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Abstract 
The booming global market of nanomaterials in the last few decades has led to the inevitable emission of these 

materials into aquatic environments; hence, understanding their physical, chemical, and biological 

transformations has become a big concern for environmental scientists. Despite a great deal of effort made to 

understand the mobility, fate, and risk assessment of e.g, TiO2 nanoparticles, it is still unclear if the obtained 

results, under lab-controlled conditions, can be generalized to realistic released nanoparticles in aquatic 

environments since the complex dynamics of environmental conditions are not completely reproducible under 

controlled conditions.  

In the present study, we proposed a new approach to expose TiO2 nanoparticles to environmental conditions 

of natural surface waters by making use of dialysis membranes as passive reactors. The function of these 

reactors is based on the permeability of the membrane to the dissolved matter of surface waters while TiO2 

nanoparticles do not pass through the membrane. These systems benefit from the fact that although the 

complexity and temporal variability of most of the environmental parameters of surface waters are 

reproducible inside the reactors, colloidal and particulate interferences remain separated. Furthermore, no 

significant reduction in pore size i.e., membrane fouling is observed in dialysis bags after exposure to surface 

waters which validates the efficiency of the system.  

Taking advantage of these reactors to expose nanoparticles to surface waters, we investigated the influential 

physicochemical parameters of the surface waters on the formation of natural coating onto nanoparticles. 

Hence, dialysis bags were used to expose TiO2 nanoparticles, in situ, to ten different surface waters in the 

spring and summer of 2019. Due to the complexity of the natural dissolved matter of the surface waters as 

long as their low natural concentrations, we needed to use a combination of analytical techniques and 

multivariate data analysis to investigate the coatings. The initial findings were similar to the lab-controlled 

exposure studies in the literature showing pH, electrical conductivity, and Ca2+- Mg2+ concentration as the 

three most important parameters of surface waters controlling the formation of coatings. Nonetheless, we came 

across a phenomenon being overlooked under lab-controlled conditions; natural coatings are composed of not 

only organics (DOM: dissolved organic matter) but also inorganics (carbonate) which implies that their 

realistic coatings are more complex than what the previous studies described. 

The second part of this thesis focused on investigating the interactions of more realistic nanoparticles 

(extracted TiO2 nanoparticles from 11 sunscreens) with DOM. Using ToF-SIMS combined with high-

dimensional data analysis, we tried to find a general DOM-sorption pattern among TiO2 nanoparticles since 

finding this pattern could have ultimately opened a way to assess the fate of (more) realistic nanoparticles in 

aquatic environments. Contrary to our expectations, the results showed a unique sorption pattern for each 

sunscreen controlled by the composition of the sunscreens implying that the sorption pattern of each sunscreen 

should be investigated individually. In the next step of this study, we used random forest to extract the most 

important fragments of DOM sorbed onto each sunscreen followed by an effort to assign these important 

masses to chemical fragments.  

Trying to provide a comprehensive understanding of interactions of the released n-TiO2 in aquatic 

environments, in future studies, we are going to expand our coating research to different types of TiO2 

nanoparticles, such as extracted particles from paint, where the reaction media (surface waters) are covering a 

wide range of water parameters representative of various ecosystems. Making use of state-of-the-art 

techniques as long as multivariate data analysis, we will try to achieve a model describing the sorption 

mechanisms of dissolved matter of surface waters onto nanoparticles. Such studies can eventually lead us to a 

better understanding of the fate of the released nanoparticles under natural conditions.  
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Zusammenfassung 
Der boomende Weltmarkt für Nanomaterialien hat in den letzten Jahrzehnten zu einer unvermeidlichen 

Emission dieser Materialien in die aquatische Umwelt geführt; daher ist das Verständnis ihrer physikalischen, 

chemischen und biologischen Umwandlungen für Umweltwissenschaftler zu einem wichtigen Anliegen 

geworden. Trotz großer Anstrengungen, die unternommen wurden, um die Mobilität, den Verbleib und die 

Risikobewertung von z. B. TiO2-Nanopartikeln zu verstehen, ist es immer noch unklar, ob die unter 

kontrollierten Laborbedingungen erzielten Ergebnisse auf realistisch freigesetzte Nanopartikel in der 

aquatischen Umwelt verallgemeinert werden können, da die komplexe Dynamik der Umweltbedingungen 

unter kontrollierten Bedingungen nicht vollständig reproduzierbar ist. 

In der vorliegenden Studie haben wir einen neuen Ansatz vorgeschlagen, um TiO2-Nanopartikel den 

Umweltbedingungen natürlicher Oberflächengewässer auszusetzen, indem wir Dialysemembranen als passive 

Reaktoren verwenden. Die Funktion dieser Reaktoren beruht auf der Durchlässigkeit der Membran für die 

gelösten Stoffe des Oberflächenwassers, während die TiO2-Nanopartikel die Membran nicht passieren. Diese 

Systeme haben den Vorteil, dass, obwohl die Komplexität und zeitliche Variabilität der meisten 

Umweltparameter von Oberflächengewässern innerhalb der Reaktoren reproduzierbar sind, kolloidale und 

partikuläre Interferenzen getrennt bleiben. Außerdem wird in den Dialysebeuteln nach der Einwirkung von 

Oberflächenwasser keine signifikante Verringerung der Porengröße, d. h. kein Membranfouling, beobachtet, 

was die Effizienz des Systems bestätigt. 

Wir nutzten diese Reaktoren, um Nanopartikel in Oberflächengewässer einzubringen, und untersuchten, 

welchen Einfluss die physikalisch-chemischen Parameter der Oberflächengewässer auf die Bildung einer 

natürlichen Beschichtung auf Nanopartikeln haben. Dazu wurden Dialysebeutel verwendet, um TiO2-

Nanopartikel in situ zehn verschiedenen Oberflächengewässern im Frühjahr und Sommer 2019 auszusetzen. 

Aufgrund der Komplexität der natürlichen gelösten Stoffe in den Oberflächengewässern sowie ihrer geringen 

natürlichen Konzentrationen mussten wir eine Kombination aus analytischen Techniken und multivariater 

Datenanalyse verwenden, um die Beschichtungen zu untersuchen. Die anfänglichen Ergebnisse ähnelten den 

in der Literatur veröffentlichten laborkontrollierten Expositionsstudien, die zeigen, dass der pH-Wert, die 

elektrische Leitfähigkeit und die Ca2+-Mg2+ Konzentration die drei wichtigsten Parameter von 

Oberflächengewässern sind, die die Bildung von Belägen steuern. Dennoch stießen wir auf ein Phänomen, das 

unter Laborbedingungen übersehen wurde: Natürliche Beläge setzen sich nicht nur aus organischen Stoffen 

(DOM: gelöste organische Stoffe), sondern auch aus anorganischen Stoffen (Karbonat) zusammen, was 

bedeutet, dass ihre realistischen Beläge komplexer sind als in den bisherigen Studien beschrieben. 

Der zweite Teil dieser Arbeit konzentrierte sich auf die Untersuchung der Wechselwirkungen von 

realistischeren Nanopartikeln (extrahierte TiO2-Nanopartikel aus 11 Sonnenschutzmitteln) mit DOM. Mithilfe 

von ToF-SIMS in Kombination mit einer hochdimensionalen Datenanalyse versuchten wir, ein allgemeines 

DOM-Sorptionsmuster unter den TiO2-Nanopartikeln zu finden, da das Auffinden dieses Musters letztendlich 

einen Weg zur Bewertung des Verbleibs von (realistischeren) Nanopartikeln in der aquatischen Umwelt 

eröffnen könnte. Im Gegensatz zu unseren Erwartungen zeigten die Ergebnisse ein einzigartiges 

Sorptionsmuster für jedes Sonnenschutzmittel, das durch die ursprünglichen Spezifikationen der 

Sonnenschutzmittel gesteuert wird, was bedeutet, dass das Sorptionsmuster jedes Sonnenschutzmittels einzeln 

untersucht werden sollte. Im nächsten Schritt dieser Studie haben wir mit Hilfe von Random Forest die 

wichtigsten Fragmente von DOM extrahiert, die auf jedem Sonnenschutzmittel sorbiert wurden, und 

anschließend versucht, diese wichtigen Massen chemischen Fragmenten zuzuordnen. Um ein umfassendes 

Verständnis der Wechselwirkungen von freigesetztem n-TiO2 in der aquatischen Umwelt zu erlangen, werden 

wir in zukünftigen Studien unsere Beschichtungsforschung auf verschiedene Arten von TiO2-Nanopartikeln 

ausweiten, z. B. auf extrahierte Partikel aus Farben, wobei die Reaktionsmedien (Oberflächengewässer) eine 

breite Palette von Wasserparametern abdecken, die für verschiedene Ökosysteme repräsentativ sind. Unter 

Einsatz modernster Techniken wie der multivariaten Datenanalyse werden wir versuchen, ein Modell zu 

erstellen, das die Sorptionsmechanismen von gelösten Stoffen aus Oberflächengewässern an Nanopartikel 

beschreibt. Solche Studien können uns schließlich zu einem besseren Verständnis des Verbleibs der 

freigesetzten Nanopartikel unter natürlichen Bedingungen führen 
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1. Introduction 

 
 1.1. Engineered nanomaterials 

 

Engineered nanomaterials (ENMs) as manufactured materials in small dimensions (1-100 nm 

range at least in one dimension) have recently shown impressive applications not only in 

academic fields but also in industry and consumer products.1–7 ENMs are applied in a wide 

variety of products, e.g. electronics, nutrition, cosmetics, and medical drug designing,6 where 

new applications are continuing to be developed.8 In 2017, they had a market value amounting 

to nearly 49 billion U.S. dollars worldwide with an increasing value in the following years.9  

There are seven main classes for ENMs: carbonaceous nanomaterials, semiconductors, metal 

oxides, nanopolymers, nanoclays, emulsions, and metals.10 The most produced ENMs 

worldwide are TiO2, ZnO, FeOx, AlOx, SiO2, CeO2, Ag, quantum dots, carbon nanotubes, and 

fullerenes.11 Among them, titanium dioxide nanoparticles (n-TiO2), as the focus of this thesis, 

represent the second most important part of ENMs production worldwide (550 - 5500 t per year)5 

and are widely used in cosmetics, paint, food, and energy production. The global n-TiO2 market 

was valued at 17 billion U.S. dollars in 2020.9  

 

 1.2. Release of n-TiO2 to the Environment 

 

The continuously growing number of products containing n-TiO2 leads to increasing their release 

to the surrounding environments; hence, it no longer comes as a surprise when scientists monitor 

these nanoparticles during their production, usage, and end-of-life in aquatic environments.12–19 

Most of the released nanoparticles have industrial sources like the release of n-TiO2 from 

construction and demolition landfills,16 or paints by natural weathering.18  However, releasing is 

not simply limited to industrial sources; the last time that you used n-TiO2-containing 

sunscreens17 while swimming or washed your white clothes, you released these nanoparticles to 

aquatic environments (in textiles, pigment TiO2 is incorporated in most synthetic fibers as 

delustrant).14 

It is shown that sufficiently high concentrations of the nanoparticles, for instance for n-TiO2 

higher than 1 mg/L,20 could cause an adverse effect on aquatic organisms,21–26 such as negative 

effects of nanoparticles on growing algae as the primary producers in aquatic environments.27 

The significant risk is the potential transfer and magnification in food webs. Zhu et al.28 found a 

significant amount of n-TiO2 accumulated in daphnia upon chronic exposure (21 d). Moreover, 

they provided evidence of the transfer of n-TiO2 from daphnia to zebrafish in a simplified 

freshwater food chain which may alter the growing status of these organisms at both individual 

and population levels, posing risks to aquatic ecosystems.29  
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In addition to toxicity studies on the released n-TiO2, investigations of the fate of these 

nanoparticles have also increased over the last decades. Overall, these studies focus on the 

environmental processes that dominantly affect the fate of n-TiO2 including bioaccumulation, 

transport processes (such as sedimentation), and transformation processes.6  

Among the environmental processes, transformation processes are divided into chemical (such 

as degradation, dissolution, and adsorption), physical (such as aggregation), and biological 

transformations (such as redox reactions between bacteria and nanoparticles). 30 It is critical to 

know that the abovementioned phenomena are not independent of each other where, for example, 

the formation of natural coating onto nanoparticles (transformation) can change the colloidal 

stability (transport) of the nanoparticles. Lynch et al.31 showed in biological media, nanoparticles 

acquire a coating of biomolecules (proteins, lipids, polysaccharides) which alters surface 

characteristics and thereby colloidal stability which is a key factor controlling the transport and 

ultimate fate of nanoparticles in aqueous environments. Colloidal stability is dependent on 

particle size, shape, and crystalline structure as well as the surface chemistry of the nanoparticles 

modified by the surrounding medium.32–34 Well-dispersed particles will be widely transported 

and have higher chances to cause potential harm to organisms while aggregated particles 

precipitate out and sediment while their transport and bioavailability will be greatly restricted.35 

Sharma et. al., showed that aggregation is affected by pH, and ionic strength of aqueous 

suspensions as well as the properties of nanoparticles such as their sizes. 36 It is also shown that 

the interactions of nanoparticles with organic or inorganic components of the aquatic 

environment (e.g., colloids) affect the stability of the particles.37,38 He et. al. investigated the 

effect of fulvic acids (FA) on the colloidal stability of n-TiO2 and reported that by increasing FA 

concentration, the absolute value of zeta potential of nano-TiO2 increases and particle size 

decreases at all pH which promotes the colloidal stability of nanoparticles. 39 Working with 

synthetic and natural waters, Zhang et al., 40 declared that despite the presence of moderately 

high concentrations of natural organic matter, which tends to stabilize n-TiO2, the addition of 20 

mM PO4
3− destabilized the particles in lake water probably due to complexation of phosphate 

ions with nanoparticles. 

 

1.3. Formation of natural coating onto nanoparticles 

 

Interactions of nanoparticles with dissolved materials of natural waters, such as natural organic 

matter (NOM), greatly affect the surface properties (coating) which ultimately change the 

mobility, fate, transport, and bioavailability of the nanoparticles in aquatic environments.34,41–44 

Jayalath et al.45 showed that the adsorption of humic acid, as a ubiquitous component of NOM 

in the environment on n-TiO2, alters the aggregation and modifies the zeta potential; thus, 
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potentially changing the bioavailability of n-TiO2 in the environment 

NOM comprise a heterogeneous mixture of biological matter, such as carbohydrates, lipids, 

amino acids, and nucleic acids, combined with the products of biotic and abiotic chemical 

reactions between NOM molecules or between NOM and inorganic constituents of water.46 

NOM is present in almost all aquatic ecosystems at concentrations typically ranging from 0.1 to 

10 mg L−1;47 their chemical properties vary significantly from one water body to another. The 

main fraction of NOM present in surface waters contains humic substances, which are 

responsible for the color of natural waters.46 Numerous experimental studies have been 

performed in the last years to evaluate the interactions of n-TiO2 with NOM and the 

corresponding mechanisms.20,48–50 Typical interactions are classified into several types including 

electrostatic interaction, ligand exchange, hydrophobic interaction, hydrogen bonding, π–π 

attraction, and cation bridging. In most cases, more than one interaction is involved and the 

relative contributions may vary depending on the inherent nature of NOM, ENPs, and the 

solutes.51 For example, in natural waters, NOM coexist with ions which can alter the stabilization 

effect of pure NOM onto nanooparticles. Liu et al.52 explored the interactions between NOM and 

n-TiO2 in aqueous solutions containing monovalent and divalent cations; the results depicted that 

Ca2+ might destabilize the TiO2 nanoparticles in the presence of NOM while the mediating effect 

of Na+ cation is insignificant. The destabilization effect of the divalent ions on the stability of n-

TiO2 is presumably due ion bridge effect between nanomaterials coated by humic acids.53 

Different kinds of nalytical techniques have been used to characterize the formed natural 

coatings onto nanoparticles, 51 e.g., attenuated total reflectance Fourier transformation infrared 

(ATR-FTIR) spectroscopy was used to investigate the functional groups of the sorbed 

molecules.45 Chen et al.54 used two-dimensional Fourier transformation infrared correlation 

spectroscopy assisted by the fluorescence excitation-emission matrix method to explore the 

interaction mechanism of humic acid with n-TiO2; they showed that the C=O bonds and C−O 

bonds of humic acids play important roles in their interaction with nanoparticles. Time-of-flight 

secondary ion mass spectrometry (TOF-SIMS), X-ray photoelectron spectroscopy (XPS), and 

atomic force microscope (AFM) have been also used to investigate the interactions of n-TiO2 

nanotubes with proteins.55–57 Recently, Lechtenfeld et al. introduced laser desorption ionization 

Fourier- transform ion cyclotron resonance mass spectrometry (LDI-FT-ICR-MS) for direct 

analysis of NOM sorbed onto gold nanoparticles as a promising method to study the molecular 

composition of coated nanoparticles.58 

 

1.4. Can lab results be extrapolated to natural conditions? 

 

There is a multitude of studies about the sorption of dissolved matter of surface waters, e.g., 
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NOM onto TiO2 nanoparticles via laboratory-scale batch systems.59–63 For instance, sorption 

isotherms in which the relationship between concentrations of a dissolved compound in solution 

and on a surface of particles is investigated at a constant temperature. Using sorption isotherms, 

Li et al.64 investigated the effect of humic acids (HAs) with different sources (peat, sediment, 

and straw) on the sorption affinity of phenanthrene to HAs-coated n-TiO2. The results showed a 

significant sorption difference for different HAs suggesting different properties of HAs can 

cause different orientations and structures of adsorbed HAs, subsequently affecting the 

accessibility of hydrophobic domains that control the sorption of phenanthrene. Since the 

structure of HAs changes based on the properties of the surrounding environment, such as pH, 

temperature, and background electrolyte,65 the environmental conditions affect the sorption 66 

where different media of surface waters lead to different interactions. The question that arises 

here is to what extent the ever-changing natural conditions of water media can be reproduced in 

the laboratory.  

As a rule of thumb, if a person wants to investigate the effect of 10 parameters and plans to have 

5 levels for each parameter, he/she should design 510 experiments for a systematical design; 

imagine the level of complexity observed in nature where there are too many parameters to 

control and to vary. To provide a higher degree of complexity compared to lab conditions, 

mesocosm systems were designed as a small portion of the natural environment or artificially 

reconstituted environmental systems that are brought under controlled conditions.67–69 Dauda et 

al.70 used a mesocosm approach to study the effect of n-TiO2 on phytoplankton indicating that 

the influence of n-TiO2 on the phytoplankton community is dependent on the concentration of 

nitrogen. However, the variation of the parameters, relevance, and complexity of water media 

under environmental conditions are still difficult to reproduce under any controlled system 

(including mesocosms).  

Another challenging point is about the nanoparticles since the interactions of n-TiO2 in aquatic 

systems depend not only on receiving water environment but also on nanoparticles and their 

initial coatings. The emission scenario of nanoparticles to the environment is divided into three 

groups;4 release during the production of raw material, release during use, and release after 

disposal. Interestingly, there is an extensive body of studies on the release of uncoated 

nanoparticles, such as P25,36,42,54,63,71 while their emission is not more than 2% of the production 

volume. A great deal of emissions is contributed to the use phase and after disposal with modified 

surface properties.4 For instance, n-TiO2 in sunscreens are coated with aluminum coatings to 

shield against the harmful effects of hydroxyl radicals generated upon exposure of TiO2 to UV 

radiation 72 which can drastically change the fate and toxicity of these nanoparticles.73 To 

overcome this drawback, more recent studies have been done on T-Lite74 (titanium dioxide UV 
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filters widely used in sunscreens) or TiO2 nanomaterials coated with aluminum oxide and 

polydimethylsiloxane as starting materials used by the cosmetic industries.75 For instance, 

Slomberg et al. investigated TiO2 UV filters, with hydrophobic and hydrophilic surfaces. 

Nonetheless, due to the limited information on nanoparticles’ surface chemistry in final products 

where the presence of the initial coating can affect their expected sorption mechanisms,76 

modeling the fate of these nanoparticles in aquatic environments is still difficult. 

 

1.5. Formation of natural coating onto n-TiO2 nanoparticles under environmental 

conditions: What water parameters influence the formation of natural coating?  

 

This study represents the first steps to investigate the interactions of n-TiO2 with dissolved matter 

of surface waters under realistic conditions. We developed a new method to investigate 

nanoparticles´ aging in aquatic environments (realistic water media). This system leads to an in-

situ formation of natural coatings on nanoparticles which can simultaneously reproduce the 

complexity and the temporal variability of a large number of environmental parameters (e.g., 

DOM structure and composition, temperature, inorganic ions, and pH) inside the dialysis bags. 

Under these conditions, we investigated the influential parameters of surface waters leading to 

the formation of natural coatings. 

 

1.5.1. Dialysis bags 

 

Exposure of n-TiO2 (P25) to natural waters is introduced in this thesis by using dialysis 

membranes based on the passive sampling concept. Passive sampling is an environmental 

monitoring technique in which analyte molecules of the sampled medium flow to a collecting 

medium as a result of a difference in chemical potentials.77–79 Chapter 3 validates dialysis bags 

as field-deployable reactors to provide a realistic exposure of nanoparticles to dissolved organic 

matter (DOM) of river waters. It is shown that n-TiO2 with a diameter of 20-50 nm, remain inside 

the cellulose ester dialysis bags (100 kD) while DOM can diffuse inside (Figure 1). Furthermore, 

natural colloids could not enter the bag which simplifies the extraction of the nanoparticles after 

exposure.66  

Making use of the concept of dialysis bags, n-TiO2 were exposed to 18 different surface waters 

and the exposed particles were further explored. The strength of relationship between each two 

variables can be investigated by correlation coefficient. However, due to the high correlations 

observed between several parameters, investigating the relationships between input and output 

variables, on the basis of one-to-one correlations, is not solely informative here. Therefore, a 

multivariate statistical approach (random forest) was used to predict the formation of the coating. 
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Chapter 480 defines the used methods to investigate the influential parameters to form a natural 

coating on n-TiO2 and discusses the presence of organic and inorganic groups on the surface of 

nanoparticles after exposure to surface waters.  

 

 

Figure 1: a) a cellulose ester dialysis bag. n-TiO2 remain inside the membrane while DOM 

passed through the membrane. b) Repligen Float-A-Lyzer® Dialysis bags used in this study. 

 

1.6. More realistic nanoparticles: exposure of n-TiO2 extracted from sunscreens to DOM 

 

To increase the environmental relevance of the nanoparticles, we investigated the sorption of 

DOM onto more realistic nanoparticles (in commercial sunscreens). Characterization of natural 

coatings in the mentioned systems is very challenging since, on the one hand, DOMs are 

supramolecular assemblies of several thousand different molecules47 that require sensitive 

devices to detect sorption.81 Galindo et al. detected about 5700 compounds for fulvic acids 

partitioned between the solution and alumina surface using ESI-FTMS (electrospray ionization-

Fourier transform mass spectrometry).82 On the other hand, the presence of initial coatings on 

the n-TiO2 surface further complicates these systems. Therefore, there is still a lack of studies 

addressing the fate and effects of n-TiO2 after processing into the final product.  

Here, we investigated the sorption of DOM onto n-TiO2 extracted from 11 different commercial 

sunscreens.83 The extracted particles were exposed to a model DOM i.e., Suwannee River Fulvic 

Acid. Time of Flight Secondary Ion Mass Spectrometry (ToF-SIMS), as a surface-sensitive 

analysis, was used to analyze the surface of nanoparticles before and after exposure to fulvic 

acid. Due to the complexity of the reaction matrix, hundreds of ions were detected; however, 

considering them one by one would be time-consuming and could not uncover the patterns and 

trends in the acquired data. Hence, high-dimensional data analysis was applied to interpret the 

ToF-SIMS data. Random forest was used to extract the most important fragments for predicting 
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the presence of fulvic acids on the surface of the nanoparticles followed by an attempt to correlate 

the important masses to molecular structures. Chapter 5 depicts the sorption of fulvic acid onto 

titanium dioxide nanoparticles extracted from commercial sunscreens using ToF-SIMS and 

multivariate data analysis as the first steps towards a more complete characterization of natural 

coatings formed onto more realistic nanoparticles.
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2. Objectives and Hypotheses 

The main objective of this thesis is to investigate the interactions of n-TiO2 with dissolved matter 

of surface waters under realistic conditions. Considering the complexity of these systems, we 

simplified the realistic conditions to either realistic water media i.e., river waters, or (more) 

realistic nanoparticles i.e., extracted n-TiO2 from sunscreens (Figure 2).  

 

 

Figure 2: The stepwise procedure in our study to investigate the interactions of n-TiO2 with 

dissolved matter of surface waters under realistic conditions. 

 

2.1. Part A: Realistic water media (river waters) 

 
The objective of part A is to reveal the most relevant environmental factors of river waters 

directing the sorption of dissolved matter of surface waters onto n-TiO2.  

Hypothesis 1: Under natural conditions, despite the different physicochemical properties of 

surface waters, only a relatively small number of key parameters influence the formation of 

natural coatings onto n-TiO2 nanoparticles.  

Finding these parameters is in favor of saving the time and cost of the experiment, and simplifies 

the models used to describe the surface waters.  To test this hypothesis, firstly, we developed a 

new method and showed dialysis bags' ability to provide realistic exposure conditions of 

nanoparticles to river waters (figure 3). To apply this method to environmental waters, the 

membrane needs to meet several requirements: 

- The ability of the membrane to retain TiO2 nanoparticles inside the bag while non-

colloidal water components can diffuse through the bag. 
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- Robustness towards environmental variation (pH, temperature, water flow, and aquatic 

organisms)  

- Constant permeability of the membrane during the exposure. 

Chapter 3 presents the proof of concept of using dialysis bags and the validity of implementing 

this method to study the interactions of dissolved components of surface waters with engineered 

nanoparticles under environmental conditions. 

 

 

Figure 3: Schematic steps of using dialysis bags in surface waters to investigate the formation 

of natural coatings on P25. A) a dialysis bag (100 kDa), B) adding P25 suspension, C) placing 

the dialysis bag in river water; D) collecting the exposed nanoparticles, E) coated nanoparticles, 

F) DOM diffused inside the dialysis bag. 

 

Based on the knowledge gained from Chapter 3, the dialysis bags were used to expose n-TiO2, 

in situ, to different surface waters with contrasting physicochemical parameters. Hence, the 

physicochemical properties of 10 different water sites, located in Rheinland-Pfaltz, were 

measured in two different seasons (figure 4). 

After exposing nanoparticles to surface waters, the formation of the natural coating was analyzed 

by ATR-IR, and the functional groups assigned by ATR-FTIR were confirmed by TGA, XPS, 

and 2D-IR (Figure A1). The observed functional groups were considered as a proxy for the 

formation of the natural coating. Subsequently, random forest as a multivariate statistical 

approach84 was used to determine the importance of each input variable (water parameters) to 

form natural coatings. Chapter 4 presents the proof of the concept of hypothesis 1.  
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Figure 4: A) HR-TEM image of P25, B) Repligen dialysis bag C) AFM height image of the 

dialysis bag measured in fluid mode showing the pores of the membrane. D) Rhein River in 

Speyer as one of the selected locations to expose P25 to surface waters. 

 

 

2.2. Part B: More realistic nanoparticles (extracted n-TiO2 from sunscreens) 

 
The objective of part B is to investigate the interactions of more realistic nanoparticles, extracted 

from 11 sunscreens (figure 5) with DOM to find a common sorption pattern among them. 

Hypothesis 2: There is a general pattern of sorption of DOM on TiO2 nanoparticles extracted 

from sunscreens regardless of the type of sunscreen. Hence, DOM-sorption patterns of TiO2 

nanoparticles in a random sunscreen can be generalized to all sunscreens. 

 

Figure 5: 11 different sunscreens containing n-TiO2. The nanoparticles were extracted and 
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consequently exposed to fulvic acids. The numbers on the bottles show the assigned names of 

the sunscreens. The complete list of sunscreens and their detailed specifications can be found in 

Chapter 5 (Sample 11 as the only sample containing ZnO was removed from the data analysis). 

 

A mild extraction method with minimal surface modifications was used to extract n-TiO2 from 

eleven commercial sunscreens.83 The extracted nanoparticles were subsequently exposed to 

fulvic acids. Chapter 5 shows that a combination of ToF-SIMS and random forest can 

successfully differentiate between the surface of nanoparticles before and after exposure to fulvic 

acids while random forest can extract the most important fragments of fulvic acids sorbed onto 

each sunscreen. Based on our results, each sunscreen showed a unique sorption pattern leading 

to the rejection of hypothesis 2. 
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3. Validation of a field deployable reactor for in situ formation of NOM-engineered 

nanoparticle corona 

DOI: 10.1039/c9en01090d 

 

Despite the numerous studies about the sorption of dissolved organic matter (DOM) onto 

nanoparticles, the extrapolation of laboratory results to environmental conditions is currently 

impossible. Indeed, the complex dynamics of DOM under variable environmental conditions are not 

completely reproducible under control conditions. In this study, we propose a different approach by 

exploring a method for exposing nanoparticles to realistic environmental conditions in natural river 

water by using dialysis membranes as passive reactors. Inside this reactor, the complexity and the 

temporal variability of a large number of environmental parameters (DOM structure and 

composition, temperature, inorganic ions, pH, etc.) are reproduced, while colloidal and particulate 

interferences remain separated. To verify this assumption, we determined the concentration of the 

water components and nanoparticles (n-TiO2, 20–50 nm) inside and outside the reactor before and 

after exposure to river water. In river water, more than 90% of the n-TiO2 nanoparticles remained 

inside the reactor while DOM retained its molecular composition/ characteristics after passing 

through the membrane (DOC, fluorescence EEM, and FT-ICR MS). For most elements and anions, 

the concentrations inside and outside the reactor did not differ, indicating a good permeability for 

inorganic constituents (IC, ICP-OES); however, the concentrations of Al, Fe, Mn, and nitrate were 

lower. Membrane fouling, in terms of pore size distribution, was investigated using NMR 

relaxometry and AFM in fluid mode; no significant reduction in pore size was observed under the 

applied conditions during seven days of exposure. Finally, ATR-FTIR and CHNS analysis of n-TiO2 

before and after exposure to the river water revealed that sorption of DOM occurred under field 

conditions. Therefore, we could demonstrate the validity and the potential of this method. 
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4. Influential parameters of surface waters on the formation of coating on TiO2 

nanoparticles under natural conditions 

DOI: 10.1039/d1en00431j 

 

Formation of natural coatings on nanoparticles in aquatic media is highly influenced by the dynamic 

composition of the medium. Hundreds of research articles were dedicated to this question and an 

indepth understanding of the underlying mechanisms has been obtained for some materials. 

Nonetheless, it is still unknown to which extent these results obtained under controlled conditions in 

the laboratory can be extrapolated to environmental conditions. In this study, we used the recently 

introduced dialysis bag method to expose n-TiO2 in situ to 18 surface waters with contrasting 

physicochemical parameters by varying the sampling location and season and characterized the 

resulting natural coatings. ATR-FTIR and 2D-IR spectroscopy (thermal perturbation), 

thermogravimetry, and X-ray photoelectron spectroscopy analyses of the exposed nanoparticles 

revealed clear differences in the composition of the natural coatings in the presence of both organic 

(carboxylate and aromatic groups) and inorganic (carbonate) components. Subsequently, multivariate 

data analysis (correlation matrix, principal component analysis, and random forest) was used to 

explore the relationships between surface water parameters and the composition of the natural 

coating; the results enabled us to identify pH, electrical conductivity, and Ca2+–Mg2+ concentration 

as the three most important parameters for predicting the composition of the natural coating of TiO2 

nanoparticles. 
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5. Sorption of Fulvic Acids onto Titanium Dioxide Nanoparticles Extracted from 

Commercial Sunscreens: ToF-SIMS and High-Dimensional Data Analysis 

 
https://doi.org/10.3390/coatings12030335 

 

Titanium dioxide nanoparticles (n-TiO2) are common ingredients of sunscreens and are often released 

into surface waters during usage. Once released, the surface chemistry of n-TiO2 changes by 

interacting with dissolved organic matter (DOM). In previous studies, these interactions were 

investigated using model n-TiO2 and; therefore, do not account for the complex composition of the 

coating of n-TiO2 aged in sunscreens. Taking advantage of a mild extraction method to provide more 

realistic nanoparticles, we investigated the potentials of time of flight-secondary ion mass 

spectrometry (ToF-SIMS) combined with high-dimensional data analysis to characterize the sorption 

of fulvic acids, as a model for DOM, on titanium dioxide nanoparticles extracted from ten different 

commercial sunscreens (n-TiO2 ⸦ sunscreen). Clustering analysis confirmed the ability of ToF-SIMS 

to detect the sorption of fulvic acids. Moreover, a unique sorption pattern was recognized for each n-

TiO2 ⸦ sunscreen, which implied different fractionation of fulvic acids based on the initial 

specifications of nanoparticles, e.g., size, coating, etc. Furthermore, random forest was used to extract 

the most important fragments for predicting the presence of fulvic acids on the surface of n-TiO2 ⸦ 

sunscreen. Finally, we evaluate the potential of ToF-SIMS for characterizing the sorption layer. 
 

   This paper was chosen as Editors' Choice Paper (October 2022). 
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6. Synthesis, results, and outlook 
 

In this work, we investigated the interactions of dissolved matter of surface waters with n-TiO2; 

making an effort to bring the interaction conditions close to what occurs under realistic aquatic 

environments. Hence, we applied either dialysis bags (to provide realistic water media) or extracted 

n-TiO2 from sunscreens (to provide more realistic nanoparticles). Figure 6 shows an overview of the 

findings of this thesis being elaborated in the following sub-chapters.  

 
 

Figure 6:  Schematic overview of the findings of this study. Overcoming the limitations of this 

work can be a precious guide to understand the fate of nanoparticles under natural conditions. 

 

6.1. Sorption studies using dialysis bags (realistic water media)  

 
In the first part of our studies, we could successfully develop a new method that enabled us to 

expose n-TiO2 (P25) to natural conditions of different river waters. Investigating the sorption 

interactions under the proposed conditions of such systems benefit from: 

- Realistic conditions: Dialysis bags can provide realistic conditions for in-situ exposure 

of nanoparticles to surface waters, i.e., the exposed water media are surface waters with 

their natural characteristics. 

- Cost and time effective: Performing sorption experiments in the lab which requires 

hundreds of experiments to cover all the water parameters under natural conditions, or 

designing (in-door) mesocosm is time and money-consuming. In comparison, the 

preparation, installation, and application of dialysis bags are cost and time effective. 

- Worldwide application possibility: Considering the specification of dialysis bags, they 
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have the potential to be used in any water media around the world. In other words, the 

same sorption experiments in Germany can be conducted in other countries with different 

ecosystems, e.g., India. Conducting such experiments benefits from having a 

comprehensive water specification which leads to more realistic sorption models. 

 

6.1.1 Were our results (realistic water media) in agreement with the literature?  

 
Making use of this method, we could show that under natural conditions Ca2+-Mg2+ 

concentrations, EC, and pH are three influential parameters controlling the formation of natural 

coating onto nanoparticles. The effects of these parameters have been already shown in the 

sorption experiments conducted under lab conditions.61 For instance, pH is already introduced 

as an effective variable in occurring sorption where increasing the pH decreases the sorption of 

carboxylate on TiO2 as a consequence of increasing the negative surface charge density of n-

TiO2.
85 At low pH, electrostatic attraction is a driving force to adsorb humic acid on n-TiO2; 

while at high pH, ligand exchange yields inner-sphere complexes.86 Previous studies have also 

shown the influence of bivalent cations and EC (correlated to dissolved salts of surface waters 

e.g., calcium, and magnesium) on sorption. For instance, it is observed that in the presence of 

Ca2+ and neutral pH, cation bridging affects the coating formation.87  

It is important to mention that, in our study, random forest shows the importance of each 

parameter (input) to form the natural coating (output). However, it is not capable of showing 

how these parameters affect the coating. For example, although it introduces pH as an important 

factor, it does not clarify whether increasing or decreasing pH leads to the formation of a natural 

coating. 

Interestingly, we came across a unique outcome which has been ignored in previous studies; the 

presence of calcium carbonate in natural coating revealing that natural coatings are not only 

composed of organic components, such as carboxylic groups but also inorganic carbons (chapter 

4). Although there are studies about interactions of ENPs with both organic and inorganic 

ligands,88 or the stability of TiO2 nanoparticles, in the presence of Ca2+-NOM bridges, has been 

already investigated under environmentally relevant conditions,89 to the best of our knowledge, 

the simultaneous presence of these constitutes on natural coatings has not been mentioned 

elsewhere. This lack of information is probably due to the complicity of organic-inorganic 

systems and the subsequent difficulties to control the reaction conditions during the simultaneous 

use of carbonate and NOM. Firstly, the concentration distribution of various carbonate species 

in aqueous solution varies noticeably with solution pH where H2CO3 and HCO3
− are the 

dominant species in acidic solutions, while CO3
2− species predominates in basic solutions.90 As 

the samples are in contact with the air, carbon dioxide gas can dissolve in water and change the 
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pH. Secondly, there are high correlation among the water variables where changing one specific 

parameter, influences other parameters. For instance, Coto et al.91 showed that the solubility of 

calcium carbonate is highly dependent on temperature, pressure, and the presence of NaCl in the 

medium; moreover, the CO2 partial pressure has a strong effect because there is a direct relation 

with solution pH that modify the number of ionic species present in the aqueous solution, and 

hence increasing the solubility of calcium carbonate. On the other hand, NOM structure can also 

vary based on different water parameters such as pH. For instance, the hydrophobicity of the 

NOM samples decreases with increasing content and strength of acidic groups.92 Controlling all 

the parameters in the lab can be very difficult (or even impossible) which shows the efficiency 

of our method in conducting the experiments under natural conditions.  

It is noteworthy that a detailed mechanistic description of the formation of the coating is beyond 

the aim of this thesis. Although we could detect that the presence of calcium carbonate on natural 

coatings is correlated to the saturation index (SI) of calcium carbonate in surface waters which 

can be a sign of precipitation.80 In agreement with this result, Zhu et al. showed that in 

freshwaters, a negatively charged surface can adsorb available metal ions, such as Ca2+, which 

increases the concentration of surrounding Ca2+; consequently, when carbonate is available, 

oversaturation occurs.93 Nonetheless, sorption interactions must not be underestimated in such 

systems. In aqueous conditions, CaCO3 and TiO2 particles can interact through their surface 

hydroxyls,94 where calcium complexations can enhance the NOM-sorption interactions.95 One 

suggestion here for future studies can be using XRD analysis; in case CaCO3 presents in 

crystalline form, XRD can detect if carbonate is simply precipitated onto n-TiO2 or if they react 

with each other.96 

 

6.2. Sorption studies on n-TiO2 extracted from sunscreens (more realistic nanoparticles)  

 

We dedicated the second phase of our studies to the interactions of more realistic n-TiO2 extracted 

from different sunscreens with Suwannee River Fulvic Acid (SRFA). For the sake of simplicity, 

we will refer to “sunscreen” for denoting n-TiO2 extracted from sunscreen.  

It is estimated that sunscreens make up about 25% of the nano-TiO2 market share;6 hence, many 

studies have been recently conducted to investigate the fate of sunscreen-derived titanium 

dioxide nanoparticles in aquatic environments.97 The common point of these studies is using 

either model n-TiO2
74 or one type (brand) of sunscreen.98 However, it is not yet clear if the 

sorption/fate studies of one type of sunscreen can be generalized to other sunscreens. A negative 

answer to this question can make a big challenge for environmental scientists since it implies 

that the sorption/fate of each product should be investigated individually.  

In Chapter 5, taking advantage of ToF-SIMS, as a surface-analysis technique,99 and high-
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dimensional data analysis performed on increased-mass intensities, we could show that each 

sunscreen depicts a unique sorption pattern after exposure to fulvic acids. Interestingly, cluster 

analyses showed that, for each sunscreen, exposed nanoparticles tend to cluster close to the initial 

sunscreens which shows the dominance of the composition of each sunscreen in the sorption 

process.  

It is worth mentioning that the sunscreen experiments were performed under lab conditions and 

the results cannot be yet generalized to natural conditions. Moreover, based on our experiments, 

we cannot declare which specifications (e.g., ingredients of the sunscreen, size, shape, and 

charge of nanoparticles) are the sorption controlling factors. Considering the variation of 

commercial sunscreens in the market, investigation of a specific parameter, e.g., the effect of the 

size of nanoparticles on the sorption, seems to be impossible. Such studies require lab-prepared 

sunscreens; for instance, preparing sunscreens with the same ingredients but different sizes of n-

TiO2.  

 

6.3. Limitations of this thesis 

 

Due to the complexity of the reaction media and the novelty of the study, we used different 

analytical techniques to show the proof of concept. For instance, membrane fouling of the 

dialysis bags was investigated using two different methods namely 1H-NMR relaxometry and 

AFM (chapter 3), or the formation of natural coatings onto nanoparticles was explored by ATR-

FTIR, 2D-IR, XPS, and TGA (chapter 4). Furthermore, multivariate data analysis was used to 

interpret the acquired complex data sets (chapter 5) and/or to find important variables influencing 

the reactions (chapter 4). However, we face some limitations in the present work: 

- Limited observations in field experiments: In Chapter 4, 10 different surface waters (in 

two seasons) were chosen as exposure sites; however, they were covering rather a narrow 

range of water parameters. A comprehensive study needs more observations to cover a 

wide range of possible environmental parameters. 

- Characterization of DOM of surface waters: In Chapter 3, we investigated the major 

compound-class distribution of Queich river by FT-ICR-MS. However, a thorough 

characterization of the chemical structure of DOM of all surface waters is still missing. 

Achieving this point can be helpful to reveal the chemical formula of the available DOM 

in each surface water and predict the interactions of DOM with nanoparticles. 

- Nanoparticles: Our investigations were performed either on P25 as a model of TiO2 

nanoparticle (chapters 3 and 4), or the more realistic n-TiO2 in sunscreens (chapter 5). 

However, to be able to have a model of TiO2 nanoparticles, studies should be done on 

different types of these nanoparticles such as NM-103 or the aged nanoparticles in paints.  
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- Surface characterization: Characterization of the surface of the nanoparticles before and 

after exposure to river waters is a vital step to identify the natural coatings. However, it 

is still elusive due to the complexity and heterogeneity of natural water compositions, 

and the inadequate characterization methods. Some problems are the low concentrations 

of the compound in the coating that can be less than the limit of the detection of the 

analytical instruments or probable inhomogeneity of the coatings (e.g., the simultaneous 

presence of organic and inorganic compounds).80 On the other hand, based on the 

volumetric size of the dialysis bags, limited amounts of nanoparticles can be exposed to 

river waters (few milligrams) where some analytical instruments require a few hundred 

milligrams of samples for each measurement (e.g., solid-state-NMR needs at least 100 

mg). 

 

6.4. How to overcome the limitations? 

 

In the last parts, we could show the potential of this thesis to investigate the formation of natural 

coating onto TiO2 nanoparticles; however, there is still a challenging path to have thorough 

knowledge about coating characteristics and the sorption mechanisms. The following 

suggestions can overcome the drawbacks of this work (Figure 7): 

 

Figure 7: The scheme of future studies to overcome the shortcomings of this thesis which can 

subsequently lead us to understanding the fate of TiO2 nanoparticles under natural conditions.  

 

- Optimizing the observations: The first challenge is selecting surface waters to perform 

the sorption experiments. On the one hand, the number of observations should be 

comparable to the number of variables  (measured water parameters); on the other hand, 
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the selected sites should be representative of different water media with contrasting 

parameters which can cover a wide range of water parameters. Furthermore, the number 

of observations should be practically logical since the field experiments of different sites 

should be done in close time intervals. Data analysis can be a key point to deal with this 

challenge. Hence, initially, the physicochemical properties of several (e.g., 100 sites) 

sites are measured. Subsequently, making use of data analysis e.g. clustering, the number 

of sites is reduced in a way that the final selected (e.g., 20 sites) sites ideally reflect the 

environmental conditions of all the initial sites.  

- Water (NOM) composition: Other than the techniques used in our previous studies, FT-

ICR-MS can be used to provide an in-depth molecular analysis of the water samples and 

access the molecular weight fraction of heteroatoms, and aromaticities of the water media 

exposed to the nanoparticles. Moreover, as a complementary study, the fluorescence 

EEM-Parafac method will be used to explore the possibility of the assignments of the 

obtained molecular fractions (obtained from FT-ICR-MS) to organic fluorophore groups, 

i.e.,  proteins, humic acids, fulvic acids.  

- Nanoparticles: To provide a plausible range of environmentally relevant exposure, 

different types of n-TiO2 including model and more realistic particles (P25, NM-103, 

Pigment R-TC90, sunscreen and paint extracts) are investigated in each selected site.   

- Coating characterization: After exposure of nanoparticles to surface waters, they are 

characterized by the techniques described in Chapter 4. Moreover, the state-of-the-art 

technique of LDI-FT-ICR-MS,58 which can directly analyze molecules attached to 

nanoparticle surfaces, is used to analyze the surface of exposed nanoparticles. In addition, 

atomic force microscopy (AFM)100  is going to be used to evaluate the nanoparticles 

(single particles) before and after exposure to surface waters to compare their adhesion 

analyzed by the force-distance curves.101 

Combining these methods with multivariate data analysis, we are going to provide a more 

realistic understanding of the formation of natural coatings on nanoparticles. The acquired 

knowledge about the surface properties of nanoparticles and the properties of the water media is 

used in subsequent aggregation studies to reveal the stability and deposition behavior of these 

nanoparticles. The results of this study as long as performing the aggregation experiments under 

natural conditions and combining the results with the literature can be a path to a comprehensive 

understanding of sorption mechanisms (transformation), and colloidal stability (transport) of n-

TiO2 under natural conditions leading to a better understanding of the fate of nanoparticles in 

aquatic environments. 
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6.5. Other Potentials of this Work  

 

Using dialysis bags benefits from performing the experiments under natural conditions; hence, 

they have the potential of being used in different fields of study. Firstly, although we investigated 

n-TiO2 nanoparticles; other (nano) particles, insoluble in water such as silica nanoparticles,102 

can be the subject of investigation as long as the particles remain inside and the target solutes, 

such as DOM, are capable of diffusing through the bag. Secondly, we used dialysis bags to 

explore the surface waters; however, other reaction media e.g., ground waters as drinking water 

supplies103 or wastewater treatment plants, as the important point sources for the discharge of 

nanoparticles to natural surface waters,20 could be also investigated. Dialysis bags can be even 

used in wet soils, as the reaction media, where soil organic matter (SOM) could diffuse inside 

the bag through the membrane. Thirdly, In this work, we used cellulose esters (100 kD) as the 

membrane; other sizes or other types of dialysis membranes, e.g. polysulfones,104 could also be 

evaluated. 

Using dialysis bags can be extrapolated to polymer studies including releasing of microplastics 

into surface waters as the new concern of our century. Microplastics transport through rivers into 

the sea; however, the environmental fate of riverine microplastics is still unclear.105 Wang et 

al.106 investigated the interactions of microplastics with antibiotics (as two major types of 

pollutants) in aquatic environments; they could show that environmental factors (such as pH, 

ionic strength, and dissolved organic matter) affect the sorption of antibiotics onto microplastics. 

Using dialysis bags, such interactions can be investigated under natural conditions.  

Dialysis bags can be also a tool for toxicological studies where microorganisms, such as daphnia, 

are trapped inside the bags and getting exposed to natural environments. Cupi et al.107 showed 

the influence of pH and media composition on the immobilization of Daphnia Magna. 

Conducting similar experiments under natural conditions can lead to more realistic results. 

It is worth mentioning that any new application of dialysis bags (e.g., changing the size, type, 

used particles, and exposing media) requires a comprehensive study to validate the efficiency of 

the membrane under the applied conditions. Chapter 3 can be used as a guideline to examine the 

validation of dialysis bags for different applications. 
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8. Annexes  

 
Figure A1. The used techniques and data analyses in chapters 3 and 4 (The complete names of the techniques 

with the corresponding information can be found in the appendix tables). 

 

8.1. Tables of Abbreviations 

 

Table 1: Abbreviations used in the text 

abbreviation  

NOM Natural organic matter 

DOM Dissolved organic matter 

n-TiO2 

SRFA 

Titanium dioxide nanoparticles 

Suwannee River Fulvic Acid 

 

 

Table 2: Analytics to validate dialysis bags 

Abbreviations Complete name More information 

ICP-OES inductively coupled plasma-optical 

emission spectrometry 

Retention of n-TiO2 inside the 

dialysis bags (chapter 3) 

Fluorescence EEM fluorescence excitation/emission 

matrix 

Diffusion of DOM (fluorophores) 

through dialysis bags (chapter 3) 

FT-ICR MS Fourier transform ion cyclotron 

resonance mass spectrometry 

Diffusion of DOM through 

dialysis bags (chapter 3) 

NMR-Relaxometry nuclear magnetic resonance-

relaxometry 

membrane fouling (chapters 3 

&4) 

AFM atomic force microscopy membrane fouling (chapter 3) 

DO dissolved oxygen Bacterial activity (chapter 3) 

DOC dissolved organic carbon Diffusion of DOM through 

dialysis bags (chapter 3) 
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Table 3: Characterization of surface waters and DOM 

Abbreviations Complete name More information 

pH meter/ 

thermometer 

- -(chapters 3 & 4 & 5) 

EC electrical conductivity potential for surface waters to 

conduct electricity (chapters 3 & 

4) 

DOC dissolved organic carbon amount of organic matter in 

surface waters (chapters 3 & 4) 

IC ion chromatography Measurement of the F-, Cl-, NO3
-, 

SO4
2-, PO4

3-, Na+, K+, Ca2+, and 

Mg2+ in surface waters (chapter 3 

& 4) 

ICP-OES inductively coupled plasma-optical 

emission spectrometry  

Measurement of the aluminum, 

barium, copper, iron, manganese, 

strontium, and zinc in surface 

waters (chapter 3) 

UV-VIS ultraviolet-visible spectrophotometry Measurement of the degree of 

aromaticity (UV 254/210) in 

surface waters (chapter 4) 

Fluorescence EEM fluorescence excitation/emission 

matrix 

Measurement of the DOM in 

surface waters i.e., fluorophore 

groups (chapters 3 & 4) 

 

 

Table 4: Analytics to characterize n-TiO2 exposed to DOM 

Abbreviations Complete name More information 

ATR-FTIR attenuated total reflection- Fourier 

transform infrared  

Spectroscopy 

Functional groups of coatings 

(chapters 3 & 4 & 5) 

2D-IR two-dimensional- infrared 

spectroscopy  

Functional groups/ separating 

the effects of homogeneous and 

inhomogeneous dynamics 

(chapter 4) 

CHNS carbon, hydrogen, nitrogen, sulfur  Elemental analysis (chapter 3) 

XPS X-ray photoelectron spectroscopy Elemental analysis, chemical 

environment (chapter 4) 

ζ-Potential Zeta potential Charge of the nanoparticles in 

water (chapter 4) 

TGA thermogravimetric analysis Comparison of the amount of 

organic and inorganic carbons 

(chapter 4)  

HR-TEM high resolution- transmission 

electron microscopy 

Size and morphology of 

nanoparticles (chapter 3) 

ToF-SIMS Time-of-Flight Secondary Ion Mass 

Spectrometry 

Elemental and molecular 

information from the surface of 

nanoparticles (chapter 5) 

LDI-FT-ICR-MS Fourier- transform ion cyclotron 

resonance mass spectrometry 

Directly analyzes DOM after 

adsorption (outlook) 
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Table 5: Multivariate data analysis 

Abbreviations Complete name More information 

Correlation matrix 

 

- Correlation among variables 

(chapters 4 & 5) 

PCA 

 

principal component analysis (chapter 4) 

Clustering 

 

- Classification (chapter 5) 

RF 

 

random forest 

 

Classification, the importance 

of variables (chapters 4 & 5) 

EEM-PARAFAC fluorescence excitation/emission 

matrix- parallel factor analysis 

extract the components from 

mixed 3D fluorescence data 

(outlook) 
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8.2. List of Figures 

Figure 1: a) a cellulose ester dialysis bag. n-TiO2 remains inside the membrane while DOM 

passed through the membrane. Moreover, colloidal and particulate interferences of the river water 

remain separated. b) Repligen Float-A-Lyzer® Dialysis bags used in this study. ..................... 16 

Figure 2: The stepwise procedure in our study trying to investigate the interactions of n-TiO2 

with dissolved matter of surface waters under realistic conditions. ............................................ 18 

Figure 3: Schematic steps of using dialysis bags in surface waters to investigate the formation 

of natural coatings on P25. A) a rinsed dialysis bag (100 kDa), B) adding P25 suspension, C) 

placing the dialysis bag in river water; D) collecting the exposed nanoparticles, E) coated 

nanoparticles, F) DOM diffused inside the dialysis bag ............................................................. 19 

Figure 4: A) HR-TEM image of P25, B) Repligen dialysis bag C) AFM height image of the 

dialysis bag measured in fluid mode showing the pores of the membrane. D) Rhein River in 

Speyer as one of the selected locations to expose P25 to surface waters. ................................... 20 

Figure 5: 11 different sunscreens containing n-TiO2. The nanoparticles were extracted and 

consequently exposed to fulvic acids. The numbers on the bottles show the assigned names of the 

sunscreens. The complete list of sunscreens and their detailed specifications can be found in 

Chapter 5 (Sample 11 as the only sample containing ZnO was removed from the data analysis).

 ..................................................................................................................................................... 20 

Figure 6: Schematic overview of the findings of this study... ................................................... 70 

Figure 7: The scheme of future studies to overcome the shortcomings of this thesis which can 

subsequently lead to understanding the fate of TiO2 nanoparticles under natural conditions. ... 74 

 
8.3. List of attached files (CD) 

 

   Dissertation thesis (PDF and Word format) 

  Published articles (PDF format) 

Supporting information (PDF format) 
 

 

 

 

 

 
 



42

01 

 

 

 

8.4. Supporting information of Chapter 3 

 
 

 
 
 

 
 
 

 

 

 



43

01 

 

 

 
 

 

 

 
 



44

01 

 

 

 
 

 



45

01 

 

 

 
 

 

 

 

 



46

01 

 

 

 

 

 
 

 

 



47

01 

 

 

 

 

 

 
 

 

 

 
 



48

01 

 

 

 
 

 



49

01 

 

 

8.5. Supporting information of Chapter 4 

 

 

 



50

01 

 

 

 



51

01 

 

 

 



52

01 

 

 

 
 

 



53

01 

 

 

 

 
 



54

01 

 

 

 
 

 



55

01 

 

 

 

 
 

 



56

01 

 

 

 



57

01 

 

 

 



58

01 

 

 

 

 
 

 



59

01 

 

 

 
 

 

 



60

01 

 

 

 



61

01 

 

 

 

 
 

 

 

 



62

01 

 

 

 

 

 
 

 

 
 
 

 

 



63

01 

 

 

 

8.6. Supporting information of Chapter 5 
 

 
 

 



64

01 

 

 

 
 



65

01 

 

 

 



66

01 

 

 

 



67

01 

 

 

 
 



68

01 

 

 

 



69

01 

 

 

 



70

01 

 

 

 
 



71

01 

 

 

8.7. Curriculum Vitae 

 

Personal information: 
 
 

 

Name: 

Nationality: 

Address (work) 

 

 

Email (work) 

 

Narjes Tayyebi Sabet Khomami  

Iranian 

Rheinland-Pfälzische Technische 

Universität (RPTU), Campus Landau, 

Fortstr.7, 76829 Landau 

n.tayyebi@rptu.de 

 

 

 

 

Education: 

2017 - 2023 Ph.D., Natur- und Umweltwissenschaften, 

Rheinland-Pfälzische Technische Universität 

(RPTU), Campus Landau, Germany. 

2011 - 2015 Ph.D., Inorganic Chemistry, Faculty of 

Science, Department of Chemistry, K. N. 

Toosi University of Technology, Tehran, 

Iran. GPA: 18.93/20 

2008 - 2011 M.Sc., Inorganic Chemistry, Faculty of 

Chemistry, Kharazmi University, Tehran, 

Iran. GPA: 17.15/20 

2003 - 2007 B.Sc., Applied Chemistry, Faculty of 

Chemistry, University of Tehran, Tehran, 

Iran. GPA: 15.67/20 

  

 

 

Professional Experiences: 

Doing an internship in a water and wastewater treatment plant in Tehran, 2007. 

 

Instrument Proficiency: 

FT-IR: The operator of FT-IR, K.N. Toosi University of Technology, Tehran, Iran, 2012-2014. 

Fluorescence spectroscopy: Preparing and interpreting EEM data on surface water samples, 

University Koblenz-Landau, Landau, Germany, 2017-2023. 

AFM: Analysing samples under air and fluid mode and interpreting the data, University Koblenz-

Landau, Landau, Germany, 2022-2023. 

 

 

 

 

 



72

01 

 

 

Technical Skills and Languages: 

MS Office  

OriginLab 

ChemLab 

R (programming language) 

 

Teaching Experience: 

Teaching English, Tehran University, Tehran, Iran, 2008-2015. 

Teaching Assistant (TA) for inorganic chemistry lab, K.N. Toosi University of Technology, 

Tehran, Iran, 2011-2015. 

Instructor of General Chemistry for engineers, Azad University of Tehran, Tehran, Iran, 2012-2015. 

Teaching environmental chemistry lab course, Koblenz-Landau University, Landau, Germany, 2017-

2023. 

 

Supervised Students: 

Cynthia Precious Jusi (Master student, Koblenz-Landau University, Landau, Germany, 2019) 

Parthvi Mayurbhai Patel (Master student, Koblenz-Landau University, Landau, Germany, 2020) 

 

Projects: 

Internano (DFG), Koblenz-Landau university, Landau, Germany, 2017-2021. 

NaNaCo (DFG), Koblenz-Landau university, Landau, Germany, 2022-2024. 

 

Peer-reviewed papers:  

Tayyebi Sabet Khomami, Narjes, et al. "Sorption of Fulvic Acids onto Titanium Dioxide 

Nanoparticles Extracted from Commercial Sunscreens: ToF-SIMS and High-Dimensional Data 

Analysis." Coatings 12.3 (2022): 335. 

Tayyebi Sabet Khomami, Narjes, et al. "Influential parameters of surface waters on the formation of 

coating on TiO2 nanoparticles under natural conditions." Environmental Science: Nano 8.11 (2021): 

3153-3166. 

Tayyebi Sabet Khomami, Narjes, et al. "Validation of a field deployable reactor for in situ formation 

of NOM-engineered nanoparticle corona." Environmental Science: Nano 7.2 (2020): 486-500. 

Tayyebi Sabet Khomami, Narjes, and Felora Heshmatpour. "Investigating the effect of 

immobilization of yttrium-Schiff base onto magnetite nanoparticles: enhanced catalytic activity in 

the synthesis of dihydropyrimidinones under solvent-free conditions." Research on Chemical 

Intermediates 42.3 (2016): 2087-2099. 

Tayyebi Sabet Khomami, Narjes, and Felora Heshmatpour. "Magnetically recoverable nano-

zirconium (IV) complex: enhancement of antibacterial activity." Research on Chemical 

Intermediates 43.2 (2017): 755-765. 

Tayyebi Sabet Khomami, Narjes, F. Heshmatpour, and B. Neumüller. "A novel dinuclear zirconium 

(IV) complex derived from [Zr(acac)4] and a pentadentate Schiff base ligand: Synthesis, 

characterization and catalytic performance in the synthesis of indole derivatives." Inorganic 

Chemistry Communications 41 (2014): 14-18. 

Masteri-Farahani, M., and N. Tayyebi. "A new magnetically recoverable nanocatalyst for epoxidation 

of olefins." Journal of Molecular Catalysis A: Chemical 348.1-2 (2011): 83-87. 

 

 



73

01 

 

 

Book Chapter: 

Masteri-Farahani, Majid; Tayyebi, Narjes (2015): Catalysis: Molybdenum-Based Hybrid 

Nanocatalysts. In: Kharisov, Boris Ildusovich; Kharissova, Oxana Vasilievna; Ortiz-Mendez, 

Ubaldo: CRC Concise Encyclopedia of Nanotechnology. Taylor & Francis. S. 100-114. 

 

Selected Conference Presentations: 

Validation of a field deployable reactor for in situ formation of NOM-engineered nanoparticle 

corona, 14th International Conference on Environmental Effects of Nanoparticles and Nanomaterials, 

2019, Wien, Austria.  

Influential parameters of surface waters on the formation of a coating on TiO2 nanoparticles under 

natural conditions, 15th International Conference on Environmental Effects of Nanoparticles and 

Nanomaterials, 2022, Montreal, Canada (presented by Allan Philippe). 

 

 

 


