Esta técnica combina las técnicas de extraccion convencional con las propiedades
Unicas de los fluidos supercriticos. Mediante esta técnica se han generado particulas
de rango micro y submicrométrico con distintos porcentajes en masa de Oxido de

titanio en su composicion (1.2, 2.4y 3.6 % en masa).

Se ha partido de dos tipos de emulsiones dobles: water in oil in water (W/O/W) y
solid in oil in water (S/0/W). Como puede observarse en la Figura 24 en la emulsion
W/O/W las particulas de 6xido de titanio se dispersan en etanol antes de afadirlas al
PLA mientras que en la emulsion S/O/W se encuentran como sdlidos. Las particulas
compuestas generadas se han caracterizado utilizando distintas técnicas como
microscopia de barrido (SEM), DLS y XPS.
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Nanoparticulas en polvo
Dispersion de nanoparticulas en etanol
PLA en acetato de etilo

. Agua con 1 % Tween 80

Figura 24 Esquema de los dos tipos de emulsiones preparadas: W/O/W y S/O/W.

Al comparar los didmetros promedio de las gotas en la emulsién con los de las
particulas generadas se observé que las dimensiones de las particulas generadas
mediante la técnica SEE-C dependen del tamafio de las gotas en las emulsiones (SA3,
Table 1). Las micrografias obtenidas por CRIO-TEM (SA3 Fig. 7) muestran que la doble
emulsion W/O/W ofrece mejores resultados que S/O/W ya que en el material
producido las nanoparticulas de 6xido de titanio se encuentran mejor distribuidas en la
matriz polimérica. En la Figura 25 se muestran micrografias SEM de particulas
submicrométricas obtenidas al incorporar un 1.2% de nanoparticulas de éxido de

titanio a su composicion.

Figura 25 a) Micrografia SEM de particulas submicrométricas producidas con un 1.2% en masa
de nanoparticulas de 6xido de titanio y b) micrografia TEM de una particula de PLA con 6xido
de titanio.

Finalmente se estudié la actividad bactericida del material compuesto
desarrollado utilizdndose cultivos de Staphylococcus Aureus en ensayos especificos

bajo luz UV. Se demostr6 que tanto las nanoparticulas de 6xido de titanio libres como
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las que forman los compuestos PLA/TiO, muestran una actividad bactericida similar (S3
Fig.9) por lo que la encapsulacion de las nanoparticulas no afecta a su actividad
bactericida. Tanto las nanoparticulas de 6xido de titanio como el material compuesto
eliminan aproximadamente 99.99.% de las bacterias tras ser expuestos a luz
ultravioleta en las condiciones ensayadas. En ausencia de luz ultravioleta, no se
produce disminucion de viabilidad bacteriana, demostrando que el material no tiene

efectos antibacterianos per se.
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2 MARCADO, DETECCION E IDENTIFICACION DE NANOPARTICULAS.

El NanoSafety Cluster, organizacion formada por expertos en Nanoseguridad de
la Unién Europea, ha establecido varios puntos clave para el avance de la
Nanoseguridad durante los proximos 10 afios. Uno de ellos es el desarrollo de métodos
de marcado de nanoparticulas como herramientas de cuantificacion de
nanomateriales [22]. Por otra parte, en la bibliografia reciente relacionada con la
Nanoseguridad, varios autores han destacado la necesidad de identificar los
nanomateriales manufacturados (ENMs segun sus siglas en inglés) respecto de las
particulas presentes en el medio ambiente [29, 67-70]. Este proceso de discriminacion
reviste de gran importancia ya que las particulas ambientales pueden interferir en los

estudios de exposicion.

A pesar de que la identificacion de nanomateriales es una prioridad en
Nanoseguridad, no existe mucha bibliografia relacionada con métodos de marcado de
nanomateriales. Algunos autores has utilizado tintes fluorescentes [71, 72, 159],
trazadores radioactivos [74-76] o isOtopos estables [77, 78] como agentes
identificadores en particulas marcadas. Sin embargo, muchos de estos métodos
presentan desventajas como modificaciones significativas del nanomaterial de partida
o problemas relacionados con la manipulacion de material radioactivo, lo que hace

necesario el desarrollo de sistemas de identificacion alternativos.

En la presente tesis se ha desarrollado un método sencillo y versatil que utiliza
técnicas de andlisis quimico para trazar y detectar las nanoparticulas marcadas. Se
basa en la sintesis de nanoparticulas de 6Oxido de titanio dopadas con pequefias
cantidades de lantanidos [87]. Estos metales son poco frecuentes en el medio natural,
de forma que las particulas que los contienen pueden ser diferenciadas e identificadas

de forma inequivoca frente a otras presentes en el ambiente.

Las particulas marcadas se han utilizado en la deteccion de contaminacion
originada al manipular nanomaterial pulverulento. El uso del marcaje ha permitido

tanto identificar particulas marcadas en emisiones producidas en operaciones basicas
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de laboratorio como cuantificar su presencia en superficies adyacentes al punto de

manipulacion

2.1 Nanoparticulas marcadas

El marcado con elementos poco comunes como cerio o lantano, diferencia a las
particulas marcadas de otras presentes en el ambiente. Siguiendo el método de
sintesis descrito en el apartado 1.2 de la metodologia, se prepararon nanoparticulas

dopadas con distintas cantidades de lantanidos.

Uno de los principales retos del marcado de nanoparticulas es asegurar que las
propiedades las particulas originales se preservan tras el marcaje. Para comprobar que
las caracteristicas iniciales que poseen las particulas de éxido de titanio no han variado
significativamente con el marcado, se utiliz6 una amplia bateria de técnicas de

caracterizacion.

La morfologia de las muestras fue estudiada mediante microscopia electronica.
Tanto la forma como el tamafio de las particulas se mantienen practicamente
inalterados por la presencia de lantanidos en las muestras (A4 Figuras 7 y 8). La Figura
26 muestra dos micrografias STEM de alta resolucién en las que se puede observar una
nanoparticula de 6xido de titanio (a) y particulas marcadas (b). Las particulas muestran
formas similares y en ambos casos se pueden observar conjuntos de planos que
forman su estructura cristalina. La presencia de clusteres de lantanidos en las
particulas marcadas (Figura 26 b) genera puntos “brillantes” en la micrografia debido a

que su elevado numero atémico da lugar a diferencias de contraste en STEM.
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Figura 26 Micrografia de alta resolucion STEM que muestra a) una nanoparticula de éxido de
titanio sin marcar y b) nanoparticulas de 6xido de titanio marcadas.

Tanto las particulas originales como las dopadas tienen estructuras cristalinas
correspondientes a anatasa como se puede ver en los difractogramas de la Figura 27.
No se observd ninguna sefial correspondiente a o6xidos de cerio o lantano
independientemente del contenido de lantanido estudiado (hasta un 0.03 atémico).Al
analizar las muestras con XPS se obtienen sefiales correspondientes a los elementos Ti,
O y los lantanidos correspondientes ademas, la intensidad de la sefial aumenta

conforme aumenta su proporcion en las muestras (A4 Fig.5).
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Figura 27 Difractogramas de nanoparticulas de 6xido de titanio, nanoparticulas marcadas con
lantano y nanoparticulas marcadas con cerio.
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Las caracteristicas superficiales de las nanoparticulas varian segun del tipo de
sintesis y los tratamiento que se realicen sobre ellas, pudiendo causar variaciones
importantes en su comportamiento y en su toxicidad [49]. Por ello, se ha comprobado
que las superficies de las particulas marcadas conservan caracteristicas similares al
oOxido de titanio inicial. El area superficial de las particulas originales y las marcadas se
encuentra entre los 210 y los 250 m?/g) (A4 Tabla2) y las medidas de potencial zeta
indican un comportamiento anfétero caracteristico del 6xido de titanio en todas las
muestras, asi como valores de punto isoeléctrico similares (A4 Fig. 6 a) y b)). También
las medidas de radio hidrodinamico de las particulas (expresadas en % num.) tras el

marcaje resultan similares a las de las muestras originales (A4 Fig. 6 b) y c)).

2.2 Meétodos de deteccion de contaminacion en superficies

Utilizando las nanoparticulas marcadas se ha estudiado la contaminacion de las

superficies de trabajo adyacentes a la manipulacién de nanomateriales pulverulentos.

Se han realizado distintos experimentos para demostrar que, incluso una
actividad tan sencilla como manipular pequefias cantidades de material
nanoparticulado, puede contaminar la zona de trabajo. Basicamente los experimentos
consisten en manipular nanomateriales marcados con cerio dentro de la cdmara de
exposicion | (descrita en el punto 6.1.1 de la Metodologia) y estudiar la contaminacion

producida en una superficie de trabajo delimitada.

Para saber si, efectivamente, se produce contaminacién, se colocaron cintas de
carbono en distintas posiciones del area de referencia. Su estudio mediante
microscopia de barrido muestra la presencia de agregados y aglomerados de tamafio
micrométrico (Figura 28). Ademas, su andlisis por EDX da lugar a sefiales
correspondientes a cerio lo que permite relacionarlos directamente con el material

marcado de partida.

Cabe destacar que aunque, no se observaron particulas individuales en las cintas
de carbono, se ha demostrado que se produce contaminacién por nanomateriales

agregados y aglomerados. Este hecho resulta preocupante ya que los agregados
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poseen areas superficiales elevadas y por tanto su reactividad y toxicidad asociada es
mayor que la de particulas del mismo tamafio que no estan formadas por

nanoparticulas [160, 161].

Figura 28 Micrografia de microscopia de barrido que muestra a) un agregado de tamafio
micrométrico recogido tras la manipulacion de nanoparticulas de 6xido de titanio, b) una
micrografia ampliada del area marcada y un espectro EDX en el cual se pueden observar
sefiales correspondientes a la presencia de Tiy Ce en la muestra.

Se ha demostrado que la contaminacion de superficies al manipular
nanomateriales es un problema real, por tanto, el siguiente paso es desarrollar un
sistema para cuantificar la cantidad de particulas depositadas. Se ha puesto a punto
uno de los primeros métodos capaces de cuantificar la contaminacion de superficies
por nanomateriales. Dicho método esta basado en un procedimiento estandarizado de
la Occupational Safety and Health Administration (OSHA) para la deteccion de metales

pesados en superficies[162, 163].

Una ventaja de este método es que, al estar basado en un procedimiento previo,
existen protocolos especificamente desarrollados para la toma de muestra. Se utilizan
gamuzas analiticas (llamadas “gosth wipes”) para recoger el material particulado
depositado en la superficie a analizar. Estas gamuzas permiten recoger las muestras en
el lugar de interés y analizarlas posteriormente en un laboratorio especializado. Las

muestras son digeridas y analizadas mediante una técnica de analisis comun en
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cualquier laboratorio quimico: la espectrometria de emision éptica por plasma

acoplado por induccion (ICP-OES segun sus siglas en inglés).

El marcado con lantanidos supone una ventaja afiadida al utilizar ICP-OES ya que
estos elementos poseen bajos limites de deteccidn y, debido a sus elevados nimeros
atémicos, dan lugar a espectros con numerosas lineas de emisién que minimizan las
interferencias que puedan causar otros elementos. Un sencillo balance de materia
permite relacionar la cantidad de cerio detectada en las muestras con la masa de
particulas dopadas depositada. Para ello resulta esencial conocer la proporcion de
cerio presente en las particulas utilizadas como “trazadores” de contaminacion. Para
conocer esta relacion, se digirieron y analizaron por ICP-OES tres muestras
independientes de nanoparticulas (0.03 Ce-TiO, tedrico) dando lugar a unos valores de
la relacion Ce/Ti= 0.0269 + 0.0002.

Se realizé un test para comprobar la eficiencia de recuperacion de particulas en
el método desarrollado. Brevemente, se deposité una cantidad de particulas conocida
en una superficie delimitada (A4 Fig. 9) que se recogieron y analizaron siguiendo el
método de deteccion desarrollado. Los resultados mostraron que el porcentaje de
particulas recuperado se encuentra por encima del 75% de las particulas depositadas
en la superficie a estudio. Las etapas que conforman el test de eficiencia se describen

con més detalle en el apartado 7.1.4 de la Metodologia.

Finalmente se obtuvieron datos “reales” de contaminacion superficial con el fin
de comprender mejor y controlar el riesgo asociado a dicha exposicion. Para ello, se
realizaron una serie de experimentos simulando una manipulacion real de pequefias
cantidades de polvo nanoparticulado al trasvasarse 500 mg de nanoparticulas de Ce-
TiO,. El experimento completo se repitid tres veces dentro de la cAmara de exposicién
[. Tras analizar las muestras se obtuvo un promedio de 0.14 + 0.06 mg de
nanoparticulas en la superficie de trabajo delimitada que corresponden a una

contaminacion de 155.6 ug/cm? en el rea a estudio.

Este método abre la puerta a la cuantificacion de nanomateriales en distintos

ambientes. Permite ademas multiples mejoras ya que, cada una de las etapas que lo
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componen, se puede refinar para mejorar el porcentaje de recuperacion e incluso

adaptarse para testear la presencia de otro tipo de nanomateriales.

2.3 ldentificacion y monitorizacion de emisiones

En la bibliografia relacionada con Nanoseguridad se ha identificado a varias
actividades como fuentes de emision de nanomateriales. Algunos métodos de sintesis
[164, 165], derrames accidentales [166] o incluso actividades tan comunes como pesar
o trasvasar material [167, 168] pueden generar aerosoles y liberar nanomateriales al

medio.

Desde un punto de vista de salud ocupacional la inhalacién es una de las vias de
exposiciobn mas preocupantes ya que un 90% o mas de las particulas inhaladas con
diametros iguales o inferiores a 100 nm se depositan en el tracto respiratorio [43]. La
manipulacion de grandes cantidades de material pulverulento en la industria presenta
un riesgo significativo de liberacion de particulas al ambiente. Sin embargo en pocos
estudios se aborda el problema de manipular cantidades mucho mas pequefias de
material. Ese es, por tanto, el objetivo principal del presente trabajo (Articulo 5 del
compendio) donde se investigan las emisiones producidas en operaciones basicas de

un laboratorio de investigacion.

El estudio se ha dividido en tres partes; en la primera se han estudiado distintas
operaciones de manipulacion utilizando nanoparticulas marcadas, en la segunda se
compararon las emisiones de distintos materiales representativos y en la tercera parte

se estudio la interaccion de las emisiones con las particulas ambientales.
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2.3.1 Emisiones durante distintas operaciones de manipulacion de

nanomateriales

Se estudiaron las emisiones generadas en actividades comunes en el trabajo
habitual de un laboratorio como trasvases de material, molido y la manipulacién con
una espatula. Igualmente se simul6 un derrame accidental de material
nanoparticulado. En todos los casos se utilizaron nanoparticulas de Oxido de titanio
marcadas. Monitorizar e identificar las particulas generadas en un aerosol formado por
concentraciones bajas de particulas (valores inferiores a 1000 particulas/cm®) no es
tarea facil ya que, como puede observarse en la Figura 29, los datos experimentales
obtenidos revelan que, en todo caso, se alcanzan concentraciones con valores
inferiores al millar de particulas por centimetro cubico. Las distribuciones de tamafios
se encuentran en el rango nanométrico (<100 nm) lo cual concuerda con estudios
previos realizados con Oxido de titanio [167]. Ademas, los factores de emision

estimados presentan valores similares para todas las actividades ensayadas.

Al analizar las particulas mediante microscopia electrénica SEM (A5 Fig. 4) la
presencia de cerio da lugar a diferencias de contraste en las micrografias en forma de
puntos brillantes. Al analizar las particulas mediante EDX se puede observar la

presencia de sefiales correspondientes al Ce y al Ti.

91



92

Resultados

D
o
o

10000

© . - Ambiente
£ 0,
< 3% Ce TiO, + Trasvasado 3% Ce-TiO,
8 8000
3 Tz .
g‘ 407 ﬁ 6000 -
@ Trasvasado =
o
.5 — — )
g | T 40004
= 2004 %
g | |
c 2000
- Ux !
° 0 ) 00 =1 000 1500 ° } N 0
S 1 10 100
a) b) dp (nm)
600 600
" 3% Ce TiO,| _ 3% Ce TiO,
o £ i
2 < Derrame faccidental
3 fiof
g 400 3 400 r 1
s =
3 g |
§ 3
g S 200 : |
5 5 2001 I
g |
O

0 1000 2000 3000 4000 5000 0 1000
C) t(s) d) t(s)

Figura 29 a) Concentracién de particulas frente al tiempo y b) distribucion de tamafos de las
particulas generadas en una operacion de trasvasado , concentracion de particulas durante c)
operaciones de molido y transferencia y d) derrame accidental de 1500 mg de nanoparticulas
de Ce-TiO, en polvo.

2.3.2 Manipulacién de distintos nanomateriales

Se han seleccionado nanomateriales representativos como nanoparticulas de
Oxido de titanio (TiO,), nanoparticulas de éxido de silicio (SiO;) y nanotubos de
carbono de pared multiple (MWCNT). Se han incluido en el estudio nanoparticulas de
oxido de titanio marcadas con cerio (Ce-TiOz). Los experimentos realizados consisten
en el trasvase de una cantidad muy pequefia de polvo (500 mg) de los cuatro
nanomateriales escogidos: nanoparticulas de TiO,, SiO,, y Ce-TiO, y nanotubos de
carbono (MWCNT).

Aunque las emisiones no son muy concentradas, al trabajar dentro de un
ambiente libre de particulas ambientales, se pueden observar pequefias diferencias
entre los materiales estudiados. En todo caso, las concentraciones de particulas
emitidas estan por debajo de las 200 particulas por centimetro cubico (A5 Fig. 5). En la
Figura 30 se pueden observar micrografias TEM de las particulas emitidas. Son

aglomerados y agregados de nanoparticulas o nanotubos de carbono aglomerados. En
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ningun caso se encontraron particulas individuales en las muestras recogidas. De
acuerdo con la literatura existente [167, 169], las fuerzas generadas durante la
manipulacion de las particulas no son suficientes como para romper los agregados. Los
resultados muestran diferencias estructurales entre los materiales, mientras que los
agregados formados por nanoparticulas de Oxido de titanio y de Oxido de titanio
marcado parecen estar altamente empaquetados, los formados por particulas de silice
se muestra mas sueltos, lo que concuerda con observaciones previas realizadas por

O’Shaughnessy [170].

Cabe destacar que al manipular nanotubos de carbono (MWCNT) se encontraron
dos tipos de particulas, “manojos” de nanotubos (bundles en inglés) y agregados en los
que los nanotubos han perdido en parte su forma. Estos dos tipos de particulas
también se han encontrado en trabajos anteriores [65, 171]. Por otra parte, En
ninguna de las muestras se encontraron nanotubos individuales, este comportamiento
puede ser explicado debido a la gran tendencia que poseen a agregarse formando

“manojos” de nanotubos de baja densidad.

L 1!

Figura 30 Micrografias TEM de particulas recogidas a partir de las emisiones producidas durante
la manipulacion de a) nanoparticulas de oxido de titanio, b) nanoparticulas de éxido de silice, c)
nanoparticulas de oxido de titanio marcadas y d) nanotubos de carbono.
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2.3.3 Influencia de las particulas ambientales en las emisiones

Se estudid la interaccion de las particulas emitidas en un aerosol con las
particulas ambientales. Algunos autores como Methner y cols. [172] han incidido en la
necesidad de tener en cuenta la influencia de las particulas ambientales en el
comportamiento de las posibles nanoparticulas liberadas al medio. En nuestro caso,
para identificar las particulas emitidas frente a las ambientales, se han utilizado
nanoparticulas de Oxido de titanio marcadas con cerio. Utilizando la camara de
exposicion |, se estudiaron las diferencias entre las emisiones generadas al trasvasar
1.5 g de nanoparticulas en polvo tanto en presencia como en ausencia de particulas

ambientales.

Los resultados obtenidos al caracterizar el aerosol generado en ambos casos
sugieren que las particulas emitidas interaccionan con las presentes en el medio. Las
particulas emitidas durante la manipulacion de material pulverulento interactian con
las particulas ambientales danto lugar a agregados “mixtos” evidenciando la existencia

de procesos de interaccion entre las particulas (A5 Fig. 8).

Mediante microscopia electrénica STEM se pueden identificar facilmente las
particulas marcadas ya que presentan mas brillo debido a la presencia de atomos de
cerio de elevado nimero atomico (Figura 31). El andlisis STEM-EDX muestra ademas
sefiales correspondientes a los elementos Tiy Ce en el caso de las particulas marcadas.
Por otra parte los espectros obtenidos al analizar particulas ambientales muestran
sefiales atribuidas a Mg, S y Cl. Este resultado esta de acuerdo con el de Kumar y col.
[70] en donde se sostiene que las nanoparticulas atmosféricas mas comunes estan

formadas por compuestos formados por carbono y azufre.



Resultados

Figura 31 Micrografias STEM de particulas de éxido de titanio recogidas en a) presencia de
particulas ambientales o en b) ausencia de estas. En las micrografias se puede observar la
diferencia de contraste en las particulas marcadas con cerio debido a su elevado nimero
atomico.
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2.4 Resultado colateral: Fotocatalizadores basados en nanoparticulas de

oxido de titanio dopadas con neodimio

Los procesos fotocataliticos tienen un gran interés ya que, permiten el desarrollo
de tecnologias mas sostenibles y respetuosas con el medio ambiente [173]. El éxido de
titanio nanocristalino tiene propiedades muy atractivas en fotocatalisis como una
buena estabilidad térmica y quimica, y es relativamente econémico [99]. Una de las
principales desventajas de este material es que absorbe en el rango del ultravioleta y
no posee actividad fotocatalitica apreciable en el espectro visible [174]. Existen
distintas formas de mejorar la absorcién del Oxido de titanio bajo luz visible que
incluyen dopar el material con distintos elementos, recubrirlo 0 aumentar su area
superficial [99]. En particular, la incorporacién de lantanidos como neodimio (Nd*")
permite mejorar significativamente la actividad fotocatalitica ya que modifican el gap
de banday la absorcion en el espectro visible del 6xido de titanio. Esta mejora ha sido
observada en diversas reacciones de interés ambiental como el tratamiento de nitritos

[95], compuestos de cromo (VI) [175] o 2-clorofenol [176].

En este trabajo se han sintetizado nanoparticulas de 6xido de titanio dopadas
con distintas cantidades de neodimio se ha estudiado su actividad fotocatalitica bajo
luz ultravioleta en la degradacion de fenol y rodamina-B en medio acuoso. Este trabajo
se ha realizado en colaboracion con el grupo del Profesor Rafael Luque del Dpto. de

Quimica Organica de la Universidad de Cordoba.

2.4.1 Caracterizacion de los catalizadores

La morfologia y el tamafio (A5 Figuras 4y 5), la fase cristalina (A5 Fig. 1) y el area
superficial (A5 Tabla 1) de las nanoparticulas de 6xido de titanio dopadas con neodimio
son similares a los de las particulas descritas en el punto 2.1 de Resultados por lo que
se incidira principalmente en sus rasgos mas significativos en relacién con su aplicacion

fotocatalitica.

Como puede observarse en la Figura 32, las nanoparticulas dopadas con

neodimio presentan varias bandas de absorcién en la regién visible del espectro.
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Ademas, estos materiales muestran una reduccién del “gap” de banda en comparacién
con el Oxido de titanio original asociado a un desplazamiento de su absorcion a la

region del ultravioleta cercano.

—— Nd0.005/TiO,
—— Nd0.01/TiO,
—— Nd0.03/TiO,
—— Nd0.06/TiO,
—TiO,

—— Evonik P25

Abs
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Figura 32 Espectro UV- VIS de varias de nanoparticulas de 6xido de titanio y de nanoparticulas
dopadas con neodimio.

El estudio de las muestras mediante microscopia electrénica de barrido y su
posterior andlisis EDX confirmé que el dopado esté distribuido homogéneamente en la
muestra (A5 Fig.2). Se estudiaron las nanoparticulas dopadas y sin dopar utilizando
STEM de alta resolucion (A5 Fig. 5) que muestra poros de tamafios entre 2y 4 nm para
ambos tipos de particulas lo que concuerda con los resultados obtenidos en adsorcion
de nitrégeno (A5 Fig.3). En el caso de las particulas marcadas, las micrografias STEM
muestran la presencia de puntos brillantes que corresponden a “clusters” de atomos
de neodimio. Asimismo, se realizaron analisis por XPS que revelaron la presencia de Ti,

Oy Nd en la superficie de las particulas (Table 1).

2.4.2 Actividad fotocatalitica

La actividad fotocatalitica de los materiales preparados se evalué mediante dos
reacciones llevadas a cabo en fase acuosa: la degradacion fotocatalitica del fenol y de

la rodamina B.
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Las caracteristicas que mas influyen en los resultados fotocataliticos de las
particulas son su area superficial, gap de banda y cantidad de neodimio. Al estudiar la
degradacion del fenol, se observd que las particulas dopadas tienen una actividad
fotocatalitica significativamente mayor que un catalizador de O6xido de titanio
comercial como Evonik P25 (A5 Fig. 7). Por otro lado, en la degradacion de la
Rodamina-B (A5 Fig.8) el material que ha dado los mejores resultados tiene
proporciones de Nd/Ti atomicas de 0.005 y es el que presenta una mayor area

superficial.
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3 ESTUDIO DE DIVERSAS FUENTES DE EMISION

Uno de los pasos clave para prevenir riesgos asociados a la exposicion a
nanomateriales es identificar a los procesos que pueden generar emisiones. Procesos
de combustion o de alta temperatura y operaciones en las que se manipula material
pulverulento o se mecanizan materiales [177] poseen un elevado riesgo de emision de
material nanoparticulado. En este contexto, la presente tesis ha tratado de identificar
y estudiar las caracteristicas de las emisiones generadas en procesos de soldadura

electrénica y de mecanizado.

3.1 Nanoparticulas metéalicas en humos de soldadura

El proceso mas comun para unir metales en la industria es la soldadura. Este
proceso puede dar lugar a emisiones nocivas para la salud. Aunque existen algunos
estudios sobre los efectos nocivos de los humos y gases generados por soldadura de
arco [178, 179] y de soldadura electronica [180-186], no hay apenas bibliografia
disponible sobre las particulas emitidas en estos procesos. Por tanto, en el presente
trabajo, se han estudiado las emisiones de material particulado originadas durante

procesos de soldadura electronica mediante distintas técnicas de caracterizacion [187].

3.1.1 Monitorizacion y caracterizacion del aerosol generado

Para estudiar los humos producidos en los procesos de soldadura se ha
trabajado, dentro de la cAmara de exposicion |, utilizando un soldador convencional de
hilo de estafio y dos tipos de hilos distintos. A pesar de que en Europa existe una
legislacién que restringe el uso del plomo en soldaduras electronicas, este tipo de
soldadura se sigue realizando en numerosas aplicaciones [188]. Por tanto se utilizd
tanto un hilo libre de plomo (SnAgCu) como un hilo con plomo en su formulacién
(SnPbCu).

La soldadura conlleva una importante liberacién de particulas en el rango
nanométrico, se observd un rapido aumento de la concentracién de particulas

llegandose a alcanzar picos de hasta 10° particulas por centimetro ctbico (A7 Fig. 1).
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Por otra parte, la distribucién de tamafios del aerosol generado muestra una elevada
proporcién de particulas primarias con un diametro inferior a 100 nm para los dos

tipos de hilos comerciales utilizados (A7 Fig.2).

Se estudi6 el tamafio y la morfologia de las particulas mediante SEM
observandose una amplia distribucién de tamafios en las particulas recogidas (A7 Fig. 5
a). La mayoria de las particulas tienen forma cuasi esférica y diametros del orden de
centenares de nandémetros, Figura 33. Los didmetros de las particulas observadas
pueden explicarse debido a que la alta concentracion de particulas liberadas propicia
procesos de coalescencia en fase gas, generando particulas mayores que las
inicialmente emitidas. Para analizar méas profundamente la composicion quimica y la
estructura interna de las particulas, se utiliz6 un haz de iones focalizado (FIB) para
seccionar algunas particulas (Figura 34 b)). Al analizarlas mediante EDX, los espectros
obtenidos muestran sefiales correspondientes a Sn, y Pb, metales presentes

inicialmente en los hilos de soldadura utilizados (A7 Fig. 5 c y d).

Figura 33 Micrografias SEM de una particula recogida en procesos de soldadura antes a) y
después b) de ser seccionada con un haz de iones focalizado.

De la observacion de las particulas por TEM, se concluye que estan formados por
una esfera densa de resina en la que hay embebidas particulas metélicas o formadas
por Oxidos metalicos con tamafios inferiores a los 100 nm (Figura 34). La morfologia de
estos agregados puede explicarse mediante procesos de coagulacion y segregacion

que se producen a partir de aerosoles formados por dos fases inmiscibles [189].
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a) 7 K00 nm b)

Figura 34 Micrografias TEM de particulas recogidas en procesos de soldadura.

Se estimaron factores de emision en nimero y en masa nimero (NEF y MEF
segun sus siglas en inglés respectivamente) a partir de los datos experimentales para
comparar este proceso con otras emisiones. A pesar del gran namero de particulas
emitidas durante la soldadura electronica, los MEF obtenidos se encuentran por
debajo de los 0.5 mg/min, valores significativamente menores que los obtenidos por

Buonnano y cols. [179] para procesos de soldadura de arco.

El uso de una camara de exposicion permite controlar o limitar la presencia de
particulas ambientales en su interior. Por tanto, algunos experimentos de soldadura se
hicieron tanto en presencia como en ausencia de particulas del ambiente. Los
resultados obtenidos en presencia de particulas ambientales muestran procesos de

coagulacién heterogénea (S7 Fig. 4).
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3.2 Mecanizado de materiales compuestos

Los nanocompuestos poliméricos (nanocomposites en inglés) son materiales que
combinan un polimero como fase continua y un nanomaterial como relleno (filler en
inglés) teniendo el relleno al menos una dimension por debajo de los 100 nanémetros.
Este tipo de materiales ha tenido un éxito arrollador en el mercado formando parte de
numerosos productos en industrias tan variadas como la automocion o los

recubrimientos superficiales con pintura.

Como ya se ha comentado con anterioridad, en la bibliografia, hay documentado
efectos perjudiciales para el organismo causados por materiales nanoparticulados
[190-192]. En este contexto, no s6lo se deben estudiar los riesgos asociados a la
exposicién a nanomateriales puros sino también a nanocompuestos. Siendo, en este
caso, especialmente preocupantes los procesos que liberan nanomateriales de la

matriz que los contiene [31, 193].

En la actualidad se estan llevando a cabo numerosos estudios para evaluar las
emisiones producidas durante procesos de mecanizado de materiales compuestos.
Dentro de este campo, existe una linea de estudio que utiliza el método de abrasion
Taber como un método estandarizado [194-198], mientras que otras investigaciones
usan el mecanizado manual de materiales compuestos [194, 198-202]. El trabajo
realizado en el Articulo 8 del compendio se puede englobar dentro de la segunda
aproximacion y ha sido realizado durante una estancia de investigacién en el National
Research Centre for the Working Environment bajo la supervision del profesor Keld
Aldstrup Jensen. Consiste en la evaluacion de las emisiones producidas al mecanizar de

forma continua dos tipos materiales nanocompuestos: resinas epoxy y pinturas.

Se mecanizaron dos tipos de nanocompuestos: resinas epoxy con nanotubos de
carbono como aditivos y pinturas conteniendo nanoparticulas de 6xido de titanio (A8
Tablal). EI mecanizado consisti6 en lijar y serrar distintas planchas de resinas y

superficies recubiertas con distintas pinturas.

En primer lugar, se analizaron las emisiones propias de la lijadora y la sierra

eléctrica utilizadas. Se midié el material particulado liberado por estas herramientas
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cuando trabajan sin procesar ningun material (A8 Fig. 2 a). Los resultados mostraron
qgue emiten grandes concentraciones de particulas en el rango de tamafios sub-
micrométrico. Segun la bibliografia [203, 204], estas particulas se producen debido al
desgaste mecanico y a la generacion de chispas en los motores eléctricos y estan
formadas principalmente por cobre. Este tipo de emisiones han sido descritas

previamente en la literatura.

3.2.1 Mecanizado de resinas epoxy con nanotubos de carbono

Al estudiar las emisiones generadas durante los procesos de lijado y serrado de
resinas epoxy puras (material deonominado Epoxy 1) y resinas epoxy que contienen
nanotubos de carbono como aditivos (Epoxy 2 y Epoxy 3), se observé que, en ambos
casos la poblacion de particulas con didmetros inferiores a una micra esta dominada
por las emisiones procedentes del motor eléctrico de la maquina utilizada. El lijado de
las resinas gener6 particulas entre 100 nmy 4 micras lo que concuerda con el tipo de
emisiones observadas por otros autores [196, 198, 201, 205-207]. Cabe destacar que
las distribuciones de tamafio observadas no difieren significativamente entre las
distintas resinas testeadas (tengan nanotubos de carbono o no) en su composicion
(Figura 35).
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Figura 35 Distribucién de tamafios (a, d y g) y morfologia de las particulas generadas mediante
un proceso continuo de lijado de materiales basados en resinas epoxy. Los resultados
mostrados en a), b) y ¢) corresponden a un material que no posee nanotubos de carbono en su
composicion mientras que d) e) y f) corresponden a la resina denominada Epoxy 2 y g), h) e i)
corresponden a la resina Epoxy 3.

Con el fin de estudiar su morfologia, las particulas emitidas fueron recogidas y
estudiadas por microscopia de barrido electronico (SEM). Aunque de forma general
todas las particulas presentaban morfologia irregular, las particulas generadas a partir
de resinas conteniendo nanotubos en su composicion presentan un aspecto mucho
mas irregular y tienen protuberancias que pueden relacionarse con la presencia de
nanotubos de carbono embebidos en la matriz polimérica (A8 Fig.4). Cabe destacar

gue no se han encontrado nanotubos libres.

En los procesos de serrado en seco de las resinas, la contribucion mas
importante al aerosol generado fue la de las particulas provenientes del motor

eléctrico de la sierra ya que la mayoria de los fragmentos se encontraban en el rango

milimétrico y se depositaron muy rapidamente.
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3.2.2 Mecanizado de pintura con nanoparticulas de 6xido de titanio

Se han estudiado las particulas generadas durante el lijado de tres tipos de
pinturas denominadas: Paint 1 que no contiene nanomateriales en su formulacion,
Paint 2 que contiene un 36 % en masa de dos tipos de nanoparticulas de 6xido de
titanio y Paint 3 con un 36% en masa de un solo tipo de nanoparticulas (A8 Table 1).
Las particulas emitidas al mecanizar las superficies pintadas se encuentran en su
mayoria en el rango micrométrico. Sin embargo cabe destacar un aumento en la
emision de particulas con tamafios entre los 100 y los 400 nanémetros al lijar las

pinturas que contienen nanoparticulas en su composicién (Figura 36).
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Figura 36 Distribucion de tamafios (a, d, g) y micrografias SEM (b, c, e, f, h , i) de las particulas
emitidas durante un proceso continuo de lijado de materiales basados en pinturas. Los
resultados mostrados en a), b) y ¢) corresponden a Paint 1 mientras que d) e) y f) corresponden
a Paint 2y g), h) e i) corresponden a Paint 3.

Un analisis microscépico resalta diferencias morfolégicas significativas entre las
particulas recogidas. Se observé que, mientras las particulas provenientes de las
pinturas sin nanomateriales en su formulacion, son compactas y con formas regulares,
la mayoria de las particulas a partir de las pinturas que contienen nanoparticulas en su

formulacién son altamente irregulares (A8 Fig. 7 y 8). Este fendmeno puede explicarse
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como resultado de la presencia de agregados nanoparticulados unidos a la matriz
polimérica de las pinturas como se observa en la Figura 37. Un analisis EDX realizado a
mas de 25 particulas de cada una de las pinturas testeadas muestra que, mientras un
80 % de las particulas provenientes de las pinturas con nanoparticulas presentan
sefiales correspondientes al Ti, s6lo un 30% de estas lo presentan para la pintura que
no contiene nanoparticulas en su formulacion. Finalmente y concordando con estudios
anteriores, no se han encontrado nanoparticulas individuales en las muestras [199,
202, 208, 209].

Figura 37 Micrografia TEM de particulas emitidas durante el mecanizado de una pintura que
contiene nanoparticulas de 6xido de titanio en su composicion
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A continuacion se resumen las conclusiones obtenidas en cada una de las lineas
principales que conforman la presente tesis doctoral: generacion y captura de
aerosoles, marcado deteccion e identificacién de nanoparticulas y estudio de diversas

fuentes de emision.

1 GENERACION Y CAPTURA DE AEROSOLES

1.1 Nebulizacion de dispersiones coloidales

Se sintetizaron nanoparticulas de Oxido de titanio (anatasa) altamente cristalinas,
monodispersas (15 + 4nm) y con superficies especificas de 239 m?/g mediante la
hidrolisis de un alcéxido de titanio en etanol seguida de un tratamiento térmico en un
horno microondas. El uso de microondas hace que la sintesis sea mas rapida, durando
menos de una hora, y consuma menos energia que al utilizar un tratamiento térmico

convencional.

Al nebulizar dispersiones coloidales de nanoparticulas se han generado aerosoles
estables de éxido de titanio formados por agregados esféricos con didmetros inferiores
a 200 nm.

Se demostrd que existe una clara relacion entre las propiedades coloidales de la
dispersion de partida y las del aerosol generado. La concentracion en el aerosol es
altamente sensible al grado de dispersion de los coloides de partida. Un alto grado de
aglomeracion da lugar a un aerosol menos concentrado. Ademas, el pH influye
significativamente en el grado de aglomeracion de las nanoparticulas de 6xido de
titanio y por tanto también en la concentracién del aerosol. Por ejemplo, a pH
cercanos al punto isoeléctrico se obtienen concentraciones inferiores a las de los

obtenidos para otros pH.

La eleccion del disolvente del coloide de partida tiene una influencia
determinante en los residuos presentes en el aerosol generado. Para minimizar la

presencia de particulas residuales se necesita una elevada pureza.
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Se observo que la morfologia de las hanoparticulas que forman el coloide influye
en las particulas del aerosol. Cuando se parte de nanoparticulas de titanio sintetizadas,
se obtienen aerosoles formados por agregados esféricos altamente empaquetados. Sin
embargo, nanoparticulas comerciales con formas irregulares y distribuciones de

tamafio polidispersas generan aerosoles menos densamente empaquetados.

1.2  Filtrado de nanoparticulas en una rejilla de difusion mixta

Se desarrolld6 un nuevo tipo de bateria de difusion mixta constituida por un
conjunto de rejillas “sandwich” formadas por una malla de oro situada entre dos

mallas de aluminio estando las tres mallas en contacto.

Se comprobé la validez del modelo de filtracion de Chen and Yeh para las
condiciones y el sistema experimental utilizado utilizando una bateria de difusion
clasica. Para ello se generaron una serie de aerosoles nanoparticulados de NaCl

monodispersos, con didmetros inferiores a 10 nm y neutros.

Se obtuvieron de forma experimental los pardmetros de filtrado de las rejillas
“sandwich”que forman la bateria de difusion. Se demostré experimentalmente que es
posible aplicar el modelo de filtrado de Cheng y Yeh [123] para estimar la penetracion

debida a mecanismos de difusion a través de una malla mixta.

1.3 Resultado colateral: Nanoparticulas de 6xido de titanio encapsuladas

en microesferas de PLA con efecto bactericida

Se sintetizaron particulas submicrométricas formadas por una matriz de acido
polilactico (PLA) con nanoparticulas de 6xido de titanio embebidas mediante la técnica

de extraccion supercritica de una emulsion (SEE-C).

De los dos tipos de emulsiones dobles de partida water in oil in water (W/O/W)
y solid in oil in water (S/0/W); la doble emulsion water in oil in water (W/O/W)
permite producir particulas con una mejor dispersion del aditivo, obteniéndose mayor

eficiencia de encapsulacién que la reportada previamente en la literatura.
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Al utilizar nanoparticulas de O6xido de titanio para generar un material
compuesto, se han conferido propiedades bactericidas a un polimero biodegradable,
como el PLA. Tanto las nanoparticulas de 6xido de titanio como el material compuesto
eliminan aproximadamente el 99.99.% de las bacterias en las condiciones ensayadas.
La actividad bacteriana de las nanoparticulas de 6xido de titanio no se ve influida por

el encapsulado.

Finalmente, no se produce disminucion de viabilidad bacteriana en ausencia de

luz ultravioleta, demostrando que el material no tiene efectos antibacterianos per se.

109



2.

2.

110

Conclusiones

2 MARCADO, DETECCION E IDENTIFICACION DE NANOPARTICULAS

1  Nanoparticulas marcadas y métodos de deteccion

Se han desarrollado nanomateriales trazables utilizando el dopado con distintitos
lantanidos, elementos poco frecuentes en el medio ambiente. Se sintetizaron, de
forma reproducible y controlada, nanoparticulas de Oxido de titanio con distintas
proporciones de Ce/Ti y La/Ti (0.005, 0.010 y 0.030 porcentajes atémicos) con
tamafios, morfologia y fase cristalina similares a las del 6xido de titanio original. Este
método tiene ventajas respecto a métodos previos de trazado de nanomateriales
como el marcado isot6pico (precio), radiactivo (problemas de manejo y gestion de
residuos) y fluorescente (modificacién de las propiedades superficiales). El marcado
con lantanidos permite identificar a las particulas debido a sus sefiales en distintas

técnicas de andlisis como ICP-OES y EDX.

Utilizando nanoparticulas marcadas se demostrd que se produce contaminacion
en las superficies de trabajo préximas a operaciones de manipulacion de
nanomateriales. Las particulas contaminantes observadas son agregados vy
aglomerados con didmetros inferiores a 10 micras y muestran sefiales caracteristicas

en EDX.

Se desarroll6 un método cuantitativo de deteccion de nanomateriales en
superficies a partir de un método estandarizado de la OSHA (ID-125G). Los lantanidos
poseen bajos limites de deteccion en técnicas de espectroscopia de emision. Al
realizar un control positivo del método de deteccion, se demostrd que tiene unos
porcentajes de recuperacion de nanoparticulas de alrededor del 75% y detecta

cantidades del orden de microgramos en las condiciones utilizadas.

2  ldentificacion y monitorizacion de emisiones de nanomateriales

Las emisiones generadas en distintas actividades habituales de laboratorio como
trasvasado, molido, la manipulacion con una espatula y un derrame accidental
producen concentraciones de particulas por debajo de 200 particulas por centimetro

cubico.
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Al realizar trasvases de la misma cantidad (500 mg) de distintos materiales
representativos como TiO,, SiO, y MWCNTSs se observa que las particulas recogidas
estan formadas por agregados y aglomerados no encontrarse en ningln caso
particulas individuales. Los factores de emisién calculados a partir de las medidas

experimentales dieron lugar a valores en torno a los 10° — 10° s en todo caso.

La comparacion de los experimentos realizados en presencia y en ausencia de
particulas pone de manifiesto la interaccion de las nanoparticulas liberadas con las
presentes en el medio generandose agregados mixtos ambientales/nanomateriales. El
uso de material marcado permite identificar las particulas provenientes del

nanomaterial mediante sefiales correspondientes al Ce utilizando EDX 'y STEM.

2.3 Resultado colateral: Fotocatalizadores

Se sintetizaron nanoparticulas de 6xido de titanio dopadas con neodimio para su

uso como fotocatalizadores.

En las muestras dopadas con neodimio, se observo una reduccion del “gap” de
banda asociado con un desplazamiento del maximo de absorcion hacia la region visible
del espectro (desde 420 nm en el material original hasta 451 para el material dopado
con 0.06 Nd/Ti) ademas de numerosas bandas de absorcion en la regién visible

respecto al material original.

Los materiales dopados mostraron alta actividad en la degradacién fotocatalitica
en medio acuoso de contaminantes organicos como el fenol y la rodamina-B llevando a

cabo la completa degradacion de estos compuestos en menos de 4 horas.

El area superficial parece ser el principal factor que domina la actividad
alcanzada en la degradacion de la rodamina B mientras que la cantidad de agente
dopante y el desplazamiento del gap de banda tienen una mayor influencia en la

degradacion del fenol.
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3 ESTUDIO DE DIVERSAS FUENTES DE EMISION

3.1 Nanoparticulas metéalicas en humos de soldadura

Se demostré que los procesos de soldadura electronica generan una emision
intensa de particulas (llegando a concentraciones de 10° particulas/cm®) con un

diametro inicial inferior a 100 nm.

Las altas concentraciones de particulas alcanzadas propician procesos de
coalescencia y coagulacién generando aglomerados esféricos y submicrométricos,
formados por una matriz continua de resina en la que se encuentran embebidas

nanoparticulas que contienen metales en su composicion.

Las emisiones generadas se pueden considerar como potencialmente peligrosas
ya que exponen al personal a altas concentraciones de material particulado con
contienen metales tdxicos en su composicion (estafio y plomo de acuerdo con el
andlisis mediante EDX) con factores de emisién en nimero del orden de las 10"

particulas/min.

3.2 Mecanizado de nanocompuestos

Durante el mecanizado de materiales compuestos (lijado y serrado) la emision de
los motores eléctricos de las herramientas utilizadas domina el rango de tamafios por

debajo de los 100 nm.

Al lijar en seco resinas epoxy se generan particulas con diametros superiores a
una micra. No se observaron diferencias significativas entre las distribuciones de
tamafios de particulas al lijar resinas con y sin nanotubos de carbono. Sin embargo, su
morfologia si que cambia. Las particulas emitidas al mecanizar resinas que contienen
nanotubos presentan protuberancias relacionadas con los nanotubos de carbono.
Cabe destacar que no se encontraron nanotubos de carbono libres en las muestras lo
que indica que, en las condiciones empleadas, permanecen embebidos en la matriz
polimérica. Las emisiones producidas al serrar en seco resinas epoxy dan lugar

concentraciones de particulas menores que en los procesos de lijado.
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Al lijar superficies con distintos tipos de pintura se generan particulas en dos
rangos de tamarios, entre 100 y 400 nm y sobre una micra. Se observaron diferencias
en la distribucién de tamafios, las pinturas que contienen nanoparticulas en su

formulacion emiten mas particulas en el rango de 100 a 400 nm.

De nuevo, no se encontraron nanoparticulas individuales en las muestras pero si
ee encontraron aglomerados de rango submicrométrico formados por nanoparticulas
en las emisiones de materiales compuestos. Al analizarlos mediante EDX dieron lugar a

sefiales correspondientes a titanio.
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The influence of the colloidal characteristics of aqueous TiO,
nanoparticle suspensions and of the operating conditions on the
total particle concentration and the particle size distribution of
aerosols generated by nebulization has been studied. A commer-
cial nebulization unit coupled to a diffusion dryer was used to
generate aerosols using two different sources of titanium dioxide
nanoparticles. Stable, concentration-tunable aerosols could be ob-
tained for both types of nanoparticle suspensions. The effect of
operating conditions during nebulization (air flow rate, purity of
water source, nanoparticle concentration, and pH of the precur-
sor suspension) was studied. The results obtained indicate that the
degree of agglomeration in the liquid phase previous to aerosol for-
mation has a direct influence both on the total nanoparticle count
and on the particle size distribution of the generated aerosols.

[Supplementary materials are available for this article. Go to
the publisher’s online edition of Aerosol Science and Technology
to view the free supplementary files.]

1. INTRODUCTION

Among the current technologies for producing aerosols,
pneumatic nebulization of colloidal suspensions is one of the
simplest and most convenient. These wet-phase generators pro-
vide a stable stream of aerosolized particles that can be used in
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a wide variety of applications from biomedicine (Henning et al.
2010) to synthetic chemistry (Kodas 1999). In a concise manner,
a nebulizer is a device that uses a gas stream with a sufficiently
high speed to break up a liquid into a cloud of small droplets. The
mist obtained is formed by liquid drops containing the desired
particles and is then subjected to drying. After evaporation of
the liquid in each droplet, an aerosol stream is produced (Hinds
1999). Both droplet size distribution and concentration of liquid
droplets in the aerosol depend on several parameters such as
the gas pressure through the nebulizer, the properties of the lig-
uid, and, ultimately, the design of the nebulizing nozzle (Swift
1993). On the other hand, the particle size distribution and the
concentration of particles in the liquid suspension determine the
characteristics of the aerosol obtained after the drying process.

In view of its relatively easy implementation, nebulization of
colloidal suspensions of nanosized particles is one of the pre-
ferred methods to produce stable nanoparticle aerosol streams.
In this way, nanoparticle suspensions with carefully tailored
characteristics can be prepared and used as the precursor of the
aerosol in a variety of applications. Thus for instance, this con-
cept has been intensely studied in view of its implications on
drug delivery using the upper respiratory ways (Yeo et al. 2010;
Beck-Broichsitter et al. 2013; Verma et al. 2013). Also, given
the possible health and environmental impacts of nanoparticles
(Wiesner et al. 2006), nebulizer-generated nanoparticle aerosols
with a wide range of aerodynamic sizes and mass concentra-
tions are frequently used to test the efficiency of filters against
nanoparticles (Eninger et al. 2009; Shimada et al. 2009) as
well as for the development of deposition samplers (Cena et al.
2011). Inhaled nanoparticles not only may cause direct damage
to lung tissue, but also are able to translocate from the respi-
ratory ways to the bloodstream (Borm et al. 2002; Oberdorster
et al. 2002, 2004). Harmful effects of the inhalation of nanopar-
ticles have been reported, for example, for carbon nanotubes
(Zhang et al. 2010), silicon dioxide (Napierska et al. 2010), or
titanium dioxide nanoparticles (Rossi et al. 2010). Again in this
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case, nebulizer-generated aerosols are ideally suited for testing
the health impact of nanoparticles. Thus for instance, MclJilton
et al. (2009) used pneumatic nebulization of carbon nanotubes
in studies of respiratory toxicology.

The colloidal state of the suspensions prior to and during
nebulization is of paramount importance to determine the
aerosol characteristics. The influence of the agglomeration of
colloidal particles in the size and concentration of nanosized
TiO, particles upon nebulization (Noél et al. 2012) has been
recently analyzed. The authors showed the importance of a
qualitative and quantitative characterization of the nanoparticles
and their agglomerates on the characteristics of the resulting
aerosols. It has also been reported that the presence of residual
content from the solvent either forms individual particles or
become adhered to the particles in the colloid, effectively
increasing the resulting particle sizes, and possibly changing
the surface chemistry of airborne nanoparticles (Park et al.
2012). The surface charge of particles in the suspension may
also influence aerosol generation, modifying the aggregation
state of particles during the nebulization.

Therefore, there is a need to deeply examine the influence of
the colloidal properties of nanoparticle suspensions on the final
characteristics of aerosols generated through pneumatic nebu-
lization. In this work, we study the colloidal suspensions pro-
duced with TiO; (anatase) nanoparticles obtained from different
sources. First, commercial anatase nanoparticles were tested, to-
gether with synthetic TiO, nanoparticles obtained in our labora-
tory through a microwave-assisted method described elsewhere
(Gomez et al. 2012). In this work, we have attempted a com-
prehensive study of the main variables influencing nanoparticle
aerosol generation through nebulization of colloidal nanopar-
ticle suspensions. We have also analyzed the influence of sus-
pended matter in the solvent water to produce pure TiO, and
stable water-based colloids at different particle concentrations
and pH values. Pneumatic nebulization of TiO, colloids was
achieved at several flow rates, and the results are discussed in
terms of particle concentrations and size distributions detected
in both colloidal and aerosol phases.

2. EXPERIMENTAL

2.1. Synthesis and Characterization of TiO,
Nanoparticles

The TiO, nanoparticles were prepared by the microwave-
assisted procedure previously reported (Gomez et al. 2012).
Briefly, 30 ml of absolute ethanol (EtOH, Aldrich, St. Louis,
MO, USA) were mixed with 2.0 ml of titanium tetraisopropox-
ide (TTPO, Aldrich, 97%) under magnetic stirring at 300 rpm.
To this mixture, 3.0 ml of acetic acid (Aldrich) were added as
catalyst for hydrolysis of TIPO. After stirring for 5 min, 5 ml
of Milli-Q water (Millipore, Billerica, MA, USA) were added
and the resulting mixture was stirred for 5 minutes. The result-
ing solution was transferred to a 20-ml vial and subsequently

heated in a microwave oven (Milestone ETHOS 1600) at a max-
imum power of 400W and under rotational stirring. The oven
was heated at 120°C under a heating rate of 30°C/min and kept
at this temperature for 15 min. When the reaction was finished,
the precipitates were separated by centrifugation and washed
several times with anhydrous ethanol. The surface composition
was determined by Fourier-transformed infrared spectroscopy
(FTIR) in a Bruker VERTEX?70. Details of the FTIR technique
and results are shown in the online supplemental information
(SI). The microwave synthesized TiO, nanoparticles (MWTiO;)
are compared with commercially available anatase nanoparti-
cles purchased from Aldrich, Inc. (titanium (IV) oxide, anatase
nanopowder, <25-nm particles size), herein after termed TiO,.
The crystalline state of nanomaterials was determined using X-
ray diffraction (XRD) from 10° to 60° 26 with a step size of
0.02° 26 at 1°/s using a Rigaku D/MAX difractometer equipped
with a rotor anode and a CuKo monochromatic source. The
surface area and pore volume were both determined using N,
adsorption in a Micromeritics TriStar3000 analyzer. Details on
these measurements are given in the SI. Scanning electron mi-
croscopy (SEM) and energy dispersive X-ray (EDX) analysis
were performed in an FEI Co. (Hillsboro, OR, USA) Inspect-
F50 microscope together with an Oxford Instruments (Abing-
don, UK) INCA PentaFETX3 EDX probe. Samples for SEM
and EDX analysis were prepared depositing dry nanoparticles
on conductive carbon tape and subsequently sputtered with Au.
Transmission electron microscopy (TEM) images were recorded
in a FEI F20 microscope at 200 kV accelerating voltage. The
average nanoparticle size was estimated using the IMAQ Vision
Builder image processing software.

2.2. Aerosol Generation and Characterization

All the aerosol generation experiments were performed at
room temperature. Gas and aerosol conductions were made
of graphite-lined conductive polycarbonate piping (i.d. 8 mm).
Synthetic air streams for aerosol generation were dried by pass-
ing through a 150-mm column packed with silica gel and then
filtered with a high-efficiency particulate air (HEPA)-cap-150
filter unit (Whatman Plc., Maidstone, UK). The jet nebulization
airflow was controlled with a Bronkhorst (Ruurlo, The Nether-
lands) EL-FLOW mass flow controller. A scheme of the experi-
mental is shown in Figure 1a. Nebulization of the colloidal sus-
pensions of TiO, nanoparticles in Milli-Q water are performed
using a polypropylene Philips SideStream® jet nebulizer. De-
tails on the operation of nebulizer are given in the SI. The effect
of nanoparticles in the formation of water droplets upon neb-
ulization was analyzed by optical particle counter (OPC) (see
below). Figure 1b shows the size distribution of filtered milli-Q
water droplets obtained at different flow rates, pointing to the
formation of droplets mostly under 10 um. Moreover, Figure 1c
shows that particle size distributions are similar for pure water
and TiO, nanoparticle suspensions.

After removing the excess aerosol through an HEPA fil-
ter, the remaining stream is directed to an annular-cylindrical
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FIG. 1. Scheme of the experimental setup (a) used for nanoparticle nebulization. The system generates liquid droplets with similar sizes for both pure water (b)
and nanoparticle suspensions (c). Droplet size distributions were measured using an OPC without diffusion dryer in the range from 0.3 to 20 pm. (Color figure

available online.)

diffusion dryer packed with silica gel (TSI Model 3062), which
is described in the SI. The adsorption of moisture drives the
droplet evaporation, with a rapid formation of solid particles.
Aerosol nanoparticles were neutralized by directing the gas flow
to an encapsulated 2*' Am source (3.7 MBq) and then were clas-
sified and quantified using a Grimm-Aerosol Technik, GmbH
(Ainring, Germany) model #5.414 stepping mobility particle
sizer (SMPS+C) formed by a Vienna-type differential mobility
analyzer (DMA, Model #33-900) and a condensation particle
counter (CPC). The reported number size distributions are the
average of two consecutive SMPS+-C scans. Results have been
fitted to multimodal lognormal distribution using OriginPro 8.6
software to obtain the geometric mean diameter (GMD) and
geometric standard deviation (GSD) for the different modes. To
determine the fraction of aerosol particles with sizes between
300 nm and 20 pm an eight-channel OPC (OPC, Model #1.108;
Grimm Aerosol Technik) was used. Finally, all exit streams were
HEPA-filtered and the experimental setup was placed inside a
laboratory hood equipped with HEPA filters to avoid release of
aerosol nanoparticles during the experiments. Gloves and respi-
ratory masks were worn, and the analysis area was thoroughly

cleaned before and after experiments with clean room wipes and
filter-equipped vacuum cleaners.

3. RESULTS AND DISCUSSION

3.1. Characterization of TiO; Nanopowders

The anatase structure of the TiO, nanoparticles was con-
firmed by XRD analysis, as shown in Figure 2. The diffraction
peaks were positively attributed to the anatase phase of titanium
oxide (JCPDS card 21-1272) and no extra peaks were detected,
although rutile or brookite impurities were specifically searched
for. The broadening of diffraction peaks in the XRD patterns in
MWTiO,; was attributed to the small particle size obtained by
the microwave process. The average crystallite sizes for both
materials were calculated using the Debye—Scherrer formula
for the diffraction peak (101) of the anatase phase identified
in the XRD patterns for both materials, giving an estimated
size of 13 nm for commercial TiO, and about 7 nm for the
MWTiO,. The Brunauer-Emmet-Teller (BET) surface area
of the TiO, was 83 m2/g while for the MWTiO, increased
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FIG. 2. XRD diffraction patterns of the TiO, and MWTiO, nanoparticles.
Anatase and rutile peak positions are shown for identification purposes. (Color
figure available online.)

up 239 m*g. Furthermore, the adsorption isotherms (Figure
S1) indicate that the microwave synthesis gives solids with
a higher pore volume and smaller pore sizes than those of
the TiO,. Also, the SEM images of commercial particles
(Figure 3a) show the presence of large agglomerates, whereas
in the MWTiO; images (Figure 3b) large agglomerates were not
detected. The smaller crystallite sizes obtained from the XRD
data indicated that the particles consisted of several smaller
crystallites. These results are also in general agreement with
TEM observations. For the commercial TiO, material (Figures

4a and b), the primary nanoparticles showed a heterogeneous
distribution of shapes and sizes, forming irregular aggregates
with sizes in the tens of nm range. For MWTiO,, TEM images
(Figures 4c and d) indicated considerable less aggregation and
primary nanoparticles with prismatic shape and average size of
15 &+ 4 nm (N > 100 particles).

3.2. Colloidal Characterization

The surface charge of TiO, nanoparticles changed signifi-
cantly with pH due to the amphoteric character of this material
(Suttiponparnit et al. 2011). In the ¢—potential versus pH plot
(Figure S2), the surface charge of TiO, varied between 15 and
—15 mV, whereas for MWTiO, the variation occurs between 27
and —33 mV, with a slightly higher isoelectric point (IEP) for
TiO; (pH 5.8) than for MWTiO, (pH 5.4). Itis interesting to note
that the presence of organic residue chains grafted on the surface
of MWTiO; nanoparticles, as the FTIR results show (SI), may
account for the higher surface charge for these nanoparticles.
The O/Ti atomic ratio determined by X-ray photoelectron spec-
troscopy (XPS) was 2.3 for TIO, and 2.5 for MWTiO,, which
suggests a higher surface content of oxygen for MWTiO,, as
could be expected, given its higher surface area, yielding a
larger exposition of OH groups, which also contributed to the
surface charge. The dynamic light scattering (DLS) analysis
(Table 1 and Figure S3) showed that colloids of TiO, at any
pH have larger hydrodynamic particle sizes than those prepared
with MWTiO,. This is in good agreement with the aggregates
observed in the high-resolution TEM images of the starting ma-
terial (Figure 4). In both cases, as expected, particle sizes were
larger at intermediate pH values, close to the IEP (Figure S2),
whereas at higher or lower pH values electrostatic repulsion
decreased agglomeration.

FIG. 3. SEM images of TiO;, (a) and MWTiO; (b) nanoparticles.
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TABLE 1
Particle sizes in the colloidal (measured by DLS) and in aerosol state (measured by SMPS) of TiO, and MWTiO,
at different pH values

MWTiO, TiO,
pH D (nm) GMD® (nm) GSD® D} (nm) GMD® (nm) GSD®
11 166 34.5 106 1.73 1.63 446 59.1 1.67
5 203 14.4 80.8 1.34 1.52 803 54.6 2.08
2 195 10.1 45.6 1.25 1.49 632 37.9 1.65

“Hydrodynamic diameter of particles in the suspension. The polydispersity index was always under 0.2 nm; "geometric mean diameter of
aerosol particles, determined from SMPS measurements; “geometric standard deviation.

3.3. Influence of Residual Particles from Water Droplets
in the Nebulized Aerosols

The drying of nanoparticle-free water droplets produced in
the nebulization system also generated a certain amount of
residual particles (Krarnes et al. 1991). This is a common fea-
ture in droplet-based aerosol generation procedures, where the
presence of impurities in the liquid leads to the formation of
solids upon evaporation. Although the concentration of such

water-borne impurities was usually much lower than that of the
nanoparticle suspension itself, their presence could introduce
significant deviations in the aerosol particle concentration and
particle size distribution. These deviations became more impor-
tant in relative terms as the nanoparticle concentration in the
precursor suspension was reduced.

To assess and minimize the residual particle generation from
the solvent, water from three different sources were used for

FIG. 4. TEM images of TiO, (a, b) and MWTiO; (c, d) nanoparticles. Insets show size histograms for both nanoparticles (N > 100). (Color figure available

online.)
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nebulization under the same conditions as for TiO, suspensions:
(i) commercial water filtered through a 0.10-um filter (Sigma
Aldrich termed “molecular biology water,” which is marketed
as free of nucleases and proteases), (ii) Milli-Q water generated
from Advantage A10 Water Purification Systems, that subjects
the source water to filtration using a 0.22-pm filter unit and
deionization to reach a resistivity value of 18.2 M2 - cm, and
(iii) tap water from Zaragoza municipal water grid (conduc-
tivity value of 882 uS/cm measured at 20°C). Figure 5 shows
total residual particle concentration generated by water nebu-
lization and measured using CPC, which was notably higher
for tap water (over 10° #/cm?) than for the filtered “molecular
biology” and “Milli-Q” varieties. The aerosol particle concen-
tration generated from both Milli-Q and molecular biology wa-
ter was similar regardless of the flow rate used for nebulization
and between 10° and 10* #/cm?, with a slightly higher aerosol
particle concentration when molecular biology water was neb-
ulized. The concentration of water-borne nanoparticle aerosol
was high enough to be detected by SMPS+C; however, their
size distributions show GMD values smaller than those found in
aerosols obtained after the nebulization of TiO, and MWTiO,
suspensions (Figure S6). Although residual nanoparticles were
ubiquitous when generating aerosols by nebulization, their pres-
ence had little effect in the particle size distribution of aerosols
obtained for nanoparticle suspensions using the same water.
Taking into account these results, the nanoparticle suspensions
used as aerosol precursors in the remainder of this work have
been prepared using Milli-Q water.

3.4. [Effect of the Air Flow Rate in the Nebulization
of TiO; Colloidal Dispersions

Different nebulization airflows were used to generate aerosol
from colloidal dispersions (1 mg/ml, pH 5) of TiO, and
MWTiO,. Figure 6 shows the number particle concentration
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FIG. 5. Particle number total concentration (in #/cm?) of residual particles
generated upon nebulization of water of different origins as function of the flow
rate. (Color figure available online.)
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FIG. 6. Particle number total concentration (in #/cm?) generated at different
flow rates from the nebulization of colloidal dispersions (1 mg/ml, pH 5) of
TiO; and MWTiO; nanoparticles. Particle number concentration from the neb-
ulization of milli-Q water are shown for the sake of comparison. (Color figure
available online.)

obtained with the CPC. At 2.5 I/min flow rate the number of par-
ticles generated from both colloid suspensions and from Milli-Q
water is very low (under 2 x 10° #/cm? for TiO,, which was
the suspension giving the maximum concentrations). As the
flow rate of the nebulizing air was increased, the number of
droplets entrained also were risen, producing a more concen-
trated aerosol. This allows adjusting the concentration of the
resulting aerosols, by simply changing the entraining airflow
rate. Stable aerosols were obtained, with tunable concentration
levels between 2 x 10° and over 4 x 10* #/cm>. The highest
concentrations were obtained with the more dispersed colloid
(MWTiO,) yielding up to 4.2 x 10* #/cm? under the conditions
used in this work, while the colloid with TiO, reached around
2.0 x 10* #/cm?.

Number size distributions from the generated aerosols were
generally well below 200 nm for both materials at all tested air-
flows (Figure 7), although the TiO, material presented a larger
fraction above 100 nm, compared with the MWTiO, nanoparti-
cles. Only one peak with GMD of 58 nm is observed for TiO;.
On the other hand, a bimodal distribution with GMDs at 14 and
80 nm were found for the MWTiO, material. This suggested
that the higher dispersion achieved in the MWTiO, suspension
allowed the presence of primary particles in the aerosol. No
significant changes in the GMDs of aerosol particles were found
for flows ranging from 3 to 4 L/min (with a pressure drop of
210-360 mbar across the nebulizer). The number of particles
generated from the more dispersed colloidal suspension of the
synthesized nanoparticles reached a value around 10* #/cm?,
more than one order of magnitude higher than the agglomerated
TiO,, indicating the importance of achieving a high degree of
colloidal dispersion in the precursor suspensions.
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FIG. 7. Particle number size distributions (in #/cm?®) obtained at different
nebulization flow rates of TiO; (a) and MWTiO; (b) from colloidal dispersions
of 1 mg/ml at pH 5. (Color figure available online.)

Figure 8 shows the SEM images of the particles collected
from the gas-phase aerosols (after liquid evaporation) using
polycarbonate filter grids. The presence of pseudo-spherical ag-
gregates with diameters mostly between 100 and 500 nm could
be observed for both TiO, and MWTiO, aerosols, although
smaller sizes were generally observed for MWTiO,. The for-
mation of such aggregates was attributed to the drying mecha-
nism: the surface tension of the shrinking droplet maintains a
spherical shape through the drying process while progressively
concentrating the nanoparticles and inducing coalescence. Anal-
ogous descriptions have been previously reported for nanoparti-
cle aerosols with similar chemical composition (Yi et al. 2004;
Widiyastuti et al. 2009). Nevertheless, it has been noted that
the spray drying of preformed nanoparticles may lead to diverse
morphologies of the dry aggregates, depending on the drying
conditions and the physicochemical properties of the dispersion
(Iskandar et al. 2001; Bahadur et al. 2010). Sen et al. (2009)
reported that for highly concentrated colloids the shape of the

aerosol particles generated during the drying process is spher-
ical. The self-assembly of small and well-dispersed MWTiO,
nanoparticles during drying leads to highly packed spherical
aggregates (Bahadur et al. 2010). Lee et al. (2009) found that
generated particles morphology was highly influenced by the
positive or negative surface charge of particles. Moreover, the
formation of tightly packed spheres was observed for spheri-
cal silica nanoparticles (Lee et al. 2010). Although MWTiO,
nanoparticles were not spherical, the homogenous size distri-
bution would lead to the formation of highly packed spherical
aggregates that could be detected in TEM images of particles
collected after nebulization and evaporation (Figure S7). On the
other hand, irregular agglomerates collected from TiO, aerosols
were already present in the colloidal suspension, as it could be
assessed by the large hydrodynamic diameters found in DLS
analysis (Table 1 and Figure S4).

3.5. Effect of Nanoparticle Concentration
in the Nebulization of TiO, Colloidal Dispersions
Changing the colloid concentration affected not only the ini-
tial concentration of the solids within the droplet volume but
also essential characteristics of the solid suspension such as
density, viscosity, and surface tension that in turn will affect
the size distribution of the generated droplets and their fluid-
dynamic behavior. To study the effect of the colloid concentra-
tion, suspensions of TiO; at 0.1 and 1 mg/ml and at pH 5 were
nebulized under airflow of 3 L/min (pressure drop of 210 mbar).
For both colloidal concentrations a similar GMD below 60 nm
was found (Figure S6), although a small increment of GMD
was in fact observed, from 33.7 nm (GSD 1.68) for 0.1 mg/ml
to 54.2 nm (GSD 1.82) for 1 mg/ml. However, at higher TiO,
concentrations the particle size distribution widened, especially
toward larger sizes. This increase, as well as the observed in-
crease in GMD, could be attributed to the formation of larger
aerosol aggregate particles at high concentrations (Hinds 1999).
Besides, the nanoparticle packing in the assembled grains de-
pends on the concentration of the initial dispersion and the
average packing fraction of the particles in the grain reduce
with increasing concentration giving rise to large agglomerates
(Bahadur et al. 2010). The so-called one-drop to one-particle
mechanism is commonly accepted for describing the formation
of agglomerates in aerosols (Wang et al. 2008). This model
assumes that empty droplets do not lead to particles and high-
particulate aerosol concentrations are reached for suspensions
with high concentration, which is in agreement with the parti-
cle size distributions (Figure S5), where the more concentrated
solution produced aerosols with a clearly higher concentration.
Also, Shimada et al. (2009), working with NiO and Cgy nanopar-
ticles using a spray drying technique reported that the number
concentration of droplets and, consequently aerosol nanoparti-
cles increased with the suspension concentration, whereas the
sprayed suspension volume per unit time changed little with the
suspension concentration.
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FIG. 8. SEM images of TiO; (a, b) and MWTiO; (c, d) nanoparticles collected on a polycarbonate filter grid at 1.2 L/min. Insets show EDX analysis. (Color

figure available online.)

3.6. Effect of pH in the Nebulization of TiO,
Colloidal Dispersions

The value of pH had a strong influence on the charge of
nanoparticles in aqueous suspensions and therefore on the ag-
gregation behavior of nanoparticles within the droplets, pre-
vious to any evaporative process. The effect of pH of colloid
in the aerosol was studied with stable dispersions of 1 mg/ml
of both TiO, and MWTiO; in water at pH 2, 5, and 11 and
nebulized at 3 L/min. For both nanomaterials, aerosols with
low concentrations were obtained from suspensions at pH 5,
as shown in Figure 9. This pH value was close to the IEP for
anatase nanoparticles, meaning that significant agglomeration
was already taking place in the liquid phase prior to and dur-
ing the nebulization stage (Sotto et al. 2011). Consequently,
the particles were mainly present as larger-sized agglomerates
leading to a lower count of aerosol nanoparticles. Some pre-
cipitation of the larger agglomerates in the nebulization vessel
was observed, and the precipitated nanoparticles would not be
available for aerosol formation. On the other hand, at pH 11 the
¢—potential values were around —17 and —32 mV for TiO, and
MWTiO,, respectively and stable sols are formed (Mohammadi
et al. 2006), which favored both a higher content of nanoparti-
cles in the droplets and a higher particle count in the aerosol.
These results stress the importance of the colloidal particle sizes

on the formation of agglomerates in the resulting aerosol. Fi-
nally, it is also worth mentioning that additional measurements
using the long-range L-DMA column (for sizes 10-1000 nm)
in the SMPSH-C corroborate that most nanoparticles in aerosols
are below 100 nm (results not shown).

Despite the differences in hydrodynamic diameters of the
colloidal dispersions of TiO, and MWTiO, (Table 1), the aver-
age mobility diameters in the aerosol phase were similar for the
case of the TiO, nanoparticles, where the effect of a higher pH
seemed to affect the tail of the distribution toward larger particle
diameters. In contrast, for the MWTiO, suspension (Figure 9)
there was an increase in the GMD with pH for both peaks of
the bimodal particle size distribution. According to Hernandez-
Trejo et al. (2005), the sizes of the nebulized droplets depend
on the design of the nebulizer system and the conditions used.
Therefore, any difference in the particle size distributions can be
attributed to the colloidal characteristics of TiO, and MWTiO,
suspensions. In particular, it is worth noticing that nebulization
at low pH, the lower peak of the distribution presented a sized
in the range of the primary nanoparticles of the starting material
(17 £ 4 nm). This suggests that the repulsive forces at this pH
value (30 mV) were strong enough to maintain the individuality
of a significant proportion of the nanoparticles, not only in the
suspension, but also during the nebulization evaporation. The
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FIG. 9. Particle number size distributions (in #/cm?) of aerosols generated
from the nebulization of colloidal dispersions of TiO; (a) and MWTiO; (b) at
different pH values. (Color figure available online.)

collection of TiO, and MWTIiO, aerosol nanoparticles in water
at different pH values led to similar particle sizes and surface
charges to those observed before nebulization.

4. CONCLUSIONS

Nanoparticle aerosols with mean diameters below 100 nm
are obtained after nebulization of colloidal suspensions of both
prismatic 15-nm MWTiO, nanoparticles and irregular 25-nm
TiO; nanoparticles. Small and homogeneously shaped MWTiO,
leads to more uniform spheres in the aerosol, whereas the irreg-
ular TiO, forms a wider variety of aerosol aggregates.

Colloidal properties have a direct influence on the aerosol
characteristics. The number concentration of nanoparticles in
the aerosol phase is dependent on colloidal dispersion prop-
erties. When particles are not well dispersed in the colloid
(e.g., when a pH close to the IEP is used), the concentration of
nanoparticles in the aerosol decreases due to liquid-phase pre-
cipitation, which removes particles before droplet formation,
and to aggregation that reduces the total number of particles
in the aerosol while increasing the contribution of the larger
nanoparticles.
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ABSTRACT

Experimental characterization of a mixed screen-type diffusion battery has been made by using monodisperse neutral
particles with diameter below 10 nm. The diffusion battery contained two “composite” grids, each of them consisting of a
gold screen sandwiched between two Aluminium screens. The equivalent fiber diameter of the composite grid was
obtained by fitting the experimental penetration data for uncharged particles to the Cheng-Yeh model. Once the equivalent
or effective fiber diameter is known, the fan filter model of Cheng and Yeh allows accurate prediction of particle

penetration through the mixed-screen type diffusion battery.
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INTRODUCTION

The most important filtration mechanism for neutral
ultrafine airborne particles is diffusive deposition. Uncharged
particles with diameter below 100 nm are collected due their
Brownian motion. Single fiber efficiency due to diffusion
is described by the following expression by Lee and Liu
(1982):

1

7, = 2.58[%)3 pe s (1)

where a is the packing density of the filter (solid volume
fraction), K is the hydrodynamic factor and Pe is the Peclet
number.

Traditionally, the experimental test of the above equation
(or of others derived from it) has been done using either a
single well-characterized wire screen or a series of screens
separated a certain distance from each other (diffusion
battery). A large number of reports on penetration of particles
through wire screens are available in the literature (Kirsch
and Fuchs, 1968; Cheng and Yeh, 1980; Cheng ef al., 1980).
This theory has been experimentally verified for particle
sizes, d, > 0.5-8 nm (Cheng and Yeh, 1980; Cheng et al.,
1980; Yeh et al., 1982; Scheibel and Porstendérfer, 1984;
Holub and Knutson, 1987; Yamada et al., 1988; Ramamurthi,

* .
Corresponding author.
E-mail address: virgomez@unizar.es

1989; Cheng et al., 2000; Heim et al., 2005; Kim ef al.,
2007; Heim et al., 2010). Cheng and Yeh (1980) showed a
theory developed for fiber filters worked for predicting
aerosol penetration through 635-mesh wire screens to
facilitate the use of wire screens. A special type of diffusion
battery for measuring the particle size of aerosols is the so
called graded screen array (GSA) and was first developed
by Holub and Knutson (1987) in the 1980s, in which
several screens differing in their geometric characteristics
(wire diameter, screen thickness, opening and solid volume
fraction) are arranged in series within a filter holder (e.g.,
Solomon and Ren, 1992). GSAs were used in several
studies of radon decay product behavior (e.g., Strong, 1988;
Ramamurthi and Hopke, 1989; Ramamurthi et al., 1990;
Winklmayr et al., 1990; Hopke, 1991; Li and Hopke, 1991;
Hopke et al., 1992; Solomon and Ren, 1992; Cheng et al.,
2000). The Cheng-Yeh wire screen penetration theory in
the molecular cluster size range was confirmed the validity
by Ramamurthi et al. (1990) using a well-defined and
radioactive 218PoOy cluster aerosol, highly disffusive D,y,
= 0.078 + 0.003 cm*/s (dp =~ 0.6 nm). An assessment of
wire screen penetration theory for two low mesh number
wire screens indicated good agreement with the diffusion
theory within the domain of Re; < 1 (Scheibel and
Porstendorfer 1984; Cheng et al., 1990). However, in all
the past works employing multiple wire screens, the screens
were separated from each other by a certain distance, thus
ensuring that the aerosol flow just before each screen is
uniform throughout the whole cross section of the filter.
Under these circumstances, the overall penetration can be
calculated as the product of the penetrations through each
individual screen.
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According to the current literature there are no reports
concerning the validity of the diffusion battery equations
when the screens are in contact (i.e., no separation distance
in between). In this case, penetration through the composite
grid array is no longer given by the product of the individual
penetrations because the aerosol flow approaching the
second and successive screens does not cover the whole
cross section as it is partially "screened" by the wires of
the precedent mesh. Furthermore, no experimental data has
been found for the case when the contacting screens have
different geometric characteristics.

The present work tries to increase the current mixed
screen-type diffusion battery knowledge. Specifically, the
penetration of sub 10 nm particles through two composite
grids placed in series has been studied. A set of experiments
has been performed at different aerosol flow rates. Each
composite grid consists of a gold mesh sandwiched between
two aluminium meshes. All three meshes are in contact
one with each other.

While the geometric characteristics of the individual
screens as fiber diameter, solid volume fraction and thickness
are well-defined, it is difficult to assign a priori a proper
value to the fiber diameter of the composite grid.

However, it is possible to define an equivalent fiber
diameter for the composite grid from experimental
penetration measurements using the fan filter model
correlation of Cheng and Yeh (1980):

P = exp(-nSn.) )
na=2.7Pe > (3)

In Eq. (2) n is the number of grids and S is the screen
parameter, which involves all the relevant geometric
characteristics of the screen. The thickness of the composite
grid has been experimentally measured and therefore the
global solid volume fraction was obtained from the
packing density values of the individual screens. Yamada
et al. (2011) pointed out that the single fiber collection
efficiencies of nanoparticles through wire screens are in
good agreement with those predicted by Kirsch and Fuchs
(i.e., Eq. (3)), but the dependence of real filters on Pe is
somewhat smaller than —2/3 and in agreement with 7, =
0.84P¢ ** (Wang et al., 2007). Guillaume et al. (2009)
and Podgorski (2009) also found the exponent of smaller

dependence on Pe. Despite the fact that the Cheng and Yeh
correlation is strictly valid when Re; < 1 (Scheibel and
Porstendorfer 1984; Cheng ef al. 1990), it has been applied
for fiber Reynolds number ranged between 2.3 and 9.1
because, as the experimental results show, no systematic
effect of flow rate (i.e. Reynolds number) on penetration
has been found.

EXPERIMENTAL METHOD

Fig. 1 shows the experimental setup employed for the
measurement of particle penetration. A polydisperse
evaporation-condensation NaCl aerosol was charged in a
circular tube containing two thin foils of **' Am, each with
an activity of 0.9 uCi, and size-classified with a differential
mobility analyzer (DMA, TSI short column, length = 11.11
cm; electrodes radii = 0.937 and 1.958 cm). The DMA was
operated in open mode, i.e. no sheath recirculation, at aerosol
(= sampling) flow rate of 2 L/min, and sheath (= excess)
flow rate of 20 L/min. The singly-charged monodisperse
particles, with mobility-equivalent diameter selected between
3.3 and 9.1 nm, leaving the DMA were passed through
another **' Am neutralizer, with the same characteristics as
the former, and an electrostatic precipitator (ESP). The
uncharged monodisperse particles were subsequently fed to
the filter system. The ESP consisted of a circular grounded
tube made of copper, 10 mm ID and 15 c¢cm in length, with
a coaxial metal wire to which a DC voltage, high enough
to remove all the charged particles, was supplied.

The filter efficiency measuring system consisted of two
geometrically identical cylinders made of brass and
electrically grounded, one containing a series of wire grids
(“test filter’ in Fig. 1), the other empty (‘reference unit’).
Each cylinder, 186 mm long and 8 mm ID, was equipped
with a series of rings, 4 mm wide, 14 mm OD and 8§ mm
ID, placed near the outlet, as sketched in Fig. 2. The grids
were held in between consecutive rings, in contact with
them. The wire screen exposed to the aerosol flow was thus
a circle of 8 mm in diameter. The length of the cylindrical
casing assured the attainment of a fully developed parabolic
flow velocity profile upstream of the first grid. The test
particles were alternately passed through the test filter and
the reference unit. Penetration through the grids was
determined from comparison of the particle concentrations
measured at the outlet of the cylinders. Particle number

ref. unit
NaCl 241 241
—» “'Am [ DMA [ *'Am [» ESP CNC
test filter
additional
clean dry air

Fig. 1. Experimental setup.
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Fig. 2. Sketch of the filtration unit.

concentrations were measured with a condensation particle
counter (CNC, TSI model 3025). Shifting between the two
routes (filter holder with and without grids) was done by
means of a 3-way valve; in order to eliminate the possible
effect of any asymmetry between the two exit nozzles of
the valve, the connections of the two routes to the valve
were interchanged between experiments.

A set of experiments were performed with six Aluminum
screens placed in series and separated 4 mm (a ring width)
from each other in order to check the accuracy of the
experimental setup and the measurement method. This is a
‘conventional’ diffusion battery comprising a series of
single, well-characterized wire screens.

The main series of experiments were carried out with two
‘composite grids’, also separated by a 4 mm-width ring.
Each composite grid consisted of one gold screen
sandwiched between two Aluminum screens, as sketched
in Fig. 3; optical photographs of the screens are shown in
Fig. 4. This is a ‘non-conventional’ battery in which screens
of different geometric characteristics are mixed and,
moreover, they are in contact with each other. As far as we
know, such a case has not been studied before.

In the case of the Aluminum screens, the value of the
fiber diameter used in the calculations was provided by the
manufacturer (Goodfellow), the solid volume fraction was
determined from the weight of the screen and the known
density of the material, assuming a screen thickness equal
to twice the fiber diameter (Heim ef al. 2010). For the
“composite” grids, the thickness was measured with a
caliper, and the solid volume fraction was calculated from
the known solid volume fractions of the separate screens.
The fiber diameter of the composite grid is unknown in
principle, though it can be expected to lie somehow between
the values of the fiber diameters of each of the composing
screens. Actually, and this represents the main point of this
work, it can be calculated by fitting the experimental
penetrations with the Cheng-Yeh correlation.

Measurements of penetration through the composite
grids were carried out at acrosol flow rates of 2, 4, 6 and 8
L/min (corresponding mean flow velocities of 66, 132, 198
and 264 cm/s). Each value of penetration reported below is
the average of five measurements. For the preliminary series
of experiments with single Al screens, additional flow rates
well below 2 L/min were also employed so as to examine

______ O(} O 0.
0 0 0
________ 0. . o ] e
118
—_—
—— R

Fig. 3. Sketch of Al-Au-Al composite grid.

the possible influence of the fiber Reynolds number on
penetration.

RESULTS AND DISCUSSION

Penetration through the Aluminum Screens

The experimentally measured penetrations through the
diffusion battery containing six Aluminum screens and
those calculated by the Cheng-Yeh model (Egs. (2) and
(3)) are shown in Fig. 5. As could be seen, the measured
values are in agreement with the calculated ones, implying
that the experimental setup and the measurement method
were both correct. Furthermore, the results plotted in Fig. 5
indicate that there is no systematic dependency of penetration
on fiber Reynolds number in the range studied (Res between
1.1 and 17.6 in the case of the single Al screens).

Determination of the Equivalent Fiber Diameter for the
Composite Grid

The ‘equivalent’ fiber diameter of the composite grid was
obtained by fitting the experimental penetration data for
uncharged particles to the Cheng-Yeh model. Substituting
the expression for the screen parameter

dah
ST rd, (1) @

into Eq. (2), and taking Eq. (3) and the definition of Peclet
number (5) into consideration,
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Fig. 4. Optical photographs of a) Aluminum grid and b) Gold grid.
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Fig. 5 Comparison between experimental penetration of
neutral nanoparticles through a diffusion battery of six Al
grids and the Cheng-Yeh correlation.

ud,
Pe = ? (5)

the diffusional penetration can be expressed as

2
- 5
7(l-a)\ D

where o is the solid volume fraction of the screen, 4 is
thickness, » is the number of screens, u is the mean
velocity of the flow approaching the screen, and D is the
particle diffusion coefficient. The particle diffusion coefficient
was determined from the particle electric mobility Z, as
measured by the DMA, and the Einstein’s relation

k1Z
e

D (7

where k is Boltzmann’s constant, 7 is the absolute
temperature, and e is the electron charge.

Therefore, a plot of —InP against the factor multiplying
d}S/ * in Eq. (6) should yield a straight line passing through
the (0, 0) point. An effective or equivalent fiber diameter
value of 51.9 um has been obtained from the slope of the
line shown in Fig. 6. This value is within the fiber diameter
for each of the composing screens range (100 um for Al,
and 5 pm for Au). Inserting this value into Eq. (4) yields a
screen parameter of 6.05, Table 1.

Calculated penetrations with Cheng-Yeh model using
composite screen effective fiber diameter were compared
with experimentally measured penetrations in Fig. 7.
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Fig. 6. Determination of the equivalent fiber diameter for
the Al-Au-Al composite grid from the experimentally
measured penetration for uncharged particles.
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Table 1. Characteristics of the grids.

Aluminum Al-Au-Al
composite grid
Fiber diameter, d; (um) 100" 51.9°
Thickness, 4 (um) 200° 524"
Solid volume fraction, a (-) 0.39 0.32
Screen parameter, S () 1.653 6.01

"Data provided by the manufacturer; * determined from
penetration measurements (see text for explanation);
> taken as 2d;; * measured.
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Fig. 7. Comparison between experimental penetration and that
calculated with Egs. (2) and (3) for the Al-Au-Al composite
grids.

Experimental data was obtained with different flow rates
(fiber Reynolds numbers between 2.3 and 9.1). The results
showed that there is no systematic dependence of penetration
on the Reynolds number within the range of values tested in
agreement with the results shown before for the Aluminiun
‘single’ screens.

CONCLUSIONS

It has been shown that it is possible to apply the fan
filter model equations of Cheng and Yeh to estimate the
diffusional penetration of aerosol nanoparticles through
composite grids, i.e., a grid system consisting of wire screens
having different geometric characteristics in intimate contact
with each other. For this, it is first necessary to determine
the equivalent fiber diameter of the composite screen from
a fitting of Eq. (6) to the experimental penetration data.
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Abstract Inthis work, PLA microparticles containing
TiO, (anatase) nanoparticles have been produced using
the Continuous Supercritical Emulsion Extraction tech-
nique (SEE-C). A stabilized anatase colloidal suspen-
sion (15 & 5 nm) in ethanol aqueous solution was
obtained by precipitation from solutions of titanium
alkoxides and directly used as the water internal phase of
a water-in-oil in water double emulsion or suspended as
a powder in the organic phase of a solid-in-oil in water
emulsion. Micro- (0.9 & 0.5 um) and submicro-parti-
cles (203 £ 40 nm) have been produced, with TiO,
nominal loadings of 1.2, 2.4, and 3.6 wt%. High
TiO, encapsulation efficiencies up to about 90 %
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have been obtained. PLA/TiO, particles have been
characterized by TEM and XPS to investigate the
dispersion of the metal oxide in the polymeric matrix.
The photo-assisted bactericidal activity of TiO,-
containing microparticles against a biofilm-forming
strain of Staphylococcus aureus was investigated in
specific assays under UV light. Pure TiO, nanopar-
ticles and PLA/TiO, particles showed the same
bactericidal activity.

Keywords Functional composite -
Photodynamic therapy - PLA - Nanostructured
microparticles

Introduction

Polymer nanocomposites continue to attract consid-
erable interest due to their exceptional properties and
potential technological applications, obtained by
combining the characteristics of organic and inorganic
constituents at the nanoscale.

Titanium oxide (Ti0O,), in form of nanoparticles, is
one of the most important pigments and fillers with a
variety of fields of application that include paints,
coatings, packaging, biological, and medical applica-
tions. In terms of photocatalytic applications, anatase
phase of titania presents an excellent combination of
photoactivity and photostability (Gomez et al. 2012).
It is well known that using UV illumination on TiO,

@ Springer
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nanoparticles in aqueous solution, it is possible to
generate reactive oxygen species, such as hydroxyl
radical and hydrogen peroxide, that allow the decom-
position of some organic compounds (Chowdhury
et al. 2005). Therefore, nano-TiO,-based suspensions
are highly interesting for biomedical applications
(Song et al. 2006), in the so-called photodynamic
therapy of cells and bacteria, a promising anticancer
therapy (Cai et al. 1992; Szacilowski et al. 2005). The
photoactivation property of TiO, nanoparticles has
been widely used against bacteria (Kim and An 2012)
to the point that nano-TiO, and silver (Lalueza et al.
2011) are probably the most widely used bactericidal
nanomaterials.

Titania nanoparticles can be obtained from tita-
nium-bearing minerals or from solutions of titanium
salts or alkoxides (Mahshid et al. 2006). In addition to
precipitation, the usual preparation approaches
include sol-gel processing (Habibi et al. 2012), and
hydrothermal and solvothermal syntheses (Truong
etal. 2012), (Cui et al. 2012; Liao et al. 2009). Most of
these methods require long synthesis times and/or
treatments at high temperature to achieve the desired
crystallinity and remove impurities. Microwave (MW)
processing attracts considerable interest as a process-
ing method that allows rapid heating to the required
temperature, allowing a fast crystallization (Li et al.
2012). Hart et al. (2004) obtained crystalline anatase
nanoparticles from titanium isopropoxide using sili-
con carbide (SiC) as a MW target to provide indirect
heating to temperatures as high as 225 °C. Recently,
using titanium sulfate as precursor, MW heating at
120 °C for 30 min allowed to obtain 6.2-nm anatase
crystals (Cui et al. 2012). However, the high density
and surface properties of TiO, nanoparticles present
significant problems regarding their colloidal stability
and often lead to agglomeration and sedimentation
(Bourgeat-Lami 2004; Sarkar et al. 2012).

As a possible solution to enhance the dispersion
stability of TiO, nanoparticles and also to facilitate
handling in different applications, polymer encapsu-
lation has been proposed. However, encapsulation
should maintain the photoactivity of the produced
microspheres; therefore, the selection of the prepara-
tion process and polymer is relevant for a successful
application. Dispersion polymerization (Kim et al.
2004) or emulsion polymerization (Yu et al. 2004) and
suspension polymerization (Park et al. 2006) are the
most common encapsulation techniques for TiO,.

@ Springer

Encapsulation efficiencies obtained using these tech-
niques range around 60-80 % (Al-Ghamdi et al. 2006;
Yu et al. 2004). The main disadvantage of polymer-
ization-based methods consists in the requirement of
sophisticated formulations, including an initiator,
monomer, and also the use of additional polymers to
get the required interactions to obtain stable dispersion
of nano-TiO, powders. It must also be considered that
the polymer matrices commonly used, such as
poly(methyl methacrylate) (Park et al. 2007; de
Oliveira et al. 2005) and polystyrene (Rong et al.
2005a, b), are not biodegradable or biocompatible,
limiting their potential use in biomedical applications.

As an alternative, solvent evaporation of emulsions
can be employed for the encapsulation of nano-TiO, in
polymer matrices (Supsakulchai et al. 2002, 2003).
However, while this method is capable of achieving
stability of TiO, nanopowders, the slow solvent
removal that characterizes this technique often leads
to low encapsulation efficiencies (Truong et al. 2012).
The above-discussed conventional technologies also
show the main disadvantage often associated to batch
processing, i.e., the difficulty to scaleup the production
in a robust and reproducible manner (Al-Ghamdi et al.
2006; de Oliveira et al. 2005; Rong et al. 2005a; Yu
et al. 2004).

Supercritical fluids (SCFs) have been proposed to
overcome the problems of conventional encapsulation
processes (Reverchon and Adami 2006; Reverchon
et al. 2009; Reverchon and De Marco 2011; Adami
and Reverchon 2012). Rapid Expansion of Supercrit-
ical Solution (RESS) has been used to encapsulate
titania and silica nanoparticles in biodegradable
PLGA but aggregated, non-spherical microparticles
with a non-homogeneous loading of the inorganic
particles were obtained (Kongsombut et al. 2009;
Matsuyama et al. 2003). Supercritical Emulsion
Extraction (SEE) has been used for the production of
PLGA particles encapsulating magnetite (Furlan et al.
2010). Using this technique, unlike in conventional
emulsion solvent evaporation, particles are obtained
extracting the organic solvent of the oil phase in a very
fast manner using supercritical carbon dioxide (SC-
CO,) (Chattopadhyay et al. 2006; Della Porta and
Reverchon 2008). In this way, particle aggregation
problems can be avoided and a better encapsulation
efficiency can be obtained (Della Porta et al. 2011Db).
The continuous SEE (SEE-C) can be implemented
using a high-pressure packed tower for the emulsion/
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SC-CO, contact in counter-current mode. This process
has been applied for robust and reproducible produc-
tion of polymeric micro- and nano-particles (Della
Porta et al. 2011a).

In conclusion, obtaining TiO,-loaded biodegrad-
able polymeric microspheres still remains challeng-
ing. While traditional techniques have not been
particularly successful, SCFs-based processes (RESS)
have not given satisfactory results; whereas, SEE has
never been applied to TiO, encapsulation.

This work aims to produce photoactivable and
biodegradable PLA sub-micron particles containing
TiO, nanoparticles using SEE-C process; to this end,
anatase TiO, nanoparticles were first synthesized by
the sol-gel method from solutions of titanium alkox-
ides and microwave heating. Two different kinds of
emulsions were tested with the SEE process: water-in-
oil in water emulsion (W/O/W) and solid-in-oil in
water emulsion (S/O/W). In the first case, a nano-TiO,
ethanolic stable suspension was used as the water
internal phase of the emulsion; whereas, in the second
case TiO, fine powder was directly dispersed in the oil
phase. Particles produced were characterized in terms
of morphologies, TiO, loading and dispersion in
polymer matrix. Furthermore, the photocatalytic
activity of pure TiO, and nanostructured PLA/TiO,
particles were tested using bacterial killing assay
under UV irradiation.

Materials, apparatus, and methods
Materials

CO, (999 %, SON, Naples, Italy), polysorbate
(Tween 80, Aldrich Chemical Co.), ethyl acetate
(EA, purity 99.9 %, Aldrich Chemical Co.), poly-
(lactic) acid (PLA, MW: 28.000, Resomer R 203H),
titanium (I'V) propoxide (purity 97 %, Aldrich Chem-
ical Co), ethanol (analytical grade, Panreac), and
acetic acid (analytical grade, Panreac) were used as
received.

Production and characterization of TiO,
nanoparticles

Titanium oxide nanoparticles were prepared using a
microwave-assisted process (Gomez et al. 2012).
Briefly, 2 mL of titanium (IV) propoxide and 30 mL

of absolute ethanol were mixed under magnetic
stirring; then, 3 mL of acetic acid was added. After
5 min under magnetic stirring, 5 mL of deionized
water was added and then the mixture was poured into
a Teflon-lined autoclave that was sealed and heated up
in a microwave oven (Ethos Plus) to 120 °C and kept
at this temperature for 15 min. The final solid was
separated by centrifugation and thoroughly washed
with ethanol several times. The washed particles were
resuspended in ethanol to a final concentration of
12 mg/mL, to be used as a suspension; for use as a dry
powder, the washed particles were dried at 80 °C. The
synthesized nanoparticles were characterized by XRD
(X-ray diffractometer model D8 Discover; Bruker
AXS) and TEM (microscope Tecnai T20). The
particle and aggregate sizes in suspensions were
determined by dynamic laser scattering (DLS) (Na-
noZS Malvern Instrument).

Emulsion preparation

Two different kinds of emulsions were prepared:
double emulsion W/O/W and S/O/W. An ethanolic
stabilized suspension of TiO, nanoparticles (12 mg/mL)
was used as the water internal phase W, for the
preparation of the double emulsion. The suspension
was sonicated at 40 % of the nominal power of a
400-W sonifier (Digital Sonifier Branson mod. 450,
2" diameter micro-tip, 20 kHz, nominal power) for
1 min, immediately before its utilization, to achieve
complete dispersion of TiO,. The oil phase was
prepared by dissolving 1 g of PLA in 20 g of ethyl
acetate. The primary emulsion W;/O was obtained
adding a known volume of W, in the oil phase and
sonicating at 40 % of the sonifier power for 30 s. The
sonication was repeated twice. Then the primary
emulsion was added to 80 g of the water external
phase W, (1 % Tween 80 solution in water saturated
with ethyl acetate). The secondary emulsion was
obtained by high speed stirring at 7,000 rpm for 6 min
(mod. L4RT, Silverson Machines Ltd., shear profile
range from 2 to 450 s1). The W,/O/W, emulsion
obtained was further sonicated to reduce the droplet
mean size (60 for 30 s, repeated twice). When the S/O/
W emulsion was prepared a known amount of TiO,
powder was directly dispersed into the oil phase,
prepared as previously described. The dispersion (S/
O) of the powder in the oil phase was obtained with
sonication at 60 % for 60 s. The S/O/W emulsion was
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prepared adding the S/O suspension into 80 g of water
external phase, prepared as previously described and
emulsified at the same condition described above.

SEE-C process

The emulsions prepared were processed using the
SEE-C process. The detailed description of the
experimental apparatus is reported elsewhere (Della
Porta et al. 2013). Briefly, in the SEE-C process
particles are obtained starting from droplets of the
emulsion by extracting the solvent of the oil phase
using supercritical carbon dioxide SC-CO,. The
apparatus used for the extraction is a 1.2-m-tall packed
tower with continuous contact between the emulsion
and the SC-CO, in counter-current mode. The tower is
packed with stainless steel packing (1,889 m™' spe-
cific surface; 0.94 of voidage; ProPak, Scientific
Development Company) to improve the contact and
increase the extraction efficiency. The emulsion is fed
at the top of the tower using a high-pressure pump
(model 305; Gilson), while the SC-CO, is taken from a
reservoir in the liquid state, cooled, pumped using a
diaphragm pump (model Milroyal B; Milton Roy), and
pre-heated before entering the tower at the bottom
inlet. Thanks to the difference in density between the
emulsion and the supercritical fluid, the counter-
current mode is ensured and the suspension is
recovered at the bottom of the tower, while the
extracted solvent plus the SC-CO, are recovered at the
top in a separator. The operative conditions in terms of
pressure and temperature are selected considering the
vapor-liquid equilibrium diagram of the solvent—CO,
system. In the case of ethyl acetate—CO, the condition
was fixed at 80 bar 38 °C to operate above the mixture
critical point (MCP). Another operative condition is
the ratio between the liquid and the gas (L/G ratio).
This value is generally selected taking into consider-
ation the flooding phenomena. In this work the L/G
ratio was fixed at 0.1, as optimized in previous works
(Della Porta et al. 2011Db).

Particle characterizations

The particle size distribution (PSD) of the different
suspensions obtained by the SEE-C process was
obtained by dynamic laser scattering (DLS) using a
Nanosizer (NanoZS Malvern Instrument) equipped
with a He—Ne laser operating at 4.0 mW and 633 nm.

@ Springer

For characterization measurements the particles were
recovered from suspensions by membrane filtration
(membrane pore size 0.1 pm) and dried at air. Particle
morphology and approximate composition were
observed using field emission-scanning electron
microscope (FESEM, mod. LEO 1525), coupled with
energy-dispersive X-ray spectroscopy (EDX, INCA
Energy 350). Transmission electron microscopy (Tec-
nai T20 microscope) was also used to characterize
PLA/TiO, nanoparticle composites. To minimize
destruction of the polymer under electron beam
irradiation, a Gatan cryoholder working at 100 K
was also used for coated nanoparticles. X-ray photo-
electron spectroscopy (XPS Axis Ultra DLD, Kratos
Tech.) was used to obtain a surface chemical analysis
of the synthesized particles. The encapsulation effi-
ciency was obtained by thermogravimetric analysis
(TGA), as the residue remaining after total combustion
of the polymeric component of the particles. The
sample was placed in alumina crucibles and heated up
to 600 C at a rate of 10 °C/min, under a constant air
flow of 50 N cm*/min.

Photoactivity and bacterial viability assay

A colony of Staphylococcus aureus was suspended in
50 mL of tris-buffered saline (TBS) solution and
incubated for 24 h at 37 °C. A 10° CFU/mL bacterial
suspension was obtained and further diluted to obtain a
10" CFU/mL bacterial concentration.

In the photocatalytic experiments, the protocol
reported by Tsuang et al. (2008) was used. Briefly,
stock aqueous particles suspensions (10 mg/mL, both
for pure TiO, and composite particles) in deionized
water were prepared immediately before the photo-
catalytic process and kept in the dark. In order to
eliminate the nutrients the bacterial culture (approx-
imately 10’ CFU/mL) was washed and then resus-
pended in deionized water. Aliquots of 1 mL stock
aqueous PLA/TiO, suspension were added to a 50-mL
glass beaker containing 8 mL of sterilized deionized
water and 1 mL of bacteria suspension. The PLA/TiO,
slurry was placed on a magnetic stir plate with
continuous stirring and was illuminated with a 40-W
lamp with emission at 365 nm. Samples were exposed
to UV radiation for 5 h.

Loss of viability was determined by counting the
number of viable bacteria after exposing the PLA/
TiO, bacterial slurry to UV light with continuous
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stirring. A S. aureus suspension without TiO,/PLA
particles was illuminated as a control, and the contact
between the PLA/TiO; slurry and the bacteria was also
carried out. Samples were taken and the viable count
was performed on agar plates after serial dilutions of
the samples in sterilized PBS. All plates were incu-
bated at 37 °C for 24 h.

Results and discussion
TiO, nanoparticles production

The XRD spectrum of the synthesized nanoparticles
(Fig. 1) shows that microwave synthesis yields a solid
with reasonable crystallinity and all the characteristic
lines attributed to the anatase phase (JCPDS B° 2000)
even at 110 °C. The strongest peak was observed for
the (1 O 1) reflection at 25.2°. Prominent peaks were
also observed for (004), (200), and (2 1 1) reflections.
No extra peaks were detected, indicating the absence
of rutile or brookite phases. The crystallite size of the
obtained material calculated by Scherrer equation was
estimated to be 7 nm. It is interesting to note that
anatase nanoparticles were obtained under mild con-
ditions at short synthesis times (15 min, 120 °C) and
without the assistance of any microwave absorbent
material.

The morphology and particle size distribution of the
synthesized nanoparticles were studied by electronic
microscopy. TEM images (Fig. 2) revealed the for-
mation of prismatic particles with mean size of
15 £ 5 nm and controlled particle size distribution
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Fig. 1 XRD diffraction patterns of the TiO, nanoparticles
obtained by microwave synthesis

Fig. 2 Transmission electron micrographs of TiO, particles

(more than 100 particles measured). The hydrody-
namic ratio of the TiO, particles after being suspended
in water was 202 nm indicating the formation of
aggregates.

Effect of emulsion formulation and titanium
loading

Composites nanoparticles PLA/TiO, were prepared
using the SEE-C technique. W;/O/W, and S/O/W
emulsions were used for the preparation of biodegrad-
able sub-micron particles encapsulating TiO,, as
described in the previous section.

In SEE-C processing the particle dimensions are
directly connected with the dimensions of the droplets
in the emulsion. For this reason a very good control
over droplet size distribution (DSD) in the emulsion is
a prerequisite. In the case of the double emulsions,
emulsification parameters were changed to find the
best condition for the production of droplets, and
consequently of particles, in the range 100-300 nm.
The emulsions were prepared as described in the
Materials, apparatus, and methods section. In the case
of W,/O/W, emulsion the primary emulsion was
obtained by ultrasound-assisted dispersion; whereas,
the secondary emulsion was obtained via high-speed
emulsification. In the attempt to produce smaller
particles, the W,/O/W, emulsion was further soni-
cated to reduce droplets mean size (60 % power for
30 s, repeated twice). After SEE-C processing solid
microparticles were collected; see for example in
Fig. 3. SEM images of particles produced with and
without the final sonication step. It is possible to
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Fig. 3 Microparticles of
PLA/TiO, produced under
different emulsion
preparation conditions.

a W,/O sonication 40 %
30 s; W/O/W, 7,000 rpm
for 6 min. b W,/O
sonication 40 % 30 s;
W,/O/W; 7,000 rpm for

6 min plus sonication at =

TiO; 1.2%

Mag = 20,00 KX —

60 % for 30 s, twice MD=SD

(a) 0.9 ym = 0.5

(b) 203 nm + 40

observe that particles are spherical and non-aggre-
gated in both cases; this result can be attributed to the
fast and efficient extraction obtained in the continuous
counter-current high-pressure column. Microparticles
with a mean diameter (MD) of 0.9 + 0.5 pum (Fig. 3a)
were obtained under milder emulsification conditions,
i.e., when the final sonication step was not applied.
However, in this case, a wide particle size distribution
can also be observed. In contrast, a strong reduction of
particle size together with a good homogeneity can be
obtained under application of ultrasound: sub-micron
particles with MD of 203 £+ 40 nm (Fig. 3b) were
produced when the final emulsification was improved
using the sonication probe. For this reason the final
sonication was always applied for the remaining
experiments reported in this work.

Once the emulsification conditions had been fixed,
the W; volume was changed (1, 2, and 3 mL) to
produce different TiO, theoretical loadings—1.2, 2.4,
and 3.6 % w/w of TiO, with respect to the polymer

Table 1 Mean diameter (MD) and standard deviation (SD) of
droplets in emulsions obtained by DLS and of composite
particles produced after SEE processing, shrinkage factor (%

content, respectively. Table 1 reports all the particle
size data of emulsions and particles discussed in the
following.

Increasing the volume of the W; phase and,
consequently, the TiO, loading led to a significant
enlargement of mean diameters both in the emulsion
and in the final PSD, as shown in Table 1 where PSDs
expressed in terms of volume % are reported. In
Fig. 4, where the size distribution of the particles in
suspension for different TiO, contents (different
values of W) is presented, it can be observed that
there is not only an increase of the average particle size
(MD), but also a widening of the particle size
distribution. In conclusion, by increasing the volume
of the water internal phase larger water droplets are
produced in the primary W,/O emulsion, resulting in
the production of larger particles, with a wider PSD.
The smallest particles were obtained for a 1.2 % TiO,
theoretical loading, where nanoparticles with a MD of
203 £ 40 nm were obtained.

between the mean diameter of droplets and particles), and TiO,
theoretical and effective loading

Theoretical TiO, Effective TiO, Encapsulation Emulsion Particles Shrinkage Ti/C Atomic
loading (wt%) loading (wt%) efficiency (%) MD + SD MD + SD Factor (%) ratio (XPS)
(nm) (nm)
W,/0/W,
T1* 1.2 1.02 85.42 1241 + 558 909 =+ 499 26 0.0040
T2 1.2 1.02 85.00 450 + 139 203 + 40 55 0.0045
T3 24 2.17 90.42 498 + 129 265 + 69 47 0.0068
T4 3.6 3.51 97.22 1214 + 582 559 + 263 54 0.0106
S/O/W
TS 1.2 1.1 91.67 320 + 58 205 £ 33 36 0.0026
T6 24 2.16 90.21 315 £ 108 179 + 34 43 0.0029
T7 3.6 3.12 86.67 296 £ 100 193 + 60 35 0.0025

The ratio Ti/C obtained from XPS analysis is also reported. SEE-C operative conditions were: 80 bar, 38 °C, L/G 0.1

* Produced without final sonication step
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Fig. 4 PSD measured by DLS of PLA/TiO, particles obtained
starting from W;/O/W, emulsion with different W; volume
phases

The same TiO, theoretical loading with respect to
the polymer (1.2, 2.4, and 3.6 % w/w) was obtained by
directly suspending titanium powder in the oil phase.
Results are shown in Table 1 (lower part) and in Fig. 5
where SEM images of 1.2 % w/w of TiO, particles
produced with the S/O/W and with the W,/O/W,
emulsions are compared. The comparison indicates
that both emulsion processes led to spherical non-
aggregated particles with similar morphology. Fur-
thermore, very small particles were obtained in both
cases, with MD around 200 nm, as reported in
Table 1.

Figure 6 reports the PSDs of nanoparticles obtained
starting from S/O/W emulsions, with different TiO,
theoretical loadings; quantitative data are also
reported in Table 1. Unlike the results presented in
Fig. 4 for W/OW emulsions, data in Fig. 6 suggest a
negligible effect of TiO, loading on the mean diameter
of the particles obtained, which is always around
200 nm. However, also in this case the increase of

Fig. 5 SEM images of
particles produced starting
from W,/O/W, (a) and S/O/
W (b) emulsion with 1.2 %
titanium theoretical loading

- Fi

TiO; loading leads to a wider PSD, that tails off toward
larger particle sizes. The comparison of the data in
Figs. 4 and 6 show that S/O/W emulsions produce
particles with smaller diameters and in general also a
narrower PSD. In the case of W;/O/W, emulsion an
increase of the nano-TiO, loading implies the corre-
sponding increase of the water volume that forms the
internal phase of the droplet. This has a larger effect on
MD than the increase of powder content used in the
S/O/W to increase the nano-TiO, loading.

Table 1 also reports the shrinkage factor (SF),
defined as the difference between the droplet and
particle MDs. In the case of W,/O/W, emulsions
higher SF have been obtained, as could be expected:
shrinkage is due to the extraction of the solvent, and in
the case of W;/O/W, emulsions also the solvent of the
W, phase is extracted at the process conditions used in
this work, leading to a larger shrinkage effect.

Nanocomposite characterization

Poly(lactic) acid particles were further characterized
by CrioTEM and EDX to check the presence of TiO,
in the final product. Results are reported for the
samples with 3.6 wt% theoretical TiO, loading
obtained from a W,;/O/W, emulsion (Fig. 7a) and
from a S/O/W emulsion (Fig. 7c). CrioTEM images of
the related samples are also reported. Looking at
CrioTEM images (Figs. 7b—d) it is possible to see that
an important part of the inorganic materials seems to
be included in the polymer matrix (black arrows
indicate nano-TiO, particles).

Furthermore, TEM images show another important
result: in the case of particles produced starting from
the double emulsion, most of the TiO, nanoparticles
are encapsulated in the polymeric matrix; in contrast,
in particles obtained starting from the S/O/W emulsion
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Fig. 6 PSD of PLA/TiO, particles obtained starting from S/O/
W emulsion with different S loadings

most of the TiO, material is agglomerated on the
surface of the polymer particles and also particles
formed only by the polymer without any apparent
encapsulation of TiO, can be observed. Therefore, the
W,/O/W, emulsion (with nano-TiO, present in an
ethanol-stabilized suspension as the aqueous internal
phase) gives the best results in terms of distribution of
metal oxide nanoparticles in the polymeric nano-
spheres. Moreover, in the S/O/W emulsion TiO,
nanoparticles tend to aggregate in the organic phase,

which may be facilitated by the hydrophilic nature of
TiO, (Erdem et al. 2000).

The actual loading was also calculated for all the
samples by TGA. Figure 8 reports the corresponding
thermogravimetric curves and the effective loading,
which is indicated next to each curves. The corre-
sponding encapsulation efficiencies and effective
loadings are reported in Table 1. Looking at the
results reported in Fig. 8 it is possible to conclude that
the encapsulation efficiency (defined as effective
loading/theoretical loading ratio) is always high
~90 %; even better results were obtained using the
double emulsion. This is consistent with TEM obser-
vations showing that in some cases the PLA nanopar-
ticles contained no TiO, in the case of S/O/W
emulsions. The explanation may again be related to
the observed aggregation of TiO, nanoparticles: when
dispersed in the oil phase hydrophilic TiO, nanopar-
ticles undergo settling and aggregation. For this reason
S/O/W emulsions give particles with lower encapsu-
lation efficiency and less homogeneous TiO,
distributions.

The increase of the TiO, loading improves the
encapsulation efficiency for the double emulsion
process; but, the effect is no so important for the
S/O/W emulsion (Table 1 and Fig. 8) probably

Fig. 7 EDX spectra of T4 sample (a) and T7 sample (b), and CrioTEM images of PLA/TiO, of T4 (¢) and T7 (d) (black arrows

indicate nano-TiO, particles)
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because of the just discussed suspension instability in
the oil phase.

The chemical composition of the sample surfaces
was analyzed by XPS (Table 1). The surface titanium
concentration in particles produced starting from W,/
O/W, emulsions increases with the theoretical TiO,
loading as can be seen from the increasing Ti/C atomic
ratio (results in Table 1). On the other hand, this
concentration in particles obtained by S/O/W emul-
sions remains almost constant even when the titania
loading increases from 1.1 wt% to 2.6 wt% (TGA
results), which again is consistent with a high degree
of aggregation due to the increased TiO, loading.
Comparison of samples produced by different meth-
ods, but with similar TiO, loading (T, and Ts) clearly
show that the surface concentration of titanium is
lower in the particles obtained starting from S/O/W
emulsion.

Loss of viability of Staphylococcus aureus
under TiO, photocatalytic reaction

Finally, the bactericidal activity of the PLA/TiO,
composites was tested in the presence and absence of
UV light. Photoactivation of PLA/TiO, particles was
tested under UV light and quantified with the deter-
mination of their bactericidal power against S. aureus.
To this end, a particularly resistant, biofilm-forming
strain of S. aureus was used (Lalueza et al. 2011).
First, TiO, nanoparticles alone were tested following
the protocol previously described in Materials, appa-
ratus, and methods section. When S. aureus was
treated with TiO, powder under UV light, a strong loss
of viability was observed, as reported in Fig. 9, where

Temperature, °C

(b) Solid in Oil Emulsion
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Fig. 9 The viability of bacteria under various TiO, photocat-
alytic reaction

a 7-log bacterial reduction can be observed; about
99.99 % of the cells were killed, with respect to the
initial concentration, after 5 h of UV irradiation. A
control was always performed (the sample without
TiO, particles was exposed to the same UV irradia-
tion) and no relevant change in survivor cell number
was observed, with only a small reduction (ca. 1 log) in
viability. Another control test was carried out in PLA
microparticles without titanium dioxide, and they did
not show any toxicity effect on bacteria.

When PLA/TiO, particles were tested (results for
sample T2 and T5 are reported in the same Figure), the
same loss of viability was observed as in the case of
pure TiO,, indicating that the encapsulation of the
metal oxide nanoparticles in the biopolymeric matrix
does not affect the photo-induced bactericidal activity
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of TiO,. At the concentration of the powder tested, no
relevant differences in results were noted in the case of
particles produced starting from W,/O/W, or S/O/W.
The same experiments were performed in the dark
(without UV irradiation). In all the cases no loss of
viability of bacteria was observed indicating that there
is no possible effect of toxicity. In conclusion, these
tests demonstrated that the bactericidal effect is due to
the photoactivation of nanocomposites.

Conclusions

In this work it has been demonstrated that SEE-C can
be successfully used to produce PLA/TiO, nanostruc-
tured particles. Higher encapsulation efficiencies were
obtained with respect to the related literature, thanks to
the fast and efficient extraction of the oily phase of the
emulsions. The double emulsion W/O/W gave the
most promising results, allowing the production of
PLA particles with a more homogeneous TiO,
dispersion in the polymeric matrix than the S/O/W
emulsions. The photocatalytic activity of the nano-
structured carriers was not reduced by the polymeric
shell, allowing the production of in situ activable and
biocompatible devices.
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surface contamination during the handling of
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Distinguishing nanomaterials of interest from background nanosized matter already present in the

sampling environment is a challenging task. In this study, we propose the use of rare earth elements (REEs)

as high-sensitivity labels to identify and to monitor their fate following manipulation. The REE labels were
added during the synthesis of TiO, nanoparticles with hydrodynamic sizes of 15 nm. The REE-labelled
nanomaterials allow the monitoring of nanoparticle aerosols formed during handling of nanoparticulate
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materials in a glove box. The deposition of the labelled TiO, nanoparticles on working surfaces could
be verified by electron microscopy and surface analysis, using the presence of lanthanide elements as an
identification label. The total amount of TiO, nanoparticles in the deposited material could be quantified by

a procedure based on wiping the deposition area followed by digestion of the collected matter and analysis

rsc.li/es-nano by flame emission spectrometry.

Nano impact

This paper describes two main results that will be of general interest; first, and more important, the labeling of TiO, nanoparticles using rare earth

elements has been accomplished for the high-sensitivity identification and monitoring of nanomaterials upon manipulation and use. The method produces
labeled materials that have similar behavior and properties in both aerosol and liquid phase to those observed for conventional TiO, nanoparticles. Second,
the study clearly shows that the emission of nanoparticulate matter upon handling in simulated scenarios contaminates nearby areas that could, in turn,

be a source of exposure for subsequent dermal and inhalation uptake. This is of special interest because it shows the fundamental importance of real-time,

particle monitoring for exposure assessment in adequate testing environments.

Introduction

Airborne nanosized matter is ubiquitous in the air we
breathe, not only in research’ and industrial locations,” but
also in natural environments.>* Nanoparticles may also be
generated in the context of common daily life activities, such
as soldering or using metal utensils.>® However, in recent
years we have witnessed a growing interest regarding the
possibility of adverse effects of nanomaterials in human
health.”® Of especial concern are the so-called engineered
nanomaterials (ENMs), new synthetic nanomaterials to which
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there has been scant or no previous exposure. Indeed, many
toxicity studies are under way using ENMs® " under carefully
controlled laboratory conditions. For instance, Abid et al.'?
used europium-doped gadolinium oxide nanoparticles to
study the deposition, clearance and translocation of nano-
particles in a mouse lung. However, in any real-life exposure
assessment, the concentration of ENMs under consideration
will have to be determined, which is a challenging task.'?
The main difficulty is related to the fact that the proportion
of ENMs in relation to background nanosized matter is likely
to be extremely low (in the ppm range or lower), and there-
fore direct observation by usual techniques such as electron
microscopy can generally be ruled out as a method to quan-
tify exposure. Hence, alternative means of identification and
discrimination of ENMs is needed. One possibility is label-
ling the ENMs using specific tags that are not present in the
sampling environment. A variety of labelling techniques
have been used, which generally involve granting additional
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Table 1 Reported nanoparticle labelling and identification methods
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Material Labelling/identification Analysis technique References
TiO, NPs Radiolabelling: proton irradiation with a cyclotron® — 30

Several ENMs Radiolabelling: ion-beam or neutron irradiation” — 31

Ag, Co/C0304, and CeO, Radiolabelling: neutron activation y-ray spectrometry 18

ZnO Stable isotope” ICP-MS 16

ZnO Stable isotope® CARS, STEM-EDX, MC-ICP-MS 19

Pt, Ni, Pd, Fe,0, ENPs Catalytic? SMPS, BET, TEM, and catalytic FTIR 20

Pd and Ni Catalytic’ CAAM 21 and 22
Carboxyl-modified polystyrene  Fluorescence Confocal microscopy and flow cytometry 13

Carbon nanofibers (CNFs) Non-labelled” Thermal-optical analysis for carbon 43

“ Offline. ” Online.

specific properties to the target nanomaterials (Table 1).
Some authors have used labelled nanoparticles to avoid inter-
ferences during the assessment of toxicity to specific
nanomaterials."*"*® In addition, fluorescent dyes,'* > radio-
active tracers”>>* or stable isotopes®**>® have been used to
trace nanoparticles under several conditions. Other identifi-
cation techniques exploit the enhanced properties of matter
on the nanoscale, such as the catalytic properties of some
types of nanomaterials.>”*® The selection of a label must take
into account the application scenario, i.e., the label should
not interfere with the aspect to be studied. In this respect,
the modification of the substrates by different markers
may lead to different behaviour of the nanomaterials (see for
instance ref. 25). Moreover, some labelling methods, such as
radioactive labelling, raise concerns upon disposal and waste
treatment and may require expensive facilities for performing
the labelling and identification procedures.

In this work we have used REEs (La and Ce ions) to label
TiO, nanoparticles. In order to include the REE in the nano-
particle structure and to minimize the impact on relevant
properties (such as particle size distribution, surface charge,
specific area and pore structure) we have used a modified
sol-gel procedure in which REE addition is integrated into
the synthesis process. TiO, was selected in view of its wide range
of applications, which increases the potential for unintended
release and exposure®® and also because of the enormous
variety of commercial presentations and functionalizations."?
The inclusion of lanthanide ions, namely, cerium and lantha-
num, in REE/Ti ratios of up to 0.03 could be effectively traced
using analytical and microscopic techniques under different
conditions. As a proof of concept of the use of REE labelling,
the contamination of work surfaces by labelled TiO, nano-
particles after manipulation in the laboratory was quantita-
tively assessed. Pouring powder between two beakers was
used because it has been addressed as a potential source of
nanoparticle emission in laboratory environments,*” and it is
a very common laboratory operation.

Experimental
Synthesis of REE-labelled TiO, nanoparticles

The synthesis process has been described elsewhere.** Briefly,
2 mL of titanium(1v) isopropoxide (Sigma-Aldrich, 97%) and

Environ. Sci.: Nano

30 mL of ethanol (EtOH, Panreac, analytical grade) were mixed
under magnetic stirring. An amount of 3 mL of acetic acid
(AcOH, Panreac) was added after 5 min. Samples with REE/Ti
atomic ratios of 0, 0.005, 0.01 and 0.03 have been obtained
by adding stoichiometric amounts of cerium(m) nitrate
(Ce(NO3);-6H,0) and lanthanum(m) nitrate (La(NO3);-6H,0)
to the solution under stirring. After 5 min, 5 mL of deionized
water was added and the mixture was poured into an auto-
clave, which was sealed and heated up to 120 °C for 15 min
in a microwave oven (Ethos Plus). The final solid powder
was isolated by centrifugation, thoroughly washed with EtOH
several times and dried at 80 °C for 24 h.

Characterization of REE-labelled TiO, nanoparticles

The size, morphology, composition and distribution of
lanthanides in the TiO, nanoparticles were analysed by
means of scanning electron microscopy coupled with energy-
dispersive X-ray analysis (SEM-EDX, FEI-F Inspect and INCA
PentaFETx3) and transmission electron microscopy (TEM,
Tecnai T20). Statistical size-distribution histograms were
obtained from TEM images using Image] (N > 75). The
crystal structure, purity and crystal degree of the TiO, nano-
particles were determined by X-ray diffraction (XRD) using a
Rigaku/Max System RU 300 diffractometer. UV-visible spectra
of the samples were recorded on a Jasco V-670 spectropho-
tometer. The hydrodynamic nanoparticle size and C-potential
in water were determined by dynamic light scattering (DLS)
with Brookhaven Instruments 90Plus. For the measurement
of {-potential, the phase analysis light scattering (ZetaPALS)
configuration was chosen, and 1 mg mL™* suspensions were
prepared in Milli-Q (Millipore) water. KOH or HNO; solutions
were added to analyse pH influence. The surface areas were
measured by N, adsorption at 77 K using a Micromeritics
TriStar analyser (Micromeritics, Norcross, GA). Samples were
outgassed at 26.7 Pa and 623 K for 6 h before performing
adsorption experiments. Surface area was determined using
the BET model applied to the range of relative pressures from
0.025 to 0.25. Mesopore size distributions were determined
using the BJH data reduction scheme in the desorption branch
of the isotherms. The chemical composition of REE-labelled
TiO, nanoparticles was determined by inductively coupled
plasma-optical emission spectroscopy (ICP-OES, ACTIVA-S,

This journal is © The Royal Society of Chemistry 2014
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Horiba Jobin Yvon). X-ray photoelectron spectroscopy (XPS)
was performed with an Axis Ultra DLD spectrometer (Kratos
Tech). The samples were mounted on a sample rod placed
in the pretreatment chamber of the spectrometer and then
evacuated at room temperature. The spectra were excited by
a monochromatized AlKa source at 1486.6 eV and subse-
quently run at 12 kv and 10 mA. Survey spectrum was mea-
sured at 160 eV pass energy and for the individual peak
regions, spectra were recorded with a pass energy of 20 eV.
Analysis of the peaks was performed with the CasaXPS soft-
ware using a weighted sum of Lorentzian and Gaussian
component curves after Shirley background subtraction.
The binding energies were referenced to the internal Cis
standard at 284.9 eV.

Monitoring of REE-TiO, nanoparticles during handling
procedures

The experimental setup was located inside an acrylic glove
box chamber (61 x 61 x 71 cm®) that provides an isolated
work environment. The relative humidity and temperature
inside the chamber were measured during the experiments
(30-45% RH and 22-25 °C).

Two types of experiments were performed to monitor air-
borne particles and nanoparticle deposition during nano-
powder manipulation. The transfer of 500 mg of Ce-TiO,
nanoparticles between two 100 mL beakers by gently pouring
from one to another was used as a potential contamination
source.

During the first type of experiments, particle emission was
studied by sampling the air around the beaker to measure
the particle number concentration in the air with an optical
particle counter (OPC) from Grimm at 1.2 L min™". In addition,
released airborne matter was sampled through TEM grids
placed on a polycarbonate filter inside a 47 mm diameter
stainless steel filter holder at a flow rate of 0.3 L min™". The
morphology and shape of collected particles were observed
and analysed by TEM and STEM-EDX using a Tecnai F30
microscope (FEI). In this case, the air of the chamber was
purged with filtered clean air before the experiment to avoid
interference of ambient particles. The rest of the experiments
were performed in the presence of ambient air.

In addition, nanoparticle deposition on the working
surfaces of the glove box was studied. Specific identification
as well as qualitative and quantitative measurements was
performed. The glove box was thoroughly cleaned before each
experiment and the same pouring process was carried out
without gas phase sampling to avoid disturbing the deposi-
tion process.

The deposition of airborne particles onto the working area
was qualitatively analysed after handling REE-labelled TiO,
nanoparticulate powders in a delimited working surface (30 x
30 cm?). First, four 1 cm” pieces of carbon tape were placed
on the base of the handling chamber at 10 cm and 20 cm from
the manipulation point. A mass of 500 mg of Ce-labelled
TiO, powder was then poured once from a 100 mL glass

This journal is © The Royal Society of Chemistry 2014
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beaker to another. The shape and morphology of the contami-
nation particles that settled on the tape surface were carefully
verified by using scanning electron microscopy and energy
dispersive X-ray spectroscopy (FESEM, Inspect form FEI).

Quantitative analysis of the deposited nanoparticulate
matter was performed according to the OSHA standardized
procedure (ID-125G) for sampling lead and other surface-
deposited metals.*® Briefly, sealed disposable wipes (Ghost Wipes
made by cross-linked polyvinyl alcohol, Reference 225-2414)
were pre-moistened with deionized water and subsequently
used for wiping the 30 x 30 cm” area in concentric squares of
decreasing sizes while applying firm pressure. This process
was repeated twice after folding the wipe in half. Wipes were
then dissolved in hot water and submitted to centrifugation
at 10000 rpm for 5 min. The collected matter was further
digested and analysed by ICP-OES to determine the concen-
tration of Ce. A scheme of the method is shown in the ESIT
(Fig. S2).

In order to test the efficiency of the procedure, a known
amount of Ce-labelled TiO, nanoparticles was dispersed in
water, deposited and allowed to dry on the testing surface.
This process was repeated three times and the recovery
percentage was estimated to be 75 + 6%.

Finally, three samples of the deposited particulated matter
were collected from the 30 x 30 cm” area after a handling
process of 500 mg of cerium-doped nanoparticles and its
cerium content was subsequently analyzed.

Results and discussion
Labelling and identification

The use of REEs to label TiO, nanoparticles induced changes
in their visual appearance. The addition of cerium during
synthesis produced a yellow colour on the solid, which
became more intense as the nominal content of cerium
increased.® This feature could be noticed as a shift to higher
wavelengths in the visible absorption of samples for
Ce-labelled TiO, (Fig. 1). Similar behaviour was detected for
La-labelled materials, although the effect was less marked.
Incorporation of metals in TiO, nanoparticles might affect
the final properties of the material above a certain doping
level. However, the high sensitivity of the technique devel-
oped means that the amount of added Ce and La needed for
labelling is very low. Indeed, the amount of Ce and La added

- .

g —_— T|O2 ] —Tio2
——0.005 Ce—T!O2 ——0.005 La-TiO,
—— GRSy ——0.010 La-Tio,
——0.030 Ce-TiO, ——0.030 La-TiO,

0
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Fig. 1 UV/vis spectra of (a) Ce-TiO, and (b) La-TiO, nanoparticles.
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to the TiO, nanoparticles in this work was low enough to
avoid any modification of the structural characteristics of
the solids, and only a slight coloration could be noticed at
the highest loadings. For most commercial applications,
this slight coloration will not have any significant effect
on the final colour of a material containing labelled TiO,
nanoparticles.

Structural analysis using XRD indicated that nanoparticles
showed the tetragonal structure of anatase regardless of the
inclusion of lanthanide ions (Fig. 2). Separate phases of the
REE as CeO, or La,0; could not be detected in the XRD pat-
terns. The particle size of REE-labelled TiO, nanoparticles
calculated using the Debye-Scherrer equation (Table 2) was
very similar to that of unlabelled TiO2; only a small decrease
(11-16%) could be noticed when REE ions were incorporated
at the highest concentrations. This may be caused by the
influence of REE ions on the growth of nanoparticles by
affecting the degree of hydration of the surface.*”

The labelling with La produced only a small increase in
the specific surface area (from 239 to 246 m* g™* for the
highest La concentration) while the Ce-labelled nanoparticles
reached only 215 m” g™* (Table 2, Fig. 3).

The porosity of TiO, nanoparticles could also be ascertained
using high-resolution TEM, which showed an ordered array
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of mesopores on the surface of the nanoparticles obtained
using this synthesis method (Fig. 4). Further surface analysis
using XPS showed spectral bands attributed to Ti, O, C and
Ce or La elements (data not shown). A closer examination of
the Ce3d or La3d signals around 900 eV and 850 eV, respec-
tively, showed the doublet 3ds,, and 3d;), lines (Fig. 5), whose
intensity increased as the content of the REE was increased
during synthesis. The REE/Ti atomic ratios were estimated
from the spectra of individual regions (Table 2), and their
values were significantly higher than the ratios estimated
from the proportions used during synthesis. This suggests a
preferential concentration of lanthanide ions on the surfaces
of individual particles or among the interfaces of the agglom-
erates, as was reported elsewhere.** Other authors report that
REE ions could occupy the interstitial octahedral sites in the
anatase structure as was reported for similarly doped TiO,
nanomaterials with large contents of lanthanide ions (REE/TI
ratio up to 0.3.)*°

Since the synthesis procedure combines a sol-gel process
followed by fast microwave heating, mainly non-aggregated
TiO, nanoparticles were obtained especially for the REE-
doped material, as shown by DLS measurements. A narrow
particle size distribution can be observed for all of the tested
materials (Fig. 6), with hydrodynamic particle sizes of 10-40 nm

Table 2 Structural parameters, surface area and REE/Ti and O/Ti atomic ratios calculated from Ln3d, Ti2p and O1s XPS signals for REE-labelled TiO,

nanoparticles

Material Nominal Ln/Ti ratio Crystal grain size” [nm] Surface area” [m? g™ O/Ti* REE/Ti‘
TiO, — 6.92 239 2.5 —
Ceos-TiO, 0.005 6.55 — 2.6 0.010
Ce;-TiO, 0.01 6.98 — 2.9 0.025
Ce;-TiO, 0.03 6.22 215 3.0 0.066
Lags-TiO, 0.005 6.84 — 2.8 0.014
La;-TiO, 0.01 7.06 — 2.6 0.025
La;-TiO, 0.03 5.92 246 2.7 0.038

“ Estimated using the Debye-Scherrer equation for the XRD (101) maximum of the TiO, anatase structure. ” Calculated using the BET
procedure in the N, adsorption data at 77 K in the interval of relative pressures P/P, from 0.025 to 0.25. ¢ Calculated from XPS measurements.
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Fig. 4 High-resolution STEM micrographs of (a) TiO, nanoparticles
showing the array of mesopores and (c) REE-TiO, doped nanoparticles;
(b, d) magnifications of rectangular areas shown in (a) and (c) respectively.
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Fig. 5 XPS spectra of a) La3d and b) Ce3d bands on the Ln-labelled
TiO, nanomaterials.

—a—Ti0, . —a—Tio,
—e—0.005La-TiO, 30 —=—0.005Ce-TiO,
—e—0.010LaTiO, —=—0.010Ce-TiO,
—=—0.030La-TiO, —=—0.030 Ce-TiO,

- —
204
g -304 $.§i,/
H 10

pZ()
-
[3203)

T T )
a) pH b) pH
===TiO, ==710,
2994 i ——0.005La-TiO, a0 i i ——0.005Ce-TiO,
——0.010 La-TiO, ——0.010Ce-TiO,
804 . —+=0.030La-TiO, 804 —+=0.030Ce-TiO,
£ £
3 -
< 60 < 60
ES ES

. \ . \
n \ " \

1 C) 1 100 1000 d) 10 100 1000
d(nm) d(nm)

Fig. 6 Variation of the {-potential vs. pH (a, b) and hydrodynamic
particle sizes measured from a pH 3 dispersion using DLS (c, d) of
REE-labelled TiO, nanomaterials.

This journal is © The Royal Society of Chemistry 2014

View Article Online

Paper

for REE-TiO, while it was slightly higher for TiO,. The slightly
lower hydrodynamic radius of the doped material could be
due to a small change in the concentration of OH superficial
groups due to the presence of Re-O-Ti bonds.*” The surface
charge of the REE-labelled nanoparticles was between —35
and 35 mV, with isoelectric points around pH 5, similar to
that measured for TiO,.

Electron microscopy analysis confirmed that REE-labelled
TiO, nanoparticles display homogenous and regular shapes,
similar to those found for unlabelled TiO, (Fig. 7 and 8).
Their prismatic shape is common for anatase nanostructures
obtained using similar hydrothermal synthesis.®® The
sizes obtained from the TEM images for most of the primary
particles of both undoped and REE-doped TiO, are in the
10-20 nm range.

Quantification of surface deposition

To demonstrate the monitoring capabilities afforded by REE
labelling a simple assessment of surface contamination by
nanoparticles was attempted. To this end, nanoparticle depo-
sition as a consequence of a simple powder manipulation
process (transferring nanoparticles between two beakers) was
studied in a controlled environment (glove chamber) to ensure
test repeatability and to avoid exposure (Fig. 9).

Fig. 7 SEM and TEM images of TiO; (a, b) and 0.030 Ce-TiO; (c, d)
while those of 0.030 La-TiO; (e, f) are given as insets.
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Fig. 8 Statistical size distribution (N >75) of the nanoparticles
observed in the TEM images of TiO, (a), 0.030 Ce-TiO, (b) and 0.030
La-TiO5 (c).
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Fig. 9 Glove box and sampling area used for the quantitative analysis
of surface deposition of labelled TiO, nanoparticles during handling.

The manipulation of Ce-labelled TiO, nanoparticles under
such conditions led to a peak particle number concentration
in the chamber after handling (Fig. S1 in the ESIT).The air-
borne particles collected in the air around the sampling area
formed agglomerates with sizes of a few hundred nanometers
(Fig. 10), and STEM-EDX analysis confirmed the presence
of cerium along with titanium in the collected particles
(Fig. 10b). This could confirm that the released matter could
be effectively monitored using the cerium label in the TiO,
nanoparticles. Similar results were obtained using La-labelled
nanoparticles (Fig. S3 in the ESIY).

Particle agglomerates of a similar structure but with larger
sizes (mean diameters below 10 um) were found within a
distance of 10 cm from the release point (Fig. 11), which indi-
cated that large aggregates settled by gravitational force on
the testing area after manipulation. This strongly suggests
the contamination of the working area by nanoparticle aggre-
gates in the micron range. The fact that the contamination is
in the form of aggregates rather than individual nano-
particles does not exclude toxicity, since nanoparticle aggre-
gates still have a considerably higher surface area than bulk
particles of the same size, and therefore surface reactivity
and cell toxicity are expected to be higher.*>*° Thus, Ce and
La (see the ESIf) labelling is effective in demonstrating
surface contamination as a consequence of the handling of
nanosized TiO, powders. Other elements (e.g. Si) could also
be detected, which is attributed to cross-contamination with
environmental airborne matter (Fig. 11d and e). However, Ce
and La are practically absent from environmental particles,
and therefore they are effective as selective tags to identify
objective nanomaterials.

Environ. Sci.: Nano
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a)

Fig. 10 (a) STEM dark-field images of airborne matter collected by
filtering the air around the manipulation area at 0.3 L min* through a
Cu grid during the manipulation of Ce-labelled TiO, nanoparticulate
powders; (b) magnification of the rectangular area marked in (a),
together with the EDX spectral analysis of the visualized area.

Analytical determination of the deposited mass of
nanoparticles

As we have shown, REE labelling is effective in discriminat-
ing individual nanoparticles and aggregates from those in
the background. However, quantification of surface contami-
nation by electron microscopy analysis of individual nano-
particles would be impractical in terms of time and cost.
Therefore, we also attempted a quantitative estimation of
surface contamination by chemical analysis of the REE labels
after collecting and digesting the solid material deposited on
the area under study.

The deposition of toxic metals in the surroundings of
working areas has been analysed by a wiping procedure of
the testing area followed by complete dissolution of the wipes
together with the collected solid particles. The chemical anal-
ysis of such dissolution using flame-based optical spectrome-
try indicated the content of each REE label on the testing
area.*’ This procedure is used by organizations such as the
OSHA"* in studies of exposure levels and threshold limit
values for different metals. In our case, we have monitored
the concentration of the lanthanide labels. A simple mass
balance can then be used to quantify the contamination by
nanoparticles in terms of mass of particle per unit of surface
area. Lanthanides not only are absent from the unlabelled
nanoparticles (and from most of the environmental material),
but also very low limits of detection (LoD) can be achieved by
common analytical techniques such as ICP-OES, allowing a
sensitive estimation of surface contamination. In addition,
lanthanide atoms present spectra with numerous emission
lines giving multiple opportunities to reduce potential inter-
ferences. In this work, the LOD obtained for Ce-labelled
nanoparticles was as low as 0.0168 mg of Ce per liter when
measured at a wavelength of 413.4 nm. The capacity of
this procedure for quantifying lanthanides was tested by
evenly spreading a known amount of Ce-labelled TiO, nano-
particulate samples with a nominal Ce/Ti atomic ratio of 0.03
over a selected working area. The area was then subjected to
the analytical wiping procedure described for metals and
repeated three times (see the ESIf for details). The results of

This journal is © The Royal Society of Chemistry 2014
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Fig. 11 (a) SEM image of particles that settled on carbon tape placed
10 cm away from the source during the manipulation of TiO;
nanoparticulate powders; (b, c) magnification of areas marked with 2
and 1 in (a); (d) high-magnification image of a particle deposited on
carbon showing at right a close-up of the aggregates collected
together with the EDX spectral analysis of the visualized area;
(e) survey SEM image to display the approximate distance between
collected nanoparticles, showing at right a high-magnification image
of the area marked with 1 in (e) (insets show the EDX spectral analysis
of the areas marked as 1 and 2).

the ICP-OES analysis of the digested wipes indicated that the
Ce/Ti ratio of the deposited solid was 0.0269 + 0.0022, slightly
lower than that of the dispersed material, probably due to
background contamination. The percentage of material recov-
ered from the surface was 75 + 6%. The results obtained after
pouring 500 mg of Ce-labelled TiO, powder between two bea-
kers showed that the amount of nanoparticles deposited on
the surface close to the operation was 0.14 + 0.06 mg, corre-
sponding to a surface contamination of 155.6 ug cm > in the
considered area of study.

Conclusions

Trace amounts of lanthanide ions could be easily incorporated
into interstitial and surface sites of the anatase structure of
TiO, nanoparticles. This procedure led to the synthesis of
labelled TiO, nanoparticles with structures and properties
similar to those of undoped nanoparticles. The use of lantha-
nides (Ce and La) as labels was selected in view of the negligi-
ble concentrations of these REEs in background nanoparticles.

This journal is © The Royal Society of Chemistry 2014
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Doping with Ce and La also favoured a high degree of sensi-
tivity due to the low limits of detection found under testing
conditions. This allowed the identification and quantification
of the amount of deposited labelled matter onto working
areas after common handling operations. Consequently, this
method could be effectively applied to determine the pres-
ence of labelled ENMs around working areas and therefore to
reduce potential exposure risks to engineered nanomaterials.
In addition, the sensitivity of the method opens up possibili-
ties of application for monitoring the release of nanosized
matter in different industrial and environmental scenarios.
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HIGHLIGHTS

® Aerosol nanoparticles generation during common laboratory operations was studied.
® Dust concentration and NEFs were similar for common laboratory operations.

® NEF for the handling processes were in the range of 108 #h-1.

® Ce/TiO, showed rapid interaction between emitted and ambient nanoparticles.
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Common laboratory operations such as pouring, mashing in an agate mortar, transferring with a spatula,
have been assessed as potential sources for emission of engineered nanoparticles in simulated occu-
pational environments. Also, the accidental spilling from an elevated location has been considered. For
workplace operations, masses of 1500 or 500 mg of three dry-state engineered nanoparticles (SiO;, TiO,
and Ce-TiO,) with all dimensions under 30 nm, and one fibrous nanomaterial (MWCNT) with diameter
under 10 nm and length about 1.5 wm were used. The measured number emission factors (NEF) for every
operation and material in this work were in the range of 10° #s~'. The traceability of emitted nanopar-
ticles has been improved using Ce-doping on TiO; nanoparticles. With this traceable material it was
possible to show that generated aerosol nanoparticles are rapidly associated with background particles
to form large-sized aerosol agglomerates.

© 2014 Elsevier B.V. All rights reserved.

1. Introduction

Although the presence of the nanotechnology in the market-
place is rapidly growing, in many cases consumers remain unaware
of the nature and characteristics of nanomaterial-containing
products [1]. Products and utensils containing engineered nano-
materials (ENMs) such as nanoparticles or carbon nanotubes may
become sources of unintended human exposure, mainly through
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dermal and respiratory routes. Nanoparticles are also found widely
in nature, and natural sources include ash, desert dusts, aerosols
and metal oxide particles. Although evolved to deal with natu-
ral nanomaterials and their fluctuations over millennia, it is not
known how organisms will cope with high discharges of anthro-
pogenic nanomaterials into the environment [2]. Once released,
the behavior of ENMs in the environment depends on their sur-
face area and size, among other material parameters [3]. Due to
their small size (under 100 nm), the exposure to ENMs could imply
hazards beyond the capabilities of conventional industrial safety
and hygiene procedures. According to O’Shaughnessy, a worst-case
scenario regarding exposure to ENMs concerns the manufacture
of nanoparticles, especially in the dry state [4]; even though
accidental spills during manufacturing would be even a worst sit-
uation. Many common tasks in occupational settings involved in
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nanomaterials production and use require the handling of ENMs
in a dusty form, and this could lead to a significant increase in the
risks of exposure to nanosized aerosols [5-8].

There is no protocol of general validity to assess the expo-
sure to ENMs during common handling operations. Several authors
have developed different standardized dustiness tests to assess
the materials risks [9]. One common test uses a rotating drum
process, normalized under the European standard EN 15051, and
involves the application of mechanical energy to a bulk sample
while a steady stream of air is supplied through the drum. Emitted
particles are alternatively collected on a filter or measured with
direct-reading instrumentation [6,8,10,11]. Similarly, the single-
drop method consists of a vertical tube that generates dust by
allowing the sample to drop through the tube [12]. A third dusti-
ness test uses a vortex shaker to agitate the powder placed in a test
tube [13]. All the mentioned methods use large amounts of materi-
als (about 500 g), which entail obvious difficulties when applied to
nanotechnology laboratory operations, where sub-gram quantities
are often handled. Therefore adaptations have been developed to
reduce the sample amount down to several grams [11] or even to
a milligram scale [9]. Evans et al. [14] dispersed 10 mg of powder
utilizing an energetic Venturi aerosolization, as a more energetic
alternative to conventional methods such as rotating drum testers,
and determined the total and respirable dustiness of different
materials. The aerosolization of the powder in their work takes
place under turbulent conditions that according to the authors may
be representative of energetic cleaning operations such as clean-
ing dry work surfaces with compressed air. However, their results
cannot be extrapolated to manual handling of nanomaterials in lab-
oratory operations (e.g. transferring with a spatula to a weighting
dish), where the energy involved is orders of magnitude lower.

In this work, we have calculated the Number Emission Fac-
tors (NEF), rather than dustiness. In fact, both methods (dustiness
tests vs. NEF calculation) are measuring a similar property, (the
propensity of powdered materials to become airborne upon dif-
ferent operations), but provide complementary information, since
there are differences regarding the amount of matter handled in
every case and in the fundamental parameters measure, which
for dustiness are based in the mass of particles whereas NEFs are
calculated in a number basis.

One of the first attempts for analyzing the emission of airborne
nanosized matter when handling ENMs was performed by Tsai
et al. [15] showing that handling dry ENMs inside a fume hood
results in a significant release of nanoparticles into the laboratory
environment and the researcher’s breathing zone. Moreover, sev-
eral laboratory and field studies have reported that the sonication
of both hydrophobic and hydrophilic carbon-based nanomateri-
als (CNM) in water generates airborne nanoparticle concentrations
similar to those found during dry handling [16-18]. Other labo-
ratory operations have been identified as possible exposure risk
sources, namely synthesis [19,20], accidental spilling [21] or even
common activities such as weighting or pouring [16,17]. Ham et al.
[17] studied nanoparticle manufacturing workplaces producing
titanium dioxide, silver, aluminum and copper. They found that
the nanoparticle concentration varied depending on the task per-
formed, metric adopted and working or off duty. On the other hand,
Methner et al.[18] studied the release of carbon nanofibers (CNF) on
dry material handling, wet cutting, grinding and sanding of plastic
composites containing CNF. They point out that surface grinding of
composites and manually transferring dry CNFs produce substan-
tial increases in particle number concentration.

The complex nature of indoor environments in a research labo-
ratory where different nanomaterials are manually handled plays
a key role in the impact of ENMs. Workplace atmospheres gener-
ally contain numerous nanoparticles of a varied nature that may be
of natural and/or anthropogenic origin. Airborne nanoparticles in

research laboratory environments undergo continuous changes in
concentration, size distribution and particle structure and nature.
Even working inside hoods nanoparticles are released to the labo-
ratory air, concentration as high as 1.3 x 10° cm~3 can be reached
in the breathing zone [15]. The use of products and utensils con-
taining engineered nanomaterials could lead to the release of these
ENMs to any indoor environments, significant sources that can gen-
erate episodic emissions include every day actions such as cooking
or cleaning [22]. These environmental nanoparticles represent a
strong interference in the detection of those emitted during syn-
thesis and handling operations, which are often present in much
smaller concentrations. Methner et al. [23] have stressed the influ-
ence of background particles when measuring the concentration
of ENMs during workplace monitoring. In an exhaustive work,
Seipenbusch et al. [24] studied the evolution of aerosols with con-
centrations of 7 x 10%4-5 x 106 cm~3 in the presence of background
particles, showing changes in the size and number concentration of
nanoparticle aerosols due to heterogeneous coagulation processes
with background airborne matter. The magnitude of these pro-
cesses was found to depend on the concentration of background
aerosol; representative indoor aerosols have typically concen-
trations in the range 103-10% cm~3. Furthermore, binary hybrid
particles consisting of background particles decorated with emit-
ted nanoparticles evolve, and therefore the chemical composition
of the ENM aerosols changes. Ono-Ogasawara et al. [25] reviewed
some examples where measurements of ambient nanoparticles
did not correlate with workplace operation conditions, due to the
presence of background particles. Thus for instance, in the moni-
toring of nanoparticles at a lithium titanate production facility the
number concentrations did not correlate with workplace opera-
tion. Possible contaminants included welding fumes, particles from
grinding and particles from outside sources. In a different example,
the total number concentration in a MWCNT laboratory responded
to oil pump operation more strongly than to CNT release. Sources
of ENM are difficult to detect in laboratory indoor environments
because the generated aerosol can be diluted or hidden under nat-
ural or man-made background particles. At large, the extent of
this interaction depends on the concentration and particle size of
the background nanoparticles and the concentration of the studied
aerosol. However, the presence of these background nanoparticles
is unavoidable in real life exposure and therefore its influence must
be taken into account.

In this work, we have attempted to shed light on the generation
of nanoparticle aerosols in several common laboratory operations
and events. To this end, we have restricted ourselves to handling
small amounts of powders (always below 2 g of material). This
presents some additional complications for measurement, but is
deemed more realistic in the scenarios considered. We have used
commonly encountered ENMs of a different nature: TiO,, SiO, and
MWCNT. A novel experimental strategy was designed to investigate
the influence of background nanoparticles: First, using a clean-
room approach (a clean glove chamber with HEPA-filtered air)
handling operations were performed, which allowed monitoring
aerosol generation without the influence of environmental particu-
late matter. Handling experiments were then been performed after
filling the chamber with ambient air, containing the background
particles. The generated aerosols were studied in both cases using
online methods (airborne nanoparticle counters) and offline meth-
ods (electron microscopy analysis of the collected particles). Finally,
to address the problem of discriminating the released ENMs from
background material, which is relatively straightforward by trans-
mission electron microscopy for CNTs but highly challenging for
TiO, or SiO,, cerium-doped TiO, nanoparticles were synthesized
and employed in pouring operations. This facilitated the identifica-
tion of ENMs by offline analysis since Ce is absent from background
material.
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Table 1
Properties of the nanomaterials used in this study.

Material ~ Reference Characteristics
Seer (m?/g) D, (nm)®
TiO, Commercial (Aldrich #637254)  50+57 2045
SiOy Commercial (Aldrich #637246) 640 +50° 10+5
Ce/TiO, Synthesized in this work 381+40 15+£5
MWCNT  Commercial (Nanocyl NC700) 275 +25% D=942
L=1500-2000

2 Provided by the supplier.
b Calculated from TEM results.

2. Experimental
2.1. Materials and characterization techniques

Four nanomaterials were selected in order to assess potential
dust release: silicon dioxide (SiO,, Aldrich, St. Louis MO) with
mean particle sizes below 15nm, anatase (TiO,, Aldrich) with
particle sizes under 25 nm, cerium-doped TiO, nanoparticles (Ce-
TiO,) synthesized using the procedure reported elsewhere [26]
with a Ce/Ti atomic ratio of about 0.03, and multi-walled car-
bon nanotubes (MWCNT, Nanocyl NC7000, Auvelais, Belgium) with
nominal average length and diameter of 1.5 wm and 9.5 nm respec-
tively. All the materials were always kept as dry powders. The Ce
concentration in Ce-TiO, was determined by inductively coupled
plasma optical emission spectrometry (ICP-OES) in an ACTIVA-S
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Fig. 1. Total particle concentration reached after the same pouring experiment
repeated three times (1000 mg of Ce-doped TiO,) in a particle-free background.

Horiba-Jobin Yvon (Kyoto, Japan) spectrometer. The morphology
and composition of Ce-TiO, nanoparticles were analyzed using
scanning electron microscopy (SEM) and energy dispersive x-ray
spectrometry (SEM-EDX) in a FEI-F Inspect microscope coupled to
an INCA Penta FETX3 spectrometer. Size and structure of materi-
als were also analyzed by transmission electron microscopy (TEM)

Fig. 2. Transmission electron microscopy images of (a) TiO», (b) Ce/TiO>, (c) SiO, and (d) MWCNT nanomaterials (before TEM observation the samples were sonicated and

dispersed).
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Fig. 3. (a) Aerosol total particle concentration and (b) particle size distribution obtained after pouring, (c) total particle concentration during mashing and (d) incidental spilt

of 1500 mg of Ce-TiO, powder in a particle-free background.

in a FEI Tecnai T20 microscope. Table 1 summarizes some of the
material properties.

2.2. Aerosol emission tests during nanomaterial handling
operations

All the operations with nanomaterials were conducted inside an
acrylic glove box chamber with dimensions of 0.61 x 0.61 x 0.71 m.
This isolated work environment avoided the contamination with
external particles and protected researchers against emitted
nanoparticles, as recently reported [27]. Relative humidity and
temperature inside the chamber during the experiments were
respectively kept about 30-45% and 22-25 °C. Before and between
experiments the samples were stored in a dry atmosphere (in the
presence of silica gel) to reduce the moisture effect in dustiness
since increased moisture content decreases the amount of dust
generated, even when moisture content had little influence on
dust size distribution [28]. Before each experiment the chamber
inner walls were wiped four times with ghost wipes and flushed
with HEPA filtered clean air to ensure a low background level,
with particle number concentrations under 50 # cm~3. To ensure a
complete mixture of the air inside the chamber and homogeneous
distribution of the particle aerosols, an 8-cm fan was switched

Table 2

on immediately after finishing each handling operation (during
manipulation the fan was set off).

Two different approaches were followed for aerosol emission
tests. First, to compare the behavior of the same material manipu-
lated in different laboratory activities, the same amount (1500 mg)
of synthesized cerium doped titanium dioxide (Ce-TiO,) nanopar-
ticles was used in the following operations: (1) powdered samples
were poured from one 100-mL beaker to another one with the same
volume and features (pouring); (2) nanoparticulate samples were
hand-mashed with an agate stone mortar for 30s (mashing); (3)
the mashed powders were recovered and transferred to a glass
flask using a spatula (transferring); (4) an accidental spilling was
simulated by letting glass flask with 1500 mg of Ce-TiO, fall flatly
from a height of 10 cm over the chamber ground (spilling). In order
to probe that the experiments can be quite similar three similar
experiments were performed and the standard deviation of the
obtained results was calculated. One pouring experiment repeated
three times showed a relative standard deviation of less than 15%
of the particle concentration (Fig. 1).

On the other hand, to assess the potential of different ENMs for
aerosol generation in a specific handling operation (pouring), SiO-,
TiO,, Ce-TiO, and MWCNT were used in an experiment consistent
on pouring 500 mg of every nanoparticulate powders as described

Peak emission concentration, total removal rate and number emission factors (NEF) calculated after performing several laboratory tasks with 1500 mg of Ce-TiO, (particle
number concentrations measured using the CPC for aerosol particles between 5 and 1000 nm).

Activity/task  Material (m=1500 mg)

Peak particle number concentration?® (#cm~3)

Total removal rate (x10~% #s~!)  Number emission factor NEF (x10°#s-1)

Pouring Ce-TiO; 204
Mashing 216
Transferring 200
Spilling 354

6.2 6.2
8.8 6.4
5.0 5.1
7.0 30.0

2 After subtraction of the background particle number concentration.
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above. However, to establish the use Ce doping as a labeling pro-
cedure with a higher sensitivity, 1500 mg of Ce-TiO, nanoparticles
were used in a pouring experiment in the presence of ambient air.

The aerosol particles generated during nanomaterial handling
tests were monitored online in the range from 5 to 1000 nm with a
condensation particle counter (CPC, Grimm-Aerosol Technik, Ain-
ring, Germany) at a fixed air flow of 0.3L/min. A nanoparticle
spectrometer at 0.2 L/min of air flow (NPS, Nano-ID NPS500, Parti-
cle Measuring Systems-Naneum, UK) was used as well to monitor
online particle size distributions of the emitted aerosol particles
between 5 and 500 nm (particle size distributions data were dis-
carded for concentrations bellow 150 particles/cm~3). Data was
carefully compared taking into account the different cut offs of CPC
and NPS. Electrically conductive pipes were used in order to min-
imize electrostatic losses during aerosol measurements. Airborne
dust was collected and analyzed offline using the filtration samp-
ling method described elsewhere [29]. Alternatively, TEM grids
were placed on a polycarbonate filter inside a 47-mm diameter
stainless steel filter holder with a sampling flow of 0.3 L/min, allow-
ing collection of ENMs during handling operations for offline study.
Morphology and shape of collected particles was observed and

Table 3

h‘&!‘ .

Fig. 4. STEM images (a, b, ¢, d) and STEM-EDX analysis of Ce-TiO; aerosol particles collected in a particle-free background after the pouring experiment.

analyzed by TEM, scanning transmission electron microscopy
(STEM) and energy dispersive X-ray spectrometry (STEM-EDX)
using a Tecnai F30 microscope (FEI). The polycarbonate filter was
also analyzed using SEM-EDX.

2.3. Calculation of the emission of nanoparticle aerosols during
handling operations

In order to estimate the aerosol emissions produced by handling
activities, the total number emission factor (NEF) was evaluated.
The values of NEFs have been extensively used to evaluate atmo-
spheric urban pollution [30-32] and also in several indoor activities
[27,33,34], because they allow a direct comparison among different
aerosol emission sources. In the present work, the values of NEFs
for every handling operation have been estimated by adapting the
mass balance equation to the variation of a time-dependent particle
number concentration in an isolated, well-mixed and incompress-
ible volume of air [35,36].
dCiy(t) _ NEF

—at - Vv kGiy (1) (1)

Peak emission concentration, total removal rate and number emission factors (NEF) calculated after pouring 500 mg of the nanomaterials (particle number concentrations

measured using the CPC for aerosol particles between 5 and 1000 nm).

Activity/task  Material (m=500mg)

Peak particle number concentration? ((# cm=3))

Total removal rate (x10~% #s~!)  Number emission factor NEF (x10°#s~1)

Pouring TiO, 31
Ce|TiO, 101
MWCNT 44
Si02 20

7.2 1.1
3.6 4.1
9.7 1.8
6.7 3.6

2 After subtraction of the background particle number concentration.
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Fig. 5. Time evolution of the total particle number concentration of aerosols generated after pouring 500 mg of (a) TiO2, (b) Ce-TiO,,(c) MWCNT and (d) SiO,, measured using

the CPC for particles between 5 and 1000 nm.

The rate of change of particle concentration in the chamber,
Cin(t), is due to the particle release after handling operations at a
rate given by the NEF divided by the mixing volume V minus the
decay of particles in the chamber at a total removal rate k, which
included air exchange, deposition and exfiltration rates. Assuming
that the decay rate was constant during experiments, a solution for
the average NEF can be obtained in terms of the average particle
concentration by integrating Eq. (1) from t=0 to an arbitrary time
(tg) greater than the time during which the particles were handled
in the chamber.

Cin(tp) —
F

NEF =V Gin(0) | KCi,(tr) (2)

The values of NEF due to every handling experiment were esti-
mated by considering that all nanoparticle emission events were
removed when every test was finished. Let ts be the time at which
the handling experiment ended, a solution for the NEF due to the
nanoparticle generation event could be then obtained by multiply-
ing the average NEF by the ratio of ts and tg [36].

[Cin(tF) — Gin(0)

tr

NEF = Fy

= i) 3)

The values of particle concentrations in the chamber at t=0 and
t=tg, as well as the average concentration Cj,(tg) were obtained
from real-time data using the CPC. It was chosen tg=300s because
in all experiments at this time the particle concentration had
reached an almost constant value. Finally, the decay parameter k
was estimated by solving the balance Eq. (1) from the end of the
handling experiment, considering that NEF was equal to zero. A
solution in terms of k and the maximum released concentration of

particles (Cyax ) due to the handling operations was then obtained:
InGj, = —kt + In Cyax (4)

The value of k was estimated from the slope of linear
regression fitting of the plot of In Gy, vs. t for the decay

process. Additional information about the parameterization of

this formula could be found in the Supplementary Information
file.

3. Results and discussion
3.1. Material characterization

The morphology of the different ENMs was studied by means of
TEM (Fig. 2), confirming that primary TiO, nanoparticles showed
mean size diameters below 25 nm and formed irregular aggregates.
Furthermore, the synthesized Ce-TiO, particles showed polyhedral
shape with sizes in the range 15-20 nm, forming aggregates. The
load of cerium in doped Ce-TiO, nanoparticles was 2.6% accord-
ing to ICP-OES measurements. The spherical SiO, nanoparticles
showed an average diameter around 20 nm and the sizes of MWCNT
were smaller than 9.5 nm in diameter and about 1.5 wm in length,
showing a high dispersion degree. SEM images of the used MWC-
NTs can be seen in Fig. 2 SI. The main characteristics of the bulk
powders of the ENMs are shown in Table 1.

3.2. Nanoparticle aerosol characterization during handling
operations

3.2.1. Aerosol emission during different handling operations in
the absence of background nanoparticles

Pouring 1500 mg of Ce-TiO, nanoparticles in a background-
free chamber leads to maximum particle concentration of 204
#cm~3 (Fig. 3a and Table 2). In spite of having such a low
concentration, the particle size distribution could be measured
leading to a count median diameter (CMD) of 65.7 nm with a
geometric standard deviation (GSD) of 1.53 (Fig. 3b). Previous
studies have also reported particle size diameters below 100 nm
during regular pouring process of titanium dioxide nanoparti-
cles in a manufacturing workplace [17]. On the other hand,
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|

Fig. 6. Transmission electron microscopy images of the different aerosol nanoparticles collected on a TEM grid of (a) TiO,, (b) Ce-TiO,, (c) SiO, and (d) MWCNT, inset: close

up view. It can be seen that the tubular shape of the nanotubes is no longer apparent.

dust concentration and number emission factors were similar for
all the performed tasks (Table 2) with the exception of the pow-
der spilling were NEF value was one order greater. These results
suggest that the dust formation during usual laboratory handling
operations was analogous. However, in the case of an acciden-
tal spilling a larger emission of particles is generated (Fig. 3d).
The obtained NEFs for the different tasks carried out with Ce-
TiO, powders were in the range of 10°-10° #s-! in all cases.
It is important to notice that the energy applied in these tasks
is much lower than other processing techniques, such as soni-
cation [16]. Finally, STEM images of collected aerosol aggregates
in a background-free environment (Fig. 4) showed the presence
of bright spots corresponding to Ce-TiO, nanoparticles. Also, the

chemical composition of the particles analyzed by EDX showed Ce
and Ti signals, as well as the Cu and C signals characteristic of the
TEM grid.

3.2.1.1. Aerosol generation during pouring of different materials.
Once the efficiency of the monitoring methods had been estab-
lished with 1500 mg of Ce-TiO, nanoparticles, the comparison
among different materials was carried out using a lower quantity
(500 mg), since sub-gram amounts of nanomaterials are more com-
monly handled in the laboratory. In any case, the total amount of
material used in pouring operations has only a limited impact on
the maximum and residual concentrations measured (see Fig. 2
SI). The pouring of 500mg of the ENMs was monitored with
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Fig. 7. (a) Aerosol total particle concentration and (b) particle size distribution obtained after the pouring of 1500 mg of Ce-TiO, powder in ambient air conditions.
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Fig. 8. STEM images (a, b, c) of Ce-TiO, aerosol particles collected in ambient air conditions after obtained after the pouring experiment. Square areas (1, 2) in Image 8(c)

mark the location of the spot for STEM-EDX analysis.

the CPC (Table 3 and in Fig. 5), showing that the highest parti-
cle aerosol concentration was detected during handling Ce-TiO,
nanoparticles, with a maximum value around 100 # cm—3. Except
for this material, particle total concentrations were below 100
#cm~3 in for TiO,, SiO, and MWCNT nanomaterials. Since the
agglomeration of released MWCNTs during tests produced nearly
spherical aggregates in aerosol state, these objects can be effec-
tively determined using the aerosol spectrometers without further
modifications in the measuring method. This is in agreement with
Maynard et al. [37] that also found low aerosol mass concentrations
while handling unrefined SWCNTs. Since the chemical composi-
tion and primary particle sizes of Ce-TiO, and TiO, were similar,
the higher emission rates observed for the synthesized ENMs are
probably related to their lower original degree of agglomeration
(Fig. 2).

Dust morphology was studied using TEM (Fig. 6), showing the
presence of agglomerates and aggregates without detecting free
single nanoparticles [38,39]. The forces generated during the hand-
ling processes were not enough to break agglomerates in primary
particles, in agreement with results from the literature [11,17].
Moreover, structural differences were noticed in the collected
nanomaterials. While TiO, and Ce-TiO, dust particles appeared
compactly packed, aerosol SiO, particles were loosely packed
(Fig. 6¢), as was also observed by O’Shaughnessy on amorphous
SiO, nanopowder [4].

In general, MWCNTs tended to form ball-shaped bundles with
a low density. A number of studies have tested the release of
CNTs during handling processes [16,18,37,40-42]. Most of the par-
ticles collected during the harvesting process in pilot-scale plant
were micron-sized agglomerates or aggregates of CNTs [16,41].

Johnson et al. [16] collected TEM samples from the aerosol pro-
duced by handling CNTs inside a lab hood and found no typical
tubular structures of raw MWCNT. However, Methner et al. [18]
reported that carbon nanofibers could be released as free fibers,
bundles or agglomerates during dry handling. Commonly carbon
nanotubes show a strong tendency to form bundles and, con-
sequently, they are present as disperse entities only in special
conditions or after high-energy processes such as sonication [43].
However, the effect of the collecting procedure that could allow
small individual nanotube to pass through filters, should not be
ruled out [16].

In this study, the collected airborne samples when handling
MWCNTs shows two kinds of collected particles, the nanotube bun-
dles or aggregates shown in Fig. 6d and particles where MWCNT
had lost their tubular form (Fig. 6d inset). This is in agreement with
previous reported results [16,18]; collected particles from hand-
ling raw MWCNTSs do not present typical tubular structures but it
could be due to the low efficiency of filter membranes. It is inter-
esting to note that the accuracy of the aerosol spectrometers could
be affected when measuring large aspect ratio nanoparticles, such
as MWCNT. Nevertheless, the TEM images of the collected airborne
matter showed the formation of spheroidal aggregates that might
be effectively detected using the NPS500.

3.2.2. Aerosol emission during pouring of Ce-TiO, in the presence
of background nanoparticles

Powder manipulation was studied in the presence of back-
ground airborne matter by pouring Ce-TiO,. Under the conditions
used, it should be noticed that the contribution of background par-
ticles to the total concentration is about one order of magnitude
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larger than the nanoparticle aerosols generated in the previous
pouring experiment (Fig. 3). However, an increase in the total
particle concentration was observed when pouring 1500 mg of
nanoparticles, as shown in Fig. 7a. The particle size distribution
shown in Fig. 7b was measured during some minutes after the
pouring using the SMPS mode in the NPS. Comparing the particle
size distribution measured with that in the absence of background
(Fig. 3b) it can be seen that particles with sizes under 100 nm have
almost disappeared. These strongly suggest that ENPs were quickly
associated to the background particles due to some interaction
effects among particles in aerosol state.

To confirm the heterogeneous coagulation, particle collected
samples were analyzed. The STEM images obtained for collected
Ce-TiO, nanoparticles showed some brighter spots that could be
attributed to the trace Ce atoms in the anatase structure (Fig. 8).
The STEM-EDX analysis of samples collected in the presence of
background particles showed Ti and Ce signals (see spectrum 2
in Fig. 8c), which allowed the discrimination of the ENMs, since
Ce is absent from background material. The STEM-EDX analysis
also showed the signals attributed to Mg, S and Cl in the collected
matter in ambient air conditions (see spectrum 1 in Fig. 8c). These
results were in agreement with those reported by Kumar et al. [44],
who stated that some of the most common atmospheric nanopar-
ticles, with sizes under 300 nm, were sulfur and carbonaceous
compounds. The TEM images showed that background particles
were present as agglomerates of hundreds of nanometers. Besides,
some kind of interaction took place between atmospheric and engi-
neered particles because mixed agglomerates could be observed
in the TEM images of Fig. 8. This further suggests some kind of
interparticle interaction when released matter becomes airborne,
which is similar to the effect described by Seipenbusch et al. [24]
for highly concentrated particle backgrounds. The measured parti-
cle size distributions confirmed this behavior since, as aroused from
the comparison of Figs. 3b and 7b, the presence of background mat-
ter induced an increase in the values of CMD from 65 nm to 340 nm
after the release of Ce-TiO, during handling operations.

4. Conclusions

Common laboratory operations induce the generation of
nanoparticle aerosols with NEF values between 10° and 106 #s-1,
Those emission values are lower than other indoor emission
sources in workplaces where higher energy processes such as
soldering or welding are involved. In order to apply the NEFs cal-
culations it was assumed that air exchange and decay rates were
constant during experiments to obtain a solution in terms of the
average concentration. Only aggregates and agglomerates were
found in the produced aerosols. Different manipulation processes
of the same material (transferring, mashing, pouring, and spilling
from a low height) generated similar particle concentration lev-
els, which is probably related to the fact that the total amount
of mechanical energy transferred to the particles is low. Experi-
ments using titanium dioxide nanoparticles labeled with cerium
showed the rapid interaction between the emitted nanoparticles
and ambient aerosols.
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Nd-doped titania materials prepared using a mild microwave-assisted protocol have been found to pos-
sess excelling activities in the photodegradation of water contaminants including phenol and Rhodamine
B. These materials were characterized by a number of techniques including N, adsorption, X-ray diffrac-
tion (XRD), scanning electron microscopy (SEM), transmission electron microscopy (TEM), and X-ray
photoelectron spectroscopy (XPS). The prepared materials showed high surface area, with the highest
value for the catalyst containing a Nd/Ti ratio of 0.03 (341 m?/g). The dopant agent was found to be as Nd3*
ions located on the surface and in the inter-planar space of titanium oxide crystals. Effects of the surface
area together with the Nd content and the adsorption ability of the material seem to be involved in the
optimum photocatalytic activity found for 0.5%Nd (Nd0.005/TiO,) and 6%Nd (Nd0.06/TiO;) containing

© 2012 Elsevier B.V. All rights reserved.

1. Introduction

Photocatalytic processes have been the subject of intensive
research in recent years in efforts to switch to more sustainable
and environmentally friendly technologies and methods [1,2]. Het-
erogeneous photocatalysis is a broad and important field with a
remarkable number of applications which include removal of pol-
lutants, reductions, isomerisations, substitutions, condensations,
polymerisations, and water splitting for hydrogen generation [3].
One of these important applications of heterogeneous photo-
catalysis in the environmental area is the degradation of organic
contaminants in water, which is a simple and low cost pro-
cess and has attracted a great deal of attention in the last few
decades [1,4,5]. The classical methodology involves illumination
of aqueous systems containing suspended catalytic particles or
immobilized films with near UV light, resulting in the formation of

* Corresponding author at: Instituto de Nanociencia de Aragon (INA), Universidad
de Zaragoza, Mariano Esquillor s/n, 50018 Zaragoza, Spain. Tel.: +34 976763514;
fax: +34 976761879.

** Corresponding author. Tel.: +34 957211050; fax: +34 957212066.
E-mail addresses: sirusta@unizar.es (S. Irusta), g62alsor@uco.es (R. Luque).

1 Tel.: +34 976763514; fax: +34 976 761879.

0926-860X/$ - see front matter © 2012 Elsevier B.V. All rights reserved.
http://dx.doi.org/10.1016/j.apcata.2012.07.003

photogenerated species (i.e., holes and electrons in the valence
and conduction bands of a semiconductor photocatalyst, respec-
tively). These photogenerated species subsequently take part in
redox reactions with adsorbed species at the surface of the cata-
lyst, including reactions that involve the degradation of the target
environmental contaminants.

Phenols are among the most common contaminants that could
be found in water and, due to their high toxicity, they have been
strictly regulated [6]. Furthermore, their complete removal from
water is relatively difficult due to their high stability in solu-
tion. Toxic and non-biodegradable dye pollutants from the textile
industry such as Rhodamine B are also main sources of water
contamination [7] and, consequently, their removal from effluent
water streams is also of interest.

Rhodamine B (RhB), a suspected carcinogen, is widely used in
paper, textile, leather, and paint industries. Like other synthetic
dyes, RhB is also discharged into the surface waters both during
its manufacture and from the dyeing industries. This imparts the
presence of color and toxicity in the receiving water bodies, which
is highly undesirable to the water consumers [8]. Consequently,
efficient removal of Rhodamine B from water has drawn significant
attention.

Nanocrystalline titanium dioxide (TiO,) materials have been
widely used as photocatalysts in many of the above mentioned


dx.doi.org/10.1016/j.apcata.2012.07.003
http://www.sciencedirect.com/science/journal/0926860X
http://www.elsevier.com/locate/apcata
mailto:sirusta@unizar.es
mailto:q62alsor@uco.es
dx.doi.org/10.1016/j.apcata.2012.07.003

48 V. Gomez et al. / Applied Catalysis A: General 441-442 (2012) 47-53

processes due to their excellent properties, including thermal and
chemical stability, low toxicity and cost and, especially, their ability
to generate charged carriers for redox reactions upon illumination
with UV light (<388 nm) [9-11]. In terms of photocatalytic appli-
cations, the anatase crystalline form of titania has been reported
to present the best combination of photoactivity and photostabil-
ity and, consequently, it has been widely used in these type of
processes [12]. Despite the aforementioned good characteristics,
titania presents several important limitations as a photocatalyst.
The main limitation of this material lies in the lack of photocatalytic
activity under visible light [13,14] which forces application under
UV light conditions. For example, anatase TiO,, the most widely
used crystal phase of TiO, in photocatalytic applications, has a band
gap energy of 3.2 eV, which requires optical absorption band at
about 350 nm thereby avoiding efficient solar light photocatalytic
activity (only ca. 5% of the solar light energy is in the UV range and
can be absorbed by TiO,). With these aspects in mind, there has
been an intense search for novel and more efficient titania-based
materials with improved photocatalytic efficiency under visible
and/or sunlight irradiation [15,16].

One of the most common strategies utilized for improving
absorption efficiency of visible light in titania involves modification
and/or doping with elements of different nature such as sulfur [17],
carbon, and nitrogen [13]. Improved photocatalytic properties of
doped-TiO, materials have been attributed to: (i) the generation of
mid gap energy sensitization levels from doping agents; (ii) the for-
mation of oxygen vacancies that absorb the visible light irradiation
[18]; and (iii) the trapping of the photon-generated charge car-
riers (electron/holes) that prevents their recombination, thereby
extending their lifetime [19].

The addition of lanthanide metal ions, such as neodymium
(Nd3*), has been shown to increase the photocatalytic activity
of titania for the removal of nitrite [16], chromium (VI) com-
pounds [20,21], and 2-chlorophenols [22]. The beneficial effect of
lanthanide-doped materials for photocatalytic removal has been
ascribed to the presence of vacant f-orbitals which facilitate gener-
ation of intermediate energy states (thereby reducing the band gap
toward visible light radiation) and facilitate adsorption of organic
pollutants by the formation of metal complexes [16].

Herein we report a simple and efficient preparation of
neodymium-doped titania materials for the photocalytic removal
of two important water contaminants such as phenol and Rho-
damine B. The catalysts were synthesized by a microwave-assisted
route that allows preparation of Nd-TiO, materials at mild temper-
ature conditions. These materials showed improved photocatalytic
activity as compared with commercial TiO, (Evonik) in the removal
of these important contaminants. Furthermore, the addition of Nd
to TiO, allows a significant reduction of the band gap of TiO, facil-
itating the absorption of light in the visible range.

2. Experimental
2.1. Catalysts preparation

Nd-doped TiO, nanoparticles were prepared by using a
microwave process in a modification of the method proposed
by Hart et al. [23]. Briefly, 2mL titanium (IV) propoxide
(Sigma-Aldrich, 97%) and 30 mL of absolute ethanol (Panreac, ana-
lytical grade) were mixed under magnetic stirring after which
3mL of acetic acid (Panreac) were added. Different amounts of
neodymium (III) nitrate were added in order to obtain Nd/Ti atomic
ratios 0.005, 0.01, 0.03, and 0.06 (Nd0.005, Nd0.01, Nd0.03, and
Nd0.06). After 5min under magnetic stirring, 5mL of deionised
water were added and finally the mixture was poured into an auto-
clave that was then sealed and heated up in a microwave oven

(Ethos Plus) up to 120 °C (measured by IR) for 15 min. The final solid
was isolated by centrifugation, thoroughly washed with ethanol
several times and dried at 80°C during 24 h. No further calcina-
tions were carried out. Un-doped TiO, was prepared following the
same procedure for the sake of comparison.

2.2. Catalysts characterization

The crystal structure, purity, and crystallinity degree were stud-
ied by X-ray diffraction in a Rygaku/Max System RU 300. The
textural properties of Nd-doped TiO, nanoparticles were mea-
sured by nitrogen adsorption at 77K in a Micromeritics TriStar
analyzer (Micromeritics, Norcross GA). Samples (0.5 g) were out-
gassed at 26.7 Pa and 350°C for 6 h before performing adsorption
experiments. Surface area was determined using the BET equation.
Pore size distribution was determined using the BJH data reduction
scheme in the desorption branch of the isotherms.

The morphology, composition, and distribution of elements
in the nanoparticles were analyzed using scanning electron
microscopy, SEM-EDX (FEI-F Inspect and INCA Penta FETX3). Size
and crystalline structure of materials were also analyzed by trans-
mission electron microscopy, TEM (Tecnai T20) and scanning
transmission electron microscopy, STEM (Titan Low-base). Statis-
tical size-distribution histograms for the resulting nanoparticles
were produced from SEM and TEM images using Image ] software
(sample size =30).

X-ray photoelectron analysis (XPS) was performed with an Axis
Ultra DLD (Kratos Tech.). The samples were mounted on a sample
rod placed in the pretreatment chamber of the spectrometer and
then evacuated at room temperature. The spectra were excited by
the monochromatized AlKa source (1486.6eV) run at 12kV and
10 mA. For the individual peak regions, a pass energy of 20 eV was
used. Survey spectrum was measured at 160 eV pass energy. Analy-
ses of the peaks were performed with the CasaXPS software, using
a weighted sum of Lorentzian and Gaussian components curves
after Shirley background subtraction. The binding energies were
referenced to the internal C 1s (284.9 eV) standard.

2.3. Photocatalytic tests

Photocatalytic tests (phenol oxidation) were performed in a
Pyrex immersion well reactor. Briefly, 150 mL of a 50 ppm phe-
nol solution in water were mixed with the catalyst (1g/L of
solid) upon stirring (900 rpm) to produce a uniform suspension.
The reactions were carried out under ambient air (no oxygen
bubbling through the phenol solution). Prior to illumination, a
photocatalyst-substrate equilibration was conducted by stirring
the suspension 45 min in the dark. UV illumination of the reac-
tion solutions was provided by a medium pressure mercury lamp
(400W) supplied by Applied Photophysics of photon flux ca.
2.6 x 1077 einsteins~! L1 (maximum wavelength of 365 nm). The
lamp was placed inside the batch reactor surrounded by a dou-
ble quartz jacket where a water stream keeps the temperature of
the solution at 25 °C. The concentration of the target contaminants
was measured by means of an HPLC equipped with a PDA detector
and an Elipse XDB-C18 column, 5 wm/4.6 x 150 mm. The mobile
phase was water/methanol (65:35) at a flow rate of 0.8 mL/min
band. Samples of about 1.5 mL were removed periodically during
the experiments and filtered (Millipore Milex25 0.45 wm mem-
brane filter) prior to HPLC measurements. Blank experiments were
performed in the dark as well as with illumination and no catalyst,
without observable change in the initial concentration of phenol in
both cases.

A set of experiments has been performed in order to study Rho-
damine B (RhB) degradation under UV light (same as described
above) in a different experimental setup. An aqueous solution
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Table 1

Nd/Ti atomic ratio, structural parameters and surface area for TiO,, and Nd-doped TiO, samples obtained by EDX, XPS, XRD, and nitrogen adsroption.

Sample XRD Surface area (m?2/g) Nd/Ti atomic ratio
Crystallite size (nm) dio1 (A) a(A) c(A) EDX XPS
TiO, 6.92 3.52 3.80 9.64 239 - -
Nd0.005/TiO; 6.39 3.55 3.80 9.42 341 0.0067 0.0132
Nd0.01/TiO, 6.46 3.54 3.80 9.91 291 0.0101 0.0220
Nd0.03/TiO, 5.79 3.53 3.80 9.61 258 0.0253 0.0474
Nd0.06/TiO; 6.23 3.54 3.80 9.81 229 0.0353 0.0737

containing 125 ppm Rhodamine B was prepared and UV-vis spectra
were measured after 45 min of magnetic stirring in the dark (blank
runs). Catalyst particles were subsequently dispersed in the RhB
solution in order to prepare 1mgmL~! dispersions. Dispersions
were then stirred to investigate the photocatalytic activity of the
prepared materials under the light of a UV-215L lamp (maximum
wavelength of 365 nm). The evolution of Rhodamine B degradation
was measured by UV-vis with a Jasco V-670 spectrophotome-
ter. Samples of about 1.5 mL were withdrawn at 20 min intervals
(during 2 h of irradiation) and filtered (Millipore Milex25 0.45 pm
membrane filter) prior to UV-vis measurements. Blank experi-
ments were performed in the dark as well as with illumination and
in the absence of catalyst, without observable change in the initial
concentration of Rhodamine B in both cases.

3. Results and discussion

XRD diffraction patterns of the Nd-doped TiO, samples are
shown in Fig. 1. The obtained catalyst particles showed diffrac-
tion peaks at 25.3, 37.8, 48.0, 53.9, 55.1, and 62.7° for all the tested
Nd concentrations, which can be assigned to the titania anatase
structure (JCPDS N° 2000), the more reactive polymorph of TiO,
[1]. Interestingly, no diffraction lines for Nd species were detected
indicating that the Nd loading and/or crystal size could be below
the detection limit of the technique. The broad diffraction peaks
obtained prevented us from observing any possible shift in the peak
maxima with Nd content that could be ascribed to the incorporation
of Nd ions in the TiO lattice. This fact, along with the very slight
increase in the distance between (10 1) planes and the similar “a”
and “c” cell parameters of doped samples compared to pristine TiO,
(Table 1), suggest that a very small percentage of the total Nd added,
if any, would be substituting Ti** in the TiO, lattice. The very dif-
ferent ionic radii of Nd3* and Ti** (0.99 and 0.68 A, respectively)
further supports this hypothesis. Rather than in substitutional Ti%*
positions, Nd species might be preferentially located on the surface

of TiO, and/or in the octahedral interstices of the titania lattice [19].
The crystallite sizes, calculated using the Debye-Scherrer equation
for the anatase (10 1) diffraction peaks, are shown in Table 1. The
crystallite size of doped solids is slightly lower compared to pure
TiO, (6.92 nm), this effect has been previously attributed to the
adsorption of Nd on the surface of TiO, which inhibits crystallite
growth [24,25]. Similar particle size stabilizing effects have been
reported for La-doped TiO, [26].

Fig.2a shows the SEM micrographs obtained for the Nd0.03 sam-
ple. Inset shows the EDX elemental analysis of the sample with a
strong K peak of elemental O, Ti, and Nd. The intensity of these
signals was used to calculate Nd/Ti atomic ratios (Table 1) and the
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Fig. 1. XRD patterns of (a) Nd0.005; (b) Nd0.01; (c) Nd0.03; and (d) Nd0.06. Main
diffraction lines for anatase (red circles) and rutile (green squares) phases are indi-
cated. (For interpretation of the references to color in this figure legend, the reader
is referred to the web version of the article.)

Fig. 2. (a) SEM micrographs obtained for Nd0.03 and EDX elemental analysis and (b) EDX energy map of Nd corresponding to the SEM image for the Nd0.03 sample.
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values obtained, except for the sample with the highest Nd loading,
were close to the nominal values implying the complete incorpora-
tion of Nd to the samples. Additionally, separate EDX energy maps
for Ti and Nd (Fig. 2b) showed uniform distribution of Nd in TiO5.

XPS spectra of Nd/Ti catalysts indicated the presence of Ti, O and
Nd, beside carbon related to adventitious hydrocarbons adsorbed
on the surface. Ti 2p peaks for pure and doped TiO, located in the
range 458.3-458.5 eV and 464.0-464.4 eV demonstrated that Ti ele-
ments existed mainly as 4+ valences in TiO, and the presence of
Nd exerts no significant influence on the XPS spectra in the Ti 2p
level [27]. The XPS of Nd 4d region showed peaks at 121.8-122.1 eV
which are shifted from metallic Nd peak position (118 eV). The
positive binding energy shift results from the decrease of elec-
tron density, suggesting that the dopant is present as Nd3* ions in
the TiO, nanoparticles [20]. The Nd/Ti atomic ratio calculated from
individual region spectra (Table 1) are significantly higher than the
defined values and EDX results, suggesting that most of the Nd is
distributed on the surface of TiO, grains or between the interfaces
of agglomerates.

Interestingly, the microwave-assisted methodology employed
herein avoids high-temperature calcination treatments, thereby
allowing a simple and efficient preparation of TiO, materials with
a remarkably low particle size and high specific surface areas.
Even for doped TiO, materials synthesized by different method
the highest specific surfaces areas reported in the literature are
below 200m?/g [28-31], while the TiO, nanoparticles obtained
herein by the microwave method showed a surface area of 239 m?/g
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Fig. 3. Nitrogen adsorption-desorption isotherms of Nd-doped TiO, materials.

(Table 1). As it can be observed in Fig. 3, the N, adsorption
isotherms of anatase and Nd-doped TiO, samples are character-
istic of mesoporous materials, showing hysteresis loops between
relative pressures of 0.4 and 0.65 which are characteristics of this
type of materials. Pore size distributions (results not shown) were
centered about 4 nm for all the samples.

The incorporation of Nd produced significant modification of
the surface area of TiO, depending on loading. Low loadings of Nd

Fig. 4. TEM micrographs of (a) Nd0.005/TiO,, (b) Nd0.01/TiO, (c) Nd0.03/TiO,, and (d) Nd0.06/TiO,.
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Fig. 5. STEM micrographs of (a) TiO, and (b-d) Nd0.03/TiO5.

greatly increased surface area of TiO, (Table 1), in agreement with
the results reported in the literature [27,29,30] for samples with
loadings lower than 3 wt%. As mentioned before, the ionic ratio of
Nd3* is larger than Ti** and as consequence the substitution of the
rare ions on TiO#* lattice of anatase structure, forming Ti—O—Nd
bonds, would modify the arrangement of the structure and as a
result the BET surface area [26], but there is no evidence of such
substitution in these case. Another explanation for the high spe-
cific surface area of doped catalysts would be a decrease in TiO,
particle size because the neodymium inhibitory effect on growth
of titanium dioxide crystallites [24,25]. Even though the crystallite
size of doped solids is lower than for pure anatase (Table 1), this
change is not significant enough to explain the increase in specific
surface area. On the other hand, Nd species preferentially located
in the octahedral interstices of the titania lattice could cause the
observed increase in surface area, this possibility is study later by
HRTEM.

On the other hand, the addition of larger amounts of Nd
decreases the surface area in the final materials (e.g. the value for
Nd0.06/TiO; is 229 m?/g very close to the original value for pure
TiO,). Similar results were found for samarium (Sm) doped TiO5,
with the increase of the amount of Sm, the surface area increase
from 58 to 170 m?/g, but when the amount of samarium exceeds
1.5%, the surface area begins to decrease [32]. In this study, the
reduction in the BET surface area at larger Nd loadings could be
probably due to the blockage of some of the TiO, pores by Nd

clusters. This blockage may also prevent the loading of Nd beyond
Nd/Tiratio 0.0353 as observed for the Nd0.06/TiO, sample (Table 1).

The size and morphology of TiO, doped nanoparticles were also
analyzed by TEM measurements. The size distribution of nanopar-
ticles was obtained by particle counting from TEM micrographs
using a statistical analysis method. Results are shown in Fig. 4.
Nanoparticle sizes were found to be in the range of 6-10 nm with
polyhedral shape for all Nd-doped titania materials, with similar
results obtained for the pure TiO, anatase. TEM observation indi-
cates particle sizes below 10 nm, which is a most unique feature of
the reported microwave synthesized materials.

To further study the Nd ions location HRTEM analysis in STEM
mode was carried out for doped and un-doped samples. Fig. 5a
shows a TiO, nanoparticle with pores in the range of 2-4nm in
agreement with the nitrogen adsorption results and several lat-
tice planes with perfect crystallinity could be observed. The doped
material showed Z contrast where the bright spots are related to
the presence of high atomic number Nd atoms in the surface and
inside the titanium dioxide particles occupying interplanes spaces
and creating defects that would explain the increase in the surface
area of doped materials.

Data from Table 2 summarizes the calculated band gaps of
the different catalysts synthesized in this work. Interestingly, the
microwave-assisted methodology provided access to titania-doped
nanocatalysts with a remarkably reduced band gap (Eg =2.95) com-
pared to that of commercial Evonik P25 (Eg =3.17). These variations
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Table 2
Band gap and absorption threshold for the Nd-doped samples as well as TiO, and
commercial TiO; supplied by Evonik.

Catalyst Band gap (eV) Absorption
threshold (nm)
Nd0.005/TiO> 291 425.60
Nd0.01/TiO, 2.95 421.00
Nd0.03/TiO, 2.89 429.22
Nd0.06/TiO> 2.75 451.38
TiO, 2.95 420.16
Evonik-P25 3.17 391.63

in band gap have been reported to be associated to the presence of
intermediate states between the valence band and the conduction
band by substitutional Nd species [33]. This reduction of band gap
is associated with the relevant shift observed in Nd-doped samples
as compared to the limit adsorption of parent TiO, in the visible
region as shown in UV-vis experiments (Fig. 6). All materials con-
taining Nd exhibited light absorption of several bands in the visible
region as compared to the negligible visible light absorption of both
P25 and the parent titania.

Following characterization, the photocatalytic activity of
the microwave-synthesized Nd-titania materials was subse-
quently investigated in two test reactions: the photocatalytic
degradation of phenol and Rhodamine B in aqueous solutions.
Results of the photocatalytic degradation of phenol are included
in Fig. 7. Nd-doped titania materials exhibited a remarkably
higher photocatalytic activity as compared to Evonik P25 regard-
less of the Nd content. The activity of the parent titania was
actually close to that of Nd-containing samples, although the
photodegradation of phenol for these materials follows the order
NdO0.06/TiO, > Nd0.03/TiO > Nd0.005/TiO; > Nd0.01/TiO, > TiO5.
These findings correlated well with the observed order of reduction
in band gap of all materials with the exception of Nd0.005/TiO,
(Table 2). This catalyst exhibited a higher activity compared to
Nd0.01/TiO,, which could be explained on the basis of their differ-
ence in surface areas (Fig. 4). In any case, the optimum Nd0.06/TiO,
was able to completely decompose phenol after 2 h irradiation,
with a complete absence of any organic compounds in the aqueous
phase (as identified by LC/MS).

Comparatively, the degradation of Rhodamine B (Fig. 8) also
seemed to be significantly influenced by the surface area of the
nanocatalyst (as well as the reduction of the band gap). In this
particular case, materials containing Nd/Ti 0.005 (largest surface
area) and Nd/Ti 0.06 provided the best results in the photocatalytic
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Fig. 6. UV-visible spectra for the Nd-doped samples, TiO, and commercial TiO;
(P25).
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Fig. 7. Results for phenol photo-degradation for Nd-doped samples, TiO, and com-
mercial TiO, (P25). Reaction conditions: 25 °C, 50 ppm phenol in water, 1 g/L of solid,
ambient air, 365 nm (400 W).
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Fig. 8. Results for Rhodamine degradation (solid lines; decrease in absorbance as
seen in left Y axis) and shift for the maximum absorbance (%, right Y axis, dotted
lines) of Nd-doped samples as compared to pure TiO,. Reaction conditions: 25°C,
125 ppm Rhodamine B in water, 1 mg/L of solid, ambient air, 365 nm.

degradation. El-Bahy et al. described a close link between surface
area and photoactivity under visible light for rare earth metal-
doped titania materials in the photodegradation of Direct Blue-53
[34].1tappears that the identity of the doping agent, in particular for
lanthanides, is crucial in determining the surface area and adsorp-
tion ability of the doped catalyst. These two parameters have been
found to be the most influencial factors in the photocatalytic activ-
ity of the systems, in good agreement with previous reports [34]. By
performing an overall analysis of the catalytic results (Figs. 7 and 8),
surface area, reduction of the band gap, and the amount of doping
agent seem to be the main parameters affecting the photocatalytic
activity of Nd-doped TiO, materials in the photodegradation of
phenols and Rhodamine B. While the amount of doping agent and
the band gap were found to be the main factors affecting the phenol
degradation, the surface area seemed to be a crucial parameter in
the case of Rhodamine B degradation.

4. Conclusions

Neodymium doped titanium oxide particles with very high sur-
face area were synthesized. The highest area was found for a Nd/Ti
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ratio of 0.03 (341 m2/g). The particles showed to have anatase struc-
ture and the dopant is present as Nd3* ions located on the surface
and in the inter-planar space of titanium oxide crystals. Nanoparti-
cle sizes were found to be below 10 nm (TEM results) and crystallite
size of doped solids slightly lower than pure TiO; (6.92 nm, XRD
results). These materials were found to have excellent photocat-
alytic activities in the degradation of aqueous organic contaminants
including phenol and Rhodamine B, with complete degradation of
such compounds in 2-4 h for materials showing optimum activities
(Nd0.005/TiO2 and NdO0.06/TiO,).
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HIGHLIGHTS

Intense generation of nanoparticles in the breathing range from a flux-soldering unit is detected.
Coagulation in the aerosol phase leads to 200-nm respirable nanoparticles up to 30 min after operation.
Nanoparticle concentration in the working environment depends on the presence of ambient air.
Metal-containing nanoparticles are collected in TEM grids and filters in the hundreds of nanometer range.
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Evidence of intense nanoparticle generation from a low power (45 W) flux soldering unit is presented. This
is a familiar device often used in daily life, including home repairs and school electronic laboratories. We
demonstrate that metal-containing nanoparticles may reach high concentrations (ca. 10° particles/cm?)
within the breathing range of the operator, with initial size distributions centered at 35-60 nm The
morphological and chemical analysis of nanoparticle agglomerates collected on TEM grids and filters
confirms their multiparticle structure and the presence of metals.
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1. Introduction

The possibility of adverse health effects from nanomaterials
has raised significant concern regarding potential exposure during
their production, handling and disposal [1-4]. Fortunately, in spite
of considerable difficulties involved in monitoring and controlling
exposure to nanosized materials, when these are produced and
used in known processes, adequate safeguards for their handling
and disposal can be established. However, when nanomaterials are
generated unexpectedly, or inadvertently, their control becomes
extremely challenging. Unintended generation of nanoparticles
involves widely different scenarios such as road traffic [ 5], the use of
metal jewelry and eating utensils [6] and the wear of nanomaterial-
containing products [7]. Generation of nanoparticle aerosols is
especially worrying when nanoparticles containing toxic elements
are involved.
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Much progress has been achieved in understanding the poten-
tial toxic effects of airborne nanomaterials since the seminal
investigations were carried out over two decades ago [8,9].
Hundreds of works have subsequently explored nanotoxicologi-
cal effects using a wide variety of materials and testing scenarios
[10-13]. As a consequence, the complexity of the interactions
between nanoparticles and living organisms has been recognized,
and the problems involved in regulating sophisticated nanomate-
rials have been identified [14]. While nano-safety measures are
not always satisfactorily followed [15] advances have undoubt-
edly been made, and protective measures are more likely to be
implemented as the awareness of risks derived from exposure to
nanomaterials increases. For this reason, it is of paramount impor-
tance to identify the presence of potentially harmful nanoparticles
in the environment as well as their likely sources. A major hurdle in
this respect is the difficulty of discriminating the nanoparticles of
interest from the background nanoparticles [1,16] already present
in the environment at concentrations of tens of millions of nanopar-
ticles per liter.

Soldering and welding are common processes in industry,
where they are used on a daily basis. Despite advances in control
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technology, welders continue to be exposed to welding fume and
gases.[17,18]. Soldering on the other hand involves the use of a sol-
der, typically an alloy that melts at a lower temperature than the
base metal or pieces needing to be joined, adheres to the metal
pieces, solidify upon cooling and holds them together.

In this work we have investigated the possibility of generation
of nanoparticles from an ordinary flux soldering unit (supporting
information, Fig. S1). To this end two types of commercial solde-
ring wires were used, namely, a conventional Pb-containing wire
(termed SnPbCu), that is still widely employed although it will
likely be phased out in the near future [19], and a Pb-free ver-
sion (termed SnAgCu). Soldering is used extensively for electrical
connections, joining sections of copper pipe in plumbing, for fab-
ricating copper flashings around chimneys, etc. Solders are widely
used as low temperature joining alloys because of their convenient
material properties and low cost. However, it should be noted that
harmful effects due to soldering fumes have been identified for a
long time [20-24], from pulmonary affections, including asthma,
to dermatitis. A very recent study [25] was carried at the wave
soldering facility of a printed circuit board factory where a seri-
ous attempt was made at analyzing the mass size distribution
and the chemical composition of ambient particles. The study col-
lected ambient nanoparticles from all sources and therefore could
not easily discriminate those originating directly from the sol-
ders. Interestingly however, the Sn-containing particles identified
were rather large (most were in the 8-16 micron range), a result
that differs strongly from the results presented here. In this work
the generation of nanoparticles from a common soldering oper-
ation has been isolated, carrying out the soldering experiments
inside a closed glove box that had previously been purged until the
nanoparticle concentration was negligible. At this point soldering
started, while the concentration of the nanoparticles in the inner
air was continuously monitored.

2. Materials and methods
2.1. Aerosol generation during soldering

Two different 1-mm diameter commercial soldering wires
were used, whose compositions are given in Table 1, namely a
SnPbCu wire and a lead-free SnAgCu (Metaux Blancs Ouvres, MBO,
France). The solid melting points of wires were 221°C and 183 °C
respectively, and both contained ca. 2% by weight of incorporated
colophony-based flux. The soldering wires have been characterized
by X-ray photoelectron spectroscopy (XPS; Axis Ultra DLD, Kratos
Tech.) and scanning electron microscopy, secondary electron image
and energy dispersive X-ray spectroscopy (FESEM, Inspect form
FEI).

A soldering station with a ceramic heater (Model LF369D,
XYtronic Inc, Shingle Springs, CA) working at an electronically
controlled temperature from 150-480°C was used (Fig. S1).
Soldering was performed inside an acrylic glove box chamber
with dimensions 0.61 m x 0.61 m x 0.71 m, which provides an iso-
lated work environment and avoids contamination with external

particles. Prior to soldering the box was purged and the inner
volume was filled with nanoparticle-free air using a 150-mm HEPA
filtering unit (Whatman, New Jersey, NJ). After this process, the
final nanoparticle concentration inside the box was negligible.
Soldering was carried out in three steps: first the chamber was
purged until the background particle concentration was lowered to
the desired level, then the soldering station was heated to the solde-
ring temperature and, in a third stage, the melting of soldering wires
started. With the aim of studying the influence of background par-
ticles on the particle distribution during soldering, stages two and
three were also performed with the glove-box filled with ambient
air. For each soldering operation, a 15 cm length of wire was melted
ateither 250 or 300 °C, a process that is completed in approximately
10-15s. Relative humidity (35-45%) and temperature (20-25°C)
inside the chamber were monitored during the experiments.

2.2. Aerosol monitoring and characterization

A condensation particle counter (CPC; Grimm-Aerosol GmbH,
Ainring, Germany) was used for determining the aerosol con-
centration with particle sizes between 5nm and 1100nm at
a fixed sampling flow of 0.31/min. The particle size distribu-
tions were obtained using scanning mobility particle spectroscopy
(SMPS) [26] after placing a differential mobility analyzer (DMA,;
Grimm-Aerosol GmbH, Ainring, Germany) for classifying airborne
nanoparticles between 10 and 1000 nm before measuring. The
number concentration of nanoparticles generated during soldering
between 300 nm and 20 wm was also measured using a real-time
aerosol spectrometer (Optical Particle Counter, OPC; Grimm-
Aerosol GmbH, Ainring, Germany) at a fixed rate of 1.21/min.
The particle concentration is determined after the amplitude of
scattered light and tabulated into standardized counting bins of
particles per unit volume in 15 size channels [27]. Gravimetric-
equivalent data were also obtained using the Optical Particle
Counter. Mass concentration was estimated using the gravimet-
ric correction factor calculated according to Dust Monitor SERIES
1.100 manual.

In order to estimate the emissions produced by soldering activ-
ities, the total number and mass emission factors (NEF and MEF)
were evaluated based on CPC and OPC results using an equation
derived from the averaging of the mass balance equation used
to predict indoor air particle concentration levels which includes
some assumptions about experimental conditions. This equation
has been proposed by He et al. [28] and then applied by Bounano
et al. [18] to welding processes:

Cin — Cin,0

NEF =V At

+ (AER ¥ K)Ci, — AERGn o | (particlesmin™")

where C;, and Cin,() represent the average of the peak and initial
chamber number particle concentration respectively. The average
exchange rate, AER is given by the air renewal of the chamber
and the average total removal rate (AER + k) can be obtained by
using the average decay of particle concentration after finishing
the soldering processes.

Table 1
Composition measured at wire surface in wt% with respect to the total metal content measured by XPS and EDX of the two types of commercial soldering wires used in this
work.
Composition measured at wire surface (wt% with respect to the total metal content)
Sn Cu Ag Pb
EDX XPS EDX XPS EDX XPS EDX XPS
SnAgCu 94.0 93.6 0.6 n.d. 5.4 6.4 - -
SnPbCu 55.4 60.3 0.3 n.d. - - 443 39.7

n.d.: not detected.
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Fig. 1. Total nanoparticle concentration during the initial heating of the solder iron,
then during two consecutive stages of soldering of a 15cm wire, either at 250
or at 300°C (initial heating to soldering temperature, then two cycles of actual
soldering). Experiments were started with a clean chamber (background under
1200 particles/cm?3).

The air sampled was replaced at the same rate with HEPA-
filtered clean air. In addition to real time aerosol monitoring by
the CPC or the OPC, nanoparticles were collected for off-line anal-
ysis by two different procedures: i) The air in the glove box was
suctioned at 1.21/min.during soldering through a polycarbonate
membrane filter (pore diameter=50nm) for a fixed period. The
filter was then covered with a thin layer of gold and analyzed
using scanning electron microscopy (SEM) and energy dispersive
X-ray spectroscopy (EDX). In some cases, the internal structure
and chemical composition of the particle agglomerates collected
on the filter were examined by sectioning the agglomerates with a
focused ion beam (FIB-FEI Nova™ 200 NanoLab) that also allows
SEM imaging and local elemental analysis by EDX of localized
cross-sections. ii) Alternatively, the nanoparticles could also be col-
lected on electron microscopy copper grids placed at the exit pipe.
These particles were then observed and analyzed by transmission
electron microscopy (Tecnai T20 - FEI microscope), scanning trans-
mission electron microscopy (STEM) and EDX using a Tecnai F30 -
FEI microscope.

3. Results and discussion

The metal content of both types of wire used is given in Table 1.
In addition commercial wires contain a small amount of colophony
(formed by rosin acids) to facilitate flux and to prevent solder oxi-
dation. In both cases the main metal component is Sn, although in
the SnPbCu wire the Pb content is also high (around 40%). A map-
ping of the metals by EDX on wire cross sections indicates that Sn
and Pb or Sn and Ag are homogeneously distributed throughout the
wire (supporting information, Fig. S2).

A typical example of the results obtained in terms of total
nanoparticle concentration in the glove box atmosphere at dif-
ferent process stages is shown in Fig. 1. It can be seen that total
nanoparticle number concentration reaches peak values around
106 particles/cm3, both during the initial heating of the iron and
then during soldering. The heating process induces the evapora-
tion of the remnants deposited in the tip of the solder from previous
operations, which form a nanoparticle aerosol that is detected both
using the OPC and CPC. The deposit thickness after each experiment
is always different, and as a consequence the total nanoparticle
concentration during the heating period is not reproducible. The
concentration of the generated nanoparticle aerosol decreases with
time due to gas phase agglomeration processes (see below) and
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Fig. 2. Primary particle size distribution at 250°C for both types of wire (lognormal
fittings are shown as dashed lines).

to a lesser extent, to the purging induced by sampling (renewal
times range from 220 to 880 min, depending on the sampling
rate used). The soldering process acts as a source of nanoparticle
aerosol, as evidenced by the rapid increase in the concentration of
airborne nanoparticles at the start of soldering (Fig. 1). As nanopar-
ticles agglomerate and the air is sampled out of the box by the
CPC pumping unit the nanoparticle concentration decreases, but is
always above 10° particles/cm3. These nanoparticles are released
to the test chamber inside which soldering takes place, but would
be directly in the breathing range of the operator, and then diffuse
into the environment in areal soldering operation. Arepresentative
particle size distribution in the glove box atmosphere a few min-
utes into each of the stages in the soldering process is given in Fig. 2
for a working temperature of 250°C (similar results, not shown,
were obtained at 300°C). It can be seen that most of the nanopar-
ticles were clearly smaller than 100 nm for both types of wire,
with only a small percentage of nanoparticles exceeding 300 nm.
This was confirmed independently by measuring the number con-
centration of particles above 300 nm in diameter with the optical
particle counter (OPC), whose readings were always under 1% of
the total particle count measured with the condensation particle
counter (supporting information, Fig. S3). This initial particle size
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Fig. 3. PM1 concentration (g m~3) estimated from OPC data during the soldering
process using SnAgCu and SnPbCu wires, either at 250 or at 300 °C. Experiments
were started with a clean chamber.
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Fig. 4. (a) Total particle count during initial heating and soldering at 250 and 300°C and (b) particle size distributions during heating and soldering of SnPbCu wire at 250°C,

both in presence (BG) and absence (No BG) of background ambient nanoparticles.

distribution evolves with time toward larger average particle sizes,
due to gas phase agglomeration processes (supporting informa-
tion, Fig. S4). The evolution observed during soldering of an SnPbCu
wire at 250 °C shows that, initially (t =6 min), a monomodal curve is
obtained, with a maximum size at 50-60 nm, however, 6 min later
ashoulder in the particle size distribution around 250 nm is already
evident, together with a lower intensity of the maximum, that has

now shifted to a size of 70-80 nm. The evolution of the particle
size distribution continues this pattern, with a decreasing intensity
of the main peak and a increasing intensity of the peak at higher
particle sizes, simultaneously with a shift of both peaks toward
larger particle sizes: at 36 min these sizes have shifted to 100 and
300nm for the main and secondary peaks, respectively. Similar
results were obtained for the SnAgCu wire. Mass concentrations

200 nm

S$n
AuPb cn sn snsp

Fig. 5. SEM images of (a) nanoparticle agglomerates with different sizes, (b) nanoparticle agglomerates collected and EDX mapping results (yellow color is due to the Sn
signal and green color is due to Pb) and (c) agglomerates before and after sectioning by ion milling; EDX analysis (d) of the areas inside the rectangles in Fig. 5c.
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Fig. 6. Images of agglomerates collected on carbon grids. TEM images of agglomerates obtained from soldering (a) SnPbCu and (b) SnAgCu wires; (c)-(f) STEM images
agglomerates; (c), (d) agglomerates from SnPbCu wire. (d): Close up view of the surface; (e), (f) agglomerates from SnAgCu wire.

obtained using the OPC results are shown in Fig. 3 and the calcu-
lated mass emissions factors were always lower than 0.5 mg min~!.
Typical number emission rates (NEF) for the soldering processes
were of 6.6+ 1.8.10'0 particles min—1.

As already explained, the experiments in Figs. 2 and S4 were
carried out with the chamber purged to a negligible background
particle concentration at the start of the soldering process. To assess
the influence of background particles, the soldering experiment
was repeated after filling the chamber with atmospheric (i.e. not
HEPA-filtered) air. The results are presented in Fig. 4 for the solde-
ring of an SnPbCu wire (the corresponding curves obtained with
a purged chamber are also presented for comparison). Both the
average and peak nanoparticle concentrations measured in the
presence of background particles were significantly lower (Fig. 4a).
This is probably a consequence of the role played by ambient par-
ticles as collectors of the nanoparticles generated in the soldering
process. The wider range of sizes in ambient particles could be a
factor favoring polydisperse coagulation processes. However, it can
be seen (Fig. 4b) that a very similar particle size distribution was
obtained during soldering in both cases, with a maximum in the
particle size distribution close to 50 nm.

Finally, the morphology of the aerosol particles was examined
by sampling using a polycarbonate filter (50 nm pores) or directly
on TEM grids located at the gas outlet. Fig. 5a shows SEM images of
the nanoparticles collected on the polycarbonate filter during sol-
dering with an SnPbCu wire. It can be seen that a wide particle size
distribution is obtained, although most nanoparticles are present as
agglomerates a few hundreds of nanometers in size. At the surface
of the agglomerates, primary nanoparticles with sizes clearly under
100 nm could be ascertained (Fig. 5a and b). The chemical analysis
of the agglomerates (Fig. 5b, inset) indicated a homogeneous distri-
bution of Sn and Pb. To analyze in depth the chemical composition
of the deposited nanoparticle agglomerates, ion milling was used
to section the agglomerates, allowing EDX analysis of their inner
regions. It can be seen (Fig. 5¢) that metal-containing nanoparticles
are also present in their internal structure, as evidenced by the Pb
and Sn bands (signals for Ga and Au originate from the gallium ions
used for sectioning and the Au coating for SEM imaging, respec-
tively). The observation of nanoparticles collected on TEM carbon
grids (Fig. 6) lead to particle agglomerates with larger sizes, in the
500-1500 nm range and with a spherical shape (Fig. 6a,b). Metal
nanoparticles are clearly visible on their surface (Fig. 6¢-f). The
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metal content was checked by EDX (supporting information, Fig.
S5). Like the agglomerates collected in the polycarbonate filter, they
are composed by primary particles with rosin among them. Both
the spherical shape and the appearance of the agglomerates sug-
gest that they are generated by the coagulation process of particles
of rosin containing embedded metallic or metal oxide nanoparti-
cles with mean diameters under 100 nm. Both components (rosin
and metals) were in the molten state so they would tend to form
spherical droplets following the model proposed by Efendiev et al.
[29] for two-component aerosol formation. Attempts to section
the agglomerates by ion milling were unsuccessful due to sam-
ple destruction under the ion beam, which again is consistent with
high rosin content.

The results presented in Figs. 5 and 6 clearly indicate that
the airborne nanoparticles, with main initial particle sizes in the
40-100 nm range observed using SMPS, coalesce and form larger
agglomerates. At least part of this agglomeration process takes
place in the gas phase, as shown in Fig. S4, and additional agglom-
eration may take place on the different collecting surfaces used.
Indeed, aggregation and shape evolution of nanoparticles collected
on surfaces is well described [30]. In this case the different charac-
teristics of the deposits on both surfaces (polycarbonate filters and
TEM carbon grids) suggest that size can be strongly influenced by
the collecting surface.

4. Conclusions

We have been able to show that an intense generation of
metal-containing nanoparticles occurs in the context of a con-
ventional wire soldering operation, with a low power unit. The
process exposes the operator and the persons in the vicinity to high
nanoparticle concentrations (in the vicinity of 10% particles/cm3
for the conditions used in this work) and is likely to contaminate
nearby surfaces. Under the closed chamber conditions used, a rapid
gas phase agglomeration of the nanoparticles takes place. The par-
ticle agglomerates collected using filters and TEM grids contain the
same metals present in the soldering wire. This constitutes a clear
example of unintended generation of metal-containing nanoparti-
cle aerosols outside a research or industrial environment.

Supporting information

Images and thermal mapping of the soldering device, SEM
images of the wire surfaces and of the wire sections, with EDX
mapping, particle size distribution obtained using an optical parti-
cle counter (OPC) and STEM/EDX compositional microanalysis of a
nanoparticle.
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ABSTRACT

The release of dust generated during sanding or sawing of nanocomposites was compared with conven-
tional products without nanomaterials. Epoxy-based polymers with and without carbon nanotubes, and
paints with different amounts of nano-sized titanium dioxide, were machined in a closed aerosol cham-
ber. The temporal evolution of the aerosol concentration and size distribution were measured simultane-
ously. The morphology of collected dust by scanning electron microscopy was different depending on
the type of nanocomposites: particles from carbon nanotubes (CNTs) nanocomposites had protrusions
on their surfaces and aggregates and agglomerates are attached to the paint matrix in particles emitted
from alkyd paints. We observed no significant differences in the particle size distributions when compar-
ing sanding dust from nanofiller containing products with dust from conventional products. Neither did
we observe release of free nanomaterials. Instead, the nanomaterials were enclosed or partly enclosed in
the matrix. A source strength term S, (cm™ s7!) that describes particle emission rates from continuous
sources was introduced. Comparison between the S parameters derived from sanding different materials
allows identification of potential effects of addition of engineered nanoparticles to a composite.

KEYWORDS: aerosol size distributions; nanomaterial; nanotechnology; occupational health.

INTRODUCTION et al,, 2012) and this field is a growing area that pro-
Nanocomposites are widely developed multiphase duces new technological applications every day.
products with new characteristics and mechanical Different engineered nanomaterials (ENMs) have
properties (Perez-Lopez and Merkoci, 2011; Krivda been used as functional fillers (Hussain et al., 2006;

© The Author 2014. Published by Oxford University Press on behalf of the British Occupational Hygiene Society.
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Rana et al., 2009). Exposure to nanostructured parti-
cles has been studied with increasing interest during
the last decade (Maynard, 2006; Wiesner et al., 2006)
and detrimental effects have been documented for sev-
eral ENMs when tested as pure compounds (George
et al., 2010; Elsaesser and Howard, 2012). Kuhlbusch
et al. (2011) summarized the available information
related to airborne nanomaterial exposure and high-
lighted the greatest needs throughout two measure-
ment approaches: workplace and laboratory studies.
In a recent article, Hunt et al. (2013) summarized the
current knowledge gaps in the nanosafety field. For
example, further characterization (particle morphol-
ogy, state of aggregation and chemical composition)
of the released materials is needed in Nanosafety stud-
ies. Besides, the knowledge on the hazard of nano-
materials when part of a composite matrix is very
scarce (Wohlleben et al., 2011; Saber et al., 2012a,b,c;
Mikkelsen et al., 2013; Wohlleben et al., 2013).

In the past few years, several studies about machin-
ing nanocomposite materials have been published
(Mazzuckelli et al., 2007; Bello ef al., 2009; Koponen
et al., 2009; Vorbau et al., 2009; Gohler et al., 2010;
Cena and Peters, 2011; Golanski et al., 2011; Koponen
et al,, 2011; Wohlleben et al, 2011; Golanski et al.,
2012; Huang et al,, 2012; Schlagenhauf et al., 2012;
Gohler et al., 2013; Hirth et al., 2013). Some of them
use the Taber abrasion test, a standardized method
to study abrasion resistance of materials and coat-
ings, that coupled with appropriate aerosol measure-
ment techniques, allows study of the particle emission
(Vorbau et al., 2009; Gohler et al, 2010; Golanski
et al, 2011, 2012; Schlagenhauf et al, 2012). In
these studies, free aerosolized nanoparticles were not
observed suggesting that ENM’s remain embedded in
the coating matrix. On the other hand, Schlagenhauf
et al. (2012) proved by transmission electron micros-
copy (TEM) images that free CNTs were released
into the environment. Bello ef al. (2010) investigated
exposures during solid core drilling of CNT-epoxy
composites reporting release of CNTs clusters dur-
ing drilling. In a recent study, Golanski et al. (2012)
addressed the importance of the filler dispersion in the
matrix related to their releasability.

Non-standardized sanding processes of nanocom-
posites used as coatings (paints, lacquers, etc.) have
been studied by several research groups (Koponen
et al., 2009; Gohler et al, 2010; Cena and Peters,

2011; Wohlleben et al, 2011; Golanski et al, 2012;
Gohler et al,, 2013). Wohlleben ef al. (2011) stated
that powders from sanding of reference materials
and nanocomposites are similar in size, except for
the nanostructured surfaces in the latter. In Cena and
Peters (2011), micrometer-sized particles formed
by an epoxy core with CNT protrudes were shown.
Koponenetal. (2011) evaluated dust generated during
sanding of different coatings. In this study, the number
size distribution of sanding dust is dominated by 100-
300-nm size particles. The presence of ENMs fillers
vaguely affected the geometric mean diameters of the
particle modes in the sanding dust when compared
with their reference products. However, considerable
differences in the number concentrations between the
different size modes were observed. Other operations
as sawing (Mazzuckelli et al., 2007; Bello et al., 2009;
Methner et al., 2012) (wet and dry) have been studied.
Results are still divergent and unsolved questions con-
cerning the potential release of nanostructured parti-
cles during mechanical treatments of nanocomposite
products and their impact on human health and the
environment remain unsolved. Consequently, devel-
opment of detailed emission assessment methods
during specific life-cycle stages as production, finish-
ing, renovation, and destruction of nanocomposites
are required.

Measurement methods are important for assess-
ing the potential health risk to workers; the use of an
exposure chamber ensures a controlled environment
and isolates the studied emission source. However,
the exposure chamber can also influence the measure-
ments. In order to study particle emission from nano-
composites processing inside an exposure chamber,
it is necessary to have a reliable model that takes into
account the total number of emitted particles as well
as their removal. A number of authors modeled parti-
cle emission from continuous sources (Schripp et al.,
2008; Koivisto et al, 2012), where agglomeration
and deposition losses are the processes that severely
influence the generated aerosol. The present study
defines a term expressing the particle emission rate
and the number of particles generated during a unit
of time, called ‘source strength’ This term provides a
way to compare aerosols generated from reference
and nanocomposite materials. It also allows detection
of differences caused by ENMs addition to a matrix.
As the aerosol size distribution undergoes dynamical
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processing as soon as it is released into the measure-
ment volume, we modeled the aerosol dynamics to
retrieve the source rate.

The aim of this work was to compare dust released
during mechanical degradation of nanocomposites
compared to conventional, ENM-free products with
the same polymer material. This was performed by
sanding and/or sawing CNT epoxy-based nanocom-
posites and boards painted with paints containing
different amounts of nano-sized titanium dioxide
(TiOZ) nanoparticles in their formulation. It must be
realized, however, that obtaining reproducible data
in this type of studies is difficult because of the large
number of variables that influences the results. Thus
for instance, in the sanding of painted boards, results
are expected to be dependent on a number of factors,
including the type of paint used, the nature and load
of the nanocomposite filler used (which in turn affects
the rheological properties of the paint), the degree of
dispersion of the filler, and the nature and thickness of
the support board. Because of this, we aim to identify

Table 1. Materials description
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mainly general trends, and the specific values obtained
(e.g. source strength data) are expected to be subjected
to large variations, depending on the specific system
investigated and the operating conditions used.

MATERIALS AND METHODS

Studied materials
Epoxy and paint materials (see Table 1 for further
details) were tested.

Three types of epoxy plates were manufactured: (i)
an epoxy product without CNT (referred as Epoxyl),
(ii) a corresponding product with 0.2% content CNT
(referred to as Epoxy3), and (iii) EPOCYL"NC R128-
04 (Epoxy2) (Table 1). Epoxyl and Epoxy3 were
made of the epoxy resin Bodopox 8000 (Bodotex,
Vejle, Denmark) consisting of bisphenol A and bis-
phenol F. The CNTs were dispersed in the epoxy resin
with 0.2 wt % (Epoxy3). For Epoxy2, the used epoxy
resin was an industrial product containing <20%
CNT (according to the safety datasheet provided by

Composite name Matrix

Nanomaterials

Procedure

Sanding, sawing

Epocyl NC R128-04 resin with  Nanocyl multiwalled carbon nanotubes
(NC7000): 9.5 nm mean diameters, 1.5 pm

lengths, and 245 m?* g™ surface area

Nanocyl multiwalled carbon nanotubes
(NC7000): 9.5 nm mean diameters, 1.5 pm

lengths, and 245 m?* g™ surface area

Sanding

Nano Amor and NaBond TiO, rutile
nanoparticles (36%)

NaBond: 80 nm mean diameters and specific

surface area of 28.2 m* g™

Nano Amor: 50 nm mean diameters and

specific surface area of 139.1 m* g

Epoxyl Bodopox 8000 epoxy resin with —
INF32 slow as curing agent

Epoxy2
INF32 slow as curing agent

Epoxy3 Bodopox 8000 epoxy resin
INF32 slow as curing agent

Paint1 Polyvinyl acetate (G1R in —
Koponen et al., 2011)

Paint2 Paint matrix: water, propylene
glycol, Uradil AZ XP 601744,
and others

Paint3 Paint matrix: water, propylene

glycol, Uradil AZ XP 601744,
and others.

surface area of 28.2 m* g

2 51

NaBond TiO, rutile nanoparticles (36%)

NaBond: 80 nm mean diameters and specific

2 41
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the manufacturer; Nanocyl S.A., Auvelais, Belgium).
For all three products, the curing agent was INF32
(Bodotex). The composites were cured at ca. 23°C for
ca. 24h, followed by postcuring at 100°C for minimum
24h. The CNT filler used in both CNT containing
epoxy products was Nanocyl CNTs (NC7000). Those
CNTs have mean diameters of 9.5nm and lengths of
1.5 pm according to the manufacturer (Nanocyl S.A.).
The specific surface area of the CN'Ts was 245 m?g™'.

Fligger A/S provided wooden boards applied
with a few millimeter thick layer of two types of alkyd
paints: the reference material (Paintl) has pigment
TiO, in its composition, the dry Paint2 has a mixture
of 12 wt % Nano Amor and 24 wt % of NaBond par-
ticles; and dry Paint3 has 36 wt % of NaBond as filler
(see Table 1 for additional details). NaBond and Nano
Amor rutile TiO, nanoparticles have average grain
sizes of 80 and 50 nm and specific surface areas 0o£28.2
and 139.1 m* g, respectively.

Experimental setup, instrumentation, and

measurement procedure
Experiments were performed inside a closed stainless
steel aerosol chamber (0.66 m*) equipped with a small
fan to ensure complete mixing and homogenous par-
ticle concentration, supplementary Fig. SI is available
at Annals of Occupational Hygiene online. A detailed
description of the chamber was given by Nergaard
et al. (2009).

A Metabo FSR200 hand-held sanding machine
with a vibrational frequency was used at a rated load of
22000 I min™". A sanding paper with a grit size of 120
was also used. This was the one recommended by the
manufacturer for sanding hardwood, softwood, chip-
board, rusted metal, fiberglass, and plastics. The dust
collector cartridge was removed in order to release the
produced dust into the chamber allowing the study of
the whole range of emitted particles. Sawing experi-
ments were performed using a Skil Masters (4585) jig
saw, which is intended for cutting wood, plastic, metal,
ceramic boards, and rubber.

Before each experiment, the chamber was vacuum
cleaned and its surfaces were thoroughly wiped. In
addition, the chamber was flushed with particle-free
high efficiency particle arresting (HEPA) filtered air
to ensure low-background particle concentrations.

The tests consisted of three parts: First, background
was measured during 500 s; second, sanding or sawing

processes were carried out for 30 s, and third, meas-
urements continued until the number of particle con-
centration reached initial levels.

Particles were sampled by using 4 1/4” conductive
flexible tubes (20 cm length) using different instru-
ments; an Electrical Low-Pressure Impactor (Dekati,
ELPI+ Model 10016, 6nm to 10 pm measurement
range), a Fast Mobility Particle Sizer (TSI, FMPS
model 3091, 5.6 to 560 nm range), an Aerodynamic
Particle Sizer (TSI, APS Model 3321, 0.56-20 pm
range), and a Condensation Particle Counter (CPC,
Grimm, Model 5403, 4.5nm and 3 pm range). All
instruments were working at 1-Hz sampling rate.
FMPS and APS flows were diluted 1:10 and 1:20
(Aerosol Diluter TSI 3302A), respectively. The total
sample flow of 17.5 I min™! was replaced in the cham-
ber with HEPA filtered air.

Samples for microscopy analysis were collected
on 37-mm diameter polycarbonate filters by using a
respirable fraction cyclone (BGIL, GK 2.69). Samples
were covered with a thin layer of gold and subse-
quently analyzed by scanning TEM and energy-
dispersive X-ray spectroscopy (EDX; F30-FEI
microscope). Mean particle diameters were measured
with ImaQ _vision builder software from a sample of
>75 particles. Some filters were ultrasonicated and
the collected particles were also analyzed by TEM
(Tecnai T20).

Retrieval of the aerosol source rate requires a
time-dependent solution of the aerosol general
dynamic equation to account for the size-dependent
coagulation, dilution, and deposition processes dur-
ing sampling. We used an aerosol dynamics model
developed for chamber studies (Fry et al., 2009;
Mentel et al., 2009) adapted to our sampling condi-
tions to determine the losses and evolution of the
particle size distribution. The model solved the
coagulation equation for a discretized size distribu-
tion using the moving sectional method (Korhone,
2004) while simultaneously accounting for dilution
and deposition losses. Model output was iteratively
used to constrain chamber loss parameters together
with test data from the chamber. The model was run
with 40 size sections ranging from 1 to 1000 nm
to determine the size-dependent loss coeflicients.
Source strength (Si s! cm™) was calculated by lin-
ear regression from the different size-channels ELPI
experimental data.
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RESULTS AND DISCUSSION

The evolution of emissions from continuous processes
presented similar patterns among all materials tested.
As an example, Fig. 1 shows total particle concentra-
tion during sanding of Epoxyl plate. Background
concentrations inside the chamber remained <3000
particles per cm® until the sanding process started.
Particle concentration increased continuously during
the mechanical processing, then decreased immedi-
ately after sanding was stopped.

Sanding and sawing machine emissions reached
total emission values of 3.0 * 10% and 9.8 * 10° cm™
(ELPI data) or 2.2* 10° cm™ and 4.6* 10° cm™ (CPC
data), respectively, after running freely during 30 s.
As previously reported, electrical motors produce
mechanical wear, releasing ultrafine particles consist-
ing mainly of copper (Szymczak et al.,, 2007; Koponen
et al.,, 2009) and therefore a fraction of the nanoparti-
cle population is contributed by the motor itself, inde-
pendently of the material processed.

Epoxy-based materials
Two different processes were used on CNT/epoxy
composites, namely sanding and sawing. The average
number particle size distribution calculated from the
measured data obtained during the sanding of epoxy
boards is presented in Fig. 2. Averages were calculated
over a 20-s period starting 5 s after the beginning of
sanding and until 5 s before the end of sanding. Engine
particles emission contributes significantly to total
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emission values (Fig. 2) and differences in total parti-
cle number concentration among reference and com-
posite emissions are difficult to observe from ELPI,
CPC, and FMPS data. However, measurement by
APS, which is only sensitive to particle sizes >560 nm,
shows significantly higher values for nanocomposite
(Epoxy2 and Epoxy3) than for CNT-free epoxy com-
posites (Fig. 2).

Emission number size distribution is a very impor-
tant feature in exposure assessment. Sanding epoxy
plates generated particles in two different size ranges
below and above 1 micron. Particles <1 pm are related
to the sander emission (Fig. 2a) and were present in
all the epoxy sanding experiments with similar num-
ber concentrations. This is in agreement with previous
studies that have reported particle generation by sand-
ing machine engines (Szymczak et al., 2007; Koponen
et al., 2009, 2011). Figure 2a shows number size dis-
tributions dominated by particles with diameters
between 10 and 50 nm, which were obtained by run-
ning the sanding machine on an empty load. Larger
particles with sizes between 100nm and 4 pm are
produced by epoxy materials. For this size range, APS
and ELPI show a good correlation and present a clear
contribution of particles with diameters >600nm in
agreement with previous studies that found particles
in the micron size range when machining epoxy-based
composites (Bello et al., 2009; Cena and Peters, 2011;
Golanski et al., 2012; Huang et al., 2012; Schlagenhauf
etal.,2012; Hirth et al., 2013). It is important to notice
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1 Particle number total concentration versus time emitted during Epoxy1 sanding process. Continues lines indicate the
beginning and end of the sanding process. Inset: CNTs-containing epoxy plate after a sanding process.
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2 Number particle size distribution emitted during sanding of epoxy-based composites (a) sanding machine (inset)

emission, (b) Epoxyl, (c) Epoxy2, and (d) Epoxy3.

that the size distributions of the particles emitted from
epoxy materials are not significantly different when
CNTs are present (Epoxy2 and Epoxy3 samples).
Source strength S (s cm™) provides an estima-
tion of the particle emission rate from a continuous
source. When the process starts with a low concen-
tration of background particles (cleaned chamber),
the contribution of coagulation, dilution, and depo-
sition processes during particle concentration con-
stant rise is small enough to be ignored. Then, as the
rate at which particle concentration increased was
approximately constant during reworking (see Fig. 1),
these processes can be considered as constant emis-
sion sources. Therefore, source strength values were
directly calculated by linear regression from ELPI
experimental data. S, terms were calculated for the dif-
ferent size channels and allow qualitative comparison
among the experimental data. Some results are shown
in Fig. 3, where it can be seen that S, values are similar
for particles with diameters <100 nm, which are gen-
erated from the sanding machine. However, sanding
CNTs-containing epoxy materials leads to S, values
up to 4 times higher in the size range 263-384nm.
Particle emission rates in this range seem to be affected
by changes in the mechanical properties of materials
caused by the addition of fillers to the matrix (Gojny

’ | & Epoxyl
10° 4 o Epoxy2
ﬁ ® Epoxy3

4 Sanding M.

o~ 107 4

S (em™s”

dp(nm)

3 Source strength S (cm™ s™!) versus particle diameter
calculated from 20-s ELPI data during sanding epoxy-based
composites and during sanding machine emissions.

et al., 2005; Liu and Wagner, 2005; Ci and Bai, 2006).
The interaction between filler and matrix would influ-
ence the fragments emission when the composite
undergoes a high-energy process like sanding.
Scanning electron microscopy (SEM) images of
dust collected on a polycarbonate filter were used
to study the morphology of the emitted particles
(Fig. 4). All particles have irregular morphologies, but
samples from nanocomposites with CNTs as fillers
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Morphology

Epoxyl

Epoxy2

Epoxy3

4 SEM images of dust collected on a PC filter during
sanding epoxy-based composites and particle protrusions
indicated by arrows.

(Epoxy2 and Epoxy3) show rougher and sharper sur-
faces. Similar results were reported by Cena and Peters
(2011) who, during sanding, collected micrometric
particles with protruding features from CNTs embed-
ded in an epoxy matrix. The protrusions would be
embedded CNTs that extend outward beyond the
perimeter particle (Fig. 4d,f). In a recent study, Hirth
et al. (2013) have clearly identified protrusions of
CNTs from fragments of CNTs-epoxy composites
after sanding. They proposed that the microscopic
flow of polymers with an elongation at break above a
few percent covered the pulled-out CNTs during the
shear-induced separation of fragments.

In this work, no free CNTs were observed in the
dust released from epoxy composite material, in
agreement with Hirth ef al. (2013) who stated that,
at least 95% of CNT fillers remain embedded in the
matrix. On the contrary, Schlagenhauf ef al. (2012)
have found a non-negligible amount of free-standing
CNTs and agglomerates of CNTs during Taber abra-
sion test. Differences could be related to the influence
of several factors such as concentration and dispersion
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degree of the fillers. No free CNTs were observed by
Huang et al. (2012) except for tests conducted with
4% by weight CNT. Besides, CNTs release was found
only from materials showing a bad dispersion of filler
within the matrix (Golanski et al., 2012).

Some particles with fiber shapes were detected
(see supplementary Fig. S2, available at Annals of
Occupational Hygiene online, as an example) in dust
collected from Epoxy2. Fiber-shaped particles as
large as 5 microns length and 580 nm wide and sub-
micron fiber with 330 nm lengths and 80nm wide
were found. Although it is tempting to assign these
protrusions to CNTs, their diameters are consider-
ably larger than those of pristine CNTs, and therefore
a direct assignment is not possible without additional
evidence. It is possible, however, that they are resin-
coated CNTs or bundles of CNTs. In previous studies,
Mazzuckelli et al. (2007) and Bello et al. (2009, 2010)
also found fiber-shaped particles during machining
composites. According to Bello et al. (2009), these
fibers are not clearly associated to individual CN'Ts or
bundles of CNTs.

Dry sawing processes results are shown in sup-
plementary Figs S3 and S4, available at Annals of
Occupational Hygiene online. As in the case of sanding,
the most important contribution to the number con-
centration during the sawing process is the emission of
particles from the jig saw machine motor; these parti-
cles are mostly <100 nm in mobility diameter (supple-
mentary Fig. S3b, available at Annals of Occupational
Hygiene online). Emissions during sawing of Epoxy3
are compared with the reference material in supple-
mentary Fig. S3b, available at Annals of Occupational
Hygiene online. The total number concentration values
(ELPI) were around 1 million, but values were slightly
higher for Epoxy3 emissions than from reference mate-
rial, 1.6¥10 and 1.2*10° particles per cm?® respectively.
The same pattern is shown by CPC data with values of
7.6%10° and 5.8*10° particles per cm?®, respectively. The
different number concentrations during sawing mate-
rials with and without nanomaterials are likely caused
by different material hardness and resulting differ-
ences in the motor load of the jig saw. Mazzuckelli et al.
(2007) found also slight increases in particle concen-
tration relative to laboratory background for wet saw-
ing of CNFs-containing polymer. Bello ef al. (2009)
on the other hand, reported that dry cutting of com-
posites generated statistically significant quantities
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of nanoscale and fine particles compared with back-
ground. Supplementary Figs S3d,f, available at Annals
of Occupational Hygiene online, show that there is a
significant contribution of particles with a size of sev-
eral microns (mostly in the 1-10 micron interval) for
Epoxy3. During wet sawing (Mazzuckelli et al., 2007),
particles having a diameter of ~400 nm or greater were
found. In our experiments, most of the fragments gen-
erated during the sawing process are in the millimeter
range as can be seen in supplementary Fig. S4, avail-
able at Annals of Occupational Hygiene online. Only
Methner et al. (2012) found free fibers, bundles, and
agglomerates, when wet sawing composites. Further
investigations are clearly needed to understand parti-
cle emission during sawing nanocomposites.

Painted boards
The results obtained from sanding of painted boards
are shown in Fig. 5. In paint processing as in epoxy pro-
cessing, the contribution of the electrical motor pro-
duces again an important emission. A painted board
equal to the one used in a preceding study (Koponen
etal.,2011) was included in this work (Paint1) to com-
pare how the emission was affected by the use of differ-
ent experimental set-ups. Koponen et al. (2011) found
that the average number concentration obtained when

-
=]

sanding this material was 2.60%10° particles per cm?
and it increased to 2.94*10° particles per cm® when
the sanding machine emissions were included. In this
study, emissions from Paintl measured with FMPS,
CPC, and ELPI were 1.28*10°, 1.7*10%, and 2.06*10°
particles per cm?, respectively. Hence, results are in the
same order of magnitude despite of using two different
set ups and different types of paints (polyvinyl acetate
and alcyde-based paints, Table 1). Paint2 and Paint3
emissions measured with ELPI had concentrations of
2.50%10° and 2.57%10° particles per cm’, respectively.
ELPI values are always higher than FMPS as for paint
composites processing. On the other hand, again APS
results show an increase in the concentrations of par-
ticles from 1.2*10* for Paint1 material to 2.2*10* par-
ticles per cm® for nanocomposites. Both results are
consistent with previous research of polyvinyl acetate
paints doped with TiO, (Koponen et al., 2011) and
could be explained by the presence of micrometer size
particles.

The number particle size distributions repre-
sented in Fig. S show similar structures: engine
background emissions, and then two peaks, one
with a maximum at 200 nm (FMPS) and other with
a maximum >1 pm (APS). ELPI results show only
one peak >100nm. Data show that the emission of
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S Number particle size distribution emitted during sanding paint (a) sanding machine (inset) emission, (b) Paint1, (c)

Paint2, and (d) Paint3.

¥T02Z ‘LT AInc uo AlsieAlun easuems e /6io'sfeulnopioxo BAyuue//:dny wouy papeoumoq


http://annhyg.oxfordjournals.org/lookup/suppl/doi:10.1093/annhyg/meu046/-/DC1
http://anhyg.oxfordjournals.org/lookup/suppl/doi:10.1093/anhyg/meu046/-/DC1
http://annhyg.oxfordjournals.org/

particles within the size range 100-400 nm is slightly
higher for nanocomposite materials (Fig. Sc,d). The
discrepancy in results obtained from ELPI, FMPS,
and APS is caused due to dissimilar measurement
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ranges and principles of the equipment. The instru-
ments measured different aerosol properties. ELPI
and APS determine the aerodynamic particle size,
and FMPS measures electrical particle sizes. A nom-
inal value of density equal to 1g cm™ has been
used in the calculations. Therefore, emitted parti-
cles whose density values are significantly different
from this value could cause the mismatch among the
instrument data.

Even when Paint2 and Paint3, have the same filler
load (36 wt %), Paint2 presents a mixture of SO and
80 nm rutile titanium, whereas Paint3 has only 80-nm
particles with lower surface area as fillers. This charac-
teristic affects the source strength values as shown in
Fig. 6. Paint2 shows twice the S values of Paint3 in the
size range between 263 and 384 nm. Therefore, sample
composition and changes in the interaction between
fillers and paint matrix may lead to significant differ-
ences in emission rates as a function of particle size,
even if the total amount of particles emitted is similar.

Further SEM analysis of the samples showed that
morphology and shape of collected dust are signifi-
cantly different among the samples. Figure 7 shows
SEM micrographs of particles collected from sand-
ing the three types of paints. We observed that Paint1
sample mostly consisted of compact particles with
flaked shape, whereas most of the dust particles col-
lected from Paint2 and Paint3 had irregular shapes
probably caused by the load of nanoparticle in these
materials. Figure 8 shows dust EDX analysis. The Ti
signals in EXD spectrum of Paint1 confirm that some
particles are aggregated pigment particles (no nano-
particles) attached to matrix fragments. Similar results
were reported by Saber et al. (2012c), who found nan-
oparticulate material well retained in the matrix. Some
aggregates with size ranges <1 micron were found in
the dust collected from Paint2. A more detailed obser-
vation of the structure of these aggregates indicates
that they are constituted by smaller particles, whose
sizes are compatible with those of the pristine TiO,
nanoparticles in Paint 2. Also, their EDX energy map
analysis showed clearly Ti signals (Fig. 9). EDX dust
analysis for 25 particles collected from each samples
showed that an 80% of the collected particles have

Ry
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6 Source strength S (cm™ s™!) versus particle diameter
calculated from 20-s ELPI data during sanding paints and
during sanding machine emissions.

Morphology

Paint 1

Paint 2

Paint 3

7 SEM images of dust collected on a PC filter during
sanding paint-based composites.

Ti signals for Paint2 and Paint3 and only a 32% of
the Paint1 fragments. Examples of dust collected and
EDX analysis for Paint2 and Paint3 show nanoparti-
cles aggregates inside the paint matrix. Samples were
also studied by TEM. Figure 10 shows a particle com-
posed by an aggregate (Fig. 10c) joined to paint pig-
ments (Fig. 10b).
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9  (a) SEM images of dust collected during sanding of
Paint2. (b) Enlargement of the boxed region of Fig. 9a to
show the structure of the aggregates. (c) Ti mapping from
EDX data corresponding to the image of Fig. 9a.

The dust released from machining consists
mostly of particles with diameters >100nm. In
agreement to previous studies (Koponen et al.,
2009, 2011; Gohler et al., 2013; Saber et al. 2012c),
no free nanoparticles were found in collected
samples.
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a)

10 TEM images of dust collected during sanding Paint2.

CONCLUSIONS
The aim of the study was to compare and characterize
particle emissions during sandingand sawing processes
using nanocomposites and conventional products
without ENMs. As already discussed, obtaining a high
reproducibility in experiments involving reworking
of nanocomposites is difficult, and the quantitative
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results given in this work (e.g. source strength values)
represent an order of magnitude estimation, without
statistical significance. In spite of this, some general
conclusions can be drawn, as discussed next.

During sanding, particle emissions from the sand-
ing machine itself must be seen as bias of the measure-
ment background and part of the emission. In most
cases, no significant differences of the generated par-
ticle size distributions were found between the tested
nanocomposites and their equivalent non-nano-con-
taining counterparts. However, the appearance of the
generated sanding particles differed depending on
the content of ENM: Particles emitted from nano-
composites with CNTs presented fiber-shaped pro-
trusions likely caused by the presence of embedded
CNTs, although no free isolated CN'Ts were found in
any of the dust samples. The physical appearance of
sanding dusts from the painted boards was also differ-
ent: Aggregates and agglomerates are attached to the
matrix in nanocomposites emissions. In addition, in
sanding experiments, on painted boards, submicron-
sized agglomerates mostly constituted by nanopar-
ticles could be identified by electron microscopy.
However, even in this case, individual nanoparticles or
agglomerates constituted by only a few nanoparticles
could not be found.

Working with a cleaned chamber allowed to achieve
a reduced initial background and this enabled the esti-
mation of source strength values for different particle
diameters. Comparison between the S values derived
from machine sanding of different materials indicates
that the contribution of dust particles with diameters
>100nm is the most important contribution due to
the nanocomposite material itself. Particles <100 nm
in size are almost exclusively due to emissions gener-
ated by the sanding device.
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ANEXO |
1 SINTESIS Y CARACTERIZACION DE NANOMATERIALES

A continuacion se describiran las principales técnicas y equipos utilizados en la

presente tesis para sintetizar y caracterizar nanomateriales.

1.1 Sintesis de nanomateriales

Durante la sintesis de materiales se han utilizado diversos equipos que seran

brevemente descritos a continuacion.

e Horno microondas

El horno microondas (Milestone Ethos Plus) ha sido principalmente utilizado en
los tratamientos térmicos realizados durante la sintesis de nanoparticulas de 6xido de
titanio (Articulos 1, 3 y 6). Se trata de un horno microondas modular que esta
equipado con sensores de control de presion y temperatura. La principal ventaja de
este equipo es su rapidez en comparacion con otros instrumentos convencionales

como hornos de secado o placas calefactoras.

e Centrifuga

La centrifugacion se ha utilizado tanto para aislar como para limpiar y purificar
los materiales sintetizados. La principal ventaja de esta técnica es que permite separar
el material sintetizado sin necesidad de una etapa de secado y por tanto, se evitan o
reducen los posibles procesos de aglomeracion o agregacion de los materiales. El
modelo de centrifuga utilizado es un B4i-U Jouan® Rotor AB50.10 con una velocidad

maxima de 10000 rpm.
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e Equipos de ultrasonicacion

La sonicacion es una técnica que se basa en la aplicacion de la energia del sonido
(generalmente ultrasonidos) y sus aplicaciones mas habituales en un laboratorio
suelen ser la dispersion de muestras en un medio liquido. Los equipos mas
comunmente utilizados son sondas de sonicacion y bafios de sonicacién. El equipo

utilizado principalmente fue un bafio de ultrasonidos Ultrasons 3000514 de Selecta®

1.2 Caracterizacion de nanomateriales

Los nanomateriales utilizados en la presente tesis han sido caracterizados de

forma exhaustiva utilizando multiples técnicas que seran descritas brevemente.

1.2.1 Técnicas microscépicas

Las técnicas microscopicas permiten obtener informacion gracias a la interaccion
de la radiacion electromagnética con la materia. Su principal ventaja respecto a la
microscopia Optica sus resoluciones son mucho mayores. Las aplicaciones mas
habituales de las técnicas microscopicas son la imagen y la difraccién electronica

aungue pueden tener muchos otros usos.

e Microscopia de barrido electronico (SEM)

La microscopia de barrido electronico o Scanning Electron Microscopy (SEM)
utiliza electrones secundarios que se generan cuando un haz de electrones interactua
con la superficie de la muestra a estudiar. De esta manera, se obtiene un tipo de

imagen que permite estudiar la morfologia y el tamafio del objeto a estudio.

El microandlisis de rayos equis o Energy Dispersive X-ray Spectroscopy (EDX)
permite realizar un analisis elemental utilizando la medida del espectro de emision de
rayos X caracteristico de cada muestra. Estas técnicas se han realizado en un
microscopio SEM FEI F INSPECT con una sonda EDX INCA Penta FETX3.

Se ha trabajado con distintos tipos de muestras. Las formadas por material

pulverulento se preparan en una cinta de carbono y se metalizan con una fina capa de
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oro/paladio de entre 5y 9 nm de espesor. Cuando la muestra se trata de particulas
recogidas a partir de un aerosol sobre un filtro de policarbonato, este también sera
metalizado. El proceso de metalizacion se lleva a cabo en un equipo modelo SC7620

“mini” Sputter Coater de Quorum Tecnologies®

e Microscopia de transmision electronica (TEM)

La microscopia de transmision electronica o Transmission Electron Microscopy
(TEM) utiliza distintos procesos de interaccion electron—-materia para obtener
informacion sobre la muestra a estudio. Esta técnica permite tanto obtener imagenes
como realizar andlisis fisicos y quimicos para obtener informacién cristalografica y de

composicion elemental.

En general, a la hora de obtener imagenes suelen utilizar dos tipos de electrones,
los electrones difractados (imagenes de campo oscuro) o los electrones directos
(imagenes de campo claro). Es posible, también, obtener imagenes cuyo contraste
depende del peso atémico de los elementos que componen el objeto observado
mediante microscopia de transmision de electrones de barrido o Scanning Electron
Transmission Microscopy (STEM). Por otro lado, al medir fendbmenos de difraccién
mediante el Selected Area Electron Diffraction (SAED) se puede obtener informacion

cristalografica de la muestra.

Habitualmente las muestras deben ser muy finas, con un espesor del orden de
los 200 a los 300 nm para que, asi, puedan ser atravesadas por los electrones. En la
presente tesis las muestras se presentan sobre una rejilla de cobre que actia como
soporte. Cuando se parte de una dispersion liquida, esta se diluye y ultrasénica para
obtener concentraciones del orden de 100 pg/ml y se afiade una gota de dicha
dispersion a la rejilla de cobre. Si se parte de un aerosol, se recogen con un dispositivo
de filtrado que consiste en un porta filtros de acero inoxidable que contiene un filtro

de policarbonato sobre el que se fija una rejilla de cobre.

La microscopia de trasmision electronica y la difraccion de electrones han sido
llevadas a cabo con microscopios de transmision de la compafiia FEI ® modelos Tecnai®

T20 y F30 que se encuentran en el Laboratorio de microscopias avanzadas en el
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Instituto de investigacién en nanociencia de aragon (INA). Ademas, las dimensiones de

las particulas se midieron utilizando el programa IMAQ Vision Builder.

1.2.2 Técnicas de analisis coloidal en medio liquido

Cuando un sélido cargado se encuentra en un medio liquido, en la superficie de
dicho sdlido se forma la llamada doble capa eléctrica. Es decir, la superficie de un
sélido en un medio liquido se encuentra rodeada de una capa de solvatacion. Las
propiedades y espesor de dicha capa varian dependiendo de numerosos factores como

las caracteristicas superficiales del material y las propiedades del liquido.

La espectroscopia de correlacion fotonica (DLS) y las medidas de potencial zeta,
permiten obtener informacion sobre la superficie de un sélido y por tanto sus

propiedades en una dispersion en un medio liquido.

e Espectroscopia de correlacion fotonica (DLS)

La espectroscopia de correlacion fotonica o Dinamic Light Scattering (DLS) se
trata de una técnica no destructiva que permite obtener informacion sobre
dispersiones coloidales. En general se utiliza para conocer el grado de dispersién de
una muestra solida midiendo el didmetro hidrodindmico de las particulas que la
componen. Normalmente, se utiliza para tamafios submicrométricos (desde los 2 nm
hasta las 3 um) en medio liquido. El diametro hidrodinamico se determina a partir del
movimiento browniano de las particulas cuando son iluminadas por un laser de baja
intensidad. Para realizar medidas de correlacion fotonica en la presente tesis se utilizd

un equipo Brookhaven 90Plus®.

e Potencial zeta

El potencial Zeta (€) es un parametro que es funcion de la carga superficial de las
particulas suspendidas en un liquido y que puede utilizarse para predecir y controlar la
estabilidad de una dispersion coloidal o de una emulsion. El potencial zeta se puede
calcular a partir de medidas de movilidad electroforética de una dispersion coloidal en

un campo eléctrico.
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El estudio del potencial zeta de las distintas dispersiones coloidales en el
presente trabajo se llevé a cabo mediante un instrumento de medida Brookhaven

90Plus que incorpora los sistemas de medida ZetaPLUS y ZetaPALS.

1.2.3 Técnicas espectrometricas

Las técnicas espectrométricas se basan en la interaccién de la radiacion
electromagnética con un analito de forma que permiten identificarlo o calcular su
concentracion. Estas técnicas se pueden dividir a su vez en técnicas espectroscopicas y
en técnicas no espectroscépicas. Las técnicas espectroscopicas, en las que el analito
sufre procesos de absorcién, emision o luminiscencia, a su vez se dividen en técnicas

atémicas y moleculares,

e Espectroscopia fotoelectrénica de rayos X (XPS)

La espectroscopia de rayos X (XPS), también conocida como Electron
Spectroscopy for Chemical Analisys (ESCA), es una técnica no destructiva de superficie
que proporciona informacién cuantitativa sobre el estado quimico de todos los
elementos, excepto hidrogeno y helio. En la presente tesis, las muestras analizadas
estaban en forma de polvo seco. Para llevar a cabo los analisis se ha utilizado un

equipo Axis Ultra del fabricante KRATOS.

e Espectroscopia de fluorescencia de rayos X (EDX)

La espectrometria de fluorescencia de rayos-X (EDX) consiste en analizar la
radiacién X caracteristica generada por una muestra. Esta técnica permite obtener
analisis quimicos elementales de manera rapida y no destructiva. En la presente tesis,
esta técnica se ha utilizado generalmente mediante un equipo acoplado a los

microscopios de transmision, una sonda FEI-F Inspect and INCA Penta FETX3.

e Espectroscopia infrarroja transformada de Fourier (FTIR)

Estad técnica utiliza la radiacion electromagnética de las regiones del espectro

infrarrojo para obtener informacion de las moléculas que forman las muestras a
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analizar. Cuando las moléculas interaccionan con dicha radiacién se producen cambios
en su energia vibracional y rotacional, los cambios en la energia vibracional seran los
gue se utilicen para obtener informacion de los grupos funcionales de la muestra a

estudio.

Las muestras se presentan en forma de polvo seco, introduciéndolas
directamente en el portamuestras del equipo para su analisis. Se utilizé un equipo
modelo Vertex 70 de Bruker Optics® con un porta muestras para reflectancia total
atenuada (ATR, attenuated Total Reflectance) MKII Golden Gate. El analisis de datos se

llevé a cabo utilizando el software que provee el fabricante (OPUS).

e Espectroscopia ultravioleta visible (UV-VIS)

Esta técnica permite obtener informacion de las moléculas presentes en las
muestras a analizar utilizando radiacion electromagnética de las regiones del espectro
visible, ultravioleta cercana (UV) y en algunos casos infrarroja cercana (NIR). Dicha
radiacién es absorbida por la muestra provocando transiciones electronicas que

permiten ser observadas.

En la presente tesis se ha utilizado esta técnica para analizar las transiciones
electronicas de los sélidos sintetizados por lo que las muestras se han analizado en
forma de polvo. Para ello se ha utilizado un espectrofotdmetro Jasco V-670 con una

celda de reflectancia difusa.

1.2.4 Otras técnicas

e Difraccion de rayos X (DRX)

Esta técnica se basa en el fendmeno de la difraccion de Rayos X, que consiste
basicamente en un proceso de interferencias constructivas de ondas de rayos X que se
produce en determinadas direcciones de espacio, y permite obtener informacion
cristalografica de un material normalmente en forma de polvo. Para analizar las
distintas muestras mediante la técnica de difraccion de rayos X se utilizd un Rigaku

D/max equipado con un anodo rotatorio y una fuente de CuKa.
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e Adsorcion de nitrégeno

La técnica de fisisorcion de nitrégeno permite estudiar la superficie especifica y
la porosidad de distintos materiales. Se basa en el principio de adsorcién/desorcién de
una monocapa de nitrogeno gas en la superficie de los materiales a estudio,

generalmente particulas en polvo.

Para conocer el area superficial y volumen de poro de los materiales sintetizados
se utiliz6 un equipo de adsorcién de nitrégeno TriStar 3000 Gas Adsorption Analyzer
Micromeritics Instrument Corporation). Las muestras fueron previamente evacuadas a
200 °C durante 12 horas antes de ser sometidas al proceso de adsorcién/desorcién de

nitrégeno.
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