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Abstract 

Nanomaterials exhibit rich physical and chemical phenomena and their fascinating and unu-

sual properties have opened up a myriad of applications in various fields resulting in a tre-

mendous increase in the use of engineered nanoparticles (ENP) in consumer products during 

the last years. In spite of the superior properties, ENP also raise concerns about adverse ef-

fects on biological systems and the human health. In particular, spray products containing 

ENP deserve closer attention with respect to the very critical exposure pathway.  

Compared to nanoparticle-containing sprays, the release of pesticides from conventional 

spray products has been investigated in depth. Suitable analytical techniques detecting the 

mass of the released substances are well developed. On the other hand, nanoparticle-

containing sprays are much less studied though they are perceived as critical for consumers. 

A few recent published studies presented analytical concepts/techniques for exposure exper-

iments and generated data for exposure assessment. In the first part of this work, other pub-

lications were reviewed and the current approaches to characterize nanosprays were com-

pared. Deficiencies were identified and ideas for future research were created. In addition, 

experimental setups used for exposure assessment from conventional sprays were reviewed 

and compared to setups used for nanoparticle-containing sprays. National and international 

norms and standards dealing with nanoparticle characterization in general, spray characteri-

zation, and exposure experiments were inspected with regard to their usefulness for stand-

ardizing spray experiments. It was determined that, due to largely varying experimental set-

ups, it is not possible to compare exposure values for nanosprays. All studies were conducted 

with a limited batch of sprays and no systematic evaluation of the study conditions is availa-

ble. A suitable set of experimental setups as well as minimum reporting requirements should 
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be agreed upon to enable systematic evaluation of consumer sprays in the future. Indispen-

sable features of such experimental setups were developed and tested in this work specifical-

ly different spray durations as well as different spray directions were compared. Particle num-

ber concentration and size distribution was determined at different positions inside a spray 

chamber. Thus, different spray scenarios were re-enacted and a worst case scenario was iden-

tified. This scenario was then applied for the analysis of real consumer spray samples.  

For the analysis of spray products next to aerosol analysis, the original spray suspension is 

important. Therefore we tried to improve an already existing method: asymmetric flow field 

flow fractionation (A4F). A drawback of this technique is particle-membrane interactions 

which can lead to unpredictable channel recoveries. Consequently, quantification of nanopar-

ticles cannot be performed reliably, which degrades the A4F technique to a very sophisticated 

but rather qualitative tool for unknown nanoparticle dispersions. To elucidate the main 

mechanisms and identify major parameters responsible for particle-membrane interactions, 

systematic experiments were conducted. The influence of the membrane material, homoge-

neity, hydrophobicity, the ζ-potential, pH, ionic strength of the carrier solution, salts, and 

commonly used surfactants for A4F nanoparticle separation was discussed. To keep the pa-

rameters simple for the nanoparticle system, investigations were performed with standard-

ized polystyrene particles. On the membrane side, three different membranes often used in 

literature were analyzed.  

In case of two membranes, results indicated that recovery can be maximized with careful 

matching of membrane and particle charge. For the third membrane, the assumption of bet-

ter recovery adjusting the ζ-potential did not hold through. Therefore we also studied the 

morphology of the membrane surface, which seems to be another major influencing factor of 
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particle-membrane interaction. In addition, next to these parameters the results show that al-

so the hydrophobicity of the membrane surface and the particles plays an important role in 

particle-membrane interactions. As a result these new findings can improve the quality of re-

sults produced with A4F. 

But as the matching of the carrier liquid, the particles, and the membrane material is very 

time consuming and even harder for real samples, we decided not to use A4F for the charac-

terization of consumer spray suspensions.  

In this work the suspension and the released aerosol of six different commercially available 

consumer spray products were analyzed and a broad spectrum of analytical methods were 

tested and compared. In addition, the already mentioned standardized setup for analysis of 

the aerosol was tested. A new online coupling technique (SMPS-ICPMS) for the simultaneous 

analysis of particle size and elemental composition of aerosol particles was applied. Results 

obtained with this new method are comparable to other, well established techniques. Com-

parison of particles in the original suspensions and in the generated aerosol showed that 

during spraying, single particles smaller than 20 nm were formed, even though in none of the 

suspensions single particle particles, just agglomerates with the smallest size of 280 nm were 

present. Both pump sprays and propellant gas sprays were analyzed and both potentially re-

lease particles in the nm size range. Both water-based and organic solvent-based sprays po-

tentially release nanoparticles. However, an aqueous suspension in a pump spray dispenser 

seemed to deliver bigger agglomerates than organic suspensions in propellant gas dispens-

ers. 
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Zusammenfassung 

Nanomaterialien weisen aussergewöhnliche physikalische und chemische Eigenschaften auf; 

diese faszinierenden und ungewöhnlichen Charakteristiken haben eine Unzahl von Anwen-

dungsmöglichkeiten in den unterschiedlichsten Bereichen hervorgerufen. Daraus resultierend 

ist der Gebrauch von technisch hergestellten Nanopartikeln in Konsumentenprodukten in den 

letzten Jahren drastisch angestiegen. Trotz all der positiven Eigenschaften von Nanopartikeln 

wurden in der letzten Zeit immer mehr Bedenken bezüglich negativer Auswirkungen auf bio-

logische Systeme und die menschliche Gesundheit geäussert. Ganz besonders Spray Produk-

te, die Nanopartikel enthalten, verdienen hier genauerer Betrachtung bedingt durch ihren 

sehr kritischen Wirkungspfad durch die Aufnahme der Partikel über die Lunge.  

Im Vergleich zu Nanopartikel haltigen Sprays wurde die Freisetzung von Pestiziden aus kon-

ventionellen Spray Produkten bereits tiefgründig untersucht und studiert. Geeignete analyti-

sche Messmethoden, welche die Masse der freigesetzten Substanzen bestimmen sind seit 

Jahren bekannt und daher auf einem sehr hohen Entwicklungsstand. Nanopartikel haltige 

Sprays sind hingegen deutlich weniger gut untersucht obwohl sie als kritisch für Konsumen-

ten eingeschätzt werden. Ein paar aktuelle Studien zeigen analytische Konzepte und Messme-

thoden für Expositionsversuche auf und generieren gleichzeitig Daten für eine Expositions-

Abschätzung.  

Im ersten Teil dieser Arbeit wurden diese Arbeiten kritisch rezensiert und aktuelle Ansätze zur 

„NanoSpray“ Charakterisierung wurden verglichen. Defizite wurden aufgedeckt und daraus 

resultierend wurden Ideen für zukünftige Untersuchungen erzeugt. Zusätzlich wurde der ex-

perimentelle Aufbau, welche für die Analyse von konventionellen Sprays verwendet wurde, 
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mit dem für die Analyse von Nanopartikel haltigen Sprays verglichen. Nationale und interna-

tionale Normen und Standards, welche sich mit der Charakterisierung von Nanopartikeln im 

Allgemeinen, Spray Charakterisierung und Expositions Experimenten befassen wurden hin-

sichtlich ihrer Verwendbarkeit für eine Standardisierung der Spray Experimente bewertet. Es 

wurde festgestellt, dass bedingt durch grosse Unterschiede im experimentellen Aufbau ein 

Vergleich der bisherigen Expositions Werte, welche in den verschiedenen bisherigen Studien 

ermittelt wurde nicht möglich ist. Alle Studien wurden mit einer begrenzen Anzahl an Proben 

durchgeführt und keine systematische Bewertung der Versuchs Konditionen ist vorhanden. 

Eine angemessene Zusammenstellung der analytischen Methoden, sprich des experimentel-

len Aufbaus, sowie ein Minimum an Dokumentations-Voraussetzung sollte erfüllt sein, um ei-

ne systematische Untersuchung von Nanopartikel haltigen Konsumenten Sprays in Zukunft 

möglich zu machen. Unabdingbare Charakteristika wie der experimentelle Messaufbau wur-

den daher weiterentwickelt und getestet. Besonders verschiedenen Spray Dauern und Rich-

tungen wurden untersucht und die Ergebnisse verglichen. Die Partikel Anzahl sowie die Parti-

kel Grösse wurden an unterschiedlichen Positionen innerhalb einer Spray Kammer bestimmt. 

Dadurch wurden verschiedenen Szenarien konstruiert und ein „Worst-Case“ Szenario wurde 

konstruiert. Diese Versuchsbedingen wurden dann für die Analyse von Realproben herange-

zogen.  

Für die Analyse von Spray Produkten ist neben der Analyse des Aerosols auch die Analyse der 

original Spray Suspension von Interesse. Hierzu haben wir versucht eine bereits existierende 

Methode, nämlich Asymmetrische Fluss Feld Fluss Fraktionierung (A4F), zu verbessern. Ein 

Manko dieser Methode sind die Partikel Membran Interaktionen welche zu unvorhersehbaren 

Wiederfindungen im Analysekanal führen. Folglich ist eine Quantifizierung der Nanopartikel 
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nicht möglich, wodurch A4F zu einer zwar durchdachten, aber wenig quantitativen Analy-

senmethode für unbekannte Nanopartikel Suspensionen herabgestuft wird. Um den Mecha-

nismus dieser Interaktionen und die grössten Einflussfaktoren aufzuklären, wurden systemati-

sche Experimente durchgeführt. Sowohl der Einfluss des Membran Materials, als auch die 

Homogenität, die Wasserabweisung und, das ζ- Potenzial sowie der Einfluss des pH Werts, 

der Ionenstärke des Trägermediums und die Zugabe von Salzen und Zusatzstoffen auf die 

Trennbarkeit von Nanopartikeln wurden untersucht. Um die diversen Parameter so einfach 

wie möglich zu halten wurden standardisierte Polystyrol Nanopartikel untersucht. Hinsichtlich 

der Membran wurden drei verschiedene Materialien, welche häufig in der Literatur vorkom-

men und verwendet werden untersucht. Auch die Auswahl der Salze und der Zusatzstoffe hat 

sich nach deren häufigen Anwendung in der Literatur orientiert.  

Im Fall zweier Membranen zeigen die Resultate, dass die Wiederfindung durch vorsichtiges 

Anpassen der Ladungen der Membran und der Partikel optimiert werden kann. Für die dritte 

Membran allerdings hielt diese These, der Anpassung des ζ- Potenzials nicht stand, weswe-

gen wir zu dem Schluss gekommen sind, dass es noch andere oder zumindest einen anderen 

Einflussfaktor geben muss. Daher wurde zusätzlich die Morphologie der Membran Oberfläche 

analysiert, welche der zweite grosse Einfluss gebende Faktor der Partikel Membran Interakti-

onen zu sein scheint. Zusätzlich zu diesen Ergebnissen, haben Studien zur Wasserabweisung 

der Membranen gezeigt, dass auch dieser Faktor einen grossen Einfluss auf die Wiederfin-

dung der Partikel hat. Diese neuen Erkenntnisse führen dazu, dass die Qualität der Messer-

gebnisse, produziert mittels A4F, deutlich verbessert werden können.  

Da das Abstimmen des Trägermediums auf die Partikel und das Membran Material enorm 

zeitaufwändig ist und für Realproben mit einer hohen Matrix nur noch schwieriger wird ha-
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ben wir entschlossen, A4F nicht als Analysemethode für die Analyse der Spray Suspensionen 

heranzuziehen. Für die vorliegende Arbeit wurden die Suspensionen und das freigesetzte Ae-

rosol von sechs verschiedenen kommerziell erhältlichen Konsumenten Sprayprodukten unter-

sucht und ein breites Spektrum an analytischen Methoden getestet und verglichen. Zusätzlich 

wurde das im ersten Teil der Arbeit neu entwickelte standardisierte Setup zur Aerosolanalyse 

getestet. Weiter wurde eine neue online Kopplung von einem SMPS mit einem ICPMS zur si-

multanen Analyse der Partikel Grösse und der chemischen Zusammensetzung angewendet. 

Die Ergebnisse, welche mit dieser neuen Methode gewonnen wurden, wurden mit alten, 

etablierten Methoden verglichen. Ein Vergleich der Partikelgrösse in der original Suspension 

mit der Partikelgrösse, freigesetzt nach dem Sprühen zeigt, dass während des Sprayvorgangs 

einzelne Partikel kleiner 20 nm gebildet werden, obwohl in der Suspension keine einzelnen 

Partikel, sondern nur Agglomerate mit einer kleinsten Grösse von 280 nm zu finden sind. So-

wohl Pumpsprays, als auch Druckgas-Spraydosen wurden untersucht und es wurde gezeigt, 

dass beide Partikel im Nanometer Grössenbereich emittieren können. Wasser basierende und 

organische Lösungsmittel basierende Sprays können potenziell Nanopartikel freisetzen. Al-

lerdings scheint es, als on eine Kombination aus wässriger Lösung abgefüllt in einer Pumpfla-

sche grössere Agglomerate freisetzt als eine Druckgas-Spraydose gefüllt mit einer auf organi-

scher Basis bestehenden Nanopartikelsuspension.  
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1 General Introduction 

The application and amount of consumer products in industrial countries has risen signifi-

cantly during the last decades. Along with that, a constant development of new materials and 

products can be observed. To improve the quality, the stability, and the functionality of these 

products, newly developed compounds are added. These compounds can then get in contact 

with the human body or the environment when they are released from the products.  

One group of these compounds is engineered nanoparticles (ENPs). As ENPs exhibit rich 

physical and chemical phenomena, they are used more and more in consumer products. 

ENPs of different properties including shape, coating, or diameter have entered the market 

and are added to consumer products. During the last years, the questions about adverse 

health effects and toxicity of ENPs appear more and more. Therefore analytical techniques 

need to be developed detecting the quantity of these compounds to guarantee a proper risk 

assessment.   
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1.1 Engineered Nanoparticles  

Experts from ISO and ASTM provide different definitions for the word nanoparticle. Both de-

fine a nanoparticle in the scale from 1 – 100 nm. Since particles are three dimensional, stand-

ards define that two or three dimensions must be between 1 – 100 nm. (ISO 2008, ASTM 

2012) 

Other definitions also exist, like the one from the Scientific Committee on Emerging and 

Newly Identified Health Risks (SCENIHR), offers a more complex approach which divides na-

noparticles into three categories: category 1: size > 500 nm; category 2: 500 nm> size >100 

nm; category 3: 100 nm> size >1 nm. The category of nanoparticle defines here the recom-

mended approach for risk assessment. (SCENIHR 2010) 

Next to these definitions, one can distinguish between three different types of nanoparticles: 

natural, anthropogenic, and engineered nanoparticles. Naturally occurring nanoparticles can 

be found in volcanic ash, ocean spray, and fine sand and dust. Biological matter, like viruses, 

can also be defined as natural nanoparticles. The other two types of nanoparticles can also be 

called “man-made” nanoparticles whereupon anthropogenic nanoparticles are by-products 

of human activities and have generally poorly controlled size and shape. Engineered nano-

particles on the other hand have very precisely controlled sizes, shapes, and compositions. 

They can even contain layers made of different chemical compositions, so called core-shell 

particles.  
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1.2 State of research and positioning of the own work  

The number of nanoparticle-containing consumer products increased over the last 10 years 

from a few to several hundreds and their number is expected to increase in the future. Sprays 

which contain nanoparticles were identified as a most critical class due to the direct exposure 

pathway via lungs which implies an enhanced health risk.  

Safety and health effects of ultra-fine particles (nanoparticles) are well known in emission 

control of combustion generated nanoparticles and adequate monitoring concepts for emis-

sion control were already developed and recently implemented by the PMP protocol for par-

ticle measurements. (UNECO 2007) For the assessment of air quality, first analytical concepts 

for the implementation of particle number analysis in air quality monitoring networks are in 

the test phase. (Wiedensohler 2010) However, similar concepts need to be implemented also 

in the assessment of engineered nanoparticles.  

In a prior work performed by Lorenz, an initial analytical approach was applied for a prelimi-

nary investigation of the behavior of nanosilver in aqueous spray suspensions and primarily 

applied also to selected commercial consumer sprays. (Hagendorfer, Lorenz et al. 2010, 

Lorenz, Hagendorfer et al. 2011) The study identified the importance of the size distribution 

of the generated spray aerosols which is mainly dispenser-dependent as the main influencing 

factor for the fate of the nanoparticles. Figure 1.1 describes this first postulated hypothesis. 

(Ulrich and Hagendorfer 2009, Hagendorfer, Lorenz et al. 2010) 
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Figure 1.1: Scheme of understanding of the spray process, subsequent nanoparticle transport, and release using a 

propellant gas spray or a pump spray dispenser. (Hagendorfer, Lorenz et al. 2010) 

 

A critical review of the literature and the used approach already showed that there is still a 

lack of systematic approaches and analytical concepts for appropriate exposure simulation as 

well as a lack of analytical concepts. Also a lack of standardized spray experiments which can 

provide suitable data for later exposure modeling exists. A need for further development is 

seen and this thesis will focus on this need.  

A standardized validated analytical concept which is appropriate for exposure/risk assess-

ment will be conducted.  
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1. Based on the already existing analytical basic approach, concepts for aerosol analysis 

need to be systematically elaborated 

a. Standardization of the spray chamber experiments 

b. Enhancement of analytical concept and validation  

2. Methods for nanoparticle analysis in suspension need to be tested, compared, and, if 

necessary, improved 

3. Analysis of further consumer spray products   
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1.3 Objectives and structure of the thesis 

The overall aim of this work is to find and compare analytical methods for the assessment of 

consumer exposure to ENPs caused by the use of consumer spray products.  

Accordingly, the results of this thesis are presented in four main chapters:  

 

Chapter 2: “Classification of Nanosprays”  

The first chapter is a literature review dealing with conventional and nanoparticle-containing 

sprays. The major objective of this chapter is to identify most suitable analytical setups as well 

as a critical evaluation of given information and performances. An optimization by identifying 

the knowledge gaps and providing concepts how to fill them is given.  

 

Chapter 3: “Appropriate analytical concepts for nanoparticles in suspension” 

The aim of this chapter is to improve an already known method for nanoparticle analysis in 

suspension, A4F. The suitability of this technique for analysis of consumer products is evalu-

ated.  

 

Chapter 4: “Appropriate analytical concepts for nanoparticles in aerosol” 

The goal of this chapter is to propose concepts for appropriate analytical setups for nanopar-

ticle analysis in aerosols. In the end, a validated and exactly specified “ready to go” setup 

should be received, demonstrating a worst-case scenario for consumer exposure.  
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Chapter 5: “Real consumer spray process assessment” 

This chapter will deal with analyzing real consumer spray products in this way that real spray 

processes are simulated. In this way, a realistic risk assessment can be performed. Therefore 

the knowledge from Chapter 4 is of importance.  

 



 

 

 

Chapter 2 
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2 Classification of Nanosprays – Literature Review 

2.1  Introduction 

The number of products containing manufactured Nano-Objects, and their Agglomerates 

and Aggregates (mNOAA) increased over the last 10 years from a few to several hundreds 

and is expected to further increase in the future. (Woodrow_Wilson 2008) Market surveys 

identified silver, zinc oxide, titanium dioxide, carbon and silica as the dominating mNOAA in 

consumer products like textiles, food and food storage, cosmetics or household chemicals or 

sports equipment. (Hall, Tozer et al. 2007, Hall, Steiling et al. 2011, Rothe, Fautz et al. 2011, 

Wu, Sun et al. 2011, Brzeziński, Malinowska et al. 2012, Windler, Lorenz et al. 2012, Xue, Chen 

et al. 2012, von Goetz, Fabricius et al. 2013) Workers are exposed to a much broader spec-

trum of mNOAA that comprises also other metals and metal oxides (Park, Kwak et al. 2009, 

Kuhlbusch, Asbach et al. 2011), carbon black, (Kuhlbusch, Neumann et al. 2004, Kuhlbusch 

and Fissan 2006) fullerenes, (Fujitani, Kobayashi et al. 2008, Yeganeh, Kull et al. 2008) and 

carbon nanotubes. (Methner, Hodson et al. 2010, Wang, Asbach et al. 2011) The market share 

of mNOAA containing products, however, is not known, since labeling to date is only manda-

tory for mNOAA in cosmetics. (EU 2009)(EU 2009)(EU 2009)(EU 2009)(EU 2009)(EU 2009)(EU 

2009)(EU 2009)(EU 2009)(EU 2009)(EU 2009)(EU 2009)(EU 2009)(EU 2009)(EU 2009)(EU 

2009)(EU 2009)(Union 2009) 

The manifold applications of different mNOAA types and materials, and their toxic potential 

have been reviewed by Krystek et al (Krystek, Ulrich et al. 2011) and Krug and Wick. (Krug and 

Wick 2011) Sprays that contain mNOAA were identified as the most critical category of 

mNOAA -containing products with regard to human health due to the direct exposure path-

way via lungs and because of the high emission potential. (Kreyling, Semmler-Behnke et al. 
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2006, Sung, Ji et al. 2008, Ganguly, Upadhyay et al. 2011, Semmler-Behnke, Kreyling et al. 

2012) However, also potentially harmful organic substances like pesticides and biocides are 

being used in sprays, (Berger-Preiß, Koch et al. 2004, Berger-Preiß, Boehncke et al. 2005, 

Berger-Preiß, Gerling et al. 2006, Berger-Preiß, Koch et al. 2006, Vernez, Bruzzi et al. 2006, 

Berger-Preiß, Koch et al. 2009) so that in the context of both the pesticides and the biocides 

regulation an assessment of inhalation exposure is mandatory. With the introduction of 

REACH also consumer sprays have moved into the regulatory focus. (ECHA 2008) On princi-

ple, the same approaches can be used for the exposure assessment of classical biocidal and 

mNOAA-containing sprays, but both with respect to measurement and modeling mNOAA 

pose special challenges.  

The properties that determine nanoparticle activity (and toxicity) are size distribution, ag-

glomeration state, number concentration, chemical composition, particle shape and crystal-

linity, as well as surface area and surface functionality. (Ulrich, Losert et al. 2012) How nano-

particle properties determine their toxicity is discussed by Krug and Wick (Krug and Wick 

2011), but shortly summarized below together with an illustration how these particle proper-

ties can change during and after the process of spraying. 

One very important metric for toxicity supposedly is the particle size, (Krug and Wick 2011) 

since it influences nanoparticle uptake into the cell and body tissue. The size distribution of 

particles directly after spraying, however, is not the same as the size distribution that is avail-

able for inhalation. The following processes influence the size distribution during and after 

spraying (see also Figure 2.1): First, the droplets are moving away from the spray can with a 

velocity that is defined by the design of the spray can. The distribution of particles along the 

spraying axis is a function of the velocity of the droplets. It is important to investigate where 
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the highest number of droplets will be found along this axis, because at that point presuma-

bly the highest exposure for consumers will result. Droplets in the size range of a few mi-

crometers will then diffuse and stay up in the air for some time. Larger droplets will sediment, 

merge with other droplets and grow on their way. When the solvent evaporates, the particles 

inside the droplets can aggregate so that the resulting aggregates are larger than the initial 

particles present in the suspension. Also smaller droplets containing only one or few particles 

can dry, which results in particles in the nanometer size range. In addition, background parti-

cles (nano or larger) can influence the droplet size and thereby the final particle size. A high 

number concentration of background particles induces larger agglomerates because the 

former act as seed crystals for agglomeration, (Seipenbusch, Binder et al. 2008) thereby re-

ducing the exposure to nanoparticles both by reducing the number concentration and by 

shifting the size distribution to sizes beyond the nanoscale.  

 

Figure 2.1: Processes influencing nanoparticle size and aggregation status during and after spraying.  

 

A further property that influences the risk from nanoparticles is the number concentration. A 

high number concentration of particles results in more particles being inhaled and conse-

quently in a higher risk. Also the chemical composition of the particles has a strong influence 

on the risk, since e.g. some metals (Fe, Cu, Zn) are suspected to promote Alzheimer's disease 

(González-Domínguez, García-Barrera et al. 2014), while other nanoparticles are readily de-
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gradable in the human body and thus pose little risk. They are even used as drug delivery de-

vices. (Soppimath, Aminabhavi et al. 2001) Also the particle shape is of importance as fiber-

shaped particles like carbon nanotubes can increase the risk of lung cancer (Toyokuni 2013) 

whereas e.g. fullerenes, which can have the same chemical composition, do not pose a risk. 

(Aschberger, Johnston et al. 2010) The same holds true for the crystallinity of particles: rutile 

is supposed to be less harmful than anatase. (Zhang, Bai et al. 2012) The surface area and 

functionality influence the toxicity of nanoparticles by modulating the uptake of nanoparti-

cles into the human body. (Hirn, Semmler-Behnke et al. 2011) During spraying the surface of 

particles can be coated by other ingredients present in the spray product, which results in 

changes in the surface charge or functionality.  

Experimental set-ups to assess human exposure to mNOAA-containing sprays were recently 

proposed (Nørgaard, Jensen et al. 2009, Chen, Afshari et al. 2010, Hagendorfer, Lorenz et al. 

2010, Lorenz, Hagendorfer et al. 2011, Quadros and Marr 2011, Bekker 2014) and the attempt 

was made to model exposure from consumer sprays on the basis of particle number instead 

of mass concentration. These new analytical concepts allow measuring some of the proper-

ties mentioned above.  

This study aimed to review and compare the existing approaches for the exposure assess-

ment of conventional sprays (that e.g. contain biocides) and mNOAA -containing sprays. Spe-

cial emphasis was given to evaluating data requirements for a reliable exposure assessment 

and how to improve experimental and analytical setups. 
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2.2  Review of spray experiments 

Concerns related to spray applications exist since some decades. Therefore, in 1984 the 

group of Gold (Gold, Holcslaw et al. 1984) published the first spray experiments in the US 

where exposure to ingredients of a biocidal spray product was assessed. Due to the increas-

ing use of manufactured nano-objects in spray products, also risk and exposure assessments 

for mNOAA -containing sprays became necessary. Thus, about 5 years ago, different research 

groups started independently to study exposure to mNOAA from sprays, focusing on metallic 

(Hagendorfer, Lorenz et al. 2010, Lorenz, Hagendorfer et al. 2011, Nazarenko, Han et al. 2011, 

Quadros and Marr 2011) and organic nanoparticles. (Nørgaard, Jensen et al. 2009) They iden-

tified specific requirements for the analysis and later exposure assessment of mNOAA -

containing spray products.  

Currently, there are no agreed guidelines how to study the release of substances from spray 

products. Therefore, this chapter reviews the existing literature to give a systematic overview 

of the different experimental and analytical approaches used for studying exposure to sub-

stances in sprays, and how this data subsequently is used for exposure assessment. In order 

to evaluate and discuss the specific needs for mNOAA containing sprays, we first evaluate the 

experimental setups for “conventional” sprays (without mNOAA) and mNOAA containing 

sprays, respectively, and later compare them. 
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2.3 National and international standards and guidelines 

There are standards, norms and guidelines available for the evaluation of exposure and tox-

icity for different types of sprays and nano-aerosols (Table 2.1). In general, these guidelines 

are dealing with the instrumental setup and give recommendations for instruments: how to 

use them, how to calibrate them and which instrument is valid for which application. Also 

guidelines for assessing spray toxicity have been developed. 

To date, there are no norms or standards available for the risk assessment of (consumer) 

mNOAA -containing spray products. Nevertheless many aspects treated in the guidelines and 

norms for workplace exposure can be adapted. The standards for measuring aerosols (ASTM 

2010, ASTM 2010, ASTM 2012) are mandatory in the publicly funded sector of the USA and 

could be used in a modified way for mNOAA -containing sprays. The NIST guidelines (NIST 

2010, NIST 2011) for mNOAA in solutions are indicative and propose strategies for the char-

acterization of nanoparticles. The same applies for the DIN (ISO 2010, DIN 2012, DIN 2012) 

and ISO (ISO/TR 2007) norms on the characterization of inhalable mNOAAs. Furthermore, 

OECD guidelines on inhalation toxicity tests for aerosols, (OECD 2009, OECD 2009, OECD 

2009) which are mandatory in the OECD member states (international; government, industry, 

independent laboratories) could be adapted for mNOAA containing aerosols. 
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2.4 Conventional spray products: experimental and analytical setup  

Investigated sprays 

Several groups investigated the release of insecticides from sprays (Gold, Holcslaw et al. 

1984, Class and Kintrup 1991, Llewellyn, Brazier et al. 1996, Berger-Preiß, Koch et al. 2004, 

Berger-Preiß, Boehncke et al. 2005, Berger-Preiß, Gerling et al. 2006, Berger-Preiß, Koch et al. 

2006, Berger-Preiß, Koch et al. 2009) and one group the release of fluorinated acrylate poly-

mers and isoparaffinic hydrocarbons from waterproofing sprays. (Vernez, Bruzzi et al. 2006) In 

these studies the potential risk of the substances due to inhalation was assessed based on 

the released mass of the substances. Data are available for sprays based on organic solvents 

(Gold, Holcslaw et al. 1984, Class and Kintrup 1991, Berger-Preiß, Boehncke et al. 2005, 

Vernez, Bruzzi et al. 2006, Berger-Preiß, Koch et al. 2009) and for water-based sprays. (Gold, 

Holcslaw et al. 1984, Class and Kintrup 1991) Also the influence of different spray vessels and 

dispersion mechanisms (pump vs. propellant spray) on the released mass has been assessed. 

(Berger-Preiß, Koch et al. 2009) Some groups used aerosol generators for more standardized 

aerosol formation. (Class and Kintrup 1991, Llewellyn, Brazier et al. 1996, Berger-Preiß, 

Boehncke et al. 2005) 

 

Experimental Setup 

Almost all the experiments were carried out under field conditions, i.e. inside an airplane, 

(Berger-Preiß, Koch et al. 2004, Berger-Preiß, Boehncke et al. 2005, Berger-Preiß, Gerling et al. 

2006) in model rooms (Class and Kintrup 1991, Berger-Preiß, Koch et al. 2006) or outdoors 

(Gold, Leavitt et al. 1982, Gold, Holcslaw et al. 1984) in order to generate realistic data. One 

experiment was conducted in a simulation chamber (Vernez, Bruzzi et al. 2006) where the 
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spray process itself was investigated. Due to the diverging dissipation volumes, ventilation 

rates and backgrounds of these different locations the size distribution of the substances af-

ter spraying will differ considerably.  

Samples were sprayed either manually from the original spray vessel (Gold, Holcslaw et al. 

1984, Llewellyn, Brazier et al. 1996, Berger-Preiß, Koch et al. 2004, Berger-Preiß, Koch et al. 

2006, Vernez, Bruzzi et al. 2006, Berger-Preiß, Koch et al. 2009) or with aerosol generators and 

sprayers. (Class and Kintrup 1991, Llewellyn, Brazier et al. 1996, Berger-Preiß, Boehncke et al. 

2005, Berger-Preiß, Koch et al. 2009) The spraying time in the studies ranged from a few se-

conds (Berger-Preiß, Koch et al. 2004, Berger-Preiß, Boehncke et al. 2005, Berger-Preiß, 

Gerling et al. 2006, Berger-Preiß, Koch et al. 2009) to 3 hours (Llewellyn, Brazier et al. 1996) 

depending on the different applications of products. Also the positions and the directions of 

the spray products with regard to the measurement equipment differed. Some studies were 

conducted with ventilation (Class and Kintrup 1991, Berger-Preiß, Koch et al. 2004, Berger-

Preiß, Koch et al. 2006, Vernez, Bruzzi et al. 2006, Berger-Preiß, Koch et al. 2009) while for 

other studies no information on ventilation was provided. (Gold, Holcslaw et al. 1984, 

Llewellyn, Brazier et al. 1996, Berger-Preiß, Boehncke et al. 2005) 

 

Analytical Setup 

Suspension analytics: Suspensions of the spray products were analyzed to assess the chemical 

composition of the sample. Thereby, the ingredients list could be verified and potentially 

harmful substances identified. One group analyzed the original suspension using GC/FID. 

(Class and Kintrup 1991) This analytical method focuses on the mass of the substances. The 
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applied measurement technique is well-established and appropriate for mass measurements. 

All other groups did not analyze the suspension.  

Aerosol analytics: For human exposure to substances in conventional sprays the mass of the 

released substance, and hence the size distribution of the released droplets is of major im-

portance. Aerosol size distribution has been monitored online, e.g. with a laser diffraction 

spectrometer. (Berger-Preiß, Koch et al. 2004, Berger-Preiß, Gerling et al. 2006) For offline 

analysis samples were collected on filter pads, (Llewellyn, Brazier et al. 1996, Berger-Preiß, 

Koch et al. 2004, Berger-Preiß, Gerling et al. 2006), on silica, (Class and Kintrup 1991) or by 

pumping air into a glass impinge bottle filled with a solution of ethylene glycol and water. 

(Gold, Holcslaw et al. 1984) The filters or the silica gel were extracted prior to analysis, the so-

lution could be analyzed directly. The organic solutions were analyzed by gas chromatog-

raphy coupled with mass spectrometry (GC/MS) (Berger-Preiß, Koch et al. 2009) and other 

techniques similar to GC/MS, namely gas chromatography/flame ionization detector (GC/FID) 

or gas chromatography/electron capture detector (GC/ECD). (Class and Kintrup 1991, 

Llewellyn, Brazier et al. 1996) 

In another study a personal aerosol exposure monitor (Koch, Dunkhorst et al. 1999) allowed 

the simultaneous sampling of three health-relevant size fractions described in the ASTM 

Standard D6062-07. (ASTM 2012)  Measurements with a dust monitor and an impactor deliv-

ered the mass of substance per volume of air. (Vernez, Bruzzi et al. 2006) 
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Results und discussion 

The reviewed studies report substance concentrations ranging from a few µg/m3 to 60 000 

µg/m3. Since the spray duration differed, also the difference in the mass of released sub-

stance was pronounced. Normalization by the spray duration alone, however, does not allow 

comparison of the results, because the amount of mass generated during spraying also de-

pends on the spray can (and here mainly the nozzle type) and the formulation of the product. 

In the reviewed studies no information on e.g. the nozzle type or its influence on the sprayed 

amount was given. Another complicating factor is that the spray direction and the position of 

the spray products with regard to the measurement equipment influence the concentration. 

These vary among the studies, and likewise the size of the room or chamber.  

Further, under realistic conditions loss processes take place as documented for one extensive 

experiment(Berger-Preiß, Koch et al. 2009) in Table 2.2: For the same spray event different re-

coveries can be calculated for substances contained in the same spray.  

Table 2.2: Comparison of aerosol data and amount of substance sprayed (S = substance).  

Product 

Amisia Blattanex 
Blattanex 

new 
Paral Contra Insect 

S1 S2 S1 S2 S3 S1 S2 S1 S2 S1 S2 S3 

Conc. suspension [g/100g] 0.04 0.06 0.04 0.2 1 0.15 0.15 0.25 1 0.5 0.15 n.a. 

Sprayed amount [g] 23.8 23.8 11.4 11.4 11.4 11.4 11.4 19.8 19.8 9.5 9.5 9.5 

Conc. aerosol [µg/m3] 67.7 85.6 120.9 587.1 2122 145 147 345 1467 846 427 1167 

chamber volume [m3] 40 40 40 40 40 40 40 40 40 40 40 40 

recovery of substance 

sprayed* 
0.28 0.24 1.06 1.03 0.74 0.34 0.34 0.28 0.30 0.71 1.20 n.a. 

 * calculated by dividing the actual amount of substance sprayed with amount recovered after spraying  
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In spite of the many different experimental setups, we identified two approaches to calculate 

the inhalable dose of sprayed insecticides that on principle can be compared. (Class and 

Kintrup 1991, Berger-Preiß, Koch et al. 2009) The group of Berger-Preiss applied products in 

accordance with the manufacturer’s instructions (10, 20 sec) and simulated a worst case sce-

nario (2 min), respectively. The calculated inhalable dose for the worst case scenario is 5 to 8 

times higher than for the manufacturer-recommended scenario (2-60 µg in contrast to 10-

480 µg).(Berger-Preiß, Koch et al. 2009) Class and Kintrup also used a scenario similar to the 

manufacturer-recommended scenario of Berger-Preiß (10, 15, 20 sec). They found inhalable 

doses in the same size range (30-60 µg). (Berger-Preiß, Koch et al. 2009) Both groups used 

different products, with different ingredients and respective concentrations. They also used 

diverging experimental setups (ventilation, spray direction etc.), but similar in that they both 

used fully equipped model rooms that had about the same dimensions in size. Therefore, it 

might be possible to conclude that if insecticides are used that have similar ingredient con-

centrations as in the presented studies, the mass concentrations may be similar, if applied ac-

cording to the manufacturer’s recommendations.  

Still, consumers not always follow the recommendations on the label so that for the assess-

ment of human exposure to substances in sprays a realistic worst-case needs to be con-

structed as attempted by Berger- Preiß et al, (Berger-Preiß, Koch et al. 2009) and both con-

sumer and bystander have to be considered. For worst case experiments, not only the spray 

duration needs to be extended beyond manufacturer’s recommendations, but also the direc-

tion of spraying and the distance between can and instrumentation needs to represent realis-

tic worst-case conditions. Additionally, the ventilation needs to be adapted to the analyzed 

spray: Some sprays are used outdoors hence ventilation is necessary during a chamber exper-
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iment. Some sprays are used indoors, so that the ventilation needs to be reduced. Assess-

ment of different spray durations for the same sample would enable extrapolation to other 

spray durations.  

Table 2.3 summarizes the most important studies including parameters and results for all re-

viewed spray experiments with conventional sprays. 
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2.5 NOAA – containing sprays: experimental and analytical setup  

Investigated sprays 

mNOAA-containing sprays can be categorized according to their formulation, packaging and 

chemical composition. Nanoparticle behavior depends on the solvent, therefore water-based 

sprays (Shimada, Wang et al. 2009, Hagendorfer, Lorenz et al. 2010, Nørgaard, Wolkoff et al. 

2010, Berlin, Dietrich et al. 2011, Lorenz, Hagendorfer et al. 2011, Nazarenko, Han et al. 2011, 

Oomen, Bennink et al. 2011, Quadros and Marr 2011) and organic solvent based sprays 

(Hagendorfer, Lorenz et al. 2010, Nørgaard, Wolkoff et al. 2010, Berlin, Dietrich et al. 2011, 

Lorenz, Hagendorfer et al. 2011, Oomen, Bennink et al. 2011, Bekker 2014) should be distin-

guished. Also the vessel type is of major importance: propellant gas sprays (Nørgaard, Jensen 

et al. 2009, Chen, Afshari et al. 2010, Hagendorfer, Lorenz et al. 2010, Lioy, Nazarenko et al. 

2010, Nørgaard, Larsen et al. 2010, Nørgaard, Wolkoff et al. 2010, Berlin, Dietrich et al. 2011, 

Lorenz, Hagendorfer et al. 2011, Nazarenko, Han et al. 2011, Nøgaard, Janfelt et al. 2011, 

Oomen, Bennink et al. 2011, Bekker 2014) generate different droplet sizes than pump sprays, 

(Nørgaard, Jensen et al. 2009, Hagendorfer, Lorenz et al. 2010, Lioy, Nazarenko et al. 2010, 

Nørgaard, Larsen et al. 2010, Nørgaard, Wolkoff et al. 2010, Berlin, Dietrich et al. 2011, Lorenz, 

Hagendorfer et al. 2011, Nazarenko, Han et al. 2011, Nøgaard, Janfelt et al. 2011, Oomen, 

Bennink et al. 2011, Quadros and Marr 2011) thereby influencing substance availability for 

human exposure. In two studies experiments were reported that used nebulizers to generate 

a standardized mNOAA containing aerosol (Shimada, Wang et al. 2009, Nazarenko, Han et al. 

2011) in order to study the influence of the vessel and nozzle on the generated aerosol.  

Also, the chemical composition of the particles is important for later risk assessment. Nano-

particles present in the investigated sprays encompass metals and metal oxides like ZnO, 
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(Shimada, Wang et al. 2009, Hagendorfer, Lorenz et al. 2010, Berlin, Dietrich et al. 2011, 

Lorenz, Hagendorfer et al. 2011, Oomen, Bennink et al. 2011) Ag, (Hagendorfer, Lorenz et al. 

2010, Berlin, Dietrich et al. 2011, Lorenz, Hagendorfer et al. 2011, Nazarenko, Han et al. 2011, 

Oomen, Bennink et al. 2011, Quadros and Marr 2011) Cu, (Nazarenko, Han et al. 2011) Ca, 

(Nazarenko, Han et al. 2011) Mg, (Nazarenko, Han et al. 2011) Zn, (Nazarenko, Han et al. 

2011) SiO2 (Berlin, Dietrich et al. 2011, Oomen, Bennink et al. 2011, Bekker 2014), MgO 

(Bekker 2014) and TiO2 (Chen, Afshari et al. 2010, Berlin, Dietrich et al. 2011, Oomen, Bennink 

et al. 2011), but also nanoparticulate fullerenes (C60), (Shimada, Wang et al. 2009) or silanes 

and siloxanes (not nanoparticulate in suspension) being used in sprays. (Nørgaard, Jensen et 

al. 2009, Nørgaard, Larsen et al. 2010, Nørgaard, Wolkoff et al. 2010, Nøgaard, Janfelt et al. 

2011) 

Many different mNOAAs in different media with different vessels were analyzed. All studies 

delivered different size distributions. 

 

Experimental Setup 

For spray experiments, most groups (Nørgaard, Jensen et al. 2009, Shimada, Wang et al. 

2009, Hagendorfer, Lorenz et al. 2010, Nørgaard, Wolkoff et al. 2010, Lorenz, Hagendorfer et 

al. 2011, Nazarenko, Han et al. 2011, Nøgaard, Janfelt et al. 2011, Quadros and Marr 2011, 

Bekker 2014) proposed a small glove box setup as a controlled environment, which can rep-

resent near field exposure. One study (Berlin, Dietrich et al. 2011) was performed in a larger 

exposure chamber and two studies (Chen, Afshari et al. 2010, Bekker 2014) were conducted in 

real rooms.  
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As reported for the conventional sprays, also for mNOAA containing sprays the experimental 

conditions vary largely. The spray duration ranged from a few seconds of continuous spray-

ing (Nørgaard, Jensen et al. 2009, Hagendorfer, Lorenz et al. 2010, Lorenz, Hagendorfer et al. 

2011) to discontinuous spraying for several minutes. (Chen, Afshari et al. 2010, Nazarenko, 

Han et al. 2011, Quadros and Marr 2011, Bekker 2014) Variations have different reasons: For 

example a small exposure chamber allows for only few seconds of spraying; otherwise the 

chamber will be oversaturated with aerosol. A real room allows longer spray durations so that 

the manufacturer’s instructions for product use can be followed without adaptation. Another 

reason is that as discussed before the exposure conditions need to be adapted to the respec-

tive application of the product. 

For three studies the spray duration was not mentioned. (Shimada, Wang et al. 2009, Berlin, 

Dietrich et al. 2011, Oomen, Bennink et al. 2011) In one study it was shown that the generat-

ed number of particles increased linearly with the spray duration.(Lorenz, Hagendorfer et al. 

2011) The spray direction and the position of the spray inside the chamber or room differed 

in all reviewed studies. One study also included experiments with spray can positions repre-

senting near-field and far-field scenarios. (Bekker 2014) Authors often mention that the 

background concentration is monitored, but only two studies report the particle background 

concentration (< 10 particles/cm 3, respectively). (Berlin, Dietrich et al. 2011, Quadros and 

Marr 2011) In three studies, humidity and temperature were monitored. (Nørgaard, Jensen et 

al. 2009, Quadros and Marr 2011, Bekker 2014) 

In most experiments not the particle size of the mNOAA was measured, but the size of the 

droplets generated by spraying. Consequently, these experiments yield an upper bound for 

the particle size, but not the exact size. In one study the droplets were dried prior to analysis 
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by using a thermo-desorber (Lorenz, Hagendorfer et al. 2011) so that the size of the dried 

particles could be measured. In many studies the term “particle size” is used for describing 

the size distribution of the aerosol. It should be kept in mind that if the aerosol is not dried 

prior to analysis the measured “particle” size distribution rather represents the droplets or the 

particles in the aerosol (in case that the solvent has already evaporated) or a mixture of both.  

 

Analytical Setup 

For the analysis of the suspension and the aerosols of mNOAA sprays different approaches 

were used. Both analyzing the suspension and the aerosols is important for risk assessment, 

since information on the change of the particles during spraying may help to extrapolate to 

other sprays. With suspension analytics the chemical composition of the sample, the original 

size and shape of the particles can be determined; with aerosol analytics the number concen-

tration and size distribution of the released aerosol as well as the shape of the particles. 

Comparison of both suspension and aerosol analytics suggests how the size and concentra-

tion of the particles change during the spray process and thereby informs on the influence of 

the vessel type, vessel geometry and the propellant gas, respectively.  

Suspension analytics: Particle size and morphology in the original suspension were mainly 

measured by batch analysis using dynamic light scattering (DLS) (Shimada, Wang et al. 2009, 

Chen, Afshari et al. 2010, Quadros and Marr 2011) and electron microscopy techniques like 

scanning electron microscopy (SEM) or transmission electron microscopy (TEM), usually in 

combination with energy dispersive x-ray spectrometry (EDX) (Hagendorfer, Lorenz et al. 

2010, Lorenz, Hagendorfer et al. 2011, Nazarenko, Han et al. 2011, Quadros and Marr 2011, 

Bekker 2014) for specific single particle analysis, information on morphology and size distri-
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bution (via image analysis) as well as chemical identity. All methods have their advantages 

and disadvantages. DLS is more sensitive for larger particles, which means that for polydis-

perse samples the size distribution is shifted to larger sizes. This technique is fast and cheap. 

By contrast, SEM and TEM are very time consuming and expensive, but they are the only 

techniques that can visualize particles.  In combination with EDX also information about the 

chemical identity of the particles can be obtained. For chemical quantification of organic na-

noparticle species mainly GC-MS was employed, (Nørgaard, Jensen et al. 2009, Nørgaard, 

Larsen et al. 2010, Nørgaard, Wolkoff et al. 2010, Nøgaard, Janfelt et al. 2011) whereas for the 

metallic nanoparticles a bulk analysis using plasma mass spectrometry (ICPMS) was used. 

(Ulrich and Hagendorfer 2009, Hagendorfer, Lorenz et al. 2010, Lorenz 2010, Lorenz, 

Hagendorfer et al. 2011, Quadros and Marr 2011) Those techniques are well established and 

fast. Additionally, asymmetric field flow fractionation in a multi-detector approach (A4F) in 

combination with UV/Vis, light scattering and ICPMS was tested as a novel integrative analyt-

ical tool to achieve information on size and chemistry simultaneously. (Berlin, Dietrich et al. 

2011, Hagendorfer 2011, Hagendorfer, Kaegi et al. 2011, Hagendorfer, Kaegi et al. 2012) A4F 

collects a lot of information in one measurement, but it has also some big disadvantages like 

e.g. unspecific particle membrane interactions and retention time shifts. (Ulrich, Losert et al. 

2012) 

Aerosol analytics: For the nano-sized fraction of the generated spray aerosols, size distribu-

tion and particle number concentration were determined online by scanning mobility particle 

sizer (SMPS) or fast mobility particle sizer (FMPS). The larger sizes between 300 nm and 20 

µm were investigated by an aerodynamic particle sampler (APS). One SMPS measurement 

takes 1.5 to 3 minutes depending on the type of instrument. This is much too long for deter-
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mining the release in one spray event, because agglomeration alters the size distribution al-

ready during the measurement. With newer generation instruments a size range of 2.5-

1000 nm can be scanned in 16 seconds, but only one study (Quadros and Marr 2011) reports 

using such a new generation instrument. FMPS is even faster (<10 seconds). A big disad-

vantage, however, is the lower size limit of 5.6 nm and the high costs of the instrument. 

Nørgaard et al (Nørgaard, Jensen et al. 2009) analyzed particulate emissions with an APS and 

FMPS, and in addition with a GC/MS and a mini MS, because they were interested not only in 

the metallic but also in the organic particles/components.  

Four groups connected their exposure chamber to a sampler on which particles can be sam-

pled on TEM grids. (Shimada, Wang et al. 2009, Hagendorfer, Lorenz et al. 2010, Lorenz, 

Hagendorfer et al. 2011, Quadros and Marr 2011, Bekker 2014) The grids were analyzed by 

TEM-EDX and particles counted for comparison with SMPS.  

 

Results and discussion 

All studies report a release of particles/droplets in the nm (Nørgaard, Jensen et al. 2009, 

Shimada, Wang et al. 2009, Chen, Afshari et al. 2010, Hagendorfer, Lorenz et al. 2010, Berlin, 

Dietrich et al. 2011, Lorenz, Hagendorfer et al. 2011, Nazarenko, Han et al. 2011, Oomen, 

Bennink et al. 2011, Quadros and Marr 2011, Bekker 2014) or µm size range (Nørgaard, 

Jensen et al. 2009, Oomen, Bennink et al. 2011) depending on several influencing factors. The 

following results and discussion will mainly focus on propellant sprays, since for pump sprays 

the generated droplets are so large that most of them immediately sediment and, thus, can-

not be detected by the measurement devices for aerosols, but also become irrelevant for 

consumer exposure by inhalation.  
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Chamber and room experiments are based on different philosophies. The idea behind cham-

ber experiments is to achieve highly standardized conditions, while room experiments at-

tempt to achieve highly realistic conditions. The chambers used in the reviewed studies were 

of different sizes. For a smaller chamber like the one described by Lorenz et al (Lorenz, 

Hagendorfer et al. 2011) with a volume of 0.33 m3 the relative humidity will increase very fast 

and the concentration of mNOAAs in the air will become homogeneous throughout the box 

after a short time. This setup can represent the near-field breathing zone of a consumer when 

using on-person products like an antiperspirant or an anti-itch spray. The spatial distribution 

of the concentrations inside a real room, however, cannot be investigated with such a small 

chamber. When a consumer is moving inside the room after applying the spray his/her expo-

sure to mNOAA will vary. This scenario can better be represented in real room experiments.  

Real room experiments, however, have the disadvantage that they are usually conducted with 

ambient air, so that the particle background concentration is not standardized. While this 

setup is more relevant for assessing realistic consumer exposure, it is not so helpful for un-

derstanding the behavior of the nanoparticles released from the products and the latter is 

crucial for the generalization of results and extrapolation to other consumer sprays. Experi-

ments carried out under the same conditions (spray duration, direction, humidity etc.) within 

a small chamber, a big chamber and a real room could identify if and how near-field results 

from a small chamber can be transformed to predict realistic worst-case exposure conditions. 

We tried to normalize the particle number concentration of all experiments to a defined spray 

duration or rather to a defined spray amount, as it was done by Lorenz et al. (Lorenz 2010) As 

all other studies measured the particle number concentration released from the cans just for 

one defined spray duration an extrapolation was not possible in those cases. Presumably, an 
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extrapolation can only be used for a spray with the same chemical formulation and spray can, 

because the particle number is dependent on the spray nozzle, the original nanoparticle con-

centration (in the suspension), the formulation of the spray and in the case of propellant gas 

vessels on the filling level of the propellant.  

Nevertheless two groups calculated the amount of particles released per one single applica-

tion. (Nørgaard, Jensen et al. 2009, Hagendorfer, Lorenz et al. 2010) The two obtained results 

fit quite well (1010 and ranging from 3*108 to 2*1010 particles per application), when consider-

ing that spray amount and spray ingredients differed. Both studies had no air exchange dur-

ing spraying and measuring. Furthermore related instruments were used to determine the 

particle number concentration (SMPS and FMPS). The chamber volumes were similar (0.33 m3 

(Hagendorfer, Lorenz et al. 2010) and 0.66 m3 (Nørgaard, Jensen et al. 2009)) and also the 

spray direction and distance were similar in that in both setups spraying was directed towards 

the measurement device (distance of 80 cm and 35 cm, respectively).  

For mNOAA-containing sprays also temperature and humidity have an influence on the drop-

let size and also on the final particle/agglomerate size. With an increase of the humidity, aer-

osol droplets will become larger which shifts the final particle size distribution. (Seipenbusch, 

Binder et al. 2008) In 2010 a DIN EN ISO norm (ISO 2010) set acceptable ranges for tempera-

ture and humidity when characterizing mNOAAs in exposure chambers: the temperature 

should be 22±3 °C and humidity between 30-70%. Two studies reported a relative humidity 

<10%,(Quadros and Marr 2011, Bekker 2014) another study a relative humidity of 23 ± 2% 

and a temperature of 25 ± 2 °C. (Nørgaard, Jensen et al. 2009) All other groups apparently 

did not monitor these climate variables.  
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Another influencing factor that was not discussed for any study is the tubing material, which 

is important because once nanoparticles reach the wall of the tubing they will stick to the 

walls; thereby fewer particles will be detected. This process can be reduced by using conduc-

tive tubing (Jankovic, Hall et al. 2010) instead of non-conductive tubing (e.g. Tygon), in which 

electrostatic forces do not attract the nanoparticles. 

Not always were nanoparticles detected in the suspension of products that generated nano-

particles in the aerosol: In some products the particles in the suspension were in the µm size 

range (Lorenz, Hagendorfer et al. 2011, Nazarenko, Han et al. 2011, Quadros and Marr 2011) 

or the element was present in ionic form. (Quadros and Marr 2011)  

Despite the variety of setups, we identified some general findings in the reviewed studies. 

First, all studies report nanoparticle release only when propellant gas spray cans are used. 

Studies that analyzed pump sprays conclude that no single particles but agglomerated are 

released and that the particle number released is much lower than from propellant gas 

sprays. (Hagendorfer, Lorenz et al. 2010, Quadros and Marr 2011) When the solvent evapo-

rates particles cluster to form agglomerates. But most of the initial droplets released from 

pump sprays are too large to stay in the air for long. Second, a change from the initial parti-

cle size and concentration in the suspension to the final particle size distribution and number 

concentration in the generated aerosol was observed by many groups. (Shimada, Wang et al. 

2009, Hagendorfer, Lorenz et al. 2010, Quadros and Marr 2011) Some groups relate this phe-

nomenon to the dispenser type, having shown that the same suspension yields different re-

sults for particle concentration and particle size when sprayed with an aerosol generator ra-

ther than the commercial spray can. (Nazarenko, Han et al. 2011, Quadros and Marr 2011) 

This may also hold true for different commercial spray cans where the geometry of the noz-
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zle, the filling level of the propellant and presumably also the size of the vessel itself may 

have a strong influence on the final particle size and concentration. Notably, two publications 

that analyzed products of the same type, one containing mNOAA and one not, found nano-

sized particles also for the non-nano products. (Lorenz, Hagendorfer et al. 2011) From these 

results we conclude that it is very important to analyze the size not only of the wet droplets, 

but also of the dried particles. This conclusion was already drawn by Chen et al. (Chen, Afshari 

et al. 2010) One of the presented studies assessed the influence of the distance from the aer-

osol source to the instrumentation (Bekker 2014) and reported that for the near field scenario 

a higher number of small nanoparticles was obtained than for the far field scenario. This in-

formation is of huge importance for human exposure modeling.  

By merging all of these important results a good basis for a standardized protocol can be ob-

tained. The crucial points therefore are to distinguish between wet and dried particles, to 

standardize the spray duration and the spray distance, and to investigate the spraying device 

(vessel type, nozzle etc).  

Table 2.4 gives an overview over the most important parameters and results for all reviewed 

experiments with mNOAA-containing sprays. 
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3 Investigation of appropriate analytical concepts for nanoparticle 

analysis in suspensions 

3.1 Overview over hyphenated techniques for nanoparticle analysis 

So far a lot of different methods for nanoparticle analysis in suspensions are available. There 

are, on the one hand, common techniques like sequential filtration or centrifugation (often 

called bulk analysis), which are good developed methods to obtain information about the 

size of the particles. Nevertheless, they are time consuming, the cut off (size) is limited and 

sample losses are very high (as particles get in direct contact with e.g. filters). An also well-

known and good developed method is dynamic light scattering (DLS). The particle size and 

the polydispersity index (PDI) of a suspension can be determined within a few minutes. How-

ever, the method is not ideal for polydisperse samples, as the mean particle size is overesti-

mated. Furthermore, the instrument cannot distinguish between different particle 

types/chemistry. Electron microscopy (scanning (SEM) or transmission (TEM)) is an imaging 

method, also well established and the only technique, which can provide information about 

the morphology and the size of particles. In addition, when using an energy-dispersive X-ray 

detector, information about the chemistry can be obtained. Nevertheless, it is very time con-

suming and data interpretation is not very representative, as only a very small part of the 

sample is analyzed. 

One the other hand there are two new, promising hyphenated techniques. The first new 

technique, called single particle inductively coupled plasma mass spectrometry (spICPMS) 

seems to be very promising, as the size distribution of a suspension can be determined with a 

common ICPMS within a few seconds. However, it is not well established and only one single 

element can be measured in one run. In addition the size is not directly measured, but calcu-
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lated. The last hyphenated technique is called asymmetric flow field flow fractionation (A4F), 

Coupled to several detectors like UV Vis, light scattering or ICPMS., different information can 

be obtained during one measurement (size, chemistry, coating, etc.). Nevertheless, also this 

method has disadvantages, which are the unpredictable particle losses and particle-

membrane interactions. During the next chapter this method and especially the particle-

membrane interactions will be handled in detail.  

Table 3.1 gives an overview over often used techniques, their advantages and disadvantages.  
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Table 3.1: Advantages and disadvantages of hyphenated techniques for nanoparticle suspension analytics.  

 

Method Information Advantage Disadvantage 

DLS particle size, PDI very fast not for polydisperse samples, no 

differentiation of particle types 

EM EDX morphology, particle 

size distribution, 

chemical information 

several informations 

only methode for mor-

phology 

time consuming 

sample preparation 

data interpretation 

A4F + De-

tectors 

size, mass, chemical in-

formation, coating 

fast, several informations particle - membrane interac-

tions 

quite expensive 

spICPMS size distribution very fast single element; not well estab-

lished 

Bulkanalysis size classes good developed methods time consuming; cut off limited; 

sample losses 
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3.2 Evaluation of membrane surface characteristics on particle-

membrane interaction in field-flow-fractionation analysis 

Field flow fractionation and especially the sub-technique of asymmetric flow field flow frac-

tionation (A4F) is a promising method in the field of nanoparticle characterization. It has al-

ready been implemented for size separation and characterization of natural- and engineered 

nanoparticles (Hassellöv, Readman et al. 2008, Baalousha, Stolpe et al. 2011, Kammer, Legros 

et al. 2011). Due to the possibility of coupling different detectors such as light scattering, 

UV/Vis, Fluorescence, differential refractive index or mass spectrometers in series, online 

analysis of several physicochemical parameters can be obtained simultaneously. (Kammer, 

Baborowski et al. 2005, Dubascoux, Le Hecho et al. 2010, Hagendorfer, Kaegi et al. 2011, 

Hagendorfer, Kaegi et al. 2012) Furthermore, A4F features a wide dynamic size separation 

range, µL sample volumes and comparable analysis times to conventional HPLC separations 

which make it interesting as routine analysis tool for nanoparticle characterization.  

The main disadvantage of A4F is that almost all current systems use ultrafiltration mem-

branes at the accumulation wall of the separation channel. This can lead to unpredictable 

particle loss due to particle-membrane interactions. Particle loss can be observed particularly 

during the focus step and upon high cross flow rates, as in these two cases particles are 

strongly pushed to the surface of the membrane. Based on the principle of A4F the cross flow 

drives particles towards the bottom of the channel and diffusion as contrarious force drives 

them back into the channel. Smaller particles, having a higher Brownian motion are able to 

diffuse higher into the channel than bigger particles. Due to a laminar flow perpendicular to 

the cross flow in the channel particles will be eluted in an order from smaller to larger size. 

This mechanism will no longer be undisturbed, when particles interact with the membrane. As 
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a consequence the change of the membrane surface during the first few injections and the 

unspecific interactions upon membrane materials with different particle types lead to reten-

tion time shifts and poor recovery rates during separation.  

Whilst the phenomena of retention time shifts (impeding precise calculation of particle size 

from the FFF theory) has already been overcome using size specific detectors or nanoparticle 

reference materials matched to the investigated sample, recovery issues are still the main 

drawback of A4F. With unpredictable recoveries, quantification of nanoparticles cannot be 

performed reliably and this degrades the A4F technique to a very sophisticated but rather 

qualitative tool, albeit one of the most specific nanoparticle analysis tools next to electron 

microscopy. To display the full potential of this technique, the membrane-particle interac-

tions have to be understood and, if possible, overcome.  

Some previous studies analyzed membrane materials and it was found that polyethylensul-

fone (PES) and polysulfone sulfonate (PSS) membranes are negatively charged and that the 

intensity of the charge can be changed with composition of the liquid media. (Causserand, 

Nyström et al. 1994, Nyström, Pihlajamäki et al. 1994) The streaming potential is directly de-

pendent on the ionic strength, the pH and membrane cut-off. (Ricq, Pierre et al. 1997) In re-

spect to A4F accumulation wall membranes, the influence of the carrier fluid composition on 

recovery in A4F when using a 30 kDa regenerated cellulose (RC) membrane was studied. 

(Schachermeyer, Ashby et al. 2012) Results show that larger particles suffer higher attractive 

forces and are stronger influenced by variations of the carrier solution composition. In anoth-

er study it was found that the ionic strength of the carrier solution and the sample load influ-

ences the particle retention behavior. (Neubauer, V.d. Kammer et al. 2011) For the A4F setup 

an optimum retention behavior for a carrier solution with high ionic strength and a minimum 
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injected load of nanoparticles was found. In a recent published study an additional influence 

on the retention behavior of nanoparticles was presented. The retention time was different 

for metallic nanoparticles relative to lower bulk density particles. Differences in the attractive 

van der Waals forces between nanoparticles and membrane surface were assumed to be the 

reason for that. For Au nanoparticle losses due to adhesion to the membrane surface was re-

ported. (Poda, Bednar et al. 2011) Hartmann et al first introduced the concept of repulsive 

forces between the particle sample and the membrane surface. (Hartmann and Williams 

2002) Based on these assumptions Schmidt et al analyzed the membrane surface of a used 

A4F membrane. (Schmidt, Loeschner et al. 2011) Therefore the surface of a PES membrane 

was investigated after six injections with Au nanoparticles using scanning electron microsco-

py (SEM). SEM images showed Au nanoparticles sticking on the surface of the membrane, 

which is a direct proof for attractive forces between particles and the membrane surface. In a 

study performed by our group, also for Au nanoparticles, different recovery rates were ob-

served after several injections. (Hagendorfer, Kaegi et al. 2011) When comparing different 

membrane types to study materials dependence, it was found that recovery rates increases 

for all membrane types after several injections. However, the recovery was strongly depend-

ent on the membrane material itself. It is therefore suggested that the charge and the hydro-

phobicity of the membrane surface influences adsorption. With repeated injections the ab-

sorbed particles on the membrane surface increase the surface charge and yields to better 

recovery due to increased repulsion. Consequently Ulrich et al (Ulrich, Losert et al. 2012) pro-

posed the ζ-potential to be the main reason for the unspecific particle-membrane interac-

tions. First studies when analyzing TiO2 nanoparticles showed that the pH and composition of 

the carrier liquid substantially influences the ζ-potential of different membranes, thereby hav-

ing a direct impact on recovery. (Bendixen, Losert et al. 2014) This leads to the assumption 
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that with careful optimization of the carrier liquid, particle loss in the separation channel can 

be overcome, minimized or at least reproducible to tackle reliable quantification with an A4F 

multidetector setup. This motivated us to investigate the behavior of A4F membranes upon 

different separation conditions to identify mechanisms leading to unspecific particle-

membrane interactions and possibly find a strategy to overcome recovery issues. 
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3.3 Experimental Section 

Approach 

To evaluate the influence of the ζ-potential, morphology and hydrophobicity of the mem-

brane and particle system on A4F separations, a series of experiments were conducted using 

different membrane/carrier solution combinations keeping the particle system constant (30 

nm polystyrene (PS) nanoparticles for analysis of interactions and 80 nm PS nanoparticles to 

detect absorbed particles for SEM imaging). Separations were performed with different com-

binations of carrier/membrane/particle systems determining particle recovery as a direct 

measure for membrane/particle interactions.  

 

Chemicals: Suprapur or pro analysis quality of nitric acid (65 % w/w), 2-propanol, sodium hy-

droxide, sodium hexametaphosphate, sodium azide, sodium dodecyl sulfate (SDS) (either 

Merck GmbH or Sigma Aldrich Chemie GmbH) were used. Triton X was employed in electro-

phoresis grade from Fisher Chemical (Thermo Fisher Scientific). A Milipore, Mili-Q A-10 water 

unit (Milipore AG) was used for the production of 18 MΩ cm deionised water (DI-water). The 

carrier solutions for the A4F system were degassed in an ultrasonic bath prior to analysis. The 

standards were always freshly prepared before measurements diluting with carrier solution 

directly in 2 mL HPLC (PE-LD) vials. Polystyrene nanosphere size standards were purchased 

from Duke Scientific Corporation (Thermo Scientific Inc., Fremont, USA). 

 

Membrane Materials: Membrane materials were selected which were identified to be most 

commonly used for A4F separation; regenerated cellulose (RC) with cutoffs of 30 kDa (Wyatt 

Technology Europe GmbH, Germany), polyethersulfone (PES) with a cutoff of 10 kDa (Wyatt 
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Technology Europe GmbH, Germany) and polyvinyldifluoride (PVDF) with a cutoff of 30 kDa 

(GE Healthcare, Switzerland). Table 3.2 illustrates the chemical structures of the different ma-

terials.  

Table 3.2: Chemical structure of used membrane materials.  

Membrane Full name Chemical structure 

PVDF polyvinyldifluoride 

 

RC regenerated cellulose 

 

PES polyethersulfone 

 

 

Instrumentation 

A4F setup: The A4F system is composed of a separation channel and a flow control (Eclipse3, 

Wyatt Technology Europe, Germany) connected to a metal-free HPLC system (DGU-20A3 de-

gasser, LC-10Ai pump, SIL-20AC autosampler, CBM-20A control unit) from Shimadzu Europe 

(Germany). The A4F system was coupled to an UV/Vis diode array detector (SPD-M20A, Shi-

madzu GmbH, Germany). The separation channel had the dimension of 145 mm in length 

and 50 mm in width with a spacer height of 350 µm. Data from the light scattering detector 
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were processed with the ASTRA software (Wyatt, Version 6.0) and UV/Vis data using the LC 

solution software (Shimadzu, Version 1.22 SP1). 

 

A4F separation program: The separation program consists of 5 consecutive steps. A detector 

flow of 1.0 mL/min, a focus flow of 2.0 mL/min and an injection flow 0.2 mL/min is applied to 

the system. After a short pre-separation step and a focus and inject step the sample was fo-

cused and over a time range of 20 minutes the flow was reduced from 2.0 mL/min to 

0.1 mL/min to guarantee a complete separation. During 3 following minutes the flow is de-

creased from 0.1 mL/min to 0.0 mL/min.  

 

Batch dynamic light scattering (DLS) and ζ-potential: For DLS and ζ-potential measurements 

of the nanoparticles a Malvern Zetasizer NanoZS (Malvern Instruments Ltd., Germany) was 

used. All samples were equilibrated in temperature for 5 minutes to 20°C in the batch cell be-

fore analysis.  

 

Membrane ζ-potential: The streaming zeta potentials of membranes (sheets of 2 cm in diame-

ter) for the A4F have been analyzed using a flow-through zeta potential analyzer Mütek (TM) 

System SZP-06 (BTG Instruments GmbH, Germany). ζ-potential measurements were per-

formed with DI water, DI water + NaOH, DI water + HNO3  (influence of the pH) and DI water 

+ SDS, Na6P6O18, Triton X-100 or NaN3. Membranes as well as chemicals were chosen due to 

their numerous applications in other publications (Dulog and Schauer 1996, Contado and 

Pagnoni 2008, Bolea, Jiménez-Lamana et al. 2011, Hagendorfer, Kaegi et al. 2011, Gigault and 

Hackley 2013). 
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The suspensions are suck through the membrane until both electrodes, beyond and above 

the membrane are completely covered with suspension. The measurements were repeated 

ten times.  

Conductivity and pH were additionally determined using a MultiLine P3 (WTW, Germany) ap-

paratus including a TetraCon® 925 conductivity probe and a SenTix® 940 pH electrode 

(both WTW, Germany).  

 

SEM and AFM measurements: For surface imaging carbon coated membranes (MED 020 Coat-

ing system, BAL-TEC) were analyzed using a high resolution SEM (Hitachi, 5kV). Roughness 

and surface topography measurements were conducted on an AFM instrument from NanoS-

can AG. 

 

Contact-angle measurements: The dynamic sessile drop method was used to determine the 

advancing and receding contact angles of DI water on the tested surfaces with a DataPhysics 

OCA-20 contact angle analyzer (DataPhysics Instruments GmbH, Filderstadt, Germany). The 

measurements were performed at 20 °C and at a relative humidity of 65 %. To determine the 

advancing contact angle, a 10 µL droplet was placed on the specimen’s surface. The contact 

angle was determined 30 seconds after the droplet was placed on the surface. 
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3.4 Results and Discussion 

Membrane ζ-potential 

Homogenity of the membrane material: RC 30 kDa membranes from different producers show 

different ζ-potentials (Figure 3.1b). The membrane which is named with Wyatt is distributed 

by the company, but produced by another company, which is not mentioned on the label of 

the membrane.  

All of the tested materials show differences in their ζ-potential distribution over the length of 

a membrane in the range of 11% (Figure 3.1a). Although the variations are in a low range 

they are still higher than the measurement uncertainty defined by the instrumental setup 

(± 9%) and thus significant. It can be assumed that small differences in the surface structure 

(impurities from the production process or different surface roughness) result in slightly dif-

ferent ζ-potentials. From our observations obtained from different measurements the inho-

mogeneity’s have no measurable influence on the particle elution or recovery.  

 

Figure 3.1: a) ζ-potential distribution over the length of a membrane at 3 different positions (RC, PVDF, PES); a) ζ-

potential of a RC 30 kDa membrane from different producers.  
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Particle size of PS suspended in different media: Before the influence of different surfactants 

and salts on the ζ-potential of 30 nm PS particles was studied, the initial particle size in the 

different media was analyzed using DLS. PS particles were suspended in DI water, NaN3, Tri-

ton, SDS and Na6P6O18. All of the suspensions have a medium particle size of 36.5 ± 0.7 nm. 

Consequently for all further experiments the initial particle size of PS in suspension is the 

same.  

 

Effects of pH, surfactants and salts: The ζ-potential of 30 nm polystyrene (PS) nanoparticles 

suspended in different solutions is presented in Figure 3.2a. The nanoparticles have a nega-

tive surface charge of -20.7 ± 1.4 mV. A change of pH to higher values (from 7 to 10), using 

sodium hydroxide increases the surface charge to -106.4 ± 7.3mV. Upon use of surfactants 

SDS only slightly increases the surface charge (-25.1 ± 2.1 mV) whereas Triton X-100 signifi-

cantly raises values to -51.4 ± 0.3 mV. Addition of salts influences the surface charge similarly 

to the membranes. With NaN3 (-17.0 ± 2.6 mV) a decrease and with hexametaphosphate an 

increase to highest obtained values, for addition of salts (-57.6 ± 1.0 mV) was determined. 

The ζ-potential dependence of the membrane material on pH is depicted in Figure 3.2b. All 

membrane materials have a negative surface charge but the influence of the pH does vary 

significantly. For all membranes a similar trend can be observed. As expected the PVDF 

membrane shows the least influence on surface charge (-9 to -14 mV) with changing pH, due 

to the absence of polarizable functional groups. The RC and PES membrane show almost 

similar behavior, with a surface charge ranging from below -10 mV up to -25 mV.  

Figure 3.2c reveals the influence of surfactants on the ζ-potential of the investigated mem-

brane materials. In contrast to the pH, the influence is drastically different for particular 
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membranes. SDS remarkably increases the PVDF membrane ζ-potential to -275 mV. In con-

trast, Triton does not show any effect on the PVDF membrane but increases the ζ-potential of 

RC and PES significantly. For both membranes values higher than -100 mV (RC -115 mV; PES 

-110 mV) using Triton were obtained. These effects might be contributed to the different 

membrane material and surfactant chemistry. In case of SDS with PVDF and RC membranes 

selective adsorption of the surfactant hydrophobic “tail” on the membrane is likely. Attributed 

to the charged hydrophilic surfactants functional “head” group and its orientation towards 

the membrane surface in an aqueous environment, an increase of membrane surface charge 

can be achieved. With increasing “chemical similarity” of the membrane material and the sur-

factant “tail” itself, this effect is more pronounced. The results for Triton are surprising taking 

into account that Triton itself is a non-ionic surfactant and theoretically should have no influ-

ence on the ζ-potential. After repetition of measurements 5 times obtaining the same results 

we concluded that a measurement error can be excluded. We assume that Triton is not con-

tributing to the zeta potential increase itself by absorbing on the surface, but seems to 

“clean” the membrane surface from absorbed chemicals functioning as detergent and thus 

leads to an increase in electrostatic forces. The exact mechanism is definitely of interest but 

was not further studied excelling the scope of this work. (Madaeni and Mansourpanah 2004) 

The effect of commonly used salts for A4F separation is presented in Figure 3.2d. As expected 

the surface charge of membranes is reduced with addition of NaN3 due to compression of 

the electrostatic double layer leading to a decrease of the ζ-potential. Upon addition of sodi-

um hexametaphosphate, a salt used for separation of oxide nanoparticles (e.g TiO2), a contra-

ry effect on the membrane surface charge was observed. The polar and strongly negatively 

charged salt increased the ζ-potential of all except the PES membrane. It can be assumed 

that in this case the sulfone groups inhibit adsorption of the hexametaphosphate molecule 
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and thus the same effect upon addition of NaN3 can be observed. For the other membranes 

the formation of a strong negative surface charge can only be explained with adsorption of 

the hexametaphosphate on the membrane surface.  

 

Figure 3.2: a) ζ-potential of 30 nm polystyrene nanoparticles suspended in different solutions and b) the effect of 

pH, c) surfactants and d) salts on the ζ-potential of the different membrane materials (no bar = po-

tential close to 0).   
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Membrane morphology 

AFM images: To elucidate morphology for particle recovery, the surface roughness and mor-

phology of different membranes were determined. New membranes and old, used mem-

branes were analyzed. In Figure 3.3 AFM images of all 3 membranes are presented.  

 

Figure 3.3: 3D AFM images of A4F membranes before and after use (x= 5.0 µm; y= 5.0 µm).  

All membranes show a surface roughness in the nm range before use. PES exhibit the 

smoothest surface with a roughness (roughness = maximum peak height) of 79±8 nm, 

whereby PDVF has the highest roughness with 451±17 nm, followed by RC, which is with 

99±5 nm much smoother. After use for A4F separations (nine injections) an increase in sur-
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face roughness for all membranes is observed. In the case of RC the roughness is 2 times, and 

for PES almost 4 times higher. Just for PVDF the roughness does not change significantly. This 

increase in roughness can be caused by two factors. One is the absorption of particles on the 

membrane. When particles will stick on the membrane the surface would no longer be 

smooth, but rough. The second reason can be a damage of the membrane. As a quite high 

pressure is applied on the membrane within the A4F channel (depending on the flow rate 

and time) it is supposable that the membrane gets damaged, especially in the focus area.  
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SEM images: More information can be obtained from SEM top view images (Figure 3.4).  

 

Figure 3.4: SEM images and EDX profiles of A4F membranes before and after use (scale bar = 1 µm). Absorbed 

polystyrene particles (30 nm and 80 nm) on the used NF and PES membrane are highlighted (80 nm 

polystyrene particles were injected after the studies with 30 nm particles to obtain a measure for par-

ticle absorption irrespective possible poor SEM resolution for imaged membrane materials). 

PES and RC membranes show to have very smooth surfaces with no big cavities or pores. 

Surprisingly the PVDF membrane shows pores and cavities in the nm to µm size range, where 

nanoparticles can easily be trapped or pass through. After use, particles can be observed on 

the surface of all membranes (all images were recorded on 1x2 cm2 species from the area of 

the focus point). The amount of particles differs strongly depending on the material of the 

membrane. PES membrane exhibits a substantial absorption of particles where on the RC and 
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PVDF membrane just a few particles can be found. Due to the big cavities found on the PVDF 

membrane, particles will pass through these cavities. The potential of absorption and the 

pores explain, next to the stability upon mechanical forces during A4F separation, the differ-

ence in roughness after use.  

 

Membrane hydrophobicity 

The membrane hydrophobicity is determined by measuring the contact angle of a water 

droplet to the membrane surface. Experiments show high angles for PVDF and PES (66.9±1.7 

and 60.5±3.2) and low angles for RC (15.07±0.9). This translates to RC membranes being hy-

drophilic whereas PVDF and PES have a hydrophobic character.  

 

Influence on separation and recovery 

To evaluate the influence of the investigated parameters for every measurement the recovery 

(corresponding UV/Vis peak area to the peak area of a pre-hand performed flow injection) 

and the retention time shift were compared. In Figure 3.5 a fractrogram (UV/Vis @ 280nm) 

for the separation of a 30 nm PS nanoparticle sample using the PVDF membrane and differ-

ent carriers is depicted. To demonstrate the influence of repulsive forces on separation per-

formance conditions with lowest (DI Water at pH=7; ζ-potential membrane/particle = 0.0/-

20.7 mV) and highest (SDS ζ-potential membrane/particle = -275.8/-25.1) repulsive forces 

between particles and membrane are studied. 
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Figure 3.5: UV signal of 30 nm PS nanoparticles with a PVDF membrane and SDS (dotted line) and DI water (con-

tinuous line).  

This was also performed for other particle/membrane combination as reported in Table 3.3.  

In general stronger repulsive forces between the membrane and particles result in better re-

coveries and lower retention times. At the same cross flow values particles are repelled more 

from the membrane surface with higher surface charge (under the assumption they have the 

same charge sign) and thus fewer particles are absorbed on the membrane surface. This 

should result in higher recoveries when compared to lower charged membrane surfaces. Fur-

thermore particles rejected from the membrane are constrained to faster flow profiles in the 

separation channel and thus are eluted earlier. For the PES and RC membrane the general 

situation (as discussed above) holds true. In terms of retention times this is also the case for 

the PVDF membrane. Surprisingly, the recovery for the PVDF membrane is not going along 

with the proposed mechanism. Although the PVDF membrane shows a more than two times 

higher surface charge than the RC and PES membrane, recoveries are about a factor of 3-4 

lower.  
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When correlating results from ζ-potential measurements and morphology of the membranes 

to data obtained from A4F measurements, it can be seen that the poor recovery of the PVDF 

membrane underlies the µm size pores and cavities. In this case recovery is dominated by the 

morphology and does not show a dependency on the ζ-potential of the membrane/particle 

system at all as also expressed for same recovery rates of 13±1 % for a ζ-potential mem-

brane/particle of -0.0/-20.7 mV and 14±1 % for a ζ-potential membrane/particle of -275.8/-

25.1 mV. For the RC membrane, with highest recoveries upon all tested membranes, the 

membrane morphology does not change substantially during separations and thus only has 

an inferior influence. In this case particle recovery can be maximized by adjusting the electro-

static repulsion, but still a particle loss of 40% or higher can be observed. PES membranes 

behave again contrarily, where poor recovery cannot be explained due to the ζ-potential or 

the morphology of the membrane. Consequently for PES the recovery is clearly influenced by 

other factors beside the electrostatic repulsion and morphology. Our results let conclude that 

also the hydrophobicity of the membrane surface plays a major role. Increasing van-der-

Waals forces (expressed in the Hamaker constant) between the membrane surface and parti-

cles may lead to a higher tendency of absorption and consequently a lower recovery. As PS 

particles are also hydrophobic an interaction of the particles with the PES membrane is likely. 

This is in good agreement to the SEM top view images, where a high load of particles on the 

PES surface can be observed which is not the case for the hydrophilic RC membrane.  
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Table 3.3: Retention time shifts and intensity differences for PS particles separated in A4F with different mem 

branes and different carrier solutions.  

Membrane 30 kDa RC 10 kDa PES 30 kDa PVDF NF 

Carrier Triton DI Triton Na6P6O18 SDS DI Na6P6O18 Triton 

Ret.time ma-

ximum [min] 
11.9 14.1 12.6 no signal 13.9 16.8 10.7 15.2 

Recovery [%] 61±2 9±1 54±2 0 14±1 13±1 15±1 23±5 

∆ ζ-Potential 

[mV] 
-63.4 -15 -58.9 -44.2 -250.1 -20.7 -84.6 -51.4 
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4  Investigation of appropriate analytical concepts for nanoparticle 

analysis in aerosols 

4.1 Introduction  

Nanoparticle-containing sprays are categorized as critical consumer products due to their di-

rect exposure path via lungs and a potential enhanced toxicity of nanoparticles. Recent stud-

ies proposed the first analytical concepts for simulated exposure experiments and a first ap-

proach for risk assessment, but these studies lack from systematic evaluation (see Chapter 1). 

For this reason one aim is the optimization and validation of analytical concepts for proper 

quantification and the proposition of guidelines for appropriate analytical simulation experi-

ments as basis for a reliable risk assessment of exposure to nanoparticle containing consumer 

spray products. 

Therefore the behavior of nanoparticles during the spray application needs to be studied and 

understood. It is known from the work of Hagendorfer and Lorenz (Hagendorfer, Lorenz et al. 

2010, Lorenz, Hagendorfer et al. 2011) that droplet size, and with it the final size of the nano-

particles and its agglomerates, are strongly dependent on the type of spray vessel. Other fac-

tors like the solvent type are also proposed to have a strong effect on type and behavior of 

nanoparticles in the aerosol. Particle size distribution and particle number concentration is al-

so affected by the position of the spray inside the spray chamber and the spray direction.  
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4.2 Classification of nano sprays 

4.2.1 General categorization 

To generate a realistic worst-case scenario nanoparticle containing sprays need to be catego-

rized concerning their use. Figure 4.1 illustrates the four major classes of sprays and the dis-

tribution percentage, determined for sprays which were analyzed within this work. From 27 

bought products (stores and online), four are cleaning sprays, five are cosmetic sprays, three 

are plant-strengthening sprays and the rest are impregnation sprays.  

 

Figure 4.1: Categorization of nanoparticle containing spray products.  

Impregnation sprays represent the biggest class of nano sprays. The majority of the impreg-

nation sprays vessels are propellant gas vessels. The second largest group is cosmetic sprays, 

which use both propellant gas and pump spray vessels. In both, the cleaning sprays and 

plant-strengthening sprays, all are delivered in pump spray vessels.  
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4.2.2 Application 

The application varies most between cosmetic sprays and the other three groups. While the 

application direction is towards the consumer (faced) in most of the applications of cosmetic 

sprays, the direction for all other sprays is away from the consumer (advert). In addition, the 

distance from the consumer to the released aerosol is less than that for the other three spray 

types, as cosmetic sprays are mostly applied with bent arms (in the direction of the consum-

er), while the others with outstretched arms, away in the direction from the consumer. How-

ever, the application duration is much longer for impregnation, cleaning, and plant-

strengthening sprays than for cosmetic sprays. Whereas cosmetic sprays are applied for a few 

seconds, the application duration of the other sprays can range from a few seconds up to 1 

minute.  

The following studies should clarify the influence of the spray duration, spray direction, and 

spray distance.  
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4.3 Experimental Section  

Approach: All experiments were carried out with a standardized aqueous spray solution: a 50 

ppm, 50 nm silver nanoparticle suspension in a standardized propellant gas or pump spray 

dispenser. The chamber design is described already in a previous study (Hagendorfer, Lorenz 

et al. 2010). With a volume of 0.33 m3 it represents the near breathing zone of a consumer. 

The chamber was connected to a SMPS and an electrophoretic TEM grid sampler via conduc-

tive tubing. Spray vessels were weighed before and after each spray event to determine the 

released mass. Experiments were carried out to study the influence of the tubing material and 

length, the linearity of spray experiments, and the influence of different positions of the spray 

inside the chamber. Temperature and humidity were monitored throughout the whole exper-

iment.  

 

Chemicals: Aqueous 50 nm silver nanoparticles were purchased from NanoSys (NanoSysy 

GmbH, Switzerland). A Milipore Mili-Q A-10 water unit (Milipore AG, Germany) was used for 

the production of 18 MΩ cm deionised water (DI-water).  

 

Instrumentation: The generated spray aerosol was investigated for particle size distribution 

and particle number concentration using a scanning mobility particle sizer 3014 (TSI Inc, 

USA). Aerosol was dried using a low-flow thermodenuder (Fierz, Vernooij et al. 2007). Tem-

perature and humidity were monitored using a Voltcraft DL-141TH Datalogger (Conrad Elec-

tronics AG, Switzerland).  
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Aerosol cans: A propellant-portable spray device with gas unit was purchased from Preval 

(Haubold Technik, Germany). Pump spray dispensers were merchandised from VWR Interna-

tional (VWR International, USA).  

 

Tubing: Tygon tubing was purchased from VWR International (VWR International, USA); elec-

trically conducting tubes were purchased from Adpol (Adpol Advanced Polymers Ltd, UK).  
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4.4 Results 

Humidity and temperature 

During all experiments the temperature and the relative humidity inside the spray chamber is 

monitored. Figure 4.2 illustrates both parameters monitored during a 900 second spray ex-

periment for propellant gas sprays and pump sprays.  

 

Figure 4.2: Relative humidity and temperature inside the spray chamber during one experiment; a) propellant gas 

spray; b) pump spray.  
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In both experiments, the temperature is constant during the measurement. The relative hu-

midity increases at the moment the spray is engaged. The initial relative humidity inside the 

chamber differs, as also the relative humidity in the lab differs. In case of the propellant gas 

spray, the humidity increases from 22% to 47%. In case of the pump spray, the humidity in-

creases from 15% to 60%. As the pump spray releases much bigger droplets than the propel-

lant gas spray, the humidity reaches higher values during the experiments. The values are in 

agreement with a 2010 ISO/DIN (ISO 2010) where an acceptable humidity range from 30% to 

70% for nanoparticle chamber experiments is given. 

 

Tubing material 

In a first step, the influence of the tubing material was studied. All connections from the spray 

chamber to the instrument were made of tygon tubing in one trial/experiment and made of 

an electrically conductive material in the other trial/experiment. Figure 4.3 demonstrate the 

difference in particle number concentration for both tubing materials over different spray du-

rations.  



Investigation of appropriate analytical concepts for nanoparticle analysis in aerosols 

89 

 

 

Figure 4.3: Particle number concentration dependent on different spray durations and different tubing materials.  

With conductive tubing the particle number concentration is always higher than the particle 

number concentrations compared to tygon tubing. This can mainly be attributed to the fact 

that charged particles stick on the walls of the tygon tubing. This is not the case if conductive 

tubing material is used. Consequently, all further experiments were carried out with conduc-

tive tubing.  

 

Linearity of spray experiments 

In a second step, the linearity of spray chamber experiments was tested. In Figure 4.4, the 

particle number concentration was plotted against amount of sprayed dispersion for propel-

lant gas sprays and pump sprays.  
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Figure 4.4: Linearity of spray experiments; a) propellant gas spray, b) pump spray (red line = linear extrapolation).  

A clear linear increase in the particle number concentration can be observed. As a conse-

quence, an extrapolation from low spray amounts to high spray amounts is possible. For a 

higher spray amount a saturation can be observed.  

 

Spatial distribution  

In a third step, the concentration and the particle sizes were measured at different positions 

inside the spray chamber in order to characterize spray behavior and change of the particle 

size distribution (PSD) at different positions and study if simulation of a worst case scenario 

for different spray situations is possible with this setup. Therefore the silver nanoparticle solu-

tion was sprayed at different positions to the SMPS as shown in Figure 4.5.  
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Figure 4.5: Experimental setup for space-resolved concentration and particle size measurements. 

The different spray positions represent different types of applications. A short distance to the 

instrumentation is characteristic for cosmetic sprays and a long distance for impregnation, 

cleaning, and plant strengthening sprays. 

 

Propellant gas spray: Figure 4.6a shows the particle number concentration for faced spray ex-

periments after 180 seconds (left), 360 seconds (middle) and 540 seconds (right) as obtained 

from a propellant gas dispenser filled with Ag NP suspension and 3 seconds of spraying. 

“Faced” means that the spray nozzle is directed towards the instrumentation. In, Figure 4.6b 

the particle number concentration of the same spray is displayed but the spray can is turned 

180° in an “advert” position. 

 

 



Investigation of appropriate analytical concepts for nanoparticle analysis in aerosols 

92 

 

 

Figure 4.6: a) number concentration measurements of faced spray experiments; b) number concentration meas-

urements of advert spray experiments. Both for propellant gas sprays.  

It can be observed that the particle number concentration for a faced, near inhalation zone 

(20 cm distance) is around 5 times higher than the one of an advert, remote inhalation zone. 

Moreover, the particle number concentration for a faced spray setup is higher during the first 

three minutes than the one for an advert setup. After three minutes, the number concentra-

tion is more or less constant and uniformly distributed.  

During these measurements the particle size was also monitored. In Figure 4.7 the particle 

size distribution is plotted over the size of the spray chamber.  
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Figure 4.7: a) particle size measurements of faced spray experiments; b) particle size measurements of advert 

spray experiments; Both for propellant gas sprays.  

For both setups (faced and advert) the particle size range during the first 3 minutes was in 

the range of 50-60 nm. For an advert spray direction, the particles detected after 6 and 9 

minutes were larger than the ones of the faced setup. After 9 minutes, the particle sizes in 

both cases were over 100 nm. An aggregation occurred in both cases. Both experiments con-

firm that sprays which are applied in the near inhalation zone in a faced direction are the 

most critical ones. For this reason, a faced position with a distance of 30 cm from the vessel 

to the instrument was defined as a worst-case scenario for analysis of real consumer spray 

products. Based on the results obtained from the linearity experiments, a spray duration of 3 

seconds was chosen to simulate a worst-case scenario for the used spray chamber design. 

 

Pump spray: The same experiments as described above were also conducted with pump 

spray dispensers. Three pump strokes were applied and Figure 4.8 illustrates the correspond-
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ing results for the propellant gas sprays and the particle number distribution for a pump 

spray applied at different positions inside the spray chamber.  

 

Figure 4.8: a) number concentration measurements of faced spray experiments; b) number concentration meas-

urements of advert spray experiments; Both for pump sprays. 

In general, the same effect can be observed as for propellant gas sprays: the number concen-

tration for advert spray experiments is lower/less than the one for faced spray experiments. 

Nevertheless, when comparing the absolute numbers of particle number concentrations with 

the concentrations obtained from propellant gas sprays, the concentration for pump sprays is 

lower by a factor of 40. 

The same holds true for the particle size distribution. Again, particles released in an advert 

spray scenario are bigger/larger than the ones released in a faced spray scenario. However, 

faced or advert, particles released from pump sprays are bigger/larger than the ones released 

by propellant gas sprays (Figure 4.9).  
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Figure 4.9: a) particle size measurements of faced spray experiments; b) particle size measurements of advert 

spray experiments; Both for pump sprays. 

Both phenomena can be explained from the initial droplet size generated by the spray ves-

sels. Because of the higher pressure inside the propellant gas sprays, the suspension is better 

dispersed in the aerosol as in the case of a pump spray. Consequently, for the aerosol spray 

smaller droplets carrying fewer particles are generated. When the solvent evaporates, smaller 

particle aggregates are formed. Concerning particle number concentration, finely dispersed 

droplets also go along with a slower deposition induced by sedimentation of such.  

 

Influence of the background 

To determine the influence of the background on the particle size distribution and the parti-

cle number concentration two different experiments were performed: one with a particle-

reduced background and one with a high particle background. In the first situation, the spray 

chamber was evacuated until particle concentration levels reached 200 particles/cm3 inside 

the chamber. In the second setup, the chamber was vented with fresh lab air and closed 
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again before the spray experiment was conducted (particle concentration 8000 parti-

cles/cm3). Experiments were again performed with propellant gas sprays and pump sprays.  

 

Propellant gas spray: Figure 4.10 illustrates the particle number concentration plotted over 

the particle size distribution for a propellant gas spray.  

 

Figure 4.10: Particle size distribution with low and high particle background for a propellant gas spray.  

The peak maximum for the low background + Ag curve lies at 290000 particles/cm3 and 13 

nm in size. The maximum for high background + Ag lies at 126000 particles/cm3 and 13 nm 

in size. A second peak can be observed at 38 nm, which corresponds with the peak maximum 

of the high background curve. Consequently, the particle number concentration was reduced 

by a factor of 2.3 and a shift in size could be observed when suspending a higher particle 

background to the system. As primary particles are already present in the air, droplets re-

leased from the spray can stick to them, agglomerate, and sediment much faster.  
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Pump spray: For pump spray vessels, the particle size distribution looks a little bit different 

(Figure 4.11).  

 

Figure 4.11: Particle size distribution with low and high particle background for a pump spray. 

As a pump spray dispenser does not release as many particles as a propellant gas dispenser, 

there is no remarkable difference between the single curves. It could be observed that the 

curve for the low background + Ag was below the one of high background + Ag, but a shift 

in size could not clearly be observed.  

 

Dried vs. wet particles 

Almost all of the publications so far dealt with droplets instead of particles; meaning the aer-

osol was not dried before it was analyzed. Therefore, wet droplets as well as dried particles 

were analyzed. To accomplish the drying, a thermodenuder operated between the spray 

chamber and the SMPS. 



Investigation of appropriate analytical concepts for nanoparticle analysis in aerosols 

98 

 

Propellant gas spray: Figure 4.12 displays wet droplet and dried particle size distribution. It 

can clearly be observed that particle number concentration was higher for wet droplets. Par-

ticle size distribution for dried particles shifted to larger particles. At the peak maximum of 

the dried particle curve, a peak in the curve of the wet droplets can also be observed. When 

measuring wet droplets, two peaks can be observed, one at the maximum of the dried parti-

cle curve and one at smaller particle sizes. An explanation for the first peak in the wet drop-

lets curve can be that some droplets do not even contain particles, as they are very small, 

meaning this peak is just generated by water/solvent and not by particles.  

 

Figure 4.12: Particle size distribution of wet droplets and dried particles for a propellant gas spray.  
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Pump spray: The same experiments were conducted with pump spray dispensers. Figure 4.13 

illustrate the size distribution for wet droplets and dried particles.  

 

Figure 4.13: Particle size distribution of wet droplets and dried particles for a pump spray. 

Again, the number concentration was higher for wet droplets than for dried particles, but the 

difference was much less than in the case of propellant gas sprays. One reason for this phe-

nomenon might be the fact that, due to the large droplet size, a lot of droplets do not reach 

the thermodenuder as they sediment before they reach the drier. Therefore, the 100 times 

higher number concentration obtained from propellant gas sprays can be explained. 

A shift in size could be observed for the pump sprays. As initial droplets were very large, they 

already contained a lot of particles. By drying, big agglomerates were generated in almost 

the same size as the initial droplets. 
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5 Real consumer spray process assessment 

5.1 Introduction 

The number of nanoparticle containing consumer products increased over the last 10 years 

from a few to several hundreds and their number is expected to further increase in the future. 

(Woodrow_Wilson 2008) Market surveys identified silver, (Chen and Schluesener 2008, Benn, 

Cavanagh et al. 2010, Kaegi, Sinnet et al. 2010) zinc oxide, (Graf, Chaney et al. 2013) titanium 

dioxide, (Skocaj, Filipic et al. 2011) carbon and silica (Zhu, Zhao et al. 2010) as the species that 

are most frequently used as nanoparticles in consumer products like textiles, food and food 

storage, cosmetics (e.g. sprays), household chemicals (e.g. paints, sprays) or sports equip-

ment. (Hall, Tozer et al. 2007, Brzeziński, Malinowska et al. 2012, Lorenz, Windler et al. 2012, 

Xue, Chen et al. 2012, Al-Kattan, Wichser et al. 2013, von Goetz, Fabricius et al. 2013)  

Sprays that contain nanoparticles were identified as the most critical class of consumer prod-

ucts due to their direct exposure pathway via lungs, which implies an enhanced health risk. 

(Sung, Ji et al. 2008, Nørgaard, Larsen et al. 2010, Krug and Wick 2011, Schneider, Brouwer et 

al. 2011) During the last years first studies on nanoparticle containing sprays and associated 

nanoparticle exposure were published. (Nørgaard, Jensen et al. 2009, Chen, Afshari et al. 

2010, Hagendorfer, Lorenz et al. 2010, Berlin, Dietrich et al. 2011, Lorenz, Hagendorfer et al. 

2011, Oomen, Bennink et al. 2011, Quadros and Marr 2011) In some of these studies the orig-

inal spray suspensions were investigated. (Hagendorfer, Lorenz et al. 2010, Lorenz, 

Hagendorfer et al. 2011) Information was collected about the following four important prop-

erties: particle size, chemical composition (of the particles and the whole suspension), particle 

number concentration and shape. However, thus far no analytical technique is available that 
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informs about all these parameters at the same time. Particle shape, size and chemistry can 

be determined offline via electron microscopy (SEM/TEM), which is very time consuming and 

costly. Size can also be determined online via dynamic light scattering (DLS), which, however, 

is not very precise for polydisperse samples, as the larger particles are overestimated and 

measured particle size is always larger than it really is. Bulk analysis of the chemical composi-

tion and concentration can be done by inductively coupled plasma mass spectrometry 

(ICPMS) after the digestion of a sample, which is very time consuming and requires a high 

level of sample preparation.  

New promising techniques for suspension analytics investigate at least two or three of the 

desired four parameters. Via single particle inductively coupled mass spectrometry (spICPMS) 

particle size and number concentration can be measured, if the elemental composition is 

known and spherical particles can be assumed. This technique is extremely fast (a few se-

conds) and can be performed with most of the conventional ICPMS instruments. Second, 

asymmetric flow field flow fractionation (A4F) can provide information on the particle size 

distribution, coating of the particles and, when coupled to ICPMS, also on the chemistry and 

the concentration. (Berlin, Dietrich et al. 2011) 

For the analysis of the nano-sized particle fraction generated by sprays, analytical techniques 

need to be used that are different from the techniques used for the suspension. To date the 

following techniques have been used for nanoparticle analysis in aerosols: Particle size distri-

bution (PSD) and number concentration have been measured online by scanning mobility 

particle sizer (SMPS) (Hagendorfer, Lorenz et al. 2010, Berlin, Dietrich et al. 2011, Lorenz, 

Hagendorfer et al. 2011, Quadros and Marr 2011) or fast mobility particle sizer (FMPS) for 



Real consumer spray process assessment  

 

104 

 

particles in the size range of 10 – 500 nm. 20-22, 24, 26  However, with SMPS or FMPS it is not 

trivial to differentiate between droplets and solid particles, and in many studies only droplet 

sizes have been determined. Size and shape of particles have been identified offline by prior 

sampling on TEM grids and analysis by TEM, (Hagendorfer, Lorenz et al. 2010, Lorenz, 

Hagendorfer et al. 2011, Quadros and Marr 2011, Bekker 2014) and the aerodynamic diame-

ter of larger particles between 300 nm and 20 µm online by aerodynamic particle sizer (APS). 

(Nørgaard, Jensen et al. 2009) The chemical identity of particles was determined by EDX cou-

pled to TEM or SEM. Currently no technique is available that provides information on all 

properties simultaneously. Instead, properties of a sample have to be determined with online 

and offline techniques at the same time, which means that the sampled aliquot may differ 

between techniques. For example, particle size distribution and number concentration can be 

measured online and time resolved, whereas shape and chemistry need to be identified of-

fline with TEM-EDX after sampling on a TEM grid over a longer period of time.  

In this work a new promising coupling technique, SMPS-ICPMS, was used to analyze the aer-

osol of six commercially available sprays concerning particle size distribution, number con-

centration and elemental composition. Simultaneously, these properties were determined by 

other established methods in order to assess the performance of the new coupling tech-

nique. Furthermore, spICPMS was applied for characterizing the suspensions and compared 

to conventional methods, like dynamic light scattering (DLS) and scanning electron micros-

copy (SEM). 

A standardized spray setup was employed that simulates worst-case consumer exposure. To 

meet worst-case conditions particle number concentration and the particle size distribution 
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of pump and propellant gas sprays were monitored at a defined position inside a spray 

chamber. This position had been identified to be the worst case for most spray applications. 

For good comparability among the experiments, the duration and direction of spraying had 

been predefined. 
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5.2 Experimental section  

Experimental setup 

Selection of products: The aim was that the selection be most representative of the range of 

consumer spray products with nanoparticles on the market. The first criterion was that the 

manufacturer should have labeled the product with “nano”. Second, since the composition of 

the aerosol depends on the spraying device and the formulation, we considered different 

vessel types, different solvents and different intended uses. (Losert, von Goetz et al. 2014) 

Thus, a broad spectrum of sprays was covered that included cosmetic sprays as well as im-

pregnation sprays, and different types of nanoparticles (NP).  

The six different spray products, which were selected for this study, are listed in Table 5.1.  

Table 5.1: Selected consumer sprays. 

 Vessel type  Solvent Application Target medium NP type 

Spray I Pump water Cosmetic Spray Skin Ag 

Spray II Pump water Impregnation Spray Glass n.m. 

Spray III Propellant water Impregnation Spray Glass, Ceramic n.m. 

Spray IV Propellant alcohols Impregnation Spray Textiles n.m. 

Spray V Propellant silicones (l) Antiperspirant Skin Ag 

Spray VI Propellant alcohols Sunblock Leather, Textiles n.m. 

n.m. = NP type not mentioned on the label; but labeled as a “nano product” 
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Standardization of exposure experiments: Spray experiments were conducted in a spray cham-

ber with a volume of 0.33 m3, representing the near breathing zone of a consumer. Spray 

vessels were always positioned at a distance of 30 cm to the outlet of the chamber, based on 

the results obtained in chapter 4. The average arm length of a Swiss resident was calculated 

to be 57 cm average length. (Bammes 2001, FORS 2007, Rühli, Henneberg et al. 2008, 

Statistisches_Bundesamt 2009) As some sprays are applied with outstretched arms and others 

with bent arms, the chosen distance of 30 cm should represent a reasonable worst-case sce-

nario.  

Spraying was directed towards the outlet. The spray duration was always the same for each 

spray. Propellant gas sprays were sprayed for 3 seconds; 3 pump strokes were applied for 

pump spray dispensers. 

The six nanoparticle-containing consumer spray products were analyzed for their chemical 

composition and particle size distribution. The suspension was analyzed by ICPMS, spICPMS, 

DLS and SEM. The aerosol was released by spraying inside a modified glove box setup with 

integrated analytical devices. (Hagendorfer, Lorenz et al. 2010) Based on the considerations 

by Losert et al (Losert, von Goetz et al. 2014) the spray direction, spray duration and the dis-

tance of the vessel to the measurement device were precisely defined for the spraying proce-

dure.  

Before each experiment the background of the chamber was measured and after each exper-

iment the chamber was flushed with fresh air. The next experiment was performed when the 

background was again at the same level as at the beginning of the preceding experiment. 

Throughout the measurements the relative humidity and the temperature were monitored. 
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Humidity did not exceed 50% and 60% for propellant gas sprays and pump sprays, respec-

tively. During the experiment an almost constant temperature of 21°C was measured.  

Experimental setup: The spray chamber was connected to a modified SMPS coupled to a 

commercial ICPMS (Agilent Technologies, Waldbronn, Germany) to determine online the size 

distribution and size-resolved elemental composition. The SMPS, consisting of a differential 

mobility analyzer (DMA) followed by a condensation particle counter (CPC), first selected one 

particle size fraction from the heterogeneous aerosol and then determined the number con-

centration of particles contained in this fraction by condensation driven particle growth and 

subsequent optical detection. By varying the selected size fraction, a particular particle size 

ratio was scanned during 120 s and the instrument was ready for the next scan another 60 s 

later. The ICPMS ionized the particles and detected the mass to charge ratio. Thus, the ele-

mental composition of the particles of each size class could be identified. A detailed explana-

tion of this technique is given by Hess et al. (Hess, Tarik et al. 2014) 

The shapes of the particles were determined by applying electron microscopy: a TEM sampler 

was connected to the spray chamber to collect samples for this offline analysis technique. Al-

so a non-modified reference SMPS was connected to the spray chamber to validate the re-

sults obtained by the coupled instrument. A rotating disk dilutor (RDD) was positioned at the 

inlet of each SMPS instrument and served as sample introduction interface and heated dilu-

tion unit (see Figure 5.1). The RDD’s were heated to 80°C, so that the solvent droplets were 

evaporated and only the solid particles could enter the measuring instrumentation. Conduc-

tive tubing was used for all connections from the spray chamber to the instruments and also 

within the instruments to minimize electrostatic particle losses at the tubing walls. 
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Figure 5.1: Experimental setup for aerosol analysis; right to left: Glovebox connected to the TEM sampler and two 

RDD’s, one leading to the reference SMPS and the other to the coupled DMA on the other hand. Af-

ter the DMA the stream is split between CPC and ICPMS.  

 

Chemicals: Nitric acid (65% w/w) and hydrochloric acid (30% w/w) were purchased in su-

prapure quality and hydrogen peroxide (31% w/w) in pro analysis quality from Merck (Merck 

GmbH, Darmstadt, Germany). ICPMS multi-element standard Merck VI (110580, Merck 

GmbH, Darmstadt, Germany) and single element standards of 1g/L Au, P, Pt, S, Si, Sn, Ti 

(Specpur, Alfa Aesar GmbH & Co KG, Karlsruhe, Germany) were freshly diluted with deionised 

(DI) water before each measurement. For the production of the deionized (DI) water (18 MΩ 
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cm) a Milipore, Mili-Q A-10 water unit (Milipore AG) was used. The single element and multi 

element standards were always freshly diluted before each measurement. 

 

Suspension analysis: For the suspension analysis, the spray cans were cooled with liquid ni-

trogen for 15 minutes. Then they were opened and left over night to let the organic solvent 

and the expanding propellant evaporate. The next day one part of the suspension was di-

gested by microwave digestion for subsequent total elemental analysis and another part was 

diluted for nanoparticle analysis. The digestion method was adapted to each spray product 

depending on its labeled composition and observations during the digestion process. For the 

digestion of product I, 6 mL nitric acid and 2 mL hydrochloric acid were added to an aliquot 

of 200 µL. For products II and IV, 2 mL nitric acid and 6 mL hydrochloric acid were added to 

an aliquot of 200 µL. For products III, V and VI 3 mL nitric acid and 1 mL hydrogen peroxide 

were added to an aliquot of 50 µL. After microwave digestion (220°C, 30 min) a clear solution 

was obtained. The digests were transferred to PE vessels and filled up with DI water to 50 mL. 

Suspension ICPMS analysis was carried out on an Agilent 8800 ICPMS (Agilent Technologies, 

Waldbronn, Germany) using an external calibration adjusted against Scandium, Germanium 

and Rhodium as internal standards. The instrument was equipped with two quadrupole ana-

lyzers (MS/MS) and a collision/reaction cell. The limit of detection (LOD) was calculated as 

three times the standard deviation of the background signal.  

The diluted, non-digested samples were analyzed via batch dynamic light scattering (DLS). 

Measurements were carried out on a Malvern Zetasizer NanoZS (Malvern Instruments Ltd., 

Germany). Before analysis, all samples were warmed in the batch cell to 25°C (1 min). 
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For SEM analysis the suspensions were centrifuged on “FORMVAR carbon coated mesh 200 

copper TEM grids” (SPI#3420C, SPI Inc., West Chester, PA, USA). Imaging was done on a No-

va NanoSEM 230 (FEI Corporate, Hillsboro, USA). Particles were counted using image analysis 

software (ImageJ, National Institutes of Health, US).  

Single particle ICPMS measurements were carried out on the same Agilent 8800 ICPMS as the 

suspension analysis. A dwell time of 5 ms and a flow rate of 0.24 mL/min were applied.  

 

Aerosol Analysis: A commercially available Poly(methyl methacrylate) PMMA glove box (Meca 

Plex, Grenchen, Switzerland) with dimensions of 94 x 55 x 67 cm was modified as described 

by Hagendorfer et al. (Hagendorfer, Lorenz et al. 2010) The basic SMPS instrumentation used 

for the coupling to ICPMS included a differential mobility analyzer (DMA) 3081 (TSI, GmbH, 

Aachen, Germany) and a condensation particle counter (CPC) 3010 (TSI, GmbH, Aachen, Ger-

many). The aerosol flow rate directed to the CPC was accurately defined with 0.3 L/min. (Hess, 

Tarik et al. 2014) A radioactive source (Kr 85 aerosol neutralizer 3077A (TSI, GmbH, Aachen, 

Germany)) was installed at the inlet of the DMA to generate a known charge equilibrium state 

of the particles. In addition to the coupled SMPS a reference instrument was used to deter-

mine the particle size distribution and particle number concentration. The instrument con-

tained an electrostatic classifier 3080L (TSI GmbH, Aachen, Germany) and an ultrafine con-

densation particle counter (UCPC) 3776 (TSI GmbH, Aachen, Germany). The modified coupled 

SMPS was able to scan a particle size range from 7.5 to 156 nm, the reference instrumenta-

tion from 7 to 300 nm. 
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The same Agilent 8800 ICPMS was used for the SMPS-ICPMS coupling. The sampling intro-

duction system was removed. The DMA was operated with 1.0 l/min sample flow, being split 

at the DMA outlet, and a 0.7 l/min fraction was directed to the ICP torch.  

Aerosol samples were collected on TEM grids using a portable nanoparticle detector, which 

sampled on standard TEM grids by electrostatic precipitation (Partector TEM sampler, Naneos 

particle solutions GmbH, Windisch, Switzerland). TEM Images were acquired on a JEOL 2200 

microscope operated at 200 kV. 
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5.3 Results 

Suspension  

Total chemical analysis: Total elemental analysis was carried out with a diluted digestion of 

spray suspensions. Figure 5.2 shows the concentration of metals determined after digestion 

and total elemental analysis of the spray suspensions. Suspension I contained next to silver 

(18.1 µg/L) and zinc (52.6 µg/L) no further metals in higher concentrations. In suspension II 

tin was found in the highest concentration of all investigated elements (395 µg/L). Suspen-

sion III contained a high concentration of zinc (224 µg/L) and tin (9.5 µg/L). In suspension IV 

tin (413 µg/L) and zinc (52.8 µg/L) were found. Suspension V contained the highest concen-

tration of metals: In addition to a high concentration of aluminum (185’300 µg/L), also iron 

(392 µg/L), titanium (27.9 µg/L) and silver (27.2 µg/L) were present. Suspension VI contained 

a high concentration of zinc (73’000 µg/L). 

 

Figure 5.2: Metal concentrations in the investigated commercial spray suspensions.   
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Particle analysis: Dynamic Light Scattering (DLS) measurements showed that in suspension I 

particles of the size 320 ± 39 nm were present. In suspension II particles of 555 ± 120 nm 

were found. For suspension III the size of the particles was outside the effective range, which 

was between 0.3 nm up to 10 µm. (Malvern 2004) Suspension IV contained particles of 373 ± 

73 nm. For suspension V, DLS analysis was not possible since the residue resisted to dilution 

after evaporation of the organic solvent. For suspension VI the size of the particles was out-

side the effective range. 

spICPMS detected Ag particles of 303 ± 12 nm for suspension I, and tin particles of 263 ±10 

nm and 244 ± 37 nm for suspensions II and IV, respectively. For suspension III no particles in 

the nano range were detected. Consequently either dissolved tin and zinc ions or very big 

agglomerates were present in suspension III. The same can be supposed for suspension VI.  

SEM images of particles/agglomerates in the original spray suspensions (see Figure 5.3) show 

huge agglomerates of particles in the µm size range for all tested suspensions. For suspen-

sion I (Figure 5.3a) a three-dimensional agglomerate with the dimensions 6 µm x 3 µm was 

observed consisting of single particles of 369 ± 87 nm. Also for suspensions IV and VI similar-

ly structured agglomerates were found (Figure 5.3d and e). The agglomerate in suspension IV 

had the dimensions 6.8 µm x 4.3 µm, single particles were 205 ± 31 nm. The agglomerate of 

suspension VI was 26 µm x 24 µm; the single particles were as large as 1700 ± 250 nm. Parti-

cles found in suspension II and III (Figure 5.3b and c) were also agglomerated, but the height 

of agglomerates is not as high as for the other three suspensions. Primary particles found in 

suspension II were 600 ± 143 nm; primary particles in suspension III were 1000 ± 400 nm. 

EDX analysis (see Figure 5.3) agrees well with bulk ICPMS results, with the exception of sus-
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pension I (no silver was found with EDX). In all of the analyzed samples aluminum was de-

tected with EDX.  

 

Figure 5.3: SEM/EDX images of nanoparticles present in the spray suspensions (a= spray I, b= spray II, c= spray III, 

d= Spray IV, e= spray VI). 
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Aerosol 

Validation of SMPS data: With an SMPS being hyphenated to ICPMS (SMPS-ICPMS) and an 

additional, non-modified reference SMPS, particle concentrations above the measured parti-

cle background signal were measured for all tested sprays apart from sample I. Generally, 

both instruments agreed well (see Table 5.2), but the particle sizes measured by the reference 

SMPS were slightly larger than the sizes measured by the coupled instrument, because the 

instruments have different delay times due to different tubing lengths (the delay time de-

scribes the time a particle needs to travel from the outlet of the DMA to the inlet of the CPC 

Figure 5.1). The particle number concentrations in most cases agreed well for the coupled 

SMPS, if compared to the reference SMPS.  
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Table 5.2: Average particle number concentrations and particle sizes of the aerosol of all six products obtained 

from the two SMPS instruments. 

 reference SMPS coupled SMPS 

 

particle number concentra-

tion at mean diameter in 

dN/dlog dP representation 

[#/cm3] 

particle size 

[nm] 

particle number  

concentration [#/cm3] 

particle size 

[nm] 

Spray I no signal no signal no signal no signal 

Spray II 5.2*105±1.8*104 95±5 5.8*105±8.2*103 85±3 

Spray III 2.1*105±8.2*103 25±0 2.8*105±3.8*103 24±1 

Spray IV 5.2*105±5.0*103 85±1 6.4*105±3.5*103 85±0 

Spray V 1.5*105±4.6*104 24±1 5.0*105±9.4*103 24±1 

Spray VI 4.5*105±1.4*104 22±1 4.8*105±3.0*104 19±1 

 

SMPS-ICPMS: Based on the results from the conventional suspension measurements with 

ICPMS, sample specific elements were selected for SMPS-ICPMS aerosol analysis. Since for 

the coupled device the scanning time of the SMPS needs to match the acquisition time of the 

ICPMS, (Hess, Tarik et al. 2014) only 5 metals could be measured simultaneously and the 

ICPMS was adjusted to the masses of the metals found in the suspensions.  

No increased particle concentrations, in comparison to the background level, were recorded 

by SMPS after spraying of spray I, which was one of two pump sprays. The particles found in 
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the second pump spray, spray II, had the highest mean diameter of all investigated products. 

Nevertheless, we could observe a release of nanoparticles also from pump spray dispersers. 

Among propellant sprays, the mean particle diameter in spray IV was about 3.5 times higher 

than those in the other three sprays. The originally number weighted particle size distribution 

(PSD) determined by SMPS was transformed into a volume-weighted curve, in order to be 

comparable to the mass-related ICPMS data. As an approximation, spherical particles were 

assumed for this data conversion. 

Figure 5.4 a-c illustrates on the left the volume-weighted PSD, and the size resolved ICPMS 

signal intensity, and on the right the number-weighted PSD, determined by the hyphenated 

SMPS-ICPMS instrumentation. SMPS data are represented as grey dashed lines, scaled at the 

left, ICPMS intensities as straight black curves, scaled at the right. 

Since the 118Sn ICPMS curve agrees very well with the PSD determined by SMPS (see Figure 

5.4 a and b) SMPS-ICPMS demonstrated that the particles found in sprays II and IV were 

mainly consisting of tin. On the left the volume-weighted PSD is plotted and on the right the 

number-weighted PSD.  

Figure 5.4 c illustrates the average SMPS signal of spray VI and the zinc ICPMS signal of the 

same spray. The SMPS signal of spray VI and the zinc ICPMS show a similar trend for the vol-

ume-weighted PSD: an increase in the zinc concentration can be observed for sizes above 80 

nm. Around this size (70-90 nm) the curves of the number-based SMPS and the correspond-

ing ICPMS signal fit quite well. This observation hazards the guess that particles present in 

sample VI consist of zinc but also of another element, which could not be identified by the 

coupled device. 
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Figure 5.4: SMPS-ICPMS results for a) spray II, b) spray IV and c) spray VI; left: volume-weighted PSD, right: num-

ber-weighted PSD. 

Also for sprays III and V SMPS signals were found, which could not completely be matched to 

an ICPMS signal (see Figure 5.5).   
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Figure 5.5: Volume-weighted (left) and number-weighted (right) SMPS-IPCMS signals a= spray III, b= spray V. 

SMPS signal does not fit to the corresponding ICPMS signal. 

Therefore, the TEM-EDX measurements were consulted to identify the chemical identity of 

the aerosol. Spray I did not evoke an SMPS and corresponding ICPMS signal, but with bulk 

ICPMS Ag was found in the suspension. Therefore, with EDX it was further investigated, 

whether Ag in particular form was present in the aerosol (see below). Other investigated ele-

ments, which are listed in Table 5.3, gave no ICMPS signal.   
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Table 5.3: Elements which were additional analyzed with SMPS-ICPMS, but gave no ICPMS signal. 

Sample Elements preselected for ICPMS, which gave no signal 

Spray I 107Ag (no gas) 28Si    

Spray II 27Al (He) 65Zn (He) 56Fe (He) 28Si (He)  

Spray III 27Al (He) 65Zn (He) 28Si (He)   

Spray IV 27Al(He) 65Zn (He) 59Ni (He) 52Cr (He)  

Spray V 27Al (He) 52Cr (He) 56Fe (He) 59Ni (He) 107Ag (no gas) 

Spray VI 27Al (He) 52Cr (He)    

 

 

Comparison of online measurements with TEM: TEM images of nanoparticles released from 

the different sprays are displayed in Figure 5.6. (red squares = area of EDX) .   
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Figure 5.6: TEM/EDX images of nanoparticles collected from the aerosol (a= spray I, b= spray II, c= spray III, d= 

Spray IV, e= spray V, f= spray VI). 



Real consumer spray process assessment  

 

123 

 

No nanometer sized particles had been detected in the aerosol of spray I by SMPS. This was 

confirmed by TEM analysis, but a 1.35 µm agglomerate was detected, consisting of primary 

particles with a size of about 30 nm. Smaller particles were observed, which are arranged in a 

ring-shaped area surrounding the big particle. These smaller particles did not contain metals, 

but organic compounds (see EDX results Figure 5.6).  

The primary particles inside the agglomerate were identified as silver particles. Summing up, 

there were primary silver particles in the nm size range. These were agglomerating very fast 

and the resulting structures were above the SMPS-ICPMS measuring range, and/or the pri-

mary particles were shielded by organic compounds and therewith not ionized and detected 

in ICPMS. No single particles were found from spray II, but two agglomerates of 0.5 and 1.5 

µm diameters, respectively, were observed by TEM, with primary nanoparticles of around 30 

nm building these big agglomerates. SMPS, however, produced a signal between 80 and 90 

nm. Most probably this finding indicates a shortcoming of TEM analysis, being an offline 

technique, which requires aerosol sampling over a longer period of time. For most of the 

analyzed products, 3-6 spray experiments were necessary to deposit enough particles on the 

TEM-grids, especially long sampling times were needed for collecting pump spray aerosol 

particles. During the time on the grid, the primary particles from spray II may have agglomer-

ated. (Hagendorfer, Lorenz et al. 2010, Lorenz, Hagendorfer et al. 2011) Furthermore, the TEM 

images show that the bigger agglomerate from spray II was consisting of a tin core and a 

light shell around the core, which mostly consisted of fluorine. For sprays III, IV and VI, prima-

ry particles with mean diameters of 25, 85 and 20 nm (in the number-weighted PSD), respec-

tively, were found by SMPS. This result could be verified by TEM (Figure 5.6): All TEM images 

show primary particles, but agglomeration was observed as well. Via EDX the composition of 
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the particles was analyzed. Nanoparticles detected in spray III and IV contained tin and fluo-

rine. Particles present in spray VI contained also zinc. For spray V no particles in the nm size 

range were detected by TEM: the PSD determined by SMPS and the size-resolved ICPMS in-

tensities recorded in terms of the SMPS-ICPMS online measurements did not match. The par-

ticles mainly contain aluminum (determined by EDX). 

 

Summary of suspension and aerosol measurements: For all investigated products particle sizes 

changed due to spraying. With the exception of spray V, all aerosols contained primary parti-

cles smaller than 50 nm (Table 5.4) even though particles in the suspensions had been larger. 
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5.4 Discussion  

Standardized setup for spray experiments 

By using a standardized spray setup good reproducibility was achieved. Although a larger 

number of sprays with different applications were tested, results could easily be compared, 

marking an improvement over previous studies. (Berger-Preiß, Boehncke et al. 2005, 

Nørgaard, Jensen et al. 2009) 

 

Suspension Analysis 

Elemental composition: Product I was labeled with a content of 50 mg/L silver, but only 

18 µg/L Ag were found with ICPMS analysis of the diluted and digested suspension. As prod-

uct I is an aqueous cosmetic spray to be applied on the skin, presumably no acid had been 

added to the formulation and without acid silver is not stabilized. Hence, the contained Ag 

may actually have been adsorbed to the vessel walls, so that it was not detectable in the sus-

pension. 

In suspensions II, III and IV, tin was found. Tin is typical for impregnation sprays, since they 

often contain organotin compounds, which are used as accelerators (for faster hardening of 

the other ingredients). (BgVV 2000) The high aluminum concentration in product V can be 

explained by the fact that this was an antiperspirant spray. These sprays usually contain high 

amounts of aluminum to prevent perspiration. According to the product label, the aluminum 

had been added to the product in the form of aluminum chlorohydrate, which had the high-

est concentration of all product ingredients, apart from the solvents (in Europe ingredients 

with a concentration > 1% are listed on the product label in descending order relative to their 
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concentration). The same suspension also contained small concentrations of iron and titani-

um, which were not labeled, but those elements can be part of so-called alums, being chemi-

cal compounds with the formula AM(SO4)2·12H2O, where A is a cation and M is a metal like 

iron or titanium. Alums have antiperspirant and antibacterial effects. For those compounds no 

labeling is required, because their concentration is below 1%. 

 

Particle sizes: Sizes obtained with different methods fit well. Particle diameters determined by 

spICPMS were smaller than those determined by DLS and SEM, which can be explained by 

matrix effects: As all samples were simply diluted for spICPMS analysis and the matrix was not 

removed, probably interferences with the matrix occurred, causing higher background and 

therewith lower net signal intensity, and finally resulting in smaller calculated particle sizes. 

Additionally, spray II and IV contain high amounts of fluorine, which covers the metal nano-

particles. As fluorine cannot be ionized in the plasma and subsequently be detected by 

ICPMS, the calculated particle size is smaller than that obtained from methods that are able 

to detect fluorine. For spray III and VI no particles were found with DLS and spICPMS, where-

as SEM allowed observing agglomerates of 1.0 and 1.7 µm. Possibly the respective particles 

got dissolved during the sample preparation for spICPMS and for DLS measurements. 

Particle composition: Silver was found by ICPMS analysis of suspension I, but not via SEM-EDX 

of the particles, which were sampled from the suspension. This is presumably due to the low-

er detection limit of the ICPMS, compared to SEM-EDX. 
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Aerosol measurements 

The slight discrepancy between particle number concentrations obtained by coupled SMPS 

and reference SMPS can be explained with the use of two different rotating disc diluters 

(RDD). The sampling line included a flow splitter, and each RDD was absorbing about 1 l/min 

raw aerosol. In the RDD, heated to 80°C, a defined amount of raw aerosol was added to 

1.0 l/min dilution air in the case of the conventional SMPS, resulting in a dilution factor of 28 

(reference RDD) or with argon in the case of SMPS-ICPMS, resulting in a dilution factor of 18 

(coupled RDD). The difference of the resulting dilution factors was caused by geometrical dif-

ferences of the disks of the two RDD devices. (Hueglin, Scherrer et al. 1997) 

SMPS-ICPMS and conventional SMPS curves correlate very well for both, volume weighted 

and number weighted diagrams. The number-weighted distributions appear to be shifted a 

little bit towards smaller particles compared to the volume-weighted curves, since small par-

ticles contribute more to the number concentration and larger particles contribute more to 

the mass and volume concentration. This is also the reason for the high intensity of the num-

ber related ICPMS signal for particles below 15 nm. As mass concentration and thereby 

ICPMS signal intensity scales with the third power of the particle diameter, ICPMS intensity is 

much higher for very small particle sizes. 
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Comparison of suspension and aerosol 

For some products the metals found in the suspension were not detected in the SMPS-ICPMS 

aerosol measurements, but with TEM-EDX. Fluorine can generally not be detected by ICPMS, 

because its first ionization energy is higher than that of argon so that it cannot be ionized 

with argon plasma. For aluminum, which was not detected in the aerosol of spray V, the 

ICPMS has a relatively low intensity, due to the use of a collision cell to eliminate mass-based 

interferences. In spray VI nanoparticles consisting of zinc were detected with TEM-EDX. With 

the SMPS-ICPMS coupling this finding was confirmed. Nevertheless, larger particles found by 

SMPS could not be correlated to the ICPMS zinc signal. As discovered by EDX, at larger sizes 

the zinc particles were imbedded in fluorine, which apparently “shielded” them from the 

ICPMS.  

Particle sizes found in the released aerosol were always smaller compared to particle sizes in 

the suspensions. This means that during spraying the agglomerates decrease in size or are 

fully broken to release the primary particles. This result was confirmed by different analytical 

methods. Spray IV and VI showed the biggest agglomerates in suspension, which broke up 

into the nanoparticles found in the aerosol. In the TEM these agglomerates looked like rasp-

berries with single particles on the surface, which may be a structure that is easily cleaved 

during the spray process.  

For three products (Spray I, II and III) large agglomerates containing small primary particles 

were detected by TEM. The SMPS could not detect these agglomerates as their sizes were ex-

ceeding the SMPS measuring range. 
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After spraying, the aluminum, which had been detected in all six suspensions by SEM-EDX, 

was only detected in the aerosol of spray V via TEM-EDX. With the SMPS-ICPMS instrumenta-

tion, an increase of the aluminum background signal was observed after spraying spray III, IV, 

V, and VI, remaining stable on this elevated level during several minutes. So far we have no 

explanation for the observation of aluminum. As we observed no corresponding SMPS signal, 

it is not likely that the ICPMS signal was caused by Al nanoparticles in or above (bigger parti-

cles would not stay in the aerosol phase) the size range scanned by SMPS. A mass interfer-

ence is not supposed, as Al was measured in the collision mode of the ICPMS. One possible 

reason could be that this signal was caused by particles smaller 3 nm, but it is expected that 

these would have been detected with TEM.  

With TEM we found that some of the primary particles were not spherical. This phenomenon 

was already observed by Bekker et al. (Bekker 2014) But it should be kept in mind that the 

online methods assume always spherical particles for the size calculation, making calculations 

simpler. For non-spherical particles the dynamic shape factor has to be determined, before 

size could be calculated. (Scheuch and Heyder 1990) 
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6 Conclusion and Outlook 

The following conclusions and outlook are based on results presented and discussed within 

the chapter 2-5.  

The experimental setup for measuring release of substances from conventional spray prod-

ucts cannot directly be used for mNOAA containing sprays as the measurement methodolo-

gy and the analytical instrumentation are different. For conventional products the mass is in 

the analytical focus. For mNOAAs the mass is of less interest, because nanoparticles show 

high activity even if their contribution to mass is very small. For example, a 4 nm CdS nano-

particle contains approximately 1500 atoms, of which about a third is present on the surface 

and determines the activity of the nanoparticle (which is connected with potential health 

risks), (Krystek, Ulrich et al. 2011) whereas  the actual mass contribution of the particle is only 

3.59*10-22 kg. Therefore, the assessment of exposure via mass concentrations only is not suit-

able for mNOAA. Accordingly, in almost all reviewed studies the particle size and number 

were measured, instead of the mass.  

Nevertheless, huge differences in the experimental setups of the reviewed studies lead to dif-

ferent results. This was observed for both conventional and mNOAA-containing sprays. Nor-

malization was not possible, because crucial information on the spraying can was not availa-

ble. The spraying can influences the spray by the nozzle type and the propellant gas. The 

spray nozzle can vary by the number and diameter of the outlets. The higher the number of 

outlets the more droplets can be generated. The smaller the outlets the smaller the size of 

the droplets will be. The size and number of droplets in turn determine the time course and 

degree of agglomeration. In addition, also the residual content of propellant gas in the can 
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needs to be taken into account. For a given spraying duration, freshly opened bottles will 

emit more droplets and particles than older bottles that contain less propellant. Therefore, 

the bottle needs to be weighed before and after the experiment, so that instead of the spray-

ing duration the sprayed amount can be used for calculations. 

Even more helpful for exposure assessment and comparison of different types of spray mix-

tures, spray cans or nanoparticles would be a standardized protocol for spray experiments, 

which could be tested in an interlaboratory comparison. The ideal setup would assess differ-

ent spray types, like cleaning sprays, impregnation sprays and cosmetic sprays. Different sizes 

of chambers would be helpful to see if results from a small chamber can be extrapolated to 

results obtained in a larger chamber or even a real room. Experiments should simulate realis-

tic conditions as well as realistic worst-case conditions. 

But even without an agreed standard protocol some standardization could be achieved if 

studies would follow the already existing guidelines (e.g. standardization of temperature and 

relative humidity). Of the reviewed studies none is taking into account existing norms and 

regulations e.g. concerning aerosol investigation. The OECD guidelines for inhalation toxicity 

(OECD 2009, OECD 2009, OECD 2009) and the ISO/TR norm for workplace atmospheres 

(ISO/TR 2007) were published in 2009 and 2007. (Nørgaard, Jensen et al. 2009, Shimada, 

Wang et al. 2009) Some papers were published after the implementation of these norms and 

could have considered them. (Chen, Afshari et al. 2010, Hagendorfer, Lorenz et al. 2010, 

Berlin, Dietrich et al. 2011, Lorenz, Hagendorfer et al. 2011, Nazarenko, Han et al. 2011, 

Oomen, Bennink et al. 2011, Quadros and Marr 2011, Bekker 2014) Some of the norms, how-

ever, are for workplace exposure (ISO/TR 2007, ASTM 2010, DIN 2012, DIN 2012) and not for 
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consumer exposure. Still, for the sake of standardizing human exposure experiments they 

could easily be adapted for consumer exposure by adjusting the use scenario. Others like the 

“ASTM D4336-054: Standard test method for determination of the output per strokes of a 

mechanical pump dispenser”, (ASTM 2010) are helpful for data evaluation. “DIN EN ISO 

10808:2010: Nanotechnologies – Characterization of nanoparticles in inhalation exposure 

chambers for inhalation toxicity testing” (ISO 2010) describes inhalation exposure studies, de-

fines humidity and temperature ranges inside the exposure chamber and recommends in-

struments, which can be used for particle number and size measurements. For further studies 

on nanoparticle release from consumer sprays it is advisable to take this norm into account. 

In summary, three general aspects emerge from this review that may help to make results of 

exposure studies comparable and, thus, help in the extrapolation to other spray products:  

1) Adequate techniques 

For understanding the fate of particles during the spray process and also to estimate the as-

sociated risk some basic information on the suspension and the aerosol needs to be generat-

ed. For both states the particle size distribution, the shape of the particles and the chemical 

composition, and for the aerosol in addition the particle number concentration need to be 

determined. It is well known that size is a crucial factor for mNOAA toxicity. Therefore, not 

only the droplet size should be measured, but the size of the particles inside the droplet that 

finally will be transferred into the lungs. Analytical concepts for the online measurement of 

particle identity need to be developed and validated. Up to now information about the 

chemical identity can only be obtained by offline electron microscopy. Furthermore, for na-

noparticle analytics, either in suspension or in the aerosol, a combination of several tech-
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niques is needed to obtain information on particle size, shape and identity. This coupling of 

different instruments needs careful consideration as to the sequence and positioning of dif-

ferent measurements.  

2) Improvement of reporting 

For the use in exposure or risk assessment studies need to provide more information on the 

experimental setting and the spray cans that have been used. This holds true for both con-

ventional and mNOAA-containing sprays. In addition, for mNOAA information about the par-

ticle background, temperature and humidity is crucial, since these parameters have a strong 

influence on the particle number and size.  

3) Standardized experimental setup 

The experimental setup should either follow guidelines or be described in detail including the 

position of the spray can inside the chamber and the direction of the spraying. Also, the exact 

size and dimension of the chamber should be reported. Generation of a standard protocol for 

spray experiments would be a good option for allowing reliable comparison of spray mix-

tures, cans and ingredients. In the absence of such an agreed protocol using existing guid-

ance from related fields (aerosol analysis, workplace exposure assessment) may already result 

in more comparable experimental results. 

From all the results obtained, a standardized setup for investigation of spray scenarios was 

established (see Figure 6.1).  
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Figure 6.1: Standardized spray chamber setup for aerosol analysis.  

 

Conductive tubing is used to minimize particle losses due to electrostatic deposition on the 

tubing walls. Humidity and temperature is controlled throughout the experiments going 

along with the DIN EN ISO Norm 10808:2010. (ISO 2010) The vessel is stationed in a distance 

of 30 cm and a height of 15 cm to simulate a worst-case scenario. The distance is chosen 

based on a medium arm length of a European citizen. As some sprays are applied with out-

stretched and some with bent arms, the medium of both lengths is recommended as a prac-

tical. The direction of the spray is towards the instrumentation. An electrostatic sampler is 

connected to the chamber for offline analysis via TEM. Online analysis is conducted with a 

nano SMPS and an SMPS coupled to an ICPMS. A rotating disc dilutor dries the particles be-

fore they enter the instruments. 
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Using this setup, six different commercial available spray products were analyzed. New meth-

ods were tested for both media: spICPMS for suspension analysis and SMPS-ICPMS coupling 

for aerosol analysis. Despite the fact that also in future experiments a combination of several 

methods will be necessary, since there is no perfect single method, spICPMS can be highly 

recommended for suspension analysis, because it is a fast method and delivers reproducible 

results, compared to conventional methods like TEM and DLS.  

A4F analysis was not used for suspension analysis based on the results obtained from the 

particle-membrane interaction studies. The results obtained for ζ-potential dependence, 

morphology and hydrophobicity of membranes and particles upon different chemical envi-

ronments plays an important role for particle analysis with A4F. For all membranes a different 

retention behavior upon increase of the ζ-potential can be observed, with decreased reten-

tion times above higher electrostatic particle membrane repulsion. This behavior matches 

well the theory proposed in literature. (Schachermeyer, Ashby et al. 2012, Ulrich, Losert et al. 

2012, Bendixen, Losert et al. 2014) For PVDF membrane the assumption of better recovery 

adjusting the ζ-potential did not hold true at all, although it shows an even larger charge. 

Another influencing factor in membrane-particle interaction seems to be the roughness and 

morphology of the membrane surface and its degradation during use. For the PVDF mem-

brane, irrespective of the ζ-potential matching, the recovery was not enhanced. In this case 

the dominating effect influencing the recovery was clearly found to be nm to µm size pore 

holes and the roughness of the membrane itself. A third and important influencing factor is 

the hydrophilic/hydrophobic character of the membrane material corresponding to the inves-

tigated nanoparticles material itself. Hydrophobic PS particles strongly interact with hydro-
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phobic membrane materials resulting in low recoveries, although showing high repulsion 

forces from charge stabilization.  

Nevertheless, future work should still focus on mechanisms additionally driving particle-

membrane interactions. Because in this study we purposely limited the degrees of freedom 

for the particle chemistry a broader picture investigating other particle systems would in-

crease the understanding of particle-membrane interactions. In this respect the behavior of 

different particle systems (humics, metallic, metal oxide, and organic nanoparticles) with dif-

ferent stabilization mechanisms (charge and steric stabilization) are also of interest. Moreo-

ver, further experiments with Triton must clarify how a non-ionic surfactant can influence the 

ζ-potential. Furthermore, as deduced from this study, evaluation of metal oxide membrane 

materials for A4F (if applicable and compatible) could be of high interest.  

For aerosol analysis, SMPS-ICPMS coupling is a very promising technique. Compared to con-

ventional methods it is very fast and delivers the most important information during one 

online measurement. A drawback, however, is the low detection efficiency of ICPMS for ele-

ments with high ionization energy, which is problematic e.g. for sprays containing fluorine. 

With the new online coupling method also small primary aerosol particles can be monitored 

online and their chemistry can be identified, without the generation of artificial agglomerates 

due to sampling on a TEM grid. Thus, our project is the first to characterize online nanosized 

aerosols regarding particle size and corresponding composition. (Nørgaard, Jensen et al. 

2009, Lorenz, Hagendorfer et al. 2011, Quadros and Marr 2011, Bekker 2014) The shape of 

the particles still can only be determined using offline techniques like electron microscopy, 

and TEM-EDX should support the method.  
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In general a release of nanoparticles was observed for all sprays apart from spray I. Hence, 

not only propellant gas, but also pump sprays can release nanoparticles. Therefore, the as-

sumption of Hagendorfer et al. (Hagendorfer, Lorenz et al. 2010) and Lorenz et al. (Lorenz, 

Hagendorfer et al. 2011) that only propellant gas sprays can release nanoparticles has to be 

revisited.  

The final size and the agglomeration state of the released particles seem to depend on dif-

ferent factors like the solvent and the formulation. Metals found in the suspensions are the 

main component of the nanoparticles in the released aerosol. Some particles, especially the 

ones released from impregnation sprays, had a metal core covered by a fluorine-carbon shell. 

This was already observed by Lorenz et al. (Lorenz, Hagendorfer et al. 2011) During the spray 

process the size of the initial particles that were present in the suspension decreased: Parti-

cles/Agglomerates present in the suspensions were about 10 times larger than the ones re-

leased after application of the sprays. Consequently, also sprays, which are not labeled as 

nano, may release particles in the nanometer size range. This confirms the results published 

by Bekker et. al.. (Bekker 2014)  

 

Summary 

Within this PhD thesis, a standardized spray setup was developed to analyze nanoparticle 

containing sprays. Based on a detailed literature review, lacks in the systematic characteriza-

tion of nanoparticle containing spray products were detected. Measurement results, obtained 

with this standardized spray setup are now comparable Thus, reliable data for risk assessment 

can be generated, what was not the case in former studies.  
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In addition, nanoparticle suspension analysis with A4F was optimized. Reasons for particle-

membrane interactions in A4F were elucidated. This was the first systematic study in the field 

of A4F research. With our results, the quality (recovery and retention time shifts) of measure-

ments can be maximized.  

In a last step, optimized aerosol and suspension analysis was applied for real consumer prod-

uct analysis. This is the first study, where a lot of different analytical methods were tested and 

critically compared. Additionally, a new developed method for aerosol analysis was applied: 

SMPS-ICPMS. This is the first analytical technique, which enables an online characterization of 

particle size and particle chemistry/composition.  

Within this work, data was generated, which can be the basis for a reliable and extensive con-

sumer exposure risk assessment.  
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7 Appendix 

7.1 Critical aspects of sample handling for direct nanoparticle analysis 

and analytical challenges using asymmetric field flow fractiona-

tion in a multi-detector approach 

 

7.1.1 Introduction 

The interest in engineered nanomaterials (ENM) increased constantly during the past decade. 

Nanomaterials exhibit rich physical and chemical phenomena, and their fascinating and unu-

sual properties have opened up a myriad of applications in industry, medicine and many oth-

er fields and several products based on nanotechnology have already been introduced to the 

market. (Krystek, Ulrich et al. 2011) This is also visible in the increasing number of patents and 

publication related to nanotechnology. (Dang, Zhang et al. 2010, Grieneisen and Zhang 2011) 

Several studies have shown that products containing ENM can release particles, some of 

them in the nano-range. (Hagendorfer, Lorenz et al. 2010, Kaegi, Sinnet et al. 2010, 

Gottschalk and Nowack 2011, Lorenz, Windler et al. 2012, Windler, Lorenz et al. 2012, Bekker 

2014) Hence, powerful, and sensitive analysing techniques are required to characterize nano-

objects such as engineered nanoparticles (ENPs) originating from ENM synthesis or applica-

tion studies and for the investigation of safety aspects related to nanotechnology. Size infor-

mation and chemical composition probably belong to the mostly demanded parameters, but 

also surface functionality and shape are quite important as they significantly influence the 

behaviour of ENPs. Several well established analytical techniques are available, among which 

electron microscopy and light scattering are predominately applied for size determination. 

(Hagendorfer, Kaegi et al. 2011) Typical techniques and their application range are, summa-

rized e.g. in the review article of Hassellöv et al. (Hassellöv, Readman et al. 2008) For chemical 
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characterization of nanoparticles, plasma spectrometry is one of the most powerful tech-

niques. Krystek et al (Krystek, Ulrich et al. 2011) recently reviewed the application of plasma 

spectrometry for the analysis of ENPs in suspensions and consumer products. The applicabil-

ity of straight forward analytical methods such as sequential filtration or centrifugation, but 

also latest, more sophisticated analytical trends are discussed. 

Techniques which allow direct online analysis of ENPs, by obtaining several parameters (e.g. 

size and chemical information) simultaneously, are preferred and therefore of growing inter-

est in analytical research. Direct single particle mode analysis with inductively coupled plasma 

mass spectrometry (spICPMS) (Degueldre, Favarger et al. 2006, Tuoriniemi and Hassellov 

2010, Laborda, Jimenez-Lamana et al. 2011, Mitrano, Lesher et al. 2012, Loeschner, 

Navratilova et al. 2013) as well as the coupling of asymmetric flow field flow fractionation 

with inductively coupled plasma mass spectrometry (A4F-ICPMS) (Von der Kammer, 

Baborowski et al. 2004, Poda, Bednar et al. 2011, Hagendorfer, Kaegi et al. 2012) are currently 

the two mainly discussed innovation trends for nanoparticle analysis in literature.  

However, nanoparticle analysis in general can be challenging. Beside storage conditions (e.g. 

temperature or UV light), handling and sample preparation of ENPs might be critical. Chang-

es in the chemical environment (e.g. dilution, or addition of surfactants) occurring during 

sample preparation or analysis can result in significant changes of the samples. Nanoparticle 

stability and agglomeration behaviour strongly depends on the particle type and structure, 

the chemical composition as well as the coating or functionalization. For example silver or 

gold nanoparticles can be synthesized in a bottom-up or top-down approach with a large 

number of different coatings/functionalization. These coatings or functionalization can range 

from inorganic components like sodium bicarbonate as capping agent, or covalently bonded 
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SiO2, to organic coatings like citrate, polyvinylpyrrolidone (PVP) or polysaccharide. Compo-

sites are also possible. The bonding mechanisms between the coating / functionalization 

agents and the particle cores are yet not fully understood. However, they can be mainly di-

vided into covalent and non-covalent. While non-covalently bound coatings/functionalization 

are more likely to desorb and detach from the surface for example upon dilution, covalently 

bound coatings can provide better stabilization for a broad range of conditions. Irrespective 

of the bonding mechanism between coating/functionalization agent and particle core, two 

types of stabilization mechanisms are distinguished, charge and steric stabilization. Figure 7.1 

displays examples for possible structures of various silver nanoparticles with examples for 

possible coatings / functionalization.  

 

Figure 7.1: Possible silver nanoparticle structures with different coatings/functionalization as well as composite 

materials.  

Steric stabilizations for nanoparticles are often assumed to be relatively unsusceptible against 

changes in the chemical environment, whereas charge stabilized particles are especially sensi-

tive to changes, e.g., of ionic strength or pH. (Bucking and Nann 2006, Buecking 2006) How-
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ever, also sterically stabilizing polymer coatings like polyvinyl alcohol (PVA) can show sensi-

tivity to changes in specific the chemical environment due to chemical reactions like shifts in 

the cross-linking rate of the coating or functionalization components by hydrolyses equilibri-

um reactions. (Cajlakovic, Lobnik et al. 2002, Kittler 2009, Kittler, Greulich et al. 2009) 

Even a dilution might cause a size change due to variations of the concentration ratio of 

coating or functionalization compounds bound to the core. (Frens 1973) Moreover, dilution 

can accelerate the dissolution of nanoparticles which could lead to a larger ionic fraction in 

the dissolved suspension. The differentiation between ionic and particulate fractions is still a 

challenging task to obtain. Determination of the total fraction by bulk analysis and the ionic 

fraction e.g. by ion-sensitive electrodes (Geranio, Heuberger et al. 2009) or ultracentrifugation 

with subsequent analysis (Hagendorfer, Kaegi et al. 2011, Hagendorfer, Kaegi et al. 2012) are 

proposed as suitable methods. The particulate fraction can be calculated by subtraction of 

the ionic fraction from the total amount. However, ion-sensitive electrodes show only moder-

ate sensitivity with detection limits around 0.1 to 0.01 mg/l. Techniques like ultrafiltration or 

ultracentrifugation methods are time consuming and costly, but these two-step-methods 

provide better detection limits. Nevertheless, a centrifugation force which ensures a removal 

of nanoparticles down to about 1 nm might still not always ensure that the supernatant con-

tains only ionic forms. Additionally, dissolved small metal complexes might also be present. 

Besides composition, also structural details can influence the dissolution behaviour. Even ce-

ramic nano-composite particles, which are usually supposed to be chemically stable, can 

show a preferential leaching. Metal doped titanium oxide-based nanoparticles for examples 

can form completely different structures, depending on the doping metal and the way of syn-

thesis. Elements like chromium or tungsten are often embedded in the TiO2 lattice replacing 
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Ti, (Akurati, Vital et al. 2008, Trenczek-Zajac, Radecka et al. 2009, Radecka, Rekas et al. 2010) 

when the nanoparticles are synthesized by flame synthesis, whereas elements like silver or 

platinum appear as discrete nobs on the top of the TiO2 particles (Li, Xu et al. 2009, Selvam 

and Swaminathan 2011, Zhang 2011) and might be preferentially released in contact with wa-

ter.  

Next to sample preparation, also the analytical setup itself can influence analysis of nanopar-

ticles. Hence, a basic knowledge about particle chemistry and their possible behaviour is es-

sential to avoid false measurements caused by either sample handling or a non-optimum an-

alytical setup. Since this knowledge is often not directly accessible, a fast and straight forward 

method to determine the influence of solution changes, e.g. on the agglomeration behaviour 

of nanoparticle samples based on kinetic studies with batch dynamic light scattering (DLS), is 

proposed. Three nanoparticle dispersions, representative for typical types of nanoparticle and 

coating or functionalization have been investigated: polyvinyl alcohol (Ag@PVA) and citrate 

(Ag@citrate) stabilized silver ENPs, and titanium oxide ENPs with poly-acrylate (TiO2@PA). 

Kinetic studies of these differently coated or functionalized ENPs were performed using batch 

analysis with dynamic light scattering (DLS) to demonstrate the dependency e.g. of agglom-

eration on various influencing factors of the chemical environment such as dilution, or the 

change of pH, or ionic strength. This straight forward analytical approach allows a fast as-

sessment of the behaviour of unknown ENP types or structures.  

The second part of this study focus on the investigation of unspecific nanoparticle-membrane 

interactions which can have a negative influence on the nanoparticle fractionation efficiency 

and the recovery rates due to unspecific deposition on the membrane’s surface in the field 

flow fractionation channel. Inadequate recovery rates of A4F for the analysis of nanoparticles 
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were reported in previous studies, (Hagendorfer 2011, Hagendorfer, Kaegi et al. 2011, 

Schmidt, Loeschner et al. 2011) but the causes are poorly investigated. A possible explanation 

for unspecific nanoparticle-membrane interactions based on zeta (ζ) potential investigations 

is being proposed. The investigation considers typically used A4F membrane materials as well 

as nanoparticle and coating or functionalization types to provide information for qualitative 

prediction of unwanted interactions and possible deposits of nanoparticles in the A4F chan-

nel.  

 

7.1.2 Prospects and limitations of spICPMS and A4F-ICPMS  

Degueldre et al introduced spICPMS for size distribution determinations of Zr, Th and Au na-

noparticles in colloidal suspensions. (Degueldre and Favarger 2004, Degueldre, Favarger et al. 

2004, Degueldre, Favarger et al. 2006, Degueldre, Favarger et al. 2006) Meanwhile the tech-

nique has been improved, e.g., by using micro-droplet sample introduction devices 

(Gschwind, Flamigni et al. 2011) to achieve better detection limits. The principle of spICPMS 

bases on transient signal spike counting statistics of highly diluted samples which requires a 

fast data acquisition. (Krystek, Ulrich et al. 2011) The big advantage of spICPMS is the rela-

tively low instrumental effort, which makes the technique easily accessible in each ICPMS la-

boratory. However, spICPMS analyses are limited by the time resolution of the mass spec-

trometer used. Most of today’s commercially available ICPMS instruments base on sequential 

mass filters which allow only single element analysis. Measurements of two or more isotopes 

during the very short transient signal events require much faster signal acquisition, e.g., by 

using instruments with continuous simultaneous mass analysers (Schilling, Andrade et al. 

2007) like the newest development of a magnetic sector field mass spectrometer with CCD 
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array detector approach or a fast time-of-flight analyser. (Krystek, Ulrich et al. 2011) Another 

critical point in spICPMS is the number of measurements required to achieve an appropriate 

counting statistic of the highly diluted samples which are representative for the nanoparticle 

size distribution. Moreover, depending on the element the minimum detectable nanoparticle 

size in spICPMS mode ranges at 20 to 30 nm. The minimum detectable size limit is given by 

the relatively small number of atoms present in a single nanoparticle and the minimum ele-

ment mass required to achieve ICPMS signals from the single particle event distinguishable 

from the background. (Gschwind, Flamigni et al. 2011, Laborda, Jimenez-Lamana et al. 2011) 

The upper size for direct particle analysis in ICPMS is mainly given by the sample introduction 

system, especially by the cut-off of the used spray chamber ranging typically between 1.5 and 

2 µm, whereas the plasma power is usually sufficient to completely ionize even micro-meter 

particles introduced as slurries. (Krystek, Ulrich et al. 2011)  

Field flow fractionation is more flexible in terms of the accessible lower size range down to 

about 1 nm. The injected sample volumes of typically 20 to 100 µl per run amount to a repre-

sentative number of nanoparticles for each analysis. For example an injection volume of 50 µL 

of a 1 to 10 mg/L concentrated nanoparticle suspension amounts to 1014 to 108 particles (1-

100nm) per replicate. For comparison it should be mentioned, that e.g. for image analysis in 

electron microscopy analysis typically only 150 to 2000 nanoparticles are counted for size de-

termination. This nanoparticle fractionation allows exploiting also the multi-element capabili-

ties of ICPMS. A further advantage of A4F is the possibility to couple the separation channel 

with several detectors in-line. Some recently published studies investigated the possibilities 

of A4F in a multi-detector approach coupled to UV/Vis, light scattering and ICPMS for size 

fractionation chemical analysis of gold and silver nanoparticles. (Hagendorfer 2011, 
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Hagendorfer, Kaegi et al. 2011, Schmidt, Loeschner et al. 2011, Hagendorfer, Kaegi et al. 

2012) The flexibility to couple several different detectors and collect size-separated fractions 

via a fraction collector opens a lot of new prospects including the possibility to achieve not 

only information on size and the chemical composition of the nanoparticle core material but 

also information about the coating or functionalization e.g. via ICPMS or a fluorescence de-

tector. However, highly disadvantageous for the A4F fractionation principle are the unwanted 

losses of nanoparticles in the separation channel. The mechanism is still not fully explained, 

but unspecific particle-membrane interactions due to repulsion or attraction forces between 

charged particles and membrane surface are most likely. Table 7.1 gives an overview of the 

two methods.  
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Table 7.1: Comparison of single particle inductively coupled plasma mass spectrometry (spICPMS) versus asym-

metric flow field flow fractionation coupled to plasma mass spectrometry ICPMS or used in a multi 

detector approach (A4F-ICPMS / MDA).  

 

Analytical Method spICPMS A4F-ICPMS / MDA 

Smallest detectable size in nm ca. 20 nm [24, 31] ca. 1 nm 

Applicable size range 20 nm – ca. 1.5 µm ca. 1 nm – 1 µm 

Size resolution  10 nm  10 nm 

Time for analysis 10 min/run  

 

20 – 45 min per run 

Advantages  1. Size and elemental information 

2. Low additional costs 

3. Fast analyzing time per run 

4. Flexible size range 

 

● Size and elemental information 

● Multi-element mode 

● Online approach 

● Highly flexible due to possibility to couple dif-

ferent detectors (e.g. UV, FLD, MALLS, DLS, 

RI, ICPMS) in line  

● sampling via fraction collector for other analy-

sis like electron microscopy etc. 

● usual injection volumes of  20 – 100 µl con-

taining representative  atom and particle ali-

quots  

● possibility to achieve additional information on 

coating  

 

Disadvantages • usually only single element mode due 

to counting statistic  

• off-line (subsequent size analysis re-

quire time consuming calculation) 

• representative size analysis require 

multiple runs to achieve appropriate 

statistics  

• required dilution might change particle 

properties (e.g. due to dissolution, 

change of size) 

• two-particle-events cannot be distin-

guished from single-particle-events 

 

• high costs for A4F equipment 

• particle-membrane interactions due to different 

charges and resulting retention time shifts => 

impact on size calibration when size certified 

standard reference particles are used for size 

calibration 

• unpredictable particle losses due to depositions 

of particles on the membrane especially in the 

focus area and during the first injections after 

membrane exchange  

=> sometimes poor recovery rates 

• dilution during size fractionation in the A4F 

channel  might change particle properties (e.g. 

due to dissolution, change of size) 

 

Application for ENP types Th [20], Zr [21], U [22], Au [23], Ag [24, 

26, 27, 30, 31],  

Ag [8, 9, 18, 32, 33], Au [18, 40], poly styrene[1],  

Other Applications  • aquatic colloids [19, 34, 36, 37] 

• macro-molecules, e.g. polymers, proteins [60] 
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Experimental  

Chemicals: Nitric acid (65 % w/w), hydrochloric acid (30 % w/w) and 2-propanol were pur-

chased in suprapur quality from Merck (Merck GmbH), sodium dodecyl sulfate (SDS) and do-

decyl¬trimethyl¬ammonium bromide (DTAB) from Sigma Aldrich (Sigma Aldrich Chemie 

GmbH). A Milipore, Mili-Q A-10 water unit (Milipore AG) was used for the production of 

18 M cm deionised water (DI-water). All solutions used as carrier for the A4F system were fil-

tered prior to use through a 0.1 µm filter cartridge (PALL, Filtron) and degassed in an ultra-

sonic bath. ICPMS standards were prepared from single element standards in ICP quality 

from Merck (Merck GmbH). For A4F method validation, certified reference material Au parti-

cles purchased from National Institute of Standards and Technology (NIST SRM® 8011, 8012 

and 8013) were used. After opening, the standards were transferred to nitrogen flushed and 

pre-cleaned (ethanol p.a.) PE-LD vessels and then stored in the dark. Before measurements, 

the standards were always freshly prepared, diluting from the stock with carrier solution di-

rectly in the 2 mL HPLC (PE-LD) vials. Details concerning synthesis and characterization of Au 

nanoparticles can be found elsewhere (Hagendorfer 2011, Hagendorfer, Kaegi et al. 2011, 

Hagendorfer, Kaegi et al. 2012) as well as details on the obtained size and concentration lev-

els.  

The silver nanoparticles with different coatings were provided by NanoSys GmbH - Fluids and 

Consulting, Switzerland. The titanium oxide nanoparticles originate from the European Re-

search Project NanoHouse NMP-2009-1.3-1 & ENV.2009.3.1.3.2; Collaborative project n° 

247810 (NanoHouse-Consortium 2010 - 2013) which focuses on the investigation of the re-

lease, environmental fate and toxicity of nanoparticles from paint products.  
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Batch DLS kinetic studies and ζ-potential for particles and A4F membranes: The influence of di-

lution, pH and ionic strength on the change in size distribution in a batch dynamic light scat-

tering approach as well as the zeta (ζ) potentials for the above described titanium oxide and 

silver nanoparticles were monitored using a Zetasizer Nano ZS (Malvern Instruments Ltd., 

Germany). All samples were filtered prior to measurement using 0.22 µm PVDF syringe filters 

(BGB Analytik) and tempered for about 5 minutes to 20°C in the batch cell before analysis. 

The streaming potentials of typical types of membranes for the A4F have been analysed us-

ing an electro-kinetic flow-through zeta potential analyser Mütek™ System Zeta Potential 

SZP-06 (BTG Instruments GmbH in Herrsching, Germany). Round membrane segments of 2 

cm diameter (stationary phase) were placed in the flow through cell of the zeta potential ana-

lyser. The liquid phase streams through the membrane due to the applied pulsating vacuum 

(mechanical force). The electric potential (streaming potential) is measured from which the 

zeta potential is calculated. Each condition was measured in multiple determinations (5-

times). Conductivity and pH were additionally determined using separate sensors.  

Membrane materials were provided by Wyatt Technology (RC 10 kDa regenerated cellulose 

acetate, Alfa Laval, RC-70PP and the PES 100 kDa, Milipore, Biomax), and by GE Osmonics 

(PVDF 30 kDa, Sepa CF-PVDF-UF-JW). The streaming potentials of these membranes were 

determined over a large pH range and with different ionic strength. 

 

Instrumental setup: A4F-UV/Vis-LS-ICP-MS: The A4F system is composed of a separation 

channel and a flow control unit (Eclipse®3) from Wyatt Technology Europe connected to a 

metal-free HPLC system from Shimadzu. It consists of a DGU-20A3 degasser, a LC-10Ai 

pump, a SIL-20AC autosampler, a CBM-20A control unit and a FRC-10A fraction collector. The 
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A4F system was coupled directly to an UV/Vis diode array detector (SPD-M20A, Shimadzu 

Germany GmbH) and an 18 angle MALS detector (DAWN Heleos® 2, Wyatt Technology Cor-

poration), which operates at a laser wavelength of 658 nm. At an angle of 108° of the MALS 

detector, a DLS NanoStar® (Wyatt Technology Corporation) was connected via a glass fibre 

cord. Two Eclipse®3 channels of different dimension had been used: The longer with 275 mm 

and the shorter with 145 mm in length, and both of 50 mm in width and with a channel 

height of 350 µm given by a PEEK (Polyaryletherketone) spacer.  

DI-water with a pH of 6.5 was applied as carrier flow, if not mentioned otherwise. The A4F 

separation consisted of 5 consecutive steps according to the description given in a previous 

paper. (Hagendorfer, Kaegi et al. 2011) A4F elugrams show the separation from the pre-

separation step until beginning of the post separation step.  

For online introduction of the samples to the ICPMS (Element 2, Thermo), the flow coming 

from the previous detectors (first UV/VIS, then MALS/DLS) was split by a factor of 200. To 

correct for non-spectral interferences an internal standard (flow rate of 10 µL/min, 10 µg/L Ir) 

in 10% aqua regia was added to the remaining flow. The sample introduction system consist-

ed of a self-aspirating nebulizer (PFA-ST, Elemental Scientific) and a water-cooled Scott-type 

quartz spray chamber. A detailed description of the setup and the split design including op-

eration conditions of the peristaltic pump (Gilson, M312)-and Tygon® tubing diameters are 

given in Hagendorfer et al. (Hagendorfer, Kaegi et al. 2011) 

Data from the light scattering detector were processed with the ASTRA software (Wyatt, Ver-

sion 5.3.4.20), UV/Vis data using the LC solution software (Shimadzu, Version 1.22 SP1), and 

ICPMS transient signals were evaluated applying the Element 2 software (Thermo, Version 

3.1.0.236).  
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Each membrane was pre-cleaned, following a 3-phase procedure with a leaching, a cleaning, 

and an equilibration step. After 2 hours leaching in 25% 2-propanol, the membrane was 

thoroughly rinsed with DI water and equilibrated for 12 hours with carrier solution in the A4F 

channel. Recovery rates for different membranes were determined for a 30 kDa PVDF- (GE 

Osmonics, Sepa CF-PVDF-UF-JW), a 100 kDa PES- (Milipore, Biomax), a 10 kDa regenerated 

cellulose acetate (Alfa Laval, RC-70PP), and a series of ultra- and nanofiltration membranes 

purchased by GE Osmonics (DESAL UF 3.5 kDa GK, DESAL NF- DK, HL and 270). Recoveries 

for each membrane were determined in triplicates with Au nanoparticles of different sizes (20, 

30 and 40 nm). Recovery rates were determined by a direct flow injection analysis of particles, 

followed by an A4F separation and comparison of the peak areas obtained by UV/Vis for 

both runs.  

 

7.1.3 Results and Discussion 

Selection of the nanoparticles for the study: Electrostatically and sterically stabilized nanoparti-

cles as the two predominant ENP functionalization types are displayed in Figure 7. 2. Also the 

most interesting parameters as well as the influence factors of the chemical environment are 

summarized.  



Appendix 

 

155 

 

 

Figure 7. 2: The two predominant stabilization types of nanoparticles, the most important properties, and the rel-

evant forms, influencing factors and applications.  

Silver nanoparticles represent a wide spread type of nanoparticles, of which the citrate func-

tionalization investigated here shall represent the electrostatic stabilization type and the pol-

yvinyl alcohol (PVA) the steric type. Whereas Ag@citrate is easy accessible or self-

synthesized, the polymeric functionalized Ag@PVA nanoparticle allow embedding e.g. in pol-

ymer materials proposed as dielectric elastomers. The third ENP class investigated here is a 

photo-catalytic active titanium oxide with a poly-acrylate functionalization (TiO2@PA). 

Whereas non coated or functionalized titanium particles usually form aggregates, the poly-

acrylate functionalization supports the homogeneous dispersion e.g. in paints. A dissolution 

of silver nanoparticles is often discussed (Hagendorfer, Lorenz et al. 2010, Hagendorfer, Kaegi 

et al. 2012) whereas titanium oxide nanoparticles is supposed to remain unaffected in aque-

ous environments. (Kaegi, Ulrich et al. 2008) 
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Effects of dilution, pH and ionic strength: As mentioned above, changes in the environment 

can have a significant impact on the analysis of nanoparticles. Dilution is required for most 

analysing procedures, especially for spICPMS, but also during A4F-ICPMS fractionation the 

sample is diluted due to the addition of channel and cross flow. Dilution is supposed to have 

an influence on electrostatic forces between coating or functionalization agent and nanopar-

ticle and hence on the agglomeration state. Both silver nanoparticle types showed a slight in-

crease of the size when the sample was diluted, whereas for TiO2@PA nanoparticles no signif-

icant change in size was observed. Figure 7. 3 presents exemplary the influence of dilution for 

the Ag@PVA nanoparticles.  

 

Figure 7. 3: Influence of dilution on the size of PVA stabilized silver nanoparticles for a 1000 mg/L nAg@PVA dis-

persion after dilution 1 : 50, 1 : 100, 1 : 500, 1 : 1000, and 1 : 5000 measured by batch DLS.  

The small changes in size might be caused by a change of the ratio between nanoparticle and 

coating or functionalization agent bound to its surface. This assumption is supported by find-

ings of Frens, who demonstrated a size dependency of gold nanoparticles in the presence of 

different coating or functionalization agent concentration. (Frens 1973) In the case of 
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Ag@PVA, the changes due to dilution were relatively small and in comparison to a given size 

resolution of about 10 nm e.g. for A4F the differences are small. However, the significance of 

possible changes for size-dependent analysis should be assessed for each specific case. 

Therefore, it is recommended to control for specific nanoparticle types, if a dilution effect oc-

curs. A fast screening test using batch DLS prior time consuming analysis (e.g. by A4F-

ICPMS/MDA or spICPMS) is therefore recommended.  

In A4F-ICPMS analysis it is also sometimes recommended to add a surfactant or an electro-

lyte (e.g. Tween, SDS, etc.) to support the fractionation. However, an ionic surfactant or elec-

trolyte can result in a change of ionic strength which might have a significant effect on nano-

particle properties. The agglomeration of the two silver nanoparticle types was significantly 

influenced by addition of sodium nitrate, whereas TiO2@PA showed no significant size in-

crease (Figure 7.4).   
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Figure 7.4: Time-dependent influence of a change in ionic strength (adjusted with NaNO3) and pH (with HNO3 

acidified to pH 3) on the size of (a) TiO2@, (b) Ag@PVA, and (c) Ag@citrate nanoparticles in compari-

son to the primary nanoparticle size (red line) measured by batch-DLS. 
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It is supposed that the addition of ions might change the electrostatic forces between coat-

ing or functionalization agent and nanoparticle core, which leads to the assumption that ste-

rically stabilized nanoparticles are less sensitive to ion strength changes than electrostatically 

stabilized. However, specific salt types can also influence the pH of the environmental medi-

um or even buffer the pH (e.g. phosphates). 

The change of pH is also supposed to have more impact on electrostatically stabilizing coat-

ings/functionalization than on steric ones. However, beside electrostatic forces there might 

be also additional chemical interactions, an influence on the cross-linking or binding between 

polymer coating/functionalization components of a steric type, e.g. due to hydrolysis or other 

chemical reactions like digestion.  

This was also observed for the three coating/functionalization types investigated here. Figure 

7.4 displays also the influence of a pH change on the size of the nanoparticles. The graph 

demonstrate exemplary, that also the sterically stabilizing types like the here investigated PA 

and PVA can be sensitive to pH changes. The time dependent curves give also hints on the 

kinetic in the agglomeration behaviour. For Ag@PVA a relatively steep increase was observed 

up to about 150 nm after 120 minutes, whereas Ag@citrate shows stabilization at about 120 

nm after ca 60 minutes. A possible reason might be a protonation of the citrate and a change 

in the PVA by cross linking e.g. due to a shift in the hydrolysis balance equation which proba-

bly needs more time (slower kinetics). 

It could be assumed, that for citrate a protonation of the functionalization agent occurs, for 

PVA possibly also a change in cross-linking of the polymeric stabilization agent. These 

changes probably lead to a significant change of the bonding strength between nanoparticle 

core and the stabilization agent. Therefore, fast batch-DLS measurements as screening tests 



Appendix 

 

160 

 

prior more sophisticated measurements are recommended to assess possible changes during 

sample preparation or analysis.  

It could be concluded, that batch-DLS measurements represent a fast method (ca. 5 

min/measurement) to detect significant changes in size of nanoparticles, even if the detection 

power is limited. It has to be taken into account that DLS shows more sensitivity for larger 

particles than for smaller ones, and provides average sizes only, which limits the applicability 

especially for samples with broad or multimodal size distributions. In these cases, the average 

size might be overestimated. (Hagendorfer, Kaegi et al. 2011, Hagendorfer, Kaegi et al. 2012) 

However, batch DLS could be very helpful to study the behaviour of unknown nanoparticles 

as well as the influence of added chemicals before more time consuming analysis are started. 

Effects of surface charge: The change in the binding or electrostatic forces between coating or 

functionalization agent and core also influences the charge of the nanoparticles, which affects 

the so-called zeta potential. However, especially the charge of the nanoparticles could have 

an influence on the fractionation efficiency in A4F. Therefore both the charge of the mem-

brane-material and the interactions with the particle charge were studied thoroughly here. 

According to the fractionation theory of Giddings (Giddings 1973) who is supposed to be the 

principle inventor of the field flow fractionation principle as well as Wahlund et al (Wahlund 

and Giddings 1987), the separation of components according to their sizes bases mainly on 

the cross flow in the fractionation channel and the diffusion which depends on the compo-

nent size. This means that the size fractionation is only dependent on the size of the compo-

nent but independent of the chemistry. However, newer studies, especially for the fractiona-

tion of nanoparticles, showed slight retention time shifts depending on the membrane 

material and the particle type which needs to be investigated more thoroughly. 
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(Hagendorfer, Kaegi et al. 2011) A second phenomenon observed in A4F fractionation is a 

sometimes significant particle loss, especially directly after replacement of the membrane. 

The recovery rates usually improve after several injections. An example for 6 replicates for 

Ag@citrate injected one after another directly after PVDF membrane replacement is dis-

played in Figure 7.5.  

 

Figure 7.5: a)A4F fractograms of 6 successive injections for Ag@citrate measured directly after PVDF membrane 

replacement and b) the increase of the peak maxima of these replicates.  
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Even a slight shift in retention time is visible from the first to the last injection, but since the 

fractionation efficiency and size resolution capabilities of A4F is limited to about 10 nm for 

A4F, this small shift probably makes no visible influence in size determination. Anyway the 

particle loss due to deposition of nanoparticles especially in the focus zone area is nicely visi-

ble in particular for coloured nanoparticles such as gold nanocrystals (red). The increase of 

the signal and therefore also occurring improvement of the recovery rate after a few injec-

tions is probably caused by a deposition of the nanoparticles in the focus zone which later 

prevent further deposition of particles due to increasing repulsion forces. However, this as-

sumption needs to be further investigated. Nevertheless, the unpredictable losses make 

quantification in A4F often difficult, so that alternative quantification strategies, such as batch 

analysis with prior ultracentrifugation procedure, are sometimes recommended. (Hagendorfer 

2011, Hagendorfer, Kaegi et al. 2011, Hagendorfer, Kaegi et al. 2012) 

However, it was recently discussed how much the different charges of particles and mem-

brane materials influence the particle-membrane-interaction, but no investigations of the A4F 

membrane materials were available. (Hagendorfer 2011, Hagendorfer, Kaegi et al. 2011, 

Hagendorfer, Kaegi et al. 2012) Therefore, selected membrane materials are studied here. 

Regenerated cellulose (RC) and polyethersulfone (PES) are the mainly used membrane types 

in A4F. For nanoparticle analysis polyvinylidene fluoride (PVDF) is often recommended. 

(Hagendorfer, Kaegi et al. 2011, Hagendorfer, Kaegi et al. 2012) The zeta-potential of the 

three membrane materials were determined using a flow through zeta-potential device and 

are displayed in Figure 7.6.  
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Figure 7.6: Influence of pH on the zeta potential of different membrane materials used for A4F measured by an 

electro-kinetic flow-through zeta potential analyser. 

The curves demonstrate that a pH change results in a larger zeta potential value change for 

membrane materials with pH-sensitive functional groups such as OH, or COOH, whereas 

PVDF membrane with covalent Fluor-carbon bonds show less sensitivity against pH change.  

Figure 7.7 displays the A4F fractograms of Ag@citrate with a diameter of ca. 15 nm and 

Ag@PVA with a diameter of ca. 12 nm using a PVDF membrane.  

-30.0

-25.0

-20.0

-15.0

-10.0

-5.0

0.0

0 1 2 3 4 5 6 7 8 9 10 11 12 13 14

Z
e

ta
-P

o
te

n
zi

a
l 

[m
V

]

pH

PVDF 30kD

RC 30kD

PES 10kD



Appendix 

 

164 

 

 

 

Figure 7.7: A4F fractograms of (a) Ag@citrate and (b) Ag@PVA using a PVDF membrane. 

 

In the Ag@citrate the first peak appears after about 9 minutes and a second peak occurs af-

ter about 25 minutes. Since the A4F elugrams cover the separation from the pre-separation 

step until beginning of the post separation step, it can be assumed, that the second peak 

might be caused by retained particles which finally eluate after cross flow stop. The Ag@PVA 

fractogram shows only one slightly broader peak after about 10 minutes. The kink in the peak 

is not completely clear, but might be caused by unspecific interaction effects between the 

particle and the membrane or a slight polydispersity of the sample due to longer storage 
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time. However, according to the DLS measurements and the polydispersity index (PDI) the 

Ag@PVA nanoparticles were less polydisperse than the Ag@citrate nanoparticles.  

The zeta potentials were determined to be -2.3 mV for Ag@PVA and -19.5 mV for Ag@citrate 

at neutral pH. Would the fractionation depend on size only, the retention time for the slightly 

smaller Ag@PVA should be a bit shorter than for the Ag@citrate, but the retention time until 

the peak maximum appears is with 8.99 to 9.01 minutes for Ag@citrate a bit shorter than 

with 10.25 to 10.26 minutes for Ag@PVA. Therefore, it is proposed that the charge of the 

separated particles as well as the membrane charge could have some influence on the size 

fractionation capabilities and retention time, especially when the particle sizes are in a similar 

size range with differences smaller than about 10 nm. In the following section a theory is 

proposed which can explain these effects.  

 

7.1.4 Assumed theory of particle –particle and particle-membrane interaction 

In general, two types of stabilization mechanism for nanoparticles can be distinguished: 

charge and steric stabilization (see Figure 7.1), which strongly depend on the type of the cap-

ping or coating / functionalization agent used. Charge stabilization is mainly dependent on 

surface charge, also called ζ-potential of a particle which can be described by a double layer 

model described elsewhere. (Parsegian 2006) Attractive forces between particles are usually 

calculated according to the microscopic theory of Hamaker, (Hamaker 1937, Parsegian 2006) 

and depend on the material which the particles are made of. On the other hand, repulsive in-

teractions, such as steric and electrostatic interactions, depend primarily on the surface prop-

erties of the nanoparticles, which are strongly affected by the presence of coating agents. 

Hence silver particles with different coatings show different zeta potentials. 



Appendix 

 

166 

 

Also membranes show different surface charges, which depend on the material type. It can 

be assumed that van der Waals and electrostatic force are responsible for the particle-

membrane interactions in the aqueous environment of an A4F channel. Electrostatic forces 

are active between charged particles and charged membrane surface whereas van der Waals 

forces as short-distance intermolecular dipole-dipole interactions are always present. (Leipert 

and Nirschl 2011) The attractive force between the membrane surface and the particle is de-

termined by the membrane material, especially of the upper surface layer, the particle diame-

ter, the distance between particle and membrane surface and the medium environment. The 

electrostatic forces Fel between charged particles and charged membrane surfaces depends 

on the charge of the membrane surface in comparison to the particle charge, which can ei-

ther result in an attraction (surface load is different to the particle) or repulsion (same surface 

charge). The electrostatic force can be described by the sphere-plate model: (Bierman 1955, 

Leipert and Nirschl 2011) 

��� = 	�	�	32	
	�	�	�	����	������	 tanh	 �
��	�	ζ�_________
 	!" # tanh	 � ��	�	ζ$_________

 	!" #	  

Fel  electrostatic forces between charged particles and charged membrane surfaces  

T  absolute temperature 

ρ∞ density of the media 

z ion valence 

ζ zeta potential of the substance i  

δ   thickness of the diffusive layer 

a0 Adhesion distance  

a + a0   distance between the two interacting partners  
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The attractive Van der Waals force can be described by the sphere-plane model as follows:  

�%&' = − )*+
�$�,*���$ ∙ �%&'      Van der Waals force between a particles and a membrane surface  

H  Hamaker constant for the solvent-mediated particle-membrane interactions 

l Surface-to surface distance between particle and membrane 

R  Particle Radius 

 

The attraction or repulsion force between particle and membrane, and hence a possible par-

ticle deposition (adhesion) is determined by the van-der-Waals force FVdW, and the electro-

static force Fel. If the membrane surface and the particles are similarly charged, the resulting 

electrostatic repulsion between particle and surface can prevent that the particle moves close 

enough to the membrane surface that also van der Waals forces become active. Whereas in 

case of differently charged particle and membrane surface both electrostatic and van der 

Waals force are attractive. (Leipert and Nirschl 2011) In this case also depositions of particles 

on the membrane surface are possible, for example as observed for gold and silver nanopar-

ticles. (Schmidt, Petersen et al. 2009, Hagendorfer, Kaegi et al. 2011, Hagendorfer, Kaegi et al. 

2012) On the other hand, the stronger is the repulsion forces between particle and mem-

brane, the larger is their distance, making the depositions less probable. However, especially 

during the focusing phase directly after injection is critical. During the focussing step flows 

from both sides of the channel are directed to the so-called focus point. A deposition in the 

focus point area is more likely for lower repulsion forces between a specific particle and the 

membrane surface. Hence, depositions of particles occur especially in the focus area, which is 

nicely visible e.g. for red coloured gold particles like the NIST certified standard reference na-
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noparticles. During the relaxation phase particles experiencing weaker repulsion can remain 

closer to the surface whereas particles which experiencing stronger repulsion can reach faster 

field lines in the laminar channel flow, which results in a faster transport out of the channel 

and therefore to shorter retention times. Figure 7.8 displays these phenomena schematically.  

 

 

Figure 7.8: Scheme of nanoparticle-membrane-interaction in an A4F channel and attraction/ repulsion between 

membrane and nanoparticle depending on their different charges. 
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The proposed qualitative picture can explain the above mentioned results of Figure 7.7. It 

should be taken into consideration that the size difference between PVA and citrate function-

alized silver nanoparticles is relatively small (∆ = 3 nm). The zeta potential of Ag@PVA is with 

-2.3 mV less negative than -19.5 mV for Ag@citrate. Both measurements were performed 

with exactly the same flow conditions and membrane in the A4F fractionation channel. The 

zeta potential of the PVDF membrane at neutral pH was determined to be -11.1 mV. Since 

both, particles and membrane are negatively charged a repulsion force should be active be-

tween particles and membrane. However, the low zeta potential value of Ag@PVA indicates a 

weak repulsive force, whereas the repulsion force between Ag@citrate particles and PVDF 

membrane should be higher. Thus, the Ag@citrate particles reach slightly faster velocity lines 

of the laminar channel flow than the Ag@PVA nanoparticles which results in a slightly shorter 

retention time and faster elution.  This hypothesis should be further evaluated with additional 

investigations.  

 

7.1.5 Conclusion 

Sample handling or changes in the chemical environment during analysis can have a signifi-

cant impact on nanoparticle properties especially on size distribution or chemical transfor-

mation (e.g. dissolution). For example dilution can accelerate dissolution e.g. for specific silver 

nanoparticle types, and can even have a certain influence on agglomeration behaviour de-

pending on the coating/functionalization agent type. However, changes in pH or ionic 

strength usually have a stronger influence. They can have an influence not only on charge but 

also on sterically stabilized ENPs due to chemical reactions like changes in the cross-linking 

or binding between the polymer functionalization agent and the nanoparticle core. Therefore, 
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it is recommended to check the behaviour of nanoparticles using a fast screening method 

like batch DLS prior analysis for size-classified, chemical analysis like spICPMS or A4F-

ICPMS/MDA. Such a screening test allows the assessment of possible effects due to dilution, 

or other media changes (e.g. a change in ionic strength due to addition of surfactants of elec-

trolytes, pH change, etc.) during sample preparation or analysing procedure and prevents er-

roneous results. 

The charge of nanoparticles can also have an influence on the separation efficiency and re-

covery rate in A4F-ICPMS/MDA analysis. The charge of the particles and the membrane ma-

terials used in A4F fractionation can result in a slight retention time shift. These shifts are es-

pecially detectable for smaller size differences <10 nm between two particle types as shown 

here for PVA and citrate functionalized silver nanoparticles with a primary size of 12 and 

15 nm respectively. However, for larger size differences between two particle fractions the ef-

fect is probably of minor importance. The here presented first results give probably good 

hinds on the particle-membrane interactions in A4F, but further investigations are needed to 

fully understand the mechanisms. Therefore, the charges of different membrane materials 

and the interaction with different particle types should be studies more detailed in a future 

project to understand the mechanism of specific particle membrane interactions. 
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Media coverage for chapter 7.1 published as:  

A. Ulrich, S. Losert, N. Bendixen, A. Al-Kattan, H. Hagendorfer, B. Nowack, C. Adlhart, J. Ebert, 

M. Lattuada, K. Hungerbühler, 2012, Critical aspects of sample handling for direct nanoparti-

cle analysis and analytical challenges using asymmetric field flow fractionation in a multi-

detector approach, J. Anal. At. Spectrom., 27, 1120-1130.   
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7.2 Membrane-particle interactions in an asymmetric flow field flow 

fractionation channel studied with titanium dioxide nanoparticles 

 

7.2.1 Introduction 

Fast and proper analysis of nanoparticles is important for material sciences and product de-

velopment as well as for safety and risk assessment. The current recommendation of the Eu-

ropean Union, (2011/696/EU) (The_European_Commission 2011) which defines a substance as 

nanomaterial when 50 % of the particle number concentration is below 100 nm, requires 

suited analytical strategies to determine nanoparticles amount in materials and products. 

Therefore size and chemical composition are among the most important analytical properties 

of nanoparticles. (Ulrich, Losert et al. 2012) 

Asymmetric flow field flow fractionation operated in a multi-detector approach (A4F-MDA) 

using several detectors inline such as UV/Vis, multi angle  light scattering (MALS) and induc-

tively coupled plasma mass spectrometry (ICPMS) is a powerful tool to derive size and ele-

mental information simultaneously. (Hagendorfer, Kaegi et al. 2011, Krystek, Ulrich et al. 2011, 

Hagendorfer, Kaegi et al. 2012) A4F was first introduced by Wahlund and Giddings in 1987 

(Wahlund and Giddings 1987) and proposed as a tool for the separation of macromolecules, 

colloids and particles according to their size. (Liu, Andya et al. 2006, Roda, Zattoni et al. 2009) 

The size fractionation principle of A4F is based on a parabolic laminar flow with a perpen-

dicular cross-flow. Macromolecules or nanoparticles in the channel experience the cross-flow 

force towards the membrane and the diffusion force back into the channel. Depending on 

their size they are focused to a specific height in the separation channel. This results in a fast-

er elution of smaller particles than for larger ones. (Wahlund and Giddings 1987) The follow-
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ing equation describes the calculation of the retention time in asymmetric flow field flow 

fractionation (Roessner):  

tr = ((πηdw2)/(2kT))*(Vcross/Vchannel) 

The retention time tr depends on viscosity η [kg*s-1*m1], the stokes diameter d [m], the A4F 

channel height w [m], the Boltzmann constant k [m2*kg*s-2*K-1], the temperature T [K], as well 

as on the cross flow Vcross [L*s-1] and the channel flow Vchannel [L*s-1]. According to this equa-

tion the retention time of a particle should only depend on its size, whereas all other parame-

ters can be kept constant during a separation.  

Size determination of particles as a function of retention time (hydrodynamic diameter) with 

standardized NPs (e.g. Duke polystyrene particles or NIST gold nanoparticle standards SRM-

8011, SRM- 8012, SRM-8013) is easy and commonly used in A4F, especially if no size-

determining detector is available. Besides, online detectors such as multi-angle light scatter-

ing (MALS) which provides the radius of gyration or dynamic light scattering (DLS) giving a 

hydrodynamic diameter are sometimes employed. However, some authors such as Ha-

gendorfer et al. (Hagendorfer, Kaegi et al. 2011) reported incorrect size results using online 

MALS e.g. for gold nanoparticles – probably due to optical properties of the particles. As re-

ported in their supporting information, they observed a non-typical angle-dependent scatter-

ing behavior e.g. for 60 nm gold NPs, whereas polystyrene particles of similar size behaved 

ideal. Thus, the applicability especially of MALS might be limited for the use of nanoparticle 

analysis. Therefore, an additional size determination via retention time is often necessary for 

validation.  But particle size determination based on retention time using the above men-

tioned equation is only valid, as long as retention time and recovery rates in FFF were stable. 

However, in some recent publications insufficient recovery rates as well as retention time 

shifts were observed and explained by unspecific membrane-particle interactions.  
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Delay and Frimmel (Delay and Frimmel 2012) observed strong interactions of Ag NPs on A4F 

membranes. Hagendorfer et al (Hagendorfer, Kaegi et al. 2012) and Ulrich et al (Ulrich, Losert 

et al. 2012) reported varying recovery rates depending on the nanoparticle type and the used 

membrane material. (Hagendorfer, Kaegi et al. 2011, Hagendorfer, Kaegi et al. 2012, Ulrich, 

Losert et al. 2012) Also, Bolea et al (Bolea, Jiménez-Lamana et al. 2011) observed membrane-

particle interactions resulting in quantification problems due to varying recovery rates. 

Schmidt et al (Schmidt, Loeschner et al. 2011) found an effect of the particle size in the case 

of gold NPs on the recovery rates and assumed that particles partially stuck to the mem-

branes surface. Nischwitz and Goenaga-Infante (Nischwitz and Goenaga-Infante 2012) stated 

that particle-membrane interactions may alter the elution time and therefore reduce the ac-

curacy of the size calculation. They propose an external size calibration with particle disper-

sions which show similar interactions like the particles in the sample. Loeschner et al 

(Loeschner, Navratilova et al. 2013) examined the retention times of Ag and Au NPs on differ-

ent membranes and conclude that the FFF theory on the particle size calculation is not suita-

ble when electrostatic  or van der Waals interactions are present. Baalousha et al (Baalousha, 

Stolpe et al. 2011) observed membrane dependent interactions and state that van der Waals, 

hydrophobic and charge interaction forces may cause the membrane-particle interactions. 

Schachermeyer et al (Schachermeyer, Ashby et al. 2012) presented first investigations on the 

effect of the carrier on the membrane-particle interactions and stated that electrostatic repul-

sion might minimize the adsorption of particles on the membrane surface.  

These observations indicate that the separation capacity in the A4F channel is not only de-

pendent on the particle size but may also be influenced by the specific properties of the NPs 

and the membrane material. Recently Gigault and Hackley (Gigault and Hackley 2013) 

showed that the particle density has some influence on the retention time and they adapted 
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the equation for particle size determination in A4F accordingly. However, they stated in ac-

cordance to Loeschner et al (Loeschner, Navratilova et al. 2013) that retention time seemed 

to be influenced to a much higher degree by van der Waals forces (between NP and mem-

brane) as well as interactions between different components in the mixture. 

In a previous publication, (Ulrich, Losert et al. 2012) we proposed a theory to account for par-

ticle membrane interactions based on electrostatic forces between the particles and the 

membranes which occur in addition to repulsing and attracting forces among the particles 

themselves. During the injection phase, the usually charged particles are pushed towards the 

membrane surface and might therefore interact with the also charged membrane material. 

The more repulsive the force between the membrane and the particle is, the less probable is 

that deposition of particles occur and thus minimizing particle loss. Consequently, higher re-

pulsion force compels the particles to find their equilibrium in a faster velocity zone of the 

laminar parabolic channel flow, and thus, the particle will elute with shorter retention times. 

On the other hand, if particles and membrane materials are oppositely charged, the likeli-

hood for deposition will increase.  

Based on this theory we are now questioning the importance of the ζ-potential in A4F: The ζ-

potential of the membrane and the NPs may (A) determine the feasibility of an A4F method 

for a given sample type, (B) direct the optimization of an A4F method for better separation 

efficiency, (C) account for shifts in retention time that impede the correct calculation of the 

particle size, and (D) account for different recovery rates of different nanoparticle samples. 

To test our hypothesis, we selected the most commonly used membrane materials in A4F i.e. 

regenerated cellulose (RC), polyethersulfone (PES), and polyvenylidene fluoride (PVDF) and 

we studied the influence of their ζ-potential on the separation of titanium dioxide nanoparti-

cles. Titanium dioxide is one of the predominantly applied nanoparticles among the metal 
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and metal oxide nanoparticles. They are used in a large number of products, such as sun-

screen, textiles, tooth paste, façade paint and in waste water treatment. (Allen 2008, Kaegi, 

Ulrich et al. 2008, Kwon, Fan et al. 2008, Robichaud, Uyar et al. 2009, Skocaj, Filipic et al. 2011) 

Moreover, TiO2 (i.e. Aeroxide®P25, Evonik Degussa) was selected as representative material 

(EPA 2010) for the Nanoscale Materials Stewardship Program (NMSP) launched by the U.S. 

Environmental Protection Agency Office of Pollution Prevention and Toxics (EPA) (EPA 2009) 

as well as a master batch nanomaterial for OECD test procedures (OECD 2013). Thus, TiO2 is a 

representative nanoparticle type, which makes it ideal as model substance for systematic 

method development for A4F-MDA analysis.  

Furthermore the effect of different carrier media and additional surfactants on the surface 

charge of membranes and particles was systematically investigated. Additionally, the effect of 

different charging conditions on retention time and recovery rates of TiO2 NPs with different 

membranes is studied.  From this study, we were expecting increased knowledge on mem-

brane-particle interactions, in particular, in how far the ζ-potential of membrane and particles 

would determine the outcome of A4F in terms of feasibility (A), separation efficiency (B), re-

tention time (C), and recovery rate (D) or whether other factors such as membrane morphol-

ogy and particle size were equally important. The findings of this work should help to mini-

mize or make use of membrane-particle interactions during experimental work and to foster 

the discussion on correct calibration. 
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7.2.2 Material and Methods 

Chemicals: Suspensions were prepared using commercially available titanium dioxide nano-

particle types from two different suppliers: TiO2 powder (AEROXIDE® P25) from Evonik De-

gussa GmbH and a TiO2 suspension (P/N 700347), 33 - 37 % in water containing 5 – 10 % [2-

(2-Methoxyethoxy)ethoxy]acetic acid (MEAA) for stabilization, from Sigma-Aldrich. Both 

products consist of particles with a primary size of about 21 nm, whereas Sigma-Aldrich de-

clares their particles to be present as agglomerates with a size < 150 nm To study the influ-

ence of sample preparation the AEROXIDE® P25 powder was dispersed in the following liq-

uids: Deionized water from a Mili-Q A Gradient-10 water unit (Milipore AG), tap water, and 

solutions of deionized water and 0.01 % sodium dodecyl sulfate (SDS, from Sigma-Aldrich, 

99.0 %), 0.1 mM SDS with 1 mM ammonia nitrate (Merck KGaA , pro analysi), 0.01 % Triton X-

100 (Fisher Scientific, electrophoresis grade), 1 mM sodium hexametaphosphate (Alfa Aesar, 

technical grade), 1 mM disodium diphosphate (Merck KGaA, pro analysi) or 0.01 % 2-(2-

Methoxyethoxy)ethoxy]acetic acid MEAA (Sigma Aldrich, tech. grade). Additionally monodis-

perse standard polystyrene nanoparticles (PS) with different sizes between 20 and 200 nm 

were used (Nanosphere Size Standard from Duke Scientific Corpation). 

 

Suspensions: For the evaluation of the TiO2 properties in different suspensions, 125 mg Aer-

oxide® TiO2 powder was weighted into a 50 mL polypropylene tube and dispersed with the 

above mentioned media, resulting in a concentration of 2.5 g/L. This initial suspension got 

further diluted in the corresponding media to a concentration of 0.1 g/L. To minimize ag-

glomeration all samples were probe sonicated for 2 minutes with 9 cycles and 25 % power 
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(Sonopuls HD2200, Bandelin) before analysis. Precipitation of large agglomerates occurred 

within hours in all suspensions. Therefore only the supernatant was used for experiments. 

For the membrane-particle interaction test suspensions of the Aeroxide®P25 TiO2 and of the 

Sigma-Aldrich TiO2 in 1 mM sodium hexametaphosphate were used. They were centrifuged 

for 60 min at 5000 rpm (cutoff at around 110 nm) and the supernatant was characterized and 

used for the tests. The final Aeroxide®P25 suspension had a concentration of 32 mg/L TiO2 

(validated by batch analysis using inductively coupled plasma mass spectrometry ICPMS), a ζ-

potential of -45.2 ± 1.2 mV (determined with a Malvern Zetasizer) and a diameter of 86.6 ± 

3.4 nm (A4F-MALS). For the final Sigma-Aldrich TiO2 suspension a concentration of 57 mg/L 

TiO2, a ζ-potential of -44.9 ± 1.5 mV and a diameter of 63 ± 1.6 nm was determined. As the-

se suspensions were used during a period of around 8 months, further precipitation occurred 

over time and the size characterization given in section 3.2.3 results in smaller diameters.  

 

Zeta-Potential and Diameter Measurement: The characterization of the hydrodynamic diame-

ter and the ζ-potential of the TiO2 suspensions were carried out using a Malvern Zetasizer 

NanoZS (Malvern Instruments Ltd., Germany). The samples were tempered to 20°C for 5 

minutes in a batch cell prior to analysis and the hydrodynamic diameter as well as the ζ-

potential were determined in triplicates for each sample. For the ζ-potential measurement 

the Smoluchowski model was used with 30 repetitions per measurement. For the size deter-

mination the general purpose model (defined in the software, no further details available) 

was used with 10 repetitions per measurement. 

Membranes: As most commonly used membrane materials regenerated cellulose (RC) with 

cutoffs of 10 kDa and 30 kDa (Wyatt Technology Europe GmbH, Germany), polyethersulfone 
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(PES) with a cutoff of 10 kDa (Wyatt Technology Europe GmbH, Germany) and polyvi-

nyldifluoride (PVDF) with a cutoff of 30 kDa (GE Healthcare, Switzerland) were selected. The 

characterization of the ζ-potential was carried out on a streaming potential analyzer 

Mütek™SZP-06 (BTG Instruments GmbH, Germany). By application of the formula below, the 

ζ-potential can get derived from the streaming potential: 

ζ=(∆U*∆P-1)*κB*η*(εr-1*ε0-1) 

The ζ-potential depends on the slope of the streaming potential ∆U [V], the pressure differ-

ence ∆P [kg*m-1*s-2], the conductivity κB [A*V-1*m-1], the viscosity of the solvent η [kg*m-

1*s-1], the dielectric constant εr and the permittivity ε0 [A*s*m-1*V-1].  

The measurements were performed with tap water, DI water, 0.01 % SDS, 0.1 % MEAA, and 1 

mM sodium hexametaphosphate. Each experiment was performed in 10 repetitions. The con-

ductivity and pH were determined using a MultiLine P3 instrument (WTW, Germany).  

The surface morphology of the membranes was analyzed using a XL30 ESEM-FEG (Philips). 

Before analysis the membranes were covered with about 1 nm of platinum coating (MED 020 

Coating System, BAL-TEC).  

 

A4F-UV/Vis-MALS: The asymmetric flow field flow fractionation instrument used for this work 

was an Eclipse 3 from Wyatt Technology Europe GmbH (Dernbach, Germany) equipped with 

a LC pump LC-10Ai and an autosampler SIL-20AC from Shimadzu (Reinach, Switzerland). The 

A4F was online connected to an UV/Vis-Detector SPD-M20A from Shimadzu, followed by a 

MALS-Detector DAWN Heleos II from Wyatt. The A4F was operated using a long A4F channel 

(275 mm) with the above mentioned membrane materials (specification depending on the 

experiment) and a spacer of 350 µm thickness. For the finally optimized A4F procedure, a 
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mobile phase consisting of 1 mM sodium hexametaphosphate in deionized water was used. 

Best separation for the given TiO2 nanoparticles were achieved with a channel flow of 1.5 

mL/min and a gradient cross-flow from 1.5 to 0.0 mL/min. The UV/Vis signal was analyzed at 

254 nm, the 18 angles MALS was operated at 658 nm and the Zimm model was applied. 

 

Recovery Rate: For the evaluation of the recovery rate injections were done without channel 

and without a cross flow applied. Therefore the A4F channel got replaced by a 4 port cross 

piece. The area of the eluting peak was treated as the set point. To evaluate the recovery rate 

the area of the UV/Vis signal when using an A4F channel with a membrane was compared to 

this set point. 

 

7.2.3 Results and Discussion 

Investigation of the A4F Conditions: The selected A4F conditions were based on a literature 

study on the most widely applied A4F conditions for the analysis of TiO2 suspensions in terms 

of membrane materials, cutoffs, typical separation conditions, and surfactants. As membrane 

material regenerated cellulose (RC) was predominantly used. (Nischwitz and Goenaga-Infante 

2012) For other nanoparticle types e.g. silver or gold, also polyethersulfone (PES) and poly-

venylidene fluoride (PVDF) was proposed. (Hagendorfer, Kaegi et al. 2011, Hagendorfer, 

Kaegi et al. 2012) Therefore, we selected these materials with commonly used cutoffs. Re-

garding the surfactants, both ultrapure water only as well as the usage of specific surfactants 

for the preparation of nanoparticle suspensions or as supporting agents for improved A4F 

separation are reported. (Dulog and Schauer 1996, Dubascoux, Von Der Kammer et al. 2008, 

Nischwitz and Goenaga-Infante 2012) Therefore, we selected the following typical suspension 
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agents and surfactants for all the experiments: DI water, sodium dodecyl sulfate (SDS), SDS 

with ammonia nitrate, Triton X-100, sodium hexametaphosphate, disodium diphosphate, and 

2-(2-methoxyethoxy)ethoxy]acetic acid (MEAA). Tap water was used as one possible repre-

sentative for typical aquatic ionic strength and pH conditions and is often used to simulate 

washing or leaching processes of products. It was already stated elsewhere that the resulting 

pH and the final ionic strength can have a significant influence on the stability of nanoparti-

cles. (von der Kammer, Ottofuelling et al. 2010, Ottofuelling, Von Der Kammer et al. 2011, 

Ulrich, Losert et al. 2012) 

To evaluate the optimum A4F conditions for the analysis of titanium dioxide nanoparticles, 

the ζ-potential of the membranes and of the particles was measured evaluating different car-

rier solutions. Further optimizations were also performed concerning the flow rates and dura-

tions of the steps. The results for the membrane potentials are presented in Figure 7.9.  
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Figure 7.9: Influence of different surfactants and the type of water on the ζ-potential of a) different membrane 

materials and b) of TiO2 NPs (Aeroxide®P25). The straight red lines indicate the critical ζ-potentials 

concerning stable conditions (higher than ± 30 mV). 

All membrane materials showed negative ζ-potential for the given solutions. The absolute 

values of the measurements in DI water and in 0.01 % SDS solution have to be considered 

carefully, due to the low conductivity which was below the recommended minimum for the 
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used instrument. However, it still can be seen that the values are clearly negative. Tap water, 

1 mM hexametaphosphate and 0.1 % MEAA met perfectly the required conductivity criterion 

which makes the absolute values reliable. Hexametaphosphate is a multiply charged ion 

which probably attaches to the membrane surface. This effect increases the surface charge 

which results in the observed highly negative ζ-potential indicating a strong electrostatic re-

pulsion for negatively charged particles. SDS is an anionic surfactant which is often recom-

mended for A4F analysis. It might also attach to the membrane surface with its alkyl chain 

and introduce negative charges by its anionic head. This effect should also increase the elec-

trostatic repulsion for negatively charged particles. The effect of MEAA is presumably not due 

to attachment to the surface of the membrane, but due to a more acidic pH-value of around 

pH 3.1. Some of the results of this study got previously published (Ulrich, Losert et al. 2012, 

Bendixen, Losert et al. 2014) and they show that a decrease in the pH results in a less nega-

tively charged membrane. Depending on the isoelectric point of a membrane material the 

potential might even turn positive. Surprisingly, PVDF showed the strongest variation in the 

ζ-potential, although the chemical groups should be insensitive to pH changes. It should be 

mentioned that similar membrane materials provided by other manufacturers may vary due 

to different surface finishing (chemical functionality, layered constructions, and roughness). 

(Kassalainen 2012) Thus such a finishing might be an explanation for the reaction of the PVDF 

membrane on pH variations. However, details on the processing of the membrane materials 

are rarely accessible from the established distributors of field flow fractionation equipment. 

Thus, careful consideration of membrane materials for A4F is highly recommended to im-

prove reliability during method development.  

Figure 7.9b demonstrates the effect of suspending agents or surfactants on the surface 

charge of the studied TiO2 NPs. Different agents change the ζ-potential of the TiO2 NPs (Aer-
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oxide®P25) significantly from positive to negative ζ-potentials. The tests did not get per-

formed with Sigma-Aldrich NPs. 

However, only DI water, 0.1 % MEAA, 0.01 % SDS, 1 mM sodium hexametaphosphate and 1 

mM sodium diphosphate resulted in a ζ-potential higher or lower than ± 30 mV and should 

therefore prevent agglomeration according to the DLVO theory [30]. The other tested carrier 

liquids are thus not appropriate for the stabilization of TiO2 NPs. MEAA, DI water and SDS re-

sult in a pH below 6, which corresponds to the isoelectric point of TiO2. Below pH 6 the sur-

face of titanium dioxide is protonated and this results in a positive ζ-potential. (Jiang, 

Oberdörster et al. 2009, Suttiponparnit, Jiang et al. 2011)  

The strong negative ζ-potential observed for polyphosphates correlates with literature: Jiang 

et al measured a ζ-potential of -53 mV for TiO2 particles dispersed in sodium pyrophosphate. 

(Jiang, Oberdörster et al. 2009) 

Assuming that positively charged particles would lead to a more pronounced deposition due 

to increasing attracting forces between negatively charged membrane and positively charged 

particles, only sodium hexametaphosphate and sodium diphospate are appropriate agents 

because they give rise to a negative ζ-potential. To focus on only one agent it was decided to 

use sodium hexametaphosphate for all further investigations. Only for the evaluation of the 

influence of opposite charged membrane and particle surfaces also 0.01 % SDS was used. 

Hexametaphosphate gave also rise to similar negative ζ-potential between – 40 and 

-50 mV for other TiO2 NP types such as the TiO2 suspension provided by Sigma-Aldrich, or a 

photocatalytically active TiO2 NP type with polyacrylate stabilization used e.g. in paints to 

generate a self-cleaning effect (Sachtleben HOMBIKAT UV 100 WP). Even the investigated 

polystyrene nanoparticles (PS 20 nm) showed a negative surface charge. Furthermore the in-
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fluence of the pH on ζ-potential using hexametaphosphate was studied and showed little ef-

fect on the particle size or the ζ-potential of the Aeroxide ® P25 NPs as shown in Figure 7.10 

(the Sigma-Aldrich NPs did not get tested). The pH was adjusted by NaOH or HNO3. The 

measurements were performed using a Zetasizer instrument. This makes sodium hexameta-

phosphate as a polyphosphate surfactant being supposed to be beneficial to achieve stable 

and reliable A4F conditions independent of the sample. 

 

Figure 7.10: Stabilizing effect of sodium hexametaphosphate on the size and the ζ-potential of Aeroxide® P25 

TiO2 particles at different pH values. 

 

Membrane-Particle Interactions: Based on the results from above an A4F method was devel-

oped using 1 mM sodium hexametaphosphate as suspension and as carrier medium. Howev-

er, for a thorough evaluation of the proposed membrane-particle interactions, a 0.01 % SDS 

suspension was employed. 
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Adsorption of positively charged particles on negatively charged membranes: As mentioned 

above it is supposed that positively charged particles strongly attach to the negatively 

charged membrane. To examine this assumption titanium dioxide (Aeroxide® P25) was dilut-

ed either in 1 mM sodium hexametaphosphate or in 0.01 % SDS. The addition of these sur-

factants gave rise to a positive ζ-potential (30 mV) for the suspension in SDS with a TiO2 con-

centration of 176 mg/L  and a negative ζ-potential (- 45 mV) for the hexametaphosphate with 

a TiO2 concentration of 32 mg/L. Both suspensions were injected into the A4F channel 

equipped with a RC 10 kDa membrane. As carrier fluid the same liquid was used as the sam-

ple was diluted in, resulting in a negative ζ-potential of the membrane for both sodium hex-

ametaphosphate and SDS (see Figure 7.9a). The mean recovery rate of titanium dioxide ana-

lyzed in sodium hexametaphosphate is 23.5 ± 4.7 % (n=3). However the measurement in SDS 

resulted in a complete particle loss with a mean recovery rate of 0.03 ± 0.02 % (n=3). As the 

concentrations of the injected particles were rather high the results cannot be attributed to a 

sensitivity problem of the UV/Vis detector. Instead the findings support the interaction hy-

pothesis and show that positively charged particles are likely to adsorb on a negatively 

charged membrane. As all the blanks measured did not show any signal at all, a remobiliza-

tion of the particles after some runs can be excluded. On the contrary, the negatively charged 

TiO2 NPs suspended in hexametaphosphate seem to experience enough repulsion force to 

prevent a strong interaction with the membrane and thus a deposition. Nevertheless, the low 

recovery rate of 23.5 % is attributed to the presence of large particles. Based on these results 

it is highly recommended to perform a ζ-potential screening for unknown samples and the 

membrane prior to measurements. Otherwise false-negative results might occur. Thus the 

hypothesis (A) is true: The A4F feasibility can be predicted based on the ζ-potential of the 

membrane and the NPs. 
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Modification of the separation based on the ζ-potential:The effect of the membrane’s ζ-

potential on the retention time of TiO2 NPs was investigated to characterize the influence of 

the membrane material on the retention time. Aeroxide®P25 particles suspended in a 1 mM 

hexametaphosphate solution were investigated with different membrane materials (the Sig-

ma-Aldrich NPs did not get tested). The resulting comparison of the retention times is dis-

played in Figure 7.11a demonstrates the effect of the membrane cutoff for regenerated cellu-

lose membranes.  

 

Figure 7.11: UV/Vis signals of retention time modification of TiO2 NPs (Aeroxide® P25) on membranes. a) Effect 

of membrane cutoff (RC 10 kDa and RC 30 kDa, 1 mM sodium hexametaphosphate. b) Effect of pH 

(RC 10 kDa, pH 3 = 0.1 % MEAA, pH 5 = 1 mM sodium hexametaphosphate. c) Retention time of 

TiO2 on different membrane materials with 1 mM sodium hexametaphosate as carrier. The corre-

sponding ζ-potentials are indicated. 
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As Fievet et al (Fievet, Szymczyk et al. 2000) already showed, the smaller the cutoff the less 

negatively charged the membrane. According to the theory proposed by Ulrich et al, (Ulrich, 

Losert et al. 2012)this should result in less repulsion and thus in a longer retention time which 

perfectly correlates with our findings. In Figure 7.11b the effect of the pH on the membrane 

ζ-potential is demonstrated. The lower the pH the less negatively charged is a membrane. 

This too correlates with the hypothesis and the findings of Fievet et al and Ulrich et al. (Fievet, 

Szymczyk et al. 2000, Ulrich, Losert et al. 2012) 

Figure 7.11c presents the overlaid UV/Vis signals of TiO2 on different membrane materials 

under identical conditions. The corresponding ζ-potentials show that no prediction of the re-

tention time can be made based on these potentials. Obviously, some other membrane spe-

cific effects seem to influence the retention time of the NPs in the A4F channel. Most of the 

membrane materials currently used in A4F is mainly manufactured for other purposes, e.g. ul-

trafiltration. However, in A4F an ideal, parabolic, laminar flow profile is required to get a per-

fect separation of particles. Thus, the demand for a smooth and flat surface finishing of the 

membrane material is probably a critical task. But also the swelling behavior of the mem-

branes might have a significant influence: The more a membrane expands in the liquid, the 

smaller the channel height gets which results in shorter elution time of the particles. 

Baalousha et al (Baalousha, Stolpe et al. 2011) state that also van der Waals, hydrophobic and 

charge interaction forces may cause the membrane-particle interactions and thus lead to 

shifted retention times on different membrane materials. Therefore, additional morphology 

investigations are planned. 

Thus the hypothesis (B) that tuning of the separation efficiency can be directed by the ζ-

potential is only partly true. The ζ-potential can be used for separation modifications within a 

given membrane material (cutoff, pH). But by changing the membrane material it cannot get 
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concluded from the ζ-potential on the separation efficiency. Obviously some membrane spe-

cific properties (e.g. swelling behavior, roughness, hydrophobicity) are then more dominant. 

 

Size calculation based on the retention time: According to the A4F theory the retention time of 

a particle is solely dependent on the particle size. Assuming that some membrane-particle in-

teractions take place in the channel this would probably also influence the retention time. To 

evaluate this hypothesis three particle types (Aeroxide® P25 TiO2, Sigma-Aldrich TiO2, PS 80 

nm) were investigated with four different membrane materials (PES 10 kDa, RC 10 kDa, RC 30 

kDa and PVDF 30 kDa). The measurement conditions were identical for all runs to allow a di-

rect comparison of the retention behavior. The UV/Vis signals are plotted in Figure 7.12. 

 

Figure 7.12: Overlaying UV/Vis signals for the injections of a) Aeroxide® P25 TiO2, b) Sigma-Aldrich TiO2 and c) a 

80 nm PS standard for four different membrane types. All measurement conditions were identically. 
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Depending on the membrane type the retention time for a specific particle type can vary 

within up to 3 minutes. This clearly indicates that the membrane material influences the be-

havior of the particle in the channel and thus the retention time. Therefore determining the 

particle size solely based on the retention time is questionable, especially when different par-

ticle types are used.  

This effect has already been mentioned in the literature and several publications propose to 

perform a size calibration with particles of known diameters. (Dubascoux, Von Der Kammer et 

al. 2008, Nischwitz and Goenaga-Infante 2012) To check the applicability PS 20 nm, 80 nm, 

and 200 nm were injected on each of the membrane types and a quadratic regression (due to 

non-linear flow profile) was applied. With this calibration the particle sizes of TiO2 NPs was 

calculated and compared to the measured diameters. The results are shown in Table 7.2. 

 

Table 7.2: Summary on the measured and the calculated particle diameters (with MALS the radius of gyration and 

with DLS the hydrodynamic radius was analyzed). 

 Measured (n=3) Calculated (n=1) 

Particle 

A4F-MALS 

/ nm 

DLS  

/ nm 

PES 10 kDa 

 /nm 

RC 10 kDa 

/ nm 

RC 30 kDa 

/ nm 

PVDF 30 kDa  

/ nm 

Aeroxide® 

P25 

66.3 ± 5.2 99.8 ± 1.5 58 62 64 66 

Sigma-

Aldrich 

48.6 ± 3.6 69 ± 1.0 48 47 55 49 

 

The sizes calculated for the different membrane materials based on a polystyrene size calibra-

tion fit well with the measured size by MALS. As the elution program uses a non-linear gradi-

ent instead of an isocratic elution, the retention time of the particle sizes also shows a non-
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linear relationship. Therefore it seems as if a size calibration with PS standard was appropriate 

to evaluate the particle sizes of TiO2 NPs. Nevertheless, this has to be applied carefully. When 

adapting this size calibration on another type of nanoparticle the validity of the model should 

get checked prior to application. Further, a variation of 0.4 minutes of the elution times on 

different membrane batches was observed. Therefore, a size calibration should be performed 

daily to minimize the effect of these variations.  As Gigault and Hackley (Gigault and Hackley 

2013) showed, the particle density can also cause retention time shifts, especially in mixtures 

of different particle types. Although the effect is rather small it has to be taken into account 

for a correct size calibration. Hence, an additional size-determining method like light scatter-

ing techniques is recommended to avoid daily size calibration and to avoid the possible 

problem that other particle types may behave different to the size calibration standards. 

However, as already mentioned in the introduction chapter, the sensitivity ranges is in the 

mg/L range and especially static light scattering sometimes seems to show odd behavior for 

specific nanoparticle types. As Hagendorfer et al showed, Au NP`s size cannot get determined 

by MALS as the particles show a strong scattering behavior which falsifies the diameter. 

(Hagendorfer, Kaegi et al. 2011) 

The hypothesis (C) that the ζ-potential accounts for shifts in retention time was only partly 

evaluated. Since the ζ-potentials of the NPs were in a narrow range, their influence on reten-

tion time was not experimentally accessible. But the membranes used showed massive reten-

tion time shifts which impede the correct calculation of the particle size based on the reten-

tion time only. It remains unclear to which extend the retention times shifts are caused by 

different ζ-potential or other membrane specific properties. 
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Recovery Rate: Not only the retention time but also the recovery rate of NPs is potentially in-

fluenced by membrane-particle interactions. To evaluate this effect the influence of the parti-

cle size and the particle concentration on the recovery rate was evaluated. This was done by 

comparing the resulting area of the UV/Vis signal with the area of an injection without A4F 

channel. PS standards (20, 30, 40, 60,100, 200 nm) at comparable concentrations were inves-

tigated with two different RC 10 kDa membrane types. All standards were injected separately 

and in triplicates. In Figure 7.13a the resulting recovery rates are plotted.  

 

Figure 7.13: a) Recovery rate of PS particles of different sizes (20, 30, 40, 60, 100, 200 nm), measured on two RC 

membranes (same batch, but two different samples analyzed at two different days). b) Recovery rate 

of TiO2 (Aeroxide® P25) for different dilutions. The size of the smaller TiO2 particle sample was 60 

nm (MALS)) �and the large sized sample � a polydisperse sample in a size range of 100 to 190 nm 

(MALS). 
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Especially the largest particles show a reduced recovery rate: This can be explained by the 

fact that the larger particles accumulate closest to the membrane and are thus more prone to 

interactions. To minimize this effect a reduction of the cross flow could be applied and would 

probably lead to an accumulation of larger particles in regions of the channel with higher 

flow and should result in a better recovery rate. Additionally, the smallest particles also show 

a reduced recovery rate. This can be explained by a non-ideal focusing of smaller particles 

due to a larger diffusion which may lead to a broadening of the peak and to some loss in the 

system.  

To evaluate the concentration dependency of the recovery rate TiO2 (Aeroxide® P25) sam-

ples of different diameters and concentrations were investigated. The TiO2 sample was first 

centrifuged to obtain two size fractions: A small fraction with a main signal at a diameter of 

60 nm and a large fraction with two main signals, one at 100 nm and one at 190 nm (ana-

lyzed by MALS) were recovered. These two fractions were investigated for 6 different dilution 

levels and the recovery rates were calculated. The results are displayed in Figure 7.13b. The 

recovery rates for the lower concentrations are poor, but it is worth mentioning that the low-

er signals may be attributed to the fact, that the dilution factor was relatively high and thus 

the resulting concentrations were close to the limits of detection of the UV/Vis instrument 

(estimated limit of detection is around 5 mg/L). Whether the probability of particle loss also 

increases for smaller concentrations needs to be further investigated. A certain size depend-

ence on the recovery rate can be observed in this graph: The larger sized TiO2 fraction shows 

a higher particle loss which correlates with the hypothesis that larger particles will equilibrate 

closer to the membrane. This is also consistent with the previous findings. The also achieved 

MALS signals support these observations.  
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When varying the injection volume of a sample the loss of large particles can be observed as 

well. An injection volume of 10 µL of the Aeroxide® P25 sample results in a size distribution 

of 45 – 100 nm, an injection volume of 50 µL of the same sample shows a size distribution of 

41 – 158 nm (evaluated by A4F-MALS). This may on the one hand be attributed to the detec-

tion limit of the MALS, on the other hand it seems as if a fixed amount of the larger particles 

gets lost in the system. This makes the correct characterization of a sample challenging. 

A comparison of the recovery rate for the two different TiO2 NP types is displayed in Figure 

7.14.  

 

Figure 7.14: Recovery rate of TiO2 NPs from different producers (suspended in 1 mM sodium hexametaphos-

phate). Injected on different membrane materials using 1 mM sodium hexametaphosphate as carri-

er fluid.  

It is obvious, that the Aeroxide® P25 particles show consistently lower recovery rates then 

the Sigma-Aldrich particles independent from the used membrane material. As both samples 

show a similar ζ-potential, the electrostatic repulsion does not provide full explanation for the 

difference in the recovery rate. Also the ζ-potential of the membranes shows no obvious cor-
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relation with the recovery rate of the different particle types. Whether a different surface 

chemistry or functionality is present could not be evaluated as no data were available from 

the manufacturer. The previously reported size depending recovery rate may give an explana-

tion for this observation instead. The mean hydrodynamic diameter of the Aeroxide® P25 

sample is larger than the one of the Sigma-Aldrich sample, same is the poly-dispersity de-

termined in batch DLS (Aeroxide® P25 particles are 99.8 ± 1.5 nm with a PDI of 0.132, Sigma-

Aldrich particles are 69 ± 1.0 nm with a PDI of 0.11). Therefore the larger particles present in 

the Aeroxide® P25 sample are possibly easier to adsorb on the membrane, resulting in a 

lower recovery rate whereas the smaller sized and more mono-disperse Sigma-Aldrich sam-

ple shows a better recovery rate. 

Thus it was not possible to evaluate hypothesis (D) that the ζ-potential would determine the 

recovery rate: The varying recovery rates between different sample types tends  to correlate 

with their particle size. Since the ζ-potential of the NPs was in a narrow range, their influence 

on the recovery rate was not experimentally accessible. 

 

7.2.4 Summary and Conclusion 

This study presents a systematic investigation of the membrane-particle interactions occur-

ring in an A4F channel. Based on the hypothesis that the ζ-potential might be responsible for 

the attraction or repulsion between particles and the membrane, different aspects were eval-

uated. The findings can be used for a more straight-forward method development. 

• All of the tested membrane materials under the tested conditions showed a negative 

ζ-potential. 
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• The TiO2 NPs can show an either positive or negative ζ-potential depending on the 

suspending agent. When injecting a positively charged NP on a negatively charged 

membrane a total particle loss occurs: The A4F conditions must be selected carefully 

especially when developing multi-methods for different particle types. 

• The retention time of a TiO2 NP may vary within several minutes on different mem-

brane materials. A prediction based on the ζ-potential is not applicable as no correla-

tion between the magnitude of the potential and the retention time shift could be ob-

served. 

• These retention time shifts prevent the calculation of the size based on the retention 

time as usually applied in FFF. Instead a size calibration or even more the use of an 

online-MALS is highly recommended. 

• The retention time behavior of the TiO2 NPs within the same membrane material but 

with different conditions applied (cut-off, pH) can get predicted based on the ζ-

potential. 

• The recovery rate of a TiO2 NP shows no correlation to the ζ-potential of a membrane. 

Instead the particle size is more determining: The larger the diameter the bigger the 

particle loss. This can also explain the different recovery rates found for two different 

TiO2 NP samples. 

• This size dependent particle loss has severe consequences for the particle characteri-

zation: Depending on the concentration and the injection volume a different size 

range might get obtained, as the large particles seem to get lost to a fixed amount. 

Thus it can be concluded that the ζ-potential can be used to explain a part of the membrane-

particle interactions, but not all of them. Other studies state that van der Waals forces, the 
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hydrophobicity of the membranes or the particle density also contribute to the effect 

(Baalousha, Stolpe et al. 2011, Gigault and Hackley 2013, Loeschner, Navratilova et al. 2013).  

 

7.2.5 Outlook 

Future studies should focus on the one hand on varying retention time depending on the 

membrane material and on the particle type. Morphological studies of the membranes could 

help to identify some of the effects. In particular the swelling behavior and the surface 

roughness, as well as the hydrophobicity of the membrane are worth being investigated. As 

first results (Gigault and Hackley 2013) show the particle density and the van der Waals forces 

contribute to the shifts as well and only by clearly knowing their role, the formula for the size 

calculation based on retention time can be adapted accordingly. 

On the other hand future studies may focus on the varying recovery rates for different NPs, 

which tend to correlate with their particle size. Therefore the sink for the larger particles has 

to be determined. This could either be the irreversible adsorption on the membrane at the 

focus point or adsorption could happen on the entire surface of the membrane. The surface 

chemistry of the membrane and the particles could have an influence as well. Another im-

portant aspect for further studies to extent these findings to other particle types, too. 
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Media coverage for chapter 7.2 published as:  

N. Bendixen, S. Losert, C. Adlhart, M. Lattuada, A. Ulrich, 2014, Membrane–particle interac-

tions in an asymmetric flow field flow fractionation channel studied with titanium dioxide na-

noparticles, J. Chrom. A., 1334, 92–100.  
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7.3 General supplementary material 

 

Media coverage for chapter 2, published as: S. Losert, N. von Goetz, C. Bekker, W. Frans-

man, S. W.P. Wijnhoven, C. Delmaar, K. Hungerbühler, A. Ulrich, 2014, Human exposure to 

conventional and nanoparticle containing sprays – a critical review, Environ. Sci. Tech., 48 (10) 

5366-5378.  

Media coverage for chapter 3, published as: S. Losert, N. Bendixen, T. V. Ashworth, K. Hun-

gerbühler, H. Hagendorfer, 2014, Evaluation of membrane zeta-potential and morphology on 

particle-membrane interaction in field-flow-fractionation analysis, JAAS, submitted.  

Media coverage for chapter 5, published as: S. Losert, A. Hess, G. Ilari, N. von Goetz, K. 

Hungerbühler, 2014, Online characterization of the nano-aerosol released by commercial 

spray products using SMPS-ICPMS coupling, J. Nanopart. Res., submitted. 
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