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ABSTRACT

The production of engineered nanomaterials (ENMs) has grown in recent years because of the different
physicochemical properties that they present in respect to their bulk counterparts. Among the various
types of ENMs, silver nanoparticles (AgNPs) are widely usedin commercial productsfor their antibacterial
properties. This fact enhances their intentional or unintentional release to the environment, where they
can interact with natural components. These interactions can lead to transformation processes that
may influence their behaviour, mobility and bicavailability. These phenomena can play an important role
on their final toxic effects. Although nanosilver toxicology is still not clear, concern about the hazards
it might pose for living organisms and human health has increased. To assess the risk of exposure
to AgNPs and to further understand their effects, the characterisation and quantification of these
emerging pollutants in environmental and biological samples by adequate analytical methodologies are
necessary.

The research presented in this thesis focuses on the application and improvement of existing analytical
methodologies, and on the development of new analytical procedures to acquire information about
not only AgNPs mobility and bioavailability in soils, but also their accumulation, biotransformation and
toxicity in edible plants.

Firstly, batch adsorption and leaching procedures (DIN 38414-S4 and DTPA) were applied to investigate
the mobility and bioavailability of diverse types of AgNPs in soils with different physicochemical
properties through inductively coupled plasma optic emission spectroscopy analysis (ICP-OES). The
soil adsorption experiments demonstrated that nanosilver adsorption kinetics was fast (<6 h); while
the leaching experiments indicated low mobility and bioavailability of these emerging contaminants in
soils (recoveries of 0.478%). These experiments demonstrated that soil electrical conductivity, cation
exchange capacity, organic matter content, clay minerals and nanosilver size and coating all play an
important role in AgNPs soil adsorption/desorption processes. The single particle inductively coupled
plasma mass spectrometry analysis (SP-ICPMS) of DIN 38414-S4 leachates indicated that during
adsorption/desorption processes, AgNPs can maintain their nanoform or can be dissolved depending
on the nanosilver and soil properties. With DTPA leachates, these emerging pollutants were completely
dissolved.

As an alternative to common used spectrometric techniques in batch adsorption studies, a method

based on the total reflection X-ray fluorescence spectrometry (TXRF) technique was developed to be



applied in this type of studies. The sample treatment procedure and TXRF parameters were optimised
to quantify the total silver content (as AgNPs or ionic silver (Ag(l)) in aqueous and soil samples. Under
the best conditions, the limit of detection (LOD) for silver in aqueous samples was around 37 ug L' and
17 mg kg'for directly analysed soils. The method was applied to soil adsorption kinetics, and showed
that 75 nm of polyvinylpyrrolidone coated AgNPs were adsorbed in less than 6 h. The results were
comparable with those ones obtained by ICP-OES, and demonstrated that TXRF can be employed
to directly analyse solid suspensions, analyse low amounts of sample and to cost-effectively obtain
information on other elements present in the sample.

As the presence of Ag(l) in natural systems can make the characterisation and quantification of AgNPs
difficult, the combination of cloud point extraction (CPE) with TXRF and SP-ICPMS was investigated.
On the one hand, for the CPE-TXRF methodology, the experimental conditions for the separation
and preconcentration of nanosilver in aqueous samples were optimised for different coated and sized
AgNPs. LODs of 07-0.8 pg L for all the studied NPs and acceptable extraction recoveries (73-105%)
for the mixtures of different types of AgNPs were obtained. However for the mixtures of Ag(l)/AgNPs,
extraction recoveries exceeded 100% with a Ag(l)/AgNPs ratio above 3. The developed methodology
was applied to soil and consumer product aqueous extracts. The presence and concentration of
AgNPs in these real samples were verified by SP-ICPMS analysis. A good agreement was observed
between the nanosilver concentrations obtained by CPETXRF and SP-ICPMS in aqueous solil
leachates. However for the consumer product water extracts, discrepancies were found between the
nanosilver concentrations obtained by both analytical methods. These differences could be due to
the presence of Ag(l) and a mixture of different sized AgNPs, as confirmed by SP-ICPMS and scanning
electron microscopy coupled with electron dispersive spectroscopy analysis in the consumer product
water extracts. Although more research is needed to analyse aqueous samples containing mixtures of
nanosilver with different properties, CPE-TXRF can be a beneficial approach to quantify these emerging
contaminants in complex aqueous samples.

On the other hand, in order to develop the CPE-SP-ICPMS methodology, critical CPE parameters
for separating AgNPs from Ag(l) and for sample preparation were assessed by taking into account
SP-ICPMS characteristics. The SP-ICPMS calculation methods to determine particle size and particle
number concentration were examined and compared, and the particle size method proved to be better
for AgNPs characterisation purposes than the particle frequency method. After verifying the absence

of matrix effects, the developed methodology was applied to the determination of AgNPs size in three



weeks contaminated aqueous soil leachates. The application of CPE before SP-ICPMS proved to be a
good approach to reduce the Ag(l) content, to facilitate the separation of AgNPs from Ag(l) signals and
to improve the accuracy of particle size and particle number concentration determinations.

Finally, the accumulation, biotransformation and toxicity of AgNPs in Lactuca sativa (lettuce) (as a
plant model) were evaluated. Lettuces were exposed to different coated and sized AgNPs for 9 days,
and also at different nanosilver concentrations through a hydroponic growing medium. The uptake
and accumulation of these emerging contaminants by lettuce roots were confirmed, depending on
their concentration and size, but not on their coating. The translocation of nanosilver to lettuce shoots
was influenced by the different studied parameters, being particle size one of the most important
because it was observed that bigger NPs were more translocated than smaller ones. The SP-ICPMS
and the X-ray absorption spectroscopy analysis with synchrotron radiation (Ag K-edge) indicated the
dissolution of AgNPs inside lettuce tissues. Both techniques showed that AgNPs are more dissolved
at low concentrations and in the case of small particles or coated with citrate or polyethylene glycol.
The physiological parameters measured on lettuces after being exposed to nanosilver were lower than
the controls, in particular transpiration and stomatal conductance, which indicated that NPs can exert
toxicological effects on this edible plant type. Finally, the same tests performed with Ag(l) demonstrated

that these silver species tended to accumulate more and can exert greater toxicity than AgNPs.






RESUM

La produccié de nanomaterials manufacturats (NMMs) ha incrementat en els darrers anys a causa
de les diferents propietats fisicoquimiques que presenten respecte als seus metalls homolegs. Dels
diferents tipus de NMMs, les nanoparticules de plata (AgNPs) sén ampliament utilitzades en productes
comercials per les seves propietats antibacterianes. Aquest fet propicia el seu alliberament intencionat
o involuntari al medi ambient, on poden interaccionar amb els components naturals. Aquestes
interaccions poden donar lloc a processos de transformacié que poden influir en el seu comportament,
la seva mobilitat i la seva biodisponibilitat. Aquests fenomens poden jugar un paper important en els
seus efectes toxics finals. Tot i que la toxicologia de la nanoplata encara no esta clara, ha augmentat
la preocupacié envers aquest material pels perills que pot representar pels organismes vius i la salut
humana. Per avaluar el risc d'exposicié a les AgNPs, i per entendre millor els seus efectes, és necessari
caracteritzar i quantificar aquests contaminants emergents en mostres ambientals i biologiques
mitjancant I'ls de metodologies analitiques adequades.

La recerca presentada en aquesta tesi es centra en l'aplicacio i millora de metodologies analitiques
existents i en el desenvolupament de nous procediments analitics per obtenir no només informacié
sobre la mobilitat i la biodisponibilitat de les AgNPs en els sols, sind també sobre la seva acumulacio,
biotransformacié i toxicitat en plantes comestibles.

En primer lloc, es van dur a terme experiments d'adsorcié i lixiviacio (DIN 38414-S4 1 DTPA) en “batch” per
investigar la mobilitat i la biodisponibilitat de diversos tipus de AgNPs en sols amb diferents propietats
fisicoquimiques a través de l'analisi per espectrometria d'emissié optica per plasma d'acoblament
inductiu (ICP-OES). Els experiments d'adsorcié en el sol van demostrar que la cinética d'adsorcié de la
nanoplata era rapida (<6 h), mentre que els experiments de lixiviacid van indicar una baixa mobilitat i
biodisponibilitat d'aquests contaminants emergents una vegada adsorbits en els sols (recuperacions de
0,478%). Aquests experiments van demostrar que la conductivitat eléctrica, la capacitat d'intercanvi
cationic, el contingut de materia organica, els minerals argilosos i la mida i el recobriment de la nanoplata
juguen tots un paper important en els processos d'adsorcié/desorcié de les AgNPs en el sol. L'analisi
dels lixiviats DIN 38414-S4 amb la deteccié de particules individuals mitjancant l'espectrometria de
masses per plasma d'acoblament inductiu (SP-ICPMS) va indicar, que durant els processos d'adsorcid/
desorcio, les AgNPs poden mantenir la seva nanoforma o poden dissoldre's en funcié de les propietats

de la nanoplata i del sol. En els lixiviats DTPA, aquests contaminants emergents es van dissoldre



completament.

Com a alternativa a les técniques espectrométriques més utilitzades en els estudis d'adsorcid en
“batch”, es va desenvolupar un métode basat en la técnica despectrometria de fluorescéncia de raigs-X
per reflexié total (TXRF) per ser aplicat en aquest tipus destudis. Es van optimitzar el procediment
de tractament de mostra i els parametres de la TXRF per quantificar el contingut total de plata (com
a AgNPs o plata ionica (Ag(l)) en mostres aquoses i en sols. Usant les millors condicions, el limit de
deteccié (LOD) per la plata en mostres aquoses va ser del voltant de 37 pg L'i de 17 mg kg pels sols
analitzats directament. El métode desenvolupat es va aplicar a una cinética d'adsorcié en sols i va
mostrar que les AgNPs recobertes de polivinilpirrolidona de 75 nm eren adsorbides en menys de 6
h. Els resultats eren comparables amb els obtinguts per ICP-OES i van demostrar que la TXRF es
pot emprar per analitzar directament les suspensions solides, analitzar petites quantitats de mostra i
obtenir informacié sobre altres elements presents a la mostra de manera economica.

Com que la preséncia de Ag(l) en sistemes naturals pot dificultar la caracteritzacié i quantificacié de
les AgNDPs, també es va investigar la combinacié de l'extraccié en punt de ndvol (CPE) amb la TXRF |
la SP-ICPMS.

D'una banda, per a la metodologia CPE-TXRF, es van optimitzar les condicions experimentals per
la separacidé i preconcentracid de la nanoplata en mostres aquoses per a diferents recobriments i
mides. Es van obtenir LODs de 0,7-0,8 pg L' per a totes les NPs estudiades i recuperacions d'extraccio
acceptables (73105%) per a les barreges de diferents tipus de AgNPs. No obstant aixo, per a les
barreges Ag(l)/AgNPs amb una relacié superior a 3, les recuperacions dextraccié van superar el 100%.
La metodologia desenvolupada es va aplicar a extractes aquosos del sol i de un producte de consum.
La preséncia i concentracié de AgNPs en aquestes mostres reals es van verificar mitjangant l'analisi per
SP-ICPMS. Es va observar una bona concordanca entre les concentracions de nanoplata obtingudes
en els lixiviats aquosos del sol per CPE-TXRF i SP-ICPMS. No obstant aixo, pels extractes aquosos del
producte de consum, es van trobar discrepancies entre les concentracions de nanoplata obtingudes
amb ambdds métodes analitics. Aquestes diferéncies podien ser degudes a la preséncia de Ag(l)ia una
barreja de AgNPs amb diferents mides, tal i com es va confirmar en I'analisi de l'extracte del producte
de consum mitjangant SP-ICPMS i microscopia electronica de rastreig acoblada a espectroscopia
denergia dispersiva. Tot i que cal una investigacié més exhaustiva per analitzar mostres aquoses que
continguin barreges de nanoplata amb diferents propietats, el métode CPE-TXRF pot ser beneficids

per a quantificar aquests contaminants emergents en mostres aquoses complexes.



D'altra banda, per tal de desenvolupar la metodologia CPE-SP-ICPMS, es van avaluar els parametres
critics de la CPE per separar les AgNPs de la Ag(l) i per a la preparacié de mostra, tenint en compte les
caracteristiques de la SP-ICPMS. Els diferents métodes de calcul emprats en SP-ICPMS per determinar
la mida de les particules i la concentracio en nimero de particules es van examinar i comparar, i el
métode de la mida va demostrar ser millor que el métode de la freqliéncia per a la caracteritzacié
de les NPs. Després de verificar I'abséncia defectes matriu, el métode desenvolupat es va aplicar
per determinar la mida de les AgNPs en lixiviats aquosos del sol després d'estar contaminats durant
3 setmanes. Laplicacid de la CPE abans de la SP-ICPMS va resultar ser beneficiosa per reduir el
contingut de Ag(l), facilitar la separacié dels senyals de les AgNPs i la Ag(l) i millorar la precisié en la
determinacio de la mida de les NPs i la concentracio en nimero de particules.

Finalment, es va avaluar 'acumulacio, la biotransformacié i la toxicitat de les AgNPs a la Lactuca sativa
(enciam) (com a model de planta). Els enciams es van exposar a AgNPs amb diferents recobriments i
mides durant ¢ dies, i també a diferents concentracions a través d'un medi de cultiu hidroponic. Es va
confirmar que les arrels d'enciam capten i acumulen aquests contaminants emergents, en funcio de
la seva concentracié i mida, perd no del seu recobriment. La translocacié de la nanoplata a les fulles
denciam es va veure influenciada pels diferents parametres estudiats, sent la mida de la particula un
dels més importants perqué es va observar que les NPs més grans eren més translocades que les més
petites. L'analisi per SP-ICPMS i per espectroscopia d'absorcié de raigs-X amb radiacié de sincrotré
(K-Ag) va indicar la dissolucio de les AgNPs dins dels teixits d'enciam. Ambdues tecniques van mostrar
que la dissolucié de les AgNPs era més efectiva a baixes concentracions i en el cas de NPs petites o
recobertes de citrat o polietilenglicol. Els parametres fisioldgics mesurats en els enciams després de
ser exposats a la nanoplata van ser pitjors que els controls, especialment pel que fa a la transpiracié i a
la conductancia estomatica, la qual cosa indicava que les NPs poden exercir efectes toxicologics sobre
aquest tipus de planta comestible. Finalment, les mateixes proves realitzades amb Ag(l) van demostrar

que aquesta especie de plata tendeix a acumular-se més i pot exercir una major toxicitat que les AgNPs.






RESUMEN

La produccién de nanomateriales manufacturados (NMMs) ha aumentado en los Ultimos afios debido a
las diferentes propiedades fisicoquimicas que presentan respecto a sus metales homdlogos. Entre los
distintos tipos de NMMs, las nanoparticulas de plata (AgNPs) son ampliamente usadas en productos
comerciales por sus propiedades antibacterianas. Este hecho propicia su liberacion intencionada o
involuntaria al medio ambiente, dénde pueden interaccionar con los componentes naturales. Estas
interacciones pueden dar lugar a procesos de transformacion que pueden influir en su comportamiento,
su movilidad y su biodisponibilidad. Estos fenédmenos pueden jugar un papel importante en sus
efectos toxicos finales. Aunque todavia no esté clara la toxicologia de la nanoplata, ha aumentado
la preocupacion por los peligros que este material puede representar para los organismos vivos vy la
salud humana. Para evaluar el riesgo de exposicién a las AgNPs, y para comprender mejor sus efectos,
es necesario caracterizar y cuantificar estos contaminantes emergentes en muestras ambientales y
bioldgicas mediante el uso de metodologias analiticas adecuadas.

La investigacion presentada en esta tesis se centra en la aplicaciéon y la mejora de metodologias
analiticas existentes y en el desarrollo de nuevos procedimientos analiticos para adquirir informacién
no solo sobre la movilidad y la biodisponibilidad de las AgNPs en los suelos, sino también sobre su
acumulacién, biotransformacion y toxicidad en las plantas comestibles.

En primer lugar, se llevaron a cabo experimentos de adsorcién y lixiviacién (DIN 38414-S4 y DTPA)
en “batch” para investigar la movilidad y la biodisponibilidad de varios tipos de AgNPs en suelos con
diferentes propiedades fisicoquimicas a través del analisis por espectrometria de emisién éptica por
plasma de acoplamiento inductivo (ICP-OES). Los experimentos de adsorcién en el suelo demostraron
que la cinética de adsorcion de la nanoplata era rapida (<6 h), mientras que los experimentos de
lixiviacion indicaron una baja movilidad y biodisponibilidad de estos contaminantes emergentes una
vez adsorbidos en los suelos (recuperaciones de 0,47,8%). Estos experimentos demostraron que la
conductividad eléctrica del suelo, la capacidad de intercambio cationico, el contenido de materia
orgéanica, los minerales arcillosos y el tamafio y el recubrimiento de la nanoplata juegan todos un papel
importante en los procesos de adsorcién/desorcion de las AgNPs en el suelo. El anélisis de los lixiviados
DIN 38414-S4 con la deteccion de particulas individuales mediante espectrometria de masas por plasma
de acoplamiento inductivo (SP-ICPMS) indicé que durante los procesos de adsorcién/desorcion, las
AgNPs pueden mantener su nanoforma o pueden disolverse dependiendo de las propiedades de

la nanoplata y del suelo. En los lixiviados de DTPA, estos contaminantes emergentes se disolvieron



completamente.

Como alternativa a las técnicas espectrométricas mas utilizadas en estudios de adsorcién en “batch”,
se desarrollé un método basado en la técnica de espectrometria de fluorescencia de rayos-X por
reflexion total (TXRF) para ser aplicado a este tipo de estudios. El procedimiento de tratamiento de
muestra y los parametros de la TXRF fueron optimizados para cuantificar el contenido total de plata
(como AgNPs o plata idnica (Ag(l)) en muestras acuosas o en suelos. Usando las mejores condiciones,
el limite de deteccion (LOD) para la plata en muestras acuosas fue de alrededor de 37 pg L'y de 1,7 mg
kg'para los suelos analizados directamente. El método se aplicé a una cinética de adsorcién en suelos
y mostré que las AgNPs recubiertas de polivinilpirrolidona de 75 nm se adsorbieron en menos de 6
h. Los resultados fueron comparables con los obtenidos por ICP-OES y demostraron que se puede
emplear la TXRF para analizar directamente las suspensiones sélidas, analizar pequefias cantidades de
muestra y obtener informacién sobre otros elementos presentes en la muestra de manera econdmica.
Como la presencia de Ag(l) en sistemas naturales puede dificultar la caracterizacién y cuantificacién de
las AgNPs, también se investigd la combinacion de la extraccion en punto de nube (CPE) con la TXRF
y la SP-ICPMS.

Por un lado, para la metodologia CPE-TXRF, se optimizaron las condiciones experimentales para la
separacion y preconcentracion de la nanoplata en muestras acuosas para distintos recubrimientos
y tamafios. Se obtuvieron LODs de 0,7-0,8 ug L' para todas las NPs estudiadas y recuperaciones de
extraccion aceptables (73-105%) para las mezclas de diferentes tipos de AgNPs. Sin embargo, para las
mezclas de Ag(l)/AgNPs con una proporcion superior a 3, las recuperaciones de extraccién superaron
el 100%. La metodologfa desarrollada se aplicod a extractos acuosos del suelo y de un producto de
consumo. La presencia y concentracién de AgNPs en estas muestras reales se verificaron mediante el
analisis por SP-ICPMS. Se observd una buena concordancia entre las concentraciones de nanoplata
obtenidas en los lixiviados acuosos del suelo por CPE-TXRF y SP-ICPMS. Sin embargo, para los
extractos acuosos del producto de consumo, se encontraron discrepancias entre las concentraciones
de nanoplata obtenidas por ambos métodos analiticos. Estas diferencias podian ser debidas a la
presencia de Ag(l) y a una mezcla de AgNPs con distintos tamafios, tal y como se confirmé en el
analisis del extracto acuoso del producto de consumo mediante SP-ICPMS y microscopia electrénica
de barrido acoplada a espectroscopia de energia dispersiva. Aunque se necesita una investigacion
mas exhaustiva para analizar muestras acuosas que contengan mezclas de nanoplata con diferentes

propiedades, el método CPETXRF puede ser beneficioso para cuantificar estos contaminantes



emergentes en muestras acuosas complejas.

Por otro lado, para desarrollar la metodologia CPE-SP-ICPMS, se evaluaron los parédmetros criticos de
la CPE para separar las AgNPs de la Ag(l) y para la preparacién de la muestra teniendo en cuenta las
caracteristicas de la SP-ICPMS. Los métodos de calculo empleados en SP-ICPMS para determinar el
tamafio de las particulas y la concentracion en nimero de particulas se examinaron y compararon, y el
método del tamafio demostrd ser mejor que el de la frecuencia para la caracterizacién de las AgNPs.
Después de verificar la ausencia de efectos matriz, el método desarrollado se aplicéd para determinar el
tamafio de las AgNPs en lixiviados acuosos de suelo después de estar contaminados durante 3 semanas.
La aplicacion de la CPE antes de la SP-ICPMS resulté ser beneficiosa para reducir el contenido de
Ag(l), facilitar la separacién de sefiales de las AgNPs y la Ag(l) y mejorar la precisién en la determinacién
del tamafio de las NPs y la concentracién en nimero de particulas.

Finalmente, se evalud la acumulacion, la biotransformacion y la toxicidad de las AgNPs a la Lactuca
sativa (lechuga) (como modelo de planta). Las lechugas fueron expuestas a AgNPs con diferentes
recubrimientos y tamafios durante ¢ dfas, y también a diferentes concentraciones a través de un medio
de cultivo hidropdnico. Se confirmé que las raices de lechuga captan y acumulan estos contaminantes
emergentes, en funcién de su concentracién y tamafio, pero no de su recubrimiento. La translocacién de
la nanoplata a las hojas de lechuga se vio influenciada por los diferentes parametros estudiados, siendo
el tamafio de particula uno de los importantes porque se observé que las NPs mas grandes eran més
translocadas que las méas pequefias. El analisis por SP-ICPMS y por absorcion de rayos-X con radiacion
de sincrotrén (Ag-K) indicaron la disolucion de las AgNPs dentro de los tejidos de lechuga. Ambas
técnicas mostraron que la disolucién de las NPs era més efectiva a bajas concentraciones y en el caso
de NPs pequefias o recubiertas con citrato o polietilenglicol. Los parémetros fisiolégicos medidos en
las lechugas después de haber sido expuestas a la nanoplata fueron mas negativos que los controles,
en particular la transpiracion y la conductancia estomética, lo que indicaba que las NPs pueden ejercer
efectos toxicoldgicos en este tipo de plantas comestibles. Finalmente, las mismas pruebas realizadas
con Ag(l) demostraron que esta especie de plata tiende a acumularse mas y puede ejercer una mayor

toxicidad que las AgNPs.
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1.1

Silver nanoparticles in the environment

111 Nanoparticle definition, physicochemical properties and classification
Nanotechnology applications have rapidly grown in recent years in all areas of life (communication,
health, manufacturing and materials) because engineered nanomaterials (ENMs) have emerged
[12,.2]. The definition of nanomaterial (NM) s still being discussed because scientific, regulatory and
policy debates about these materials are ongoing [1.3]. International organisations and committees
[1.4-1.6], industry [1.7111] and governments [112-118] have proposed different NM definitions, most
of which are based on European Commission (EC) Recommendation [119] and/or International
Organization for Standardization (ISO) [1.2] definitions. According to the Recommendation of EC
201/696/EU, NM is defined as a natural, incidental or manufactured material containing particles,
in an unbound state or as an aggregate or as an agglomerate and where, for 50% or more of
the particles in the number size distribution, one or more external dimensions is in the size range
1 nm-100 nm. In some cases, which are justified by concerns for the environment, health, safety
or competitiveness, the number size distribution threshold of 50% may be replaced by between
1-50%. Additionally, the Recommendation specifies that (1) fullerenes, graphene flakes and single
wall carbon nanotubes with one or more external dimensions below 1 nm should be considered
as NMs; (2) where technically feasible and requested in specific legislation, a material should be
considered as falling under the definition when its specific surface area by volume is greater than
60 m?*/cm®[119]. In ISO/TS 80004:4-201 “Nanotechnologies vocabulary-part 4: nanostructured
materials”, NMis defined as a material having any external dimension in the nanoscale (size range
from approximately 1to 100 nm) or having internal structure or surface structure in the nanoscale.
This ISO standard also classifies NM as nano-object and nanostructured material, where the first
term is described as a discrete piece of material with one, two or three external dimensions in
the nanoscale. Nano-objects can be classified into three categories based on their dimensional
characteristics: nanoparticle, nanofibre and nanoplate (see Fig. 1.1). Therefore, according to the
definition proposed by ISO, nanoparticle (NP) is a nano-object with three external dimensions
within the nanoscale range (1100 nm) [1.2,1.20].

The origin of these particles may be natural or they can be manufactured (engineered nanoparticles
(ENPs)) [1.21]. NPs present characteristics that confer them unique physicochemical properties
compared to their bulk counterparts. The principal factors responsible for their different

behaviour are surface effects and quantum effects [1.22]. Surface effects are a consequence of
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Nanoparticle Nanorod
I (all external di ions within nanometre size range) // (solid nanofibre)
//
Nano-object Nanofibre d Nanotube
(one, two or three external dimensions | |3 external dimensions within nanometre size range and (hollow fibre)
within nanometre size range) \ the third one significantly larger) =5 S N
Nanoplate (electrically conducting nanofibre)
(1 external dimension within nanometre size range and
the other ones significantly larger)

Fig. 1.1/SO/TS 80004:2-2015 definitions of nano-object, nanoparticle, nanofibre (nanorod, nanotube and nanowire) and nanoplate.

their size and coating. Small size provides them a high surface area to volume ratio, and the
fraction of surface atoms increases when particles become smaller. The presence of more
surface atoms enhances their mechanical, thermal and catalytic properties [1.2211.24]. Some
NPs are functionalised with special coatings to improve certain physical or chemical particle
properties (e.g. conductivity), or with stabilising agents (e.g. sodium citrate) to prevent them from
aggregation by modifying their surface charge, their particle size and their steric stability [111.25].
Quantum effects are due to their small sizes that allow trapping electrons or electron holes to
lead to special electrical, optical, magnetic and catalytic properties [1.22,).24].

Given the multiple properties that NPs can present, diverse NPs are described that can be
classified in different ways (e.g. origin, chemical composition, shape, etc.) [1.26]. The classification

based on chemical composition divides NPs into the following five categories:

1111 Carbon-based NPs

Carbon-based NPs are composed completely of carbon atoms. Depending on their structure,
they can be fullerenes, carbon nanotubes, graphene, carbon nanofibres or carbon black,
among others [1.271.28]. The bonding configuration of carbon nanostructures and the numerous
surface atoms confer them unique adsorption, conductive, optical and thermal properties.
Their main applications lie in environmental, energy, electronic, biological and medical fields

[1.26.20].

11.1.2 Elemental metallic NPs

Elemental metallic NPs are inorganic nanoparticles made up of metals (silver (Ag), gold (Au),
lead (Pb), cadmium (Cd), cobalt (Co), copper (Cu), zinc (Zn), iron (Fe) and aluminium (Al)) [1.27].
One important feature of these NPs is their surface plasmon resonance (SPR), caused by the
interaction of conduction electrons (from the metal) with an incident light that provides them

with special optoelectric, electric, magnetic and catalytic properties [1.30,1.31]. Metallic NPs are
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useful for diverse applications like consumer products, biosensors, biomedical, detoxification

of organic pollutants in the environment and catalysis [1.26,.30,.31].

1.11.3 Metal oxide NPs

Metal oxide NPs are metal-based nanoparticles with enhanced reactivity and efficiency
as regards their elemental metallic NPs counterparts. Some existing metal oxide NPs are:
copper oxide (CuO), cerium oxide (CeQ)), iron oxide (FeQOB), silicon dioxide (SiO), titanium
dioxide (TiO), zinc oxide (ZnO) and aluminium oxide (A|2OS) [1.27]. These nanoparticle oxides
possess special optical, semiconducting and chemical sensing qualities due to their small size
and the high density of edge surfaces. They are employed in areas like energy, electronics,
biomedicine, pharmacy, medicine, cosmetics, textiles, food, construction and treatment of

wastewaters, and groundwaters [1.26,.30,.32].

11.1.4 Organic NPs

Organic NPs are composed of organic compounds (polymeric (e.g. chitosan) or non-polymeric
(e.g liposome)) [1.33] and possess the particularity of being biodegradable and very stable in
biological media. Some of these NPs have hollow cores (e.g. nanocapsules), which confer them
the drug delivery capacity in biological systems [1.26,.27]. Moreover, the optical and electronic
properties of organic NPs differ from inorganic NPs because of their weaker quantisation
effect and the joining mode of organic molecules [1.34]. The most important applications of
organic NPs lie in biological and medical fields, but they can also be used for environmental

monitoring, sensors or in agroindustry [1.26,.27].

111.5 Quantum dots

Quantum dots (QDs) are semiconductor nanocrystals that fall within the diameter size range
of 210 nm [1.35,.36]. There are diverse types of quantum dots depending on their constituents:
(1) QDs composed of binary metal complexes (e.g. cadmium selenide (CdSe) or cadmium
tellurium (CdTe)); (2) core-shell QDs formed by the combination of two semiconductors
(e.g. (CdSe) CdS); (3) carbon QDs that are small carbon NPs [1.261.371.38]. The quantum
confinement of QDs due to their small size provides them with special optical, electrical,
luminescence and chemical properties, such as a wide absorption spectra, a narrow emission

spectra and high photostability [1.26,1.351.36]. Nanometre-scale semiconductor crystals are
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used in optoelectronics, molecular biology, medicine, sensors and catalysis [1.30,1.371.38].

1.1.2 Occurrence and fate of silver nanoparticles in the environment

According to “The Project on Emerging Nanotechnologies” product database (Consumer
Products Inventory (CPI)), created by the Woodrow Wilson International Centre for Scholars
and PEW Charitable Trusts, the nanotechnology-based consumer products in the global market
listed in the 2014 inventory contained predominantly metallic NPs (non-oxide and oxide) [1.39,1.40].
Allied Market Research declares that these NMs are the most manufactured, with an expected
compound annual growth rate (CAGR) of 207% for 2016-2022 [1.41]. Among today’s variety of
metal-based NPs, silver nanoparticles (AgNPs) are popular in industry for their antibacterial
properties. Silver bactericidal qualities in medicine have long since been known as silver was
used as silver nitrite (AgNO ) to treat ulcers or as silver sulfadiazine (CWOHQAgNAOzs) for patients
with burns, although long exposure to this metal provokes human skin or eye discoloration. This
fact favoured the expansion of antibiotics (e.g. penicillin or cephalosporin) until the discovery of
nanosilver [1.42]. AgNPs possess antibacterial activity against Gram-negative (e.g. Escherichia coli)
and Gram-positive bacteria (e.g. Staphylococcus aureus) [1.43], antimicrobial properties against
fungi (e.g. Bipolaris sorokiniana) [1.44] and antiviral activity against viruses (e.g. hepatitis B) [1.45].
Apart from this special quality, nanosilver presents good thermal and electrical conductivity,
catalytic activity and chemical stability [1.42,0.46]. Thanks to these unique properties they have
compared to their bulk counterparts, AgNPs are one of the most manufactured metallic NPs in
industry with an estimated global annual production rate from 5.5-550 tons/year [1.22,1.47,.48]
and an expected growth with a CAGR of nearly 13% for 2016-2024 according to Global Market
Insights Inc. [1.41]. Some commercialised products containing AgNPs in Europe and worldwide are
listed in “The Nanodatabase” Inventory [1.49] and in “The Project of Emerging Nanotechnologies”
CPI[1.50], respectively. Products in these inventories are classified into seven groups: appliances
(e.g. washing machine, humidifier, etc.), automotive (e.g. car cleaning agent), electronics and
computer (e.g. mobile phone and computer gadgets), food and beverage (e.g. food storage
containers, kitchenware, etc.), health and fitness (e.g. sportswear, sanitary napkins, etc.), goods
for children (e.g. pacifier, sleep suit, etc.) and home and garden (e.g. paint, floor cleaner, etc.). Of
these categories, health and fitness is that with more nanosilver products and automotive has the

fewest products containing these emerging contaminants as can be seen in Fig. 1.2.
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Fig. 1.2 Graphical representation of the percentage of nanotechnology-based commercial products containing AgNPs listed in

European [1.49] and worldwide [1.50] market inventories following their classification criteria.

As a result of their wide production, inevitably these particles can intentionally or unintentionally
reach the environment during their lifespan [1.51]. Fig. 1.3 shows the life cycle of AgNPs, which
begins during the synthesis and incorporation to nanoproducts, continues with transportation

and usage, and ends with disposal [1.42,1.52].

AgNPs production and application AgNPs application disposal

manufacturin; -
£ Incineration,| *==|  Recycling L d Ecgnogly
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Fig. 1.3 AgNPs life cycle diagram from their production to their final disposal. Electric blue arrows represent the release during
nanosilver or nanoproducts manipulation. Light blue arrows represent the final transfer of these emerging contaminants to the
environment. Arrow thickness denotes the potential of release, where thicker arrows indicate the most important release pathways

[adapted from [1.52]]

In the first cycle stage, nanosilver can be released to air, water or landfills from accidental spills
while being manipulated as powder material, stored, transported or applied in manufactured
products [1.52].

The second stage is considered the point at which more NPs are unintentionally released. Several
studies have indicated the release of nanosilver from consumer products [1.42,1.52]. The release
of AgNPs from textiles has been demonstrated after being exposed to distilled water [1.53], tap
water [1.54], bleach [1.55], washing conditions [1.56] and artificial sweat [1.57]. Plastic food packaging
embedded with nanosilver can also be a source of release of these emerging contaminants to
food simulants, such as distilled water [1.58], aqueous ethanol [1.581.59], aqueous acetic acid

[1.58.59], or to food like chicken breast [1.60]. Toothpaste, shampoo or toys exposed to tap water
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can also release AgNPs [1.54]. These emerging pollutants can also migrate from medical devices,
such as wound dressings, medical masks or catheters to water, saline or citrated human plasma
[1.54,.61]. One study has demonstrated the release of AgNPs from paints used on outdoor building
facades under natural weather conditions [1.62]. What stems from these research works is that
the potential release of nanosilver from these commercial products depends on the conditions
of the medium where the nanoproduct is used [1.52]. Moreover, while they are released, they
can undergo some transformation processes, such as dissolution or aggregation [1.59,.611.64].
Although these NPs present in industrial products can pass directly to the environment, most
end up in sewer systems and can, consequently, reach wastewater treatment plants (WWTPs)
[1.65-1.67]. As several studies have reflected, these particles are efficiently removed by WWTPs (10-
>06%) [1.67-1.69]. During these treatments, AgNPs can undergo sulfidation processes, especially
in anaerobic stages, to generate silver sulfide species (Ag S), and most accumulate in biosolids.
Therefore, nanosilver being discharged to aquatic environments through treated effluents is low
if the wastewater treatment process is adequate [1.65,1.68-1.70].

Finally, the release of AgNPs to the environment in the disposal phase at the end of their life
cycle can be intentional or unintentional. One of the pathways of the intentional release of
these emerging pollutants to the environment is when nanopesticides are applied to terrestrial
crops for plant protection [171] and water treatment purposes [1.72]. Another way is by applying
sewage sludge as a fertiliser to agricultural soils. However in some countries the use of biosolids
is forbidden and, thus, the solid waste of WWTPs is incinerated or landfilled [1.54,173]. From
these or other incineration activities, AgNPs unintentional emissions to the atmosphere can
occur. Atmospheric particulate matter can be straightforwardly deposited on soils or in waters,
while the nanosilver present in landfilled sewage sludge can leach into subsoil or groundwater.
As previously mentioned, unintentional nanosilver delivery can also occur through wastewater
effluent discharges to natural waters [1.65).74]. At the end of the cycle, a nanoproduct can be
recycled and can, consequently, flow back to the production process [1.52]. In short, nanosilver
can be present in different environmental compartments (air, water and soil).

Although most of the AgNPs present in the environment are of anthropogenic origin, they can
also emerge spontaneously by the natural processes taking place in the environment. Several
studies have reported the formation of these metallic NPs through the interaction of ionic silver

(Ag(l)) with humic or fulvic acids functional groups (e.g. aldehydes, ketones, thiols, quinones,
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carboxyls, phenols, etc.), which are natural organic matter (NOM). The interaction results in Ag(l)
reduction to metallic silver (Ag(0)) [1.75176]. The presence of iron species (Fe(ll) or Fe(lll)) or
sulfide species also enhances the creation of AgNPs [1.771.78]. Nanosilver can also be generated
through the sunlight reduction of Ag(l) by NOM [1.79]. These AgNPs formation processes are
affected by diverse environmental factors (e.g. pH, temperature, light, etc.) [1.771.79]. Another
way by which these emerging pollutants naturally appear is through the oxidative dissolution
of Ag(o) from objects containing this metal and by the subsequent reduction of Ag(l) to Ag(o)
under environmental conditions [1.80]. There are also reports that describe that living plants have
the capacity to uptake Ag(l) and transform this metal species into nanosilver [1.81]. Thus, natural
occurring NPs and ENPs coexist in different environmental compartments.

With existing analytical methodologies, the determination of AgNPs concentration levels to
assess the environmental risk of these emerging pollutants is a difficult task given their low
concentration and the coexistence of natural and anthropogenic nanosilver. For this reason, one
of the possible tools to be used to gain information about the concentration levels of these
emerging contaminants in the environment is prediction models. There are two different exposure
models, as stated by Nowack (2017): material flow analysis (MFA) and environmental fate model
(EFM). The first is based on tracking the materials flows in the entire NPs life cycle, while the
second is based on describing the environmental fate and behaviour of AgNPs in environmental
compartments (air, water or soil). Although the transfer factors of MFA models do not take into
account physicochemical processes, this predicting model is an accepted approach to estimate
nanosilver concentration levels in the environment because it is based on European Chemicals
Agency (ECHA) guidance for chemical risk assessment [1.73]. Table 1.1 shows the published works
based on estimating AgNPs concentration levels in different environmental and technological
compartments, using MFA models. The reported values indicated that the higher nanosilver
concentration in technical compartments is found in sludge from WWTPs, waste incineration
plants (WIPs) and solid waste. In environmental compartments (soil, surface water, sediments
and air), the highest concentration of AgNPs is found in sediments and soils treated with sewage
sludge, and the lowest concentration appears in air. Lower nanosilver values in the atmosphere
could be due principally to it being well-extended, the short residence time or the low percentage
of emissions from WIPs [1.82:1.84]. However, these predicted reported values are illustrative as

experimental validation is lacking [1.85].
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Table 1.1 Silver nanoparticles environmental concentrations in different technical and environmental compartments in Europe shown

as the mode (most frequently value) predicted by material flow analysis models (MFA).

Environmental compartment Material flow analysis models

Predicted Probabilistic Dynamic

environmental model flow probabilistic

concentrations®  analysis® model flow

analysis®

Air (ng m?) 0.008 0.003 0.00
Solid waste to WIPs (ug kg") - 60 10.6
Solid waste to landfill (ug kg™ - - 35.4
WIPs bottom ash (ug kg") - 230 m
WIPs fly ash (ug kg") - 380 169
WWTPs effluent (ng L") 425 017 071
Surface water (ng L") 0.764 0.66 0.63
Sediment (ug kg") 0952 2.3 23.8
Soil (ug kg™ 0.0227
WWTPs sludge (ug kg") 1680 20 20.2
Natural and urban soil (ug kg") - 0.0012 0.02
Sludge treated soil (ug kg”) 1.581 omn 073

@ Gottschlank et al, 2009 [1.82]. Estimated AgNPs concentrations in 2008 (black values) and annual concentration increase (red
values).
b Sun et al, 2014 [1.83]. Estimated AgNPs concentrations in 2012 (black values) and annual concentration increase (red values).

© Sun et al, 2016 [1.84]. Estimated (accumulated) AgNPs concentrations in 2014 (interval from 1990 to 2020).

11.3 Behaviour and transformation processes of silver nanoparticles in the

environment
Inthe environment, nanosilveris susceptible to sufferinteractions with environmental constituents,
which that can induce transformation processes that modify their original characteristics and,
consequently, their behaviour, fate, mobility and biocavailability can be affected (see Fig. 1.4)
[1.86,.87]. These processes are governed mainly by particle properties (e.g. surface area, surface
charge, particle size, chemical composition, solubility, shape, capping agent, aggregation ability
and concentration) and the characteristics of the medium where these emerging contaminants
are released (e.g. physiochemical properties of each environmental compartment) [1.86,1.88,.89].
In the following sections, the possible transformation processes that AgNPs can undergo in

different environmental compartments are described:
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Fig. 1.4 Diagram of how NPs are transported to different environmental compartments and the possible interactions they can undergo
[Republished with permission of Journal of Nanoparticle Research, from [1.86]; permission conveyed through Copyright Clearance
Center, Inc.].

11.3.1 Atmosphere

Very little information about nanosilver transport in the air is available. Nevertheless, these
emerging pollutants can remain suspended as individual particles or can undergo several
interactions with the components of this medium before being deposited [1.86,90]. The

phenomena that they can experience in this environmental compartment are the following:

a) Coagulation

Coagulation occurs with the collision of two or more AgNPs or a NP colliding with other
particles present in the atmosphere due to their Brownian motion (random movement of
particles in colloidal systems). This process is favoured between different sized particles
because smaller particles have a large surface area and high Brownian diffusivity to collide
with larger particles. As a result of collision, there is the formation of larger particles or
agglomerates/aggregates through coalescence [191192]. Agglomerates are the result of
reversible weak physical interactions (e.g. Van der Waals forces) between particulate
matter, while aggregation is caused by non-reversible strong chemical (e.g. covalent or

ionic) or electrostatic interactions [1.89,193].
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b) Coating process by organic and inorganic compounds

Silver nanoparticle size can be enlarged in the atmosphere due to organic and inorganic
vapours condensating on the nucleus of pre-existing nanosilver to form a coating around
the NPs. Yet not only can particle size be increased by condensation processes, but the

formation of new nucleating particles can also take place [1.86,191].

c) Dissolution and chemical reactions
Dissolution of AgNPs into cloud or fog droplets by releasing Ag(l) can also occur if conditions
are slightly acidic [190]. Apart from these phenomena, nanosilver in the atmosphere can

react with other chemical compounds, such as atmospheric oxidants [1.94].

d) Deposition

Intact or transformed AgNPs are deposited in other environmental compartments (water
and soil) by dry or wet deposition. The dry deposition process is governed mainly by
Brownian diffusion and inertial impaction through particle transfer to air-surface interfaces.
This form of transport is affected by particle size and density. Dry deposition through
Brownian motion is favoured for smaller NPs given their higher diffusion coefficient
compared to larger AgNPs. Conversely, dry deposition through impaction is better for
larger NPs or aggregates because their gravitational sedimentation velocities are more
efficient than smaller particles. Wet deposition particle transfer occurs by precipitation.
This deposition can occur by nucleation scavenging (rainout) or aerosol-hydrometeor
coagulation (washout). The first process consists in incorporating silver particles into
aerosol by falling rain drops, while the second phenomenon consists in surrounding

nanosilver with raindrops formed as condensation nuclei [1.86,91,1.95].

All these described processes that AgNPs can undergo in the atmosphere are also affected

by environmental factors, such as temperature, humidity and atmospheric turbulence [1.86].

11.3.2 Water

In aquatic systems, AgNPs are exposed to various modification and transformation processes

giventhe multiple natural existent components in this environmental compartment (e.g. colloids,

NOM, cations, etc.) with which they can interact. These interactions are governed mainly by

water chemistry (e.g. pH, ionic strength, dissolved oxygen, dissolved organic matter (DOM),
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etc.), seasonal variations (e.g. temperature) and the aforementioned NPs physicochemical
characteristics [1.86,.89196]. Transformation processes are classified as physical (dispersion,
agglomeration/aggregation, adsorption/desorption and sedimentation), chemical (oxidation/

dissolution, sulfidation, chlorination and photochemical) and biological (bio-transformation):

a) Dispersion

As previously mentioned, natural waters contain a wide variety of naturally occurring geo-
and bio-colloids that are stabilised by electrostatic repulsion, steric hindrance, or by a
combination of both [1.89,.97]. Kinetic processes through Brownian motion are responsible
for AgNPs stability and their dispersion in aquatic systems [1.89]. This phenomenon is
favoured by low mono- and divalent cation concentrations in this environment (low ionic
strength) [1.89198199]. NOM can enhance the stability of nanosilver in natural waters, but
depends on the nature of organic molecules [198]. Smaller particles are less stable than
larger particles because they are more prone to interact with natural water components
given their large surface area [199]. Other factors that can contribute to dispersion
efficiency are water pH and NPs characteristics, such as particle mass, density and surface

properties [1.89].

b) Aggregation and agglomeration

In the absence of sufficient stability, AgNPs can undergo aggregation and agglomeration
phenomena. As stated in Section 11.3], the difference between these two processes lies
in agglomeration being a reversible process (weak interactions between particles), while
aggregation is a non-reversible process (strong interactions between particles) [1.89].
Moreover, if aggregation occurs between similar particles, it is called homoaggregation,
whereas if aggregation happens between different particles, it is called heteroaggregation,
which is commoner in environmental systems [1.51]. The frequencies of particle collision to
generate aggregates/agglomerates are driven by Brownian motion (perkinetic aggregation),
fluid motion (othokinetic aggregation) and differential settling, of which the first is the most
frequent [1.511.89]. Particle-particle collision can be controlled by electrostatic or steric
interactions, the first of which is governed by the particle surface charge of the electrical
double layer (EDL). The EDL comprises the surface-charged sites and a diffusive layer

containing ions from the solution attracted by the particle’s surface charge. The NPs
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surface charge can be known by measuring the electrical potential at the interface of the
diffusive layer and the bulk solution (zeta potential). When particle surface charges are
repulsive (similar particle charges), the energy barrier between particles is high and NPs are
maintained in dispersion. When particle surface charges are attractive (opposite particle
charges), the kinetic energy of Brownian motion overcomes the energy barrier between NPs,
which become aggregated/agglomerated [1.511.871100]. The main factors that influence the
stability of AgNPs are pH, ionic strength and particle coating. The pH value of the medium
governs the particle surface charge, where the point zero charge (PZC) is the point at
which a particle and a solution remain in a state of equilibrium. The net charge is positive
when pH values are lower than the PZC, which occurs under acidic conditions because
the addition of protons deteriorates the negative cloud of ions around silver particles and
favours electrostatic attractive forces between the particles present in natural waters. In
alkaline media, the net charge is negative (pH values over the PZC) as hydroxyl groups
strengthen the negative cloud of ions around AgNPs and enhance the stability of particles
in agueous media [1.511.87]. The presence of anions and cations in natural waters also
affects the surface charge by causing the following different phenomena: (1) the nanosilver
surface charge is modified by the adsorption of ions (anions or cations) present in aqueous
media onto the NPs surface even without varying ionic strength; (2) the AgNPs surface
charge is altered by increased ionic strength, which reduces the EDL and, consequently, the
destabilisation of particles takes place to favour their aggregation/agglomeration [1.511101].
Particle coating impacts nanosilver behaviour because it can modify the surface charge of
the core material, and its role is to maintain the particles in suspension stabilised. In natural
waters the presence of NOM can also influence the surface charge, the surface potential
and the structure of the NPs when it surrounds the AgNPs present in this environmental
compartment. Aggregation/agglomeration can be disfavoured by NOM depending on the
electrostatic (pH and ionic strength) and steric (NOM spatial arrangement) interaction
mechanisms that take place in aqueous media [1102]. Marine media are generally more
alkaline, have great ionic strength, and there are more colloids and NOM present
compared to freshwater. Thus aggregation/agglomeration is commoner in these aquatic
compartments [1103]. Dispersion and aggregation/agglomeration processes are described

by the Derjaguin-Landau-Verwey Overweek (DLVO) theory, which takes into account
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the attraction (Van der Waals) and repulsive (electrostatic) interaction energies that act
between two particles. Other interaction processes (e.g. hydrophobic, steric repulsion,

polymer bridging, etc.) are described by the non-DLVO processes [1.511.89].

c) Adsorption and desorption

A phenomenon related with aggregation/agglomeration is the adsorption of the substances
present in natural waters onto nanosilver surfaces. As previously stated, NOM can be
adsorbed onto AgNPs surfaces by changing their chemistry and can, consequently, affect
attachment to the other particles present in aqueous media. The consequences that
stem from NOM adsorption processes are difficult to be understood because the NOM
family comprises a wide range of organic molecules and macromolecules. However, their
presence can induce electrostatic repulsive interactions between NPs (low-molecular
weight organic coatings) or steric repulsion (long-chain polymers) that hinder aggregation/
agglomeration phenomena. The stabilisation of nanosilver by NOM, can affect the mobility
of contaminants (e.g. organic or metallic) in aquatic environment. Apart from NOM, in
groundwater common inorganic components (carbonates, phosphates, sulfates, chlorides
and nitrates) can be adsorbed to AgNPs surfaces, which alters their chemical surface
characteristics and affects their behaviour. Desorption can also occur due to forces
exerted on particles (e.g. shear forces) that change their surface characteristics. These
processes are influenced by NOM physicochemical properties (e.g. electric charge, size,

etc.) and nanosilver surface charge [1.511.89,102].

d) Sedimentation

Another phenomenon that derives from aggregation/agglomeration processes in natural
waters is sedimentation. The colloidal interactions that take place between particles
increase their size and density and cause the settlement of the resulting aggregates by

gravity, and larger particles more rapidly accumulate in water sediments than smaller ones

[1.86,.89].

e) Oxidation and dissolution
Oxidation and dissolution are relevant AgNPs transformation processes that take place in
the presence of dissolved oxygen and protons [1102,104]. In oxic natural waters, nanosilver

can be oxidised by dissolved oxygen to generate Ag O that adheres to AgNPs surfaces
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to form a core AgNP-shell structure. This oxidation process is slow, but Ag O quickly
dissolves and, after being completely dissolved, nanosilver oxidation/dissolution continues
[1104]. AgNPs dissolution is influenced by their particle size and their concentration in
aqueous media. At low concentration levels and with a small particle size, AgNPs are more
prone to be dissolved than at high concentrations and with a large particle size because
of the few quantity of atoms per volume in the surface area. pH also affects nanosilver
dissolution, which is favoured by low pH values. However, the dissolution of these emerging
contaminants can decrease due to several phenomena: (1) Ag(l) is adsorbed by AgNPs; (2)
particle coating or organic matter coatings (NOM); (3) aggregation between particles; (4)
certain environmental conditions (e.g. lowering dissolved oxygen concentration, lowering

temperature, increasing pH, etc.) [1.5111011102,1104].

f) Sulfidation

Sulfidation is given by two possible ways, and mainly in anaerobic aquatic environments.
Indirect sulfidation processes occur when the Ag(l) released by AgNPs through dissolution
phenomena interact with sulfide species (e.g. HS or organic thiols) to form a silver sulfide
precipitate (Ag S). Ag(l) species have a great affinity for thiol-containing ligands compared
to other sulfide species. In direct sulfidation, AgNPs are transformed into a AgNP-shell
(Ag S)-type structure. Nanosilver sulfidation is favoured at high HS/Ag ratios and for
smaller NPs that are more reactive than larger ones. Nevertheless, the presence of NOM
in natural water can inhibit the formation of silver sulfide species. For example, it can block

the sulfidation process by surrounding the particle surface [11011104].

g) Chlorination

Chlorination phenomena occur after the dissolution of AgNPs, which is one of the sources
of Ag(l) generation in oxic natural waters. Unlike the sulfidation process, the formation of
core-shell structures (AgCI NP-type) or AgCl precipitates is favoured at low Cl /Ag ratios. At
high Cl-/Ag ratios, the creation of anionic Ag complexes (e.g. AgC|; AgCl ; ~ AgCl i —)is
more likely. Given the high CI'/Ag ratio in seawater, the presence of anionic Ag complexes
is frequent, but AgCl precipitates are commoner in freshwater due to the low Cl'/Ag ratio

[110117004].
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h) Photochemical reduction and bio-transformation

In aquatic environments, the generation of AgNPs is also possible by the photochemical
reduction of Ag(l),as mentionedin Section11.2. The reduction mechanism process consists in
superoxidesproductionbysunlightirradiationto DOMfunctionalgroups.Subsequentlythese
superoxides reduce the Ag(l) species present in aqueous media [1104]. In this environmental
compartment, different organisms can play a key role in the modification of AgNPs surface
characteristics. For example, the material that they release can be attached to nanoparticle

surfaces, or microbial organisms even have the ability to reduce Ag(l) to AgNPs [1.89].

11.3.3 Soils

Soil systems, including sediments, are the final biggest sink for the disposal of released AgNPs,
both directly and indirectly. Soil matrices are relatively complex because they are constituted
by two phases. One phase is the soil pore space, where NPs movement depends on sall
solution characteristics and natural colloidal material. The other one is the soil solid phase,
in which nanosilver retention is given by the interaction with organic matter and minerals
[1.461105]. The interactions that these emerging pollutants undergo in this environmental

compartment can lead to the following processes:

a) Aggregation and agglomeration

As in water systems, AgNPs can be agglomerated or aggregated as a result of particle-
particle collisions. As stated in Section 11.3.2, agglomerates and aggregates can be formed
by electrostatic interactions. In soil pore space, the surface charge of NPs and solil
colloids is one of the main factors responsible for the efficient attachment of particles by
electrostatic interactions [1100,1106]. As in aquatic media, the particle surface charge is
influenced mainly by the pH and ionic strength of the soil liquid phase. Repulsive forces
reduce at great ionic strength and at pH values that come close or go below the PZC,
which favours AgNPs agglomeration/aggregation with colloidal matter. The nanosilver
surface charge can also be affected by changing the original surface properties as a result
of the NPs coating or the adsorption of NOM. Soil organic matter can hinder the formation
of agglomerates/aggregates by enhancing the mobility of these emerging contaminants
in soil [1.861100,1105]. Particle size also influences these phenomena, and is favoured by

small-sized particles given their large surface area [1.86].
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b) Adsorption/retention and desorption

As in aquatic environments, an agglomeration/aggregation related phenomenon is the
adsorption/retention of nanosilver to the soil solid phase. Nanosilver retention can occur
by two ways in the soil solid phase: (1) surface interaction with clay minerals or organic
matter; (2) pore straining. The first way retention is known as adsorption, and is governed
by electrostatic interactions between AgNPs and soil surfaces. Therefore, retention on soll
surfaces is favourable when nanosilver and soil have opposite surface charges (attractive
forces), which reduces the mobility of these emerging pollutants [110011061107]. The
AgNPs characteristics (e.g. surface charge) and soil properties (e.g. pH, ionic strength, metal
oxide content, organic fraction, texture, cation exchange capacity, etc.) play an important
role in this process [1105]. When ionic strength increases AgNPs mobility is reduced
because they are less stable in soil solution under these conditions. So the attachment
of these emerging pollutants to soil surfaces is more likely [1.467107]. Moreover, soils
with high pH and cation exchange capacity (related to soil clay mineralogy) favour the
adsorption of positively charged AgNPs due to the presence of negatively charged sites
and, consequently, more cation exchange reactions occur [1.46]. However, large amounts of
organic matter in soil can enhance the mobility of negatively charged AgNPs in this medium
because the presence of negative sites (e.g thiol groups) in the soil solid phase hampers
access to positively charged surfaces [1.46]. Another factor that can hinder adsorption is
an increase in NOM in the soil liquid phase by changing nanosilver surface properties
through adsorption processes [1.46,1.86,11061107]. Particle size also influences nanosilver
adsorption in the soil solid phase as small-sized particles are more reactive [1.86]. The
second way, pore straining, is a physical retention mechanism that depends mainly on
particle size and pore size distribution. AgNPs or aggregates are trapped in porous soils
when particle size is larger than soil pore, which reduces their mobility. When they are
smaller than soil pores, they can travel large distances, which enhances options to reach
groundwater [1.86,1106]. Therefore, small particles are more mobile and more likely to reach
groundwater, while larger particles or aggregates are more prone to be blocked in upper
soil layers. Apart from all these physicochemical processes that nanosilver can undergo in
the soil compartment, the solution flow rate can also affect the mobility of these emerging

pollutants, which is more favourable when the flow rate rises [1100]. However, AgNPs can
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be detached from the soil solid phase to the liquid soil phase by desorption processes.
The presence of organic (herbicides/pesticides) and inorganic (heavy metals) pollutants
in the soil liquid phase and the presence of biological excrements from living organisms
can alter nanosilver mobility as they modify surface properties through their interactions

[1.211105].

c) Dissolution

Dissolution of AgNPs occurs when an ion detaches from the particle and migrates to the
soil liquid solution. As mentioned in Section 11.3.2, this phenomenon is enhanced for small-
sized nanosilver because of their large surface area. The resulting Ag(l) tends to bind to

colloidal components or can be adsorbed by soil solid phases [1.46,1001101,1104].

1.1.4 Potential toxicity risks and concerns to living beings and human health

Nanosilver is known for its antibacterial properties through the release of Ag(l), which is known
to be toxic, and due to its specific effects [1108]. As explained in Section 11.2, AgNPs are found
in different environmental media at trace concentration levels. Despite these low concentration
levels, living organisms present in air, water and soil can uptake nanosilver and can, consequently,
accumulate these emerging pollutants. Bioaccumulation, which is related to the bioavailability
of metallic NPs in media, is influenced by: (1) concentration of AgNPs; (2) NPs characteristics; (3)
environmental conditions; (4) exposure route; (5) the biology and functional ecology of the involved
organism. The quantity of nanosilver accumulated by an organism is determined by the balance
struck between the uptake rate and loss rate, and via dilution by growth. Bioaccumulation is one
of the main processes responsible for the chemical or physical toxic effects that these emerging
contaminants can have on living organisms. Both the dose response effect and exposure pathway
are important to understand the risk that AgNPs pose. The exposure pathway determines how
NPs enter organisms. The various organisms that exist in different environmental media have
distinct ways of uptaking nanosilver [1.46,1.851.86,1109]. Once inside living organisms, AgNPs can
be transported to target organs and can interact with membranes of cells to lead to endocytosis
or diffusion processes. During the endocytosis process, the early endosomes located near the
cell membrane uptake metallic NPs. Two internalisation pathways intervene in the diffusion
process: AgNPs are diffused through the cell membrane (passive diffusion), or carrier proteins

and channels can help to internalise them inside the cell (facilitated diffusion) [1.86,108.09].
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Inside cells, and depending on the size and the surface chemistry of NPs, they are transported
to target organelles, such as lysosomes, mitochondria or nucleus, where they can exert hazard
effects (see Fig. 1.5) [1110]. The toxicity of these NPs is driven by different mechanisms that are

not well-defined.
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Fig. 1.5 Schematic overview of silver NPs toxicity pathways in cells [Republished with permission of Nanoscale, from [1.111];
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permission conveyed through Copyright Clearance Center, Inc.].

1.1.41 Mechanisms of toxicity

Nanosilver toxicity is considered to be linked to Ag(l) (ion-related toxicity), AgNPs (particle-
related toxicity) and the “Trojan-horse” effect (a combination of both) [1104]. One way for toxicity
to occur is the direct internalisation of Ag(l), derived from AgNPs dissolution processes in the
environment, in the organism'’s circulatory system or in cells. Another possible mechanism is
the attachment of AgNPs to the surface of cellular membranes and the release of Ag(l) within
surface layers, which can disrupt plasma membrane activities. One of the main nanosilver
toxicity hypotheses is the “Trojan-horse” effect mechanism, which consists in releasing silver
ions from AgNPs to the cytoplasm [1.851m2,1m3]. The presence of these free silver ions
causes some dysfunctions in the intracellular environment that provoke an increment in
reactive oxygen species (ROS). ROS are oxygen species with an unpaired electron in their
outer electron orbital, such as superoxide, hydrogen peroxide or hydroxyl radicals, among
others [1108113]. Under normal physiological conditions, oxidant and antioxidant systems are
balanced and achieve homeostasis inside the organism [1114]. When the presence of ROS

and the generation of other free radicals increase, the cellular enzymatic and non-enzymatic
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antioxidant defence components involved in oxidative stress are activated to balance this
increment [1112]. An indication of cellular oxidative stress is increased malondialdehyde (MDA)
production as a result of lipid peroxidation, or reduced glutathione (GSH), which is one of
the important antioxidants for cell survival. An inflammatory response is generated once
ROS amounts exceed the level at which antioxidants can neutralise. Apart from inflammatory
responses, ROS species can also alter the activity of cellular organelles (e.g. depletion of ATP
production by mitochondria), the autophagy defence function (e.g. degradation of damaged
cellular components) and cause deoxyribonucleic acid (DNA) damage. All these cellular
degenerations can induce cell death (apoptosis or necrosis) when defence mechanisms
cannot respond to damage [1108,11m,1115,1116].

Despite claims that cellular alterations and toxicity effects of AgNPs are due to the release of
Ag(l), nanosilver at sublethal doses can alter cellular functions in molecular terms, but without
producing cytotoxicity and cell death. The cellular functions that nanosilver can affect include
energy balances (e.g. metabolism energy related to gene expression and protein levels),
transcription machinery by direct binding to ribonucleic acid (RNA) polymerase and gene cell
expression propagation [1111].

Toxic effects that AgNPs can exert on living organisms through the explained mechanisms
are governed by the NPs potential reactivity in cells, which is dependent on nanosilver
physicochemical properties. Particle size influences AgNPs sedimentation/deposition
velocity, mass diffusivity and attachment efficiency on biological and solid surfaces. Smaller
particles have a large surface area that favours their interactions with cellular proteins and
organelles, and the release of Ag(l). The smaller the NPs are, the easier they pass through the
cellular membrane. Therefore, smaller particles can exert stronger toxic effects than larger
particles. Nanosilver shape can also affect their toxicity by influencing the cellular uptake
mechanism. As mentioned in Section 11.3, the presence of capping agents modifies nanosilver
characteristics (e.g. surface charge), the dissolution ratio, the agglomeration/aggregation
possibility and, subsequently, their toxicity in cells. The surface coating can influence the
uptake of these emerging contaminants by cells. Nanosilver aggregation/agglomeration and
its concentration are other factors that can influence the toxicity level in living organisms.
Aggregate/agglomerates formations are dependent on several interaction forces (e.g. diffusion,

gravitation and convection forces) and on the composition of the biological medium (e.g. pH,
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salt content and proteins). These phenomena mitigate nanosilver toxicity, but do not interfere
with their internalisation by cells. Their localisation inside cells depends on the aggregate/
agglomerate state of AgNPs. Apart from particle-particle and particle-cell interactions,
AgNPs can also interact with proteins in biological media to produce protein corona by the
adsorption of proteins on AgNPs surfaces. There are two types of protein corona: soft ones,
which transport Ag(l) and are reversible NP-protein complexes; hard ones, which invade the
cellular system and are irreversible NP-protein complexes. As in agglomeration/aggregation
phenomena, adsorption of proteins by AgNPs depends on particle and protein properties
(e.g. surface chemistry), interaction forces (e.g. Van der Waals) and biological conditions.
Proteins corona affects the ability of AgNPs to dissolve to Ag(l) and NPs uptake. So the
toxicity of these emerging contaminants is also controlled by this phenomenon. Regarding the
adsorption phenomenon, nanosilver can interact with other pollutants (e.g. humic substances,
surfactants and heavy metals) present in the environment, which can positively or negatively
modify their bicavailability and toxicity. Although NPs characteristics are the main factors to
influence the hazard level that these emerging pollutants can have on living beings, cell type

can also contribute to final toxicological effects [11101112,1115].

11.4.2 Toxicity to aquatic organisms

Aquatic organisms include microbes, algae and plants, invertebrates and vertebrates. The
main ways that these organisms uptake nanosilver is through gill surfaces, olfactory organs,
alimentary tracts and body walls [11091114]. Some studies done with Gram-negative bacteria
have indicated that these organisms can undergo growth inhibition and cell membrane
damage after being exposed to these emerging contaminants [1171118]. Very little research on
toxicological effects on algae has been published, but existing studies reveal that nanosilver
can reduce or inhibit algae cell growth, photosynthesis and chlorophyll production [1.851119].
The literature demonstrates that invertebrates are also exposed to the hazard effects
induced by AgNPs. For example, some studies performed with Daphnia Magna have shown
that nanosilver produces abnormal swimming and alterations in protein metabolism and
signal transduction [11201121]. In vivo studies with diverse fish species have demonstrated
several phenomena induced by AgNPs toxicity, such as malformations (e.g. spinal cord, heart,
embryonic and/or eye defects, etc.) and general toxicity (e.g. genetic alteration, cardiac
arrhythmia, membrane integrity disruption, etc.) [1.42,.85,1122].
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11.4.3 Toxicity to aerial and terrestrial organisms

The main routes by which AgNPs enter the microorganisms and vertebrates present in air-
soil environments include inhalation, ingestion and dermatological uptake [1109]. Although
the literature contains very little information about the impact of these emerging pollutants
on aerial and terrestrial microorganisms, some indicate that AgNPs are toxic to these living
beings (e.g. growth inhibition, lower reproduction potential, reduced denitrification activity
and/or enzymatic activity, etc.) [1.46,11061114)123]. Few studies have been also carried out
about the impact of AgNPs on vertebrates. Most inhalation studies have been performed
with Rattus norvegicus domesticus and indicate that the AgNPs taken by these animals are
distributed in different organs, including the lung, and cause mainly physical changes (e.g.
alveolar inflammation) and alterations to respiratory functions (e.g. tidal volume). Nanosilver
dermal exposure research done with Oryctolagus cuniculus has demonstrated abnormalities
in skin (e.g. hyperkeratosis), liver (e.g. pathological fatty changes) and brain (e.g. hyperaemic
meninges). A study of the oral ingestion of AgNPs by Gallus gallus domesticus has shown
histopathological changes in liver (e.g. fatty degeneration) [1124-1127]. The main ways of
nanosilver uptake by plants are through roots or leaves. The toxicological impacts of these
emerging contaminants on Arabidopsis thaliana are of the following kinds: morphology (e.g.
inhibition of root elongation, stunted root hair development, etc.), physiology (e.g. diminished
photosynthetic efficiency, lower chlorophyll content, etc.) and genetic (e.g. down-regulation of

genes, modified transcription of antioxidant and aquaporin genes, etc.) [1128-1130].

11.4.4 Toxicity to humans

Humans are also exposed to nanosilver, thus the potential hazard that AgNPs can pose is an
issue that causes growing concern. The main ways of human exposure are dermatological,
inhalation and oral. Very little information is found in the literature about dermatological
nanosilver exposure through consumer products or workplaces. However, a recent in vitro
study indicates low dermal penetration of AgNPs [1131,1132]. In vitro studies have revealed that
inhaled nanosilver can cause inflammation of respiratory and cardiovascular systems, known
health illnesses (e.g. chronic bronchitis), and can alter the metabolic activities inside cells and
damage DNA [190)133,1134]. The oral ingestion of food supplements containing AgNPs can be
absorbed by the digestive tract. Afterwards, some can be excreted (urine or faeces) or enter

the liver, circulatory and lymphatic systems [11311135]. In vitro studies done with human liver
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(HepG2) and intestinal cells (Caco-2) can be found in the literature for hazard assessments of
nanosilver ingestion. For example, a study performed with Caco-2 cells has indicated changes

in gene expression after being exposed to different sized AgNPs [11311136].

1.1.5 Regulations

As explained in Section 11.4, AgNPs can pose serious risks for organisms in the environment and
for human health when they are released into the environment. However, no NPs mass-based
thresholds have yet been established in environmental compartments because the different
specific properties between the wide varieties of NPs entail difficulties for establishing a threshold
for all existing NPs. For example, toxicological studies indicate that smaller NPs are more toxic
than larger ones [1137]. Notwithstanding, manufactured nanoparticles (MNPs) are included in the
list of emerging contaminants [1138]. Therefore, institutions and non-governmental organisations
are working on setting and regulating the production and safe handling of NMs, including AgNPs
[1139]. The European Union (EU) approach for the safety and environmental regulation of NMs
is described in the Second Regulatory Review of Nanomaterials. It states that all substances
comprising NM forms have to be registered in the Registration, Evaluation, Authorisation and
Restriction of Chemicals (REACH) tool of the ECHA, which is the most extensive legislative
provision for chemicals in the EU. The registration procedure requires specific NM information,
authorisation of NM for specific uses, and a safety assessment that contemplates NM properties
[1.891140-1142]. Specific EU product regulations exist that provide similar information, but only for
the consumer products involved in the regulation scope, such as medical devices [1.8], cosmetics
[1143], biocides [110], food [19,1144,1145], active and intelligent materials [1146], and plastics [1147].
Apart from REACH, the Scientific Committee on Emerging and Newly Identified Health Risks
(SCENIHR), the Scientific Committee on Consumer Safety (SCCS), the European Food Safety
Authority (EFSA), the European Medicines Agency (EMA) and the Organization for Economic
Cooperation and Development (OECD) are also working to detect the possible hazards and
risks that originate from NMs use by providing guidelines [1140,1141]. Other non-EU countries are
working on regulatory frameworks to deal with NMs [1139]. Despite these regulatory measures,
some uncertainties as to the hazards of NMs for environment and human health still exist because
their behaviour and fate are not completely understood. Therefore, more research on defining
NMs, product labelling about the presence of NMs, and the development of analytical methods

for the detection, characterisation and risk assessment of NMs, is needed to improve existing
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regulations [1.89,1141].

1.2 Analytical methodologies for the detection, characterisation and quanification
of AgNPs in enviromental and biological samples
A wide range of methods and techniques to characterise and quantify nanosilver in simple matrices
is available, but very few analytical approaches exist to determine these emerging contaminants in
complex environmental compartments and biological samples. This lack of analytical tools is due to
the unique physicochemical characteristics of these NPs compared to their bulk counterparts. For
conventional analytes, the required information can be quantitative and/or qualitative. However for
NPs (solid analytes), the demanded qualitative information can entail not only their detection, but
also particle characteristics (e.g. core, size, shape, aggregation/agglomeration state, coating, etc.).
Quantitative information can be required as mass or NP number concentration. Furthermore, as
stated in Section 11.3, NPs can undergo transformations in different environmental compartments and
living beings as a result of the interaction with other components, which makes their characterisation
and quantification more difficult. Another challenge of analysing AgNPs in complex samples is the
low concentration of these emerging pollutants and the coexistence of AgNPs with other chemical
species (Ag(l)) or NPs of different origins (natural or manufactured) and with distinct characteristics
(e.g. coating). For these reasons, the development or improvement of analytical metodologies
is necessary to understand the fate and behaviour of nanosilver in the environment, as well as
the hazards that they can exert on living beings. Knowledge of their behaviour will facilitate the

improvement of existing guidelines, regulations and legislations [1148149,150].

1.21 Sample preparation

Taking into account the aforementioned problems with analysing AgNPs in environmental and
biological samples, sample preparation methods are more frequently necessary in such samples
than pure AgNPs suspensions. The sample treatment procedures shown in Fig. 1.6, allow sample
complexity to be reduced by removing the matrix, extracting/preconcentrating nanosilver
(enables speciation analysis) and fractionating AgNPs by size. Depending on the selected
analytical technique, sample requirements differ [11481151]. Hence several sample preparation

methods can be found, and are described in the next points:

1.2.1.1 Sample preparation for total silver determination

Total silver determination in solid environmental and biological samples can be made by a
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Fig. 1.6 Main sample treatment procedures for determining total silver and AgNPs in liquid and solid samples.
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direct analysis with an adequate analytical technique (e.g. electrothermal atomic absorption
spectrometry (ETAAS)) or by applying a sample treatment procedure, such as acid or basic
digestion, prior to the analysis. Acid digestion of samples containing inorganic NPs is usually
carried out with concentrated nitric acid either alone or combined with other strong acids
and oxidants (e.g. hydrochloric acid, hydrogen peroxide, etc.) and by using conventional
heating apparatus at atmospheric pressure or microwave ovens. Microwave digestion is the
most widely used procedure thanks to its speed, reproducibility and efficiency. The amount of
sample and the reagent volume required is normally 0.05-5g and a few pL-10 mL, respectively.
Tetramethylamonium hydroxide is often employed in biological samples. The selection of
reagents is important because they have to be able to completely degrade the sample matrix
and to dissolve metallic NPs. Given the drastic conditions (concentrated acids/bases, high
temperatures and pressures), this sample treatment procedure allows the total silver content
to be determined, but not particle characteristics due to the dissolution of NPs [1148,151-1153].
Some analytical techniques entail the need to dilute liquid samples prior to the analysis.
Dilution is commonly executed with ultrapure water but, depending on the technique and
the sample matrix, other reagents can be employed (e.g. ethanol, buffer, etc.). For some
analytical techniques, it is possible to analyse powdered samples by preparing homogeneous
suspensions, in which the employment of an adequate surfactant helps the suspension to
form. For both procedures, it is necessary to mix and homogenise the sample by vortex

agitation, ultrasonic probe or bath sonication prior to the analysis to avoid aggregates [1151].

1.2.1.2 Sample preparation to determine AgNPs

The determination of NPs characteristics (e.g. size or particle number concentration) in simple
liquid samples (e.g. aqueous AgNPs standard) can be made by a direct analysis to avoid
particle alterations. For complex matrices however, it is necessary to apply sample treatment
procedures to simplify matrix complexity and/or to separate/preconcentrate the nanosilver
[11481151]. Depending on the purpose of the analysis, the sample state (liquid or solid) and

metal form (e.g. NP or ionic), different sample treatment procedures can be applied:

a) Dilution/suspension
As stated in Section 1.211, in some analytical techniques the dilution of liquid samples or

the preparation of suspensions to analyse powdered samples is necessary [1151].
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b) Functionalisation
In some analytical techniques, the functionalisation of AgNPs before the analysis is
necessary. For example, in field flow fractionation (FFF), nanosilver functionalisation

sometimes enhances NPs stabilisation [1151].

c) Coating

Coating samples before analysing them is usually required in electron microscopy (EM)
techniques. Two different coating procedures are employed depending on the objective
and the technique used. Conductive coating treatment is usually applied to non-
conductive samples to improve image quality. For this purpose, the non-conducting or
poor conducting target sample is covered with carbon or a conductive metal (e.g. Au, Pt,
etc.). The other treatment consists in coating grids (sample holder) with carbon, metal or a

polymer as a continuous thin layer to attach the sample to be analysed [1151].

d) Fixation

Chemical fixation is a frequently used approach in the fixation of biological tissues prior
to their analysis by imaging techniques (e.g. X-ray absorption spectroscopy (XAS)) to
maintain the original internal tissue structure. During this sample preparation procedure,
a fixative is required that is composed of a fixing agent and a vehicle. Fixing agents can be
coagulants (e.g. acetone, ethanol, etc.), which change the conformation and solubility of
protein molecules; or non-coagulants (e.g. aldehydes), which form inter- and intramolecular
cross-links. Vehicles are normally buffer solutions that are used to maintain the desired pH

during the fixation procedure [11511154].

e) Staining

Staining is employed to enhance the contrast for imaging techniques (e.g. EM) by facilitating
the morphological studies of biological tissues. The more frequently reagents used for
this sample preparation procedure are metallic salts of U (e.g. uranyl acetate), Pb (eg.
lead citrate) or Os (e.g. osmium tetroxide). There are two different contrasts depending
on sample type. For thin sliced samples, “positive-staining” is used to make metals and
metallic NPs react with the structure to be observed. In this case, the contrast has to be
selective and any excess reagent has to be removed by running a rinse step. For organic
fine particles, “negative-staining” is employed to create a black background in which the

39



Chapter 1

40

sample is bright. Therefore, this procedure consists in adsorbing the contrast agent on the

support film [1151].

f) Dehydration
Dehydration consists of gradually substituting water for an organic solvent (e.g. alcohol).
This procedure can cause coagulation and/or denaturation of proteins and dissolution of

lipids if chemical fixation is not previously applied to the sample [1151].

g) Microtomy

Microtomes are usually employed to prepare biological tissues (e.g. plant roots) to be
analysed by imaging techniques (e.g. microparticle-induced X-ray emission (u-PIXE))
because they enable the sample to be cut into thin slices by employing a special knife

blade. Cryo-microtomes allow work to be done with frozen samples [1151].

h) Cryogenic methods

Cryogenic methods (e.g. high-pressure freezing) are followed in imaging techniques (e.g.
XAS), whose function is to fix the biological sample as in chemical fixation. The difference
to chemical fixation lies in the fact that working with ideal conditions does practically not

alter the sample during freezing treatment [11511154].

i) Physical separation

Physical separation methods allow NPs separation, purification and preconcentration. The
possible physical separation procedures for samples containing AgNPs are as follows: (1)
evaporation; (2) settling; (3) centrifugation and ultracentrifugation (UC); (4) filtration and
ultrafiltration (UF); dialysis.

Evaporation consists of nanosilver preconcentration by submitting the sample to dryness
and a subsequent redissolution [1151].

Settling is useful for eliminating dense particulate matter, but can scavenge small particles
due to differential sedimentation velocities [1151].

Centrifugation and UC are performed with an easy handle apparatus that permits not only
NPs to be isolated from an aqueous solution, but also nanosilver from their ionic species.
However, long centrifugation times and high centrifugal forces sometimes do not suffice

to separate AgNPs from aqueous media containing Ag(l) species. Furthermore, particle
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aggregation/agglomeration is possible under these conditions by inducing the removal of
undesired solids [1148,11511155].

The conventional filtration of AgNPs suspensions is useful for removing interfering
bulk particles, but should be avoided for the size fractionation of particles because
large particles can be retained in the filter and are consequently discarded. Apart from
traditional filtration, there are three other filtration methods: nanofiltration 1001000 Da),
microfiltration (0.2-10 pm) and ultrafiltration (1 kDa-100 mDa). UF is based on membranes
with a molecular weight cut-off (MWCQO), which enable species below this MWCO to pass
thanks to a centrifugal force being applied. Therefore, the fractionation of particles and the
separation of AgNPs and Ag(l) are possible. The disadvantages of this method are related
to nanosilver recoveries, which can be affected by interactions with the ultrafiltration
membrane, and poor size resolution [1.26,114811511155).

Dialysis has the same function as UF, and allows NPs to be separated from their
dissolved ions. This method is based on diffusing ionic species across a membrane due
to a concentration gradient and osmotic pressure. However, it takes longer to achieve an

equilibrium compared to UF [11481155].

j) Extraction/preconcentration

NPs can be extracted from liquid and solid samples by different methods and some of
their properties are preserved [1148]. The proposed nanosilver extraction procedures for
liquid samples are the following: (1) liquid-liquid extraction (LLE); (2) solid-phase extraction
(SPE); (3) magnetic solid-phase extraction (MSPE); (4) cloud point extraction (CPE).

LLE is a very well-known sample treatment procedure that consists of the extraction of
hydrophobic NPs into an organic solvent and hydrophilic NPs into water or a mixture of
solvents, depending on the partitioning of analytes. Extraction of NPs can be altered by
the functionalisation of the particle surface [11511155].

SPE is also widely used for sample preparation and is based on retaining NPs in a solid
phase for which, with AgNPs, anionic exchange resins have been proposed by coating NPs
with mercaptosuccinic acid. This coating favours the electrostatic interaction between
the ammonium group of the resin and the carboxylate groups of the mercaptosuccinic
acid (coating), which enables efficient AgNPs separation preserving their size and shape
[114811511155].
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MSPE employs supramagnetic particles (e.g. ferro-magnetic NPs) as sorbents to allow the
preconcentration and separation of AgNPs from Ag(l) species [1151].

CPE has been proposed for the separation and preconcentration of AgNPs in aqueous
samples, and preserves the size and shape of the NPs [1.2671481151]. As seen in Fig. 1.7, the
first step of this sample treatment procedure is pH adjustment. The second step consists
in adding to the aqueous sample a neutrally charged surfactant (non-ionic), which is usually
11,3,3-(tetramethylbutyl)phenyl-polyethyleneglycol (Triton X-114), and at a concentration
above the critical micellar concentration (cmc). In the nansoilver speciation analysis,
addition of a complexing agent (e.g. thiosulphate) is necessary to complex Ag(l) species and
to avoid the coextraction of AgNPs with their ionic species present in the sample. The third
step involves incubating the sample at a temperature above the cloud point temperature,
at which the surfactant becomes turbid, and micelles and aggregates form that encapsulate
NPs. As micelles are denser than water, they settle after a time, and this process can be

accelerated by centrifugation. At this point, the sample solution is separated into two
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Fig. 1.7 Schematic representation of the CPE procedure for the separation and/or preconcentration of AgNPs [adapted
from [1156]].

isotropic phases: a small volume from the surfactant phase, which contains the analyte
(AgNPs) trapped by micellar structures; and an aqueous phase containing the complexed
silver ions. The last step involves the decantation of the aqueous phase. Some advantages
of this sample treatment method are its high extraction efficiency and preconcentration,
low cost and non-toxicity [1.26,1148,11511156].

With solid samples, the proposed sample extraction procedures are as follows: (1) water

extraction; (2) buffer extraction; (3) enzymatic digestion.
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Water and buffer extractions are the simplest sample treatment methods for extracting
NPs from samples. They consist in the sample containing AgNPs coming into contact with
water or a buffer solution [1151].

Similarly, enzymatic digestion is used for solubilising biological materials by degrading
the matrix by enzymes and/or the extraction/isolation of AgNPs from biological tissues,
preserving nanosilver form. Different enzymes are available for performing enzymatic
digestion, depending on the analyte, sample type and the analytical technique used to
analyse the resulting enzymatic digest. a-amylase allows carbohydrates to be degraded,
while the collagenase+hyaluronidase mixture enables the separation of the extracellular
matrix and the breakdown of proteins. Maceroenzym R-10 is composed of a mixture of
cellulose, hemicellulose and pectinase, and is widely used to digest plant tissues. A buffer
(e.g. ammonium bicarbonate, Tris-buffer saline or citrate) and a surfactant (e.g. sodium
dodecyl sulfate or Triton X100) are normally employed. In addition, agitation (e.g. vortex,
sonication or magnetic) is applied to improve the digestion and solubilisation of proteins.
The time required for this process is normally between 1 h and 24 h. The incubation

temperature ranges from room temperature to 90 °C [1148,1151].

1.2.2 Analytical techniques

As previously mentioned, from an analytical point of view, the requested information of AgNPs
is related to their characteristics, and to the quantity of these emerging pollutants in the
analysed samples. Although a wide range of analytical tools are available, as seen in Table 1.2,
the combination of several techniques is necessary in most cases. The next section describes
the possible analytical techniques that can be used to characterise and quantify AgNPs in

environmental and biological samples:

1.2.2.1 Microscopy techniques

Microscopy techniques are the most widely used for NPs characterisation thanks to their potential
for providing information about their size, structure, shape, aggregation state, dispersion and
sorption through the surface images they generate (see the example in Fig.1.8) [1151].

In the literature, some of the microscoy techniques reported for NPs characterisation are the

following:
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Fig. 1.8 Transmission electron microscopy images of non-agglomerated/aggregated (a) and agglomerated/aggregated (b)

40 nm nanosilver standard.

a) Optical microscopy techniques

Conventional optical microscopy-based techniques offer advantages over EM-based
techniques, such as the direct observation of NPs in living specimens [1157]. Although they
are less employed than EM techniques, different studies have used laser-scanning confocal
microscopy (LSCM) to investigate the uptake, transport and/or accumulation patterns
of AgNPs in plants [11571159]. LSCM is a confocal microscopy (CM) technique in which
images are obtained by scanning the sample in a raster pattern with a laser beam. Then
the detector collects the fluorescence light emitted from each scan to create the image.
This implies non-autofluorescence NPs having to be stained before exposing the studied
samples for them to be detected in the LSCM analysis. LSCM includes a pinhole in the
light detector pathway that allows the background resulting from the out-of-focus light of
the sample fluorescence radiation to be reduced or eliminated. Therefore, this microscopy

technique offers high optical resolution compared to EM techniques [115771160].

b) Electron microscopy techniques

Scanning electron microscopy (SEM) and transmission electron microscopy (TEM)
are widely used for NPs characterisation. The image resulting from these techniques
is obtained by the signals recorded in the detector that derive from the interaction of

scanned (SEM) or transmitted (TEM) electrons with the analytes of the sample. SEM
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Table 1.2 Analytical techniques used for AgNPs determination in environmental and biological samples (n/a = not available).

Analytical information Spatial resolution or limit of References
detection

Analytical technique Imaging Characterisation Quantification Size Concentration
Microscopy techniques
Laser-scanning confocal microscopy v X X n/a n/a [11571160]
Scanning electron microscopy V4 Vv X <10 nm n/a [11611162]
Transmission electron microscopy V4 N4 X <1nm n/a [1148]
Environmental scanning electron

v v X 30-50 nm n/a [11481162,1163]
microscopy
Atomic force microscopy N4 v X 0.5-1 nm n/a [1162,1164]
Light-scattering techniques
Dynamic light scattering X Vv X 3 nm-pm n/a [1162,1163]
Multi-angle light scattering X V4 X 50 nm-um n/a [1162]
Nanoparticle tracking analysis X V v 20 nm n/a [1148]
Spectrometric techniques
Flame atomic absorption

X X v n/a mg L [1165]
spectroscopy
Electrothermal atomic absorption

X X N4 n/a >pg L [1165]
spectrometry
Inductively coupled plasma optic

X X V4 n/a pg L [1148]
emission spectrometry
Inductively coupled plasma mass

X X v n/a ng L’ [1148]
spectrometry
Single particle inductively coupled

X V4 V4 10-20 nm 10° particles L [1148]

plasma mass spectrometry
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Table 1.2 (continued) Analytical techniques used for AgNPs determination in environmental and biological samples (n/a = not available).

Analytical information Spatial resolution or limit of References
detection

Analytical technique Imaging Characterisation Quantification Size Concentration
Laser ablation inductively coupled

4 X 4 15-50 um 001 g g’ [1709]
plasma mass spectrometry
Total reflection X-ray fluorescence

X X v n/a ug L [1166]
spectrometry
Microparticle induced X-ray

N4 X V4 0.5 um 120 pg g’ [1109]
emission
Synchrotron radiation X-ray

v X v >pm mg kg’ [1109,11481163]
absorption spectroscopy
Synchrotron radiation micro X-ray fluo-

v X v >pm ng g’ [1109]
rescence spectrometry
Surface-enhanced Raman Depending
spectroscopy X v X on the laser n/a [1167]

intensity

Fourier transformed infrared

v Vv X 10 um n/a [1168]
spectroscopy
Ultraviolet visible spectroscopy X Vv Vv 10-80 nm >mg L [1169,170]
Laser induced breakdown

X Vv Vv >5 nm ng L [1162]
spectroscopy
Darkfield spectroscopy Vv Vv X <200 nm n/a [1109]
Nano-secondary ion mass

v v X >50 nm n/a [1a71]

spectrometry
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Analytical information Spatial resolution or limit of References
detection
Analytical technique Imaging Characterisation Quantification Size Concentration
Chromatographic/fractionation techniques
Reversed phase chromatography RCP-ICPMS:
X X v n/a [1172]
ng L’
Size exclusion chromatography Depending on
X v Vv 0.5-10 nm [11481162]
the detector
Hydrodynamic chromatography Depending on 11481162,
X v v 51200 nm
the detector 1163]
Field flow fractionation Flow FFF:
1-1000 Nnm
Depending on [1148]1162,
the detector 1163]
50-1000
nm
Electrophoretic techniques
Capillary electrophoresis X v v 5nm CE-ICPMS: pg L7 1148]
Electrochemical techniques
Voltammetry of immobilized
X v v 10 nm pg L [1148]
particles
Anodic particle coulometry X v v 5nm 10 particles L” [1148]
Chemical sensors
lon selective electrode X X Vv n/a 107 M [1173]
Surface plasmon resonance sensor X X N4 n/a ug L [1174]
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offers less resolution than TEM, and provides a view of AgNPs morphology, but sample
composition can also be known if coupled with energy-dispersive X-ray spectroscopy
(EDX) [11491175]). For example, SEM-EDX has been used to visualise the presence of
AgNPs in root hair cells of a plant [1158]. Conversely, TEM provides information about
the NP structure, such as particle size [11481149]. Diverse works in the literature have
employed this technique alone or coupled with EDX or electron-energy loss spectroscopy
(EELS) to observe and provide information about AgNPs characteristics (e.g. morphology,
particle size distribution or aggregation state) in complex environmental and biological
samples [1.56,1.69114911591176]. One study has determined the crystallographic pattern of
nanosilver inside algae by TEM coupled with selected-area electron diffraction (SAED)
[11491177]. However, EM techniques cannot be used for quantitative purposes because
many particles need to be considered to obtain representative results [1148]. One of the
major disadvantages of TEM and SEM is that liquid samples have to be submitted to
a sample treatment procedure (e.g. chemical dehydration) because they operate under
vacuum conditions. Consequently, artifacts in the sample can appear and can alter the
results [1151]. This problem in environmental scanning electron microscopy (ESEM) does
not appear because samples are maintained in a gaseous environment instead of vacuum
conditions while being analysed, which allows liquid samples to be imaged in their natural
state with no prior preparation [11511178]. Although only a thin superficial layer of the sample
can be analysed by this technique, it has been used to determine the physicochemical

state of AgNPs in soils [11481179] or in washing wound dressing waters [1180].

c) Atomic force microscopy technique

Atomic force microscopy (AFM) is less used than EM techniques for liquid or solid
environmental analyses [1164]. AFM relies on a scanning probe microscopy (SPM)
technique that differs from other microscopy techniques because it is equipped with a
physical tip (probe) that scans the surface of samples. This technique permits information
on different NP properties to be acquired, such as physical (e.g. size, shape, surface
texture and roughness), electronic or mechanical information with the topographic image
of the sample surface, obtained from measuring atomic forces between the probe and
the sample surface [1.26)163,181]. Although AFM enables liquid samples to be analysed

and works under environmental conditions, sample treatment is also required to solidly
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bind the sample to the substrate and consequently artifacts may appear [11511181]. For
example, AFM has been used to evaluate the colloidal stability of AgNPs in different water
types [198]. Despite the spatial resolution of AFM being below 1 nm, this technique can
overestimate the dimension of AgNPs when the tip is larger than the NP size [1163,164].

1.2.2.2 Light scattering techniques
Light-scattering techniques are used to make particle size determinations in aqueous

suspensions. The different existing techniques include the following:

a) Dynamic light scattering

Dynamic light scattering (DLS) is the widest used technique of existing light-scattering
techniques. It consists of measuring time-dependent fluctuations in scattering intensity,
generated by the constructive and destructive interferences that result from the NPs
Brownian motion of the analysed sample. Movement of NPs is directly related to an
equivalent hydrodynamic diameter. One limitation of DLS is that sample viscosity and the
refractory index, which are parameters that affect the Brownian motion of particles, are
not easily determined in complex samples. Moreover, this analytical technique is unable
to detect smaller particles among larger ones, so it is not suitable for analysing samples
with a heterogeneous particle size distribution (e.g. environmental samples). This problem
can be overcome by coupling DLS with fractionation techniques (e.g. FFF) [11481149,153].
Although using DLS is difficult for determining particle size in complex aqueous samples,
it has been employed to establish the AgNPs hydrodynamic diameter and/or monitoring
nanosilver aggregation processes in surface water, river water [1182], wastewater [1183] and

seawater [1184].

b) Multiple-angle light scattering

Multiple-angle light scattering (MALS) can provide information on different particle size
parameters (e.g. gyration radius) by measuring the averaged intensities of the light scattered
by the particles collected at several angles. This technique also presents difficulties with
discriminating smaller NPs from bigger ones as DLS does. Its use is more limited than
DLS because samples have to be cleaner and optical properties have to be well-known.
However, combining MALS with DLS or FFF allows NPs shape to be determined [1148,1153].
Some works in the literature have employed MALS combined with FFF to determine the
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AgNPs hydrodynamic diameter in wastewater, tap water and environmental water (e.g.

river water) [1185,1186].

c) Nanoparticle tracking analysis

Nanoparticle tracking analysis (NTA) measures the movement of the NP under Brownian
motion by using a video microscopy. The distance travelled by a NP after a certain time is
related to its hydrodynamic diameter. By collecting information about different NPs, both
particle number concentration and hydrodynamic size distributions can be obtained. The
capacity of NTA to track individual particles exempts it from intensity limitations that DLS
has for analysing samples with wide-ranging NP sizes. Additionally, it is able to measure a
large number of particles in much less time compared to microscopy techniques [11481187].
The AgNPs size distributions and the changes in nanosilver physicochemical characteristics

in natural freshwater and seawater have been evaluated by this analytical tool [1188,1189].

1.2.2.3 Spectrometric techniques
A large number of spectrometric techniques can be used for AgNPs characterisation and/or

quantification in environmental and biological samples:

a) Flame and electrothermal atomic absorption spectrometry

Flame atomic absorption spectrometry (FAAS) and ETAAS are atomic absorption
techniques in which free gaseous atoms of the analyte, generated in an atomiser, absorb
electromagnetic radiation at a specific wavelength to produce a measurable signal. The
absorption signal of free atoms is proportional to their concentration in the sample. The
main difference between these analytical techniques lies in the heating sources used
to produce atoms. In FAAS, fine droplets enter a flame where the following processes
take place: desolvation of droplets, vaporisation of particles, dissociation of molecular
species to form atoms and the possible ionisation of atoms. In ETAAS, sample vaporisation
and atomisation occur in a tubular graphite tube that is electrically heated. Given its
configuration, ETAAS offers the opportunity to directly analyse solid samples, but FAAS
samples must be liquid. In addition, the limits of detection (LODs) are better in ETAAS
(low pg L) than in FAAS (low mg L"). The advantages of these analytical tools are their easy
sample preparation, relatively low costs, and high selectivity, accuracy and sensitivity. Their

principal limitations are that a few elements can be monitored per analytical run, plus the
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presence of important matrix effects [1109,1155,1651190]. Moreover, these techniques are
unable to distinguish AgNPs from their ionic species. Several studies in the literature have
run a sample treatment procedure before the analysis to obtain quantitative information
about nanosilver in environmental and biological samples. For example, dispersive liquid-
liquid microextractions in river water and wastewater [1191], and CPE in different water
samples [1192,1193]. Nevertheless, a new ETAAS development, namely high-resolution
continuum source ETAAS (HR-CS ETAAS), allows AgNPs to be discriminated from Ag(l) in

solid biological samples by atomisation delay [1.26,1194].

b) Inductively coupled plasma based techniques

Inductively coupled plasma (ICP)-based techniques are similar to FAAS and ETAAS, but
sample dissociation occurs by an inductively coupled plasma source. The techniques that
derive from ICP sources are inductively coupled plasma optic emission spectrometry
(ICP-OES) and inductively coupled plasma mass spectrometry (ICPMS) [1190,1195,1196].
In ICP-OES, the atomic or ionic excited species located in hot plasma return to their
ground state by emitting the absorbed energy as photons at a characteristic wavelength
of the analysed element. Lens or concave mirrors from an axial, radial, or a combination
of both views, collect the photons emitted by the ICP source. A radial position implies
viewing the side of plasma, and the potential background and spectral interferences
are limited. In the axial mode, the view comes from the end of plasma by allowing the
visualisation of the longer path available down the axis of plasma to obtain better LODs
than with the radial mode. On the contrary, the probability of spectral and matrix induced
interferences increases. From this viewing, the exiting wavelength from a selection device
(e.g. monochromator) is converted into an electrical signal by a photodetector. Electrical
signals, which are related to the emitted photons, are proportional to the concentration
of the analyte that originates in the sample. Therefore with this analytical tool, quantitative
information about an element or multiple elements can be obtained [1197]. However, this
technique has its drawbacks; e.g. only liquid samples can be analysed; information about
physicochemical characteristics and the state of the metal (e.g. size, shape, aggregation)
cannot be obtained. So this analytical technique only provides information about the
total metal concentration. For this reason, several studies have applied sample treatment
procedures to the samples of interest to separate AgNPs from other metal species (e.g.
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Ag(l)) or to destroy the solid matrix. In the latter case, one study did an acid digestion of
sand samples containing AgNPs before running the analysis by ICP-OES [1148,198].

In ICPMS, the ions formed in the ICP source are collected with the help of a conical water-
cooled sampler onto an interface. Immediately behind the sampler cone, a skimmer cone
appears with a smaller orifice that focuses ions into the mass spectrometer (MS). Depending
on the MS, after the sample ion beam has been collimated by the ion lens, it can enter
a reaction cell (e.g. quadrupole or hexapole), where polyatomic molecular ions can be
minimised from the beam before entering the mass analyser. Once inside the MS analyser
(e.g. quadrupole, magnetic sector or time-of-flight), ions are separated according to their
different mass-to-charge ratio (m/z). The isolated m/z ion beams arrive at the detector (e.g.
electron multiplier), where their current is measured and the magnitude of the ion current
is proportional to the concentration of the analyte ions in the sample. Despite the LODs of
ICPMS being better than ICP-OES, it presents worst spectral interferences [1190,195,1199].
Furthermore, the limitation of discriminating AgNPs from other metal species (e.g. Ag(l))
in liquid samples can be solved by applying some of the sample treatment procedures
explained in Section 1.21, such as CPE [1.2001.201,1.202]. Alternatively to these strategies,
fractionation techniques, such as FFF [1.203,.204], capillary electrophoresis (CE) [1.205] or
hydrodynamic chromatography (HDC) [1176], can be coupled to ICPMS,

Apart from these alternatives, there is an emerging mode of ICPMS, called single particle
inductively coupled plasma mass spectrometry (SP-ICPMS), that is becoming popular. This
methodology consists of measuring very diluted NPs liquid suspensions in short dwell
times (milliseconds or microseconds) so that only one particle arrives at the detector for
each reading time. The total number of NP events detected (/) during the total acquisition

time (t) is directly proportional to the NP number concentration (N

ND)

| - n

) neb QsampleNNDti

(11)

where n = nebulisation efficiency and Q_ = sample flow rate. The intensity of a NP

ol
detected in a single reading is related to the number of atoms included in this NP. For
solid, spherical and pure NPs, particle size can be determined by relating the diameter

with the total counts per reading of a NP (r, ), as seen in the following equation:
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where A = atomic abundance of the measured isotope, N, = Avogadro number, M,, = atomic
mass of target element M, X /= mass fraction of the measured element, p = density of the
NP and d = NP diameter. The mass of the analyte per NP can also be obtained by relating
the r,, to the mass of M per NP (m,,) [1.206].

In order to link the frequency of NP events with the NP number concentration, and the
signal intensity of a single NP with the size or the mass of the NP, two calibration strategies
have been proposed in the literature. The first consists of performing a calibration curve by
well-characterised NP standards. The second is based on determining the n_, of the analyte
by employing standard solutions. In the latter case, three different calculation methods
can be employed to calculate n_,: waste collection, particle frequency and particle size.
Once n_, is known, information about NPs size, NP number and mass concentration can
be obtained [1196]. Therefore, SP-ICPMS has the capability to characterise and provide
quantitative information on AgNPs in complex samples at environmental concentrations.
The presence of the analyte in an ionic form can be identified as a continuous signal
together with the background [1148]. If NPs coexist in a liquid sample with their ionic form,
the discrimination of the corresponding signals of both species is sometimes a challenge.
This problem occurs when a high ionic background of the target element is present in
the sample, which difficult NPs from being detected and affects the LOD of NP size. To
overcome this limitation, different iterative algorithms are reported in the literature to
determine the threshold value from which an event corresponds to a NP. The estimation
of the threshold value is critical because false positives will occur if it is set too low, or
size LOD will increase if it is set too high [1196]. Additional weaknesses that SP-ICPMS
presents are: (1) inaccurate results can be obtained for the incomplete vaporisation of NPs;
(2) detection of two NPs or the partial detection of a NP during a dwell time if the working
conditions are inadequate; (3) limited or no multi-element capabilities using quadrupole-
based ICPMS; (4) NP size LOD is still poor 10-20 nm); (5) only liquid samples can be
analysed [11481196]. To overcome the last drawback, solid sample enzymatic digestion

procedures that preserve the nanoform have been used in the literature [1.207].
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Solid samples containing AgNPs can also be analysed by the laser ablation technique
(LA) coupled to ICPMS, which enables the direct analysis of a solid sample by avoiding
digestion procedures. Fewer mass spectral interferences are present in this coupling. LA
consists of a focused laser beam that impacts the target sample in an argon atmosphere to
generate an aerosol from the ablated sample. The ablated sample material is transported
under atmospheric conditions with a carrier gas flow (argon or helium) to the ICP
source [11951196]. Some critical aspects of this analytical tool are the spatial resolution,
the ablation efficiency of the analytes from the solid surface, the transport efficiency of
the target particles to the ICPMS, and the detection and quantification of NPs within
the background of the sample’s surface matrix [1196]. LA-ICPMS has been used for the
detection, visualisation and quantification of nanosilver in aquatic living organisms (Danio

rerio and Daphnia magna) [1.2081.209].

c) X-ray based techniques

Some of the X-ray techniques employed to detect, characterise and quantify NPs in
environmental and biological samples are total reflection X-ray fluorescence spectrometry
(TXRF), microparticle induced X-ray emission (u-PIXE), micro synchrotron radiation
X-ray fluorescence spectrometry (u-SR-XRF) and synchrotron radiation X-ray absorption
spectroscopy (SR-XAS).

TXRF is based on X-ray fluorescence (XRF) fundamentals. In XRF, an X-ray tube emits
X-ray photons (primary beam), which impact the target sample. If the photon that impacts
target atoms has more energy than the binding energy of a bound inner electron shell, this
energy can be partially absorbed (photoelectric absorption) and the atomic electron is
ejected from its atomic position (ionised atom). The inner shells of the atoms present in the
sample are named K- (more internal), L- and M- (more external). The atom with an unstable
state can return to its original state by two processes: (1) the rearrangement of the inner
electrons provoking the emission of other photoelectrons (Auger effect); (2) an electron
from an outer orbital is transferred to the vacancy position by emitting an X-ray photon
(characteristic of XRF). In the latter case, depending on the electron that fills the vacancy,
the frequency could be a, B, y, n and 1 (from more intense to less intense). The resulting
characteristic X-ray (secondary beam) is recorded in the detector system, which converts

the X-ray photons into electrical pulses. These pulses are amplified and counted by a
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multichannel analyser, which gives the intensity of the measured characteristic radiation
photon that is the peak in the XRF spectrum [1166,1.210].

Nowadays, the TXRF instruments available on the market are benchtop systems that
operate under ambient conditions because they are equipped with air-cooled low-power
X-ray tubes and Peltier cooled silicon drift detectors (SDD) [1.211]. This analytical tool has
the capability to determine micro- and trace elements in a wide range of samples (e.g.
liquid or powder). To perform an analysis, the samples have to be deposited on a reflective
sample holder (e.g. quartz), which is selected depending on the reflector characteristics
and the elements to be determined. Total reflection conditions are achieved by depositing
the sample as a thin layer (<100 pm) on the sample holder, as well as a sample spot diameter
within the X-ray beam size range. To obtain a thin layer, different sample preparation
procedures can be applied to liquid and solid samples. Low-salinity liquid samples can be
directly deposited (5-50 ul) on an adequate reflector, previously siliconised to avoid wide
sample dispersion, and then drying them by heating or vacuum sources. For more complex
samples, such as environmental samples, further sample treatment has to be performed.
Dilutions, using ultrapure water or non-ionic surfactants (e.g. Triton X-114), can be carried
out for concentrated samples, and a preconcentration procedure is useful (e.g. CPE) for
low-element concentrations. The latter procedure allows the LODs of the target elements
to improve and acquiring elemental speciation information. However, this additional step
implies that very little multi-elemental information can be acquired. Moreover, a larger
sample volume is required and the presence of systematic errors in the final results is
likely as a result of sample losses or contamination by other elements [1166]. Despite these
drawbacks, the enrichment of AgNPs and gold nanoparticles (AuNPs) in complex aqueous
matrices by CPE has been reported [1.212]. Solid samples can also be directly analysed or a
previous sample preparation can be performed. The direct analysis of solid environmental
samples (e.g. soils) is usually performed by preparing a suspension with an appropriate
amount of a solid sample and with an adequate volume of solvent (ultrapure water or
diluted non-ionic surfactant). It is important that sample thickness does not exceed 0.5
mm to prevent damage or contamination of the detector, and to also obtain a thin layer
to accomplish the total reflection analysis conditions. Some complex solid samples cannot

be directly analysed and sample treatment, such as acid digestion, is required to obtain a
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liquid extract [1166].

In TXRF, X-ray tubes are commonly supplied with a molybdenum (Mo) anode. Nonetheless,
in some applications in which high atomic number elements have to be detected, the
tungsten (W) anode is preferred as the excitation source. With Mo X-ray tubes, only Ag
L-lines can be excited. Ag L-lines, particularly L peak (2984 keV), are interfered by argon
K, (2957 keV) and KB (3145 keV) when measurements are taken under air conditions. These
interferences are overcome when using a W X-ray source because it is possible to use the
K-lines of high Z elements [1.213]. The primary beam generated in the X-ray tube, which
previously passes through the first reflector to eliminate possible interferences (e.g. K-lines
of the anode material), hits the reflector containing the sample at a glancing angle of below
o’ As seen in Fig. 1.9, in TXRF the incident beam angle is one of the main differences to
conventional XRF techniques such as energy dispersive XRF (EDXRF; 40°). TXRF LODs
(ng mL") are better because the fluorescence signal intensity is enlarged since the reflected
beam contributes to excitation and the detector is located perpendicularly and closer to

the sample carrier, which minimises the scattered background.

X-ray source Detector a . .
uorescence
X-ray source Detector radiation
- / (secondary beam)

Primary ~ —————— Fluorescence - —— Totallz) reflected
beam radiation Primary eam
Sample support
Sample (secondary beam) beam P © Supp

(reflector)
Fig. 1.9 Schematic view of the EDXRF (a) and TXRF (b) systems.

The TXRF spectrum shows the peaks corresponding to the different elements present
in the target sample. Thus multi-elemental qualitative information about the sample can
be acquired. As the intensity of the element characteristic peaks is proportional to their
concentration in the analysed sample (matrix effects are negligible), quantitative
information on the target elements can also be acquired. The most frequently used
strategy for quantification purposes is internal standardisation, where a known amount
of a mono-element standard is added to the sample and additionally it reduces sample
deposition inaccuracies. The internal standard has to meet the following requirements: (1)
not be present in the sample; (2) its fluorescence lines must not interfere with analytes; (3)
its concentration has to fall within the range in the elements of interest. The concentration

of elements is determined by the following equation:
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where C- analyte concentration, C- internal standard concentration, N =net signal of the
analyte, S = internal standard's relative sensitivity, N, = internal standard’s net signal and S,
= analyte's relative sensitivity. Other adopted strategies include standardless quantification
and external calibration [1166,.210].

u-PIXE is based on the particle induced X-ray emission technique which, in turn, is based
on XRF, but the excitation of the analytes contained in the analysed samples is produced
by a beam of protons of sufficient energy instead of by electromagnetic radiation. The
protons beam that emerges from a small electrostatic accelerator is injected into a beam
line by an analysing magnet. Then this beam is led to the sample chamber by electrostatic
or electromagnetic lenses without losing the beam intensity during this displacement. The
impact of the beam of protons on the sample creates a vacancy in the atomic shell (atom
ionisation). Subsequently, the vacancy is refilled by an outer electron shell that results
in the emission of X-rays, which are measured by a detection system (usually an energy-
dispersive one). In p-PIXE, the protons beam focuses on small areal dimensions (as low
as 1 um) with the help of a microprobe that scans the sample surface and enables the
distribution of the trace elements to be determined on a micrometer scale within a wide
range of samples. It can be equipped with a scanning transmission ion microscope to allow
the determination of element concentrations for the selected sample points [1.210,.214].
This analytical tool offers lower LODs and higher sensitivity in comparison to tube-excited
XRF systems. Despite that a particle accelerator is needed for producing the incident
protons beam (1-4 MeV) this technique has been widely used in the biology field even for
the determination of AgNPs distribution and quantification in animal cells [1.210,1.215,1.216].
u-SR-XRF isbased onthe XRF fundamentals explained above, but the X-ray beamis produced
by synchrotron radiation instead of by conventional X-ray tubes. Synchrotron radiation is
generated from a source of electrons and positrons in a linear accelerator in which they
are accelerated to produce a beam with energy at around 100 MeV. This beam of electrons
or positrons is subsequently injected into a storage ring, where they are accelerated to

energies within the giga electronvolt range by passing through diverse magnetic fields. As
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a result, synchrotron radiation is produced. The main advantage of synchrotron is that the
beam intensity is at least ten orders of magnitude higher than that of conventional X-ray
tubes [1.210).217]. This analytical tool is non-destructive, the simultaneous imaging of a wide
range of elements is possible, it has a high spatial resolution and sensitivity, and solid
samples can be analysed [1.218]. In biological samples, sample preparation is often required
before they are analysed (e.g. cryo-sectionning by microtome). Additionally, these samples
are susceptible to suffer thermal disorder and radiation damage by synchrotron radiation
so as to avoid alterations to their native state; data acquisition under cryogenic conditions
is preferable [1.219]. For example, a study in the literature has frozen the sample leaves
and cut them with a cryo-microtome before performing the SR-u-XRF analysis [1.220]. One
of the main disadvantages of this analytical technique is it requires synchrotron radiation
facilities. Another synchrotron-based technique is SR-XAS, which is based on combining
X-ray absorption spectroscopy and synchrotron radiation. XAS consists in scanning, by
a monochromatic X-ray beam, the binding energy core shell of the element of interest
to increase an absorption edge, where each edge represents a different core-electron
binding energy. The X-ray absorbed by the core electron produces its excitation and the
excess energy of the electronic binding energy leads to a photoelectron being ejected
from the atom [1.2107.217]. The resulting X-ray absorption spectrum is divided into: (1) pre-
edge, where energy is limited to a few eV around the edge; (2) X-ray absorption near edge
structure (XANES) or near edge X-ray absorption fine structure (NEXAFS), where energy
falls within 50 eV of the edge; (3) an extended X-ray absorption fine structure (EXAFS),
where energy goes from 50 eV to 1,000 eV or more above the edge [1.217]. XANES and
EXAFS spectra provide complementary structural information. XANES allows information
to be acquired about geometry and the oxidation state of the target metal atoms. EXAFS
enables the determination of the distances to ligands and neighbouring atoms; and the
coordination number from the absorbing target element [1.2171.221]. Some advantages
of SR-XAS are that it is element specific, a wide range of metals can be analysed and
the sample state is not a limitation (powder, liquid or frozen). However, this analytical
technique has its drawbacks, such as the sensitivity of the technique (mg kg' range), it
requires synchrotron radiation facilities and it is difficult to interpret and deconvolute bulk

data in complex samples [11481.221]. Despite these limitations, this analytical tool is widely
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used in biological systems because it provides information on the local structure of the
elements at subatomic level, and on the oxidation state of the elements of interest that is
related to their toxicity and chemical behaviour. As in u-SR-XRF, sometimes in these type
samples, the sample preparation procedures explained in Section 1.21.2 (e.g. cryogenic
methods) are required [1.219]. For example, the literature includes a study that investigates
nanosilver distribution, changes in their speciation and their accumulation in plant tissues
after being exposed to coated/uncoated AgNPs and Ag(l) (as AgNO ) using some of the
sample treatments described in Section 1.21.2 before the u-XANES analysis [1.220,.222].
XAS has been employed to study the AgNPs distribution, behaviour and transformation in

environmental samples such as wastewater effluents and sludge [1.66,.69,.223] .

d) Other techniques

Apart from the aforementioned techniques, there are other techniques that are capable of
characterisation and provide quantitative information on NPs, including ultraviolet visible
spectroscopy (UV-Vis), Raman spectroscopy, fourier-transformed infrared spectroscopy
(FTIR), laser induced breakdown spectroscopy (LIBS), dark field spectroscopy and nano-
secondary ion mass spectrometry (Nano-SIMS).

AgNPs surface electrons are able to absorb photons due to their characteristic surface
plasmon resonance band (SPRB). From the changes that SPRB area undergo during UV-Vis
measurements, it is possible to obtain information on both composition and concentration
[1169).224]. This analytical technique is widely used to characterise synthesised nanosilver,
but the literature contains few studies that have employed UV-Vis in environmental
samples. For example, one study employed this technique to evaluate the aggregation and
dissolution of AgNPs upon their discharge to freshwater and seawater [1.224]. Another
study quantified nanosilver in groundwater with this analytical tool [1.225].

Raman spectroscopy allows the characterisation of the NPs structure [1149]. This technique
relies on the inelastic light scattering produced by irradiating monochromatic laser light on
the analysed sample. The resulting shifts of the scattered light frequency in comparison
with original monochromatic frequency, which are a consequence of the change in the
vibrational, rotational or electronic energy of the excited analyte, provides a molecular
“fingerprint” of the sample [1109.2261.227]. Some advantages of Raman spectroscopy are
minimum sample preparation and the possibility of analysing liquid and solid samples
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[1.228]. However, the weak Raman scattering (inelastic) and fluorescence interferences (e.g.
impurities or sample fluorescence) of this technique complicate the detection of analytes
at low concentrations [11671.228]. The surface-enhanced Raman spectroscopy (SERS)
technique improves Raman signals by adsorbing the analyte molecule on a plasmonic metal
surface, which is normally formed by metal colloids [1102]. Despite most existing studies
having utilised AgNPs as substrates of SERS to analyse chemical or biological analytes, one
study has used a compound that binds the AgNPs present on the substrate and produces
characteristic signals to indicate the presence of nanosilver in environmental (e.g. surface
water) and biological (e.g. spinach leaves) samples [1.229]. Additionally, when it is combined
with microscopy, it is possible to obtain maps of the biomolecule distribution in tissues
[1109].

FTIR is used mainly for determining structural changes of living beings after being exposed
to NPs. This analytical technique has similar fundamentals to Raman spectroscopy, but
the sample is irradiated with an infrared source and it measures the intensity of the light
passing through the analysed sample at specific wavenumber. The main advantages of
this analytical tool are that it requires minimum sample preparation, its analysis time is
short, it is usually non-destructive, only a small portion of sample is needed, sample can
be liquid or solid, and its high sensitivity, high accuracy and stability. However, one of its
disadvantages is that multiple background scans and sample scans are needed to avoid
artifacts and variations in spectra [1.227]. In the literature, FTIR does not come over as a
widely used technique for analysing biological samples after being exposed to nanosilver.
Some studies have employed transmittance FTIR to determine the conformational changes
in the macromolecules of plants after being exposed to these emerging contaminants
[1.230], or attenuated total reflectance FTIR (ATR-FTIR) to study the interactions of AgNPs
with membrane biomolecules of bacteria [1.231].

LIBS has the potential to determine both particle size distribution and concentration. This
technique is based on the fact that when a NP passes through the focal volume of a
pulsed laser (energy correctly tuned), a plasma is formed and the resulting emitted light
of the analyte is measured. This technique’'s main advantages are that all sample types
can be analysed (liquid, solid or gaseous), it is a non-destructive technique, and offers

high sensitivity for small-sized NPs. However, its main drawback is that it is unable to
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discriminate different types of NPs (size and composition) [1.26,1551161]. Although very
few studies that have used LIBS can be found in the literature, research has been done by
this technique to quantify the AgNPs internalised in plant roots [1.232].

Dark field spectroscopy is the combination of dark field microscopy and a spectrometer (e.g.
hyperspectral imaging spectrometer). This technique consists of analysing the collected
scattered radiation from NPs, produced by an incident beam, which enables the detection
and characterisation (e.g. size, shape, etc.) of nanostructures. The main advantage of dark
field spectroscopy is that unstained samples can be imaged. However in some cases, it
is necessary to stain the sample with an appropriate colour [1152]. The potential of this
technique for determining AgNPs transformations in wastewater effluents and biosolids
[1183], or for the detection, characterisation and semiquantification of nanosilver in complex
waters (mesocosm water and secondary wastewater effluent) [1.233], has been reported.
Nano-SIMS is a new characterisation technique based on secondary ion mass spectrometry
(SIMS), where the primary ion beam is generated by a nanoscale ion microprobe. This
primary ion beam impacts the surface of the solid sample and analytes are sputtered from
the sample as excited or secondary ions, which are subsequently collected and analysed by
MS [1.234,0.235]. Its main advantage is its high resolution and surface specificity [1171,0.234].
However, sample preparation is complex, high vacuum conditions are needed and NPs
differentiation from ions proves difficult. The literature indicates one work that employed
this analytical tool to analyse AgNPs morphology and distribution inside Chlamydomonas

reinhardtii cells [1177].

1.2.2.4 Chromatographic and fractionation techniques

Chromatography is a group of separation techniques in which components are separated

into two phases; a stationary phase and the other moves in a definite direction (mobile phase)

[1.236]. There are diverse types of chromatographic methods that allow NPs separation in liquid

samples, including reversed phase chromatography (RPC), size exclusion chromatorgraphy

(SEC) or HDC.

RPC is based on non-polar packing material columns, where the NP surface interacts and can

be retained. Another approach is to use ionic exchange stationary phases. This method is able

to separate NPs from other elements, such as Ag(l) (speciation analysis) [1196,1.237]. The SEC

and HDC methods are able to separate NPs based on their size and shape. SEC consists of a
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porous stationary phase where particles larger than pores are retained to a lesser extent than
smaller particles [1.26)162]. Conversely to the aforementioned chromatography methods, non-
porous or very small pore packing materials constitute HDC columns that form flow capillary
channels where separation takes place by a velocity gradient. Therefore, larger particles elute
more quickly than smaller ones as they spend less time near capillaries [11487153].

Apart from chromatographic techniques, FFF also enables the fractionation of NPs. In FFF,
different sized NPs are separated by the interaction of the analytes with an external field
applied perpendicularly to the mobile phase flow, instead of a stationary phase. Depending on
the applied field, there are different types of FFF, of which asymmetric flow FFF is frequently
used to analyse complex samples [1.261148].

Despite these analytical tools being capable of separating NPs according to their size, shape
and composition, they present some drawbacks, such as a long analysis time and the possible
adsorption of NPs on packaging material or membranes in FFF, which generates lower NPs
recoveries. Thus optimising the working conditions is recommended to avoid these problems
[114811537162].

All the aforementioned fractionated techniques can be coupled with various detectors
to determine some NPs characteristics (e.g. particle size distributions) and to quantify
NPs, although the ICPMS detector is the most widely employed for analysing AgNPs in
environmental and biological samples because of its selectivity and high sensitivity (LODs

within the ng L range) [1148,1176,.238-1.240].

1.2.2.5 Electrophoretic techniques

Among the existing electrophoretic techniques, CE is the most frequently used for separating
and determining NPs size, shape and surface chemistry. The separation of NPs is done by
applying high voltage at the end of a thin capillary filled with an electrolyte, where NPs
movement towards the electrode depends on NPs properties (e.g. charge, size, and shape)
and the solvent medium [1.26,11481196]. In some cases, the presence of an electrolyte is not
sufficient for non-charged NPs migration and the addition of ionic surfactants is required via
two different phenomena: capillary zone electrophoresis, when a new coated NP forms as
the result of strong NP-micelle interactions; micellar electrokinetic chromatography (MEKC),
when NPs-micelles remain in equilibrium due to the weak interactions between them [1196].

CE is a fast separation technique that also offers a high separation efficacy and is able to
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discriminate AgNPs from Ag(l). Nevertheless, its LOD is high if it is coupled with UV-Vis or
fluorescence spectrometry detectors, and its robustness is low to complex matrices of real
samples [114811551196]. As a result of these limitations, very few studies have employed this
technique for AgNPs determination in environmental and biological samples. For example,
one work in the literature employs CE-ICPMS to analyse the species generated via the

interaction of AgNPs with metallothionein (protein) in rat liver extracts [1.205].

1.2.2.6 Electrochemical techniques

Electrochemical techniques are based on measuring an electrical property in an
electrochemical cell that contains the analyte, which provides information on the analyte's
characteristics and concentration. Therefore, these techniques enable NPs to be detected,
characterised and quantified [1.241]. Voltammetry of immobilized particles (VIP) has been
reported to detect and quantify AgNPs in seawater [1.242]. This technique consists of
submerging an electrode, which contains the analyte or is chemically modified to retain
the analyte, in an electrochemical cell in which it is voltammetrically scanned. During the
electrochemical process, the total amount of oxidised or reduced NPs allows quantitative
information to be acquired, and the resulting potentials of the peaks in the voltammograms
can be related directly to particle size [1148]. Anodic particle coulometry (APC) consists of
the NP's impact on the surface of a microelectrode held at a fixed anodic potential, where the
NP is oxidised/reduced and, consequently, a signal is recorded on the chronoamperogram.
From this technique, particle size can be determined from the charge involved in the process,
which is related to the mass of the electroactive species. The particle number concentration
can also be obtained from the frequency of collisions with the microelectrode [11481.243]. For

example, in the literature one study determines the AgNPs size distribution in seawater [1.244].

1.2.2.7 Chemical sensors

Chemical sensors are devices that measure a physical or chemical property of the analyte
in solution because they contain a specifically recognised zone for the target specimen.
The signal produced by this measurement is normally proportional to the concentration of
the analyte [1.245]. The literature reports that ion selective electrode (ISE) for silver can be
employed to assess Ag(l) speciation and the adsorption processes of AgNPs in soils, which

enables to determine the fraction of AgNPs that maintain their nanoform or that are attached
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1.3

to colloids or soil solids [1173]. Another application of a chemically modified ISE (fluorous-
phase ionophore-doped ISE) has been employed to examine the release of Ag(l) from AgNPs,
which is considered one of the main contributors of AgNPs toxicity, in water and bacterial
growth media [1.246]. Apart from ISEs, one study has used an SPR sensor based on human
metallothionein to detect AgNPs in river water samples [1174]. Despite these analytical tools
being cheap, sensitive, simple and portable, their application to environmental and biological
samples to detect AgNPs is still scarce because very few devices have been developed and

tested in these type of samples [1148].
Laboratory studies to assess the behaviour of AgNPs in the environment

1.3.1 Study of the adsorption, mobility and desorption of AgNPs in soil samples

Experimental procedures to understand the transport and retention of AgNPs in terrestrial
systems are scarce because effective analytical tools to detect, extract, characterise and
quantify nanosilver from soils are lacking [1.247]. The existing experimental approaches used on
a laboratory scale to study these phenomena are column tests and batch tests. Column tests
consist of putting an amount of soil inside a rigid impermeable block through which a solution
containing the analyte is percolated [1.248]. Some studies in the literature have conducted
column experiments with well-defined model porous media, such as quartz sands, glass beads
or sandstones. However, the relevance of these studies is slight because they cannot represent
the complexity of natural soils, such as their variable composition. Therefore, more recent studies
have performed column experiments with real soils [1.2491.250]. Batch tests are easier and faster
to perform than column experiments. This type of experiment is based on adding a AgNPs
solution with a known concentration to an amount of soil, and the resulting mixture is shaken for
a time period until the steady-state condition is achieved [1.251]. Although NPs dispersions can
be kinetically stable over a time period, they are thermodynamically unstable and, consequently,
the equilibrium state is never reached. Therefore, the equilibrium partitioning coefficients used in
column and batch experiments for dissolved species cannot be used for NPs. Notwithstanding,
the literature shows that valuable information can still be obtained about NPs attachment/
detachment kinetics with these tests by using, for example, particle attachment efficiency (a),
which has been contemplated by some authors as the most appropriate fate descriptor of NPs

in aggregation or deposition experiments [1.254,1.255].



Table 1.3 Different reported extracting methods for studying AgNPs desorption from soils.
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Analyte Experiment Extraction Operational definition and extractant Conditions Reference
AgNO5 Soils spiked with 1 1. Water soluble: 20 mL of deionized water 1.1h at 20°C [1.252]
Citrate coated analytes during  sequential 2. Exchangeable: 20 mL of 1M 2.2hat20°C
AgNPs a long period of  extraction CH,COONH, (pH 7)
(5 nm) time (2 hto 10 3. Weak acid dissolution: 20 mL of 1M z.2hat20°C
Uncoated AgNPs  weeks) CH,COONH, (adjusted to pH 5 with
(19 nm) CHBCOOH)
4. Easily reducible: 20 mL of 0.04 M 4.6hat80°C
NH_OH-HCl in 25% v/v CI—IBCOOI—I (pH 3)
5. Oxidizable: 15 mL of 30% |—|2O2(ao|justeo| 5.5.5 h at 80°C then 30
to pH 2 with HNOS) then 5 mL of 3.2 M min at 20 °C
CH,COOH in 20% v/v HNO,
6. Acid digestible: 20 mL of 7 M HNO, 6.6hat8o°C
7. Residual: Total activity
(F]+F2+F3+F4+F4+F5+Fé)
AgNM-300K Soils incubated 1single a) Disodium dihydrogen a) 24 h shaken at room [1.250]
with AgNPs extraction ethylenediaminetetraacetate (EDTA) temperature
during a long
period of time (3
days and 92 days)
AgNPs 6onm and  Soils spiked with 4 different  a) 10 mL Milli-Q water a) Centrifugation [1.253]
100 Nm analytes during single (8 min, 1,000 rpm)

24h

extractions

b) 10 mL Milli-Q water

c) 10 mL of a 10 mM sodium dodecyl sulphate
d) Pre-wetting (900 L Milli-Q water) and

2 extractions with Milli-Q water

b) Sonication (15 min)
Vortex (10 min, 1,500
rpm)
Settling (3 h)
c) Similar to b)
d) Pre-wetting (24 h)

Extractions similar to b)
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Apart from adsorption processes occurring in the environment (attachment to particle surfaces),
NPs can also undergo from desorption processes (detachment from particle surfaces). Desorption
of AgNPs has been studied much less than adsorption, as seen in Table 1.3. Different extracting
methods can be employed to study the mobility and bioavailability of these NPs in polluted
soils. Among them, single and sequential extraction procedures are widely used to evaluate
the mobility and availability of contaminants in soils or for the partitioning of trace elements in
environmental samples [1.252,1.256]. These extraction procedures use chemical extractants (e.g.
water, EDTA, etc.) to displace metals from the soil matrix. The selection of the extracting agent is
important to preserve AgNPs integrity by taking into account that their stability depends on the
medium [1.250,.253]. Although different tools are available to assess the mobility and transport of
AgNPs in soil, most published studies have used soil samples spiked with well-characterised NPs
suspensions. Furthermore, validated analytical tools for AgNPs characterisation in the soil matrix
are still scarce. Therefore, the development and validation of advanced analytical methodologies

to assess the behaviour of AgNPs in environmental matrices are required [1.247].

1.3.2 Bioaccumulation and biotransformation of AgNPs in vegetal samples

Plants remain constantly in contact with air, soil and water. As stated in Section 11.2, AgNPs
are present in all these environmental compartments. Therefore, plants continuously interact
with NPs, which favours their accumulation. As plants are the basis of the food chain, these
emerging contaminants can be transferred to animals by their feed and can, consequently, pose
a risk for human health. For this reason, it is important to perform experiments with plants to
understand the mechanisms involved in AgNPs accumulation and the toxic effects that they can
exert on these living organisms. However, lack of proper analytical tools to analyse AgNPs in
environmental samples makes these studies difficult to carry out.

Despite this constraint, many studies in the bibliography have demonstrated that AgNPs can
accumulate and can be biotransformed in different plant species. Among the studied plants,
we find crops (e.g. Zea mays, Hordeum vulgare, Oryza sativa, Vicia faba, Cucurbita pepo,
Brassica oleracea, Solanaceae, Allium cepa, Lactuca sativa, Cucumis savitus, Raphanus sativus,
Pisum sativum, Capsicum annuum), wetland plants (e.g. Carex lurida, Panicum virgatum, Lolium

multiflorum, Phytolacca Americana, Eupatorium fistolum), aquatic plants (e.g. Spirodela polyrhiza)

and terrestrial plants (e.g. Trigonella foenum-graecum) [1.2571.258]. From these studies, information
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Fig. 1.10 Elemental distribution lettuce leaves exposed to 100 g g” AgNPs analysed by u-XRF being (&) plants cross sections and (b)
plant surface. ep. epidermis, p. parenchyma, st. stomata, v.b. vascular bundle [Reprinted (adapted) from [1.220], Copyright (2019), with
permission from Elsevier (or applicable society copyright owner)].

about the accumulation and distribution of AgNPs in plant tissues can be obtained. For example,
one study determines the distribution of AgNPs in lettuce shoots after foliar exposure (see Fig.

1.10) [1.220]. Furthermore, the phytotoxicity, cytotoxicity and gentoxicicity of these emerging

contaminants to plants can also be known (see Fig. 1.11) [1.250].

1.5 25 35 5.0 AgNP(mgkg)

Fig. 1.11 Growth shoots and roots response of wheat plants after being exposed 14 days to diferent AgNPs concentrations [Reprinted
(adapted) from [1.258], Copyright (2019), American Chemical Society].

However, running experiments with different plant species makes it difficult to generalise about
the uptake mechanisms and distribution of the AgNPs inside plant tissues. To overcome this
limitation, Arabidopsis thaliana has been used in many works as a model plant because of
its short generation time, small size and excellent seed production, and because its genome
sequence is known [1.257]. In the literature, different growing media have been employed to
perform experiments, including hydroponic (e.g. Hoagland solution, Murashige and Skoog nutrient
solution, etc.), soil, agar or sand [1.258]. In some studies, addition of fertilisers in soils is done

[1.260] or nanosilver solution is sprayed instead of cultivating plants [1.220]. Seed germination
67
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is normally carried out in Petri dishes [1.258]. Culture media composition can affect the uptake
of AgNPs by plant roots, but growing conditions (e.g. temperature, humidity, concentration) and
days of exposure to AgNPs also influence the final accumulation, biotransformation and toxicity
of the studied plants. Therefore, as lots of variables can impact the evaluation of nanosilver risks
for plants, it is necessary to make an effort to develop well-established protocols for assessing

the nanotoxicity of these emerging pollutants to plants [1.257].
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As illustrated in the General Introduction, the presence of AgNPs in different environmental systems
is a cause of concern about the potential hazards that they can pose to living organisms and human
health. The toxicological effects that these emerging contaminants may have for living beings are
influenced by their physicochemical characteristics, which can change in the environment. Therefore,
it is necessary to understand their behaviour, mobility and biocavailability in the environment because
these phenomena can impact final NPs toxic effects. Furthermore, their possible transfer to living
organisms and their toxicological effects must also be understood. Many analytical methodologies have
been employed for the detection, characterisation and quantification of nanosilver in simple matrices,
but their use in environmental and biological samples still requires sample treatment methods and
analytical procedures being developed and improved due to the complexity of these matrices. Given
these difficulties, the overall aim of this study is to assess AgNPs mobility and bioavailability in terrestrial
environments, and their accumulation, biotransformation and toxicity in edible plants with existing
analytical methodologies or by developing new analytical approaches for this purpose. This goal will be

accomplished by achieving the specific objectives, which are divided into the following points:

« Study the adsorption and desorption processes of diverse coated and sized AgNPs in soils with
different characteristics and their possible transformation in this environmental matrix with time.

- Evaluate TXRF for the detection and quantification of AgNPs in soil adsorption studies as a
cheap effective alternative to commonly used ICP-based atomic spectrometric techniques.

» Study the combination of CPE and TXRF for the separation and preconcentration of AgNPs in
complex aqueous samples.

- Evaluate the capabilities of CPE as a sample treatment procedure to be used in combination
with SP-ICPMS for the accurate determination of nanosilver size and concentration in complex
aqueous samples that contain large amounts of Ag(l).

» Study different calculation methods in the SP-ICPMS analysis to obtain nanosilver nebulisation
efficiencies and assess diverse iterative algorithms for the subsequent calculation of their sizes
and number concentrations in unknown samples.

« Evaluate the uptake of various coated and sized AgNPs by Lactuca Sativa (lettuce) roots at
different concentration levels and their translocation to aerial plant parts.

- Assess the toxicological effects induced by these emerging pollutants and their potential

biotransformation inside the plant Lactuca Sativa.
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Chapter 3
ABSTRACT

The production of silver nanoparticles (AgNPs) has increased tremendously during recent years due
to their antibacterial and physicochemical properties. As a consequence, these particles are released
inevitably into the environment, with soil being the main sink of disposal. Soil interactions have an
effect on AgNP mobility, transport and bioavailability. To understand AgNP adsorption processes, lab-
controlled kinetic studies were performed. Batch tests performed with five different Mediterranean
agricultural soils showed that cation exchange capacity and electrical conductivity are the main
parameters controlling the adsorption processes. The adsorption kinetics of different sized (40, 75, 100
and 200 nm) and coated (citrate, polyvinylpyrrolidone and polyethyleneglycol (PEG)) AgNPs indicated
that these nanoparticle properties have also an effect on the adsorption processes. To assess the
mobility and bioavailability of AgNPs and to determine if their form is maintained during adsorption/
desorption processes, loaded soils were submitted to leaching tests three weeks after batch adsorption
studies. The DIN 38414-S4 extraction method indicated that AgNPs were strongly retained on sails,
and single-particle inductively coupled plasma mass spectrometry confirmed that silver particles
maintained their nanoform, except for 100 nm PEG-AgNPs and 40 nm citrate-coated AgNPs. The DTPA
(diethylenetriaminepentaacetic acid) leaching test was more effective in extracting silver, but there was

no presence of AgNPs in almost all of these leachates.

Keywords: Silver nanoparticles, Agricutural soils, Sorption kinetics, Leaching tests, Single-particle inductively coupled plasma mass spectrometry
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31 Introduction

During recent years, the use of manufactured nanoparticles (MNPs) for domestic and industrial
purposes has grown tremendously [31,3.2]. The fraction of atoms at the nanoparticle surface is high
because of its nanosize (1-100 nm), thus promoting both the specific surface area and adsorption
capacity. Consequently, the physicochemical characteristics (electrical conductivity, mechanical
strength, optical or magnetic properties) of nanoparticles are unique, and differ from those of
their bulk counterparts. Among different types of nanoparticles, metallic MNPs have experienced
substantial growth in the industry, with silver nanoparticles (AgNPs) being one of the most produced
NPs due to their effective biocidal activity. Their applications are spread across a variety of
commercial goods such as foods, textiles, construction, medicines, cosmetics, power, pharmacy,
biomedicine, household goods and agriculture [31,3.3,3.4]. As a consequence of the widespread
production of AgNPs, these particles are inevitably released through different pathways into
the environment (air, water and soil). Soil is the biggest sink of disposal for most of the released
MNPs. The main source of entry of these emerging contaminants to soils is through the application
of sewage sludge from wastewater treatment plants (WWTPs) to agricultural lands. In WWTPs,
AgNPs can undergo different transformations (e.g. dissolution, oxidation or sulfidation), with
transformation to silver sulfide in sewage sludge being the main pathway. However, anthropogenic
silver nanoparticles can also enter agricultural land directly via unintentional emissions, accidental
spills or application of nanopesticides [3.3,3.5,3.6]. Soil matrices are relatively complex because they
present a solid phase, consisting of organic matter and minerals, and an aqueous phase that contains
various amounts of natural colloidal/particulate materials [3.7,3.8]. Consequently, AgNP interactions
with soils are difficult to interpret. These interactions lead to processes, such as aggregation/
agglomeration, dissolution to metal ions or sorption onto surfaces, which are responsible for their
mobility, transport and bioavailability in the environment [3.8]. Aggregation and agglomeration
are associations of particles due to physicochemical processes including Van der Waals forces,
electrostatic interactions or Brownian motion. Dissolution of AgNPs into their constituent atoms is
governed by diverse phenomena, such as chemical reactions that take place due to the presence of
oxygen, chlorine and enzymes [3.3]. Deposition occurs when particles are retained on a solid surface
or when aggregation (both homo- and hetero-aggregation)/agglomeration takes place. Adsorption
of nanoparticles onto the solid components of soils is influenced by particle properties (size, shape,

surface charge, surface and core chemistry, capping agent, agglomeration state, crystallinity, redox
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potential, catalytic activity and porosity) as well as soil features (pH, organic matter content, ionic
strength, zeta potential and texture) [3.4,39]. The capping agent is one of the main determinant
characteristics since it affects the surface charge, which governs attraction/repulsion interactions
among particles, and the steric hindrance [3.8,310-313]. Additionally, particle size is another property
that strongly influences immobilisation on soil surfaces, especially when there is aggregate formation
[39,314,315].

Batch experiments are commonly used in order to understand the retention and transport
of contaminants in soils. This approach allows one to examine the retention under well-defined
conditions in an easier and faster way compared to column experiments [316,317]. However, as
stated in different reports, nanoparticle dispersions are thermodynamically unstable and their
behaviour cannot be described as an equilibrium process. Despite this fact, batch tests can still
provide valuable information on nanoparticle attachment/detachment kinetics [318,319]. For
example, Cornelis et al. (2012) concluded from batch tests that adsorption of polyvinylpyrrolidone
(PVP) coated AgNPs (negatively charged) on iron and aluminum oxides and mineral clay edges may
be important in retention processes in soils [3.20]. An additional batch retention experiment using
sterically stabilised AgNPs determined that immobilisation of nanosilver depends on soil properties
such as clay content, pH and calcium content [314]. Furthermore, organic matter content is also
relevant in adsorption of AgNPs onto silt particles, as stated by Klitzke et al. (2015) [3.21].

Scarce information on the desorption of AgNPs from soil particles to the liquid phase exists in the
published literature [3.22,3.23]. To evaluate the potential mobility and bioavailability of metals in
polluted soils, leaching tests are frequently used [3.24], which gives information related to soil-plant
transfer of pollutants and their migration in a soil profile that is connected with groundwater [3.25].
More recently, some leaching tests have been used to evaluate the bioaccessibility of AgNPs from
soils in the human gastrointestinal tract [3.26].

Common analytical tools for quantitative determination of AgNPs in liquid extracts are inductively
coupled plasma optical emission spectrometry (ICP-OES) and inductively coupled plasma mass
spectrometry (ICP-MS). These analytical techniques allow the determination of total metal content,
hindering the ability to distinguish the metallic AgNPs from other silver (Ag) species present in the
solution [3.27]. However, in recent years the use of single-particle ICP-MS (SP-ICP-MS) to detect
and characterise MNPs at trace levels in environmental samples has increased [3.28,3.29]. Analysis

with SP-ICP-MS requires nanoparticle suspensions that have been sufficiently diluted and a short
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dwell time to ensure that a maximum of one particle is measured in each integration time. Once
injected into the plasma, the discrete particle is vaporised, atomised and ionised, producing a
burst of ions that can be measured as a single pulse [3.30-3.32]. This analytical technique allows
differentiation between nanosilver and soluble silver species and also can give information about
the size distribution [3.33].

In this work, batch experiments and leaching tests were carried out in order to understand the
adsorption and desorption processes of AgNPs with soils. The goal of this study was to determine
the adsorption kinetics of AgNPs with different soils, using different particle sizes and coatings,
and assessing the desorption of these particles by leaching tests. Furthermore, the possible AgNP
transformations during the studied interaction processes were evaluated by analysing the samples by
the SP-ICP-MS technique. To our knowledge, few research papers exist involving the adsorption and
desorption of AgNPs from soils that test nanoparticles with different physicochemical properties. In
addition, none of them employ SP-ICP-MS for AgNP detection after the adsorption and desorption

processes.

3.2 Materials and methods

3.21 Chemicals, materials, apparatus and instrumentation

ICP-OES standard solutions were prepared from a silver stock solution (silver nitrate (AgNO,)
in nitric acid (HNOs)) of 1,000 + 2 mg L from Merck (Germany). High purity water from a Milli-Q
purification system (Millipore Corp., Bedford, MA) was employed for the leaching experiments
(DIN 38414-S4 extraction method). It was also used to dilute stock solutions and soil leachates
(supernatants). Triethanolamine (TEA) (Sigma-Aldrich, Germany), diethylenetriaminepentaacetic
acid (DTPA) (Panreac, Spain) and calcium chloride dehydrate (CaCl -2H O, Panreac, Spain) were
utilised to prepare the extracting solution for the DTPA leaching test.

Batch adsorption experiments and leaching tests were performed employing LD-76 rotary mixers
(Dinko, Spain). In order to break down the possible agglomerates of AgNPs, an ultrasonic bath
(J.P. Selecta, Spain) was used. A Rotofix 32A centrifuge (Hettich-Zentrifugen, Germany) was
utilised to separate the soil and the soil extract after kinetic adsorption tests and leaching tests.
Total silver content in aqueous suspensions from adsorption and leaching experiments was
determined using an ICP-OES Vertical Dual View 5100 system (Agilent Technologies, Japan),

with calibration curves ranging between 5 and 350 ug kg silver concentration. SP-ICP-MS for
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silver nanoparticle detection in aqueous leachates was performed using a quadrupole-based
ICP-MS Agilent 7500c system (Agilent Technologies, Japan) equipped with Octapole Reaction
System (ORS) technology. The instrumental characteristics and measurement conditions of
the two instruments are summarised in the Supporting information of this chapter Table $3.1.

Histograms of the results were summarised and plotted using Microsoft Excel software.

3.2.2 Nanoparticles

Silver nanoparticles of different sizes and coatings were tested in this work. Two suspensions of
silver nanoparticles stabilised with sodium citrate (citrate-AgNPs) of 40 and 100 nm were obtained
from Sigma-Aldrich (USA) and one of 200 nm from NanoComposix (USA). Polyvinylpyrrolidone-
coated silver nanoparticles (PVP-AgNPs) of 75 and 100 nm and polyethyleneglycol-coated silver
nanoparticles (PEG-AgNPs) of 100 nm were purchased from NanoComposix (USA). The principal
difference between these nanoparticles was the zeta potential, which depends on the capping
agent and is related to the surface charge. The most negative zeta potential at pH 7 was found for
citrate-AgNPs and the least negative for PEG-AgNPs, which was almost neutral [3.34]. Detailed
information about the characteristics of the studied AgNPs can be found on the manufacturers’

webpages.

3.2.3 Soils studied

Five Mediterranean agricultural soils with different physicochemical properties were tested in
order to evaluate their influence in AgNP adsorption processes. The five studied soils were
sampled at different locations from Barcelona and Girona provinces (NE Spain): Soil 1 and
Soil 2 (Vallcebre), Soil 3 (Castellbisbal), Soil 4 (Gava) and Soil 5 (La Tallada d'Emporda). These
soils were selected to cover the variety of soils along this Mediterranean region. Composite
and representative surface soil samples were obtained by combining several subsamples per
location. They were collected using a polypropylene shovel and subsequently transferred to
clean polypropylene bags. In the laboratory, soil samples were dried at room temperature, sieved
(2 mm) and stored in polypropylene containers.

The particle size distribution (Supporting information of this chapter Table $3.2) revealed strong
differences regarding the smallest sizes, <0125 mm, ranging from near 4% for Soil 3 to around
50% for Soil 4. Soil mineralogy was determined by X-ray diffraction (XRD), following randomly

oriented powder methodology for bulk composition and the oriented aggregate method for
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the identification of clay minerals. From the results, (Supporting information of this chapter
Table $3.3) studied soils could be classified as marly soils, characterised by the prevalence of
carbonates (mainly calcite, CaCOB) and quartz. Soils from the Vallcebre area (Soil 1 and Soil 2)
differed in the type of carbonate, dolomite (MgCaCO,) for Soil 1.and a noticeable content of
gypsum for Soil 2. Dealing with the content of clay minerals, Soils 1 and 2 were characterised by
the presence of swelling clays of the smectite group, with a minor amount of kaolinite, whereas
the rest of the soils exhibited different clay assemblages, illite-kaolinite for Soil 3 and chlorite-illite
for Soils 4 and 5. Clay mineralogy is the key factor in the cation exchange capacity (CEC) of soils.
Pure smectite has a CEC from 80 to 150 mEq 100 g, with illite and chlorite ranging from 10 to
40 mEq 100 g and kaolinite from 3 to 15 mEq 100 g'. Minor quantities of feldspars and hematite
were also detected in the XRD runs.

The physicochemical properties of these studied soils are shown in Table 3.1. As can be expected
from the mineralogy, the pH of the soil samples was neutral to slightly basic. The cation exchange
capacity, around three times higher in Soils 1 and 2, was directly related to the presence of
smectite. The electrical conductivity was very high in Soil 2 due to the presence of gypsum,
exhibiting a wide variety for the rest of the soils, and the organic matter was nearly constant
(5%-6%), except for Soil 5 that had the lowest content.

Table 3.1 Physicochemical characteristics of studied soils.

pH Moisture O.M. (%) CEC EC

(in H20) (%) (meq100g”) (uScm™)
Soil1 8.0 13.3 6.5 201 105.]
Soil 2 7.4 13.05 5 189 2,460
Soil 3 7.6 9.3 57 65 276.5
Soil 4 7.4 37 61 7 427.3
Soil 5 7 0.5 18 53 87.3

OM.: organic matter content. CEC: cation exchange capacity. EC: electrical conductivity.

3.2.4 Adsorption studies

Batch adsorption experiments were performed in order to investigate the interaction between
AgNPs and soil in lab-controlled conditions. For this purpose, 0.5 g of soil was weighed into
polystyrene tubes. Then, 20 mL of a 1 or 10 mg L aqueous suspension of AgNPs was added
followed by agitation with a rotary mixer at 35 r min™.

Afterwards, samples were removed in duplicate at specific times (10 min, 20 min, 30 min, 1 hr, 2

hr, 4 hr or 6 hr) and centrifuged at 3500 r min™ for 8 min. Finally, the supernatant was transferred
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to a new polystyrene tube and stored overnight at 4 °C until analysis.

Prior to analysis by ICP-OES, liquid samples were ultrasonicated for 5 min to break down
the possible agglomerates of silver nanoparticles present in the aqueous suspension. Then,
samples were shaken vigorously for 1 min and filtered through a 0.45 um cellulose acetate filter
(Whatman, Filterlab, Spain) to remove suspended soil particles. Finally, the samples were analysed
by ICP-OES and the total silver content was quantified using an ionic silver (Ag’) calibration

curve. All experiments were carried out in duplicate.

3.2.5 Leaching studies: DIN 38424-S4 and DTPA

In order to study the possible release of AgNPs from soils, two leaching tests named DIN 38414-
S4 [3.35] and DTPA [3.36] were performed. These leaching tests were selected to allow the
evaluation of the mobility and bioavailability of metals in the environment. The DIN 38414-S4
leaching test gives information about the more mobilised metals and the DTPA leaching method
predicts the bioavailability of metals to plants [3.25,3.37]. To this aim, soils containing known
amounts of adsorbed AgNPs were tested 21 days after the adsorption experiment.

For the DIN 38414-S4 extraction procedure, 5 mL of Milli-Q water was added to 0.5 g of loaded
soil and the mixture was submitted to rotation with a rotary mixer (35 r min™) for 24 hr at room
temperature (22 °C). In the case of the DTPA extraction test, 5 mL of DTPA solution (0.005 mol L
DTPA, 0.01 mol L' TEA, 0.5 mol L CaC|2-2HQO adjusted to pH 7.3) was agitated (35 r min™) with
0.5 g of loaded soil for 2 hr at room temperature (22 °C).

After these contact times, samples were centrifuged for 8 min at 3500 r min”, after which the

supernatants were transferred to new polystyrene tubes and stored overnight at 4 °C until

analysis by ICP-OES and SP-ICP-MS techniques.

3.2.6 Evaluation of the presence of Ag as AgNPs by SP-ICP-MS analysis

SP-ICP-MS was used to confirm the presence of AgNPs in the stripping solutions. To obtain good
results in SP-ICP-MS, the Ag concentration in the form of AgNPs should be very low to afford a
solution that has at maximum one particle in the volume aspirated during the dwell time (10 msec).
For this reason, the Ag concentration of the samples was determined by the ICP-OES technique
before SP-ICP-MS analysis to determine which dilution was needed to obtain a final solution of
approximately 0.8 ug L. Previous to the ICP-OES analysis, in order to remove the suspended

soil particles, samples were filtered through a cellulose acetate filter of 0.45 um after being
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ultrasonicated for 5 min and shaken for 1 min to avoid the possibility of agglomerates. Finally, the
samples were analysed by SP-ICP-MS to determine if silver was present in the leachate solution
(supernatant) in nanosilver form. In the case of DTPA solutions, the stability of AgNPs had been
previously verified. The presence of nanoparticles was confirmed in this media for 100 nm AgNPs

with the three different coatings after 2 hr of agitation.

3.3 Results and discussion

3.3.1 Stability and storage of AgNPs solutions

Some recent publications have highlighted the potential alteration of the dispersion state of
nanoparticles by laboratory procedures [3.38]. For this reason, previous to the soil adsorption
studies, some experiments were carried out in order to evaluate the stability of silver nanoparticle
suspensions submitted to different treatments and storage conditions. Specifically, various times
of storage (<6 hr and 6 days) at different temperatures (around 4 °C and around -20 °C) were
evaluated. Moreover, the effect of filtration of these suspensions was also tested. Results can be
observed in the Supporting information of this chapter Fig. $3.1.

Good recoveries of fresh suspensions (95%-100%) assessed using an [CP-OES system and silver
standard solutions for quantification purposes confirmed the good performance of the analytical
procedure.

It can be seen that the storage of aqueous silver nanoparticles suspensions during 6 days caused
a 40% decrease in their recovery with respect to the ones stored for <6 hr for all types of AgNPs

tested (significant statistical differences by Student’s t-test, t ). Nevertheless, a

Lo <t .
critical ~“experimental

recovery of (104.6% + 1.2%) was obtained from an aqueous suspension of citrate-coated silver
nanoparticles 100 nm) after being stored 24 hr at 4 °C (data not shown in the bar chart). No

significant statistical differences were observed (Student's t-test, t ) between

Lot A
critical” “experimental
storing the samples at 4 or at -20 °C. Finally, it was shown that the filtration of fresh samples
does not cause any effect on the recovery of AgNPs (no significant statistical differences by

Student's t-test, t ). Moreover, the supernatant solution had no effect on silver

o>t
critical” “experimental
recovery (94.6% + 1.3%) of 100 nm PVP-AgNPs after filtration. However, the filtration process
caused an important decrease in the AgNP concentration when silver nanoparticles aqueous

suspensions had been stored at -20 °C (significant statistical differences by Student’s t-test, t

o<t ). Some aggregation processes have been reported for nanoparticles suspension
critical = “experimental
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under these low temperatures [3.39]. These aggregations can produce a loss of particles when
they are subjected to filtration afterwards. Taking into account all these results, the adsorption
studies could be carried out analysing the samples after storage for a maximum of 24 hr at 4 °C

and subjecting the samples to a filtration process if necessary.

3.3.2 Adsorption of AgNPs in agricultural soils: Kinetic studies

Some preliminary experiments were performed in order to determine the appropriate amount
of soil and the volume and concentration of silver nanoparticle suspensions. The aim of these
experiments was to establish the conditions that permitted the evaluation of the adsorption of
AgNPs onto soil surfaces. For this purpose, 2,1 and 0.5 g of soil were put in contact with 20 mL
of a1mg L citrate-AgNPs (100 nm) suspension (Supporting information of this chapter Fig. $3.2).
Likewise, 10, 15 and 20 mL of 75 nm PVP-AgNP suspensions (1, 5 and 10 mg L' concentrations)
were mixed with 0.5 g of soil (Supporting information of this chapter Fig. $3.3). In both cases
the soil and nanoparticle suspensions were stirred under rotary agitation conditions (35 r min”)
for 2 hr. Afterwards, the silver concentration in the supernatant was determined by ICP-OES
analysis. Results showed that a smaller amount of soil (0.5 g) and greater volume of solution (20
mL) gave higher Ag concentrations in the supernatant suspensions, indicating slower kinetics in
comparison with that obtained using high soil amounts. This is favourable for detection of the
differences in adsorption kinetics of different types of AgNPs. Therefore, it was decided to use
0.5 g of soil and 20 mL of a 10 mg L silver nanoparticle suspension (PVP-AgNPs 75 nm) only
for testing the influence of soil properties on AgNP adsorption. For the other tests (coating and
size effects), 0.5 g of soil and 20 mL of 1 mg L' AgNP suspensions were used due to the low
concentration of the stock solutions available (20 mg L™). Using these conditions, a kinetic study
was undertaken.

The study was conducted with all the soils described in Section 3.2.3 (for details of soil
characteristics see Supporting information of this chapter Tables $3.2 and $3.3). The results
obtained using AgNPs of 75 nm coated with PVP are shown in Fig. 3.1a. As can be seen, the
adsorption rates obtained for all tested soils after 4 hr of rotation were high (80% of adsorption).
Soil 2 showed the fastest adsorption rate, reaching almost 100% adsorption in less than 10 min.
The main characteristics of this soil are its high electrical conductivity and cation exchange
capacity. This fact agrees with different works that point out the increase of AgNP adsorption on
soils with increasing ionic strength [3.40]. Thus, both homo- and hetero-aggregation processes
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Fig. 3.1 Percentage of adsorption of different silver nanoparticles in agricultural soils (0.5 g of soil and 20 mL of nanoparticle
suspension). (@) Comparison of agricultural soils with different physicochemical properties using a suspension of 10 mg L" of 75 nm ¢
polyvinylpyrrolidone (PVP) coated AgNPs. (b) Comparison of different coatings (PVP, polyethyleneglycol (PEG), citrate) of 100 nm ¢
nanoparticles using Soil 3 and a solution of 1 mg L of total silver. (¢) Comparison of different sizes of citrate silver nanoparticles using

Soil 3 and a solution of 1 mg L total silver concentration.

could be responsible of this adsorption. On the other hand, Soil 3 after half an hour of the
kinetic adsorption study presented the slowest adsorption rate (75%). This soil had one of the
lowest cation exchange capacity values; however, its electrical conductivity was higher than that
of Soil 1, which shows a higher rate of adsorption. After 4 hr of the kinetic study, the slowest
adsorption rate was obtained for Soil 5, which had the lowest cation exchange capacity and

electrical conductivity. The size distribution of soil particles seems not to have a great influence
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in the adsorption rate, although the soils with a lower adsorption rate (Soils 3, 4 and 5) were
those with greater amounts of small soil particles. Cornelis et al. (2013) determined a correlation
between clay content and AgNP retention by natural soils [3.41]. This correlation seems to be
explained by the hetereocoagulation of AgNPs with colloids naturally present in soils.

Using these results, an approximate value for the affinity coefficient, a, could be calculated
following the methodology developed by Barton et al (2014) [3.42]. For removal of AgNP
suspensions at time t, r(t) was calculated as r(t) = (CO—Ct)/CO, with C, (ug L") being the initial AgNP
mass concentration and C, (ug L") the AgNP mass concentration in the supernatant suspension
at time t (min). Afterwards, [n (rCO/Ct+ 1) vs time was plotted and a linear portion was obtained
for these plots (between 10 and 60 min) except for Soil 2, which showed very fast adsorption
(Supporting information of this chapter Fig. $3.4). The values of the slope of this linear portion
correspond to the product aBB, which is a measure of the relative affinity of the nanoparticles for
soil. B and B are the collision frequency and the concentration of soil particles respectively, which
in this case were constant. From these calculations the values of a8B determined were 6.42x10,
4.88x10%, 3.21x10* and 216x10* for soils 1, 3, 4 and 5 respectively. These affinity coefficients thus
obtained are in agreement with the soil adsorption kinetics, because Soil 1is one of the soils
with the fastest AgNP adsorption kinetics and its affinity coefficient is the highest, meanwhile Soil

5 shows the slowest AgNP adsorption kinetics and its affinity coefficient is the lowest.

3.3.3 Effect of the coating and size of AgNPs in soil adsorption

Soil 3 was chosen to study the adsorption behaviour of different types of nanoparticles (surface
and size) because, as observed previously, this soil had an intermediate affinity toward AgNPs
among all the studied soils.

First of all, the adsorption kinetics of different coated silver nanoparticles (PVP, PEG and citrate)
onto Soil 3 was compared using AgNPs of ¢ 100 nm. For comparison purposes, the adsorption
kinetics of silver ions (added as AgNO ) was also examined. Results are depicted in Fig. 3.1b.

As can be observed, Ag' showed a faster adsorption rate than silver nanoparticles, reaching
100% of adsorption in 15 min. In fact, different works underline the high capacity of Ag" to be
adsorbed by soils, either by thiol groups or to colloidal particles [3.40]. The different types of
AgNPs showed quite fast and similar adsorption rates, achieving a steady-state concentration in
less than 60 min. Nevertheless, AgNPs with a citrate surface coating were less adsorbed (80%)
than PEG- and PVP-coated nanoparticles, which reached almost 100% adsorption under the
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present conditions. For citrate particles an additional value was determined at 6 hr (data not
shown), which was very similar to the adsorption value obtained at 4 hr. The lower adsorption
rate of citrate-AgNPs respect to PEG-AgNPs and PVP-AgNPs could be due to their zeta
potential, which is controlled by the pH of the solution. Zeta potential, which is the charge at the
surface of the electrical double layer, is a key indicator of the stability of colloidal dispersions.
Usually, capping of the particles with highly negative zeta potential indicates the increase of
particle stabilisation. As detailed by the manufacturer, citrate-AgNPs present a highly negative
zeta potential (negatively charged) in comparison to PVP-AgNPs and PEG-AgNDPs. Thus, citrate-
AgNPs are more stable and their aggregation tendency is lower due to higher repulsion with
negatively charged soil surfaces in comparison to other tested AgNPs [3.24,3.43,3.44].
Adsorption rates of AgNPs with different sizes should also be compared. To this aim, citrate-
coated AgNPs of 40,100 and 200 nm diameters were used. From the results (Fig. 3.1¢) it can be
observed that silver nanoparticles with a size of 200 nm were adsorbed faster in comparison to
40 nm AgNPs. In addition, the largest AgNPs were almost totally adsorbed (90%) in1 hr of contact
time; meanwhile, the smallest AgNPs (40 nm) reached a value of 50%, achieving a 75% after 4
hr. It must be taken into account that in this work, we compared suspensions with the same Ag
mass concentration but different particle number concentrations. The smaller the nanoparticle
size, the higher the particle number concentration for the same Ag mass concentration. So, there
were more particles able to be adsorbed in the 40 nm AgNP solution than in 100 nm or in 200
nm ones. These results agree with those obtained by He et al (2019) and seem to indicate that
no dissolution process is taking place for AgNPs [315]. On one hand, smaller nanoparticles are
reported to dissolve more quickly. On the other hand, silver ions are more quickly retained in
soils. Both facts point in the opposite direction as the behaviour observed.

Finally, the adsorption rates of all types of nanoparticles using the five soils considered in this
study were compared. In all cases the concentration of silver in the supernatant solution was
determined after two hours of rotation (35 r min™) at 22 °C. Higher concentrations of silver in the
supernatant indicated lower adsorption degree on the soil. Results are depicted in Fig. 3.2.

As can be seen in this figure, the lowest adsorption was obtained for 100 nm citrate-coated
nanoparticles in comparison to 100 nm PVP-AgNPs and PEG-AgNPs, observing significant
). AgNPs with PVP

statistical differences, except for Soil 2 (Student’s t-test, t <t
critical ~ “experimental

and PEG surfaces (100 nm) showed similar results and higher adsorption than citrate-coated
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nanoparticles (no significant statistical differences by Student’s t-test, t ), except for

>t
critical ™ “experimental

Soil 5, where significant statistical differences were observed (Student’s t-test, tcritica\<texper\'menta\ )
This different behaviour of Soil 5 could be due to its lower organic matter content. Hoppe et
al. (2014) stated that citrate-stabilised AgNP adsorption processes in soils are related to the
soil organic matter content, which tends to be negatively charged and may hamper access to
positively charged groups [314,3.45]. Thus, the low organic matter content of Soil 5, in comparison
to other studied soils, indicates that the particles of this soil may contain less negative charges,
favouring the adsorption of citrate-AgNPs (highly negatively charged).

Significant statistical differences were also observed between small citrate nanoparticles (40

nm) and the big ones (100 nm) in all the tested soils (Student’s t-test, t ) except

o<t
critical ~ “experimental

for Soil 1 (Student'’s t-test, t ), showing a lower adsorption than the small ones. As

critica\>texperimenta\
stated above, the reason for this phenomenon can be the presence of more particles in the 40

nm AgNP solution than in the 100 nm one.

600 1

@PVP 75 nm
) @PVP 100 nm
g

I EPEG 100 nm

Q Citrate 40 nm

B Citrate 100 nm

Citrate 200 nm

Fig. 3.2 Silver supernatant concentration after 2 hr adsorption in different soils (0.5 g of soil and 20 mL of nanoparticle suspension with

1,000 pg L™ total silver concentration).

When comparing the behaviours of the soils, again Soil 2 showed a higher adsorption degree
for all types of AgNPs in comparison to the other studied soils in this work (significant statistical

differences by Student's t-test, t ). As stated above, the most important difference

<t
critical ~“experimental
of this soil compared to the others is its high electrical conductivity derived from the presence of
gypsum, which is related with the ionic strength [3.4¢], and also the synergic presence of smectite

clays, acting as an additional AgNP trapping agent due to its surface properties and CEC features
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[3.47]. Several authors have pointed out that high ionic strength favours nanoparticle adsorption

when electrostatic repulsion is present [3.48].

3.3.4 Recovery of AgNPs from soils using DIN 38414-S4 and DTPA leaching procedures

To evaluate the mobility and bioavailability of different sized and coated AgNPs retained in
agricultural soils, two leaching procedures were carried out after 3 weeks of being adsorbed.
DIN 38414-S4 and DTPA leaching procedures were applied to Soil 3 to gain information on the
potential risks associated with these pollutants. Results can be observed in Table 3.2. In this

table, uyg Ag_ is the total silver amount in the initial suspension, which was put in contact with

initial
Soil 3 under rotary agitation (35 r min) for 2 hr and after this time, the suspension was centrifuged
and the supernatant was separated, filtered and analysed. The pg Agsupematamt is the total silver
amount in the supernatant. After the separation from the supernatant, the soil was dried and
kept at room temperature for 3 weeks. Finally, a DIN 38414-S4 or a DTPA leaching procedure was
carried out and the silver concentration of this leachate was determined. From these values the
total amount of silver in each case was determined (ug Ag__, ).

As can be seen, the DIN 38414-S4 procedure gave very low recovery values for total silver, with
ionic silver being the most retained silver form together with 100 nm PVP-AgNPs (no significant

statistical differences by Student’s t-test, t ). From the results of PVP and citrate

cr\'tica|>texper\'menta\

coatings, it can be concluded that small nanoparticles show a lower tendency to be adsorbed and
a higher trend toward desorption than larger ones, especially 40 nm citrate-AgNPs with respect
to 100 and 200 nm, because significant statistical differences were observed (Student’s t-test,

). Significant statistical differences (one-way ANOVA test, F

o<t o<k on
critical " “experimental critical = experimental

leaching recoveries for the differently coated AgNPs tested can be also observed. In the leaching
tests, fewer 100 nm PVP-AgNPs were leached, observing statistical differences (Student’s t-test,
Crit‘,Ca‘<texperimema‘), in comparison to citrate-AgNPs and PEG-AgNPs. Therefore, PVP-AgNPs
were more strongly retained than the other types of AgNPs tested in Soil 3. The DTPA leaching
procedure gave higher recovery values than the DIN 38414-S4 extraction method, except for
the smaller particles (40 and 75 nm). Surprisingly, the tendencies were completely opposite to
those observed using the DIN 38414-54 procedure: smaller AgNPs gave lower recovery values
than bigger ones and ionic silver was the most leached silver form, showing significant statistical

differences with respect to tested AgNPs (one-way ANOVA test, F ). Similarly,

o<k .
critical = experimental

for different coated AgNPs, opposite trends were observed. Significant statistical differences
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(Student’s t-test, t ) were observed between citrate-AgNPs and PVP-AgNPs and

critical<texperimental
PEG-AgNPs, indicating that citrate-AgNPs were the least leached. The complexing capacity of
DTPA for Ag' could partially explain these results [3.49]. As well, organic matter content could
have played a role in the stabilisation of some of the AgNPs [3.21,3.50]. Some differences in the
leaching capability of these extraction procedures were also observed for samples with different

characteristics [3.51].

Table 3.2 DIN 38414-S4 and DTPA leaching tests of Soil 3 after adsorption of AgNPs.

DIN 38414-S4  PVP 75 nm 19.7 0.6 (00) 016 (0.02) 0.8 (01)
PVP 100 nm 20.0 0.4 (0.2) 0.08 (0.02) 0.4 (0))
PEG 100 nm 18.6 11(0.5) 0.21(0.02) 12 (0.2)
Citrate 40 nm 20.3 9.8 0.5 4.6
Citrate 100 nm 20.2 5 (2) 0165 (0.003) 11 (0))
Citrate 200 nm 20.3 16 (0.5) 014 (0.03) 08 (0.2)
Ag' 20.6 0160 (0.008) 0.09 (0.01) 0.4 (0))

DTPA PVP 75 nm 19.7 0.6 (0.2) 010 (0.02) 0.5 (01)
PVP 100 nm 20.0 0.6 (0.2) 0.8 (o) 39 (0.5)
PEG 100 nm 18.6 1.0 (0.3) 0.47 (0.04) 27(0.2)
Citrate 40 nm 20.3 9.6 0.05 05
Citrate 100 nm 20.2 5 (1) 011 (0.09) 07 (0.6)
Citrate 200 nm 20.3 1.4 (01) 0.28 (0.06) 15 (0.3)
Ag’ 20.6 0135 (0.003) 1.60 (0.02) 7.8 (01)

DTPA: diethylenetriaminepentaacetic acid.

Values expressed as mean, n = 2 (standard deviation), except for nanoparticles of 40 nm with citrate surface (n =1).

3.3.5 AgNP presence in leaching solutions by SP-ICP-MS

The interaction of nanoparticles with soils can lead to transformations that alter their form
and consequently their behaviour in the environment [3.48]. In order to determine if silver
nanoparticles maintain their nanoform after the adsorption and desorption processes onto
soils, leachates from DIN 38414-S4 and DTPA tests were also analysed with SP-ICP-MS. As
mentioned above, this analytical technique allows differentiating between nanoparticulate silver

and dissolved silver.
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n2

As can be seen in the time-resolved signal plot obtained from SP-ICP-MS analysis of PEG-AgNPs
DIN 38414-S4 leachates (Fig. 3.3b), the baseline counts were shifted to higher values (around
400 counts) and the signal was practically constant, indicating the presence of dissolved silver
[3.52]. Although the presence of some peaks above the baseline was observed, they were not

enough to confirm the presence of nanosilver. Therefore, during the adsorption or desorption
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Fig 3.3 SP-ICP-MS histograms and time-resolved signal plots of polyetyleneglycol silver nanoparticles 100 nm (a,b), citrate silver
nanoparticles 100 nm (e, d), polyvinylpyrrolidone silver nanoparticles 100 nm (e, f) from Soil 3 DIN 38414-S4 leachates.

processes, PEG-AgNPs were mainly dissolved. However, the presence of citrate-AgNPs in DIN
38414-S4 leachates was confirmed due to the large number of peaks present above the baseline,
which is around 40 counts, indicating that there was also a small amount of dissolved silver (Fig.
3.3d). In addition, the histogram obtained from this measurement confirmed the presence of

AgNPs, because two distributions could be observed (Fig. 3.3¢). The distribution at low pulse
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intensity represents the dissolved silver, and that at higher pulse intensity values represents
the nanoparticles. So, citrate-AgNPs maintained their nanoform after adsorption and desorption
processes. Similarly, PVP-AgNPs of 100 nm size also maintained their form after the DIN 38414-S4
leaching procedure (Fig. 3.3e-f).

In the DIN 38414-S4 leachates of 200 nm citrate-AgNPs, the presence of nanosized particles was
also confirmed, as shown in Fig. 3.4¢-d. However, for citrate-AgNPs with dimension of 40 nm, no
nanoparticles were present (Fig. 3.4a-b). Therefore, it seems that smaller sized AgNPs are more
prone to dissolution in soil adsorption and desorption processes in comparison with larger sized
nanoparticles. These results agree with some other results found in the literature [3.48], which
mentioned a higher rate of dissolution for smaller nanoparticles than for bigger ones due to the

larger fraction of surface atoms or the lower redox potentials of smaller AgNPs.
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Fig 3.4 SP-ICP-MS histograms and time-resolved signal plots of citrate silver nanoparticles 40 nm (a, b) and 200 nm citrate silver
nanoparticles (¢, d) from Soil 3 DIN 38414-S4 leachates.

The leachates of 200 nm citrate-AgNPs for the five soils studied were also analysed in order to
determine if there were some differences in the AgNP forms caused by the physicochemical
properties of the soils. In Fig. 3.5, it can be seen that for Soils 1, 3 and 4, the silver nanoparticles
maintain their form after adsorption and desorption experiments. However, for Soils 2 and 5,

the presence of nanoparticles cannot be confirmed (Fig. 3.5b and e). These two soils have a
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Fig 3.5 SP-ICP-MS time-resolved signal plots for 200 nm citrate silver nanoparticles obtained from DIN 38414-S4 leaching experiments
using Soil 1 (a), Soil 2 (b), Soil 3 (c), Soil 4 (d) and Soil 5 (e).

lower amount of organic matter than the rest. Some studies have related the presence of organic
matter to the colloidal stability of NPs due to electrostatic and steric interactions [3.3,3.48].

For the DTPA leaching procedure, the results obtained by SP-ICP-MS analysis of leachates of
different types of coated AgNPs, different AgNPs sizes and different tested soils indicated that
silver was dissolved in all cases, except for 75 nm PVP-AgNPs and 100 nm PEG-AgNPs leachates
that seem to contain some nanoparticles, due to the presence of some peak pulses above the
baseline (Supporting information of this chapter Fig. $3.5). Even in these two the cases, number
of particles is very small, as can be observed in the histograms (Supporting information of this
chapter Fig. $3.6). The presence of mainly dissolved silver in all the DTPA leachates could be
due to the complexation capacity of DTPA, which could leach silver ions (Ag") strongly attached
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to soils, as was already observed (Table 3.2).

3.4 Conclusions

The interaction of AgNPs with soils and their transformations depend on several factors, including
the physicochemical characteristics of the soil, the clay mineralogy, as well as the size and coating of
the nanoparticles. The goal of the present work was to study the parameters that control the kinetic
adsorption processes of AgNPs, including both those related to soil features and those affected
by nanoparticle characteristics. The results showed that cation exchange capacity and electrical
conductivity, which are related to soil clay mineralogy, are the main soil features affecting these
processes. On the other hand, highly negatively charged citrate-coated AgNPs were retained less
than almost neutral polyethyleneglycol-coated AgNPs and negatively charged polyvinylpyrrolidone-
coated AgNPs for most of the soils, organic matter content being one of the factors that hampers
their adsorption. Citrate-coated AgNPs of different sizes showed slower retention of smaller
nanoparticles (40nm) than bigger ones (100 and 200nm) in one of the soils.

Soils were submitted to the leaching procedures 3 weeks after the adsorption process. The results
derived from the analysis of the leachates confirmed the low mobility and biocavailability of AgNPs.
Only a small fraction of the nanoparticles (<5%) was leached from soils. The smallest nanoparticles
used in this work (40 nm) were more easily eluted than larger ones (100 and 200 nm) with DIN
38414-S4, being transformed to soluble forms. It is also interesting to remark that both the capping
agent of the nanoparticle and soil physicochemical characteristics seemed to have an effect on
the dissolution process of AgNPs. PEG-coated nanoparticles were more easily dissolved than
citrate- or PVP-coated ones, and organic matter seemed to stabilise the nanoparticles, avoiding
their dissolution. Although this work clarifies some aspects of AgNP adsorption and desorption

behaviour in soils, more work is needed in order to completely understand these processes.
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SUPPLEMENTARY INFORMATION

Table S3.1 Instrumental specifications and operating conditions.

Agilent 5100 Vertical Dual View ICP-OES spectrometer

Ag wavelength
Wavelength selector
RF power

Pump speed

Plasma configuration
Plasma gas flow rate
Spray chamber
Nebuliser

Nebuliser flow rate

328.068 nm

Echelle polychromator
1200 W

12 rmin’

Axial (double vision)

12 L min’

Double pass glass cyclonic
Concentric glass

o7 L min?

Detector Charge-coupled device (CCD)
Reading time 1sec

Readings per replicate 3

Agilent 7500¢ ICP-MS spectrometer

RF power 1500 W

Plasma gas flow rate 15 L min’

Nebuliser Babington

Nebuliser chamber

Nebuliser gas flow rate

Pump speed

Sampling cone

Skimmer cone

Analyser

Detector

Integration time for each isotope
Reading time

Isotopes monitored

Double pass scott

11 L min’

12 r min”

Ni, 1 mm aperture diameter
Ni, 0.4 mm aperture diameter
Quadrupole

Electron multiplier

10 msec

60 sec

WO7A8
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Table S3.2 Particle size distribution of studied soils (determined by granolometry).

>2 mm 2- 1- 0.5- 0.25- <0.125 mm
1mm 0.5 mm 0.25 mm 0.125 mm
Soil 1 5.7 n.2 203 217 10.3 21.2
Soil 2 14.6 81 1.6 19.4 18.2 28.2
Soil 3 47 25 3.0 30.6 46.4 2.8
Soil 4 21 1.6 4.6 10.2 28.4 52.2
Soil 5 - 7.4 19.2 23.6 17.4 218

Table $3.3 Mineral composition of studied soils obtained by X-ray diffraction analysis powder & oriented aggregates.

Soil1 Soil 2 Soil 3 Soil 4 Soil 5
Albite - - - : .
Calcite + e . it ++
Chlorite - - - N .
Dolomite . + + b .
Feldspar - - + - :
Gypsum - - - ; :
Hematite + + + . -
lllite - - N . o
Kaolinite + + + ; .
Quartz —— ++ - i bt
Smectite + + : ; .
Sanidine - - , - .

- absent, + trace, ++ minor, +++ major.
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Fig. $3.1 Silver nanoparticles recovery (%) from stability and storage studies.

120 1
100 1

80 -

Cpg(ngLY)

60

40 -

J

T T I
0.5 1 2
Sail (g)

Fig. $3.2 Silver nanoparticles concentration in the supernatant after 2 hr of soil-silver nanoparticles solution contact using different

amounts of Soil 3 (20 mL of 1 mg L citrate-AgNPs (100 nm) suspension).
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Fig $3.5 SP-ICP-MS time-resolved signal plots of DTPA (diethylenetriaminepentaacetic acid) leachates for Soil 3 using different types of
silver nanoparticles (a: citrate 40 nm; b: citrate 100 nm; €: citrate 200 nm; d: polyvinylpyrrolidone 75 nm; e: polyvinylpyrrolidone 100 nm; f:

polyethyleneglycol 100 nm).
180
160
140

Number of events
%
3

20 I

10
307

Intensity (counts)

180 c

160
140
120
100
80
60
40
20

Number of events

Intensity (counts)
180

160
140
120
100
80
60
40
20

Number of events

310
330
350
370
390

Intensity (counts)

Number of events

Number of events

Number of events

180
160
140
120
100
80
60
40
20
0

180
160

120
100
80
60
40
20

180
160
140
120

Intensity (counts)

Intensity (counts)

Intensity (counts)

Fig $3.6 SP-ICP-MS histograms of DTPA leachates of Soil 3 using different types of silver nanoparticles (a: citrate 40 nm; b: citrate 100

nm; €: citrate 200 nm; d: polyvinylpyrrolidone 75 nm; e: polyvinylpyrrolidone 100 nm; f: polyethylenglycol 100 nm).
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ABSTRACT

In recent years, the production of silver nanoparticles (AgNPs) has grown due to their antibacterial
properties. This fact enhances the release of these particles into the environment, especially in soils
that are the major sink. To better understand adsorption processes in soils, usually batch kinetic studies
are carried out. In this context, we tested the possibilities of using total reflection X-ray fluorescence
spectrometry (TXRF) to monitor the silver content in soil adsorption kinetic studies. It was found that
the lower limit of detection for Ag (through Ag-Ka detection) in aqueous solutions was around 37 ug L,
which was suitable to carry out this kind of studies. Moreover, the direct analysis of Ag adsorbed onto
soil after the kinetic studies was investigated. In this case, the limit of detection for Ag was around 1.7 mg
kg™ All TXRF results were compared with those obtained by inductively coupled plasma optic emission
spectrometry and good agreement was found. The batch adsorption tests performed showed that 98%

of polyvinylpyrrolidone coated AgNPs were retained on the tested soils in <6 h.

Keywords: Silver nanoparticles, Soils, Sorption study, Total reflection X-ray fluorescence spectrometry, Suspension
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4] Introduction

Nanoparticles are nanomaterials with three dimensions with a size range below 100 nm. Particles
of this size are present in environmental compartments, however in recent years the production
and use of engineered nanomaterials (ENMs) for several industrial applications has grown [4.1,4.2].
Among the different types of ENMs, metallic nanoparticles have been increasingly used in many
products with different purposes. One of the most utilised metallic nanoparticles are silver
nanoparticles (AgNPs) which are added as antibacterial agents in commercial products like clothes,
domestic appliances, paints, food storage containers, varnish, medical products, cosmetic products
and children’s toys [4.2,4.3].

Despite the many existing sources of release, the major sink of AgNPs deposition into the
environment is currently in soils through the application of treated effluents and sewage sludge from
wastewater treatment plants [4.4]. Soils are complex matrices, because they consist of a solid phase
that contains minerals and organic matter, as well as a liquid phase, which contains appreciable
amounts of natural colloids and particulate materials. AgNPs can easily interact with all these
components. These interactions can lead to processes such as aggregation/agglomeration, sorption
to surfaces and dissolution to ionic metals affecting the mobility, transport and bicavailability of these
pollutants [4.5]. Sorption is one of the main processes that regulate the mobility of these emerging
contaminants. In this process, the substances are attached to solid surfaces by Van der Waals
attraction forces (physisorption), electrostatic interactions (cation exchange) or chemical bounding
(chemisorption) [4.6]. These interactions occur depending on soil properties (ionic strength, pH,
Z-potential, cation exchange capacity and texture) and the physicochemical properties of pollutants
(dispersion, agglomeration/aggregation, dissolution rate, size, surface area and charge, and surface
chemistry). These features are unique for AgNPs due to their small size. Moreover, coating greatly
affects AgNPs behaviour in the environment. As a consequence of the different characteristics
that present these emerging pollutants in comparison to bulk silver (Ag), it is believed that their
behaviour in the environment may be different from their homologous metals in solution [4.2,4.7].
For this reason, it is important to evaluate the presence of these particles through the environment.
To assess the transport and retention of AgNPs in terrestrial environments, several studies based
on column experiments have been published. Some of them were performed using inert porous
media with glass beads, quartz or sand [4.8-411]. In these tests, the complexity of soils cannot be

completely represented because these artificial soils do not contain the same components as natural
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soils. Consequently, the approach of the mobility of AgNPs cannot be totally reflected. However,
in recent studies the AgNPs dispersions were percolated through real soils in column tests [4.12-
416], addressing to the real transport of the pollutants in natural matrices. Another approach for
investigating the interactions between the pollutants and the natural components of soils are batch
adsorption studies, which are designed to examine the thermodynamic equilibrium. Despite the
differences between the two methodologies for the evaluation of pollutants mobility, both can be
used to study the adsorption of AgNPs on soil [412,416-4.22].

Usual analytical techniques for the quantitative detection of AgNPs in solid (soil) and liquid
(aqueous) phase from batch adsorption studies include inductively coupled plasma optical emission
spectrometry (ICP-OES) and inductively coupled plasma mass spectrometry (ICP-MS), which allow
the determination of total silver concentration [4.23]. However, one of the main disadvantages of
these instruments is that samples can only be analysed in liquid phase, and therefore soil samples
have to be treated by means of an acidic digestion before being analysed [4.24]. This means that
solid samples treatment is time-consuming in comparison with liquid samples that can be directly
analysed. Furthermore, the use of corrosive and harmful reagents for the digestion process and the
large consumption of argon gas for ICP measurements make these techniques expensive. Hence, the
development of rapid and low cost analytical techniques combined with minimum sample treatment
is needed.

Total reflection X-ray fluorescence spectrometry (TXRF) is a powerful microanalytical technique
for trace element determination in several types of samples, especially liquid samples or fine
powdered materials, among others [4.25,4.26]. This spectrometric technique is a variant of energy
dispersive X-ray fluorescence (EDXRF) where the main difference to conventional EDXRF is that the
monochromatic X-ray beam is directed onto the sample at an angle that is smaller than the critical
angle (usually <01°). As a result, the beam interacts minimally with the sample holder leading to a
total reflection of the beam's photons. Characteristic X-rays emitted from the sample enter into a
solid-state energy dispersive detector that is very close to the sample (~0.5 mm). Due to the total
reflection of the beam and the proximity of the detector to the sample, an improvement of the
sensitivity is achieved in comparison to conventional EDXRF systems. To perform analysis under
total reflection conditions, samples must be provided as thin films. For liquid samples, this is done
by depositing 5-50 L of sample on a reflective carrier with a subsequent drying by applying heat or

vacuum. Preparation of samples as thin layers exclude matrix effects, like absorption and secondary
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excitation and thus, the quantification in TXRF analysis can be done directly by the addition of an
internal standard to the sample.

Last decades, most of the published TXRF analyses were performed using instruments based on
high-power X-ray tubes that required water-cooling systems and liquid-nitrogen cooled detectors.
But nowadays, the commercially TXRF instruments available are benchtop systems equipped
with air-cooled low-power X-ray tubes and Peltier cooled silicon drift detectors (SDD), making this
technique simpler, cheaper and more available in many fields [4.27-4.32].

The aim of this research is to evaluate the TXRF capabilities for the determination of silver
nanoparticles in soils and aqueous matrices as a cost-effective alternative to commonly used atomic
spectrometric techniques. As a study case, the TXRF developed method was tested to study AgNPs
adsorption in soils through batch adsorption experiments. To our knowledge, very few papers
about TXRF determination of AgNPs exist, and there are none for AgNPs determination in soil and
aqueous solutions.

First, an evaluation of the best sample preparation and TXRF measurement conditions for Ag
determination in soils and soil supernatants was made. The analytical figures of merit (limits of
detection (LODs), accuracy and precision of results) for both methodologies were evaluated and

the obtained results were compared with those obtained by means of ICP-OES.

4.2 Experimental

4.2 Reagents, materials and apparatus

A commercial solution of AgNPs stabilised with sodium citrate 100 nm) was purchased from
Sigma Aldrich (St. Louis, USA). Polyethyleneglycol coated AgNPs of 100 nm (AgNPs-PEG) and
polyvinylpyrrolidone coated AgNPs (AgNPs-PVP) of 75 nm and 100 nm were from NanoComposix
(San Diego, USA). A silver stock solution of 1000 + 2 mg L (Merck KGaA, Darmstadt, Germany)
was used to determine the limit of detection of this element in TXRF analysis and for preparing
the ICP-OES standard solutions. To dilute stock solutions and samples, high purity water obtained
from a Milli-Q purification system (Millipore Corp., Bedford, MA) was employed. The non-ionic
surfactant Triton X100 (polyethyleneglycol tert-octylphenyl ether) was purchased from Sigma
Aldrich (St. Louis, USA) and a stock solution of palladium (Pd, 1,016 mg L") used as an internal
standard (IS) was acquired from Aldrich Chemical Company (Milwaukee, USA). For microwave

sample digestion, analytical grade hiperpur quality nitric acid (HNO, 69%, Ag 01 ng g", Panreac,
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Barcelona, Spain) and hydrochloric acid (HCI 35%, Panreac, Barcelona, Spain) were used.

Batch adsorption experiment was performed using a rotary mixer Dinko (Barcelona, Spain). The
separation of soil and soil extracts after batch adsorption experiment was done with a Rotofix 32A
centrifuge (Hettich-Zentrifugen, Lauenau, Germany). An ultrasonic bath J.P. Selecta (Barcelona,
Spain) was used in order to break down the possible aggregated AgNPs.

The acid digestion of soil samples was performed with an ETHOS PLUS Milestone microwave
digestion system (Sorisole, Bergamo, Italy) equipped with HPR-1000/10S high pressure segmented
rotor and a temperature sensor.

Finally, in TXRF analysis, quartz glass discs with a diameter of 30 mm and a thickness of 3
+ 01 mm were used as sample holders. The sample carriers were siliconised before sample
deposition by silicone from Serva Electrophoresis GmbH (Heidelberg, Germany). GXR1 (Drum
Mountains soil, [Ag] = 32.6 + 09 mg kg”, U.S. Geological Survey Geochemical Reference Materials
and Certificates, Virginia, USA), GXR2 (Park City soil, [Ag] = 17.4 + 0.6 mg kg, U.S. Geological
Survey Geochemical Reference Materials and Certificates, Virginia, USA), SLUDGE 2 (sewage
sludge, [Ag] = 70.40 + 4.36 mg kg, Resource Technology Corporation, Laramie, USA), SLUDGE
3 (sewage sludge, [Ag] = 100.00 + 996 mg kg”, Resource Technology Corporation, Laramie, USA)
certified reference materials (CRM) were used to evaluate limits of detection and accuracy for

Ag determination in soils by TXRF.

4.2.2 Soil samples

To study the applicability of the developed methodology for the intended purpose, two farmland
soil samples were studied (SOIL 1and SOIL 2). These soils were selected due to their different
physicochemical characteristics. As it is shown in Table S4.1 (Supporting information of this
chapter), SOIL1(Gava, Barcelona, Spain) contained mainly particles of ©0.25-01mm in comparison
with SOIL 2 (Castellbisbal, Barcelona, Spain) that contain a larger proportion of particles <01 mm.
Conductivity was also quite different between both soils with values of 42733 uS cm™ for SOIL
1and 2765 uS cm” for SOIL 2, respectively (see Table $4.2 from the Supporting information of
this chapter). Other characteristics of these soils are shown in the Supporting information of this

chapter (Table $4.2).

4.2.3 AgNPs batch adsorption experiments

In this work, batch adsorption experiments were done to study the interaction between AgNPs
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and soil in laboratory conditions. With this purpose, 1.0 g of SOIL 1 and 0.5 g of SOIL 2 were

weighted into polystyrene tubes of 25 mL. Then, 20 mL of a 10 mg L aqueous solution of AgNPs-

PVP with a diameter of 75 nm were added and they were submitted to rotation with a rotary

mixer at 35 rpm.

Afterwards, each sample (7 samples in duplicate) submitted to rotation was removed at a specific

time (10 min, 20 min, 30 min, 60 min, 120 min, 240 min, 360 min) and they were centrifuged at

3500 rpm for 8 min. Next, the supernatant was pipetted to a new polystyrene tube and was

stored overnight at 4 °C until its analysis.

134

4.2.3.1 Analysis of aqueous solutions

Prior to the analysis by ICP-OES and TXRF, the liquid samples obtained by batch adsorption
experiments were subjected to ultrasonication for 5 min to break down the possible
aggregated silver nanoparticles present in the aqueous solution. Next, the samples were
shaken vigorously for 1 min and were then filtered through a 0.45 um cellulose acetate filter
(Whatman, Filterlab, Barcelona) to avoid suspended soil particles. After this procedure, soil
extracts were analysed directly by ICP-OES with a calibration curve of ionic silver standards
that ranged between 0.01and 1.5 mg L.

For the quantification of silver in TXRF analysis, 50 ul of Pd used as IS (final concentration
13 mg L") were added to 0.5 mL of soil extract. Then, the aliquots were sonicated again for
5 min and homogenized with a vortex device for 1 min. After that, the sample carriers were
siliconised with 10 pL of silicone and then dried using infrared radiation. Finally, an aliquot of
10 ul was deposited onto a quartz sample holder and was left to dry using infrared radiation.
In a previous work we demonstrated that this was the optimum volume to carry out soll

extract analysis by TXRF [4.31].

4.2.3.2 Analysis of soil samples

Before preparing soil suspensions, soil samples from batch adsorption experiments were
dried overnight at 65-70 °C. Afterwards 50 mg of dried soil were suspended with 1 mL of a
1% Triton X100 (non-ionic surfactant) solution. Then, 75 pL of Pd (200 mg L) used for internal
standardisation were added to the soil suspension. The resulting solution was homogenised
with a vortex device and was stored at 4 °C until its analysis. For the TXRF analysis, suspension

samples were sonicated for 5 min and homogenised for 1 min with a vortex device. Lastly
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aliquots of 5 ul. were deposited onto a siliconised quartz glass sample reflectors and dried

with infrared radiation.

Table 4.1 Instrumental characteristics and measurement conditions.

S2 PICOFOX TXRF benchtop spectrometer

Anode X-ray tube Tungsten (W)

Voltage (kV) 50

Current intensity (uA) 1,000

Monochromator Multilayer (Ni/C), 17.5 keV, 80% reflectivity
Silicon drift detector X-Flash® <160 eV resolution Mn-K , 10 mm? active area
Working environment Air

Live time (s) 2,000

Sample station Automatic cassette changer for 25 samples
Size, weight 600 x 300 x 450 mm, 37 kg

Agilent 5100 Vertical Dual View ICP-OES spectrometer

Ag wavelength
Wavelength selector
RF power

Pump speed

Plasma configuration
Plasma gas flow rate
Spray chamber
Nebuliser

Nebuliser flow rate
Detector

Reading time (s)
Stabilisation time (s)

Readings per replicate

328.068 nm

Echelle polychromator
1200 W

12 rpm

Axial (double vision)

12 L min’

Double pass glass cyclonic
Concentric glass

07 L min’
Charge-coupled device (CCD)
1

25

3

To compare silver concentrations obtained using the TXRF method with those resulting from
ICP-OES analysis it was necessary to perform a microwave acidic digestion of soil samples
from batch adsorption experiments according to the EPA Method 3051A [4.33] (Method
3051A, US Environmental Protection Agency 2007). Following this method, 0.5 g of soil sample
were placed in a polytetrafluoroethylene (PTFE) reactor with 3 mL of HNO, (69%) and 9 mL of
HCI (35%). After capping the vessels, the samples were digested into the microwave following
a digestion program consisting on a first step of 10 min to reach 200 °C, a second step of

15 min at 200 °C and a third step of 15 min of cooling to room temperature. Once at room
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temperature, soil digests were filtered into polystyrene tubes and were diluted to 25 mL with
Milli-Q water. These sample digests were analysed directly by ICP-OES.

For TXRF analysis, 75 pL of a Pd 200 mg L™ Pd internal standard solution were added to 1 mL
of soil digest. Afterwards, the mixture was homogenised with a vortex device for 1 min and an
aliquot of 10 ulL was deposited onto a pre-siliconised quartz sample carrier and it was dried

with infrared radiation before TXRF analysis.
4.2.4 Instrumental conditions

The analysis of silver in soil extracts, soil suspensions and soil digests was done with a “S2
PICOFOX" benchtop TXRF spectrometer (Bruker AXS Microanalysis GmbH, Berlin, Germany).
To verify TXRF results of total silver analysis in soil extracts and soil digests, an ICP-OES system
(Agilent 5100 Vertical Dual View, Agilent Technologies, California, USA) was employed. The

instrumental specifications and operating conditions for both systems are summarised in Table

4.1.
4.3 Results and discussion

4.31 QA/QC

4.311 Aqueous samples

Firstly to check TXRF capabilities for silver nanoparticles determination in aqueous samples,
LOD:s for ionic silver (Ag") and AgNPs with different coatings and sizes were evaluated. In
all cases, experimental tests were carried out using a standard solution containing 1,000 pg
LT of AgNPs or Ag’. LODs calculation for each type of AgNPs and Ag" was based on the 30
definition of the LOD [3.34].

As it is shown in Table 4.2, no relevant differences were obtained between different types
of silver nanoparticles and Ag' (LODs: 34-40 pg L corresponding to 3.4-4 ng of Ag). Despite
the fact that the obtained LODs were quite high taking into account AgNPs concentration in
environmental waters [4.35], they are suitable to monitor AgNPs in soil adsorption studies.
In addition, these values are lower than the existing bibliographic LODs obtained with
molybdenum (Mo) X-ray tube measurements in ambient air conditions (50 ng of Ag), but
slightly higher from the LODs obtained measuring with Mo X-ray tube in nitrogen atmosphere

conditions (0.2 ng of Ag) [4.36]. The standards used for LODs calculation were also analysed
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with ICP-OES and the values obtained were lower than the limits of detection of TXRF (see

in Table 4.2).

Table 4.2 Limits of detection and quantitative results for the analysis of different Ag nanoparticles and ionic silver solutions
(1000 pg L) by TXRF and ICP-OES.

TXRF ICP-OES
Quantification Quantification
mode-1? mode-2°
LOD Recovery RSD Recovery RSD LOD  Recovery RSD
Standard (ugL") (%) (%) (%) (%) (ugL") (%) (%)°
Citrate
100 nm 35 90 4 102 14 2 76.0 0.3
PVP
100 nm 34 108 o) N3 14 2 13 1
PVP
40 92 12 92 5 2 1125 09
75 nm
PEG 8 10 n 2 10
100Nm 35 7 59 3 5 3
Ag' 40 84 8 95 7 2 105.6 (o}

@ Quantification mode-1: internal standardisation (using Pd)

b Quantification mode-2: external calibration (using Ag area).

€ RSD(%): relative standard deviation of duplicate analysis.

As stated in the Introduction section, internal standardisation is usually employed as
quantification strategy by TXRF. In the present contribution we compare the results obtained
with this quantitative approach with the results obtained by external calibration.

The choice of the IS is certainly important; because it must not interfere with the analyte
signal. Yttrium (Y) or gallium (Ga) are commonly used in TXRF water analysis as internal
standards but these elements can be present in soil extracts. For example, in a previous
study, considerable amounts of Ga (15 mg kg") and Y (38 mg kg") were found in the analysis
of a soil CRM [4.30]. Therefore, in the present work, Pd was selected as internal standard for
quantification purposes.

To evaluate the quantification mode, the same samples prepared for LODs determination
were mixed with 50 uL of 100 mg L Pd (final concentration 5 mg L™). Then the silver content
of the samples was quantified by internal standardisation and by external calibration (AgNPs
standards ranging from 200 to 2,000 pg 7).

As it can be seen in Table 4.2, the accuracy values obtained for the different types of AgNPs

and Ag" were between 84 and 108% with internal standardisation quantification mode and
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92-113% with external calibration quantification mode. Relative standard deviation (RSD)
for both quantification modes were under 15% in most cases. According to the obtained
results, external calibration was chosen to quantify the silver content in aqueous solutions

equilibrated with soil. Furthermore, the recoveries obtained by TXRF were similar with those

obtained with ICP-OES (see in Table 4.2).

4.31.2 Solid samples

An interesting advantage of TXRF technique is the possibility of direct quantitative analysis
of metal content in solid samples without previous chemical treatment such as microwave
digestion. This analytical alternative can be reached by a suspension of the solid sample with

an adequate solvent followed by internal standardisation.

Therefore, in this study, the capabilities of TXRF to determine silver nanoparticles content
in soil samples from batch adsorption experiments through suspensions were also tested.
With this purpose, limits of detection for Ag in solid samples were evaluated using GXR1 and
GXR2 soil certified reference materials. Furthermore, LODs for Ag in sewage sludge CRMs
(SLUDGE 2 and SLUDGE 3) were additionally examined because one of the main AgNPs
entries into the environment is through the application of sewage sludge in agricultural lands
as fertiliser [4.37]. For that, 50 mg of CRM were mixed with 1 g of 1% Triton X100 (non-ionic
surfactant) solution and 75 ul of Pd 200 mg L™ (IS). As mentioned above, Pd was selected
as internal standard because of its low possibilities to be present in soils (Section 4.31.).
Afterwards, an aliquot of 5 uL was deposited onto sample carriers and was analysed by TXRF.
LODs obtained for Ag were 19 mg kg’ for GXR1 and 1.5 mg kg for GXR2. And the limits of

Table 4.3 Silver concentration (mg kg’) and limits of detection of solid certified reference materials suspensions by TXRF
analysis (n =2 (+ SD)).

Certified Ag concentration Ag concentration Ag concentration
ope LOD . .
reference certified value (me ke") determined determined
material  (mgkg?) mg & (mg kg") corrected (mg kg")
GXR1 326+ 09 19 = Ol 19 = 4 33+7
GXR 2 17.4 = 0.6 15+ 0.2 10.0 + 0.2 -
SLUDGE 2 70.40 + 4.36 183 + 0.0 28 +1 65+ 3
SLUDGE 3 100.00 = 996 1.66 + 0.02 42+ 8 -

“ Certified reference material used to estimate the correction factor.
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detection for SLUDGE 2 and SLUDGE 3 were 1.83 mg kg" and 1.66 mg kg, respectively (Table
4.3). The LOD values obtained were satisfactory for the aim of this study.

With the same samples prepared for LODs evaluation, internal standardisation quantification
mode was tested to directly quantify silver nanoparticles in solid sample suspensions. The
obtained results of total silver content were lower than the certified value of reference
materials, as can be seen in Table 4.3. These diminished responses of the X-ray fluorescence
signal is because the particles analysed in this study are one order of magnitude higher than
the critical thickness and this provokes the presence of absorption effects. The correction
of this absorption effects is possible using a factor estimated from the analysis of a CRM
[4.34,4.38]. The correction factor was based on the proportional ratio between the silver
content certified values of the CRM with the silver concentration determined by TXRF.
The correction factors applied in the different CRM silver concentration determined values
by TXRF were 174 for soils and 2.38 for sewage sludge samples. As consequence, the Ag
concentration corrected values obtained were really close to silver certified values of CRM,
especially for soil CRM (see in Table 4.3). Additionally, in order to assess the suitability of
TXRF system for direct soil suspension analysis, two CRM were digested and analysed with
ICP-OES. The results obtained for SLUDGE 2 (79 = 8) and SLUDGE 3 (89 + 3) were in close
agreement with the certified values. Therefore, the application of direct quantitative analysis
in TXRF was possible and in this research was evaluated the possibility to employ it in batch
adsorption studies.

However, the direct quantification of silver in solid sample suspensions without previous
sample digestion is not the only advantage of TXRF analytical technique. The TXRF system
gives information of all the elements present in the sample. For example, the calculated
concentration of zinc (Zn) in GXR1 certified reference material, obtained with the application
of a correction factor described above, was 653 + 93 mg kg’ and the certified value was 675 =
8 mg kg". Hence, TXRF allows obtaining an approximation of concentration values of all the

elements present in the sample.
4.3.2 Application of TXRF to AgNPs batch adsorption studies

4.3.2.1 Analysis of aqueous solutions

Adsorption is one of the main interaction processes that regulate the mobility of emerging
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pollutants when they interact with soil [4.6]. For this reason, batch adsorption experiments
between soil and aqueous silver nanoparticles solution were performed as is described in
Section 4.2.3. In this work, two soil samples (SOIL 1and SOIL 2) with different physicochemical
characteristics (see Section 4.2.2) were studied. The soil supernatants obtained from the
adsorption experiments were directly analysed by TXRF. The quantification of silver content
in the analysed samples was done by external calibration, as it is mentioned in Section 4.31..

Then, the percentage (%) of adsorption was calculated with Eq. (4.):

Initial concentration in soil extract - Final concentration in soil extract 100

wadsorption =
Initial concentration in soil extract (4 -l)

In Fig. 4.1 the graphical representation of the % adsorption of the two soil samples and the
concentration of AgNPs-PVP in the supernatants as a function of time is shown. As can be
seen, 90% of AgNPs adsorption on SOIL 1 was reached during the first 10 min, the same
adsorption value was achieved after 6 h of sample rotation for SOIL 2. The adsorption
differences could be mainly due to the electrical conductivity values of soils; SOIL 2 had a
lower electrical conductivity (276.5 S cm”) compared to SOIL 1(427.33 pS cm”). This agrees
with the assumption that high ionic strength favors the adsorption process [4.37,4.39].
Samples were also analysed with ICP-OES, which is the technique most often used, in order
to compare our TXRF results from AgNPs quantification in batch adsorption studies. Silver
quantification was also done by external calibration and the % of adsorption was also calculated
with Eq. (4.0). The results obtained for both soil samples by ICP-OES do not deviate much from
those obtained by TXRF analysis, especially in SOIL 1, where during the first 10 min the silver
nanoparticles were practically adsorbed and the differences were barely noticeable (see in
Fig. 4.1a). Slight differences could be observed on AgNPs % adsorption results between the
two techniques in the first 30 min for SOIL 2 (see Table $4.3 in the Supporting information of
this chapter). Also, the graphical plot of silver concentration in the supernatant (Fig.4.1b and
d) shows the same trend using both analytical techniques as the results obtained of AgNPs%
adsorption on soil. So, it can be concluded that the TXRF system can be used as an analytical
tool for silver determination in batch adsorption studies of silver nanoparticles.

TXRF is a microanalytical technique requiring only minute amounts of sample. Therefore the
possibility to use fewer tubes to perform batch adsorption studies was evaluated. Minute
amounts of sample lead to a reduction of the AgNPs solution volume to carry out the kinetic

experiments.
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Fig. 4.1 Comparison between the kinetics of silver nanoparticles adsorption on SOIL 1 (ab) and SOIL 2 (e,d) using TXRF and
ICP-OES.

For this test, only one tube (n = 2) instead of 7 tubes (n =14) were used to carry out the batch
adsorption study. The soil used for this test was SOIL 1. The experimental procedure was the
same as is described in Section 4.2.3 but the sample collection was done removing 50 pL of
supernatant of the tube that was submitted to rotation at the corresponding studied times (10
min, 30 min, 60 min, 120 min, 240 min), after a centrifugation step (8 min). When the aliquot
was taken, the tube was rotated until the next sample collection. Due to the small amount
of sample withdrawn each time, the supernatant was not filtered prior to the TXRF analysis.

The same study was done centrifuging the sample only 1 min instead of 8 min in order to
test if it was possible to decrease the analysis time. As can be seen in Table 4.4, the AgNPs
adsorption values obtained centrifuging the sample 1 min were significantly lower compared
with those obtained centrifuging the sample 8 min. This could be explained taking into account
that a short time of centrifugation hinders the total separation of the two phases and solid
particles remain suspended in the liquid phase. Consequently, AgNPs present in the liquid
phase as well as in the solids suspended are quantified in the liquid analysis. Taking into
account these results, the use of 1 min as centrifugation time in batch adsorption experiments

was discarded.
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Table 4.4 Silver nanoparticles adsorption percentage of SOIL 1 obtained varying the centrifugation time and the number of
sample tubes used for batch adsorption experiments (n = 2 (+ SD)).

Time (min) 1sample tube®  1sample tube® 7 sample tubes
% adsorption % adsorption % adsorption % adsorption
TXRF TXRF TXRF ICP-OES
10 478 + 0.2 851+ 07 85+ 2 89 + 1
30 67+ 5 89.40 £ 0.06 04.0 £ O8 95.0+ 0.3
60 72 % 2 93+ 3 05 * 2 959 = 0.6
120 65+8 Q3+ 3 06.4 = 0.4 9702 =+ 0.09
240 651+ 0.4 Q1+ 1 076 £ 0.6 9080 + Ql

%1 min of centrifugation

8 min of centrifugation

As it is also shown in Table 4.4, AgNPs adsorption percentages obtained using only 1sample
were similar but slightly lower in comparison with those obtained in the prior study where
7 samples were used, especially for the last aliquot. This fact can be explained taking into
account that the agitation was paused at certain times for centrifuging and collecting the
sample. Nevertheless, the use of only one sample can be a good choice to carry out kinetic

studies when a small amount of sample is available.

4.3.2.2 Analysis of loaded soil samples

In this study, TXRF analysis of soil samples from kinetic studies was performed preparing a soll
suspension (minimum sample treatment) and also submitting the sample to an acid microwave
digestion in order to verify the results. The soil digests were also analysed with ICP-OES to
compare the obtained results between both techniques.

AgNPs concentrations obtained using the different sample treatments and techniques are
shown in Table 4.5. Silver concentration values in soil digests were calculated on the basis
of duplicate samples. As it is shown, concentrations obtained by the digestion process were
really similar with both studied techniques (TXRF and ICP-OES). In addition, the relative
standard deviation (n = 2) was acceptable for both techniques with RSD values in most cases
lower than 15%.

The results obtained for the direct soil suspension analysis by TXRF were comparable with
the silver concentrations obtained by soil digests.

As mentioned previously, the direct solid analysis by TXRF not only allows the quantification

of the analyte of interest but also allows obtaining multi-elemental information. As an example,
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in Fig. 4.2, the overlapped spectrums of a soil sample obtained before and after the AgNPs
adsorption study are shown. As it can be seen, a peak of silver can be observed in the
spectrum of the soil only after performing the kinetic study. This indicates that prior to the

adsorption study, the soil sample was not contaminated with silver.

Table 4.5 AgNPs content (mg kg”) in SOIL 1 obtained using different analytical approaches (n = 2 ((+ SD)).

Time (min) TXRF ICP-OES
Suspension (mg kg') Digestion (mg kg”) Digestion (mg kg")
10 143 + 7 148 + 3 123 £
20 173 £15 151 + 1 145 £ Q
30 154 + 14 171 £ 23 1590 +5
60 188 + 4 146 £ 1 142 £ 5
120 179 £17 155 + 16 144 +14
240 195 + 40 148 + 7 152+ 3
360 204 +10 131+ 24 137 = 27

To complete the study, a mass balance was calculated in order to determine if there was
a loose of the analyte during the experimental procedures. This calculation was done with
the silver content values obtained from the analysis of supernatants and soils, and the silver
nanoparticles content at the beginning of the kinetic study. The following Eq. (4.2) was used

for this calculation:

Mass balance — mg AgNPs (supernatant) + mg AgNPs (soil) = mg AgNPs (4.2)

1000 7

si Lifica Fe Before adsorption
900 7 ! — - = After adsorption

Pulses

20 25 30 35 40
Energy (keV)

Fig. 4.2 TXRF spectra obtained from a SOIL 1 suspension before and after the kinetic batch adsorption experiment.
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Table 4.6 Data for the mass balance calculation (n = 2 ((+ SD)).

Sample mg AgNPs (supernatant) mg AgNPs (soil) mg AgNPs (total)
TXRF ICP-OES TXRF TXRF ICP-OES TXRF TXRF ICP-OES
digestion suspension digestion digestion suspension digestion
10 min
0.028 0.021 0149 0145 0124 0177 017 0145
=+ + + + =+ + + =+
0.004 0.002 0.003 0.007 0.002 0.007 0.01 0.001
20 min
0.014 0.013 0152 017 0145 0166 018 0158
=+ + =+ =+ =+ =+ + +
0.003 0.002 0.002 0.01 0.008 0.005 0.01 0.007
30 min
0.012 0.0101 017 015 0159 018 016 0169
+ + + + + + + +
0.002 0.0006 0.02 0.01 0.005 0.02 0.01 0.004
60 min
0.010 0.008 01464 0190 0143 0156 0.2 0151
+ + =+ + =+ =+ + +
0.003 0.001 0.0006 0.003 0.005 0.004 0.006 0.004
120 min
0.007 0.0059 016 018 015 017 019 016
=+ =+ + =+ =+ =+ + +
0.001 0.0002 0.02 0.02 0.01 0.02 0.02 0.01
240 min
0.005 0.0040 0.149 0.20 0152 0154 0.20 0156
=+ =+ + + =+ + + =+
0.001 0.0002 0.007 0.04 0.0034 0.008 0.04 0.003
360 min
0.0032 0.0034 013 0.21 014 013 0.21 014
=+ + =+ + =+ =+ + +
0.0001 0.0003 0.024 0.01 0.03 0.02 0.01 0.03

Initial concentration of 10 mg L silver nanoparticles solution that corresponds to 0.2 mg AgNPs.
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The results obtained show that the difference between the sum of silver content present
in the analysed samples with the initial silver content was in most cases <20% using the
digestion procedure for soil samples analysis (both by TXRF and ICP-OES) (see the results in
Table 4.6). Despite the fact that slightly differences on the mass balance are found for TXRF
soil suspension analysis in comparison with digested soil values, the benefits of this fast and

less time-consuming analytical approach make it desired for this type of environmental studies.

4.4  Conclusions

In this paper, we have demonstrated the analytical possibilities of TXRF spectrometry for AgNPs
determination in batch adsorption studies. Although LODs obtained were high for both aqueous
AgNPs solutions and solid CRM suspensions compared to other spectrometric techniques, they
were low enough for the application of TXRF methodology to soil adsorption experiments.

The TXRF developed method was applied in batch adsorption studies to enhance the understanding
of AgNPs sorption processes in agricultural soils. The simulation of the interaction between the
AgNPs and soils showed that soil physicochemical properties, such as electrical conductivity, can
play a key role in the sorption of these particles onto soils. Despite the differences of the AgNPs
adsorption process between the two soils tested in this study, the results obtained for soil extracts
and loaded soil samples by TXRF were in close agreement to those obtained by ICP-OES technique.
However, for direct analysis of soil samples by TXRF, a factor to correct absorption effects is needed
to obtain quantitative results. In addition, it can be concluded that AgNPs are easily adsorbed on
soils because the total sorption of these pollutants in the soils tested was reached in <6 h.

With the possibility to analyse soil suspensions by TXRF, sample manipulation is reduced, less amount
of reagents are needed and sample preparation is faster in comparison with other more common
spectrometric techniques. Furthermore, an approximation of the multi-elemental composition of the
soil can be obtained.

The developed methodology can be successfully applied for the determination of AgNPs content in
soil samples when a small quantity of sample is available consuming less AgNPs solution.

An additional advantage of the developed TXRF method includes low operating costs because the
TXRF system used does not require cooling media for function.

All these advantages make the proposed method a fast and economic alternative to popular

spectrometric techniques like ICP-OES and ICP-MS.
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SUPPLEMENTARY INFORMATION

Table S4.1 Particle size distribution of SOIL 1 and SOIL 2.

>4 42mm 2-1mm 1-0.5 0.5-0.32 0.32- 0.25-0.1 <O.1mm
mm mm 0.25 mm mm
aSOIL 1 17 29 2.5 3.01 12.5 2705 46.4 38
bSOIL 2 3] 16 4.6 10.2 28.4 52.2

“SOIL 1: Gava, Barcelona, Spain; *SOIL 2: Castellbisbal, Barcelona, Spain.

Table S4.2 Physicochemical properties of SOIL 1 and SOIL 2.

pH pH ‘EC YMoisture *LOI ‘OM eCEC

water KCloaN  (uScem?) (%) (%) (%) (meq100g7)
aSOIL1 7.4 71 4273 37 13.3 6.08 70
bSOIL 2 7.6 7.2 2765 9.3 22.04 5.7 65

“SOIL 1: Gava, Barcelona, Spain; ®SOIL 2: Castellbisbal, Barcelona, Spain; “EC: electrical conductivity at 25°C; “Moisture at 60°C, °LOl: loss on
ignition at 1050 °C, 4h;’OM: organic matter content at 560 °C, 3h; 9CEC: cation exchange capacity.

Table $4.3 Percentage of adsorption of silver nanoparticles onto SOIL 1 and SOIL 2 obtained from the TXRF and ICP-OES analysis of the
supernatants (n = 2 (= SD)).

Sample % adsorption SOIL1* % adsorption SOIL 2°
TXRF ICP-OES TXRF ICP-OES

10 min 85 %2 89 £1 43 =7 553
20 min Q3 + 2 03.3+ 0.8 63+ 75+ 4
30 min 94.0 + 0.8 95.0 £ 0.3 68+ 2 78+ 3
60 min 05 + 2 959 + 0.6 82 +5 86 + 4
120 min 06.4 £ 0.4 9702 + 0.08 88+ 3 N x2
240 min 976 + 0.6 98.00 * 0.09 o1l + 0.6 94.0 + 0.2
360 min 08.224 + 0.002 08.2 + 0.2 05.8 £ 0.5 066 £ 0.6

aSOIL 1: Gava, Barcelona, Spain; *SOIL 2: Castellbisbal, Barcelona, Spain
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Chapter 5
ABSTRACT

The development of methods for the analysis of silver nanoparticles (AgNPs) is of special relevance
to achieve detailed insights into the fate, transport and exposure of these emerging pollutants in the
environment. In the present contribution, for the first time, the possibilities and drawbacks of cloud
point extraction (CPE) in combination with total reflection X-ray fluorescence spectrometry (TXRF)
have been evaluated for the determination of AgNPs content in soil and consumer product water
extracts. The experimental conditions for the separation and preconcentration of AgNPs with differ-
ent coatings (PVP, PEG and citrate) and sizes (40-100 nm) were evaluated, paying attention to pos-
sible modifications required by the characteristics of the TXRF technique. Single particle inductive-
ly coupled plasma mass spectrometry (SP-ICPMS) analysis of the same aqueous extracts was also
carried out in order to confirm the presence and percentage of AgNPs. Good agreement with re-
spect to AgNPs concentrations in the analysed soil extracts was obtained between CPE-TXRF and
SP-ICPMS, confirming the absence of matrix effects for this type of sample by CPE. On the contrary,
large discrepancies were found between both analytical approaches for the studied consumer prod-
uct water extracts. SP-ICPMS analysis evidenced the presence of ionic silver with a heterogeneous
mixture of different sizes including relatively large Ag particles (5100 nm). This fact was also verified
by SEM-EDS analysis. The results from this study highlight the necessity to study in more detail the
effectiveness of existing methodologies (including CPE-based methods and SP-ICPMS) for the mon-

itoring of AgNPs in complex aqueous matrices involving mixtures of different NPs sizes and coatings.

155



Chapter 5

156

51 Introduction

Silver nanoparticles (AgNPs) are well-known for their excellent antibacterial ability and are widely
used in a growing number of applications ranging from home disinfectants and medical devices to
water purifiers [51]. In fact, according to a 2011 report from “The project on emerging methodologies”,
there are more than 300 consumer products containing nano-Ag [5.2]. Once present in the
environment, the normally useful antibacterial properties may instead become a potential hazard
for both humans and the environment [5.3]. For instance, the toxicity of AgNPs to aquatic organisms
at micrograms per litre levels has already been demonstrated [5.4]. Therefore, although AgNPs are
not yet regulated, they are already included in the list of emerging pollutants [5.5].

In order to fully investigate the fate and transport of AgNPs in the environment, the development
of analytical tools for the characterisation and detection of AgNPs in complicated environmental
samples is urgently needed. Compared to classical and other emerging contaminants, the
determination of nanoparticles is posing previously unknown challenges mostly due to the lack of
information about the size, shape and capping agent used in AgNPs containing products [51].
Several analytical approaches have been developed in the last few years for the characterisation
and determination of AgNPs [5.6,57]. Electron microscopy techniques are a popular option in
visualisation and characterisation of NPs. However, since very small proportions of samples are
analysed, to get a representative result, hundreds and thousands of particles have to be counted,
which is laborious and time consuming [5.6]. The discrimination of Ag' and AgNPs is still one of the
greatest challenges due to their common occurrence in the environment. In this sense, hyphenated
techniques such as field flow fractionation (FFF) or capillary electrophoresis (CE) coupled with
inductively coupled plasma mass spectrometry (ICPMS) are emerging as one of the most promising
tools for AgNPs determination [5.8-513]. However, these techniques are expensive and present
also some drawbacks including the membrane fouling effect in FFF-ICPMS or the cumbersome
interpretation of migration times in CE-ICPMS [5.8,510]. In 2011, Laborda and co-workers highlighted
the possibilities of single particle ICPMS (SP-ICPMS) for identification, characterisation and
determination of the mass and number concentration of dissolved silver and AgNPs at the ng L level
[514]. Despite the advantages of SP-ICPMS, it demands well-educated and trained operators and
its application for the analysis of complicated environmental samples is still scarce [515]. In addition
to the sophisticated methods aforementioned, other simpler and cost-effective methodologies

for AgNPs determination and speciation have been developed. Most of them are based on the
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combination of a preconcentration/separation step followed by an atomic spectroscopic technique
[516,517]. In this category it is important to emphasise the recent use of cloud point extraction (CPE)
as a promising environment-friendly alternative for the extraction and preconcentration of AgNPs
[518]. In this method, NPs are encapsulated in the micelles after the addition of a surfactant (mostly
11,3,3-tetramethylbutyl)phenyl-polyethyleneglycol, (Triton™ X-114) and concentrated to a small volume
with the assistance of centrifugation [519]. Fractionation analysis of AgNPs and Ag' can be carried
out by adding a suitable complexing agent to the aqueous sample before extraction. CPE exhibits
many advantages in comparison with other developed preconcentration procedures including high
extraction efficiency, low cost, easy handling and compliance with the green analytical chemistry
rules. As shown in Table 5.1, CPE has been applied in combination with several detection analytical
techniques for the determination and/or fractionation of AgNPs in different types of samples. For
quantification, after the extraction and phase separation, the Triton™ X114 rich phase containing the
nanoparticlesis analysed. The first study published in 2009 about the potential use of CPE for AgNPs
determination in aqueous samples was in combination with ICP-MS [518]. Limits of detection at the
ng L level were obtained, but due to the blocking or clogging of the sample tips within the spray
chamber caused by the NPs, sample digestion was needed before ICPMS analysis [5.20,5.21]. More
recent studies have used CPE in combination with electrothermal atomic absorption spectroscopy
(ETAAS). Using this approach, sample digestion is not needed and thus the analysis time and limits
of detection are improved [516, 5.22-5.24]. Although less used, other detection systems such as UV
spectroscopy and flow injection analysis coupled with chemiluminescence have also been employed
in CPE systems. As can be seen in Table 5.1, most of the published contributions dealing with the
use of CPE are focused on the analysis of water (e.g. tap, river, and waste waters) but a few deal
with the analysis of more complex environmental samples. In fact, a recent study has pointed out a
reduction of recovery factors in more complex water matrices and variations in extraction efficiency
with AgNPs size [5.27]. Another relevant point is that quantitative AgNPs results in most studies
are obtained by spiking tests using one kind of lab-made AgNPs. However, in most real samples,
AgNPs of different compositions and coatings are present [51]. This fact can have an important
influence not only on the ecotoxicological effects of the particles in the environment, but also on
the extraction efficiency and subsequent determination. Recently, Hartmann et al. demonstrated a
significant reduction of extraction efficiency for hydrophilic protein-coated AgNPs by CPE [5.23].

In the present contribution, for the first time, the possibilities and drawbacks of CPE in combination
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with total reflection X-ray fluorescence spectrometry (TXRF) have been evaluated for the
determination of AgNPs in complex aqueous samples such as soil and antibacterial product water
extracts. The experimental conditions for the separation and preconcentration of mixtures of AgNPs
with different coatings (citrate, PVP, and PEG) and sizes (40-100 nm) have been evaluated, paying
attention to possible modifications required by the characteristics of TXRF [5.28]. Few papers report
about Ag determination by TXRF due to the lack of sensitivity and overlapping problems associated
with Ag-L, line analysis with TXRF systems equipped with Mo X-ray tubes [5.29]. In the present
study, the TXRF instrument used is equipped with a W X-ray tube that allows performing analysis
using Ag-K_ lines [5.30]. The quantitative AgNPs results by the proposed method were compared
with the ones by SP-ICPMS.

5.2 Experimental section

5.2.1 Chemicals, materials and apparatus

Sodium citrate stabilised (2 mM) silver nanoparticle commercial solutions (citrate-AgNPs) of 40 nm
and 100 nm were purchased from Sigma Aldrich (St. Louis, Missouri, USA). Polyvinylpyrrolidone
coated AgNPs (PVP-AgNPs) of 100 nm stabilised with sodium citrate (2 mM)and polyethyleneglycol
coated AgNPs (PEG-AgNPs) of 100 nm diluted in water were obtained from NanoComposix
(San Diego, USA). These AgNPs stock solutions were used to prepare different standards and
spiked samples for the evaluation of the cloud point extraction methodology. An ionic silver
stock solution of 1,000 + 2 mg L' (Merck KGaA, Darmstadt, Germany) was employed to study the
effects of dissolved silver on AgNPs extraction by CPE and for preparing the inductively coupled
plasma optical emission spectrometry (ICP-OES) standards. High purity water obtained from a
Milli-Q purification system (Millipore Corp., Bedford, USA) was used throughout the work.

For the cloud point extraction procedure, sodium thiosulfate pentahydrate (Na,5, O, 5H,O) from
Panreac (Barcelona, Spain) and non-ionic surfactant Triton X-114® ((1),3,3-tetramethylbutyl)phenyl-
polyethyleneglycol) from Sigma Aldrich (St. Louis, USA) were used. In addition, the pH of the
samples was adjusted with 0.05 M nitric acid (prepared with the same nitric acid used for the
sample acidic digestion). The reconstitution of CPE organic extracts for their analysis by total
reflection X-ray fluorescence spectrometry (TXRF) was done by testing the following solvents:
carbon tetrachloride (CClA), tetrahydrofuran (THF), a mixture of methanol (CI—IBOH): nitric acid
(I—INOE) and chloroform (CHCla) from Panreac (Barcelona, Spain).



Table 5.1 Cloud point extraction based analytical procedures published last few years for AgNPs quantification.
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Application
Detection Sample treatment = Recove
R (preconcentrated Range Y Additional information  Ref.
technique Analyte  Sample (%)
sample) (ugL"
Spiked lake, river
AgNPs and 01146 646 AgNPs with PVP capping agent 518
WWTP waters
013 (AgNPs)? Antibacterial 0.025- Ag'is evaluated by difference
ICPMS MW digestion AgNPs/Ag (ﬁ)gjngnd gels) 99.4° 75108 between total silver and AgNPs 520
AgNPs and Ag'are evaluated
294 (AgNPs) AgNPs/Ag! Spiked cell lysates  pg L' level 92-94 after MW digestion of the 2 5.21
phases
Spiked river, o .
AgNPs WWTD waters 0.02-0.3 8817 AgNPs stabilised with citrate 5.22
Dissolution Synthetic aqueous AgNPs with different capping
with ethanol AgNPs solutions oro.4 ne agents 525
ETAAS AgNPs Muricipal WWTP ng L level n.a 516
waters
AgNPs stabilised with citrate
. Tap, bottled and AgNPs and Ag' are evaluated
None AgNPs/Ag seawater, 0.005-10 06-105 > . 5.24
using two extraction
water extracts
procedures
Backextraction . —
. : River, lake and 0.0003- Determination of Ag, Au and
FIA-CL and dissolution to AgNPs WWTP waters 0.0000 74-95 Fe O NPs 5.25
precursor ions 574
uv Oxidation and tween A
spectroscopy  20-AuNPs addition AgNPs Tap and seawater 17-425 n.a Small-sized AgNPs (10 nm) 5.26
Antibacterial AgNPs with different capping A
Evaporation and A agents® (PVP, PEG, stabilised This
TXRF dissolution AgNPs products and soil 51000 73114 with citrate) work

water extracts

AgNPs sizes (40-100-200 nm)

“Units expressed as pg g, "Evaluation of extraction efficiency at only one concentration level (1:3 pg g), “Evaluation of extraction efficiency in the range of concentration levels (5, 25, 200 ug g°)
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Table 5.2 Study of the effect of AgNPs surface, size and presence of ionic silver (Ag’) on the determination of AgNPs content using the developed CPE-TXRF system. Quantitative results were

obtained using AgNPs with citrate surface calibration curve.

AgNPs total  AgNPs total R
Studied effect Aqueous standard composition added CPE+TXRF (:c):overy
(ugL™) (ngL™)
Effect of AgNPs 5 g L citrate-AgNPs + 5 ug L PVP-AgNPs + 5 ug L PEG-AgNPs 5 1(SD - 2) 73
surface® 25 g L citrate-AgNPs + 25 ug L' PVP-AgNPs + 25 ug L' PEG-AgNPs 76 80 (SD = 20) 105
200 g L citrate-AgNPs + 200 pg L7 PVP-AgNPs + 200 pg L PEG-AgNPs 598 440 (SD = 40) 74
Effect of AgNPs 25 ug L citrate-AgNPs 40 nm + 25 pg L™ citrate-AgNPs 100 nm 51 54 (SD - 8) 106
size
Effect of Ag' 75 ug L7 citrate-AgNPs + 75 ug L™ Ag” (ratio Ag'/AgNPs: 1) 76 87 (SD - ¢) 14
b a1 P . 75 130 (SD =10) 173
presence L citrate-AgNPs + 200 pg L™ Ag” (ratio Ag'/AgNPs: 2.
75 pg L~ citrate-AgNPs ug g (ratio Ag'/AgNPs: 2.7) o 210 (SD = 20) .

75 ug L citrate-AgNPs + 500 ug L™ Ag” (ratio Ag'/AgNPs: 6.7)

% NPs sizes: citrate-AgNPs: 100 nm, PVP-AgNPs: 75 nm, PEG-AgNPs: 100nm. b NPs sizes: citrate-AgNPs: 100nm.
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Quartz glass discs with a diameter of 30 mm and a thickness of 3 + 01 mm were used as sample
holders for TXRF analysis. Silicone from Serva Electrophoresis GmbH (Heidelberg, Germany)

was employed for siliconising the sample carriers before sample deposition.
5.2.2 AgNPs standard solutions and samples

5.2.21 AgNPs standard solutions

In order to evaluate the effect of the AgNPs surface, the AgNPs size and the presence of ionic
silver on the recoveries of AgNPs using the developed method, several aqueous standards
containing mixtures of different AgNPs and ionic silver were prepared (see Table 5.2 for

details). In all cases, dilutions of the commercial AgNPs stock solutions were used.

5.2.2.2 Samples
To test the applicability of the developed CPE-TXRF methodology for the isolation and
preconcentration of AgNPs, two different types of samples were considered: consumer

product and soil water extracts.

5.2.2.2.1 Consumer product water extracts

As stated in the Introduction section, AgNPs are widely used in commercial products
for antibacterial purposes. In this research, Hansaplast Universal Antibacterial Plasters
from Beiersdorf AG (Hamburg, Germany) were selected as a study case. According to the
product packaging, the sanitary towel of the band aid contains silver nanoparticles that are
progressively released during the healing process. To study the release of nanosilver and/
or ionic silver, the band aid was submitted to a leaching procedure using Milli-Q water as
an extracting agent. In brief: an aliquot of 1.25 g of the band aid (cut into 1cm x 1cm pieces)
was put in contact with 25 mL of Milli-Q water. The mixture was submitted to rotation with
a rotary agitator (35 rpm) at room temperature for a period of 24 hours. After the leaching
period, the water extract was filtered with a cellulose acetate membrane filter of 0.45 um
pore size to separate the particulate solids in suspension. Finally, the water extract was
analysed by using the developed CPE-TXRF methodology and the presence of AgNPs was
confirmed by SP-ICPMS and SEM-EDS analysis.

5.2.2.2.2 Soil water extracts
As a consequence of the fabrication and use of AgNPs, these nanomaterials are released
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inevitably into the environment with soil being the main sink of disposal [5.31]. Once in
the soil, AgNPs can be adsorbed and/or desorbed from solid components affecting their
mobility, transport and biocavailability. To better understand these processes, lab-controlled
experiments are usually performed. For this purpose, 0.5 g of soil was mixed with 20 mL
of a solution containing 1 mg L™ of 100 nm AgNPs with the citrate surface or 5 mg L of
75 nm AgNPs with the PVP surface with a rotary agitator (35 rpm) at room temperature
for a period of 2 hours (at this time more than 90% of the AgNPs are retained in the soil)
[5.30]. Then, soil samples were dried at 65-70 °C in an oven overnight and they were put
in contact with 15 mL of Milli-Q water for 24 hours to assess the leaching and mobility of
AgNPs. This extraction method was based on the German Standard Method DIN38414-S4.
Soil water extracts were then filtered using an acetate cellulose membrane filter of 0.45
um pore size to separate the particulate solids in suspension. In order to determine the
presence of AgNPs in the resulting extract, the CPE-TXRF methodology was applied. SP-

ICPMS analysis was also carried out to confirm the presence of silver nanoparticles.

5.2.3 CPE procedure and sample preparation for TXRF analysis

In this study, the CPE methodology was used to preconcentrate and isolate silver nanoparticles
in aqueous extracts containing dissolved silver previous to TXRF determination. The CPE
methodology was based on the method described by Liu et al. with modifications to allow the
combination of CPE with TXRF analysis (see Fig. 5.1 for details) [518]. In brief: 9.5 mL of an aqueous
AgNPs solution or an aqueous sample was placed in a 15 mL long tapered polypropylene tube.
Then, the pH of the aqueous solution was adjusted with 0.05 M nitric acid at pH 3.7 (see details
in Section 5.31). Afterwards, 01 mL of 1M NazSzO5 and 0.2 mL of 5% Triton X-114® surfactant were
added to the sample solution. The mixture was vigorously shaken and was incubated at 40 °C in
a water bath for 30 min. After 30 min, the sample was centrifuged at 2,000 rpm for 5 min and
cooled down in a freezer for 15 min to increase the viscosity of the surfactant-rich phase at the
bottom of the vial and facilitate phase separation.

The viscous, micelle-rich phase obtained is usually digested or diluted with an adequate solvent
to enable injection into the analytical instrument (see Table 5.1). In the present research, two

chemical strategies were tested for Ag quantification by TXRF analysis.

5.2.31 Sample treatment-1 (direct measurements by TXRF)

An aliquot of 5 pL of the surfactant-rich phase was directly pipetted onto a siliconised quartz
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reflector and dried using an infrared lamp for 15 min for the later TXRF analysis.

AgNPs
O Other compounds

@ Surfractant (TX-114)
O AgNPs-surfractant

° ] Sample treatment-1
Direct TXRF analysis

" Sample t.reatme'nt-Z .
Evaporation + Dissolution

Evaporation

(oven, 105°C,2.5h)

Dissolution

(20 pL CCly, vortex mixing 2 min)

®@Oe

Sample preparation jmcdll Incubation step |mmmdll Phase separation gl Sample treatment (TXRF analysis)

9.5 mL aqueous sample Water bath Centrifugation
(pH adjustment) (30 min, T=40 °C) (5 min, 2000 rpm)
0.1 mL 0.1 MNa,S,0; Cooling

0.2 mL Triton X-114 5% (15 min,-20 °C)

Fig. 5.1 Schematic and analytical conditions for the CPE-TXRF system.

5.2.3.2 Sample treatment-2 (evaporation + dissolution)

The remaining surfactant phase containing the AgNPs was put in an oven at 100-105 °C for 2.5
hours in order to completely evaporate the sample. Then, the extract was reconstituted with
20 pL of CCl, and mixed with a vortex device for 2 min. Finally, 5 plL of the organic phase was
pipetted onto a siliconised quartz reflector and dried using an infrared lamp for 10 min for the

later TXRF analysis.

5.2.4 Instrumentation

The silver content after the CPE procedure was determined using an “S2 PICOFOX” benchtop
TXRF spectrometer (Bruker AXS Microanalysis GmbH, Berlin, Germany). This instrument is
equipped with a 50 W X-ray tube with a tungsten (W) anode and a multilayer monochromator
(35.0 keV), which allows the analysis of high number atomic element K-lines such as silver and
cadmium [5.30,5.32]. The characteristic radiation emitted by the elements present in the sample
is detected by a silicon drift detector with an active area of 10 mm? and a resolution of 160 eV
(Mn-K_). The measurements were performed in an air atmosphere using a measurement time of
2,000 s.

In order to determine the presence of silver nanoparticles in water extracts, single-particle
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ICPMS analysis was performed with an ICPMS Agilent 7500 c (Agilent Technologies, Tokyo,
Japan). Measurement parameters were: 1500 W RF power, 15 L min" plasma gas flow rate, 10 ms
dwell time and ’Ag the isotope monitored.

Prior to the SP-ICPMS analysis, the total silver content was determined using an ICP-OES
system (Agilent 5100 Vertical Dual View, Agilent Technologies, Tokyo, Japan) in order to adjust
the silver concentration in water extracts at the ~1 pg L level. The plasma was operated with a
12 L min" plasma gas flow rate. The type of detector was a silicon based multichannel array CCD
(charge coupled device). Other measurement parameters were: 1200 W RF power, axial plasma
configuration, concentric nebuliser type, double pass glass cyclonic spray chamber and echelle
polychromatic wavelength selector. The silver wavelength (nm) used was 328.068 nm.

A stereoscopic optical microscope (NIKON SMZ-1000) was used for the morphological study of
the deposited surfactant-rich phase containing the extracted AgNPs on quartz reflectors. Finally,
a scanning electron microscope (SEM) (Zeiss DSM 960 Germany) coupled with an EDX (Oxford,
UK) was employed for AgNPs identification in water leachates. SEM samples were prepared by

loading 5 pL of water extract onto a carbon support.

5.3 Results and discussion

5.31 AgNPs stability tests

Some recent publications have highlighted the potential alteration of the dispersion state of
nanoparticles by laboratory procedures [5.33]. For this reason, some essential issues such as the
adsorption of AgNPs to laboratory containers and storing conditions of AgNPs solutions were
first evaluated. Tests were performed using 200 pg L standard solutions of the target 100 nm
AgNPs (AgNPs-citrate, AgNPs-PVP and AgNPs-PEG) prepared by dilution of the commercial
stock standards. The results obtained by monitoring the total silver content by ICP-OES in the
solutions showed a significant adsorption process of the AgNPs on the container walls over time
regardless of the type of container used (glass, polypropylene and polystyrene). Only quantitative
recoveries were obtained (92-112%) when keeping the samples at 4 °C up to 24 h. A significant
reduction of 40-50% of the initial silver content was found when storing AgNPs solutions at 4
°C for longer times (6 days) or after using freezing as the storing procedure. Taking into account

these results, AgNPs solutions were prepared in polypropylene containers just before their use.
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5.3.2 Evaluation of the CPE procedure and TXRF analysis
Liu and co-workers highlight the significance of pH in the CPE of nanomaterials, with the
highest extraction efficiency at the zero-point charge pH (pH,,) [518]. According to the AgNPs

manufacture characteristics, pH__ - is not found for the studied AgNPs in the pH range 2-10. As

pzC
a result, a study of the influence of pH on the extraction of the target 100 nm AgNPs (citrate-
AgNPs, PVP-AgNPs, and PEG-AgNPs) was carried out (see Fig. 5.2). pH values lower than 3 were
discarded due to the possible dissolution of AgNPs. The results showed that the highest silver
analytical signal was obtained at about pH 3.7 for AgNPs with citrate or PVP capping agents and
at about pH 3 for AgNPs with a PEG surface. Taking into account that one of the aims of the

present research was the isolation and preconcentration of different types of AgNPs at the same

time, a pH value of 3.7 was selected for further CPE experiments.

12000 -
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10000 - —&—PEG
é‘ —4—PVP
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=
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Fig. 5.2 pH effect on the silver analytical response for AgNPs with different capping agents (AgNPs standard concentration: 50 ug L)
As stated in the Experimental section, the CPE methodology was based on the method previously
described by Liu et al [518]. In that contribution, after the CPE procedure, the micelle-rich
phase obtained was treated by means of microwave digestion to enable the subsequent total
Ag determination by the ICPMS technique. In the present research, for the first time, the TXRF
technique is proposed as the detection technique after the CPE procedure. To perform analysis
under total reflection conditions, samples must be provided as thin films. For liquid samples, this

is done by depositing 5-50 ul of sample on a reflective carrier with subsequent drying of the
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drop [5.34]. Therefore, TXRF analysis is not limited by an injection process into the analytical
instrument and other simpler and low-cost sample treatments in addition to digestion can be
tested for the analysis of the preconcentrated sample. In the present research, in an attempt to
avoid the digestion procedure, two additional sample treatment approaches were applied to the
surfactant-rich phase containing the extracted AgNPs, including direct measurements via TXRF
without further preparation and evaporation of the preconcentrated phase with subsequent
dissolution using an alternative solvent (see Fig. 5.1 and Section 5.2.3 for details). It is interesting
to remark that for all the experiments in this Section we used citrate-coated AgNPs as the study
case because they are very likely the most frequently used type of AgNPs [5.35]. In particular,
experimental tests were performed using preconcentrated aqueous standard solutions containing

100 nm citrate-coated AgNPs at the level of 100 pg L.

5.3.2.1 Sample treatment-1 (direct measurements by TXRF)

Taking into account that the use of surfactants (e.g. Triton X-114® and Triton X100®) is a
common practice to prepare homogeneous solid suspensions for TXRF analysis [5.36,5.37],
the possibility to analyse directly the surfactant-rich phase after the CPE procedure was
studied. However, an unacceptable dispersion in terms of RSD was obtained for the analysis
of the aforementioned preconcentrated AgNPs standard (RSD >30%, n = 5). It seems that
after exceeding the cloud point temperature (40 °C), the surfactant (Triton X114®) is too
viscous and a proper deposition of the organic drop on the quartz reflector surface was really
critical. Another drawback was the drying of the drop before TXRF analysis. For this reason,
different drying modes were tested in order to ensure the achievement of a centered-thin film
on the reflector including (i) drying under an IR-lamp after deposition, (i) the deposition of
the drop on a preheated quartz reflector (it has been proved to be a good approach for the
drying of organic drops on TXRF sample carriers) [5.38], (iii) drying in an oven at ~80°C after
deposition and (iv) drying under a vacuum chamber. However, complete drying of the drop on
the reflector surface was not possible. As an example, in Fig. 5.3, an optical microscope image
in transmitted light for the direct analysis of a 5 L. sample spot on a quartz glass reflector
is shown. For this reason, it was decided that the direct TXRF analysis of the resulting CPE

phase was not suitable for obtaining quantitative results.
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Fig. 5.3 Optical microscope image in transmitted light for a 5 ul. sample spot (preconcentrated 100 ug L" AgNPs-citrate standard)
on a quartz glass reflector using sample treatment-1 (see the manuscript text for details, Section 5.2.3).

5.3.2.2 Sample treatment-2 (evaporation + dissolution)

Chlorine-containing organic solvents have been proved to be appropriate solvents to be
measured with TXRF due to their high volatility that facilitates the drying step of the organic
drop for subsequent analysis [5.39]. For this reason, a test based on the evaporation of the
CPE organic phase (at 60 °C in an oven overnight) and redissolution of the residue using an
alternative solvent (200 ul) was carried out for the TXRF analysis of the aforementioned
AgNPs standard. Several solvents were tested for such a purpose including chloroform,
carbon tetrachloride, and a mixture of MeOH/I—INO3 and tetrahydrofuran. Both carbon
tetrachloride and tetrahydrofuran could dissolve the evaporated CPE residue but the use of
carbon tetrachloride leads to a higher Ag response (data not shown). For this reason, carbon
tetrachloride was selected for further experiments. Taking into account the toxicity of this
solvent and the green analytical chemistry trend, an additional test was performed using lower
amounts of solvent (60 and 20 pl). As can be seen in Fig. 5.4a, with only 20 pL of carbon
tetrachloride, the residue could be quantitatively dissolved and moreover a higher analytical
response was obtained in comparison with the use of higher volumes of solvent. Finally, the
effect of the evaporation temperature of the CPE phase on the Ag TXRF responses was also
evaluated. The results obtained (Fig. 5.4b) showed that there were no significant differences
when evaporating the CPE phase at 60 °C or at 100 °C. A final temperature of 100 °C was
selected because the time required to evaporate the organic phase was considerably shorter
(2.5 hours in comparison with 5 hours). Using the best sample preparation-2 conditions

(evaporation at 100 °C and dissolution with 20 L of carbon tetrachloride) an acceptable RSD
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~12% (n = 3) was obtained. For this reason, sample preparation-2 was finally selected as the
sample treatment procedure for the later TXRF analysis.

Once established the best conditions to prepare CPE samples for TXRF analysis,
it was considered appropriate to study the possibility to increase the method
sensitivity by decreasing the amount of surfactant used in the CPE procedure.
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Fig. 5.4. Effect of organic solvent volume (a) and evaporation temperature (b) for the evaporation-dissolution of the CPE extract
(sample treatment-2). Error bars corresponds to the standard deviation of triplicate analysis.

For this reason, a 50 pg L citrate coated AgNPs standard was analysed in triplicate by using
the developed CPE-TXRF procedure but decreasing the volume of Triton X114 (5% in water).
As seen in Fig. 5.5, a significant increase of the Ag peak area was found when reducing the
volume of the surfactant from 0.4 to 0.2 mL. The employment of lower volumes (01 mL)

did not imply a rise of the method sensitivity but increased the uncertainty of the obtained
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Fig. 5.5 Influence of Triton X114 (5% in water) volume used in the CPE procedure on silver analytical response for AgNPs. Error

bars corresponds to the standard deviation of triplicate analysis.

results. For this reason, a volume of 0.2 mL of Triton X114 (5% in water) was established for

further experiments.

5.3.2.3 TXRF analysis

Finally, operating conditions for TXRF measurements were also evaluated to obtain the best
instrumental sensitivity for Ag determination. Taking into account the type of matrix and the
concentration of the studied element, the rate of kV mA™ of the X-ray tube was selected to
work under conditions of maximum efficiency of excitation (50 kV, 1 mA, max. power 50 W).
Concerning the measurement time, it was selected as a trade-off between an acceptable
instrumental sensitivity, repeatability of measurements (RSD <2%, n = 5, 50 mg L' of 100 nm

citrate coated AgNPs standard) and total analysis time and it was established as 2,000 s.

5.3.3 Analytical figures of merit (CPE-TXRF system)

5.3.31 Limits of detection

In order to check the CPE-TXRF capability for AgNPs determination in aqueous samples, limits
of detection (LODs) for AgNPs with different coatings (citrate, PVP, and PEG) were evaluated.
In all cases, experimental tests were carried out by preconcentrating a standard solution
containing 15 pg L' of AgNPs. LODs were theoretically estimated from the Ag net intensity
and background values obtained in the TXRF analysis of the aforementioned solutions [5.34].

LODs calculated were lower than 1ug L™ and no relevant differences were obtained between
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the different capping agents tested (LODs: 0.7-0.8 ug L"). Despite the fact that the obtained
LODs are higher than those associated with the combination of CPE with other popular
spectrometric techniques such as ICP-MS or ETAAS (see Table 5.1) and are not adequate
to monitor AgNPs in most water samples (AgNPs concentrations usually below 1.5 pg L")
[516], they are suitable for the determination of AgNPs in other types of interesting aqueous
solutions including antibacterial products or soil water extracts. Moreover, the low operating
and maintenance costs of the TXRF benchtop system (cooling media and gas consumption
are not needed for function) make this analytical technique an interesting analytical tool
combined with CPE strategies for the cost-effective analysis of aqueous solutions containing

AgNPs at pg L levels.

5.3.3.2 Linearity

Since the aim of the CPE method is to determine the total amount of nanosized silver in
aqueous samples, it is of outmost importance that all AgNPs can be extracted at the same
rate. As mentioned in the Introduction Section, few contributions have been published with
respect to the influence of different AgNPs coatings on nanosized silver extraction and
most of them evaluate the extraction efficiencies of different coated AgNPs at a single and
fixed initial AgNPs concentration (-3 ug L") [5.23]. In the present contribution, the effect of
AgNPs coating (citrate, PVP and PEG) on the Ag signal has been evaluated at different initial
concentration levels in the range of 10 to 100 ug L. The results obtained are displayed in
Fig. 5.6. As shown, a good linearity (R? 2099) between the Ag signal and the initial AgNPs
concentration in the solution was obtained in the studied concentration range for all the tested
AgNPs coverings. Taking into account that citrate coated-AgNPs are the most frequently used
in many commercial products, the linearity for this type of AgNPs was expanded up to 1,000
ug L' and a good linearity was also obtained (data not shown). As seen in Fig. 5.6, slight
differences in the Ag response were identified between the different AgNPs, above all at high
concentration levels. For instance, at 100 pg L, the analytical response for the AgNPs with the
citrate capping agent was 24% higher than that obtained for PVP-AgNPs and 45% higher than
that associated with PEG-AgNPs. In general, citrate- and PVP-AgNPs TXRF responses were
more similar than those obtained for PEG-AgNPs. This fact can be related to the different
zeta potential estimated at pH 7 for the target AgNPs. As detailed by the manufacturer,
citrate-AgNPs and PVP-AgNPs present a negative zeta potential whereas PEG-AgNPs are
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characterised by a neutral zeta potential [5.40]. The zeta potential is a key indicator of the
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Fig. 5.6 Calibration curves for different AgNPs surfaces using the developed CPE-TXRF method. Error bars corresponds to the
standard deviation of triplicate analysis.

stability of colloidal dispersions. Usually, colloids with high zeta potential (negative or positive)
are electrically stabilised while colloids with low zeta potentials tend to aggregate [5.40].
Therefore, in the case of PEG-AgNPs, the possible agglomeration of the AgNPs might affect
the extraction of such particles by CPE.

5.3.3.3 Accuracy of the results

5.3.3.3.1 Effect of AgNPs surface

Taking into account the slightly different Ag responses with respect to the type of AgNPs
coating (Fig. 5.6), several solutions containing mixtures of the target AgNPs at different
initial concentration levels were prepared and analysed by the CPE-TXRF method. In all
the experiments, for quantification purposes, the AgNPs with citrate surface calibration
curve was used. As shown in the first row of Table 5.2, for all the mixtures considered,
recovery values range from 73 to 105%. These values are in agreement with other reported
recoveries for AgNPs determination using the CPE method (see Table 5.1). Therefore, it
seems that there is not a significant impact of the variation of the analytical responses of

the different types of AgNPs coatings on the final quantitative results.

171



Chapter 5

172

5.3.3.3.2 Effect of AgNPs size

The effect of AgNPs size on the quality of the quantitative results was also tested by
analysing an aqueous solution containing a mixture of both 40 nm AgNPs and 100 nm
AgNDPs at 25 pug L. As shown in the results displayed in Table 5.2, a recovery value of 106%
was obtained indicating that mixtures of AgNPs with sizes in the range of 40-100 nm can

be successfully extracted and determined using the proposed methodology.

5.3.3.3.3 Effect of ionic silver presence

Finally, a study was conducted to evaluate the effect of the presence of ionic silver on
AgNPs determination. For this, several solutions containing increasing Ag'/AgNPs ratios
were analysed using the CPE-TXRF method. Acceptable recovery values were obtained
for Ag'/AgNPs ratio values lower than 3.0. For higher Ag' proportions, it seems that the use
of Na,S O is no longer effective to reduce the adsorption of Agon AgNPs surfaces and
ionic silver is extracted into the surfactant-rich phase leading to overestimated recovery
values (see Table 5.2). However, for most of the environmental water samples (wastewater
effluents, surface and pore waters) [5.41], the concentration of dissolved silver is in the
same range as that of AgNPs and thus the contribution of ionic silver to the quantification
of AgNPs using the CPE-TXRF method can be neglected. Taking into account that the
Ag'/AgNDPs ratios identified in the target soil and consumer product water extracts (for
details see the next Section and Table 5.3) were in all cases significantly lower than 1, it
can be concluded that the coexisting Ag' has negligible effects also for the extraction and

quantification of AgNPs in this type of aqueous sample.

5.3.3.4 Precision of the results

The total uncertainty of the results obtained by the CPE-TXRF method consists of many errors
associated with the CPE, sample deposition on the reflector and the TXRF measurements
(counting statistics). In order to evaluate the total uncertainty for the determination of
the target AgNPs, six aqueous standards containing 15 pg L7 of each of the studied AgNPs
were analysed with the developed methodology and the relative standard deviations of
the obtained results were in all cases in the range of 10-15%. Taking into account that the
estimated TXRF measurement error using time of 2,000 s is around 2% it can be concluded

that the contribution of sample treatment involving both the CPE extraction and the sample
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deposition on the reflector is the major source of error.

5.3.4 Application to complex aqueous samples

The developed CPE-TXRF methodology was applied to determine the AgNPs content in soil and
consumer product water extracts (for details see Section 5.2.2.2). For comparison purposes, the
same water extracts were also analysed by ICP-OES to estimate the total silver content and by
SP-ICPMS to determine the presence of AgNPs and to obtain information regarding the content
of AgNPs and Ag'/AgNPs ratio in the target water extracts. As stated in the Introduction Section,
SP-ICPMS is an emerging analytical method that has great potential for monitoring the size
and concentration of NPs [514]. For the determination of AgNPs percentage, first the raw data
obtained by SP-ICPMS were plotted as pulse intensity (counts) versus the number of events using a
histogram representation. To distinguish the AgNPs against Ag’, values of the histogram below the
first minimum were considered to be related to background or dissolved silver, and values higher
than the first minimum were considered to be related to AgNPs [5.42]. After the discrimination
between Ag' and AgNPs, the percentage of AgNPs was calculated by summing up the number of
counts corresponding to AgNPs divided by the total sum of counts recorded (AgNPs + Ag') [514].
To carry out the aforementioned ICP-OES and SP-ICPMS measurements, it was necessary to
filter the water extracts. For this, an experiment was conducted to test the influence of the
filtration step on AgNPs recoveries. An aqueous standard solution containing 200 pg L7 of the
target 100 nm AgNPs (citrate-AgNPs, PVP-AgNPs, and PEG-AgNPs) was filtered (using a 0.45
um acetate cellulose filter) and analysed by ICP-OES. A recovery value of 95% was calculated

indicating that the filtration step has no influence on AgNPs determination.

5.3.4.1 Soil water extracts

The presence of matrix effects in the CPE procedure has been pointed out in the literature
for the AgNPs determination in some environmental samples such as lake water [5.27]. For
this reason, recovery values for the determination of AgNPs in soil extracts by the CPE-TXRF
method were evaluated by analysing spiked soil water extracts with PVP- and citrate-AgNPs
at the 75 ug L'level. Recoveries obtained in both cases were around 70%. These values were
similar to the ones obtained in the determination of AgNPs in distilled water (see Table 5.2)
and thus it was concluded that matrix effects for this type of water extract were negligible.

In Fig. 5.7, TXRF spectra (CPE-TXRF system), Ag time scans and related signal distribution
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histograms (SP-ICPMS) for the studied soil extracts are displayed. As shown, appreciable Ag
peaks were obtained in the TXRF spectra after the CPE procedure leading to the conclusion
of the presence of AgNPs in both soil extracts. The presence of AgNPs was also confirmed
by the results obtained by SP-ICPMS analysis. Fig. 5.7 shows typical signals recorded as a
function of time for AgNPs. As described by Laborda et al, a large number of spikes above
the baseline in Ag time scans are characteristic of solutions containing AgNPs [5.14]. Moreover,
for both soil extracts, the signal distribution histograms show two components: at low counts,
a Poisson contribution due to the background or dissolved silver signals, and at higher counts,
the contribution of the nanoparticles. This is also the typical profile when AgNPs are present

in the analysed solution.

Table 5.3 AgNPs and total silver concentration in soil and consumer product water extracts.

*Sample type *Total Ag bAgNPs <AgNPs
(ICP-OES) (CPE + TXRF) (SP-ICPMS)
(vgL?) (ngL™ (%)

Soil Extract- 120 + 20 no+5 97

Soil Extract-2 254 +4 220 £10 97

Consumer product extract 250 + 20 60 +5 91

“Results obtained by external calibration using ionic silver stock solution (mean + SD, n = 3, in g L"),
b Results obtained by external calibration using 100 nm citrate AgNPs standards (mean = SD, n = 3, in ug L).

< Percentage of AgNPs vs total silver content

Good agreement with respect to AgNPs concentrations in the analysed soil extracts was
obtained between CPE-TXRF and SP-ICPMS (see Table 5.3). As shown, a significant part
of the Ag determined in both soil extracts was present in nanosilver form (97%). This fact
indicated that the studied AgNPs (citrate 100 nm AgNPs and PVP 75 nm AgNPs) maintain
their form after being desorbed from the loaded soil. Despite the fact that additional studies
are needed (using other types of AgNPs and soils) the results obtained in this study can
contribute to the understanding of mobility and bioavailability of these compounds in the
environment. Moreover, it seems that the system CPE-TXRF could be a good analytical

approach for this purpose.

5.3.4.2 Consumer product water extract
As shown in Fig. 5.7, Ag characteristic X-ray lines were also detected in the TXRF spectrum

obtained by analysing the band aid water extract (see Section 5.2.2.2 for additional details) by



Chapter 5

Pulses

800 Fe 700 200 A
,
- Z =
z 600 2 500 § 140 A
] K <
£ St z 400 % } (2)8 4
© 400 d z = )
% AgK,, § 300 g 80
@ £ 200 E 60
= 200 Ti 100 z 40
In g 20
Rb Ag-Ky W X-ray tube
Sr Zr Bremsstrahlung 0 0 4
ok " = " p 0 10 20 30 40 50 60 SRRRRSS 328233 RR28RE]
= NN A 6NN enenen
nergy (keV) . .
Pulses ey (et Time (s) Intensity (counts)
800 | e _ 700 250 -
2 600
‘ et g 2 200 1
?‘: 600 | § 500 %
=4 N’
g si g 2 400 E 150 A
% ) ©
400
= J |@ g 2 100 A
%) | = 200 £
2 200 | 2 50 4
) 1WAl Ag K, 100 z. I I II I
| Rb W X-ray tub, “ I
‘ 2 peraytabe 0 o, 1l [T TTY .
o, 1o » - o 0 10 20 30 40 50 60 Oooogeggfggﬁzziéﬁﬁgi
e Time (s) Intensity (counts)
pr— Pulses
g 80 25000 60 -
g 2 2 50
5 = 20000 ]
s 0] g 3 40
- @ -
3 2z 15000 5
e ‘@ = 30 4
= = ]
S|y w0 S 10000 £
£ a nek = E 20
= o 5000 z
1. N miniin
(3 et W X-ray tube 0 0 llllll T ||||||||I|| ||||
1 Bremsstrahlung OO0
) 0 0 FIES AN D —FTESAD AN N D
~ 0 10 20 30 40 ——— AN NN NN T TN NN
Energy (keV) Time (s) Intensity (counts)
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the CPE-TXRF method, indicating the presence of AgNPs. SP-ICPMS results confirmed the
presence of Ag in nanosilver form but also a higher proportion of Ag' (~10%) in comparison
with the aforementioned soil extracts. Moreover, from the obtained Ag time scans and signal
distribution histograms, it was evidenced that the AgNPs were a heterogeneous mixture of
different sizes including relatively large Ag particles (3100 nm). This fact was also verified by
SEM and EDS analysis (Fig. 5.8). In contrast to the results obtained in the analysis of the soll
extracts, large discrepancies were obtained between the results obtained for the analysis
of the band aid water extract by using both methods. As shown in Table 5.3, concentration
values obtained by the CPE-TXRF were significantly lower (~76%) than those estimated by

Cps/eV

M Diposit A BSE 5
MAG: 30000 x

Energy (keV)

Fig. 5.8 [dentification of AgNPs in the water extract of the studied consumer product (band aid) by SEM and EDS.

SP-ICPMS. These differences may be probably due to a decrease in the CPE efficiency for
AgNPs with a considerable size. In fact, Duester et al. pointed out that the extraction efficiency
could be dependent on the particle size. Using similar noble metal nanoparticles (AuNPs) it
was found that the extraction efficiency decreases from 101% to 52% with an increase of
nanoparticle size from 2 to 150 nm [5.43].

Moreover, it has to be kept in mind that the presence of a large mixture of different AgNPs
sizes in the water extract also hampers the estimation of the AgNPs/Ag’ ratio by SP-ICPMS
as well as the fact that the peak of ionic silver in the histogram is not well separated from the
distribution due tothe presence of nanoparticles. Thus, the uncertainty of both reported results

could be significant. This fact highlights the necessity to study in more detail the effectiveness
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of existing methodologies (including CPE-TXRF and SP-ICPMS) for the monitoring of AgNPs

in complex matrices involving mixtures of different NPs coatings and particle sizes.

54 Conclusions

In the present contribution, the analytical capabilities of CPE in combination with TXRF have been
evaluated for the quantification of AgNPs in complex aqueous samples including soil and consumer
product water extracts. The best way to prepare the preconcentrated sample after the CPE was
found to be the evaporation of the organic rich phase and its redissolution using 20 ug L' of carbon
tetrachloride. Using this analytical approach, detection limits lower than 1 ug L' were achieved with
a relative standard deviation of around 10-15% (n = 5).

Good agreement with respect to AgNPs concentrations in the analysed soil extracts was obtained
between CPE-TXRF and SP-ICPMS, confirming the absence of matrix effects for this type of sample
by CPE. Although the variations of the analytical responses depending on the AgNPs coating
(citrate, PVP and PEG) and size (40-100 nm) were almost negligible when considering the analysis
of AgNPs aqueous standards, appreciable discrepancies with SP-ICPMS results were obtained for
the analysis of consumer product water extracts containing mixtures of different sizes (including
Ag particles >100 nm). This fact highlights the necessity to increase our understanding on size-
resolved extraction efficiencies by CPE in order to increase the reliability of CPE-based methods
for the analysis of real aqueous samples containing mixtures of different NPs particle sizes and
coatings. The benefit of complementary use of CPE-based methods and SP-ICPMS for the analysis

of complex samples is also remarkable.
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ABSTRACT

The expansion of silver nanoparticle (AgNP) applicationsinindustry as antibacterial agents has generated
an increment of their presence in the environment. Once there, their behaviour is not clear because
they can undergo different transformation processes that affect their transport, mobility, bioavailability,
and toxicity. Therefore, the characterisation and quantification of these emerging contaminants are
important to understand their behaviour and the toxicity effects that can be exerted on living beings.
Single particle inductively coupled plasma mass spectrometry (SP-ICPMS) has demonstrated its ability
to characterise and give quantitative information on AgNPs in aqueous samples. However, sometimes,
the discrimination of the signal corresponding to AgNPs from the signal of dissolved species (Ag(l))
is a challenge. In the present contribution, it is shown that the presence of high amounts of Ag(l)
hamper silver nanoparticle size and nanoparticle concentration determination in aqueous samples by
SP-ICPMS. To facilitate signal discrimination of both chemical forms, the combination of cloud point
extraction (CPE) with SP-ICPMS was studied. CPE experimental conditions to separate AgNPs from
Ag(l) were assessed and adapted taking into account the characteristics of the SP-ICPMS technique.
CPE and soil matrix effects on particle size were evaluated, showing that particle size was not modified
after being in contact with soil matrix and after being separated by CPE. Additionally, frequently
used calculation methods for SP-ICPMS data treatment were assessed. Finally, the potential of the
developed methodology CPE-SP-ICPMS was evaluated in aqueous soil leachates contaminated with
mixtures of AgNPs/Ag(l).

Keywords: Silver nanoparticles, Dissolved silver species, Single particle inductively coupled plasma mass spectrometry, Cloud point extraction,
Soils, Aqueous leachates
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6.1 Introduction

In the last decades, the production of engineered nanoparticles (ENPs) has increased gradually,
forecasting by the end of 2020 a global market value of about 30 billion USD. This expansion is related
to their special reactivity, strength, and electrical properties given by the unique physicochemical
characteristics (e.g. small particle size 1-100 nm), surface area, surface reactivity, charge, and shape)
that they present in comparison with their bulk counterparts [61, 6.2]. As a consequence of the
exponential increment of ENP production and commercial applications, the probability of these
particles to reach the environment (air, water, soil, and organisms) unintentionally or intentionally
has risen [6.3]. One of the most abundant ENPs in the environment are silver nanoparticles (AgNPs)
due to their broad use in the industry as antibacterial agents (production in 2010 ~55 tons/year)
[61-6.4]. In the environment, AgNP behaviour is not clear due to the various factors that affect their
transport, mobility, bioavailability, and toxicity. They can stay as individual particles in suspension
or they can suffer several changes through different environmental processes such as aggregation,
agglomeration, dissolution, deposition, phototransformation, sulfidation, oxidation, or macromolecular
transformations [61, 6.4-6.6]. Although environmental conditions (pH, electrolyte composition, ionic
strength, and organic matter) govern these particle transformations, AgNP properties (size, surface
chemistry, aggregation state, and solubility) also contribute to their changes [6.5, 6.7]. Therefore,
nanoparticle characterisation and quantification are important to understand their behaviour and
the toxic effects that they can exert to humans and other organisms.

Inrecentyears, severalinnovative analytical tools have been developedfor detection, characterisation,
and quantification of these emerging contaminants in different matrices. Microscopic, dynamic light
scattering, and spectroscopic techniques are widely used for imaging and obtaining information
about the size, shape, and aggregation state of nanosilver [6.8-619], so a complementary analytical
tool has to be employed to get quantitative data. Typical quantitative approaches are conventional
atomic spectroscopic techniques that permit to obtain total silver (Ag) concentrations, but they are
not suitable for determining the Ag physicochemical form (dissolved or particulate), particle size, or
aggregation state [6.20-6.23]. For this reason, the combination of the aforementioned techniques is
required to characterise and quantify AgNPs. In addition to these analytical techniques, an innovative
and emerging analytical method that is gaining popularity is single particle inductively coupled
plasma mass spectrometry (SP-ICPMS) because it combines the benefits of an element specific

atomic spectrometry technique (ICPMS) with those of a particle counting technique [6.24]. The
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ability of this method to count particles is achieved when a sufficiently diluted particle suspension
(number concentration below 10° particles L") is introduced into the plasma and by measuring with
an adequate time resolution (dwell time <10 ms) [6.20, 6.25, 6.26]. Under these conditions, when
nanoparticles arrive into the plasma, they are vaporised, atomised, and ionised generating a cloud
of ions that straightaway are detected as a single event in a mass spectrometer detector [6.27, 6.28].
Each single event represents a nanoparticle, so the frequency of events is related directly to particle
number concentration while the intensity of each event is proportional to the mass of element in the
detected nanoparticle. Moreover, if the shape, composition, and density of the particles are known,
their size can be calculated from the signal intensities of the nanoparticles detected [6.27-6.29].
Thus, SP-ICPMS has the potential to characterise and give quantitative information of AgNPs at
environmentally relevant exposure levels (concentration levels <ng L7). Nevertheless, challenges on
this analytical method remain with respect to nebulisation efficiency (n, ) measurement, which is one
of the ICPMS parameters that affect the accuracy of particle size and particle number concentration
calculations. Furthermore, validation approaches to calculate this parameter (n_,) are scarce [6.30,
6.31]. Another difficulty of SP-ICPMS is the discrimination between signals corresponding to AgNPs
and dissolved silver species (Ag(l)). The presence of Ag(l) produces a continuous constant signal
given that distribution of metal ions entering into the plasma is homogeneous. At low concentrations
of Ag(l), the detection of AgNPs is possible, but at high concentrations of Ag(l) is more critical,
especially when the particles are small [6.4, 6.32, 6.33]. To overcome this SP-ICPMS limitation, some
authors have discussed about different algorithms to facilitate the discrimination of nanoparticles
from their corresponding dissolved species [6.31, 6.34-6.37]. A different strategy involves the use of
hyphenated separation techniques, such as field flow fractionation [6.38], electrophoretic [6.39], or
chromatographic techniques [6.40]. In addition to these sophisticated techniques, there are some
sample treatments based on the separation and preconcentration of AgNPs that are applied before
the analysis of the samples. Among the multiple sample treatment procedures (e.g. centrifugation,
filtration, ultrafiltration, dialysis, or solid phase extraction), cloud point extraction (CPE) is a cheap
and environment-friendly liquid-phase micro-extraction methodology. CPE consists of adding to an
aqueous sample a non-ionic surfactant (usually 1),3,3- tetramethylbutyl)phenyl-polyethyleneglycol
(Triton X-4)) at a concentration over the critical micellar concentration (cmc). The resulting mixture
is then submitted to a temperature above the cloud point temperature (23 °C for Triton X-114). During

this process, the aqueous sample becomes turbid, due to the formation of surfactant micelles that
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capture the AgNPs present in the sample. The micelles containing the AgNPs are denser than water,
so the nanoparticles are deposited and concentrated into a small surfactant volume, which can be
separated by centrifugation. The most common analytical tools used in combination with CPE are
spectrometric methods [6.20, 6.41, 6.42], among them is ICPMS. Several studies in the bibliography
have combined the CPE with SP-ICPMS to quantify and determine particle size distribution of
AgNPs in surface and wastewaters [6.43-6.45], but to our knowledge in the literature, there is only a
work that determines nanoparticle size distribution in spiked soil extracts and it was performed with
gold nanoparticles (AuNPs) [6.46].

The aims of the present work are: (1) to assess different calculation methods to determine the
nebulisation efficiency, which is the parameter that has an effect on obtaining accurate particle size
and number concentration, using AgNPs of different coatings and sizes; (2) to study the combination
of CPE methodology with SP-ICPMS analysis to determine the size and concentration of AgNPs in
samples containing high amounts of Ag(l); (3) to apply the developed methodology (CPE-SP-ICPMS)

to the analysis of aqueous soil leachates contaminated with a mixture of AgNPs and Ag(l).
6.2  SP-ICPMS theoretical aspects

6.2.1 Thresholds for discrimination of AgNPs from Ag(l) signals

One of the critical aspects of SP-ICPMS methodology is the discrimination between nanoparticles
and dissolved species of the same element, especially when their signal distributions are
overlapped. This can occur due to the presence of small-sized nanoparticles and/or high content
of dissolved species in the sample. Several authors use detection thresholds based on no criteria
(0, standard deviation of the continuous signal produced by dissolved species) to discriminate
both signals. Pace et al. proposed an iterative algorithm based on 3 times the standard deviation
plus the mean of all data points obtained from the analysis (7 + 30). The data points exceeding this
detection threshold are considered nanoparticles and are removed [6.33,6.34]. This procedure
is repeated until no further particle signals are removed. Using y + 30 as a detection threshold,
there is the possibility of counting false positives (background-dissolved signals counted as
nanoparticles) as stated by Tuoriniemi et al. [6.36]. Therefore, this author suggests the application
of a y + 50 detection limit to reduce to less than 01% the contribution of false positives.

In addition to these iterative algorithms, Cornelis and Hasellév proposed an alternative procedure

for improving the detectability of the nanoparticles based on removal of the distribution
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corresponding to the dissolved element once it was fitted to a Polygaussian probability mass

function [6.37].

6.2.2 Nebulisation efficiency determination

The nebulisation efficiency is described as the ratio of the amount of analyte entering the plasma
to the amount of analyte aspirated. The value of this parameter is relevant in SP-ICPMS analysis
because it can be used for particle size and particle number concentration calculations. Pace
et al presented three different methods for calculating n_, [67]. The first method, called waste
collection, consists of determining the total weight of the sample that entered the plasma by
subtracting the weight of waste sample collected from the spray chamber to the total weight
aspirated:

/7 A total weight plasma

neb

A sample weight

(67)
The second method, known as particle frequency method, n_, is obtained relating the number of
particle events detected (/) during a determined acquisition time (t) to a known particle number

/e):

concentration (N, ) of the analysed nanoparticle suspension and the sample flow rate (Q

samp

J=
r]neb -

Q

Samp/e/\//\/PZ’/

(6.2)
The third method, named particle size method, is based on relating the ions counted per time
unit of an ionic metal solution of mass concentration (C,) with the total counts per reading of
nanoparticles with known particle size. For determining n_, by particle size method, firstly, a
calibration curve using ionic metal standards has to be measured. This calibration curve relates

the ions counted per time unit (R) to C,, [6.31]:

R=K.C, =K K..K,.C

intr "ICPMS" "M ™M
(6.3)

where the K (=n ,Q

intr

) is the contribution of the sample introduction system, K, is the

neb " sample
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AN,

AV

detection efficiency, and K, (= ) the contribution of the element. Secondly, a nanoparticle

suspension with known particle size has to be analysed. If the analysis is performed in time-
resolved mode and the analysed nanoparticles are spherical, solid and pure; the total counts per

1
reading of one nanoparticle (r,) can be related to particle mass (m,, = Y X ) through:

r..=Km, =K K. m

NP r NP ICPMS™ "M " "NP

(6.4)
Considering that once in the plasma, the behaviour of the element from the ionic standard
solution and the nanoparticle suspension is the same, Eq. (6.3) and (6.4) can be combined to

obtain the following expression for calculating the n_:

1 R/C

M

Q

r sample I/N F/m NP Qsamp/o

(6.5)

6.2.3 Particle size and particle number determination

Particle size and particle number concentration can be calculated when n_, is known. Knowing

the nebulisation efficiency, the term K. (=n_.Q ) can be determined and consequently the

neb ~ sample

term K of Eq. (6.3) can be calculated. Then, using Eq. (6.4) the element mass per particle and

hence the size can be determined. On the other hand, particle number concentration can be

calculated using the following equation:

P

NP /
samp/er}neb i

(6.6)

6.3 Materials and methods

6.3.1 Chemicals, materials and apparatus
To prepare AgNP standards and spiked agricultural soils, commercial sodium citrate-stabilised (2

mM) silver nanoparticles (citrate-AgNPs) of 60 nm and 100 nm and polyvinylpyrrolidone-coated
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silver nanoparticles (PVP-AgNPs) of 75 nm and 100 nm from Nanocomposix (St. Louis, MO,
USA) were employed. An ionic silver stock solution (1,000 + 2 mg L") purchased from Merck
(Darmstadt, Germany) was used to prepare calibration for ICPMS and flame atomic absorption
spectrometry analysis, and to prepare the AgNPs/Ag(l) mixtures for studying the possibilities
of CPE-SP-ICPMS methodology to analyse AgNPs in samples containing high amounts of Ag(l).
Ultrapure water from a Milli-Q purification system (Millipore Corp., Bedford, MA) was utilised to
dilute AgNP standards, mixtures of AgNPs/Ag(1),1% glycerol, 1% isopropanol (Panreac, Barcelona,
Spain), and soil leachates. Moreover, AgNP standards were also diluted with 1% glycerol.
Sodium thiosulfate pentahydrate (Na252©3-5|—|20) from Panreac (Barcelona, Spain) and non-ionic
surfactant Triton X114 ((1,3,3-tetramethylbutyl)phenyl-polyethyleneglycol) from Sigma-Aldrich
(St. Louis, USA) were employed for performing the CPE procedure. In addition, the pH of the
samples was adjusted during the CPE with 0.05 M nitric acid (HNO,) prepared from analytical
grade hiperpur quality HNO_ (69%, Ag 01 ng g', Panreac, Barcelona, Spain). An incubator Infors
HT (Bottmingen, Switzerland) was used during the incubation step of CPE procedure. The
resulting CPE extracts were diluted with 1% glycerol.

Batch sorption and leaching experiments were performed using a rotary mixer Dinko (Barcelona,
Spain). To separate the aqueous soil leachate from the soil, a Rotofix 32A centrifuge (Hettich-
Zentrifugen, Lauenau, Germany) was used after batch adsorption and leaching experiments. An
ultrasound system J.P. Selecta (Barcelona, Spain) was employed to break down the possible

agglomerated AgNPs.

6.3.2 Cloud point extraction procedure and sample preparation for SP-ICPMS analysis
In this study, the CPE methodology was carried out to separate AgNPs in complex aqueous
matrices (soil leachates) with high contents of dissolved silver species to avoid the interference
from the latter. With this purpose, 9.5 mL of agqueous solution or aqueous soil leachate containing
AgNPs/Ag(l) was placed in a polypropylene tube. Then, the pH of the sample was adjusted at 3.5
with HNO, (0.05 M). Afterwards, 01 mL of Na,$,0,5H,0 (01 M) and 0.2 mL of Triton X-114 (5%)
were added to the sample solution. The sample was vigorously shaken during 1 min and incubated
during 30 min at 40 °C. After 30 min, the sample was centrifuged at 2,000 rpm (5 min) to separate
the AgNP surfactant-rich phase (bottom of the vial) from the aqueous phase. Next, it was cooled
down in a freezer during 15 min to increase the viscosity of the phase containing the nanosilver
and facilitate the phase separation [6.42]. After separating the phases, the AgNP micelle-rich
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phase was diluted with 1% glycerol (v/v) to 9.5 mL to enable the analysis by SP-ICPMS,

6.3.3 Silver nanoparticles soil sorption and leaching experiments

To obtain the aqueous soil leachates containing AgNPs and/or Ag(l), the soils were previously
spiked with AgNPs (60 nm citrate-AgNPs and 75 nm PVP-AgNPs) performing a batch adsorption
experiment. With this purpose, 0.5 g of soil (agricultural Mediterranean soil from Castellbisbal
(Barcelona, Spain)) was weighed in polystyrene tubes. Then, 20 mL of 1 mg L" AgNP aqueous
suspension (60 nm citrate-AgNPs and 75 nm PVP-AgNPs) was added and they were submitted
to rotation with a rotary mixer (35 rpm) at room temperature (22 °C) for a period of 2 h. Next, the
samples were centrifuged at 3,500 rpm (8 min) to separate the supernatant from the soil. After
sample centrifugation, the supernatant was removed from the polystyrene tube and the soil was
dried overnight into an oven at 65-70 °C.

After 3 weeks, desorption of Ag (as AgNPs or Ag(l)) from soils was performed using a leaching
method based on the German Standard Method DIN 38414-S4 [6.47]. The leaching procedure
consisted in adding 15 mL of ultrapure water to the agricultural soils and the mixture was submitted
to rotary agitation (35 rpm) at room temperature (22 °C) during 24 h. After 1 day of rotation, the
samples were centrifuged at 3,500 rpm during 12 min and the part of the supernatant (aqueous
soil leaching solution) containing particles with a particle size lower than 0.2 pm was pipetted
[6.48]. Then, the supernatants pipetted were directly analysed by inductively coupled plasma
optic emission spectroscopy (ICP-OES) or were submitted to CPE procedure. After CPE, the
extracts were also analysed by ICP-OES. Once the total silver concentration was determined for
aqueous soil leachates and CPE extracts, the samples were diluted properly (<ng L") to gain an
adequate number of nanoparticles in the aqueous sample. The optimal dilution was obtained by
an Excel spreadsheet that takes into account the nebulisation efficiency, the sample flow rate, the
dwell time, and nanoparticle characteristics [6.49]. Finally, the prepared samples were analysed
by SP-ICPMS.

Similarly, not spiked soils were also treated, using the same methodology as explained before, in

order to be used as blank aqueous soil leachates for optimisation purposes.

6.3.4 Instrumentation and calculations
The total silver content in the AgNP surfactant-rich phase of different samples adjusted at
different pH during the CPE procedure was determined with a PerkinElmer model AAnalyst
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200 flame atomic absorption spectrometer (Toronto, Canada) utilising a calibration curve of

ionic silver standards prepared in 1% glycerol (0.5-10 mg L"). The optimisation of the combination

of CPE methodology with SP-ICPMS analysis was carried out with a PerkinElmer Sciex model

Table 6.1 Inductively coupled plasma mass spectrometry instrumental and data acquisition parameters.

Agilent 7500¢ PerkinElmer Sciex
ICP-MS spectrometer ELAN DRC-e ICPMS
spectrometer
Instrumental RF power 1,500 W 1,200 W
characteristics  Sample uptake rate 0.3 mL min’ 1 mL min?
Nebuliser chamber Doublepass scott Cyclonic

Nebuliser
Nebuliser gas flow rate

Sampling cone

Skimmer cone

Babington

11 L min?

Ni, 1 mm aperture
diameter

Ni, 0.4 mm aperture

Glass concentric slurry
118 L min”

Ni, 11 mm aperture
diameter

Ni, 09 mm aperture

diameter diameter
Argon gas flow rate 15 L min” 15 L min”
Analyser Quadrupole Quadrupole
Detector Electron multiplier Electron multiplier
Data acquisition Standard  Single particle  Standard  Single
parameters measuring measuring measuring  particle
mode mode mode measuring
mode
Isotopes monitored TAg 9TAg, "7Ag
Dwell time 500 ms 10 ms 50 ms 5ms
Acquisition time 455 60 s 1s 60 s
Points per spectral peak 3 7 7 7
Readings per replicate 3 5,730 5 12,000

ELAN DRC-e ICPMS spectrometer (Toronto, Canada). In aqueous soil leachates and in extracts

obtained from CPE, the total silver content was measured with an Agilent Technologies model

Vertical Dual View 5100 ICP-OES spectrometer (Tokyo, Japan) using an ionic silver calibration

curve in ultrapure water or 1% glycerol medium (5-350 pg L"). For characterising and quantifying

the AgNPs present in aqueous soil leachates and in CPE extracts, the SP-ICPMS was performed

employing a quadrupole-based Agilent Technologies model 7500c ICPMS spectrometer (Tokyo,

Japan) equipped with an Octapole Reaction System (ORS). SP-ICPMS data treatment was carried

out using an in-lab Microsoft Excel spreadsheet and it was compared with RIKILT spreadsheet

[6.27]. All these calculations assume spherical shape particles that present a density equivalent to
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the bulk material, e.g. 10.49 g cm?. The instrumental characteristics and measurement conditions

of the different instruments used in this study are shown in Table 6.1 and Table $6.1 from the

Supplementary information of this chapter. In addition, t test was performed to determine if there

were statistical differences (t

) o not (t ) between the results obtained.

<t >t
critical ~ “experimental critical” “experimental

Size detection limits of AgNPs were determined in mixtures of AgNPs and Ag(l) as 5 times the

standard deviation of the baseline (signal corresponding to the Ag(l)).

64

Results and discussion

6.4.1 Optimisation of CPE-SP-ICPMS methodology

194

6.4.11 Criteria for discriminating continuous signal contribution

The discrimination of the signals corresponding to AgNPs and Ag(l) can be a difficult task in
SP-ICPMS analysis, especially when their signal distributions are overlapped. For this reason,
different algorithms were tested (see Fig. 6.1). The iterative algorithm to discriminate the AgNP
signal from Ag(l) based on y + 30 (see Fig. 6.1b), which is frequently used in SP-ICPMS [6.27,
6.36], shows a significant occurrence of false positives (Ag(l) signals counted as particles). On
the other hand, by using a 5 sigma threshold criteria (7 + 50), the discrimination of the signals
is better, giving much less false positives (see Fig. 6.1¢). These iterative algorithms were also
applied to mixtures of Ag(l)/AgNPs. The results presented in Fig. $6.1 (see Supplementary
information of this chapter) show that y + 50 is the best threshold criterion for discrimination

of Ag(l) signals, being adopted along the work.

6.4.1.2 Sample preparation for CPE-SP-ICPMS analysis

The resulting micelle-rich phase from the CPE procedure is viscous and around 100 ulL of
it is obtained. Standard SP-ICPMS analysis requires the introduction of several millilitres of
aqueous sample. Because of that, in this work, several media were tested to find the adequate
one to dilute the extract obtained in the CPE procedure and to perform SP-ICPMS analysis.
Additionally, this medium should not affect the stability of the nanoparticles. With this
purpose, blanks of CPE were prepared and the micelle-rich phase was diluted to 15 mL with
the following aqueous media: ultrapure water, 1% glycerol (v/v), and 1% isopropanol (v/v).

All tested solvents were miscible with the CPE extract except ultrapure water, where two

phases were observed (see Table $6.2 in Supplementary information of this chapter). Then,
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suspensions of 100 nm citrate-AgNPs (~152 ng L") were prepared in glycerol and isopropanol
(1%) to determine the n_, of the particles in these media. Nebulisation efficiencies were

determined by particle size and particle frequency methods. Results for the latter method
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Fig. 6.1 Signal distribution representations corresponding to 100 nm citrate-AgNPs aqueous standard solution (@) using different

threshold criteria ((b,¢)) to avoid the occurrence of false positives.

were compared with those obtained by using the RIKILT spreadsheet, verifying that the in-
lab Microsoft Excel spreadsheet was designed properly. Results demonstrated that the n
obtained in 1% glycerol were closer to n_, in aqueous medium in comparison with those ones
obtained in 1% isopropanol, especially the values obtained by particle size method (see Table
6.2). Additionally, the tuned measurement conditions (lens voltage and nebulisation gas flow

rate) were more similar between 1% glycerol and ultrapure water than 1% isopropanol (data
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not shown). Therefore, 1% glycerol was selected as the medium to dilute the CPE extracts.

Table 6.2 Nebulisation efficiencies for 100 nm citrate-AgNPs obtained by particle frequency and particle size method and
RIKILT spreadsheet in different media (mean + sd; n = 3).

n ., particle

i i RIKILT
Solvent frequency n... particle size

method (%) method (%) spreadsheet (%)
Ultrapure water 2.88 + 0.02 3.35 + 0.04 291+ 0.01
Glycerol (1%) 311 + 0.0 3.28 + 0.08 312 = 0.01
Isopropanol (1%) 3.20 + 010 377 + 0.06 319 £ 0.09

6.41.3 Nebulisation efficiency determination

To determine the particle size and the particle number concentration in unknown samples,
the nebulisation efficiency has to be known. As aforementioned, nebulisation efficiency can be
calculated by different methods. Here, the particle frequency and the particle size methods
were evaluated with AgNPs of different coatings and sizes 100 nm citrate-AgNPs, 100 nm
PVP-AgNPs, and 75 nm PVP-AgNPs). Although the waste collection method is the simplest, it
was discarded because some bibliography reported higher n_, values and inaccurate results
in comparison with the other mentioned calculation methods [6.7, 6.50].

Several papers reported particle size and particle frequency determination methods using
reference materials (RMs); nevertheless, in this study, AgNP standards characterised by
the manufacturer were used as an alternative to RMs [67, 6.30]. For particle frequency
method assessment, fresh AgNP standards with known particle number concentration were
prepared in ultrapure water and 1% glycerol. The particle concentration was estimated from
the measured silver concentration, the diameter provided by the manufacturer, and the
bulk density of silver. The results obtained by this method are shown in Table 6.3. As can
be seen, no significant statistical differences were observed between the two media used.
Significant statistical differences were neither observed between the results obtained by
using nanoparticles of different sizes or coatings. The calculated nebulisation efficiencies by
particle frequency method were verified by using RIKILT spreadsheet, which is based on
particle frequency method, and no significant statistical differences were observed between
the values obtained.

In addition to fresh AgNP standards, an Ag(l) calibration curve in 2% I—INO3 medium (0.2-10

ng mL") was used to determine the n_, by particle size method. Nebulisation efficiencies
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obtained by this method were higher than those ones obtained by particle frequency method
(see Table 6.3). These differences between the two calculation methods are in accordance
with the results obtained by Liu et al. [6.30]. In general, no significant statistical differences
were observed between the n., values obtained from the different tested media. However,
significant statistical differences were observed between different sizes (75 nm and 100 nm)
and different coatings (citrate and PVP). These differences can be a consequence of the
distinct mass sensitivity in the ICPMS of the particulate and dissolved forms of the element
or the bias in the calculation of the number concentration of the element and the mean size of
the particles, especially for silver because of the presence of a fraction of dissolved element.
So, the use of well-sized nanoparticles is very important in particle size calculation method.
Nonetheless, particle frequency calculation method relates the number of detected particles
to the theoretical number of particles going into the ICPMS assuming that each nanoparticle
that enters into the plasma produces an event. Hence, the factors to control to avoid errors
inn_, determination with this method are as follows: (1) a proper dilution of the nanoparticle
standard solution; (2) particle number concentration; and (3) the sample flow rate have to be
well-known [6.30, 6.50].

Table 6.3 Nebulisation efficiencies obtained from particle frequency method, particle size method and RIKILT spreadsheet of
different coated and sized AgNPs (100 nm citrate-AgNPs, 100 nm PVP-AgNPs, and 75 nm PVP-AgNPs) in ultrapure water and
glycerol (19%) media (mean =sd; n = 3).

n,, particle frequency method (%) n,,particle size method
(%)
Ultrapure water Glycerol (1%) Ultrapure Glycerol (19)
RIKILT RIKILT water

100 nm 31+ Ol 31+ 01 338+ 008 3.41+008 415+ 001 4.21 £ 0.04
citrate-AgNPs
100 nm 3.3+ 01 3.3+ 01 3.4 £ 01 3.4 £ 0Ol 483+ 004 450+ 002
PVP-AgNPs
75 nm 318 £ 0.01 3.23 + 0O.01 3.0+ 0Ol 3.0 £ Ol 4.23 £ 001 4.6 +0.2
PVP-AgNPs

6.4.1.4 Particle size and particle number concentration determination

The nebulisation efficiencies obtained in the previous Section by particle frequency and
particle size methods were used to determine the particle size and the particle number
concentration of the analysed AgNP standards in ultrapure water and 1% glycerol media. For

100 nm citrate-AgNPs and 75 nm PVP-AgNPs, the n , obtained for 100 nm PVP-AgNPs was
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employed, and for 100 nm PVP-AgNPs, the n_, of 75 nm PVP-AgNPs was used. Particle size
values determined using n_, calculated with particle size method were more similar to the
particle diameter provided by the manufacturer than the ones obtained using n_, calculated
with particle frequency method (see Table 6.4). Therefore, particle size method is more robust
for calculating the particle size of the AgNPs than particle frequency method. The number
of particles present in the AgNP standard can explain the lower particle sizes obtained by
frequency-based calculation method because of dissolution of AgNPs or loss of particles in
the material containing the suspension. As a consequence, the number of particles present
in the suspension is lower than the expected and the determined nebulisation efficiency is
underestimated. Nonetheless, no significant statistical differences were observed between
the values reported by the manufacturer and the values determined with both tested
calculation methods. However, in some cases, significant statistical differences were observed
between nanoparticle sizes determined in the tested media. In general, the results showed
that nanoparticles in 1% glycerol were slightly bigger than those determined in ultrapure
water, except for 75 nm PVP-AgNPs. This effect could be due to the fact that glycerol acts as
a stabilising agent and it protects the particles avoiding their partial dissolution [6.51].

Table 6.4 Silver nanoparticles sizes in ultrapure water and glycerol (19) media obtained from nebulisation efficiencies calculated

with the different calculation methods tested in this study and particle diameter values provided by the manufacturer (mean

+sd;n=3)
Particle frequency method Particle size method (%) Manufacturer
(%) value (nm)
Ultrapure Glycerol (1%) Ultrapure Glycerol (19)
water water
100 nm 876 £ 0.2 Q0.7 £0.3 991+ 0.3 99.6 + 0.3 95+9
citrate-AgNPs
100 nm 887 +0.2 80.26 + 0.04 976 £ 0.2 10010 + 0.05 102 £ M
PVP-AgNPs
75nm 70.88 + 0.04 70 +1 80.48 + 0.05 77 £1 77 7
PVP-AgNPs

Furthermore, AgNP concentrations as particle number were calculated. As can be seen in
Table $S6.3 in Supplementary information of this chapter, particle number concentrations
calculated with particle frequency n_, were higher and more similar to the theoretical values
than those ones acquired with particle size n_,. As previously explained by Liu et al. [6.30],

an underestimation of the particle size implies an overestimation of the nanoparticle number
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concentration. Considering the results obtained, particle size method was selected for

calculation of n_, because the bias for the determination of particle size was smaller.

6.41.5 Assessment of sample pH in cloud point extraction

In a previous work, we observed that CPE extraction efficiency is pH dependent because
the highest extraction efficiency was obtained at pH . (zero-point charge pH) [6.42]. For this
reason, a pH optimisation (see the “Cloud point extraction procedure and sample preparation
for SP-ICPMS analysis” Section) was carried out using 75 nm PVP-AgNP standards. Considering
the results obtained in a previous research [6.42], the pHs tested were 3.0, 3.5, and 4.0. pHs
lower than 3.0 were discarded to avoid potential dissolution of the nanoparticles, 82 Oi_
decomposition, and formation of sulfur species [6.52]. As can be seen in Fig. 6.2, the results

obtained indicated that the highest extraction efficiency was obtained at pH 3.5.

100 -
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10 A

3 3.5 4
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Fig. 6.2 Extraction efficiency of cloud point extraction methodology using 75 nm PVP-AgNPs standards of 1 mg L"concentration (n = 3).

6.4.2 Application of CPE-SP-ICPMS to soil sample extracts

In the environment, AgNPs are susceptible to interact with soil components and consequently

they can suffer transformations such as oxidation to Ag(l) [6.53]. This generates the coexistence

of both silver chemical forms in soils and this fact makes the determination of silver particle

size and particle number concentration in these environmental matrices difficult. To avoid these

problems, CPE was applied to aqueous soil leachates before SP-ICPMS analysis, to extract

AgNPs. However, previously, some critical parameters were evaluated: (1) the matrix effect of
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soil leachates over AgNPs; (2) the effect of CPE on particle size; and (3) the assessment of CPE
for extraction of AgNPs in soil contaminated samples they can suffer transformations such as
oxidation to Ag(l) [6.53]. This generates the coexistence of both silver chemical forms in soils
and this fact makes the determination of silver particle size and particle number concentration
in these environmental matrices difficult. To avoid these problems, CPE was applied to aqueous
soil leachates before SP-ICPMS analysis, to extract AgNPs. However, previously, some critical
parameters were evaluated: (1) the matrix effect of soil leachates over AgNPs; (2) the effect of
CPE on particle size; and (3) the assessment of CPE for extraction of AgNPs in soil contaminated

samples.

6.4.2.1 Effect of cloud point extraction and soil matrix on the sizing of AgNPs

In this study, the size determination of the silver nanoparticles in soil leachates can be affected
by soil matrix because it contains diverse components with charged surfaces such as clay
particles or humic acids [6.54, 6.55]. Hence, an evaluation of the potential matrix effects of soll
leachates to AgNP size was also performed. For this experiment, aqueous AgNP standards
(60 nm citrate-AgNPs and 75 nm PVP-AgNPs) and blank aqueous soil leachates spiked with
the same AgNPs were prepared. Nanoparticle sizes obtained indicated that the matrix
leached from soils did not have an effect on the determination of the particle size because no
significant statistical differences were observed between the AgNP diameters determined in

the aqueous standards and in the spiked aqueous soil leachates (see Table 6.5).

Table 6.5 AgNP diameter in aqueous standard solutions and in spiked blank aqueous soil leachates to determine the soil

matrix effect on particle size estimation (mean + sd; n = 2).

Standard used to spike the different Particle size (nm)

matrices Ultrapure water matrix Aqueous soil leachate
matrix

60 nm citrate-AgNPs b3 + 2 b5 + 3

75 nm PVP-AgNPs 75 +1 80 + 2

On the other hand, to get accurate size distributions of the nanoparticles in real samples,
it is necessary to assess changes in size distribution during the extraction. For this, blank
aqueous soil leachates were spiked with 60 nm citrate-AgNPs and 75 nm PVP-AgNPs and
analysed by SP-ICPMS before and after CPE. As it can be seen in Table 6.6, the AgNP
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sizes of the silver nanoparticles did not show significant statistical differences, confirming that
particle size is maintained during the extraction procedure. These results are in agreement
with other authors who also observed no changes in particle size using different nanoparticles
and environmental samples after the CPE procedure [6.46, 6.52, 6.56, 6.57].

Table 6.6 Diameter of AgNPs spiked in blank aqueous soil leachates before and after cloud point extraction procedure to

determine the cloud point extraction effect on particle size (mean + sd; n = 2).

Standard used to spike the Particle size (nm)

aqueous soil leachate Before CPE After CPE

60 nm citrate-AgNPs 65 + 3 62 +1
75 nm PVP-AgNPs 80 + 2 8141

6.4.2.2 Separation of AgNPs from Ag(l) in spiked aqueous soil leachates

To evaluate the selectivity of CPE towards AgNPs with respect to Ag(l) for reducing the
contribution of the latter to the continuous baseline in SP-ICPMS analysis of soil leachates,
blank aqueous soil leachates were spiked with a mixture of AgNPs and Ag(l) at ratios 110 and
1:20. As can be seen in Fig. 6.3, the contribution of ionic silver in SP-ICPMS histograms was

satisfactorily reduced after the application of CPE procedure (see Fig. 6.3b, d). Furthermore,

the histograms show that the signal corresponding to AgNPs is improved because these
samples were more concentrated than the ones without being treated with CPE for carrying
out the SP-ICPMS analysis. As explained, the dilution of the sample for SP-ICPMS is
calculated from the total amount of Ag in the extract, which is lower when applying the CPE.
This indicates the ability of this micro-extraction methodology to preferentially extract these
emerging contaminants. In addition, particle size limits of detection have been calculated
before and after CPE using the background signal from the 1/10 diluted spiked soil leachate.
Fifty-seven and forty nanometers were obtained respectively, demonstrating that this sample
treatment procedure allows improving the size detection limit. Particle size and particle
number concentration were also determined before and after the application of the CPE

procedure. In Table 6.7, similar values (t ) for the particle sizes of the AgNPs

critica\>texperimenta\
present in aqueous soil leachates before the CPE and after the CPE experiment can be seen.
This could be a consequence of the size of the particles used that is big enough to not

be affected by the presence of Ag(l) at these concentration levels. No significant statistical

differences were also observed in particle number concentration obtained before and after
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Fig. 6.3 Histogram representations obtained before cloud poing extraction (a,e) and after cloud point extraction (b,d) of aqueous
soil leachates spiked with mixtures of 75-nm PVP-AgNPs/Ag(l) (a,b ratio 1/10; e,d ratio 1/20).

CPE procedure but concentration values were more similar to estimated ones after AgNP

extraction, especially for the aqueous soil leachates containing a ratio 1/20 (AgNPs/Ag(l))

(t with estimated value before CPE).

o<t
critical = “experimental

Table 6.7 Particle size and particle number concentration obtained before and after cloud point extraction of blank aqueous

soll leachates spiked with mixtures of 75 nm PVP-AgNPs/Ag(l) at 20 ug L7/200 ug L™ or 10 ug L'/200 ug L™ concentration (mean

+sd;n=2)

AgNPs/Ag(l) Particle size (nm) Particle number concentration (particle

(pgL?) L)

Calculated Manufacturer Calculated Manufacturer value
value

Before 20/200 749 + 0.6 777 7 9107 + 110°? 827107 + 0.0410°7
CPE 10/200 757 £ 0.2 8.810% + 0.210° 419107 £ 0.0210°
After 20/200 768 £ 0.4 777 +7 4.5510 £ 0.05107 819107 + 0.0210°
CPE 1O/2OO 76.4 £ 0.8 47107 + 0.5107 4.03707 + 0.0210°

6.4.2.3 CPE-SP-ICPMS analysis of spiked soils

After evaluation of the aforementioned parameters affecting CPE and SP-ICPMS procedures,
the developed methodology was applied to soil leachates. Soil samples spiked with AgNPs
(60 nm citrate-AgNPs and 75 nm PVP-AgNPs) and stored during 3 weeks were subjected
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to CPE and the obtained extracts were analysed by SP-ICPMS. The histograms obtained
showed the oxidation of the silver nanoparticles after 3 weeks due to the presence of a broad
Ag(l) distribution at the low signal intensities. The AgNP signal distributions were overlapped
with those ones of dissolved silver, although in a higher extent for 60 nm citrate-AgNPs (see
Fig. 6.4) than for 75 nm PVP-AgNDPs (see Fig. $6.2 in the Supplementary information of this
chapter) because the signal produced by small nanoparticle is lower than the signal generated
by a bigger one. Moreover, small-sized particles are more prone to get dissolved due to
the large fraction of surface atoms or the low redox potential [6.3]. This overlapping of the
distributions complicates the detection, sizing, and quantitation of the AgNPs. This problem
was especially serious for the 60 nm citrate-AgNP particle size distributions because part of
the distribution was neglected (see Fig. 6.4b), generating an underestimation of the particle
size as it can be seen in Table 6.8. Although the AgNP and Ag(l) distributions of the 75 nm
PVP-AgNPs were practically not overlapped (see Fig. $6.2 in the Supplementary information

of this chapter), the estimation of the particle size was also affected by the presence of Ag(l)

160 a 160 1 b
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Fig. 6.4 Histogram (a before CPE, ¢ after CPE) and particle size distribution (b before CPE, d after CPE) representations of 60

nm citrate-AgNPs in aqueous soil leachates obtained from a soil contaminated with nanoparticles during 3 weeks.

(see Table 6.8). After applying the cloud point extraction to these aqueous soil leachates, the
presence of Ag(l) was drastically reduced for both samples as it is shown in Fig. 6.4 and Fig.
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6.5

$6.2 in the Supplementary information of this chapter, facilitating the discrimination of the
signals corresponding to AgNPs from the ones corresponding to Ag(l). Additionally, complete
particle size distributions were obtained allowing a better estimation of the particle sizes. The
AgNP diameter values after the extraction process were higher than the ones determined
without the CPE. The estimated values for 60 nm citrate-AgNPs (63.4 + 0.4 nm) and 75 nm
PVP-AgNPs (73.5 + 0.5 nm) present in the CPE extracts were similar to the manufacturer’s
value (59 + 5 nm and 77 + 7 nm respectively) (see Table 6.8). These results indicate that these
particles do not suffer a reduction of the size after 3 weeks of contact with the studied sail.
Furthermore, higher particle number concentration values were obtained after applying the

CPE (t

Crmca‘<texpemmma‘). The lower particle number concentration obtained can be explained
as a consequence of the partial overlapping of the peaks in the histogram when CPE is not
carried out. The increment of AgNP ratio in the CPE extracts is due to the removal of the Ag(l)
and consequently a clearer and higher AgNP peak in SP-ICPMS histograms is observed. In
conclusion, these results indicate that the combination of cloud point extraction methodology
with SP-ICPMS analysis could be beneficial to get accurate information of AgNPs in complex

environmental samples.

Table 6.8 Particle size and particle number concentration of AgNPs in aqueous soil leachates obtained from soils contaminated

with 60 nm citrate-AgNPs and 75 nm PVP-AgNPs during 3 weeks (mean = sd; n = 2).

Soil leachate

Before CPE After CPE

60 nm 75 nm 60 nm 75 nm

citrate-AgNPs PVP-AgNPs citrate-AgNPs PVP-AgNPs
Particle size (nm) 56.8 + 0.8 63 +5 63.4+0.4 735+ 0.5
Particle number 1.310° + 0.270°  2.010° + 0.310° 2.210° + 0.210° 410" + 210°

concentration
(particle L)

Conclusions

In this contribution, determination of ICPMS nebulisation efficiencies for different sized and coated

AgNPs with two different calculation methods has been discussed employing AgNP standards

(particle size and particle number concentration proportionated by the manufacturer). Nebulisation

efficiencies determined via particle frequency and particle size methods were slightly different,

being lower the ones obtained by the frequency calculation method. Better agreement with the
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manufacturer diameter values was obtained using size-based nebulisation efficiencies.

On the other hand, the use of cloud point extraction in combination with SP-ICPMS for characterising
and getting quantitative information of silver nanoparticles in soil samples has been evaluated.
Previous tests with spiked aqueous soil leachates indicated that particle size is not affected by CPE
procedure and by the soil matrix. It is also demonstrated that the application of CPE in samples
containing mixtures of AgNPs and Ag(l) before SP-ICPMS analysis facilitates the separation of the
signal intensities corresponding to both silver chemical forms. Additionally, it was observed that
samples containing high amounts of ionic silver generate an underestimation of the particle size and
applying the CPE a more accurate particle size value can be obtained. The developed methodology
has been successfully applied to samples containing high amounts of Ag(l) after 3 weeks of contact
with AgNPs, improving the estimation of AgNP diameters and particle number concentrations.
Although CPE-SP-ICPMS has to be assessed with other coated and sized AgNPs and also mixtures
of them because in the environment several types of nanosilver can be found, the combination of

these analytical tools is a promising alternative to sophisticated hyphenated techniques.
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Table S6.1 Flame atomic absorption spectrometer and inductively coupled plasma emission optic spectrometry instrumental and data

acquisition parameters.

PerkinElmer AAnalyst 200 flame atomic absorption spectrometer

Instrumental characteristics Lamp
Current lamp

Wavelength selector

Hollow cathode
15 mA

Echelle monochromator

Slit width 0.8 mm
Air flow 10 L min?
Acetylene flow 2.5 L min’
Data acquisition parameters Ag wavelength 328068 nm
Agilent 5100 Vertical Dual View ICP-OES spectrometer
Instrumental characteristics RF power 1200 W
Pump speed 12 rpm

Nebuliser chamber
Nebuliser

Nebuliser flow rate
Argon gas flow rate
Plasma configuration

Wavelength selector

Double pass glass cyclonic
Concentric glass

07 L min”

12 L min’

Axial (double vision)

Echelle polychromator

Data acquisition parameters Ag wavelength
Detector
Reading time

Readings per replicate

328068 nm
Charge-coupled device (CCD)
1s

3

Table $6.2 Results obtained for the different solvents tested to dilute the cloud point extraction extract (surfactant).

Solvent Resulting solution Miscible or immiscible?
appearance

Ultrapure water Two phases Immiscible

Glycerol (1%) Transparent Miscible

lsopropanol (1%) Turbid Miscible
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Table S6.3 Silver particle number concentration in ultrapure water and glycerol (1%) media obtained from nebulisation efficiencies calculated with the different methods tested in this study and silver
particle number concentration estimated value of the AgNPs standards prepared (mean = sd; n = 3).

Particle number concentration (particle L")

Ultrapure water Glycerol 1%) Ultrapure water Glycerol (1%)

Particle frequency Particle size Particle frequency Particle size Estimated value

method method method method
100 nm 3.36107 + 0.310° 2.290107 + 0.210° 3.6107 + 110° 2.69107 + 0.710° 3.6107 3.6107
citrate-AgNPs
100 nm 3.0107 £ 110° 2.27907 + 0.910° 31907 + 110° 2.2107 £ 110° 2.89107 27510’
PVP-AgNPs
75 nm 2.552107 + 0.810° 1743107 + 0.510° 2.52107 + 810° 191107 + 610° 2.65107 2.87107
PVP-AgNPs
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ABSTRACT

Silver nanoparticles (AgNPs) are broadly commercialised due to their antibacterial properties. The
wide industrial fabrication of daily life products containing these particles enhances their possibilities
to reach the environment and exert toxic effects. Therefore, it is important to understand the uptake,
translocation and biotransformation in plants and the toxicological impacts derived from these biological
processes. In the present contribution, Lactuca sativa (lettuce) was exposed to different coated and
sized AgNPs at different nanosilver concentrations. Total silver measurements in lettuce roots indicated
that accumulation of AgNPs is influenced by size and concentration, but not by nanoparticle coating. On
the other hand, nanosilver translocation to shoots was more pronounced for neutral charged and large-
sized NPs at higher NP concentrations. Single particle inductively coupled plasma mass spectrometry
analysis, after an enzymatic digestion of lettuce tissues indicated the dissolution of some NPs. Ag K-edge
X-ray absorption spectroscopy analysis corroborated the AgNPs dissolution due to the presence of
less Ag-Ag bonds and appearance of Ag-O and/or Ag-S bonds in lettuce roots. Toxicological effects
on lettuce plants were observed after exposure to nanosilver, especially for transpiration and stomatal
conductance. These findings indicated that AgNPs can enter to edible plants, exerting toxicological

effects on them.

Keywords: Silver nanoparticles, Lactuca sativa, Inductively coupled plasma optic emission spectrometry, Single particle inductively coupled
plasma mass spectrometry, X-ray absorption spectroscopy.
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71 Introduction

The global market of manufactured nanomaterials has increased in recent times generating in Europe
a revenue of 2.5$ billion in 2015. This rising tendency seems to continue, expecting a compound
growth rate of 20% during 2016-2022. Among the different types of nanomaterials, silver nanoparticles
(AgNPs) are considered the most commercialised, forecasting a growth of the market of nearly
13% in 2016-2024 [71]. The main AgNP uses include diagnostic, antibacterial, conductive and optical
applications because of their unique physicochemical properties given by their nanosize (1100 nm).
The broad of AgNP applications increase their chance of reaching environmental compartments
(air, water or/and soil) through direct (e.g. photocatalyst during water treatment) or indirect modes
such as landfills, waste incineration and effluent or sewage sludge from wastewater treatment plants
[7.2-75]. Soils are the major sink of disposal of these emerging contaminants estimating an increase
by 1.2 and 110 ng kg’ per year in bare soil and soil treated with sewage sludge, respectively [7.6].
Consequently, terrestrial organisms as well as plants are exposed to these particles generating a
growing concern in their toxicological effects on ecosystem and human health. AgNPs can enter into
vegetal species through their interactions with plant rhizosphere (soil, water), penetrating cell walls
and membranes of root epidermis and subsequently entering vascular tissues (xylem). After reaching
the xylem, which is the main tissue in plants for transporting water and nutrients from roots to shoots,
particles can be translocated to leaves through stems. Another way of nanosilver entry is through
air, by their attachment to aerial parts of the plant [7.2,77, 7.8]. During their transport inside the plant,
silver nanoparticles are susceptible to transformation processes such as partial oxidation, surface
modification, dissolution and/or aggregation/agglomeration [7.3,7779]. All these biotransformations
may influence AgNPs toxicity to plants, especially the dissolution of metallic silver from nanoparticles
that is considered to partly explain nanoparticles toxicity [710,711]. Their toxicity effects are greatly
dependent on particle characteristics (coating, size and surface properties), plant species and plant
growth substrates (soil, hydroponics and culture medium) [712]. Due to the multiple factors that
contribute to AgNP effects in plants, several studies have been performed. Most of them have been
conducted with Arabidopsis thaliana as model plant because it has a short generation time, small
size, high seed production and a small fully sequenced genome [7.3]. From these works, it has been
confirmed that AgNPs can be accumulated in A. thaliana plants cultivated in different media such
as agar [713-715], Hoagland's [716,717] or soil [718], and that these particles provoke root, shoot and

leaf growth reduction [713,715,718-7.22]. Plant growth reduction is typically caused by the inhibition
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of photosynthesis that is affected by chlorophyll content. In fact, some studies with A. thaliana have
shown a decrease in chlorophyll content when plants have been contaminated with AgNPs [714,715,
7.22]. Reactive oxygen species (ROS), which are the combination of molecular oxygen with surplus
electrons, are also formed when photosynthetic efficiency decreases causing structural damages
to chloroplasts, lipids and DNA macromolecules. However, plants have an antioxidant defence
system (enzymatic and non-enzymatic antioxidants) to avoid the increase of ROS levels. An excess
of ROS respect to antioxidants is called oxidative stress, which can lead to cell damage. Several
studies have found an increase of ROS species, oxidative stress, cellular structural damages or gene
alterations when Arabidopsis thaliana has been exposed to AgNPs [713-716,719-7.21]. Furthermore,
several authors have corroborated that toxicity of nanosilver to A. thaliana depends on particle
concentration [714], particle size [717] and silver species (AgNPs or Ag(l)) [713,7.21]. Because of the
negative effects that nanosilver can exert to A. thaliana, it was also considered essential to evaluate
the toxicity of these particles in aquatic [7.23], wetland [7.24,7.25] and edible plants [79,7.26-7.44].
Among the studied crop plants, some works have been performed with Lactuca sativa (lettuce),
which is common in farmlands and as foodstuff. Barrena et al. [7.33] showed that uncoated AgNPs (2
nm) negatively affect lettuce seed germination. Larue et al. [7.45] determined that foliar exposure of
L. sativa to uncoated AgNPs (38.6 nm) at different concentration levels (1, 10,100 pg g") did not lead
to changes in biomass, protein content and photosynthetic parameters. Nevertheless, AgNPs (as Ag
agglomerates) over the surface of lettuce leaves including stomata were detected by micro X-ray
fluorescence. Moreover, it was determined by X-ray absorption near edge structure spectroscopy
(XANES), that the majority of the analysed regions of lettuce leaves contained a mixture of AgNPs
and secondary species such as Ag-glutathione. Doolette et al. [7.46] demonstrated that Ag uptake
by lettuce (AgNPs (40 nm) and silver sulfide nanoparticles (152 nm)) from dosed soils depends on
nanoparticles dissolution and that the biocavailability of Ag from these particles increases with the
application of ammonium thiosulfate fertiliser. Furthermore, a low translocation of Ag from roots
to shoots in lettuce was also reported. These previous studies with lettuce informed about the
accumulation and toxicity of AgNPs, but none of them assessed the impact of nanosilver coating
and size on uptake, translocation and toxicity in this crop plant. Cvjetko et al. [79] stated that AgNPs
toxicity in Allium cepa is directly correlated to particle size, surface charge and/or surface coating.
Thus, in order to better understand the behaviour of nanosilver in lettuces, the effect of these

particles depending on their characteristics has also to be studied. The aims of this work were to: (1)
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assess the concentration effect on uptake and translocation of AgNPs and Ag(l) in lettuce tissues;
(2) evaluate the uptake and translocation of different types of AgNPs (size/coating) and Ag(l) in L.
sativa roots and shoots; (3) evaluate the toxicity effects of AgNPs and Ag(l) by some L. sativa plant
physiological parameters (leaf gas exchange, chlorophyll fluorescence and photosynthetic pigment
content); (4) determine silver form (nanoparticle or dissolved) in roots and shoots from the studied
lettuce plants; and (5) investigate Ag speciation and ligand environment in the model crop plant by

Ag K-edge X-ray absorption spectroscopy (XAS).
7.2 Material and methods

7.2.1 Chemicals, materials and apparatus

Well-characterized (AgNP characteristics supplied by the manufacturer) commercial solutions
of sodium citrate (2 mM) stabilised silver nanoparticles (citrate-AgNPs) of 60 and 100 nm;
polyvinylpyrrolidone coated AgNPs (PVP-AgNPs) of 75 and 100 nm stabilised with sodium citrate
(2 mM); and polyethyleneglycol coated AgNPs (PEG-AgNPs) of 100 nm dissolved in water were
purchased from NanoComposix (San Diego, USA). These AgNP commercial stock solutions were
used to dose plant growth medium for assessing nanosilver absorption by lettuces. An ionic
silver stock solution of 1,000 + 2 mg L™ (Merck KGaA, Darmstadt, Germany) was also employed
for spiking plant growth medium, and for preparing inductively coupled plasma optical emission
spectrometry (ICP-OES) and inductively coupled plasma mass spectrometry (ICPMS) standard
solutions. The Hoagland solution (nutrient solution) was prepared with the following reagents:
zinc sulfate monohydrate (ZnSOA-I—IQO, Panreac, Barcelona, Spain), molybdenum trioxide (MoOs,
Panreac, Barcelona, Spain), calcium nitrate tetrahydrate ((CaNO});AHZO, Panreac, Barcelona,
Spain), ammonium iron (II1) sulfate dodecahydrate ((I\H—lAI:e(SOA)2 - 12H O, Panreac, Barcelona,
Spain), manganese chloride tetrahydrate (MnClzoA,l—le, Panreac, Barcelona, Spain), potassium
nitrate (KNOS, Merck KGaA, Darmstadt, Germany), copper sulfate pentahydrate (CUSOA-SHQO,
Panreac, Barcelona, Spain), boric acid (HsBOy Merck KGaA, Darmstadt, Germany), ammonium
hydrogen phosphate (NH,),HPO, Sigma-Aldrich, St. Louis, USA) and magnesium sulfate (MgSO,,
Sigma-Aldrich, St. Louis, USA). In addition, for preparing the Hoagland solution, sodium hydroxide
(NaOH, Panreac, Barcelona, Spain) was used to adjust the pH. High purity water obtained
from a Milli-Q purification system (Millipore Corp., Bedford, MA) was employed to prepare

the Hoagland solution and to dilute stock solutions and sample digests. Acetone and calcium
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carbonate (CaCO,, Panreac, Barcelona, Spain) were employed to determine chlorophyll and
carotene contents. For the microwave acid digestion of lettuce tissues analytical grade hiperpur
quality nitric acid (HNO, 69%, Ag 01 ng g', Panreac, Barcelona, Spain) and hydrogen peroxide
(H,O, 30%, Sigma-Aldrich, St. Louis, USA) was used. Macerozyme R-10 enzyme from Rhizopus sp.
(Serva Electrophoresis GmbH, Heidelberg, Germany) and citric acid (Panreac, Barcelona, Spain)
were utilsed to digest plant tissues for AgNP extraction.

Ovan magnetic stirrers (Barcelona, Spain) were employed to agitate the lettuce growth media
(Hoagland solution). An ultrasonic bath J.P. Selecta (Barcelona, Spain) was employed to break
down the possible agglomerated AgNPs.

Leaf gas exchange parameters were measured using a portable open-circuit infrared gas analyser
system (CIRAS-2, PP-Systems Inc. Amesbury, USA) at about 400 mg L of CO, equipped with
a leaf chamber cuvette (PLC6-18mm of diameter, PP-systems Inc. Amesbury, USA). Chlorophyll
fluorescence of the adaxial surface of attached leaves was measured using a portable modulated
fluorimeter PAM-2100 (Heinz Walz GmbH, Effeltrich, Germany). Lettuce leaf chlorophylls and
carotenoids concentration were determined employing a spectrophotometer Genesys 6 (Thermo
electron corporation, Massachusetts, USA).

The acid digestion of vegetal tissue samples was carried out with a Berghof Speedwave Xpert
microwave digestion system (Eningen, Germany) equipped with an innovative sensor technology
(temperature and pressure). The enzymatic digestion of lettuce tissue was performed with an
incubator Ecotron (Infors HT, Bottmingen, Switzerland) equipped with a temperature sensor. The
separation of plant tissues from the supernatant during enzymatic digestion procedure was done

with Rotofix 32A centrifuge (Hettrich-Zentrifugen, Landau, Germany).

7.2.2 Plant culture

Lactuca sativa seedlings obtained from a garden centre (Can Morera, Girona, Spain) were
cleaned with tap water, especially their roots since they contained organic matter. After the
cleaning procedure, the plants were completely rinsed with Milli-Q water. Lettuces were
cultivated in polypropylene containers containing 100 mL of Hoagland solution [7.47] (pH ~ 57)
contaminated with AgNPs or Ag(l) depending on the test to be performed as shown in Table 7.1.
The growing period was 9 days with 16h/8h light/dark regime at controlled temperature (21 + 2 °C).

In addition, hydroponic media were under constant magnetic stirring during the growing period.
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Table 7.1 [ ettuce growing conditions in the different tests performed (control =0 mg L7).

Silver form in lettuce Concentration of silver in
Test . . . .
growing media lettuce growing media
AgNPs and Ag(l) 75 nm PVP-AgNPs
d L
concentration effect Ag(l) © 3,5 710 and15mg
100 nm PVP-AgNPs
AgNPs coating effect 100 nm citrate-AgNPs 0,1,3mgl’

100 nm PEG-AgNPs

75 nm PVP-AgNPs
100 nm PVP-AgNPs
60 nm citrate-AgNPs
100 nm citrate-AgNPs

AgNPs size effect 0,1,3mglL’

7.2.3 Measurement of physiological parameters

After lettuces cultivation and exposure to AgNPs or Ag(l), the physiological parameters (leaf

gas exchange, chlorophyll fluorescence and photosynthetic pigment content) of fully-developed

lettuce leaves were measured to determine if these emerging contaminants have a toxicological

effect on the studied plant. Data were analysed separately for both tests, and one-way ANOVAs

were applied to test whether different Ag(l) or AgNP concentration or coated AgNPs were

statistically different from controls.

222

7.2.3.1 Gas-exchange measurements

Foliar gas exchange parameters, including transpiration rates (E), stomatal conductance (g,)
and net photosynthetic rates (4) were measured in an attached fully-developed leaf from three
(or four) different L. sativa plants per treatment in the concentration and coating experiments
performed (see Table 7.1). These parameters were analysed using a portable open-circuit
infrared gas analyser system. Intrinsic (A/gs; WUE) and instantaneous (A/E; WUE) water use

efficiencies were also calculated.

7.2.3.2 Chlorophyll a fluorescence measurements

Measurement of chlorophyll a fluorescence provides an insight about the health of the
photosynthetic system. Components of chlorophyll a fluorescence were quantified with a
portable modulated fluorometer PAM-2100 (Heinz Walz GmbH, Effeltrich, Germany) using
4 plants per treatment in the concentration effect test and 2-4 plants per treatment in the

coating effect test. Measurements were performed on one exposed and fully developed
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leaf per plant. After a dark-adaptation period of at least 30 min, we obtained the potential
photochemical efficiency of PSIl or Fv/Fm, where Fv was the variable fluorescence calculated
as Fv = Fm-F, being F, the minimum and Fm the maximum dark-adapted fluorescence. The
actual photochemical efficiency of PSIl in the light-adapted state was estimated as: AF/Fm’
= (Fm"-F)/Fm/, where F is the steady-state fluorescence yield under the given environmental
conditions, and Fm’ is the maximum level of fluorescence obtained during a saturating flash
of light. From this index, we calculated the apparent electron transport rate (ETR) as: ETR =
AF/Fm/x PAR x 0.84 x 0.5, where PAR was the incident photosynthetically active radiation
(expressed in pmol m? s), 0.84 was the assumed coefficient of absorption of the leaves, and
0.5 was the assumed distribution of absorbed energy between the two photosystems [7.48].
Finally, the non-photochemical quenching coefficient (NPQ), which is a measure of the thermal

dissipation of excess energy, was determined as NPQ = (Fm-Fm)/Fm’

7.2.3.3 Chlorophyll and carotenoid concentration

To determine leaf concentration of chlorophylls (Chl) and carotenoids (Car), 01 g of fresh
lettuce leaves per plant were ground with a mortar in presence of a little quantity of liquid
nitrogen, 10 mg CaCO3 to buffer the solution and 1 mL of acetone (100%). Then, 7 mL of
80% acetone were added in aliquots. When the sample was colourless and totally ground,
it was transferred into 15 mL centrifuge tube, being centrifuged at 6,000 rpm during 5 min.
The resultant supernatant was transferred to another centrifuge tube and it was diluted to
10 mL with 80% acetone. Finally, the absorbance was measured at 470, 646.6 and 663.6 nm
wavelengths using 80% acetone as blank sample. Leaf concentrations of chlorophyll a and
b, total chlorophylls, and carotenoids were then estimated using Porra et al. [7.49] equations
for the chlorophylls and Lichtenthaler and Wellburn [7.50] equation for the carotenoids, as in
Verdaguer et al. [7.51]. The content of pigments was finally expressed as mg g'dry weight (DW)
and the ratio Car/Chl a+b was calculated.

7.2.4 Plant treatments

After measuring plant physiological parameters, lettuces were submitted to different sample

treatments depending on the analysis to be performed. The sample treatments applied are

described in the following sections:

223



Chapter 7

224

7.2.4.1 Total sample digestion

In order to determine the total silver content accumulated in plant tissues (shoots and roots) a
microwave acid digestion was performed. For that, lettuces were washed 3 times with Milli-Q
water to remove the residual dosing solution and then the shoots were separated from the
roots. Afterwards, shoots and roots were dried in the oven during 24 h at 60-70 °C. After 24
h, the dried samples were weighed, placed in a polytetrafluoroethylene (PTFE) reactor and
were ground with a glass rod. Next, 9 mL of I—INO5 (69%) and 1 mL of H. O, (30%) were added
in each PTFE reactor. After capping the vessels, the vegetal samples were digested into the
microwave following a digestion program consisting on a first step of 5 min to reach 180 °C,
a second step of 10 min at 180 °C and a third step of 15 min of cooling to room temperature
[7.52]. Once at room temperature, plant digests were transferred to polystyrene tubes and
were diluted to 20 mL with Milli-Q water. Finally, the samples were stored at 4 °C until their
analysis by ICP-OES or ICPMS. Data were analysed separately for concentration, coating and
size tests. One-way ANOVAs were applied to all these tests separately to determine whether
different Ag(l) or AgNP concentration, different coated AgNPs and different sized AgNPs

were statistically different between each other.

7.2.4.2 Enzymatic sample digestion

Anenzymatic digestion was performed to verify the presence of AgNPs after beingaccumulated
in lettuce tissues. As in microwave acid digestion procedure, lettuces were washed 3 times
with Milli-Q water before carrying out the enzymatic digestion. After removing the residual
dosing solution, the shoots were separated from the roots and then both vegetal tissues (roots
and shoots) were cut in small pieces using scissors. Then, the tissues were homogenised in
8 mL of citrate buffer (2 mM) adjusted to optimum pH range (3.5-70) for Macerozyme R-10
in accordance with manufacturer’s information. Afterwards, 2 mL of Macerozyme R-10 (1 g of
enzyme powder in 20 mL of Milli-Q water) were added. Macerozyme R-10 from Rhizopus sp. is
a multi-component enzyme containing pectinase 0.5 unit/mg, hemicellulose 0.25 unit/mg and
cellulose 01 unit/mg, which enables the digestion of vegetal tissues and the extraction of the
nanoparticles. After adding the Macerozyme R-10, the samples were shaken in an incubator at
37°C during 24 h. Afterwards, the plant digests were settled during 1h and then were filtered
by gravity to remove the small pieces of plant tissues [7.53]. Finally, the samples were filtered

through 0.45 um cellulose acetate filter (Whatman, Filterlab, Barcelona, Spain) and diluted to
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20 mL with Milli-Q water.

7.2.4.3 XAS sample preparation
The fresh roots were rinsed with Milli-Q water, frozen in liquid nitrogen, homogenised and

fixed onto Cu holders for measurements under cryo conditions.

7.2.5 Analysis of plant digests
The plant tissue digests obtained from the two digestion methods were analysed with two

different instruments as described below:

7.2.5] Measurement of total silver content in lettuce tissues

Lettuce root digests obtained from microwave acid digestion were analysed with an ICP-
OES system (Agilent 5100 Vertical Dual View, Agilent Technologies, Tokyo, Japan) in order
to determine the total silver content accumulated in the roots. This instrument is equipped
with a concentric glass nebuliser, a double pass glass cyclonic spray chamber, an echelle
polychromator wavelength selector and a charge-coupled device (CCD) detector. The
measurement conditions were: 1,200 W RF power, axial plasma configuration, 12 L min™ plasma
gas flow rate, 0.7 L min” nebuliser flow rate, 25 s of stabilisation time, 1s of reading time and 3
replicates for each reading. The silver wavelength used was 328.068 nm.

Silver concentrations in lettuce root and shoot tissues below the detection limit of ICP-
OES (lettuce tissue digests obtained from enzymatic and microwave acid digestions) were
determined by an ICPMS 7500 c (Agilent Technologies, Tokyo, Japan) equipped with a
Babington nebuliser, a double pass scott nebuliser chamber, an octopole reaction collision
cell system (ORS), a quadrupole analyser and an electron multiplier detector. Measurement
parameters were: 1,500 W RF power, 15 L min' plasma gas flow rate, 11 L min" nebuliser flow
rate, 20 s of stabilisation time, integration time of 01 s and 3 readings per replicate. The

isotope monitored was '7Ag.

7.2.5.2 Detection of AgNPs in lettuce tissues

Single particle inductively coupled plasma mass spectrometry (SP-ICPMS) was employed for
analysing the plant tissue digests obtained by enzymatic digestion in order to determine the
chemical form of silver (AgNPs or Ag(l)) after being accumulated in these plants. Prior to SP-
ICPMS analysis, the total silver content was determined using ICP-OES or ICPMS system to
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adjust the silver concentration in sample digests at <1 ug L. SP-ICPMS analysis was carried
out with an ICPMS 7500 c (Agilent Technologies, Tokyo, Japan) using a 10 ms dwell time and a
total measurement time of 60 s. The raw data obtained by the analysis performed was treated

using Excel software.

7.2.6 XAS analysis

The samples were measured at CLASS beamline of Synchrotron ALBA in Barcelona, Spain.
The samples were fixed on the Cu holders and mounted on a finger cooled by a He cryostat.
Ag K-edge EXAFS spectra were measured in fluorescence mode using CdTe detector (Amptek,
USA) with a total collection time of ~2 h in consecutive runs, to ensure the useful interval up
to k = 10 A", The spectra were analysed with IFFEFIT software [7.54). Statistical analysis of Ag

neighbourhood in plants was performed by XLSTAT software.

7.3 Results and discussion

7.3.1 Evaluation of plant growing medium conditions

A test to evaluate the best conditions for accumulating the maximum quantity of silver inside
lettuce tissues (roots and shoots) during the growing process was performed before carrying
out the experiments of this study. For this test, lettuce plants were cultivated during 9 days
(16h/8h light/dark, 21 + 2 °C) in 100 mL hydroponic medium containing 75 nm PVP-AgNPs (1 mg L)
under two different conditions: without agitation and magnetic stirring (~200 rpm). After 9 days of
cultivation, lettuce roots and shoots were submitted to an acid digestion following the procedure
described previously (Section 7.2.41). Then, the resulting sample digests were analysed by ICP-
OES or ICPMS to determine the total silver content in lettuce tissues. As can be seen in Fig. $7.1
in the Supporting information of this chapter, the highest total silver concentration was obtained
in lettuce roots and shoots cultivated in nutrient medium submitted to magnetic stirring agitation.
This could be due to the fact that AgNPs tend to be deposited at the bottom of