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General introduction 

 

According to conventional definition, a nanoparticle is defined as a nano-object having its three 

external dimensions in the size range from about 1 to 100 nm [1]. However, from behavioural 

point of view, the sub-micrometric range (i.e. ≤ 1000 nm) has to be considered in order to account 

at once primary nanoparticles (NPs) and assemblies of nano-object [2]. Nanoparticles, which can 

have different origin (soil erosion, volcanic eruptions, dust storms, wildfires, etc.), are an intrinsic 

part of environmental compartments [2,3]. Environmental NPs have a potential risk for human 

health and ecosystems due to their ubiquity, specific characteristics and properties (extremely high 

mobility in the environment, abilities of accumulation of toxic elements and penetration in living 

organisms) and, hence, should be scrutinized. 

 

The study of environmental NPs remains a challenge for analytical chemistry. In fact, NPs in a 

polydisperse environmental sample may represent only one thousandth or less of the bulk sample. 

Consequently, a considerable sample weight must be handled to separate amount of NP fraction 

sufficient for their dimensional and quantitative characterization. Moreover, there is the lack of 

unified analytical methodologies for recovering nanoparticulate fractions for their subsequent 

quantitative analysis [4,5]. Nowadays various techniques can be used for the separation of 

nanoparticles from environmental particulate samples. Environmental nanoparticles can be 

fractionated by membrane filtration, centrifugation, or field-flow fractionation (FFF) techniques. 

Due to their advantages (that will be discussed in detail in Chapter 1), the group of field-flow 

fractionation (FFF) techniques can serve as a basis for the development of unified methodology 

applicable to the study of environmental NPs. 

 

This doctoral thesis focuses on the complementary use of asymmetrical flow and coiled tube field-

flow fractionation techniques in the analysis of environmental particulate samples. Volcanic ashes 

from different regions of the world were taken as test samples. As compared, for example, to street 

dust, which has both anthropogenic and natural origin, volcanic ash is only from one source 

(volcanic eruption). The ash samples with particles size over a very wide range (from nanometre 

to millimetre) are characterized by an extremely low content of organic matter [6]. Therefore, 

volcanic ashes look to be appropriate “simple” samples for the comparative study of different 

separation methods and the development of a methodology for the recovery of nanoparticle 

fractions from polydisperse environmental solids. Furthermore, volcanic eruptions are one of the 

main sources of natural nanoparticles. During one eruption, more than 30 million tons of ash can 

be ejected to the height of tens of kilometers and reach the stratosphere, where volcanic ash 
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particles may spread worldwide and affect all areas of the Earth for years [7]. For example, it is 

known that airborne volcanic ash particles contribute to cooling of Earth surface due to ability of 

absorption and scatter solar radiation [8]. In addition, volcanic ash as a source of nutrient elements 

(e.g. iron and phosphorus) can increase bioproductivity of phytoplankton [9] and affect the global 

balance of CO2 and hence climate change [10]. Along with nutrient elements, volcanic ash also 

contains toxic elements. Moreover, according to recent studies, particles of volcanic ash can 

accumulate toxic and potentially toxic elements; the concentration of these elements in NPs can 

be one or two order of magnitude higher than bulk ones [3,6]. 

 

The manuscript of doctoral thesis consists of three chapters. The first chapter is synthesis and 

assessment of bibliography concerning to the subject of the present study. It presents the 

examination of various approaches and techniques applied to the separation of environmental 

nanoparticles. Recent examples of studies on environmental nanoparticles of various origin for 

instance, dust, natural water colloids, and ashes, are also considered in this chapter. 

 

The second chapter describes materials, reagents, techniques, and procedures which were used for 

the study of volcanic ash nanoparticles. 

 

The third chapter considers results of the development of methodology based on the 

complementary use of asymmetrical flow and coiled tube field-flow fractionation techniques for 

the study of volcanic ash nanoparticles. Furthermore, the results related to the investigation of 

stability of environmental nanoparticles are also given. The new coiled tube field-flow 

fractionation procedure is proposed. 

 

Finally, the general conclusion summarizes all the results obtained in the present study and 

describes possible perspectives. 

 

The text of the present manuscript contains data of three articles published in international 

scientific journals and one submitted article. All the articles were prepared within the framework 

of this doctoral thesis. The list of articles is given in appendix. 
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Introduction générale 

Selon la définition conventionnelle, une nanoparticule (NP) est un nano-objet ayant ses trois 

dimensions externes dans la plage de taille allant d'environ 1 à 100 nm [1]. Cependant, d’un point 

de vue comportemental, la gamme sub-micrométrique (c’est-à-dire inférieure ou égale à 1000 nm) 

doit être considérée pour tenir compte à la fois des nanoparticules primaires et des assemblages de 

nano-objets [2]. Les nanoparticules peuvent avoir différentes origines telles que l’érosion des sols, 

les éruptions volcaniques, les tempêtes de poussière, ou encore les feux de forêt. Elles font donc 

partie intégrante des compartiments environnementaux [2,3]. Les NP environnementales 

présentent un risque potentiel pour la santé humaine et les écosystèmes en raison de leur ubiquité, 

de leurs caractéristiques et de leurs propriétés spécifiques. Plus particulièrement les NP ont une 

mobilité extrêmement élevée dans l'environnement, une capacité à associer, voire à concentrer des 

éléments toxiques et à pénétrer dans les organismes vivants. Les nanoparticules doivent donc être 

considérées avec une attention particulière dans les études environnementales.  

 

Néanmoins, l'étude des NP dans l'environnement demeure un défi pour la chimie analytique. En 

effet, les nanoparticules présentes dans un échantillon environnemental polydispersé peuvent 

représenter seulement un millième ou moins de la masse de l'échantillon global. Par conséquent, 

une masse d'échantillon considérable doit être manipulé pour séparer une quantité de 

nanoparticules suffisante pour leur caractérisation dimensionnelle et quantitative. De plus, il n'y a 

pas de méthodologie analytique unifiée pour récupérer différentes fractions nanoparticulaires en 

vue de leur analyse quantitative ultérieure [4,5]. De nos jours, diverses techniques peuvent être 

utilisées pour séparer les nanoparticules d'échantillons de particules environnementales. Les 

nanoparticules environnementales peuvent être fractionnées par des techniques de filtration sur 

membrane, de centrifugation ou de fractionnement flux−force (FFF). En raison de leurs avantages 

(qui seront examinés en détail au chapitre 1), l’ensemble des techniques de fractionnement par 

flux−force peut servir de base pour le développement d'une méthodologie unifiée applicable à 

l'étude des NP environnementales. 

 

Cette thèse de doctorat porte sur l'utilisation complémentaire des techniques de fractionnement à 

flux asymétrique et à colonne tournante pour l'analyse d'échantillons de particules 

environnementales. Des cendres volcaniques de différentes régions du monde ont été prélevées 

afin de servir d’échantillons tests. Par rapport, par exemple, à la poussière de rue, qui a à la fois 

une origine anthropique et naturelle, les cendres volcaniques ne proviennent que d'une seule source 

(éruption volcanique). Les échantillons de cendres dont la taille des particules est très large (du 

nanomètre au millimètre) sont caractérisés par une teneur extrêmement faible en matière organique 
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[6]. Par conséquent, les cendres volcaniques peuvent être considérées des échantillons «simples» 

appropriés pour l'étude comparative des différentes méthodes de séparation et le développement 

d'une méthodologie pour la récupération de fractions de nanoparticules à partir de solides 

environnementaux polydispersés. De plus, les éruptions volcaniques sont l'une des principales 

sources de nanoparticules naturelles. Lors d'une éruption, plus de 30 millions de tonnes de cendres 

peuvent être éjectées à une hauteur de dizaines de kilomètres et atteindre la stratosphère, où les 

particules de cendres volcaniques peuvent se propager dans le monde entier et atteindre toutes les 

régions de la Terre pendant des années [7]. Par exemple, on sait que les particules de cendres 

volcaniques en suspension dans l'air contribuent au refroidissement de la surface de la Terre en 

raison de leur capacité d'absorption et de diffusion du rayonnement solaire [8]. De plus, les cendres 

volcaniques en tant que source d'éléments nutritifs (par exemple le fer et le phosphore) peuvent 

augmenter la bioproductivité du phytoplancton [9] et affecter l'équilibre global du CO2 et donc le 

changement climatique [10]. Outre les éléments nutritifs, les cendres volcaniques contiennent 

également des éléments toxiques. Ainsi, selon des études récentes, les particules de cendre 

volcanique peuvent accumuler des éléments toxiques et potentiellement toxiques ; la concentration 

de ces éléments dans les nanoparticules peut alors être supérieure d'un ou deux ordres de grandeur 

à celle des éléments présents dans l’échantillon global [3,6]. 

 

Ce manuscrit de thèse de doctorat comprend trois chapitres. Le premier chapitre est une synthèse 

bibliographique concernant le sujet de la présente étude. Il examine les diverses approches et 

techniques appliquées à la séparation des nanoparticules environnementales. Des exemples récents 

d'études sont donnés concernant des nanoparticules de diverses origines, telles que des poussières, 

des colloïdes aquatiques naturels et des cendres. 

 

Le deuxième chapitre décrit les matériaux, réactifs, techniques et procédures qui ont été utilisés 

pour l'étude des nanoparticules de cendres volcaniques. 

 

Le troisième chapitre présente les résultats du développement méthodologique basée sur 

l'utilisation complémentaire des techniques de fractionnement à flux asymétrique et à colonne 

tournante pour l'étude des nanoparticules de cendres volcaniques. Complémentairement, la 

stabilité de ces nanoparticules y est abordée. Une nouvelle procédure de fractionnement en colonne 

tournante est également proposée. 

 

Enfin, la conclusion générale reprend tous les principaux résultats obtenus et présente les 

perspectives possibles à cette étude. 
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Le texte du présent manuscrit contient les données de trois articles publiés dans des revues 

scientifiques internationales et d'un article soumis. Tous les articles ont été préparés dans le cadre 

de cette thèse de doctorat. La liste des articles est donnée en annexe. 
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Введение 

 

Согласно общепринятому определению, наночастица – это объект, размер которого хотя бы 

в одном из измерении составляет от 1 до 100 нм [1]. Следует отметить, что частицы 

окружающей среды в нанометровом диапазоне обладают различной морфологией 

(наностержни, наносферы, нанопластины, нановолкна и др.) и могут образовывать 

скопления (агломераты), свойства и характеристики которых отличны от свойств и 

характеристик образующих их частиц [2]. В связи с вышеизложенным частицы и их 

скопления в субмикронном диапазоне размеров (≤ 1000 нм) тоже следует рассматривать с 

точки зрения изучения окружающей среды, чтобы при исследовании сложных 

полидисперсных образцов (например, пыль и пепел) были учтены их разнообразные 

составляющие и свойства, в том числе наночастицы и их скопления, параметры и свойства 

данных наночастиц и скоплений [2]. Наночастицы, которые имеют различные источники 

происхождения (эрозия почв, вулканические извержения, пылевые бури, лесные пожары и 

др.), являются неотъемлемой частью окружающей среды [2,3]. Наночастицы окружающей 

среды могут быть потенциально опасны для здоровья людей и состояния экосистем из-за 

своих характеристик и свойств (повышенная подвижность в окружающей среде, 

возможность аккумулировать токсичные элементы и проникать в живые организмы) и, 

следовательно, требуют тщательного изучения. 

 

Исследование наночастиц осложнено их незначительным количеством в исходных 

полидисперсных образцах окружающей среды, которое обычно составляет сотые и в редких 

случаях десятые доли процентов. Кроме того, наночастицы должны быть выделены из 

исходных образцов в необходимом для их последующего изучения и анализа количестве. 

Кроме этого, в настоящее время отсутствует единый подход в выделению фракций 

наночастиц для их последующего количественного анализа [4,5]. Различные методы можно 

использовать для выделения наночастиц из полидисперсных образцов окружающей среды. 

Наночастиц окружающей среды могут быть выделены методами мембранной фильтрации, 

седиментации и проточного фракционирования в поперечном силовом поле (ПФП). 

Благодаря своим преимуществам, которые будут подробно описаны в первой главе, группа 

методов ПФП может послужить основой для создание единого подхода, применяемого к 

изучению наночастиц окружающей среды.  

 

Настоящая докторская работа направлена на развитие подхода, основанного на 

взаимодополняющем применение методов асимметричного проточного фракционирования 
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с поперечным потоком и фракционирования частиц во вращающейся спиральной колонке 

при исследовании полидисперсных образцов окружающей среды. Вулканический пепел, 

отобранный в разных региона мира, изучали в настоящей работе. вулканический пепел 

может быть «удобным» образцом для разработки методологии исследования наночастиц 

окружающей среды из-за его относительно однородной минеральной структуры. По 

сравнению с частицами городской пыли, которые имеют как естественные, так и 

антропогенные источники происхождения, частицы пепла образуются только в результате 

вулканической активности. Образцы вулканического пепла содержат частицы с широким 

диапазоном размеров от нанометра до миллиметра и характеризуются низким содержанием 

органического вещества [6]. В дополнение к изложенному следует отметить, что 

извержения вулканов являются одним из основных источников образования природных 

наночастиц. Во время одного извержения более 30 миллионов тонн пепла могут 

выбрасываться на высоту десятков километров и достигать стратосферы. Частицы 

вулканического пепла в нанометровом диапазоне размеров могут распространятся по всему 

миру и являться причиной негативного воздействия на многие регионы Земли в течение 

многих лет [7]. Наночастицы вулканического пепла, находящиеся в атмосфере, изменяют 

температурный режим планеты, рассеивая и поглощая длинные и короткие волны 

солнечной радиации [8]. Питательные элементы (железо и фосфор), содержащиеся в 

наночастицах вулканического пепла, увеличивают биопродуктивность фитопланктона, что 

приводит к изменениям в биогеохимических процессах в мировом океане [9] и оказывает 

влияение на мировой баланс CO2 и, следовательно, изменяет климат [10]. Наночастицы 

вулканического пепла могут концентрировать на своей поверхности токсичные элементы и 

вещества [14,15,91]. Следует отметить, что содержание токсичных элементов в данных 

наночастицах может быть на порядок и более выше, чем в микрочастицах пепла [14,15]. 

Таким образом, наночастицы вулканического пепла могут быть потенциально опасны для 

экосистем и здоровья людей в локальном и мировом масштабах. Вместе с питательными 

веществами, наночастицы также могут содержать токсичные элементы; содержание 

токсичных элементов в данных наночастицах может быть на порядок и более выше, чем в 

микрочастицах пепла [3,6]. 

 

Текст докторской диссертации состоит из трёх глав. В первой главе проведён обзор 

литературы, соответствующей предмету настоящего исследования. В данной главе 

представлены различные подходы и методы, применяемые для разделения полидисперсных 

образцов окружающей среды. Кроме этого, в данной главе также приведены примеры 
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современных исследований наночастиц окружающей среды, имеющих различные 

источники образования, например, пыль, естественные водные коллоиды и пепел. 

 

Вторая глава описывает материалы, реактивы, методы и методики, используемые в 

настоящем исследовании наночастиц вулканического пепла. 

 

Третья глава содержит результаты развития методологии, основанной на 

взаимодополняющем применении метода ассиметричного проточного фракционирования с 

поперечным потоком и фракционирование частиц во вращающейся спиральной колонке. 

Кроме этого, в третьей главе приведены результаты исследования стабильности суспензий 

наночастиц окружающей среды. Новая методика фракционирования частиц во 

вращающейся спиральной колонке была также предложена в настоящей главе. 

 

Заключение содержит описание всех полученный результатов в настоящей работе и 

возможные перспективы развития настоящего исследования. 

 

Текст диссертационной работы содержит информацию, изложенную в трёх 

опубликованных в международных научных журнал статьях и в одной статье, которая была 

направлена в редакцию. Все перечисленные статьи сделаны в рамках настоящей 

докторской работы. Список статей приведён в приложение. 
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Chapter 1 State of the art 

 

1.1 Introduction 

 

The characterization of particles over a size range of less than 100 µm remains a challenge in field 

of environmental studies [3,11–17]. Such characterization is all the more important since most 

physical and chemical properties of these objects are linked to their size [3,11]. Therefore, 

determining the characteristics of polydisperse sample as a function of size and obtaining the 

associated size distributions are needed for a comprehensive investigation. Among the different 

analytical strategies for obtaining this information, the size fractionation of the sample under study 

is an attractive way of investigation.  

 

Nowadays various techniques can used for the fractionation of (sub) micron-sized objects. 

Analytes with size 1-100 µm can be fractionated by membrane filtration, field-flow fractionation 

(FFF), split flow thin cell fractionation (SPLITT), sedimentation, or centrifugation. Analytes with 

size less than 1 µm can be fractionated by capillary electrophoresis, gel chromatography, 

membrane filtration, centrifugation, or FFF [18–21]. Among this set of techniques, on line 

separation is the most efficient; and among on line separation techniques, only FFF enables 

analytes to be fractionated over the nano- and micrometric size ranges. 

 

FFF is a rapidly elaborating family of techniques, with increased selectivity, sensitivity, resolution 

and wide applications. The concept of FFF was proposed by J.C. Giddings in 1960s [22]. Analytes 

of very varied nature such as biological cells, particles, and/or macromolecules can be fractionated 

on the basis of their physical and/or chemical characteristics in a carrier liquid which can also be 

of varied nature, typically aqueous or organic. Unlike chromatography FFF does not require a 

stationary phase, which minimizes sample breakthrough effects or the analytes or their interactions 

with the stationary phase. The separation is performed in a thin (0.05-0.5 mm) ribbon-like channel 

under the action of a physical force applied at a right angle to the channel and owing the non-

uniform flow velocity profile of a carrier liquid. FFF enables analytes from 1 nm to 100 µm to be 

fractionated with a higher resolution than offline techniques and most online techniques 

[18,23,24]. The group of FFF techniques can be divided into sub-techniques according to the 

nature of the applied force field, which can be hydrodynamic, gravitational, thermal, magnetic, 

acoustic, electrical, etc. Flow FFF (FlFFF) can be considered as the most versatile FFF 

subtechnique; it employs a nonspecific hydrodynamic force across the channel [18,23]. In turn, 

sedimentation FFF (SdFFF) employs a centrifugal force field to fractionate analytes in a wide size 
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range, from approximately some tens nanometers up to some hundreds micrometers [12,24–26]. 

Moreover, as compared to other FFF subtechniques including asymmetrical flow FFF (A4F), the 

advantage of SdFFF is absence of membrane, which is an integral part of A4F technique; there are 

no interactions between membrane material and particles to be separated in SdFFF. 

 

Nevertheless, it should be noted that FFF has an important limitation, namely, the mass of injected 

sample, which should not exceed 1 mg to avoid overloading the system. Therefore, FFF is mainly 

used in analytical couplings with sufficiently sensitive detectors and not as a preparative tool. In 

addition, since the separation performance is strongly related to the quantity injected, the sample 

preparation and in particular homogenization prior separation is essential in order to provide 

representative results [4,18]. 

 

The fractionation in a rotating coiled column (RCC) can also be attributed to FFF family, and also 

using a centrifugal force field. This non-conventional SdFFF technique is called coiled tube FFF 

(CTFFF).[27] One of its interests is that the mass of the loaded sample introduced in a long column 

can be increased up to at least 1 g (see details in the next part). The method was applied to samples 

of soil, street dust and volcanic ash, for which the particles were sorted into different size fractions 

[6,28–30]. 

 

Split flow thin cell fractionation technique should be also mentioned since it is similar to 

FFF[18,31] and can also employ gravitational or centrifugal force field [32–35]. In addition to the 

gravitational and centrifugal fields, magnetic [36] and electric [37] force fields may be used for 

SPLITT fractionation. Like in CTFFF, large amounts of sample (up to gram level) can be 

fractionated using SPLITT technique. However, during one experimental run SPLITT technique 

is capable to recover only two fractions (e.g. particles with size <10 and >10 µm). Therefore, for 

the separation of more than two fractions, the use of multi-stage procedures is required [18,31]. 

 

The present chapter mainly focuses on the recent advances in theory and applications of A4F, 

sedimentation FFF in thin channels and rotating coiled columns. SPLITT technique is also 

considered. The four types of methods are compared and critically evaluated. The promising 

directions for the further development of the methods are also discussed. 
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1.2 Theoretical background and instrumentation 

 

1.2.1 Sedimentation field-flow fractionation 

 

In the SdFFF, the fractionation is performed in a circular flat channel inserted inside a centrifugal 

basket (Fig. 1). For this method, which employs flat channels with volumes of about a few 

millilitres and laminar flows, the theory is relatively well developed.[23,38] Firstly, the behaviour 

of analytes can be explained in a simple and general way, without taking into account the type of 

force applied, and in the case of hard spherical particles. In normal mode, the force induced by the 

field applied perpendicularly to the flow initially leads to the accumulation of particle on the 

channel wall (named accumulation wall). This generates an opposing diffusive force, which gives 

the particle its position at a certain height above the wall. Since the flow has parabolic velocity 

profile, this position leads the particle to acquire a specific longitudinal velocity. Therefore, a 

retention time that can be expressed by: 

 

𝑡𝑅 =
<𝑣>𝑡0

<𝑈𝑧>
,   (1) 

 

where < 𝑣 > is the average velocity of the mobile phase in the section of the channel, 𝑡0 is the 

void time and < 𝑈𝑧 >is the average longitudinal velocity of the particles injected. 
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Figure 1. Schematic formalization of (a) SdFFF instrumentation, (b) parabolic flow of the mobile 

phase in the channel, and (c) normal and (d) steric modes of elution in FFF; x: transverse axis; z: 

longitudinal axis 

 

The average longitudinal velocity depends on the longitudinal velocity in each point 𝑥 of the 

channel height (due to the laminar flow), the particle concentration at the point 𝑥 (described on the 

basis of Fick’s second law and Maxwell-Boltzmann distribution), and the particle distribution in the 

channel height, which lead to: 

 

< 𝑈𝑧 >= −6 < 𝑣 >
𝐷

𝑊𝑈𝑥
[

𝑒
−𝑤𝑈𝑥

𝐷 +1

𝑒
−𝑤𝑈𝑥

𝐷 −1

+
2𝐷

𝑤𝑈𝑥
],       (2) 

 

where 𝐷 is the diffusion coefficient, 𝑤 is the channel height, 𝑈𝑥 is the particle transverse velocity 

(in the channel height). By replacing (2) in (1), the retention time in normal mode can be generally 

expressed as: 

 

𝑡𝑅 =
𝑡0

6
𝐷

𝑊𝑈𝑥
[

1+𝑒
𝑤𝑈𝑥

𝐷

1−𝑒
𝑤𝑈𝑥

𝐷

−
2𝐷

𝑤𝑈𝑥
]

          (3) 

The transverse velocity can be expressed specifically according to the nature of the force applied. 

Thus, in SdFFF, 
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< 𝑈𝑥 >=
𝑉𝐷

𝑘𝑇
(𝜌′ − 𝜌)𝑔,        (4)

 
 

where 𝜌′ is the particle density, 𝜌 is the mobile phase density, 𝑉 is the particle volume, 𝑔 is the 

centrifugal acceleration, 𝑘 is the Boltzmann’ constant and 𝑇 is the temperature. The retention time 

in normal mode can be then specifically expressed as: 

 

𝑡𝑅 =
𝑡0

6
𝑘𝑇

𝑤𝑉(𝜌′−𝜌)𝑔
{𝑐𝑜𝑡ℎ[

𝑤𝑉(𝜌′−𝜌)𝑔

2𝑘𝑇
]−

2𝑘𝑇

𝑤𝑉(𝜌′−𝜌)𝑔
}
      (5) 

 

When there is a significant retention of the particles, the terms in parenthesis in the equations (3) 

and (5) tends to 1. In addition, the amount 𝑉(𝜌′ − 𝜌)𝑔 is defined as the effective mass, noted 𝑚𝑒 

(the second part of this expression, 𝑉𝜌𝑔, corresponding to the buoyant mass). Then, equation (5) 

can be simplified, and re-written as follows: 

 

𝑚𝑒 =
6𝑘𝑇

𝑡0𝑤𝑔
𝑡𝑅          (6) 

 

This expression is more useful in analytical sciences since the effective mass can be deduced from 

the measurement of the retention time. Taking into account the analyte as a population of hard 

spherical particles, 𝑉 can be expressed according to the particle radius (𝑟𝑝); with the same 

simplification and rewriting concerning equation (5), one can obtained: 

 

𝑡𝑅 =
2𝜋𝑤(𝜌′−𝜌)𝑔𝑡0

9𝑘𝑇
𝑟𝑝

3         (7) 

 

This equation illustrates the strong dependence of retention time on size (as a cubic function of the 

radius), and also on density of the analyte. 

 

In steric mode, the diffusive force opposing the force induced by the applied field is relatively 

weak as compared to the repulsive and/or lift forces. Therefore, the position of the particle in the 

height of the channel, i.e. its distance from the accumulation wall, depends mainly on the size of 

the particle (or its radius in the case of a sphere). The expression of the retention time can be 

obtained from equation (3) according to: 
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𝑡𝑅 =
𝑡0

6(𝑎−𝑎2)+6
𝐷

𝑤𝑈𝑥
(1−2𝑎)[

1+𝑒
−𝑤𝑈𝑥

𝐷
(1−2𝑎)

1−𝑒
−𝑤𝑈𝑥

𝐷
(1−2𝑎)

−
2𝐷

(1−2𝑎)𝑤𝑈𝑥
]

     (8) 

 

where 𝑎 is the ratio between the particle radius and the channel height (𝑟𝑝 𝑤)⁄ . 

 

Specifically to SdFFF, and also expressing the volume 𝑉 according to the radius of a spherical 

particle, equation (8) can be rewritten as: 

 

𝑡𝑅 =
𝑡0

6(𝑎−𝑎2)+9
𝑘𝑇

2𝑤𝜋𝑟𝑝
3 (𝜌′−𝜌)𝑔

(1−2𝑎){𝑐𝑜𝑡ℎ[
2𝑤𝜋𝑟𝑝

3 (𝜌′−𝜌)𝑔

3kT
(1−2𝑎)]−

3𝑘𝑇

2(1−2𝑎)𝑤𝜋𝑟𝑝
3 (𝜌′−𝜌)𝑔

}

  (9) 

 

This expression also shows that in steric mode, as in normal mode, the retention time strongly 

depends on the size of the analyte, and also on its density. 

 

1.2.2 Flow field-flow fractionation 

 

It has been already mentioned that flow field flow fractionation is the most versatile subtechnique 

employing the cross-flow as the external force field. This technique provides a nonspecific 

hydrodynamic force field along the channel formed by a secondary mobile phase, namely, cross-

flow. The particles under separation are migrated by the cross-flow toward the surface of 

accumulation channel (permeable membrane). The separation is based on the difference in 

diffusion coefficients which are corresponded to the positions of individual species in the laminar 

carrier fluid profile. The type of utilization membrane depends on the properties of particles to be 

separated. The application of flat and smooth membranes is required because any membrane flaws 

would have impact on separation process. Regenerated cellulose is widely used material for FlFFF 

membranes. Separation by FlFFF is on the basis of the of the particles effective size, and separation 

is independent of density. In case of SdFFF, the separation is provided depended on size and 

density [18,23,39]. Two different types of FlFFF can be highlighted: asymmetric and symmetric 

flow FFF (Fig. 2). 
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Figure 2. Schematic view of symmetric (a) and asymmetric (b) flow field-flow fractionation. 

 

In the case of symmetrical FlFFF, the carrier fluid is pumped directly across the channel thought 

porous frits and formed the cross-flow. Both walls of the channel are permeable, but ultrafiltration 

membrane impermeable to the analytes covers the accumulation wall [40]. Symmetrical FFF can 

be applied to separation of samples with various nature such as viruses, dissolved organic matter, 

colloids, manufactured nanoparticles etc. [18,23,41–43]. 

 

In asymmetric FlFFF (also called A4F), the most commonly used FlFFF type, only one channel 

wall (accumulation wall) is permeable for carrier-fluid, which passing through it formed cross-

flow. The channel in A4F technique has a trapezoid shape to avoid losses of axial flow of carrier 

fluid across the channel [44]. Separation efficiency in A4F significantly depends on the channel 

geometry [18,23,45]. This technique has widely field of application in characterization of 

environmental as well as biological and technological samples. It also can be used for the 

characterization of PSD of PM under study [46–54]. 

 

The theory of FlFFF technique has been described in detail in various papers [23,45,55,56]. 

Therefore, in the present work it is given briefly. The transverse velocity can be expressed in FlFFF 

can be express as follows[23]: 

 

< 𝑈𝑥 >=
𝑄𝑐

𝑉0
𝑤,          (10)

 
 

where 𝑄𝑐 is the cross-flow rate, 𝑉0 is the void volume. 

 

The retention time in normal mode is given as follows [23]: 
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𝑡𝑅 =
𝑡0

6
𝐷𝑉0

𝑤2𝑄𝑐
{𝑐𝑜𝑡ℎ[

𝑤2𝑄𝑐
2𝐷𝑉0

]−
2𝐷𝑉0
𝑤2𝑄𝑐

}
        (11) 

 

Retention time in steric mode is expressed as follows [23]: 

 

𝑡𝑅 =
𝑡0

6(𝑎−𝑎2)+6
𝐷𝑉0

𝑤2𝑄𝑐
(1−2𝑎){𝑐𝑜𝑡ℎ[

𝑤2𝑄𝑐
2𝐷𝑉0

(1−2𝑎)]−
2𝐷𝑉0

(1−2𝑎)𝑤2𝑄𝑐
}
     (12) 

 

A4F technique has become highly demanded compared to symmetric flow FFF in environmental 

studies which are discussed below. 

 

1.2.3 Coiled tube field-flow fractionation 

 

CTFFF can be attributed to the family of FFF techniques as a variation of conventional SdFFF (the 

latter simply being called SdFFF, thus differentiating from the CTFFF below). Unlike SdFFF, the 

separation channel in CTFFF is coiled onto the drum of a planetary centrifuge. The coiled column 

(bobbin) rotates around its axis and at the same time revolves around the central axis of the 

centrifuge with the aid of a planetary gear. The axes of rotation and revolution are parallel (Fig. 3). 

It should be noted that planetary centrifuges have been widely applied to countercurrent 

chromatography[57] As compared to SdFFF, the separation process in CTFFF has two significant 

differences. Firstly, the sample to be fractionated is not injected into a thin channel but is pumped 

with the carrier flow through a long rotating coiled tube (inner capacity of common analytical 

column is about 20-25 mL). Secondly, the separation in CTFFF occurs under the action of the 

complex asymmetrical force field generated by the planetary centrifugal motion [18,58]. Hence, 

the behaviour of particles is much more complicated than in the channel for conventional SdFFF.  
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Figure 3. The planetary centrifugal motion for CTFFF. Photo of the instrument (a) and principal 

scheme (b). 

 

For the first time the uneven distribution of polymer particles of different sizes in rotating coiled 

columns was observed by Y. Ito in 1960s.[59] However, the studies on particle separation by 

CTFFF were continued only in early 2000s by P. Fedotov.[60] The behaviour of particles of 

different nature and size in CTFFF under controlled operating conditions was systematically 

studied.[58,61] The particles were fractionated at a constant rotation speed of the column and 

stepwise increasing of the flow rate of the carrier liquid. As a theoretical background, two 

hypothetical modes of the motion of particles in rotating coiled columns were suggested: migration 

of the particles in the mobile phase (carrier liquid) flow and migration of particles along the column 

walls.[58,61] After the suspended particles are injected into the column, they began to migrate in 

the carrier liquid flow and the distance covered by a particle before the sedimentation of the 

column wall can be expressed as follows [61]: 

 

𝐿𝑠 = 𝑈𝑤𝑡𝑠 ≈ [𝑣 − 𝐾𝑣
𝑅2𝜔2𝑟𝑝

4∆𝜌2

2𝜋𝑟𝜂2 ]
𝑑𝜂

𝑟𝜔2𝑟𝑝
2Δ𝜌

,      (13) 

 

where 𝑈𝑤 is the speed of a particle relative to the tube walls, 𝑣 is the linear velocity of the carrier 

liquid, 𝑡𝑠 is the time needed for the sedimentation of a particle, 𝐾𝑣 is the shape-dependent 

coefficient, 𝑅 is the revolution radius, 𝑟 is the column rotation radius, 𝜔 is the column rotational 

speed, Δ𝜌 is the difference in density between particles and mobile phase (𝜌′ − 𝜌), 𝜂 is the dynamic 

viscosity of the mobile phase; 𝑑 is the inner diameter of the tube.  

 

 

 

  

 

(a) (b) 
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If the distance covered by a particle before the sedimentation of the column wall is greater than 

the length of the column, this particle is not retained. The retained particles are distributed along 

the column wall depending on their radii and other parameters given in Eq. 10. These particles can 

further migrate along the column walls if the sum of Archimedean (buoyancy, 𝐹𝐴) and 

hydrodynamic (𝐹ℎ𝑦𝑑) forces is greater than the force of mechanical interaction of particles (𝐹𝑚𝑒𝑐ℎ) 

with column material (the force “retaining” particles on the walls) [61]: 

 

𝐹𝑎 + 𝐹ℎ𝑦𝑑 > 𝐹𝑚𝑒𝑐ℎ         (14) 

This expression can be transformed[61]: 

 

𝑣𝜂 > 𝐾𝑟𝜔2Δ𝜌𝑟𝑝
𝑛         (15) 

 

where 𝐾 is a constant, 𝑛 =  1
2⁄ ÷  1 (depending of the shape of particles and/or the smoothness 

of the column walls).  

 

Theoretical and experimental dependencies of the critical linear velocity of the carrier liquid flow, 

which is needed for the migration of particles along the column walls, on the particle radius are in 

agreement [58,61]. This has been demonstrated for the fractionation of reference sample of quartz 

sand BCR-70 and mixture of silica samples Silasorb-300 and Silasorb-600 at stepwise increasing 

of the flow rate of the carrier liquid.[58]  

 

On the basis of theoretical modeling it was suggested that modification of geometry of column 

drum could enable submicron and nanoparticles to be fractionated without a significant increase 

in the column rotation speed. A conical column and a cylindrical column with two symmetrical 

protrusions were designed, fabricated, and tested using a series of synthetic and natural 

samples.[58] However, significant retention of submicron particles was not observed, while the 

increase in resolution was demonstrated. Taking as example the fractionation of silica standards 

(150, 390, and 900 nm), it has been shown that the purity of three fractions separated in the 

cylindrical column with two symmetrical protrusions is 87–98% whereas the fractions separated 

in the conventional cylindrical column contain only 70–84% of the target particles.[58] In general, 

despite the insufficiently developed theory, CTFFF has given rise to a series of interesting and 

promising applications.  
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1.2.4 Split flow thin cell fractionation 

 

The idea of particle fractionation across in a SPLITT channel came from J. Giddings [31]. Ordinary 

SPLITT channel is equipped by stream splitters. Thus, the SPLITT system has two inlets at one 

side of the channel and two outlets at the other side. The fractionation is performed under the 

combined action of a gravitational force field and flow rates. The sample to be separated is usually 

introduced into the upper inlet as continuous flow. The injected sample forms a thin layer along 

the upper wall of the channel; the thickness of this layer is equal to the distance between the upper 

channel wall and inlet splitting plane. Close to outlets of channel is the outlet plane; its position 

depends on the ratio of the upper and lower flow rates [18]. 

 

The schematic illustration of SPLITT technique is shown in Fig. 4. The theory of SPLITT 

technique has been described in details in various papers [32,62–64]. In general, the separation of 

particles in SPLITT system is governed by Stokes’ law. The retention time that correspond to the 

time required for particles migrating to traverse the transport region of thickness can be expressed 

as follows: 

 

𝑡𝑅 =
18𝑤𝜂

Δρ𝑔𝑑𝑝
2 ,          (16) 

 

where 𝑤 is the thickness of SPLITT cell, 𝜂 is the viscosity of the mobile phase, Δρ is the difference 

in density between particles and mobile phase, 𝑔 is the centrifugal acceleration, and 𝑑𝑝 is the 

diameter of particle.  
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In turn, in the case of conventional SPLITT fractionation (CSF) mode, when two inlets (inlets 1 

and 2) are used, the volumetric flow rate 𝑉(𝑡) coursing through the transport region between the 

two splitting planes can be expressed in either of two forms. 

 

𝑉(𝑡) = 𝑉(𝑎) − 𝑉(𝑎′) = 𝑉(𝑏′) − 𝑉(𝑏),      (17) 

 

where 𝑉(𝑎′) and 𝑉(𝑏′) are volumetric flow rates entering inlets 1 and 2, respectively, while 𝑉(𝑎) 

and 𝑉(𝑏) are volumetric flow rates exiting outlets 1 and 2. 

 

In the case of using only inlet 1 (full feed depletion SPLITT fractionation (FFDSF) mode), it 

becomes [65–67]: 

 

𝑉(𝑡) = 𝑉(𝑎′) − 𝑉(𝑏)         (18) 

 

Generally, the expression of the volumetric flow rate Δ𝑉 can be given as follows: 

 

Δ𝑉 =
𝑏𝐿𝑔Δρ𝑑𝑝

2

18𝜂
,          (19) 

 

where 𝑏 and 𝐿 are the breadth and length of the SPLITT cell, respectively (and, therefore, 𝑏𝐿 is 

the working area of the cell in the plane perpendicular to the field). All particles will exit from the 

outlet 2 when: 

Inlet 1 

Inlet 2 Outlet 2 

Outlet 1 

Force field 
Splitter 

Splitter 

𝑉(𝑎′) 

𝑉(𝑏′) 

𝑉(𝑎) 

𝑉(𝑏) 

Figure 4. Schematic view of SPLITT channel 
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Δ𝑉 >  𝑉(𝑡)          (20) 

 

The fractionation retrieval parameter 𝐹2, which corresponds to the separation efficiency at outlet 

2 (fig. 4) for CSF mode, can be given as follows[64]: 

 

𝐹2 =
∆𝑉−𝑉(𝑡)

𝑉(𝑎′)
          (21) 

 

In FFDSF mode it will be 

 

𝐹2 =
∆𝑉−𝑉(𝑡)

𝑉(𝑏)
          (22) 

 

Depending on study [32,37,64,68–72] the cut-off diameter (𝑑𝑐) can be considered as the diameter 

at which 50% or 100% of the particles of a mixture to be separated exit outlet 2 (fig. 4) and, thus, 

𝐹2 equals 0.5 or 1, respectively. Therefore, for CSF, the cut-off diameter can be calculated by 

substituted 𝐹2 = 0.5, eq. 14, and 16 in eq. 18 and expressed as follows: 

 

𝑑𝑐 = √
18𝜂[𝑉(𝑎)−0.5 𝑉(𝑎′)]

𝑏𝐿𝑔Δρ
        (23) 

 

In the case of using 𝐹2 = 1, the eq. 20 is modified into 

 

𝑑𝑐 = √
18𝜂[𝑉(𝑎)− 𝑉(𝑎′)]

𝑏𝐿𝑔Δρ
         (24) 

 

In turn, for FFDSF mode, the cut-off diameter can be expressed depending on the values of 𝐹2 (0.5 

or 1) as follows: 

 

𝑑𝑐 = √
18𝜂[𝑉(𝑎′)−0.5 𝑉(𝑏)]

𝑏𝐿𝑔Δρ
        (25) 

 

or 

 

𝑑𝑐 = √
18𝜂[𝑉(𝑎′)− 𝑉(𝑏)]

𝑏𝐿𝑔Δρ
         (26) 
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The SPLITT technique has a niche application in environmental studies. 

 

1.3 Applications to environmental studies 

 

SdFFF, A4F, CTFFF, and SPLITT techniques have been used for fractionation and 

characterization of complex polydisperse environmental. The main information relative to the 

applications of SdFFF, A4F, CTFFF, and SPLITT is summarized in Tables 1, 2, 3, and 4, 

respectively 

 

The fate in the environment, and health effects of nano- and microparticles strongly depend on 

their size and chemical composition [2,3]. The investigation of nano- and microparticles depending 

on their size is directly related to their separation from polydisperse environmental samples. In this 

sense, separation techniques play a crucial role in the study of size-dependent properties of 

particles in the environment. 

 

Particle size distribution (PSD) is an important characteristic of environmental particulate matter. 

SdFFF, due to advanced theoretical background, can be used as a tool not only for fractionation of 

particles, but also for the determination of PSD of environmental samples. For example, SdFFF 

enabled PSD of fly ash particles (<44 µm) emitted from coal thermo-electric power stations[26] 

as well as dust particles (10-50 µm) [73] to be characterized. In addition, the size distribution of 

various elements can be determined by offline or online associating SdFFF with an elemental 

analysis technique. Offline association involved inductively coupled plasma-atomic emission 

spectrometry (ICP-AES) for the determination of various elements such as Cu, Zn, Fe, Mn, or, 

more specifically, cold vapour electrothermal atomic absorption spectroscopy (CV-ETAAS) for 

the study of mercury. The use of SdFFF associated offline with ICP-AES or CV-ETAAS enabled 

element size distribution in size fractions less than 2 µm including several submicron fractions to 

be established.[26,73–75] In clay materials, different fractions starting from 60 nm were 

investigated; such an approach led to better understanding clay properties such as charge, swelling, 

delamination, and chemical composition depending on size [75]. Online association of SdFFF with 

elemental analysis technique was also reported. In environmental studies, such coupling 

preferentially involved inductively coupled plasma-mass spectrometry (ICP-MS) due to its higher 

sensitivity. As a typical example, engineered TiO2 nanoparticles were determined in both sea and 

lake waters [76]. Such study demonstrates that SdFFF-ICP-MS can be considered as a relevant 

tool for the monitoring of engineered NPs in natural waters, which is challenging due to very low 
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analyte concentrations in matrices containing many various dissolved and colloidal species 

possibly in high concentrations. 

 

The A4F as the most popular type of flow field-flow fractionation techniques has wide field of 

application in characterization of environmental samples. The transport of arsenic [77,78], 

uranium [79], and phosphorus [80] by soil colloids as well as transport of phosphorus by river 

colloids [81] have been investigated using offline and online coupling of A4F and ICP-MS 

techniques. The online coupling of A4F with ICP-MS can be served as reliable tool for the 

characterization of environmental colloids in natural [81–85] and drinking [86] water. In addition, 

this approach was successfully used in the study of polymer-coated quantum dots (CdSe/ZnS and 

Ag2S) in environmental media such as soils and natural waters for understanding their behaviour 

and prediction of their fate in the environment [51,87,88]. Moreover, in recent studies [89–98] it 

has been demonstrated the efficiency of relatively new approach based on coupling of A4F and 

ICP-MS in single particle mode (sp-ICP-MS) applied to the study of engineered and natural 

nanoparticles. For instance, the Ag [89–93], modified Ag [94,95], Au [96,97] and natural [98] NPs 

were detected and characterized by the both online and offline coupling of A4F and sp-ICP-MS.  

 

Despite the advantages of SdFFF and A4F, especially in terms of selectivity and fractionation 

power, there is a limitation, which is related to the weight of handling sample to be separated. 

Indeed, to avoid overloading of the system, usually mass of the particulate matter does not exceed 

10-20 µg, while volume of suspension is less than 100 µL [26,73–76]. This limitation impedes the 

quantitative or exhaustive offline analysis of separated fractions, especially the determination of 

trace elements. Moreover, the number of elements determined online can be limited due to the 

significant dilution induced by the SdFFF as well as the elution process and therefore the 

continuous introduction of the fractionated particles into the ICP-MS detector. Besides, taking into 

account the negligible relative content of NPs (about 0.1% or less) and the high polydispersity of 

the bulk sample, NP detection and characterization can be impossible without a preparation step. 

Typically this step aims to selectively recover the particles of interest and hence concentrate these 

particles and narrow down the initial particle size distribution of the bulk sample. 
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Table 1. Selected applications of “conventional” sedimentation field-flow fractionation in a thin channel 

Sample 

Type 

Sample 

description 
Main objectives 

Parameters of 

injection of the 

sample 

Size 
Methods of characterization and 

analysis of separated fractions 
Reference 

Environmen

tal 

particulate 

matter 

Clay Determination of swelling and 

delamination properties of clay 

particles of different size 

Volume: 100 µL Two fractions with 

mean particle size 

60 and 250 nm 

ICP-AES (offline)  [75] 

 Fly ash (<44 

µm) 

Characterization of particle size 

distribution 

Volume: 20-100 µL <10.3 and 10.3-44 

μm 

ICP-AES (offline) [26] 

 Soil (<2 µm) Characterization of the colloidal 

Hg-bearing fractions 

Weight of particles: 

10 µg;  

Sample volume: 10 

µL 

Five fractions in 

the range <2 µm  

CV-ETAAS (offline) [74] 

 Dust (<53 μm) Characterization of particles size 

distribution 

Volume: 20-40 μL 10-50 μm UV (online)  [73] 

Engineered 

nanoparticle

s 

TiO2 

nanoparticles 

Separation and detection of TiO2 

NPs in natural waters 

- Aggregated/agglo

merated fractions 

with size 250 and 

150 nm  

MALS-ICP-MS (online) [76] 

 

  



- 33 - 

Table 2 Selected applications of asymmetric field-flow fractionation in a thin channel 

Sample type 
Sample 

description 
Main objectives 

Parameters of 

injection of the 

sample 

Size, nm 
Methods of characterization and 

analysis of separated fractions 
References 

Soil 
Soil colloids 

(< 0.45 µm) 

Study of aggregate 

formation of soil colloids 
Volume: 100 µL < 450  

UV, ICP-MS, organic carbon 

detector (online), LD (offline) 
[99] 

  
Study of uranium 

transport by soil colloids 
Volume: 100 µL < 450  UV, MALS, ICP-MS (online) [79] 

  
Study of phosphorus 

transport by soil colloids 
Volume: 100 µL < 450  

UV, organic carbon detector, ICP-

MS (online) 
[80] 

 
Soil colloids 

(< 0.2 and < 1 µm) 

Study of arsenic 

transport by soil colloids 
Volume: 100 µL < 1000  

UV, ICP-MS (online), X-ray 

absorption spectroscopy (offline) 
[77,78] 

Colloids 
Colloids in river 

water (< 0.45 µm) 

Characterization of 

colloids 
Volume: 500 µL < 450  UV (online), ICP-MS (offline) [82] 

 
Colloids in river 

water (< 1.2 µm) 

The study of 

phosphorous transport by 

natural colloids 

Volume: 100 µL < 450  UV, ICP-MS (online) [81] 

 
Colloids in river 

water (< 5 µm) 

Characterization of 

colloids 
Not indicated 

< 200, 

200-

5000  

UV, organic carbon detector, ICP-

MS (online) 
[83,84] 

 

Colloids in 

groundwater 

(< 0.45 µm) 

Characterization of 

colloids 
Not indicated < 450  UV, ICP-MS (online) [85] 

 
Colloids in 

drinking water 

Characterization of 

colloids 

Volume: 1 mL (with 

pre-concentration in 

FFF channel) 

< 450  
UV, ICP-MS (online), SEM, DLS 

(offline) 
[86] 
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Gas 

condensates 

Natural 

nanoparticles from 

gas condensates 

Characterization of 

natural NPs 
Volume: 50 µL < 1000 

UV, MALS, ICP-MS (online), 

TEM-EDS, sp-ICP-MS (offline) 
[98] 

Engineered 

nanoparticels 

Ag NPs (mean 

size 20, 30, 40, 50, 

60, 70, 80, 100, 

and 200 nm) in 

aquatic 

suspensions 

Detection, quantification, 

and characterization of 

Ag NPs 

Volume: 20 and 50 

µL 
< 200 

UV, MALS, ICP-MS (online), sp-

ICP-MS, ICP-MS, TEM-EDS, 

DLS, (offline) 

[89–92] 

 

Ag NPs (40, 60, 

80, and 100 nm) in 

aquatic 

suspensions 

Characterization of Ag 

NPs 
Volume: 20 µL < 120 

UV, ICP-MS, sp-ICP-MS 

(online), TEM (offline) 
[93] 

 

Modified Ag 

nanoparticles (20, 

50, and 75 nm) 

Characterization of Ag 

NPs 
Volume: 20 µL < 140 

UV, MALS, ICP-MS (online), sp-

ICP-MS (offline) 
[94,95] 

 

Au NPs (10, 30, 

and 60 nm) in soil 

and sediment 

extract matrices 

Characterization of Au 

NPs 
Volume: 100 µL < 1000 

UV, MALS (online), DLS, ICP-

MS, sp-ICP-MS (offline) 
[96,97] 

 

Quantum dots 

CdSe/ZnS (< 10 

nm) in soils 

Study behaviour of 

CdSe/ZnS in soils 
Volume: 50 µL < 100 

UV, MALS, ICP-MS (online), 

TEM-EDS (offline) 
[51] 

 

Quantum dots 

Ag2S and 

CdSe/ZnS in aqua 

solutions 

Characterization of QDs Volume: 20 µL < 220 

UV, MALS, ICP-MS (online), X-

Ray diffrection, TEM-EDS 

(offline) 

[87,88] 
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CTFFF due to the high capacity of the rotating column enables the mass of handling sample to be 

increased up to at least 1 g. This enables additional pre-separation steps to be avoided, because 

samples with wide particle size distribution can be directly injected into the rotating column. This 

opens possibilities for the separation of bulk sample followed by isolation of weight amounts of 

nano-, submicro-, and microparticle fractions for further characterization and quantitative analysis. 

Thus, CTFFF was applied to the fractionation and analysis of a series of particulate samples of 

natural origin and/or environmental interest including soil, volcanic ash and urban dust.[6,28–

30,100–104] Size fractions ranging from less than 0.2 µm up to 100 μm were separated from bulk 

samples. Then, these fractions could be either digested for exhaustive elemental determination by 

ICP-AES and/or ICP-MS, or characterized in size, shape and elemental composition using 

scanning electron microscopy (SEM) with energy dispersive X-ray spectroscopy (EDS), laser 

diffraction (LD) or dynamic light scattering (DLS). In addition, speciation analysis could be also 

performed in the size fractions by sequential chemical extraction of elements.[104] Such a CTFFF-

based approach enabled uneven distribution of toxic elements between size fractions to be 

obtained. This investigation strategy also highlighted that the concentration of toxic elements 

increased with decreasing particle size, the accumulation of elements being related to their sorption 

onto particle surface. For example, the concentrations of some toxic metals and metalloids (As, 

Se, Te, Hg, Tl, Bi) in volcanic ash nanoparticles were hundred fold higher than in bulk samples. 

Since nanoparticles of volcanic ash can serve as a carrier for the toxic elements on the global scale, 

these results is of particular importance.[6,102,103] 

 

Despite the abovementioned advantages, the CTFFF separation efficiency remains lower than that 

of SdFFF and A4F. In addition, coupling CTFFF with different detectors (such as multi-angle light 

scattering (MALS), ICP-MS) has not been yet reported. It should be noted that in the case of 

environmental studies, the flow rates applied in CTFFF technique for recovery of nanoparticles 

usually vary from 0.2 to 0.4 mL/min depending on samples under study. Due to optimal flow rate 

in MALS, which typically equals up to 1 mL/min, the coupling of CTFFF and MALS is 

complicated. However, CTFFF, SdFFF, and A4F separation techniques are intrinsically 

complementary. This means the injection of a large quantity of sample and separation over a wide 

size range by CTFFF, then the analysis of each fraction that can include physico-chemical 

characterization of the nanoparticulate fraction in the size continuum by SdFFF or A4F 

multidetection. Therefore, approach based on the combined use of CTFFF and SdFFF or A4F 

techniques seems to be promising for the fractionation and characterization of polydisperse 

environmental samples. 
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Table 3. Applications of “non-conventional” sedimentation field-flow fractionation in a rotating coiled column 

Type of 

sample  

Sample 

description 
Main objectives 

Parameters of 

injection of the 

samples 

Size 

Methods of 

characterization and 

analysis of 

fractionation sample 

Reference 

Environmental 

particulate 

matter 

Contaminated 

soil (<250 

µm) 

Study on the distribution of heavy-metal 

species in silty, dusty, and sandy 

fractions 

Weight: 0.5 mg; 

Volume: 5 mL 

Silty 0.1-0.2 μm; 

dusty 2 – 50 μm; 

sandy >50 μm 

SEM, ICP-MS, ICP-

AES (offline) 

[104] 

 
Road dust 

(<100 and 

<250 µm) 

The study of heavy metal association 

with nanoparticles 

Weight: 1 g;  

Volume: 10 mL 

<200 and <300 nm LD, SEM-EDS, ICP-

AES, ICP-MS (offline)  

[29,105] 

 
Street dust 

(<100 µm) 

Studies on the association of elements of 

natural and anthropogenic origin with 

nano-, submicro-, and microparticle 

fractions of dust 

Weight: 100 

mg; 

Volume: 2 and 

5 mL 

<0.2; 0.2-2; >2 µm; 

<0.3; 0.3-1; 1-10; 

10-100 µm  

LD, SEM-EDS, ICP-

AES, ICP-MS (offline)   

[28,30] 

 
Volcanic ash  Separation, characterization, and 

quantitative elemental analysis of 

volcanic ash 

nanoparticles 

Weight: 1g; 

Volume: 5 and 

10 mL 

<100 and <200 nm LD, SEM, ICP-AES, 

ICP-MS (offline)   

[6,102,103] 

 
Quartz sand 

(< 20 µm) 

Fractionation of natural microparticles of 

irregular shape 

Weight: 10-20 

µg; Volume: 

0.5-5 mL 

<1, 1-2, 2-3, 3-4, 5-

7, 7-8, 10 and  

10-20 µm 

 SEM [100] 
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SPLITT technique, like CTFFF, enables large amount of environmental particulate samples (up to 

several grams) to be separated.[26,66,106–108] For example, two size fractions were separated 

from marine sediment (<1 and 1-38 µm),[108] fly ash (<10.3 and 10.3-44 µm),[26] and natural 

water colloid (<1 and >1 µm).[66] SPLITT, like SdFFF and CTFFF, can be also combined with 

various characterization techniques. It should be noted that the study of fly ash particles was 

performed by the combined use of SPLITT and SdFFF techniques. SPLITT fractionation can serve 

as a useful tool for pre-separation of complex environmental samples such as the fly ash before 

characterization by SdFFF or other methods of characterization and/or analysis.[26] SPLITT 

separation of marine sediments demonstrated that the enriched preservation of soil-derived carbon 

was a common phenomenon across the finest particle fraction.[108] The behaviour of colloids in 

lake water was also investigated using SPLITT.[66] 

 

The multi-stage application of SPLITT enables more than two size fractions to be recovered; for 

example, two and three experimental run yielded separation of the lake and sea sediments into 

three (<5, 5-10, 10-30 µm) [106] and four[107] (<2, 2-5, 5-10, and >10 µm) particle fractions, 

respectively. The results obtained have shown that phosphorus is mainly accumulated in the <5 

µm size fraction of lake sediment.[106] 

 

Despite the benefits of SPLITT, the cross-contamination of recovering fractions is a common 

phenomenon.[66,107] The recovery for the micrometer size fractions is usually about 

80 %.[66,107] It has been shown that recovery is decreased with decreasing in size (<1 µm) of 

separated fractions.[66,108] Therefore, for trace elements speciation, questions are raised related 

to the suitability of SPLITT technique application. 
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Table 4. Applications of split flow thin cell fractionation in a centrifugal force field 

Type of 

sample  

Sample 

description 
Main objectives 

Parameters of injection 

of the samples 
Size 

Methods of 

characterization and 

analysis of fractionation 

sample 

Reference 

Environmental 

particulate 

matter 

Lake 

sediments 

(<30 µm) 

Study of phosphorus 

accumulation in different 

size sediment particles 

Continuous flow of 

particle suspension (after 

wet sieving) 

<5, 5-10, 

10-30 μm 

LD (offline) 

Spectrometric (offline) 

[106] 

 
Sea 

sediments 

(<44 µm) 

Increasing of SPLITT 

channel for separation of 

large amount of sediments 

Continuous flow of 

particle suspension (0.5 

% w/v) 

< 2, 2-5, 5-

10, > 10 

µm 

OM (offline) [107] 

 
Marine 

Sediments 

(<38 μm) 

Preservation of soil-derived 

carbon across different size 

sediment particles 

Continuous flow of 

particle suspension (after 

wet sieving) 

<1, 1-38 

µm 

C,N,S analyzer coupled 

online to isotope mass 

spectrometer and liquid 

chromatography–mass 

spectrometer (offline) 

[108] 

 
Fly ash (<44 

µm) 

Separation, 

characterization, and 

analysis of fly ash particles 

Continuous flow of 

particle suspension (total 

mass 3 g) 

<10.3 and 

10.3-44 μm 

SdFFF, ICP-AES 

(offline) 

[26] 

 Aquatic 

colloids 

Study of behavior of 

environmental colloids 

Continuous flow of 

initial water samples 

<1 and >1 

µm 

spectrophotometer 

(online), atomic force 

microscopy (offline) 

[66] 
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1.4 Conclusion 

 

SdFFF and A4F are versatile techniques for the fractionation and characterization of complex 

environmental particulate matter. Owing to the well-developed theory, both SdFFF and A4F 

techniques can be used not only for the separation but as well as for the sizing of investigated 

samples. Nevertheless, SdFFF A4F have an important limitation, namely, the mass of analytes in 

the injected sample does not usually exceed 10-20 µg to avoid overloading the system. Therefore, 

SdFFF and A4F are mainly used in analytical couplings with sufficiently sensitive detectors and 

not as a preparative tool. In addition, since the separation performance is strongly related to the 

quantity injected, the sample preparation and in particular homogenization prior to the separation 

is essential in order to provide representative results. 

 

The non-conventional SdFFF technique, coiled tube-based FFF, enables the mass of the particulate 

sample introduced in a long column to be increased up to at least 1 g. Despite its relatively low 

resolution as compared to conventional field-flow fractionation, CTFFF has a series of important 

niche applications. It opens a new door into the isolation of nano- and submicron particles from 

bulk samples of different origin and nature. Its interest has been demonstrated in environmental 

studies. 

 

SPLITT technique can also be used for the separation of particulate samples at gram levels due to 

injection of sample to be separated in continuous flow. However, only two fractions can be 

recovered during one experimental run at SPLITT fractionation. The separation of three and more 

fractions can be performed by the use of multi-stage procedures. SPLITT fractionation has some 

other limitations. SPLITT cannot be used for the fractionation and investigation of particles with 

a size less than 1 µm. Cross-contamination of separated fractions is often observed, and is 

increased with decreasing in size of particles to be separated.  

 

It can be concluded that CTFFF, SdFFF, and A4F separation techniques can be regarded as  

complementary ones. The fractions of particles characterized by a relatively wide size range 

(typically on several hundred nanometers, even tens of micrometers) can be recovered from the 

bulk sample by CTFFF, then the analysis of each fraction can be performed by SdFFF or A4F with 

multidetection. Therefore, an approach based on the combined use of CTFFF and SdFFF or A4F 

techniques seems to be promising for the fractionation and characterization of polydisperse 

environmental samples. 
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Chapter 2 Materials and methods 

 

The present chapter contains the information related to the volcanic ash bulk samples, materials 

and instrumentation used in the study, methodology of NPs separation from polydisperse samples 

by filtration, sedimentation, and CTFFF techniques, trapping the NPs on membrane filters, 

descriptions of digestion procedures as well as methodologies applied to the characterization and 

quantitative analysis of recovered NPs. The approaches used for the calculation of NPs weights 

and comparison of the results of the ICP-MS analysis of NPs suspensions after their digestion and 

acidification are also described. 

 

2.1 Volcanic ash samples 

 

The present study was carried out using ash samples of volcanoes Tolbachik, Klyuchevskoy 

(Kamchatka, Russia, eruptions of 2012 and 2015, correspondingly), and Puyehue (Puyehue-

Cordón Caulle volcanic complex, Andes, Chile, eruption of 2011). Klyuchevskoy and Puyehue 

are stratovolcanoes, therefore, content of ash may attain one third of the total ejected mass. It 

should be noted that Klyuchevskoy is among the most productive arc volcanoes on Earth [44,109]. 

Tolbachik is a predominantly basaltic volcanic complex in the Central Kamchatka depression and 

belongs to the Klyuchevskoy volcanic group. However, Tolbachik is a volcano formed by lava 

flows (so called Hawaiian type) and content of its ash is less than 1 % of the total mass ejected 

during the eruption. Puyehue ash sample (about 2 kg) was collected in June 2011 immediately 

after eruption of volcano and put into a polyethylene bag. Ash-containing snow samples (about 2 

kg) of Tolbachik and Klyuchevskoy volcanoes were collected in 2012 and 2015 respectively, 

during winter season after eruptions from the snow surface and put into polyethylene bags. After 

melting the ash-snow mixture, the ashes were dried at 25 °C in a well-ventilated room. The weight 

of each ash sample was not less than 1 kg. The weight of each ash sample was not less than 1 kg. 

Some properties of volcanic ash samples are presented in table 5. 

 

Table 5. Properties of volcanic ash samples under study 

Sample Density, mg cm -3 pH 

Puyehue 2.9 ± 0.7 6.65 ± 0.12 

Tolbachik 3.2 ± 0.7 6.67 ± 0.15 

Klyuchevskoy 3.1 ± 0.3 6.91 ± 0.09 
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Figure 5. Photos of Puyehue (Chile) eruption of 2011. Sources: Reuters and NASA 

 

2.2 Reagents 

 

Different acids were used: HNO3 (Nitric acid 65%; GR, ISO), HF (Hydrofluoric acid 40%; GR, 

ISO, Merck); HCl (Hydrochloric acid 37 %; PA-ACS-ISO; Panreac), and HClO4 (Perchloric acid 

70%; PA-ACS-ISO; Panreac). The solutions of multielement (ICP-MS-68A-A: Al, As, Ba, Be, 

Bi, B, Ca, Cd, Ce, Co, Cr, Cs, Cu, Dy, Er, Eu, Fe, Ga, Gd, Ho, In, K, La, Li, Lu, Mg, Mn, Na, Nd, 

Ni, P, Pb, Pr, Re, Rb, Sc, Se, Sm, Sr, Tb, Th, Tl, Tm, U, V, Y, Tb, Zn) and single-element standards 

(Na, Al, Si, K, Ca, Fe, Ni, Cu, As, Se, Ag, Cd, Sn, Te, Hg, Tl, Pb, Bi, La, Ce, Pr, Nd, Y, Gd, Dy, 

Ho, Th, and U) from the High-Purity Standards (USA) were used for calibration in ICP-AES and 

ICP-MS analyses. Standard sample ‘Trace Metals in Drinking water’ (High-Purity Standards, 

USA) was used as reference sample. Ultrapure deionized water with resistivity of 18.2 MΩ cm 

(Millipore Simplicity, Water Purification System) was used at all steps of the research. 

 

Standard geological samples (Gabbro GSO 521-84P (Russian Standard Sample), Andesite, AGV-

2 (United States Geological Survey) and Granodiorite, Silver Plume, Colorado, GSP-2 (United 

States Geological Survey)) were used for controlling of digestion procedure applied for bulk 

samples of volcanic ash. 

 

For dimensional analysis by A4F, ammonium nitrate (99.999%, from Sigma-Aldrich, Steinheim, 

Germany) and ultra-pure milli-Q water (Millipore system, Bedford, MA, USA) were used. An 

aqueous solution was prepared such that ammonium nitrate concentration was 10-5 mol L-1, with 

pH at 7.05 ± 0.01. This solution was filtered at 100 nm to obtain the mobile phase of the separation 

system. Standard samples of monodispersed polystyrene nanospheres (PS from 20 to 200 nm of 

geometric radii, NIST traceable standards, Gaithersburg, MD) were used to verify fractionation, 

to ensure the accuracy of the dimensional analysis, and to determine the shape of peaks of 

fractionated monodisperse populations. 
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For the elemental calibration of ICP-MS detector in A4F-MALS-ICP-MS hyphenated system and 

further analysis, standard solutions containing aluminium, iron, copper and lanthanum (at (999 ± 

3), (998 ± 4), and  (1000 ± 3) mg L-1 respectively, SCP Science, France) were used. Additionally, 

a solution of indium (at (1000 ± 4) mg L-1, SCP Science, France) was used as internal standard 

solution. Nitric acid (HNO3, 70% from Atlantic laboratory, Bruges, Belgium) was used for sample 

acidification. 

 

2.3 Separation of nanoparticles from volcanic ash samples 

 

The filtration, sedimentation and CTFFF methods were applied to separate NP fractions from the 

three volcanic ashes studied. Each method being based on different principles, separation 

operational parameters were preliminary optimized for each method independently. This explains 

why some parameters were not necessarily the same from one method to another. 

 

2.3.1 Filtration 

 

Prior to the NP fraction separation by membrane filtration and sedimentation methods, a mixing 

procedure was carried out on the basis of Standard NF ISO 18772 [110]. For that, 1 g of ash sample 

and 20 mL of deionized water were placed in a 50 mL polypropylene tube. Then, the tubes were 

fixed on the rotary agitator (Intelli-Mixer RM-1, Latvia) and shaken for 24 h with a speed of 20 

rpm at room temperature (25 °C). Ultrapure deionized water with the resistivity 18.2 MΩ cm 

(Millipore Simplicity, Water Purification System, USA) was used at all steps of the study. Once 

the mixing procedure was finished, the tubes were left for 2 h to settling of coarse 

particles (> 2 µm). 

 

For the separation of NPs by membrane filtration, preliminary tests were performed in order to 

select the best membrane materials. For that, cellulose acetate (CA, Vladipor, Russia), 

polyethersulfone (PES, Millipore, USA), and polytetrafluoroethylene (PTFE, Millipore, USA) 

membranes with 0.45 µm pore size were used.  As a result, results obtained by dynamic light 

scattering (DLS) analysis (DynaPro NanoStar, Wyatt Technology, Germany) showed that 

separation of nanoparticles by filtration using CA membrane led to the best recovery. This was 

expected due to its high surface electric charge density and high hydrophilicity enabling 

interactions of particles with membrane to be minimized [111]. So CA membrane was used in this 

study. Then, the separation was performed as follows: the whole volume of suspension was passed 
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through filter at a constant flow rate of 1 mL/min (peristaltic pump 120 U/DV, Watson-Marlow, 

UK) according to recommendations for separation of environmental samples [111]. Then, filtered 

suspensions were transferred into a polypropylene tube. 

 

2.3.2 Sedimentation 

 

The sedimentation method is based on the Stokes’ law. In a first step, the sedimentation time was 

selected by repeated measurements of a size distribution of the volcanic ash particles in the 

suspension for all three samples. For that, afterward the mixing, the tubes with suspension were 

left for sedimentation process at ambient temperature (25 °C) and successive aliquots of 

suspension (≈1 mL) were regularly taken and characterised for particles size distribution by DLS 

analysis. Thus, the sedimentation time enabling recovering of NP fractions with size less than 400 

nm was determined to be 48h. In a second step, the mixing procedure and the sedimentation 

method were redone and when the sedimentation was finished (48 h), the suspension of NP fraction 

was carefully taken with a pipette and transferred into a polypropylene tube.  

 

2.3.3 Coiled tube-field flow fractionation 

 

The separation of NP fractions by CTFFF method from volcanic ash samples was performed on a 

planetary centrifuge with a vertical single-layer coiled column (fig. 3) according to previously 

developed methodology [6]. The planetary centrifuge was fabricated in the Institute of Analytical 

Instrumentation, St. Petersburg, Russia. The planetary centrifuge has a revolution radius R = 90 

mm and a rotation radius r = 50 mm. The β value (β = r/R) is 0.55. The separation column is made 

of a PTFE tube with an inner diameter of 1.6 mm. The solid sample (1 g) was introduced into the 

column (filled with deionized water) as an initial suspension in 10 mL of water. Then, the column 

was rotated at 800 rpm and water was continuously fed into the column. The inner capacity of the 

column is 20 mL and particulate matter has even distribution along the column. Therefore, the 

sample introduced in the column is equivalent to a suspension composed of 1g of ashes in 20 mL 

water as in sedimentation and filtration methods. The separation of nanoparticles was achieved at 

a flow rate of 0.3 mL min-1. The rotation speed and flow rate parameters were chosen in order to 

enable the fractionation of NPs with size less than 400 nm from the bulk sample. The particulate 

matter in the column effluent was monitored using a flow spectrophotometer. The separated 

fractions of NPs were collected into a polypropylene tube. All separation methods were performed 

in three replicates (i.e. n=3). 
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2.4 Size characterization of recovered fractions and initial samples 

 

Once the separation by membrane filtration, sedimentation and CTFFF was finished, each fraction 

of NPs was immediately characterized by laser diffraction method (Shimadzu SALD-7500nano, 

Japan) and, in parallel, several drops of NP fractions from all the samples were taken for study by 

scanning electron microscopy (Tescan MiraLMU, Czech Republic). 

 

For laser diffraction characterization of separated fractions, 5 mL of each fraction were added to 

the batch cell of the device. Semiconductor laser (wavelength 405 nm) and batch cell (SALT-

BC75) are used in the technique. Size distribution was studied within the range of particle 

refractive indices from (1.00 - 0.00i) to (2.00 - 1.00i). The appropriate refractive index and 

corresponding PSD was evaluated using LDR (Light Intensity Distribution Reproduction) 

method [112], integrated in the device software. The measurement of each aliquot was done in 

three replicates.  

 

Characterization by scanning electron microscopy was carried out after drying of a droplet of each 

fraction on the silicon wafer without conductive coating; secondary electron image (SEI) mode 

and accelerating voltage 5 kV were used.  

 

2.5 Trapping of recovered nanoparticles on filters 

 

The separated NPs fractions were trapped on the membrane filters (20 kDa, Vladipor, Russia) 

using a filtration cell. The volume of filtration cell is 10 mL. The cell is equipped with magnetic 

stirrer to prevent clogging of membrane pores. The principle scheme of the filtration cell is 

illustrated in figure 6. The filtration is performed under the pressure of 2 bar. 

 

Initially, the membrane was fixed in the filtration cell. Then, 2 mL of deionized water were added 

to the filtration cell for wetting the membrane. After 20 min of membrane wetting, the filtration of 

samples was performed. Since the volume of filtration cell was 2 fold greater than the volume of 

recovered suspensions, the filtration process was done in 2 steps; the suspension was divided into 

two portions of volume 10 mL. The blank samples were also passed through membranes. 

Afterwards, the filters were dried in a desiccator (for 3 days) digested, and analysed by ICP-AES 

and ICP-MS techniques. 
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Figure 6. Principle scheme of filtration cell for trapping of recovered nanoparticle on filters 

 

2.6 Elemental analysis of initial samples and recovered nanoparticles 

 

2.6.1 Pre-treatment procedures 

 

2.6.1.1 Digestion of initial samples 

 

Samples of the volcanic ash as well as standard geological samples Gabbro GSO 521-84P, 

Andesite, AGV-2 and Granodiorite, Silver Plume, Colorado, GSP-2 were digested in autoclave 

system using a combination of acids. The autoclave system was ANKON-AT-2, Russia [113,114]. 

 

The digestion procedure was described in detail and validated for geological samples by 

Karandashev et al. [115]. The particulate samples of weight 50 mg were put into Teflon beakers 

together with 2mL HF, 0.5 mL HNO3, and 0.05 mL of solution containing 8mg L-1 146Nd, 5 mg L-

1 161Dy, and 3 mg L-1 174Yb, which were necessary to control completeness of digestion, covered 

with caps and stored for 6-8 h at room temperature. Then, the beakers were opened and boiled 

down at 170-180 °C. After cooling, 2 mL HF, 0.5 mL HClO4, and 0.2 mL HNO3 were added to 

each sample, the beakers were closed and placed in the autoclave titanium housings. The 

autoclaves were put in an electric furnace and held at 160 °C (1 h), 180 °C (1 h), 200 °C (1 h) and 

220 °C (0.5 h). After cooling, the samples were boiled down at 170-180 °C. Then, 1 mL HCl and 

1 mL HNO3 were added to each of the sample, the beakers were closed and held for 1 h at 160 °C. 

After the autoclaves were cooled down, they were opened, and the solution was evaporated to 

dryness. Then, 1 mL HCl and 1 mL HNO3 were again added to the beakers and the steps of heating 
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at 160 °C and evaporation to dryness were repeated. The dry residue was dissolved in 0.8 mL HCl 

and 0.8 mL HNO3 at 80-100 °C heating and transferred to polyethylene test tubes, the solution 

volume was brought up to 10 mL with deionized water. The solutions from the beakers without 

analysed sample were used as control ones. Before measurements all the solutions were diluted by 

5 times and an internal standard of 10 mg L-1 In was added. 

 

This digestion procedure leads to the losses of Si (as volatile SiF4) as well as Hg and As. Therefore, 

another 50 mg of bulk ash were taken for the extraction of Hg and As with boiling aqua regia. The 

extraction procedure was described in detail and validated for soil, ground, and bottom sediments 

by Karandashev et al. [116]. Briefly, it is employed the shaking and heating of the mixture of 

sample and aqua regia for the extraction, followed by filtration of the extract through ashless paper 

filters and dilution with deionized water. 

 

2.6.1.2 Digestion of filters with trapped nanoparticles 

 

The digestion of filter with NPs as well as blank filters was also performed using an autoclave 

system. The digestion procedure was also already described in detail and validated by 

Fedotov et al. [30]. The filter sample was transported in Teflon beakers. The 0.5 mL of HNO3 and 

1 mL of HCl were added into the beakers with filter. Then, the beakers were closed and placed in 

the autoclave titanium housings. The autoclaves were put in an electric furnace and held during 

1 h at 160 °C, 2 h at 180 °C, and 1 h at 200 °C. After cooling of autoclave, they were opened, 

obtained solutions were transferred to polyethylene test tubes and their volume was brought up to 

10 mL with deionized water. Before measurements, an internal standard of 10 mg L-1 In was added 

to all the solutions. For the control samples, above-described procedure was done in Teflon beakers 

without analysed sample. 

 

2.6.1.3 Digestion of nanoparticle suspension 

 

To confirm the reliability of the direct analysis of NP suspensions by ICP-MS, conventionally acid 

digestion followed by ICP-MS analysis is used. It should be noted that NP suspensions were 

recovered from volcanic ash sample by sedimentation process described in 2.3. For each ash, 

suspensions were prepared three times, and then pooled to obtain a single composite suspension 

in order to overcome the heterogeneity of volcanic ash. From this suspension, for each sample 

preparation procedure tested (digestion and acidification), three aliquots were taken. For analytical 

control, blanks containing deionized water instead of NP suspensions were prepared in three 
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replicates as described below for procedures of digestion and acidification of NP suspensions. 

 

This procedure is similar to the autoclave digestion of the bulk samples described in 2.6.1.1. Three 

aliquots consisting in 6 mL of suspension were transferred into Teflon reaction vessels; 0.05 mL 

of the solution of isotope tracers (8 mg L-1 146Nd, 5 mg L-1 161Dy, and 3 mg L-1 174Yb) was also 

added to the vessels for controlling of digestion completeness. The obtained solution was 

evaporated. The mixture of concentrated acids (1 mL HF, 0.3 mL HClO4, and 0.3 mL HNO3) was 

added to the dry residue. Then, vessels were closed with caps, placed in the autoclave, and heated 

in an electric furnace at 160 °C (1 h), 180 °C (1 h), 200 °C (1 h) and 220 °C (0.5 h). After cooling, 

the reaction vessels were opened and placed on the heating plate and the solution was evaporated 

to dryness at 170-180°C. For the digestion of insoluble fluorides, the residue was twice treated 

with the mixture of concentrated 1 mL HCl and 0.5 mL HNO3 in autoclave at 160 °C (1 h) with 

the subsequent evaporation to dry salts. After the dry residue was dissolved in the mixture of 0.2 

mL HCl and 0.2 mL HNO3 at 80-100 °C and transferred to polyethylene test tubes. Before 

measurement, the solution volume was brought up to 6 mL with deionized water, in order to obtain 

a final matrix of 2 % HNO3 and 1 % HCl. Then the internal standard of 10 μg L-1 Rh was added 

to each aliquot for the indirect analysis by ICP-MS. 

 

2.6.1.4 Acidification of nanoparticle suspension 

 

Prior to the direct analysis of NP suspensions by ICP-MS, they were acidified to 4 % HNO3. The 

internal standard of 10 μg L-1 Rh was added to 6 mL of each aliquot of the acidified solution. It 

should be noted that NP suspensions as well as standard solutions for calibration were prepared 

for each final preparation matrix in order to overcome acid effect and avoid memory effect. 

 

2.6.2 Elemental analysis 

 

2.6.2.1 Inductively coupled plasma atomic emission spectrometry analysis 

 

The contents of Na, Mg, Al, Si, P, K, Ca, Ti, Mn, Fe, and Cu in bulk samples and in NPs trapped 

on filter were determined by ICP-AES (iCAP-6500 Duo, Thermo Scientific, USA). The 

measurements were made using the following parameters [115]: 

• a RF generator power of 1200W; 

• a VeeSpray nebulizer; 

• a plasma-forming Ar flow rate of 12 L min-1; 



- 48 - 

• an auxiliary Ar flow rate of 0.5 L min-1; 

• an Ar flow rate into the nebulizer of 0.6 L min-1; 

• an analysed sample flow rate of 1.8 mL min-1. 

 

The concentration of element in samples under analysis was calculated by software of ICP-AES 

technique (ThermoSPEC, version 4.1). The limit of detection (LOD) was calculated according to 

Eurachem/CITAC guide [117] as: 

𝐿𝑂𝐷 = 𝐶𝑖 + 3𝜎,           (27) 

where 𝐶𝑖 is the mean concentration of 𝑖 element obtained from measurement of blank samples; 

𝜎 is standard deviation of 𝑖 element concentration obtained from measurements of blank samples. 

 

2.6.2.2 Inductively coupled plasma mass spectrometry analysis 

 

In case of the analysis of filter with NPs as well as bulk samples, the contents of Na, Al, Ti, Mn, 

Fe, Ni, Cu, As, Se, Y, Ag, Cd, Sn, Te, La, Ce, Pr, Nd, Gd, Dy, Ho, Hg, Tl, Pb, Bi, Th, and U in 

the samples were determined using an ICP-MS (Х-7, Thermo Scientific, USA). The measurements 

were made using the following parameters: 

• a RF generator power of 1250W; 

• HF resistant polyimide a PolyCon nebulizer; 

• Quartz torch with 1.5 mm injector for X Series; 

• a plasma-forming Ar flow rate of 13 L min-1; 

• an auxiliary Ar flow rate of 0.9 L min-1; 

• an Ar flow rate into the nebulizer of 0.9 L min-1; 

• an analysed sample flow rate of 0.8 mL min-1. 

 

In case of the analysis of digested and acidified nanoparticle suspension, the content of Al, Fe, Y, 

La, Ce, Pr, Gd, Ho, Ni, Cu, Se, Sn, Te, Tl, Pb, Bi, and Th in the solutions was determined by ICP-

MS (Agilent 7900, USA). The measurements were made using the following parameters: 

• a RF generator power of 1550 W; 

• set of standard nickel cones; 

• a MicroMist nebulizer; 

• quartz Scott-style spray chamber; 

• a plasma-forming Ar flow rate of 15 L min-1; 

• an Ar flow rate into the nebulizer of 1.05 L min-1; 
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• an analysed sample flow rate of 1.0 mL min-1. 

 

All these elements were selected because they enable a complete elemental characterization of 

bulk and NP fraction of volcanic ashes to be achieved. For all the analyses, the internal standard 

(In and Rh) was used for accurate correction of non-spectral interferences. The absence of these 

elements in samples was preliminary verified. The treatment of the results of the analysis was 

provided by ICP-MS techniques software. The limit of detection (LOD) was calculated according 

to equation 27. 

 

2.7 Calculation of weight of separated nanoparticles 

 

The quantitative determination of the NP weight in suspension is generally difficult to achieve 

precisely after separation. To overcome this difficulty, another approach was used from the 

calculation of element concentrations in volcanic ash nanoparticles. The mineral particles of 

volcanic ash primarily consist of aluminosilicate and their chemical composition can be 

represented as a sum of the oxides of major elements. For instance, basalt can be considered as 

45–55 % SiO2, 14 % or more Al2O3, 5–14 % FeO, MgO in the range from 5 to 12 %, about 10% 

CaO, 2–6 % total alkalis, and 0.5–2.0 % TiO2 [118]. The determined absolute amounts of major 

elements (Si, Na, Mg, Al, P, K, Ca, Ti, Mn and Fe) were recalculated to their oxides (SiO2, Na2O, 

MgO, Al2O3, P2O5, K2O, CaO, TiO2, MnO2, Fe2O3) and the total amount of oxides was considered 

as representative of the weight of the NP fraction. The approach was described and validated 

earlier by Ermolin et al. [6]. 

 

2.8 Comparison of the results of direct and indirect elemental analysis 

 

The concentrations of elements in NPs measured by direct ICP-MS analysis and after acid 

digestion of the suspensions (simply named “indirect analysis” hereinafter) were compared. Due 

to the lack of certified reference material and so to certified concentration value, the comparison 

was performed taking into account the uncertainties associated with the two mean concentration 

values (𝑚𝑒𝑎𝑛 ± 𝑈, with 𝑈 = 2 × 𝑆𝑡𝑎𝑛𝑑𝑎𝑟𝑑 𝐷𝑒𝑣𝑖𝑎𝑡𝑖𝑜𝑛 (𝑆𝐷)) obtained after direct and indirect  

analysis, by calculating the relative accuracy bias according to: 

 

𝐵 =
[max(𝐶𝑑𝑖𝑟𝑒𝑐𝑡;𝐶𝑖𝑛𝑑𝑖𝑟𝑒𝑐𝑡)−𝑈1]−[min(𝐶𝑑𝑖𝑟𝑒𝑐𝑡;𝐶𝑖𝑛𝑑𝑖𝑟𝑒𝑐𝑡)+𝑈2]

𝐶𝑖𝑛𝑑𝑖𝑟𝑒𝑐𝑡
× 100    (28) 
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with 𝐶𝑑𝑖𝑟𝑒𝑐𝑡 and 𝐶𝑖𝑛𝑑𝑖𝑟𝑒𝑐𝑡 the concentrations obtained by direct and indirect analysis; 𝑈1 and 𝑈2 

the uncertainties associated with the concentrations selected by the tests max and min respectively. 

𝐵 ≤ 0 means there is no significant difference between the concentrations i.e. there is no bias, 

while 𝐵 > 0 is the direct evaluation of the relative accuracy bias. 

 

2.9 Study of volcanic ash nanoparticles by hyphenated system (Asymmetric flow field- 

flow fractionation-UV detector-multi-angle light scattering-inductively coupled plasma 

mass spectrometry) 

 

The nanoparticle fraction was recovered by sedimentation as was described in the section 2.3.2. 

Two aqueous solutions were considered to preliminary evaluate the settling process: a synthetic 

river water (prepared according to work [119] and deionized water (from 18 M milliQ system).  

 

2.9.1 Dimensional analysis 

 

Dimensional characterisation and monitoring were performed using Asymmetric Flow Field-Flow 

Fractionation (A4F, Eclipse 3, Wyatt Technology, Dernbach, Germany) coupled to UltraViolet-

Visible Diode Array Detector (UV-Vis DAD 1260 Infinity, Agilent Technology, Tokyo, Japan) 

and Multi-Angle Light Scattering detector (MALS, DAWN HELEOS, Wyatt Technology, Santa 

Barbara, USA).  

 

A4F operating conditions were the following: injector and focus flows were 0.2 and 2.5 mL min-1 

respectively; the cross-flow programming, optimized for fractionating particles up to 200 nm 

geometric radius, was from 2.5 (for 1 min) to 0.5 mL min-1 in 5 min, left at 0.5 mL min-1 for 30 

min, then adjusted and kept at 0 mL min-1 for 11 min; detector flow was 1 mL min-1. All the flows 

were controlled by a HPLC pump (Agilent Technologies 1100 series, Waldbronn, Germany). The 

channel was 26.5 cm in length, with a trapezoidal cross-section from 2.1 (in) to 0.6 cm (out). It 

was used with a cellulose-regenerated membrane with a 10 kDa cut-off. The injected volume was 

100 µL. The A4F mobile phase (see 2.1) was chosen in order to avoid any 

agglomeration/aggregation (salt nature and concentration), and also in agreement with detector 

requirement (no surfactant for MALS and low salt concentration for ICP-MS) [23]. MALS 

information was collected at 15 angles between 29.6 and 157.7°. It was processed with Astra 

software (Wyatt technology) using the sphere formalism for standard nanospheres and Berry’s 

first-order formalism for all particle types. Then, the shape index, defined as the ratio between the 

gyration radii of the nanoparticles of volcanic ash and the standard nanospheres, was deduced [79]. 
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The shape index enables the gap with the "sphericity" of fractionated nanoparticles with respect to 

standard nanospheres to be evaluated, and thus shape information to be obtained. 

 

2.9.2 Elemental analysis 

 

The elemental analysis was performed with ICP-MS (Agilent 7900) instrument equipped with a 

cooled Scott-type spray chamber, a concentric nebulizer (Meinhard) and an octopole 

Collision/Reaction Cell (CRC). The CRC with helium 4.3 mL min-1 was used to eliminate 

polyatomic interferences. For A4F-ICP-MS analysis, the operating conditions were chosen in 

order to simultaneously monitor Al, Fe, Cu and La taken as major and trace elements of 

complementary interest to the ash nanoparticle fraction considered. Indeed, the question of 

concentrations was important for obtaining reliable results due to the large dilution induced by 

A4F. The monitored isotopes were 27Al, 56Fe, 63Cu, 139La, and 115In.  A coupling module 

comprising a T-connector and a second HPLC pump was used to connect the A4F system and the 

ICP-MS detector. It enabled the element standards (including the internal standard) to be 

introduced, and the mobile phase to be acidified for the ICP-MS quantitative analysis. 

The total concentration of nanoparticles in suspension was also determined using the UV-Vis 

signals. Indeed, the maximum intensity of a UV–Vis absorption spectrum is a function of the 

concentration of NPs in suspension. It can therefore be used to determine the 

concentration [120,121]. In addition, such an approach was used to determine the total NP 

concentration using A4F coupling, which is easier and faster than offline procedures [122]. 

Consequently, the signals recorded at 300 nm (which was the most absorbing wavelength for this 

sample; see below in the result and discussion part) were used to determine the total concentration 

of nanoparticles. The calibration of the UV-Vis detector was carried out using the mass of 

nanoparticles determined in the initial suspension by the exhaustive elemental analysis of the 

suspension was also used. The total concentrations of nanoparticles and the corresponding UV-

Vis signal areas were obtained in the initial unfractionated (total samples) and fractionated 

suspension. 

The accuracy (exactness and precision) of the offline and online elemental analyses was verified 

in two ways: (i) by injecting a certified reference water (CRM TMDA64-3, river water) via the 

coupling module and comparing the determined element values with those of the certificate, and 

(ii) by injecting the sample directly into the ICP-MS and then introducing it via the A4F system 

without any fractionation, and comparing the element values obtained. For the CRM TMDA64-3 

(not certified for La), the concentrations found were: (269.2  1.3), (302.1  4.2) and (247.7  5.9)  
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µg L-1 for Al, Fe and Cu respectively (certified values: (290  23), (298  21) and (260  18)  µg 

L-1 for Al, Fe and Cu). The values found are therefore in accordance with the reference values, 

with recoveries equal to (93  7), (101  5) and (95  5) % respectively. For the sample of volcanic 

ash nanoparticles, the offline/online concentrations (reported in Table 9) were also in agreement, 

and their associated standard deviation of the same order of magnitude. In addition, the detection 

limits (LOD), calculated from the signal height, were 0.5, 3, 0.09 and 0.005 µg L-1 for Al, Fe, Cu 

and La respectively, and the Relative Standard Deviation (RSD) evaluating the quantification 

precision was about 7% for all monitored isotopes. The elemental approach enabled the accuracy 

of the UV-Vis analysis to be verified, with recovery (considering the elemental approach as the 

reference since it was previously validated) of (95  3) %. In addition, the limits of detection, 

calculated from the signal height, was 500 µg L-1, and the Relative Standard Deviation evaluating 

the quantification precision was about 6%. 

 

2.9.3 Signal processing from fractograms 

 

For each analytical sequence, blank and standard solutions were analyzed. Then, the UV-Vis and 

ICP-MS temporal signals (from the fractograms) were filtered using a low-pass digital filter. 

Standard monodispersed samples fractionated by A4F showed Gaussian peaks. The deconvolution 

process was therefore carried out on the basis of Gaussian peaks, simultaneously considering the 

signals of all the detectors. The adjustment of the analytical expression (sum of the Gaussian 

peaks) to the experimental fractogram enabled the deconvolution solution to be optimized. The 

accuracy of the process was estimated by the coefficient of determination R2. Deconvolution was 

considered optimal when R2 was equal to or greater than 0.99. 
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Chapter 3 Analytical study of the nanoparticle fraction of volcanic ash 

 

3.1 Separation of nanoparticles from volcanic ash samples: comparative study of 

filtration, sedimentation, and coiled tube field-flow fractionation 

 

The common approaches applied to the separation of nanoparticle fractions include filtration and 

sedimentation methods [4]. As was mentioned coiled tube field-flow fractionation can be also used 

for the separation of NPs from environmental samples.  

 

In the present part of work, filtration, sedimentation and CTFFF were applied to the separation of 

NPs from volcanic ash samples for subsequent dimensional and quantitative characterization. The 

size populations obtained by these methods were characterized in order to establish their 

similarities and differences in terms of size, size distribution, concentrations and composition. The 

aim was to perform a comparative description, given that each method used has its own optimal 

operating conditions [6,28,129,29,30,123–128]. 

 

3.1.1 Dimensional characterization of nanoparticle fractions 

 

The NP fractions of volcanic ash recovered by filtration, sedimentation, and CTFFF were 

characterized by laser diffraction and SEM. The measured size distributions of particles in all 

separated NP fractions are presented in figure 7. Additionally, the micrographs of the 

corresponding NP fractions are shown in figure 8. As is seen in figure 7, for all samples, the 

filtration and CTFFF methods enabled particles less than 400 nm to be separated. For filtration, 

the position of peak maximum was always in a narrow range of 30-40 nm, the distribution ranging 

from several nanometres up to 150, 250 and 400 nm depending on the sample. For CTFFF, both 

the peak maximum (from 30 to 140 nm, respectively) and the distribution width (about 10-60, 50-

350 and 20-350 nm respectively) depended on the sample. The sedimentation mainly provided 

particles less than 400 nm ( 95%). Both the peak maximum (about 90, 110 and 100 nm, for 

Puyehue, Tolbachik, and Klyuchevskoy ash samples, respectively) and the distribution width 

(about 10-350, 40-350 and 20-350 nm for Puyehue, Tolbachik, and Klyuchevskoy ash samples, 

respectively) depended on the samples, as for CTFFF. However, unlike the other two methods, 

sedimentation provided a second population of submicron particles in the range of 400-900 nm. 

The maximum of the respective peak corresponded to a size of about 600 nm for all the samples. 

It should be noted that this second population represented less than 5 % of the whole particle 

fraction separated. 
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Figure 7. The size distribution of NP fractions of Puyehue (A), Tolbachik (B), and Klyuchevskoy 

(C) volcanic ash samples as measured by laser diffraction. 

 

Thus, dimensional results show that filtration enabled smaller NPs to be selectively separated. This 

indicates that larger NPs were mostly retained on the filter although their size was smaller than the 

filter cut-off. This observation is in agreement with literature [129].  
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Figure 8. Micrographs of NP fractions of Puyehue (A), Tolbachik (B), and Klyuchevskoy (C) volcanic ashes separated by filtration, sedimentation, and 

CTFFF, techniques. For NP fraction separated by sedimentation, a population of particles with size < 400 nm and submicron population are illustrated 

in micrographs 1 and 2, respectively 
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CTFFF provided the separation of NPs with same PSD as sedimentation for Tolbachik and 

Klyuchevskoy volcanic ash in contrast to Puyehue sample, which had PSD similar to the fraction 

separated by filtration method. In particular, for Puyehue volcanic ash, a high adhesion of NPs to 

the tube wall of the rotating coiled column was observed, which decreased the recovery of NPs. 

This phenomenon was systematically observed for all the replicates of NPs separation from 

Puyehue by CTFFF. The adhesion of particles in column is strongly dependent on mineral 

composition of volcanic ash particles, their surface properties, and properties of liquid media, first 

of all, the ionic strength [130]. Indeed in the present study, Tolbachik and Klyuchevskoy ashes are 

basaltic ones [35], while Puyehue ash is andesitic one [36]. The adhesion was also enhanced by 

the action of centrifugal forces generated in CTFFF during the separation process.  

 

Figure 8 enables nanoparticles with a spherical or ellipsoidal shape and a smooth surface to be 

visualized in all samples and whatever the separation method used. This is evidently the result of 

high-temperature processes of particle formation occurred during eruption [131,132]. The 

submicron particles found in the fractions separated by sedimentation were of irregular shape, 

which could be attributed to the fragmentation of larger particles during the eruption [131,132]. 

 

3.1.2 Elemental characterization of bulks and nanoparticle fractions 

 

The determined concentrations of major and trace elements in bulks and corresponding NP 

fractions of volcanic ash samples are given in table 6.  

 

In NP fractions separated by filtration, most of trace elements were under the limit of detection 

(except Cd, Tl, Pb and La in Puyehue sample, Ni, Cu, Tl, Pb and La in Tolbachik sample, and Tl 

and La in Klyuchevskoy sample). In addition, concentrations were systematically inferior to the 

ones determined after separation by sedimentation and CTFFF. This tendency is in accordance 

with dimensional information get in 3.1. Indeed, for all samples, using filtration method, larger 

NPs were retained on the filter although their sizes were smaller than the pores size of the filter 

cut-off. Therefore, the determination of major and trace element concentrations was complicated 

due to the low amount of recovered NP fractions using filtration method. The repeatability, 

expressed by the relative standard deviation (RSD) associated to the concentration values, were 

also calculated. RSD ranged from 11% to 52% for Puyehue and Tolbachik samples, and from 4% 

to 29% for Klyuchevskoy sample. 
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Table 6. Concentration of major and trace elements in bulk samples (relative to measured bulk ash weight) and NP fractions (relative to measured NP fraction suspension 

volume) of volcanic ash separated by filtration, sedimentation, and CTFFF techniques (mean ± Standard Deviation (SD) (n=3) and Relative Standard Deviation (RSD) into 

brackets) 

E
le

m
en

t Puyehue Tolbachik Klyuchevskoy 

Bulk [6] Filtration Sedimentation CTFFF [6] Bulk [6] Filtration Sedimentation CTFFF [6] Bulk [6] Filtration Sedimentation CTFFF [6] 

mg/g ng/mL ng/mL ng/mL mg/g ng/mL ng/mL ng/mL mg/g ng/mL ng/mL ng/mL 

1 2 3 4 5 6 7 8 9 10 11 12 13 

Na 
36 ± 4 

(11 %) 

46 ± 13 

(28 %) 

846 ± 385 

(46 %) 

56 ± 24 

(43 %) 

28 ± 3 

(11 %) 

39 ± 6 

(15 %) 

419 ± 78 

(19 %) 

167 ± 47 

(28 %) 

24 ± 2 

(8 %) 

27 ± 8 

(29 %) 

421 ± 35 

(8 %) 

545 ± 47 

(9 %) 

Mg < 0.03 
15 ± 3 

(20 %) 

37 ± 14 

(38 %) 

12 ± 2 

(17 %) 

20 ± 2 

(10 %) 

45 ± 16 

(36 %) 

422 ± 68 

(16 %) 

459 ± 86 

(19 %) 

28 ± 3 

(11 %) 

30 ± 2 

(7 %) 

520 ± 82 

(16 %) 

554 ± 48 

(9 %) 

Al 
74 ± 7 

(9 %) 

45 ± 6 

(13 %) 

1041 ± 526 

(51 %) 

261 ± 80 

(31 %) 

84 ± 8 

(10 %) 

42 ± 22 

(52 %) 

1679 ± 301 

(18 %) 

1133 ± 312 

(28 %) 

86 ± 9 

(10 %) 

27 ± 1 

(4 %) 

1791 ± 88 

(5 %) 

2744 ± 153 

(6 %) 

Si n.d.* 
251 ± 92 

(37 %) 

2315 ± 355 

(15 %) 

968 ± 329 

(34 %) 
n.d.* 

239 ± 126 

(53 %) 

2902 ± 414 

(14 %) 

3588 ± 738 

(21 %) 
n.d.* < 197 

2284 ± 163 

(7 %) 

4321 ± 926 

(21 %) 

P 
0.57 ± 0.05 

(9 %) 

3.6 ± 0.7 

(19 %) 

35 ± 12 

(34 %) 

10 ± 2 

(20 %) 

3.0 ± 0.2 

(7 %) 

6 ± 3 

(50 %) 

188 ± 16 

(9 %) 

354 ± 24 

(7 %) 

0.8 ± 0.1 

(13 %) 

5.1 ± 0.6 

(12 %) 

43 ± 4 

(9 %) 

40 ± 3 

(8 %) 

K 
8 ± 1 

(13 %) 
< 12 

259 ± 123 

(47 %) 
< 12 

20 ± 2 

(10 %) 
< 12 

258 ± 57 

(22 %) 

97 ± 35 

(36 %) 

8 ± 0.8 

(10 %) 
< 12 

28.4 ± 0.8 

(3 %) 

124 ± 19 

(15 %) 

Ca 
57 ± 6 

(11 %) 

151 ± 37 

(25 %) 

414 ± 129 

(31 %) 
< 32 

51 ± 5 

(10 %) 

110 ± 31 

(28 %) 

858 ± 111 

(13 %) 

498 ± 134 

(27 %) 

57 ± 6 

(11 %) 

146 ± 14 

(10 %) 

1680 ± 59 

(4 %) 

1459 ± 130 

(9 %) 

Ti 
3.6 ± 0.4 

(11 %) 

36 ± 19 

(53 %) 

94 ± 42 

(45 %) 

13 ± 4 

(31 %) 

11 ± 1 

(9 %) 

128 ± 33 

(26 %) 

168 ± 10 

(6 %) 

266 ± 93 

(35 %) 

6.4 ± 0.6 

(9 %) 
< 4 

84 ± 14 

(17 %) 

465 ± 41 

(9 %) 

Mn 
0.67 ± 0.05 

(7 %) 

4.0 ± 0.4 

(10 %) 

30 ± 4 

(13 %) 

2.5 ± 0.6 

(24 %) 

1.0 ± 0.1 

(10 %) 

3.2 ± 0.7 

(22 %) 

30 ± 9 

(30 %) 

46 ± 5 

(11 %) 

1.1 ± 0.1 

(9 %) 

5.5 ± 0.3 

(5 %) 

29 ± 4 

(14 %) 

46 ± 3 

(7 %) 

Fe 
62 ± 6 

(10 %) 

27 ± 9 

(33 %) 

569 ± 144 

(25 %) 

74 ± 35 

(47 %) 

69 ± 7 

(10 %) 

122 ± 40 

(33 %) 

2133 ± 368 

(17 %) 

3432 ± 192 

(6 %) 

62 ± 6 

(10 %) 

23 ± 4 

(17 %) 

1199 ± 99 

(8 %) 

2346 ± 130 

(6 %) 

 µg/g pg/mL pg/mL pg/mL µg/g pg/mL pg/mL pg/mL µg/g pg/mL pg/mL pg/mL 

Ni 
0.7 ± 0.1 

(14 %) 
< 410 < 410 

732 ± 41 

(6 %) 

9 ± 1 

(11 %) 

1495 ± 212 

(14 %) 

2425 ± 82 

(3 %) 

8437 ± 2558 

(30 %) 

22 ± 2 

(9 %) 
< 410 

1042 ± 184 

(18 %) 

1173 ± 100 

(9 %) 

Cu 
16 ± 2 

(13 %) 
< 474 < 474 

1694 ± 130 

(8 %) 

240 ± 25 

(10 %) 

1122 ± 429 

(38 %) 

16023 ± 3365 

(21 %) 

40491 ± 3830 

(9 %) 

68 ± 7 

(10 %) 
< 474 

5246 ± 87 

(2 %) 

21418 ± 1600 

(7 %) 

As 
4.0 ± 0.4 

(10 %) 
< 95 < 95 < 95 

3.4 ± 0.3 

(9 %) 
< 95 

4104 ± 227 

(6 %) 

12464 ± 1024 

(8 %) 

0.60 ± 0.06 

(10 %) 
< 95 < 95 

1084 ± 125 

(12 %) 

Se 
1.6 ± 0.2 

(13 %) 
< 501 < 501 < 501 < 2.5 < 500 

1921 ± 326 

(17 %) 

5240 ± 511 

(10 %) 
< 0.7 < 500 < 500 

1100 ± 127 

(12 %) 

Ag 
0.10 ± 0.01 

(10 %) 
< 4 

10.9 ± 0.6 

(6 %) 

12 ± 3 

(25 %) 

0.10 ± 0.01 

(10 %) 
< 4 

59 ± 8 

(14 %) 

111 ± 21 

(19 %) 

0.10 ± 0.01 

(10 %) 
< 4 

33 ± 6 

(18 %) 

71 ± 6 

(8 %) 
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Limit of detection is used in the table 

*n.d. means “not determined” due to the losses of Si as volatile SiF4 during digestion of bulk samples with HF 

  

Table 6 (continued) 

1 2 3 4 5 6 7 8 9 10 11 12 13 

Cd 
0.10 ± 0.01 

(10 %) 

12 ± 5 

(42 %) 

27 ± 12 

(44 %) 
 < 2 < 0.03 < 2 < 2 

31 ± 8 

(26 %) 

0.10 ± 0.01 

(10 %) 
< 2 

26.1 ± 0.9 

(3 %) 

77 ± 11 

(14 %) 

Sn 
2.6 ± 0.3 

(12 %) 
< 532 < 532 < 532 

1.6 ± 0.2 

(13 %) 
< 532 < 532 

1111 ± 107 

(10 %) 

0.9 ± 0.1 

(11 %) 
< 532 < 532 

884 ± 38 

(4 %) 

Te <0.07 < 18 < 18 < 18 < 0.05 < 18 
109 ± 19 

(17 %) 

457 ± 12 

(3 %) 
< 0.05 < 18 

35.9 ± 0.8 

(2 %) 

218 ± 44 

(20 %) 

Hg <0.08 < 15 < 15 
19 ± 8 

(42 %) 

0.10 ± 0.01 

(10 %) 
< 15 

210 ± 51 

(24 %) 

418 ± 31 

(7 %) 

0.10 ± 0.01 

(10 %) 
< 15 

122.0 ± 0.8 

(1 %) 

843 ± 63 

(7 %) 

Tl 
0.50 ± 0.05 

(10 %) 

19 ± 2 

(11 %) 

101 ± 52 

(51 %) 

30 ± 6 

(20 %) 

0.20 ± 0.02 

(10 %) 

35 ± 10 

(29 %) 

157 ± 22 

(14 %) 

333 ± 33 

(10 %) 

0.10 ± 0.01 

(10 %) 

20 ± 4 

(20 %) 

51 ± 1 

(2 %) 

151 ± 15 

(10 %) 

Pb 
23 ± 2 

(9 %) 

203 ± 106 

(52 %) 

1946 ± 724 

(37 %) 

472 ± 128 

(27 %) 

7.0 ± 0.7 

(10 %) 

252 ± 80 

(32 %) 

1051 ± 241 

(23 %) 

4096 ± 409 

(10 %) 

3.0 ± 0.3 

(10 %) 
< 54 

145 ± 15 

(10 %) 

1441 ± 80 

(6 %) 

Bi 
0.20 ± 0.02 

(10 %) 
< 7 

126 ± 62 

(49 %) 

96 ± 23 

(24 %) 

0.10 ± 0.01 

(10 %) 
< 7 

140 ± 27 

(19 %) 

603 ± 26 

(4 %) 

0.10 ± 0.01 

(10 %) 
< 7 < 7 

140 ± 5 

(4 %) 

La 
29 ± 3 

(10 %) 

19 ± 9 

(47 %) 

400 ± 201 

(50 %) 

115 ± 44 

(38 %) 

21 ± 2 

(10 %) 

12 ± 4 

(33 %) 

320 ± 49 

(15 %) 

659 ± 155 

(24 %) 

7 ± 1 

(14 %) 

3 ± 1 

(33 %) 

100 ± 3 

(3 %) 

295 ± 10 

(3 %) 

Ce 
66 ± 7 

(11 %) 
< 956 

906 ± 440 

(49 %) 

279 ± 96 

(34 %) 

51 ± 5 

(10 %) 
< 956 

779 ± 146 

(19 %) 

1669 ± 383 

(23 %) 

18 ± 2 

(11 %) 
< 956 

238 ± 4 

(2 %) 

712 ± 48 

(7 %) 

Pr 
8.6 ± 0.9 

(10 %) 

5 ± 2 

(40 %) 

125 ± 64 

(51 %) 

35 ± 11 

(31 %) 

7.5 ± 0.8 

(11 %) 

5 ± 1 

(20 %) 

115 ± 20 

(17 %) 

240 ± 54 

(23 %) 

2.8 ± 0.3 

(11 %) 
< 1 

39 ± 2 

(5 %) 

105 ± 6 

(6 %) 

Nd 
37 ± 4 

(11 %) 

23 ± 5 

(22 %) 

554 ± 251 

(45 %) 

152 ± 51 

(34 %) 

33 ± 3 

(9 %) 

23 ± 9 

(39 %) 

529 ± 117 

(22 %) 

1094 ± 236 

(22 %) 

13 ± 1 

(8 %) 

6.6 ± 0.6 

(9 %) 

189 ± 3 

(2 %) 

510 ± 6 

(1 %) 

Y 
53 ± 5 

(9 %) 
< 22 

635 ± 326 

(51 %) 

129 ± 60 

(47 %) 

40 ± 4 

(10 %) 
< 22 

545 ± 113 

(21 %) 

881 ± 189 

(21 %) 

22 ± 2 

(9 %) 
< 22 

313 ± 13 

(4 %) 

625 ± 10 

(2 %) 

Gd 
8.6 ± 0.9 

(10 %) 

5 ± 1 

(20 %) 

132 ± 69 

(52 %) 

27 ± 12 

(44 %) 

7.7 ± 0.8 

(10 %) 
< 1 

120 ± 29 

(24 %) 

214 ± 45 

(21 %) 

3.9 ± 0.4 

(10 %) 
< 1 

60 ± 1 

(2 %) 

130 ± 2 

(2 %) 

Dy 
8.8 ± 0.9 

(10 %) 

5 ± 2 

(40 %) 

126 ± 66 

(52 %) 

28 ± 10 

(36 %) 

7.2 ± 0.7 

(10 %) 
< 2 

108 ± 24 

(22 %) 

171 ± 36 

(21 %) 

4.0 ± 0.4 

(10 %) 
< 2 

62 ± 4 

(6 %) 

124 ± 3 

(2 %) 

Ho 
1.8 ± 0.2 

(11 %) 
< 2 

27 ± 14 

(52 %) 

6 ± 2 

(33 %) 

1.5 ± 0.2 

(13 %) 
< 2 

22 ± 3 

(14 %) 

35 ± 7 

(20 %) 

0.9 ± 0.1 

(11 %) 
< 2 

13.4 ± 0.6 

(4 %) 

25.6 ± 0.9 

(4 %) 

Th 
8.6 ± 0.9 

(10 %) 
< 7 

97 ± 41 

(42 %) 

41 ± 15 

(37 %) 

3.2 ± 0.3 

(9 %) 
< 7 

63 ± 12 

(19 %) 

136 ± 16 

(12 %) 

0.60 ± 0.06 

(10 %) 
< 7 

13.3 ± 0.6 

(5 %) 

34 ± 1 

(3 %) 

U 
2.3 ± 0.2 

(9 %) 
< 1 

27 ± 12 

(44 %) 

4 ± 1 

(25 %) 

1.7 ± 0.2 

(12 %) 
< 1 

20 ± 4 

(20 %) 

32 ± 5 

(16 %) 

0.50 ± 0.05 

(10 %) 
< 1 

5.6 ± 0.4 

(7 %) 

20 ± 1 

(5 %) 
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In NP fractions separated by sedimentation, most of the elements could be detected expect Ni, Cu, 

As, Sn, Te, and Hg in Puyehue sample, Cd and Sn in Tolbachik sample and As, Se, Sn and Bi in 

Klyuchevskoy sample due to concentrations under limits of detection. RSD ranged from 6% to 

52% for Puyehue (the majority of element concentrations being associated to a RSD around 50%) 

from 3% to 24% for Tolbachik samples and from 0.7% to 18% for Klyuchevskoy sample. 

 

In NP fractions separated by CTFFF, all monitored elements were detected for Tolbachik and 

Klyuchevskoy samples. Concerning Puyehue sample, 2 major (K and Ca) and 5 trace (As, Se, Cd, 

Sn, Te) elements were not detected. However, from dimensional analysis, we explained above 

(3.1.) that there were some losses of NP fraction for Puyehue sample due to adhesion of NPs to 

the tube wall. Therefore, the amount of recovered NPs was not enough to detect all the elements. 

RSD ranged from 6% to 47% for Puyehue from 3% to 30% for Tolbachik samples and from 1% 

to 21% for Klyuchevskoy sample. 

 

In general, all this highlights that the concentrations of all trace elements in NP fractions separated 

by CTFFF were systematically higher than the concentrations in the fractions separated by 

sedimentation for Tolbachik and Klyuchevskoy samples. It was not the case for Puyehue sample 

due to the interaction of NPs with the tube wall during separation by CTFFF. In addition, in Fig 1, 

it can be seen that the NP fractions separated by sedimentation contained an additional population 

of particles in the range 400-900 nm. However, on the one hand, in Table 1, trace element 

concentrations were higher for CTFFF compared to sedimentation. This means that CTFFF 

enabled more NPs < 400 nm to be recovered than sedimentation. On the other hand, it is interesting 

to note that despite the interactions of Puyehue particles with the tube wall during CTFFF 

separation, concentrations (Table 6) were anyway more important than those obtained using 

filtration method. Therefore, CTFFF caused less NP losses than filtrations and so the separation 

was more quantitative. 

 

The comparison of RSD considers that repeatability was the worst using filtration as separation 

method for all samples. In case of Tolbachik and Klyuchevskoy samples, which were not impacted 

by interaction bias using CTFFF, the RSD values were lower than for Puyehue one. Moreover, 

RSD were comparable using sedimentation and CTFFF, with a slight tendency to be higher with 

CTFFF. The maximal value of RSD can be directly linked to the heterogeneity of ashes from which 

NP fractions were prepared and to the repeatability of the separation method. Thus, Klyuchevskoy 

appeared to be the most homogeneous sample, closely followed by Tolbachik sample and then 

Puyehue sample which stand out clearly from the others two ashes. In the same way, sedimentation 
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seemed to be the most repeatable separation method, closely followed by CTFFF and then 

filtration, which has not to be recommended to use if the objective is to get a representative 

information of the whole NP fraction because of the high losses of NPs on the filter. 

 

3.1.3 Weight characterization of bulks and nanoparticle fractions 

 

The weights of NPs in all samples separated by all the different methods were calculated and the 

results are given in Table 7. The trend observed for NP weights in these samples is in agreement 

with the trend for elemental concentrations (see 3.2.) given the calculation of these weights was 

taken from elemental concentrations. As is seen, the weights of fractions separated by filtration 

were one order of magnitude lower than the weights of fractions separated by sedimentation and 

CTFFF. It is to be noted that the weight of NPs separated by filtration of Klyuchevskoy ash was 

underestimated by using the above-described element-based approach. Indeed, Si, which is the 

main constitutive element of ashes (SiO2: 45 – 55%) [118], could not be determined due to small 

amount of separated NPs. The weight and associated RSD of NPs of Klyuchevskoy and Tolbachik 

ashes separated by sedimentation and CTFFF were not significantly different. Nevertheless, the 

weight of Puyehue NPs recovered by CTFFF (0.06 ± 0.02 mg) was about 3 fold lower than this 

separated by sedimentation (0.22 ± 0.09 mg) and 2 fold higher than this separated by filtration 

(0.03 ± 0.01 mg). These differences are in agreement with dimensional and elemental information 

already discussed in the previous parts (NP interactions with tube wall). 

 

Table 7. Calculated weights of NPs separated from volcanic ash samples using filtration, 

sedimentation, and CTFFF methods 

 

 

 

 

 

Thus, in the present part of work, the NP fractions of volcanic ashes separated by filtration, 

sedimentation, and CTFFF were characterized by laser diffraction and electron microscopy 

methods and analyzed by ICP-MS and ICP-AES. Filtration and CTFFF provided the separation of 

particles less than 400 nm. The fractions separated by sedimentation were also mainly represented 

by NPs, which were less than 400 nm; however, this fraction also contained a scarce population 

of submicron particles (≤ 5%) in the range of 400–900 nm. 

Sample name Calculated weight of NP fractions, mg(NPs) 

Filtration Sedimentation CTFFF 

Puyehue 0.03 ± 0.01 0.22 ± 0.09 0.06 ± 0.02 

Tolbachik 0.03 ± 0.01 0.38 ± 0.06 0.45 ± 0.07 

Klyuchevskoy 0.017 ± 0.001 0.31 ± 0.03 0.51 ± 0.05 
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The filtration method provided low recoveries of NPs. Indeed, only fine NPs were separated using 

filtration while larger ones were retained on the filter. As a consequence, the elemental analysis of 

NP fractions recovered by filtration provided concentrations systematically inferior to those 

obtained for NP fractions recovered by sedimentation and CTFFF. Most of the trace element 

concentrations were under limits of detection. Moreover, RSD associated to concentrations were 

higher for NP fraction separated by filtration than those for NP fraction separated by sedimentation 

and CTFFF. Thus, filtration enabled separated fraction to be representative to the smaller NP 

fraction only. Therefore, even though the filtration remains the easiest and the fastest method to 

use, it is also the least repeatable and the least representative with regard to the NP fraction. 

 

The sedimentation method is commonly used but is time-consuming (48 h). However, this method 

enabled separated fraction to be representative with regard to the NPs, However, the separated 

fraction contained a low amount (< 5%) of particles with size between 400 and 900 nm. The 

repeatability was also high using this method. 

 

Finally, the CTFFF method enabled the fractionation time to be decreased down to 2 h; 

nevertheless, it required the use of special equipment (planetary centrifuges). This method enabled 

separated fraction to be representative with regard to the NP fraction with a control of the maximal 

recovered NP size (400 nm). As NP fractions were more concentrated in CTFFF, this method 

enabled the separation to be more efficient. The repeatability was slightly lower than with the 

sedimentation method. The limitation of this method appeared to be the possible interactions 

between particles as well as between particles and tube wall during the separation process. The 

main reasons of these interactions can be mineral compositions of separated particles, their surface 

properties in aqueous suspensions, and an action of centrifugal forces. Nevertheless, these 

interactions were less critical than the interactions observed between particles and filter using the 

filtration method. 

 

As a general conclusion to this part of work, CTFFF looks to be the most promising method for 

the separation of NPs followed by their quantitative elemental analysis. Nevertheless, 

sedimentation as well as CTFFF can be applied, in particular, to the separation of environmental 

NPs for their further fractionation and dimensional and elemental characterization using 

hyphenated methods based on the flow FFF coupled to the laser light scattering detector and ICP-

MS. 
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3.2 Reliability of direct ICP-MS analysis of volcanic ash nanoparticles 

 

For the comprehensive characterization of volcanic ash NPs, a hyphenated technique can be 

applied. In this case the direct ICP-MS analysis of volcanic ash nanoparticles in the effluent from 

the separation technique is required. In the present part of work, the ICP-MS determination of 

major and trace element in suspensions of volcanic ash nanoparticles was carried out after either 

the acid digestion of the suspensions or using the direct ICP-MS analysis of these suspensions. 

The results obtained were compared. For confirming the reliability of the direct analysis of NP 

suspensions by ICP-MS, the digestion procedure under the most severe conditions (the matrix is 

fully mineralized) was used in the case of “indirect” analysis. 

 

The suspensions of NPs were separated form volcanic ash samples by sedimentation technique. 

The dimensional characterization of the recovered was described earlier (see 3.1.1). 

 

NPs of volcanic ash due to high specific surface area and reactivity may sorb trace elements 

including toxic ones from volcanic gases [6]. This is why exhaustive determination of non-

constituent trace element concentrations in NPs is extremely important due to their possible 

adverse effects to human health and ecosystems [3,11]. The results of the determination of the 

concentrations of major and trace elements in the suspensions of volcanic ash NP fractions by 

direct and indirect ICP-MS analyses are given in table 8. In addition, in this table, the uncertainties 

(U), the relative standard deviation and the relative accuracy bias (B) are presented. The 

concentrations obtained using both methods were compared except for Sn, Te and Bi, which could 

be determined only by direct analysis for all samples due to the absence of evaporation and dilution 

steps as compared to the digestion procedure (concentrations <LOD for indirect analysis). Indeed, 

the direct analysis enables a sensitivity gain of a factor up to 10 to be obtained compared to the 

indirect analysis method. For the same reason, the comparison could be made for Ni, Se and Th 

only for some samples. When the comparison was possible, the presence of a maximum bias of 

13%, 10% and 2% can be observed for Puyehue, Tolbachik and Klyuchevskoy NP suspension 

analysis, respectively. Concerning Klyuchevskoy NP suspension, the majority of concentrations 

are not significantly different. Only those of Fe and Ce are different, but the accuracy bias was low 

(inferior to 2%). It is interesting to note that the suspensions from which the biases are both the 

most numerous and the most important are those from Puyehue and Tolbachik. This suggests that 

the biases observed come from the nature of the samples and not from the methods used. For 

Puyehue NP suspension in particular, the concentrations obtained by direct analysis are very often 

lower than those obtained after acid digestion. One reason for this systematic underestimation 
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could be the incomplete mass transfer of the elements contained in these NPs when they are not 

digested. This is not the case for Tolbachik and Klyuchevskoy NP suspensions. In general, for all 

elements and regardless of the sample considered, the relative accuracy bias is either not significant 

or less than 10%, except for Pb in the Puyehue sample (13%). The limit value of 10% was 

considered as a maximum acceptable deviation (MAD) given: 

 

(i) The diversity of mineral phases forming NPs and hence uneven distribution of matrix 

elements in NP phases (for example, monazite can accumulate light rare earth elements (REE) and 

cause variations in their concentrations [133]);  

(ii) Nanoparticles are not all identical in elemental composition and size; so in direct analysis 

the sample analyzed (suspension) varies during the introduction time and therefore is less 

representative of the entire sample than when the sample is analyzed after acid digestion (solution). 

 

Therefore, concentrations presenting a MAD inferior to 10% were considered to be in agreement. 

 

Concerning the relative standard deviation, the acid digestion of suspensions gave RSD over 9% 

for Pr, Gd, Ho and Pb concentrations in Puyehue ash NP suspension, and only for Pb concentration 

in Klyuchevskoy ash NP suspension. For all other elements in all samples the RSD were ranging 

from 1 to 6%. The acid digestion RSD estimates the analytical procedure repeatability (from 

preparation to ICP-MS analysis) and the heterogeneity of the ash NP suspension samples. The 

high RSD values obtained for Pb in Puyehue and Klyuchevskoy ash NP suspensions can be 

explained by the low concentrations of Pb in these samples, which are closed to the limit of 

detection, knowing that limits of detection are higher for indirect analysis. The high RSD for Pr, 

Gd and Ho in Puyehue sample cannot be explained by their limits of detection, given the 

concentrations of these elements are lower in the other samples and however are associated with 

RSD < 6%. One hypothesis is that the constitution of nanoparticles could have an impact on the 

repeatability. In the case of the direct analysis of acidified suspensions, the RSD was in the range 

2-14%. This RSD estimates both the repeatability and sample heterogeneity, as well as the 

heterogeneity of the suspension in terms of uneven distribution of elements between particles. 

These observations are consistent with the observed relative accuracy biases that depend on the 

nature of the sample. 

 

Therefore, it has shown that the concentrations of major and trace elements determined in the 

samples of volcanic ash NP fractions by a direct ICP-MS analysis are in agreement with those 

determined after acid digestion in an autoclave. The results show that suspensions of 
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Klyuchevskoy volcanic ash NP can be directly analysed by ICP-MS without digestion, the 

concentrations being not significantly different for direct and indirect analysis. The direct analysis 

is also possible for most elements of the other two samples whose concentrations in direct and 

indirect analysis are not significantly different. For other elements, the direct analysis is possible 

provided that a maximum acceptable deviation has been first defined. As a general conclusion, for 

an unknown sample, the direct analysis can be performed after assessing the accuracy bias. This 

opens interesting perspectives for future investigations and comprehensive studies using combined 

dimensional and elemental characterization based on ICP-MS. 

 

In the present part of this work it has been shown that the concentrations of major and trace 

elements determined in the samples of volcanic ash NP fractions by a direct ICP-MS analysis are 

in agreement with those determined after acid digestion in an autoclave. The direct analysis enables 

the numerous steps of digestion, evaporation and dilution to be avoided. Besides, the advantage of 

the direct ICP-MS analysis is that generally lower limits of detection can be achieved as compared 

to the analysis after acid digestion. Some trace elements, which are potentially toxic (for instance 

Te and Bi), can be determined only by the direct analysis. The results show that suspensions of 

Klyuchevskoy volcanic ash NP can be directly analysed by ICP-MS without digestion, the 

concentrations of elements are not significantly different for the direct and indirect analyses. The 

direct analysis is also possible for most elements of the other two samples (Al, Y, Ce, Ho, Cu, Se, 

Tl, Pb, Th of Tolbachik sample, Y, La, Ce, Pr, Gd, Tl, Th of Puyehue sample); concentrations 

determined by the direct and indirect analysis being not significantly different. For other elements 

(Fe, La, Pr, Gd, Ni of Tolbachik sample, Al, Fe, Ho, Cu of Puyehue sample), the direct analysis is 

possible, however, maximum acceptable deviation has to be assessed. It can be concluded that for 

an unknown sample, the direct analysis can be performed after assessing the accuracy bias. This 

opens interesting perspectives for comprehensive studies using combined dimensional and 

elemental characterisation based on laser light scattering and ICP-MS. 
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Table 8. Concentration of elements in NP fraction from Puyehue, Tolbachik, and Klyuchevskoy volcanic ashes as obtained by 

ICP-MS (mean ± U* and RSD** into brackets) 

E
le

m
en

t

 

LOD Puyehue Tolbachik Klyuchevskoy 

Direct 

analysis 

After 

digestion 

Direct 

analysis 
After digestion 

Relative 

accuracy 

bias 

Direct analysis After digestion 

Relative 

accuracy 

bias 

Direct analysis 
After 

digestion 

Relative 

accuracy 

bias 

1 2 3 4 5 6 7 8 9 10 11 12 

 mg L-1 % mg L-1 % mg L-1 % 

Al 0.002 0.01 
0.23 ± 0.02 

(4 %) 

0.29 ± 0.01 

(2 %) 
10 

1.1 ± 0.1 

(5 %) 

1.18 ± 0.02 

(1 %) 
no bias 

1.1 ± 0.1 

(5 %) 

1.14 ± 0.04 

(2 %) 
no bias 

Fe 0.01 0.02 
0.10 ± 0.01 

(5 %) 

0.123 ± 0.002 

(1 %) 
9 

1.3 ± 0.1 

(4 %) 

1.59 ± 0.02 

(1 %) 
10 

0.62 ± 0.08 

(6 %) 

0.73 ± 0.02 

(1 %) 
1 

 µg L-1 % µg L-1 % µg L-1 % 

Y 0.001 0.001 
0.13 ± 0.02 

(8 %) 

0.17 ± 0.02 

(6 %) 
no bias 

0.4 ± 0.1 

(13 %) 

0.40 ± 0.01 

(1 %) 
no bias 

0.19 ± 0.02 

(5 %) 

0.21 ± 0.02 

(5 %) 
no bias 

La 0.002 0.002 
0.10 ± 0.02 

(10 %) 

0.12 ± 0.01 

(4 %) 
no bias 

0.4 ± 0.1 

(13 %) 

0.28 ± 0.01 

(2 %) 
4 

0.11 ± 0.03 

(13 %) 

0.07 ± 0.01 

(6 %) 
no bias 

Ce 0.002 0.002 
0.22 ± 0.06 

(13 %) 

0.27 ± 0.02 

(4 %) 
no bias 

0.8 ± 0.2 

(13 %) 

0.58 ± 0.02 

(2 %) 
no bias 

0.18 ± 0.01 

(3 %) 

0.164 ± 0.002 

(1 %) 
2 

Pr 0.001 0.003 
0.028 ± 0.004 

(7 %) 

0.035 ± 0.006 

(9 %) 
no bias 

0.073 ± 0.004 

(3 %) 

0.081 ± 0.001 

(1 %) 
4 

0.028 ± 0.004 

(8 %) 

0.023 ± 0.003 

(6 %) 
no bias 

Gd 0.001 0.001 
0.04 ± 0.01 

(14 %) 

0.04 ± 0.01 

(11 %) 
no bias 

0.11 ± 0.02 

(10 %) 

0.084 ± 0.002 

(1 %) 
5 

0.036 ± 0.002 

(3 %) 

0.033 ± 0.003 

(5 %) 
no bias 

Ho 0.0004 0.001 
0.0051 ± 0.0004 

(4 %) 

0.007 ± 0.001 

(11 %) 
7 

0.015 ± 0.002 

(7 %) 

0.015 ± 0.002 

(6 %) 
no bias 

0.008 ± 0.001 

(6 %) 

0.010 ± 0.001 

(5 %) 
no bias 

Ni 0.1 1 < LOD < LOD n.d.*** 
13.6 ± 0.5 

(2%) 

16 ± 1 

(3%) 
6 < LOD < LOD n.d.*** 

Cu 0.3 1 
2.4 ± 0.1 

(2%) 

2.0 ± 0.1 

(3%) 
10 

14 ± 2 

(7%) 

15 ± 1 

(3%) 
no bias 

7 ± 2 

(14%) 

6.5 ± 0.8 

(6%) 
no bias 

Se 0.3 0.9 < LOD < LOD n.d.*** 
11 ± 1 

(5 %) 

10 ± 1 

(5 %) 
no bias 

1.5 ± 0.2 

(6 %) 
< LOD n.d.*** 

Sn 0.03 0.1 
0.19 ± 0.04 

(11%) 
< LOD n.d.*** 

0.33 ± 0.08 

(12%) 
< LOD n.d.*** 

0.23 ± 0.01 

(2%) 
< LOD n.d.*** 
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Table 7 (continued) 

1 2 3 4 5 6 7 8 9 10 11 12 

Te 0.01 0.02 < LOD < LOD n.d.*** 
0.12 ± 0.02 

(8 %) 
< LOD n.d.*** 

0.09 ± 0.02 

(10 %) 
< LOD n.d.*** 

Tl 0.001 0.002 
0.06 ± 0.01 

(8%) 

0.063 ± 0.001 

(1%) 
no bias 

0.24 ± 0.01 

(2%) 

0.21 ± 0.02 

(5%) 
no bias 

0.065 ± 0.006 

(5%) 

0.064 ± 0.004 

(3%) 
no bias 

Pb 0.1 0.2 
0.61 ± 0.06 

(5%) 

0.4 ± 0.1 

(13%) 
13 

1.34 ± 0.08 

(3%) 

1.2 ± 0.1 

(4%) 
no bias 

0.37 ± 0.05 

(7%) 

0.32 ± 0.08 

(13%) 
no bias 

Bi 0.01 0.02 
0.06 ± 0.02 

(13 %) 
< LOD n.d.*** 

0.157 ± 0.008 

(2 %) 
< LOD n.d.*** 

0.04 ± 0.01 

(12 %) 
< LOD n.d.*** 

Th 0.004 0.004 
0.027 ± 0.006 

(12 %) 

0.030 ± 0.002 

(3 %) 
no bias 

0.04 ± 0.01 

(11 %) 

0.049 ± 0.002 

(2 %) 
no bias < LOD < LOD n.d.*** 

* U is expanded uncertainty calculated as k × SD (k = 2) according to Eurachem/CITAC guide: Quantifying Uncertainty in 

Analytical Measurement [134] 
** RSD is the relative standard deviation calculated from the three replicates 

*** n.d. means not determined because at least one of concentrations measured by indirect and direct analyses were under the LOD 
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3.3 Characterization of volcanic ash nanoparticles and study of their fate in aqueous 

medium by asymmetric flow field-flow fractionation – multidetection 

 

The objective of the present part of work is to implement an analytical strategy based on the 

multidetection offering the possibility of dimensional and elemental characterization of 

nanoparticles of volcanic ash in their size continuum. Thus, (i) the nanoparticulate fraction of a 

volcanic ash sample was characterized by identifying the different populations, and (ii) the 

temporal fate of these different populations was investigated in terms of dissolution, aggregation 

and settling out. 

 

Klyuchevskoy ash sample was considered for this study. It was chosen because (i) it is among the 

volcanoes producing the most ash on Earth; (ii) the methods for the chemical characterization were 

previously developed and are validated; and (iii) the elemental composition of its ash, and in 

particular of the separated nanoparticle fraction is known. In addition, the repeatability of results 

of the separation and elemental analysis of Klyuchevskoy nanoparticle fraction was the highest 

among the studied ash samples. The ash of the Klyuchevskoy volcano can therefore serve as a test 

sample for a more detailed physico-chemical evaluation of its nanoparticle fraction, which is of 

environmental, morphological, and biogeochemical interest. 

 

The elemental content was exhaustively described in sections 3.1.2 and 3.2. Briefly, the major 

element content of ash was: aluminum (Al, (86 ± 9) mg g-1) and iron (Fe, (62 ± 6) mg g-1); silicon 

(Si), was also present (determined in the nanoparticle fraction by direct elemental analysis) but 

could not be determined accurately in the ash due to the formation of volatile components during 

the mineralization step. These major elements were under oxide forms, expected to represent at 

least 15% (Al2O3), about 10% (Fe2O3), and 50% (SiO2) respectively, according to the usual 

distribution observed in basaltic volcanic ash. REE, which are also constitutive of ash, were found 

in this material, especially lanthanum (La, (7 ± 1) µg g-1). In addition, the main trace element (in 

terms of concentration) detected in this ash was copper (Cu, (68 ± 7) µg g-1). 

 

 

 

 

3.3.1 Comparison of volcanic ash particle sedimentation process in deionized water and a 

synthetic river water 
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The nanoparticle fraction was recovered from Klyuchevskoy ash sample by sedimentation using 

two aqueous solutions (synthetic river water and deionized water) as was mentioned. Results of 

PSD measured depending on time of sedimentation are given in figure. 

 

 

Figure 9. Monitoring of the suspension generated with deionized water and synthetic river water. 

The blue rectangle represents the selected 72-hour study area, indicated from 0 to 72 hours in the 

text, for simplicity 

 

The choice of these “simple solutions” was motivated by the objective of intrinsically 

characterizing nanoparticles and their properties, which is a prerequisite for particle knowledge. 

Thus, the suspension monitoring revealed similar behaviour with both solutions: first a rapid 

decrease in size for 9 hours, then stabilization from 48 hours with a very slow increase at least for 

130 hours, and then a faster increase. In this last part of the curve, the standard deviation associated 

with the radius also appeared larger, which generally corresponds to the presence of aggregates. 

As a result, deionized water and a settling time of 48 hours were used to generate the suspension 

(hereafter named “initial suspension”). The settling time of 48 hours is in agreement with 

calculation with the Stokes law, giving similar time for a micrometric cut-off. Operationally, this 

means that after 24h mixing and 48h of sedimentation, the supernatant taken as the initial 

suspension was collected (15 mL) for the rest of the study. Then, the study was conducted over 72 

hours. 

 

The repeatability of the preparation of the initial suspension was evaluated from 10 independent 

sub-aliquots: it was 7% in amount of NP generated. The curves representing the particle size as a 

function of time were similar, with r = 0.9584 and a variation of 5% in maximum size from one 



- 69 - 

distribution to another. The main characteristics of the initial suspension of the ash nanoparticle 

fraction were: conductivity of (9.1  0.1) µS cm-1, pH of (6.8  0.1) and Zeta potential of (−40  1) 

mV. 

 

3.3.2 Dimensional and elemental characterization 

 

The characterization carried out by A4F-UV-MALS-ICP-MS enabled the sets of fractograms 

presented in Fig. 1 to be obtained. The profile of all the fractograms is similar, with 3 maxima, 

suggesting the presence of 3 main peaks related to 3 populations of nanoparticles. To refine this 

observation, increase the resolution and thus better define these 3 populations, the signals were 

deconvoluted. The corresponding peaks, identified as P1, P2 and P3, are presented on the UV-Vis 

fractogram only (Figure 10) for clarity reason. Complementarily, Table 9 (Part A) presents the 

dimensional characteristics of these 3 populations. They appear polydisperse with ranges of sizes 

(second column in Table 9) larger than 100 nm in gyration radii (rG), whatever the population 

considered. The comparison of this size range with the value of rG at the top of the peak confirms 

the slight asymmetry of P1 (tailing) and P2 (leading), observed in Figure 10, while P3 is 

symmetrical. This suggests size distributions and/or hydrodynamic behaviour specific to each 

population of nanoparticles corresponding to these peaks. From an analytical point of view, these 

three populations were significantly separated, with resolution factors of (1.01 ± 0.11) and (0.58 ± 

0.08) between P1 and P2, and P2 and P3 respectively. In addition, focusing on the first part of the 

rG curve (part corresponding to a uniform variation of the grey curve plotted at the top of Figure 

10) and adjusting the variations of rG exponentially, the selectivity varied from 0.76 to 0.47. The 

variation of the gyration radius over the entire fractionated range does not appear uniform: there 

is a discontinuity with a change of slope around 15.5 min, which corresponds to the top of the peak 

P2. Compared with the variation of the rG of the standard nanospheres, the radius of gyration thus 

tended to increase more rapidly than expected up to the peak of P2 (i.e. between about 10 and 15.5 

min), then less quickly afterwards (i.e. from 16 to 20 min). This particular profile suggests that the 

elution behaviour in the A4F channel is dependent on the populations. The elution behaviour may 

be related to the NP internal mass distribution (because of the NP shape and/or constitution 

heterogeneity), and/or to NP interactions with the separation channel A4F membrane. Usually, the 

observed interactions between inorganic nanoparticles and membrane are mainly attributed to the 

surface electrical charge of nanoparticles rather than purely to their chemical composition. 

However, the electrical charge depends on the composition and structure of the surface material, 

as well as the size and shape of the nanoparticles [51]. So, and by anticipating the chemical 

characterization below, the singular hydrodynamic behaviour of P2 is necessarily related to the 
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morphological difference (i.e. the difference in shape and/or structure) of this population compared 

to P1 and P3. The elution slightly faster than would be expected would then originate from (i) an 

internal mass distribution so heterogeneous that it gave the nanoparticles P2 a tumbling motion 

and/or (ii) a negative surface electric charge greater than those of the other populations, inducing 

more repulsion with the membrane and therefore a higher position in the A4F channel. 

 

 

Figure 10. Typical fractograms of the initial suspension of the Klyuchevskoy volcano ash 

nanoparticle fraction, with the three deconvolved populations (P1, P2 and P3). 
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Table 9. Main dimensional characteristics and elemental composition of NPs and NP deconvoluted populations from Klyuchevskoy volcanic ashes 

 A) Dimensional    B) Concentrations (average  SD (RSD), in µg L-1 of suspension (2)) and 

recoveries (R  SD %) 

 

 Gyration radii (nm) Shape 

index 

  

Total NPs 

Major elements  Trace elements 

At the 

peak top 

Min-Max 

[Range] 

at the basis 

  Al Fe  Cu  La  

Total sample after 

“direct analysis” (1) 

     15500  1500 

(10%)  

1100  50 

(5%) 

620  40 

(6%) 

 7  1 

(14%) 

0.110  0.015  

(13%) 

 

Total sample –   –  15148  1621 

(11%) 

1075  75 

(7%) 

618  55 

(9%) 

 5.76  0.75 

(13%) 

0.076  0.091 

(12%) 

 

Total fractionated 

sample 

Recovery, R% 

– 5 – 250 

[245] 

 –  14390   1789 

(12%) 

95  5% 

1109   38 

(4%) 

103  3% 

612  15 

(3%) 

99  2% 

 5.66  0.62 

(11%) 

98  2% 

0.079  0.010 

(13%) 

99  2% 

 

P1   42  4 10– 135 

[125] 

 1.56  0.07  2857  353 

(12%) 

88.0  3.1 

(3%) 

145.8  4.4 

(3%) 

 

 
0.97  0.11 

(3%) 

0.0199 0.0026 

(3%) 

 

P2 137  8 25– 205 

[200] 

 1.95  0.05  9623  1190 

(12%) 

874   31 

(4%) 

340  10 

(4%) 

 3.42  0.38 

(4%) 

0.0328 0.0043 

(4%) 

 

P3 185  6 120–250 

[130] 

 1.12  0.07  1910  236 

(12%) 

146.9   5.1 

(3%) 

125.9  3.8 

(3%) 

 1.26  0.14 

(3%) 

0.0262 0.0034 

(3%) 

 

(1) NP and elemental concentrations from section 3.2 

(2) The elemental concentrations are expressed in mass of element per volume of suspension 
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The calculation of the index shape enables these differences to be quantified and therefore 

compared. Whatever the population considered, this indicator had a value greater than 1 (Table 9, 

third column) because of a faster elution than that of standard nanospheres. This result can be 

compared to the electron microscopy images (see micrographs of Klyuchevskoy NP fraction in 

Figure 8) and the resulting shape distribution. The distribution of nanoparticles observed as a 

function of their aspect ratio (ar) showed that one third of the NPs had an ar equal or greater than 

1.5. The aspect ratio of an object is defined as the ratio between the longest dimension and the 

shortest dimension of the considered object. The obtained values of ar are given in Figure 11. 

These results confirm that the shape index values reflect a gap in sphericity of the nanoparticles of 

volcanic ash. 

 

 

Figure 11. Morphological study; values of aspect ratio distribution of the observed particles from 

micrographs of Klyuchevskoy NP fraction 

 

The dimensional characterization was completed by the consideration of the UV-Vis spectra. 

Indeed, the wavelength at the absorption maximum depends, among other things, on the size, 

geometry and structural state of the surface of the particles. The concavity of the spectrum can 

also give a size indication. The spectra selected at the top of the 3 peaks of the fractograms are 

shown in Figure 12. Their general shape with absorption maximum is typical for metal oxides such 

as silica, aluminum oxides and iron [121,135,136]. For P1, the absorption maximum is at a 

wavelength of 294 nm; the spectrum is also the most concave shaped (see Figure 12B). This 

confirms that the P1 population consists of particles of smaller mean size compared to the other 

two populations. Same absorption maxima at 300 nm and similar shape of the P2 and P3 spectra 
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suggest closer dimensional characteristics for these two populations. All this is in agreement with 

the gyration radius values presented in Table 9. 

 

 

Figure 12. Typical UV-Vis spectra taken at the top of the 3 peaks (corresponding to the 3 

populations P1, P2 and P3) of the fractogram of the initial suspension of the Klyuchevskoy 

volcano ash nanoparticle fraction, given as A) absolute and B) normalized. 

 

All concentrations of nanoparticles and elements obtained in the initial unfractionated (bulk 

sample) and fractionated suspension, as well as in the 3 deconvoluted populations are reported in 

Table 9 Part B). The following information can be inferred from the examination of these 

concentrations: 

 

(i) P1, P2 and P3 represent respectively 20, 67 and 13% of the nanoparticle fraction. 

 

(ii) The recovery (R%) of 100% found for all the elements monitored (i.e. the elements were only 

present in the nanoparticle phase of the suspension) means there was no dissolution of the NPs 

during the preparation of the initial suspension.  

 

(iii) Considering more particularly the 2 major elements monitored, it was possible to calculate the 

composition in the corresponding oxides in the 3 populations of NPs. The results obtained are 
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presented in Figure 13. The chemical distribution and therefore the concentrations within each 

population are specific to each of the 3 populations. In particular, the percentage of Al2O3 in 

P1 was 2.5 to 3 times lower than in P2 and P3, whereas the percentages of Cu and La in P3 

was 2 times higher than in P1. The percentages of Fe2O3 and of La in P2 were the lowest of 

the 3 populations. To summarize, the distribution of elements that were constitutive or not, 

major or trace, was specific to each NP population identified. No correlation between the 

percentages of these different elements was found within each population. This is relevant 

regarding the fractograms of these 4 elements since they all have singular shapes. In addition, 

compared to the percentages in volcanic ash (in particular 16% Al2O3 and 9% Fe2O3), it can 

be seen that the distribution in P2 and especially in P1 was very different from that of the bulk. 

 

 

Figure 13. Distribution of elements and oxides in the populations P1, P2 and P3 in the initial 

suspension of the Klyuchevskoy volcano ash nanoparticle fraction. Precision is ±1 on the last 

digit of each percentage value 

 

3.3.3 Temporal monitoring 

 

To complete the acquisition of knowledge about nanoparticles of volcanic ash, their fate was 

monitored temporally. In particular, this involved evaluating the possible phenomena of 

dissolution, aggregation and/or sedimentation occurring in the suspension. Figure 14 presents the 

UV-Vis fractograms for visualizing these phenomena. In addition, Figure 15 aims to quantify these 

phenomena. It can be noted that: 
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Figure 14. Fractograms showing the 72-hour evolution of the suspension of the Klyuchevskoy 

nanoparticle fraction. The variation in size as a function of the elution time reported (in gray, at 

the top) corresponds to 72 hours. 
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Figure 15. Evolution of the different populations identified in the suspension of the 

Klyuchevskoy nanoparticle fraction. The concentrations are given in percentage relative to the 

total concentration of nanoparticles in the initial suspension 

 

(i) The rG variation as a function of the elution time (grey curve in Figure 10) changed little after 

72 hours. In particular the discontinuity observed and previously discussed (attributed to the 

elution of P2) remained. This suggests that the observed populations do not change in terms 

of chemical composition/surface state/surface charge. 

 

(ii) The concentration of the P1 population did not vary significantly ((96 ± 4)% remained in 

suspension at 72 hours). The P2 concentration decreased throughout the monitoring duration, 

with about 60% less NPs at 72 hours. Compared to the initial concentration, the P3 

concentration first increased by about 25% at 28 hours (Figure 15), and then decreased by 

25% at 72 hours. The decrease in P2 and P3 concentrations suggests either dissolution, or 

aggregation phenomena such that the nanoparticles no longer appeared in the population 

considered, nor even in the overall NP fraction in suspension due to settling out. However, it 

can also be noted that the recovery did not change during the monitoring, always remaining 

between 95 and 100%. This demonstrates that if there was loss of NPs in the suspension, it 

was not due to the dissolution of the nanoparticles. Concerning the apparent increase of P3 at 

the beginning of the monitoring, it could be due to the aggregation of P2, which would have 

produce objects eluting at the same time as P3. This is relevant given the shape of the P3 peak 

(Figure 14), which appears both higher and with a tailing towards larger sizes. 
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(iii) Simultaneously, the fourth population (P4) appeared on the fractograms after 40 minutes of 

elution. It corresponded to objects whose gyration radii were larger than the other populations, 

up to more than 300 nm. The slope of the rG variation also changed and became higher. This 

suggests that these objects had sizes that increased faster than expected, which is typical of 

aggregates [137]. The P4 concentration (UV-Vis) increased up to 52 hours, then decreased, 

as it can be seen both in Fig.4 (UV-Vis peak) and Figure 15 (curve shape). The existence of 

the 3 populations P1, P2 and P3 in the initial suspension and their temporal evolution, suggest 

that P4 resulted from an aggregation mainly of P2 NPs. The chemical distribution confirms 

this origin. Indeed, in the initial suspension, the Al/Fe ratio of P2 was 3.4; that of P3 was 1.6. 

In P4, this ratio was close to 3 in the first part of the temporal monitoring. P4 resulted from 

aggregation also involving P3 after 30 hours, the Al/Fe ratio then being between that of P2 

and P3.  

 

(iv)  Beyond 50 hours, the P4 population also decreased. This suggests that the aggregation 

process progressively led to the formation of aggregates large enough to settle out of the 

suspension. Overall, the nanoparticle fraction in suspension decreased by approximately 40% 

after 72 hours of monitoring. 

 

(v) The fact that the rG variation was similar between the initial state and after 72 hours suggests 

that the aggregation phenomena involved all the particles within the populations concerned, 

without sufficient size discrimination to be detected by MALS. 

 

To complete these observations and attempt to distinguish "simple aggregation" (i.e. aggregates 

remained in the suspension) and aggregation with setting out, Figure 16 shows the UV-Vis spectra 

at the peak tops corresponding to the populations whose surface area varied significantly during 

monitoring (i.e. P2, P3 and P4). The spectra of the P1 population were not presented because they 

remained similar over time. Overall, the absorption maximum at 300 nm is observed for all 

populations and all times, which was expected with respect to the composition of NPs, consisting 

essentially of metal oxides. 
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Figure 16. UV-Vis spectra at the top of the 3 peaks of the fractograms seen in Figure 14 (i.e. the 

3 populations P2, P3 and P4). 

 

For the population P2, the spectra intensity decreased without changing spectra shapes over time. 

This reflected a decrease in concentration without observable change in size. For P3, the spectra 

between 0 and 28 hours increased in intensity without changing shape. From 48 hours, the 

intensity decreased and a secondary peak appeared in the visible region at 450 nm. This was 

particularly observable at 52 hours (marked with an arrow in Figure 16) and less at 72 hours. This 

peak could be attributed to light scattering of aggregates. The concentration of aggregates was the 

highest at 52 hours. The UV-Vis spectra of population P4 were similar at all times when it was 

observed, with two maxima around 300 and 450-500 nm. This confirms that P4 resulted from the 

aggregation of P2 and/or P3: the particles both absorbed due to their surface chemical composition 

(close for P2 and P3) and scattered the light because of their size large enough to enable this 

phenomenon to be observed. This phenomenon remained significant at 72 hours (marked with an 

arrow in Figure 16), although the peak at 450-500 nm decreased slightly. It could further be 

observed on this spectrum that the peak at 300 nm decreased more significantly, the lower 

intensity of these 2 maxima reflecting a loss of suspended material, as also observed in Figures 

14 and 15. 
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The implementation of AF4-UV–Vis-MALS-ICP-MS coupling thus enabled the following 

information to be acquired: 

 

– The nanoparticle fraction of the Klyuchevskoy volcano ash initially contained 3 polydisperse 

populations, differing in size, composition with respect to monitored elements and behaviour in 

suspension in Milli-Q water at pH 6.8. 

 

– This fraction did not dissolve over the study. 

 

– The population of nanoparticles P1 represented approximately 20% by weight in the initial 

suspension and had gyration radii less than 140 nm. These nanoparticles remained in suspension 

without settling, and no phenomenon of aggregation could be observed for the 72 h of monitoring. 

 

– The populations P2 and P3 represented approximately 80% by weight in the initial suspension 

(67 and 13%, respectively) and had gyration radii between 25 and 250 nm. These nanoparticles 

aggregated so that, at the end of the study, their concentration in suspension had decreased by 30 

and 60%, respectively. 

 

– The difference in both quantitativity and kinetics of aggregation/sedimentation of these 3 

populations appeared to be mainly related to their chemical composition and their sphericity 

deviation, these characteristics being specific to each population 

 

– A new population P4 appeared in the suspension due to the aggregation of nanoparticles P2 

mainly. The radii of aggregates were up to 300 nm. This P4 population represented only around 

6 to 7% of the initial fraction of nanoparticles. The concentration of this population decreased 

beyond 50 h. 

 

– The behaviour of these 4 populations suggests that P2 and P3 mainly and rapidly settled out of 

the suspension, possibly after aggregation. 

 

– Consequently, sedimentation induced decreasing of the elements present in the suspension, in 

particular the major and trace elements monitored. 
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Thus, the present study illustrates the advantage of being able to discriminate between different 

populations of nanoparticles according to their size, elemental composition and hydrodynamic 

behaviour, because these characteristics induce a different temporal behaviour. This information 

enables the fate of NPs of volcanic ash and the elements they may contain to be understood and 

the associated physicochemical phenomena to be quantified. This is particularly important since 

the NPs generated can (i) contain toxic and/or potentially impacting elements and/or (ii) carry 

elements by sorption occurring in aqueous medium. The type of information that can be acquired 

via AF4-UV–Vis-MALS-ICP-MS coupling therefore opens new perspectives for future 

environmental monitoring. However, several analytical challenges remain inherent in the nature 

of the matrix, in particular the large number of elements and their very low levels of concentration. 

Obviously, the methodological development effort must concern the entire process, from sample 

preparation to analysis, and from total determination to determination in the size continuum within 

a necessarily multi-technique approach. But this effort must aim above all to be able to reach all 

the metals and metalloids contained in the ashes, which is still today a limit analytical point. 

 

3.4 Fractionation and characterization of volcanic ash nanoparticles by coiled tube 

field-flow fractionation, laser diffraction, scanning electron microscopy and inductively 

coupled plasma mass-spectrometry 

 

In the final part of work the fractionation and characterization of volcanic ash nanoparticles were 

additionally performed using the combination of CTFFF, LD, SEM, and ICP-MS. For this, a new 

CTFFF fractionation procedure has been investigated. The procedure consists of two steps: 

recovering of submicron particle fraction and subsequent fractionation of recovered fraction. It 

should be noted that the proposed procedure has been used for the first time. Klyuchevskoy 

volcanic ash sample was considered as test sample due to reasons described earlier in 3.3. 

 

3.4.1 Recovering of submicron particle fraction from ash sample 

 

The first step of CTFFF was developed based on the fractionation procedure of CTFFF described 

in 2.3.3. 

 

The initial Klyuchevskoy volcanic ash with mass of 1 g was prepared as slurry with 10 mL of 

water (1 g of ash and 10 mL deionized water). This was made in a 15 mL polypropylene tube. 

After contact, the tube was closed with cap and intensively shaken for two minutes. 
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Then, this slurry was introduced at flow rate 25 mL/min into the rotating coil column (RCC) by 

the use of a peristaltic pump. The RCC was preliminary filled with 20 mL deionized water. During 

the introduction of the slurry, the RCC did not rotate (ω = 0 rpm). The inner capacity of the column 

is 20 mL and particulate matter has an even distribution along the column. Thus, the resulting 

mixture in the column is equivalent to a suspension composed of 1 g of ashes in 20 mL water. 

Then, the column was rotated at 600 rpm and water was continuously fed into the column. During 

the rotation, large particles (>1 m) of ash are held on the tube wall by the complex action of 

centrifugal forces and small particles (<1 m) are eluted by the continuously fed water. The total 

time of the column rotation is 15 min. The separation of submicrometric particle fraction was 

achieved at a flow rate of 4 mL min-1. The CTFFF procedure parameters of recovering of 

submicrometric particle fraction were experimentally chosen after series of preliminary tests. 

 

The elution process of the total submicron particle fraction was monitored by spectrophotometer 

(λ = 254 nm). The part of the fraction considered for the second step of the separation process was 

collected into 50 mL polypropylene tube. The fractogram of elution of this submicron particle 

fraction is shown in Figure 17. The volume of collected submicrometric fraction was 20 mL, while 

time of collection was 300 s. The volume of total submicrometric fraction was 41.5 mL; time – 

620 s.  

 

 

Figure 17. Fractogram of elution of submicron particle fraction. 
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The green color highlights the part of curve (Figure 17) that corresponds to the collected fraction 

of submicron particles. The volume of collected submicron particle fraction was 20 mL. The gold 

color (Figure 17) highlights the part of curve that corresponds to entire fraction of submicron 

particles. The volume of entire submicron particle fraction was about 41.5 mL. For further 

investigation of submicron particle fraction, 20 mL of the fraction was collected to avoid its 

excessive dilution. 

 

After recovering, collected submicron particle fraction was characterized by laser diffraction and 

scanning electron microscopy techniques. The results of characterization are given in Figure 18. 

It has been shown (Figure 18a) that the recovered submicron particle fraction has bimodal PSD 

with maxima at 102 and 521 nm. The PSD have range from 40 to 1000 nm. The microphotographs 

(Figure 18b) confirmed the results obtained by LD.  

 

 

(a) 
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Figure 18. Particle size distribution obtained by laser diffraction and typical microphotograph 

obtained by scanning electron microscopy of the submicron particle fraction recovered from 

Klyuchevskoy volcanic ash. 

 

The main parameters of first step of new CTFFF fractionation procedure can be given as follows: 

 

- Initial mass of ashes = 1 g; 

- Flow rate of mobile phase during CTFFF separation is 4 mL min-1; 

- Speed of rotation of planetary centrifuge is 600 rpm; 

- Volume of collected submicron particle fraction is 20 mL; 

- Total volume of recovered submicron particle fraction is 41.5 mL. 

 

3.4.2 Separation of submicron particle fraction into three different populations 

 

Initially, aliquot of 2 mL was taken from submicron particle fraction (20 mL) recovered at the first 

step of new CTFFF separation procedure for further separation. This aliquot was introduced at 

flow rate 0.9 mL min-1 into the column by the use of the peristaltic pump. The RCC was 

preliminarily filled with deionized water and did not rotate (ω = 0 rpm). 

 

After the injection of sample, the column was run and rotated at 800 rpm. It should be noted that 

the direction of flow and direction of CTFFF rotation are opposite. The inner capacity of the 

column was same as at the first step (20 mL). 

 

 

 

Fig. 2 Size distribution and microphotography of the submicron particle fractio 

10 m 

(b) 
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The separation of submicrometric fraction was achieved at a stepwise decreasing of flow rates. 

The flow rates and corresponding applying time of these flow rates were chosen in order to provide 

the uniform distribution of different size fractions inside the tube of CTFFF. The flow rates and 

corresponding time are indicated in Table 10. The flow rates were chosen after the series of 

preliminary tests. The number of flow rates (n=4) was chosen to recover three populations with 

different size. 

 

Table 10. The flow rates and corresponding time used at the second step of new CTFFF 

fractionation procedure to provide the separation of submicron fraction of Klyuchevskoy volcano 

ash into three different populations. The submicron particle fraction was separated at the first step 

of new CTFFF fractionation procedure. 

Flow rate, mL min-1 Time, s* Equivalent to volume of 

carrier flow, mL 

0.9 366 s 5 mL 

0.6 800 s 5 mL 

0.3 1000 s 5 mL 

0.1 3000 s 5 mL 

 Total volume 20 mL (=inner capacity of the 

column) 

* time was chosen to provide the pumping of 5 mL of carrier fluid at each flow rate 

 

When the distribution of population along the channel in RCC was finished, the column was 

stopped (0 rpm). Then, the populations distributed inside the column were recovered by elution at 

a flow rate of 4.5 mL min-1. The separated populations were collected in polypropylene tubes 

according to the fractogram curve (Figure 19). The volume of each fraction was 4 mL. The total 

volume of the 5 populations (seen in Figure 19) was 20 mL (5 x 4 mL), and the total volume of 

eluted carrier was about 33.5 mL. 
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Figure 19. Fractogram of populations separated from submicron particle fraction; P1 – 

population 1, P2 – population 2, PF – interim population, P3 – population 3, PF – residual 

population. Elution was performed at a flow rate of 4.5 mL min-1. 

 

The areas highlighted on the fractogram (Figure 19) correspond to the collected populations. The 

3 submicron particle populations (simply named Populations 1, 2 and 3 = P1, P2 and P3) were 

characterized by LD and SEM techniques. The obtained PSD of collected populations is illustrated 

in Figure 20. The microphotographs are given in Figure 21. Population 1 consists of particles with 

size less than 50 nm. Population 2 consists of particles with size from 50 to 200 nm. Population 3 

consists of particles with size less than 1000 nm. The microphotographs of separated populations 

confirm the results obtained by LD. Interim population was collected to avoid cross-contamination 

of populations 2 and 3. The last collected population is residual.  
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Figure 20. Particle size distribution of population 1, 2, and 3 separated from submicron fraction 

as obtained by laser diffraction 

 

The main parameters of the second step of new CTFFF fractionation procedure can be given as 

follows: 

 

- Volume of the recovered at 1st step submicron particle fraction injected into CTFFF for the 

second step is 2 mL; 

- Speed of rotation of planetary centrifuge is 800 rpm; 

- The directions of flow and RCC rotations are in opposite; 

- Flow rates of mobile phase for distribution of populations to be recovered from submicron 

particle fraction were 0.9, 0.6, 0.3, and 0.1 mL min-1, respectively; 

- Elution flow rate was 4.5 mL min-1; 

- Final volume of each population collected (i.e. of P1, of P2, of P3) is 4 mL; 

- Total volume for recovering the 5 fractions = 33.5 mL; 
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Figure 21.Microphotographs of population 1, 2, and 3 separated from submicron particle fraction as obtained by scanning electron microscopy 
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3.4.3 Elemental analysis of separated populations 

 

After characterization, the populations separated from submicron particle fraction were directly 

analyzed by ICP-MS. The reliability of direct analysis of volcanic ash was shown previously in 

3.2. The recovered populations were not diluted before analysis. The results of analysis are 

provided in table 11. The concentration unit µg L-1 refer to the 4 mL volume of each fraction.  

 

Table 11. Elemental concentration in population 1, 2, and 3 separated from submicron particle 

fraction as obtained by ICP-MS 

E
le

m
e

n
t LOD LOQ 

Population 1 

(<50 nm) 

Population 2 

(50-200 nm) 

Population 3       

(200-1000 nm) 

Concentration, µg L-1 

Al 1.0 1.1 2.8±0.2 2.3±0.2 60±4 

Fe 0.3 0.5 2.4±0.4 1.7±0.1 42±8 

Ni 0.01 0.02 0.18±0.03 0.017±0.004 0.03±0.01 

Cu 0.09 0.17 < LOD < LOD 0.23±0.03 

As 0.05 0.09 0.09±0.02 0.12±0.02 < LOD 

Se 0.38 0.57 < LOD < LOD < LOD 

Y 0.001 0.001 < LOD < LOD 0.012±0.002 

Sn 0.02 0.04 < LOD < LOD < LOD 

Te 0.01 0.03 < LOD < LOD < LOD 

La 0.001 0.002 < LOD < LOD 0.0037±0.0003 

Ce 0.001 0.002 < LOD < LOD 0.0093±0.003 

Pr 0.001 0.002 < LOD < LOD 
0.0012±0.0002 

(< LOQ) 

Nd 0.002 0.004 < LOD < LOD 0.007±0.001 

Gd 0.001 0.003 < LOD < LOD 0.0025±0.0005 

Dy 0.0006 0.0007 < LOD < LOD 0.0013±0.0003 

Ho 0.0004 0.0006 < LOD < LOD 
0.00041±0.00007 

(< LOQ) 

Tl 0.002 0.004 < LOD < LOD < LOD 

Pb 0.09 0.19 < LOD < LOD 
0.127±0.003 

(< LOQ) 

Bi 0.002 0.003 < LOD < LOD < LOD 

Th 0.001 0.001 < LOD < LOD < LOD 

 

The concentrations of most elements in the populations under study were under LOD. This can be 

explained by dilution process at the first and second steps of the new CTFFF fractionation 

procedure. For further and more sophistication investigation of new proposed CTFFF fractionation 

procedure, CTFFF can be coupled online with detectors for size characterization. In addition, the 

pre-concentration of separated populations can enhance the results of elemental analysis.  
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General conclusion and Perspectives 

 

The present doctoral thesis has been focused on the development of a new approach to the 

investigation of environmental nanoparticles. The proposed approach is based on the 

complementary use of asymmetric flow field-flow fractionation and coiled tube field-flow 

fractionation techniques. The main findings of the present doctoral thesis can be summarized as 

follows: 

1. CTFFF, filtration, and sedimentation techniques applied to the recovery of nanoparticles 

from bulk polydisperse samples have been comparatively studied. The advantages and limitations 

of listed separation techniques are evaluated.  

 

It has been shown that the filtration method provides low recoveries of NPs. Indeed, only fine NPs 

were separated using filtration while larger ones were retained on the filter. As a consequence, the 

elemental analysis of NP fractions recovered by filtration provided concentrations systematically 

inferior to those obtained for NP fractions recovered by sedimentation and CTFFF. The 

concentrations of most trace elements were under limits of detection. Moreover, RSD for the 

concentrations of elements in NP fractions separated by filtration were higher than for those 

separated by sedimentation and CTFFF. Therefore, even though the filtration remains the easiest 

and the fastest method to use, it is at the same time the least repeatable and the least representative 

for the separation of NP fraction. 

 

The sedimentation method is commonly used but is time-consuming (48 h). However, this method 

enabled separated fraction to be representative to the NP fraction containing a low amount (<5%) 

of particles with size between 400 – 900 nm. The repeatability was also the best using this method. 

 

CTFFF method enabled the fractionation time to be decreased down to 2 h, nevertheless it required 

the use of a special equipment (planetary centrifuges). This method enabled separated fraction to 

be representative to the NP fraction with a control of the maximal recovered NP size (400 nm for 

this paper). As NP fractions were more concentrated using CTFFF, this method enabled the 

separation to be more quantitative. The repeatability was slightly lower than with the 

sedimentation method. The limit of this method appeared to be the possible interactions between 

particles as well as between particles and tube wall during the separation process. The main reasons 

of these interactions can be mineral compositions of separated particles, their surface properties in 
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aqueous suspensions, and an action of centrifugal forces. Nevertheless, these interactions were less 

critical than the interactions observed between particles and filter using the filtration method. 

 

2. The reliability of direct ICP-MS analysis of volcanic ash nanoparticles has been 

demonstrated. The direct analysis enables the numerous steps of digestion, evaporation, and 

dilution to be avoided. Besides, the interest of the direct ICP-MS analysis is that generally lower 

limits of detection can be achieved as compared to analysis after acid digestion. Some trace 

elements, which are potentially toxic (for instance Te and Bi), can be determined only by direct 

analysis. 

 

3. The implementation of A4F-UV-MALS-ICP-MS coupling provided the information of 

different population of volcanic ash nanoparticles. The results obtained illustrate the advantage of 

being able to discriminate between different populations of nanoparticles according to their size, 

elemental composition and hydrodynamic behaviour, because these characteristics induce a 

different temporal behaviour. This information enables the fate of NPs of volcanic ash and the 

elements they may contain to be understood and the associated physicochemical phenomena to be 

quantified. 

 

4. A new CTFFF fractionation procedure has been proposed. This procedure includes two 

steps. The first step is the recovery of submicron particle fraction from initial sample. The second 

step is the separation of submicron particle fraction obtained at the first step into three 

subpopulations. It should be noted that both first and second steps are performed by using CTFFF 

technique. For the first time, this procedure has been successfully applied to the fractionation of 

volcanic ash sample. Three populations with size < 50, 50-200, and 200-1000 nm were recovered. 

The results of fractionation were confirmed by laser diffraction and scanning electron microscopy 

techniques. 

 

5. The advantages of complementary application of CTFFF and A4F have been demonstrated. 

It should be stressed that CTFFF technique has an increased separation capacity as compared to 

A4F, while A4F has an increased resolution. CTFFF can be applied to the separation of natural 

NPs from volcanic ash samples for their further fractionation, dimensional and elemental 

characterization using hyphenated methods based on the A4F coupled to laser light scattering and 

ICP-MS. Thus, CTFFF can be considered as a relevant tool for the pre-treatment of bulk 

polydisperse samples in the studies of environmental nanoparticles. It can be concluded that the 
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developed approach of complementary use of CTFFF and A4F can be served as the basis of the 

unified methodology applicable to the study of environmental NPs. 

 

Based on the results obtained, possible perspectives can be formulated as follows: 

 

1. The new CTFFF fractionation procedure requires further investigation in order to increase 

the number of populations separated from submicron particle fractions and, hence, decrease 

bounds of the particle size distribution of these recovered populations. This investigation can be 

performed by online coupling of CTFFF techniques with detectors for size characterization. 

Moreover, for the same reason, the performing of additional experiments is needed, in particular, 

the other numbers and values of flow rates used at the second step of the new CTFFF separation 

procedure can be tested. 

 

2. The application field of the complementary use of A4F and CTFFF should be expanded. 

The developed approach may serve as successful tool for environmental monitoring; apart from 

volcanic ash NPs it can be used for the study of environmental NPs of other origins, for instance, 

soils and street dust. 

 

3. This approach may be used not only for environmental but also for material studies. Due 

to CTFFF capability to separate a large quantity of analytes with a very wide range of sizes, it can 

be successfully used for purification and separation of various powder materials in micrometer 

size range for their further investigation by A4F-UV-MALS-ICP-MS hyphenated technique. 

Therefore, their complementary use looks rather promising. 
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Appendix 3. Abstract 

Environmental particles, especially nanoparticles (NPs), have a potential risk for human health 

and ecosystems due to their ubiquity, specific characteristics and properties (extremely high 

mobility in the environment, abilities of accumulation of toxic elements and penetration in living 

organisms) and, hence, should be scrutinized. The study of environmental NPs remains a challenge 

for analytical chemistry. In fact, NPs in a polydisperse environmental sample may represent only 

one thousandth or less of the bulk sample. Consequently, a considerable sample weight must be 

handled to separate amount of NP fraction sufficient for their dimensional and quantitative 

characterization. The group of field-flow fractionation (FFF) techniques can serve as a relevant 

basis for the development of methodology applicable to the study of environmental NPs. 

 

This doctoral thesis focuses on the use of asymmetrical flow and coiled tube field-flow 

fractionation techniques (A4F and CTFFF, respectively) in the investigation of environmental 

particulate samples. The results obtained demonstrate the advantages of these techniques applied 

to the study of volcanic ash nanoparticles. It should be highlighted that CTFFF technique has an 

increased separation capacity as compared to A4F, while A4F has an increased resolution. CTFFF 

was applied to the separation of NPs from environmental samples and a new CTFFF procedure 

was proposed. Dimensional and elemental characterization was carried out using A4F coupled to 

laser light scattering and ICP-MS. Furthermore, the results related to the investigation of stability 

of environmental nanoparticles are also given. 

 

Keywords: Coiled tube field-flow fractionation techniques, Asymmetrical flow field-flow 

fractionation, Environmental particles, Environmental nanoparticles, Volcanic ashes 
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Appendix 4. Résumé 

Les particules environnementales, particulièrement les nanoparticules (NP), présentent un risque 

potentiel pour la santé humaine et les écosystèmes en raison de leur ubiquité, de leurs 

caractéristiques et de leurs propriétés spécifiques. Plus particulièrement les NP ont une mobilité 

extrêmement élevée dans l'environnement, une capacité à associer, voire à concentrer des éléments 

toxiques et à pénétrer dans les organismes vivants. Les nanoparticules doivent donc être 

considérées avec une attention particulière dans les études environnementales. Néanmoins, l'étude 

des NP dans l'environnement demeure un défi pour la chimie analytique. En effet, les 

nanoparticules dans un échantillon environnemental polydispersé peuvent représenter seulement 

un millième ou moins de la masse de l'échantillon global. Par conséquent, une masse d'échantillon 

considérable doit être manipulé pour séparer une quantité de nanoparticules suffisante pour leur 

caractérisation dimensionnelle et leur quantification. L’ensemble des techniques de 

fractionnement par flux−force (FFF) peut servir de base pertinente pour le développement d'une 

méthodologie applicable à l'étude des NP environnementales. 

 

Cette thèse de doctorat se concentre sur l'utilisation des techniques de fractionnement flux-force 

asymétrique et en colonne tournante (A4F et CTFFF, respectivement) dans l’étude d’échantillons 

environnementaux de particules. Les résultats obtenus mettent en évidence les avantages de 

l'utilisation de ces techniques appliquées à des nanoparticules de cendres volcaniques. Il convient 

de souligner que la technique de CTFFF a une capacité de séparation accrue par rapport à l’A4F, 

tandis que l’A4F a une grande résolution. La CTFFF a été utilisée pour la séparation de NP 

d’échantillons de cendres volacniques. Une nouvelle procédure de fractionnement en colonne 

tournante a également été proposée. La caractérisation dimensionnelle et élémentaire de ces NP a 

été réalisée en utilisant le couplage entre l'A4F, la diffusion de la lumière multi-angle et l'ICP-MS. 

Complémentairement, la stabilité de ces nanoparticules y est abordée. 

 

Mots-cles: Fractionnement flux-force en colonne tournante, Fractionnement flux-force 

asymétrique, Particules environnementales, Nanoparticules environnementales, Cendres 

volcaniques. 


