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Zusammenfassung 

 

Diese Arbeit legt eine Grundlage zum umfassenden Verständnis von Mechanismen und 

Anwendungen von elektrogesponnenen Affinitätsmembranen für die Reinigung von 

nanopartikelhaltigen Umweltmedien und zeigt neue Strategien zur Separation auch für 

zukünftige Umweltschadstoffe auf. Basierend auf der Annahme, dass Nanopartikel durch 

Wechselwirkungen mit der Membranoberfläche adsorbiert werden können, wurden chemischen 

funktionelle Gruppen zur Herstellung von Affinitätsmembranen genutzt. Auf Adsorption 

basierende Filtrationsmechanismen sind allgemein als Affinitätsmembranen bekannt und 

zeichnen sich durch große Vorteile aus, wie z. B. hohe Filtrationseffizienzen und geringe 

Druckverluste. Diese Membranen wurden aus Copolymeren auf Acrylatbasis hergestellt. Die 

Copolymere wurden durch radikalische Copolymerisation von Methylmethacrylat und 

Acrylatmonomeren mit verschiedenen chemischen Funktionsgruppen synthetisiert, die als 

Adsorptionsstellen für Nanopartikel dienen sollten: Säure (AA), Pyridin (Pyr), Amid (NIPAM) 

und quaternäres Ammonium (Nplus). Zusätzlich wurde ein Benzophenon-Acrylat-Monomer 

als ultraviolett (UV)-adressierbare Einheit eingebaut. Die resultierenden Copolymere wurden 

elektrogesponnen und anschließend mit UV-Licht vernetzt. Die Vernetzung verringerte die 

Quellung der Fasern und die Schrumpfung der Porengröße in Wasser, und die mechanischen 

Eigenschaften wurden erheblich verbessert. Darüber hinaus wurde der Druckabfall an der 

Membran im Wasserdurchfluss bestimmt, welcher eine Korrelation mit der Porengröße der 

Membran, der mechanischen Festigkeit und der Hydrophilie des Membranmaterials aufzeigte.  

Goldnanopartikel mit einem hydrodynamischen Radius von ~9 nm wurden als Modellsystem 

für Filtrationsexperimente hergestellt. Die folgenden Experimente wurden für Membranen mit 

den vier chemischen Funktionsgruppen durchgeführt und zeigten eine erfolgreiche Filtration 

für die Nplus und Pyr funktionelle Gruppe. Die Filtrationseffizienz für beide Gruppen nahm 

mit der Zeit ab, da die Adsorptionsstellen durch Nanopartikel besetzt wurden. Die Gesamtzahl 

der Adsorptionsstellen bzw. die Filtrationseffizienz kann durch eine höhere Anzahl von 

funktionellen Gruppen verbessert werden.  

Es wurden weitere wesentliche Einflussfaktoren auf die Filtrationseffizienz ermittelt, wie die 

Größe der Nanopartikel, das Material und die Liganden der Nanopartikel. Goldnanopartikel mit 

Größen im Bereich von 20-150 nm wurden durch eine Partikelwachstums-Methode 

synthetisiert. Diese Nanopartikel wurden mit der Pyr und Nplus Membran gefiltert. Für beide 



Zusammenfassung 

 
2 

 

Membranen wurde eine Abnahme der Filtrationseffizienz mit abnehmender Partikelgröße 

festgestellt.  

Um den Einfluss des Nanopartikelmaterials auf die Filtrationseffizienz zu untersuchen, wurden 

nicht nur Edelmetall-Nanopartikel, sondern auch Metalloxid-Nanopartikel wie Kupferoxid, 

Zinkoxid, Eisenoxid und Titandioxid synthetisiert. Diese Metalloxid-Nanopartikel besitzen ein 

positives Zetapotenzial und wurden durch Membranen mit Säure- und Amidfunktionalität mit 

hoher Effizienz gefiltert. Darüber hinaus wurden verschiedene Liganden wie 

Polyvinylpyrrolidon, Pyrophosphat und Citrat als Liganden für die Nanopartikel hinzugefügt 

wobei festgestellt wurde, dass sie den hydrodynamischen Radius und das Zetapotenzial der 

Nanopartikel verändern. Negativ geladene Nanopartikel, die durch Zugabe von Pyrophosphat- 

und Citrat-Liganden erhalten werden können, wurden erfolgreich durch die Nplus Membran 

gefiltert. Somit wurden günstige Kombinationen für das Erzielen einer hohen 

Filtrationseffizient identifiziert: positiv geladenen Nanopartikeln/Nplus-Membran und negativ 

geladenen Nanopartikeln/AA-Membran. Hier basiert der Filtrationsmechanismus entweder auf 

elektrostatischen Wechselwirkung oder Koordinationschemie.  

Es kann davon ausgegangen werden, dass Umweltmedien aus einer Vielzahl von Materialien 

bestehen, weshalb eine Membran zur Adsorption verschiedener Nanopartikel von Vorteil sein 

könnte. Um die gleichzeitige Filtration von Nanopartikeln mit unterschiedlichen Materialien 

und Eigenschaften zu erreichen, wurden die quaternäre Ammonium- und Säurefunktionalität in 

einer Janus- oder Mischmembran kombiniert. Beide Kombi-Membranen zeigten hohe 

Filtrationsleistungen und es konnte nachgewiesen werden, dass keines der Nanopartikel 

bevorzugt adsorbiert wird.  

In einem einzigen Filtrationsschritt sind die Adsorptionsstellen der Membranen mit 

Nanopartikeln gesättigt und die Membran kann ohne einen Regenerationsschritt für die 

Filtration nicht wiederverwendet werden. Die Membranen wurden nach der 

Nanopartikelfiltration mit niedrig konzentrierten Säuren gespült. Die Säuren lösten die 

Nanopartikel auf, wodurch die regenerierten Membranen wiederverwendet werden konnte. 

Über drei Zyklen von Filtration und Regeneration wurde kein signifikanter Verlust der 

Filtrationseffizienz festgestellt.  

Das erworbene Wissen über Filtrationsprinzipien konnte auf relevantere Systeme des täglichen 

Lebens übertragen werden. Farben, als Beispiel für kommerzielle Quellen von Nanopartikeln, 

wurden aufgetrennt und analysiert. Die Farbkomponenten wurden auf potenzielle, negative 
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Auswirkungen auf biologische Systeme wie Mikroorganismen und Zellen untersucht, um die 

Bedeutung der Farbfiltration zu verdeutlichen. Daphnia magna und L929-Zellen wurden als 

Modellsysteme ausgewählt und beide wurden den erhaltenen Farbfraktionen in 

unterschiedlichen Konzentrationen ausgesetzt: Polyacrylat-Nanopartikel, Titandioxid-

Nanopartikel, Calciumcarbonat-Mikropartikel und dispergiertes Polyacrylat. Für alle 

Fraktionen wurde eine dosisabhängige negative Auswirkung auf die Vitalität der Wasserflöhe 

und die Stoffwechselaktivität der Zellen festgestellt. Diese Ergebnisse weisen auf den 

steigenden Bedarf an hochentwickelten Wasserreinigungsmethoden hin. Daher wurde die 

Nplus Membran für die Filtration von Farben und Farbfraktionen getestet. Alle Farbfraktionen 

wurden erfolgreich mit hohen Wirkungsgraden gefiltert, die auf unterschiedlichen 

Filtrationsmechanismen beruhen. Die Mikropartikel wurden durch einen Größenausschluß-

Mechanismus abgetrennt, während die Nanopartikel und das dispergierte Polymer durch 

elektrostatische Adsorption im Membranvolumen gefiltert wurden.   

In dieser Arbeit wurden Mechanismen und Anwendungen der Affinitätsmembranen für die 

Filtration von Nanopartikeln erforscht und das Potenzial von elektrogesponnenen Membranen 

für Anwendungen in der Filtration von potenziellen Umweltschadstoffen veranschaulicht. 
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Summary  

 

This thesis delivered profound work for comprehensive understanding of mechanisms and 

applications of electrospun affinity membranes for the purification of nanoparticle-containing 

environmental media, and identifies new strategies for the separation of prospective 

environmental pollutants. Based on the hypothesis that nanoparticles can be filtered through 

interactions with the fiber surface, chemical functional groups were used to fabricate affinity 

membranes. Adsorption-based filtration mechanisms are generally known as affinity 

membranes and have been identified to feature great advantages, such as high filtration 

efficiencies and low drops in pressure. These membranes were prepared from acrylate-based 

copolymers. The latter were synthesized by free-radical copolymerization of methyl 

methacrylate and acrylate monomers with different chemical functional groups, which should 

act as nanoparticle adsorption sites: acid (AA), pyridine (Pyr), amide (NIPAM), and quaternary 

ammonium (Nplus). Additionally, a benzophenone acrylate monomer was incorporated as an 

ultraviolet (UV) responsive unit. The resulting copolymers were electrospun, followed by 

cross-linking with UV light. The subsequent cross-linking reduced the fiber swelling and pore 

size shrinkage in water, and enhanced the mechanical properties substantially. Furthermore, the 

pressure drop on the membrane under water flow conditions was determined, demonstrating a 

correlation of the membrane pore size, the mechanical strength, and hydrophilicity of the 

membrane material.   

Gold nanoparticles with ~9 nm hydrodynamic radius were prepared as a model system for 

filtration experiments. The following experiments were executed for membranes with the four 

chemical functional groups, demonstrating successful filtration for the Nplus and Pyr functional 

group. The filtration efficiency for both groups declined with time, because adsorption sites 

were getting blocked by nanoparticles. The total number of adsorption sites, respectively, the 

filtration efficiency, can be enhanced by a higher number of functional groups.  

Other essential influences on the filtration efficiency were determined, such as nanoparticle 

size, material, and ligands. Gold nanoparticles with sizes in the range of 20–150 nm were 

synthesized by the particle growth mechanism. These nanoparticles were filtered with the Pyr 

and Nplus membranes. A decline in filtration efficiency was detected for both membranes with 

decreasing particle size.  
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To investigate the impact of the nanoparticle material on the filtration efficiency, not only noble 

metal nanoparticles but also metal oxide nanoparticles, such as copper oxide, zinc oxide, iron 

oxide, and titanium dioxide, were synthesized. These metal oxide nanoparticles possess positive 

zeta potentials and were filtered with high efficiencies by membranes with the acid and amide 

functionality. Additionally, different ligands were added as nanoparticle ligands and found to 

change the nanoparticles’ hydrodynamic radius and zeta potential. Negatively charged 

nanoparticles, which can be obtained by the addition of pyrophosphate and citrate ligands, were 

successfully filtered by the Nplus membrane. Thus, favorable combinations of positively 

charged nanoparticles/Nplus membrane and negatively charged nanoparticles/AA membrane 

were identified to achieve high filtration efficiencies. The filtration mechanism here is based 

on either the electrostatic interaction or coordination chemistry.  

Since environmental media can be assumed to be composed of a variety of materials, a 

membrane for adsorption of different nanoparticles might be advantageous. To achieve the 

simultaneous filtration of nanoparticles which are different in material and properties, the 

quaternary ammonium and acid functionalities were combined in a janus or mixed type 

membrane. Both combi membranes were proved to have high filtration efficiencies and 

evidenced that none of the nanoparticles had preferential adsorption.  

The membranes’ adsorption sites are saturated with nanoparticles in a single filtration step and 

the membrane cannot be reused without a regeneration step. Membrane regeneration was 

achieved by rinsing the membranes with low-concentrated acids after nanoparticle filtration. 

The acids dissolved the nanoparticles and the regenerated membranes could be used again. No 

significant loss in filtration efficiency was observed over three cycles of filtration and 

regeneration.  

The knowledge gained about filtration principles could be transferred to the more relevant 

systems in daily life. White wall paint, as an example of commercial sources of nanoparticles, 

was separated and analyzed. The paint’s components were investigated for their potential 

adverse effects on biological systems, such as microorganisms and cells. Daphnia magna and 

L929 cells were chosen as model systems and both were exposed to the paint fractions received 

at different concentrations: polyacrylate nanoparticles, titanium dioxide nanoparticles, calcium 

carbonate microparticles, and dispersed polyacrylate. A dose-dependent negative impact on the 

daphnids’ vitality and cells’ metabolic activity was determined for all fractions. These results 

pointed out the rising demand for sophisticated water purifications methods. Thus, the Nplus 
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membrane was tested for the filtration of paints and paint fractions. All paint fractions were 

successfully filtered with high efficiencies based on different filtration mechanisms. The 

microparticles were separated by a size-exclusion mechanism, whereas the nanoparticles and 

the dispersed polymer are supposed to be filtered in the membrane volume by electrostatic 

adsorption.  

This thesis explored the mechanisms and applications of affinity membranes for nanoparticle 

filtration and highlights the potential of electrospun membranes for applications in the filtration 

of prospective environmental contaminants. 
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1. Introduction and State of the Art 

This thesis explores the filtration of nanoparticles by electrospun membranes. Background 

information regarding nanoparticle synthesis, properties, and their safety and fate in the 

environment are given to illustrate the motivation of this work. Furthermore, details about the 

electrospinning setup and process are explained to visualize the concept of electrospun 

membranes for the unfamiliar reader. Finally, background information about the filtration 

concepts and mechanisms is described, and new topics occurring and future directions in this 

field are represented. 

 

1.1 Nanoparticles 

 

The evolution of nanoscience and nanotechnology can be stated as key factors for the 

technological development in the recent past.[1] Nanomaterials are generally defined as 

materials in the size range of 1–100 nm and can be subdivided according to their dimensions.[2] 

Zero-dimensional nanomaterials possess both dimensions on the nanoscale and a prominent 

example are nanoparticles. Nanorods or nanotubes can be classified as one-dimensional 

materials, whereas nanosheets are attributed to two-dimensional materials.[3]  

1.1.1 Preparation Methods 

Nanomaterials can be produced by the top-down or bottom-up method (Scheme 1) from 

different material types, such as carbon, metal, polymers,[4] and lipids. The top-down approach 

characterizes the fragmentation of bulk materials under the formation of nanostructures.[5] 

Complex, expensive, and highly energy-intensive setups are often required for top-down 

approaches, which lack the formation of uniform shapes and sizes, and induce surface-defects.[6] 

Thus, bottom-up approaches are preferably utilized, especially wet-chemical synthesis is 

favored due to its simplicity, modularity, and scalability.[7] A wide range of parameters affect 

the particle formation process in wet-chemical synthesis: the precursor type, heating method, 

heating/cooling rate, temperature, concentration, mixing, ligand types, solvent properties, 

sequence and rate of addition.[7] Besides these influences, the nucleation and growth kinetics 

mainly determine the particle size. However, differences in size and shape can be detected when 

batches that had been produced according to the same procedure are compared.[8]  
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Scheme 1. Nanoparticle synthesis methods.  

Chemical reduction, co-precipitation, and sol-gel are relevant wet-chemical methods for the 

production of metal and metal oxide nanoparticles.   

The chemical reduction method is applied for the formation of noble metal nanoparticles, such 

as gold[9] and silver nanoparticles[10]. In the process, metal ions are dissolved in aqueous media 

and are then reduced in the presence of a reducing agent to zero-valent atoms. A typical 

reducing agent is sodium borohydride, which is often used in combination with surfactants as 

nanoparticle stabilizers.[11] The reduced zero-valent atoms shape first clusters, which 

coalescence under the formation of small nanoparticles. The nanoparticle number remains 

constant in the following growth process, whereby particle growth is reached by the addition 

of gold salts on the nanoparticle surface with subsequent surface reduction.[12]  

In co-precipitation methods, two or more water-soluble salts of divalent or trivalent metal ions 

are mixed in an aqueous solution. These metal ions are reduced to form at least one insoluble 

salt. Reduction is initiated under vigorous stirring at a certain pH value, which is maintained by 

the addition of alkaline medium.[13] When enough insoluble salts exist to reach supersaturation, 

the nucleation process is started by precipitation. Nucleation is characterized by the formation 

of the smallest elementary particles of a new thermodynamic phase. This smallest elementary 

particle experiences high surface energy, which is a driver for particle growth.[14]   

The sol-gel method is another wet-chemical synthesis and is prominent for the preparation of 

titanium dioxide nanoparticles.[15] The sol-gel method consists of five main steps. In the first 
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step, metal-alkoxides are hydrolyzed by water or alcohols, which can be catalyzed by acids and 

bases (Scheme 2).[16] The resulting sol is further converted to a gel by increasing viscosity due 

to the formation of a branched network. The network evolves by the condensation reaction of 

two hydrolyzed metal centers which can occur by oxolation or olation. The formation of an 

oxygen bond is termed oxolation, whereas olation means the hydroxyl bond between two metal 

centers.[17] 

 

Scheme 2. Reaction scheme for sol-gel method.[17] 

The condensation step is followed by the aging step. During aging, the condensation process 

continues, resulting in a decreasing particle porosity and increased thickness between colloidal 

particles. These particles can be dried and further calcinated to reduce the particle porosity and 

remove water or organic compounds.[18] 

1.1.2 Stabilization Mechanisms 

Surfactants or polymers are often added to stabilize colloidal dispersions. The addition of 

stabilizers can take place in-situ, which might influence particle growth kinetics, or post-

synthesis.[19] In general, stabilization of nanoparticles means the avoidance of agglomeration 

and sedimentation. The rate of nanoparticle agglomeration is dependent on the energetics and 

frequency of nanoparticle collisions.[20] In addition to the collision frequency, the interaction 

potentials also determine whether an elastic or inelastic collision occurs. The total interaction 

potential can be calculated according to the Derjaguin-Landau-Verwey-Overbeek (DLVO) 

theory as a function of the separation distance and radius of curvature.[21] At short distances, the 

attractive Van-der-Waals forces dominate, whereas repulsive forces are given by electrostatic 

interactions.  Nowadays, the DLVO theory is extended by a variety of different parameters, 

since the DLVO theory does not consider the chemical composition, shape, or surface 

coatings.[22] The probability of flocculation, namely, inelastic collisions, can be estimated by 

the maximum potential energy barrier and kinetic energy barrier calculated from collision 

theory. If the potential energy is roughly ten times larger than the product of the absolute 

temperature and Boltzmann constant particles remain stable in dispersion.[23] 

The electrostatic interaction of nanoparticles results from nanoparticle charges. The surface 

charge attracts oppositely charged dispersants leading to the formation of an electrostatic double 
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layer (Figure 1).[24] When an electrostatic field is applied to a nanoparticle dispersion,  

negatively charged nanoparticles move toward the positively charged electrode, in contrast to 

the nanoparticles’ positively charged dispersants, which are slipped off at the slipping plane. 

The potential measured at the slipping plane is defined as the zeta potential. Nanoparticles with 

the same zeta potential repel each other, resulting in stable nanoparticle dispersions.[25]  

 

Figure 1. Electrostatic[26] and steric stabilization[27] of nanoparticles. 

Nanoparticle stabilization cannot only be reached by electrostatic repulsion but also steric 

stabilization. Steric stabilization is reached by implementing ligands that require significant 

space due to steric effects and create a steric barrier around the nanoparticle. This barrier 

restricts the volume and hinders a nanoparticle from approaching another, which is known as 

the excluded volume effect.[28] If the nanoparticle attraction is still high, the solvent molecules 

surrounding each nanoparticle are squeezed out upon close approach, generating an osmotic 

pressure. If attractive forces do not overcome the osmotic pressure, nanoparticle coagulation is 

inhibited.[29]  

Steric stabilization is achieved by polymeric ligands, which are either grafted-to or grafted-from 

the nanoparticles. In the grafting-from approach, polymerization takes place on the nanoparticle 

surface, in contrast to the grafted-to approach, where polymers are immobilized on the 

nanoparticle surface by attractive forces.[30] In the grafting-to method, polymer chains can bind 

to numerous nanoparticle surface sites at the same time under the formation of different 

segments: 1) trains are built at the solid-liquid interface, 2) loops bond at both polymer ends, 

and 3) tails are only fixed at one polymer end on the nanoparticle surface.[31] Non-interacting 

groups are responsible for the occurrence of loops or tails, which could also be designed by 

end-capped polymers or block-copolymers.[32],[33] The thickness of the steric barrier can be 
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controlled by the length of trains, loops, and tails. However, the increase of the steric barrier 

with increasing polymer chain length is limited since very long polymer chains might fold back 

onto themselves, leading to flocculation.[31]  

 

Figure 2. Common non-covalent adsorption mechanisms onto substrate surfaces (Heinz et al.)[34]  and 

adsorption mechanisms of carboxylate ligands on titanium nanoparticles: a) physical adsorption, b) 

monodentate coordination, c) bridging chemisorption, d) chelating chemisorption. (Elbasuney et al.)[31] 

Various functional groups have been proven to bind and stabilize successful metal 

nanoparticles, such as carboxylic acids, thiols, amine, sulfonic, and phosphoric acids.[35] The 

ligands assemble on the nanoparticle surface via a covalent bond or non-covalent adsorption. 

A common example of covalent bonds is the thiol group bond onto a gold nanoparticle surface, 

but metal oxides can also be easily functionalized. The non-covalent adsorption mechanism 

includes ion exchange, ion pairing, and hydrogen bonding (Figure 2).[34] In the case of 

carboxylic ligands, monodentate coordination, bridging chemisorption or chelating 

chemisorption are also possible interaction modes.[31]     

1.1.3 Physicochemical Properties 

The choice of ligands determines the colloidal stability and function of nanoparticles, but the 

size, shape, and material or the inorganic nanoparticle core is responsible for the properties.[36] 

Metal and metal oxide nanoparticles feature unique properties, such as high reactivity, surface 

plasmon resonance, and superparamagnetism, based on their high surface area and quantum 

confinement (Figure 3).  
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Figure 3. Basic concept of the nanoparticle properties, such as plasmon resonance,[37] superparamagnetism,[38] 

and quantum confinement.[39] 

One essential property of nanoparticles is their high reactivity, which is linked to the 

nanoparticle size. As material size decreases, the number of unsaturated surface atoms 

increases. Unsaturated surface atoms possess incomplete bonding and, thus, enhance the 

density of dangling bonds on the nanoparticle surface. The incomplete bonding of the surface 

atoms increases the surface energy, resulting in a higher nanoparticle reactivity.[40] The 

reactivity further advances with declining particle size due to the increasing population of 

unsaturated surface atoms, especially nanoparticles below 5 nm showed distinct reactivity.[41] 

However, the nanoparticle shape also plays a crucial role. Polygonal-shaped nanoparticles 

possess active coordination sites at crystal edges, corners, and facets.[42] These coordination 

sites might affect the binding strength of reactants and intermediates and, thus, determine the 

reactivity and selectivity.[39],[43] In some cases, even catalytic surface reconstruction or refaceting 

occurs within the adsorption process.[44] Further influences on nanoparticle reactivity are 

capping agents,[45] solvents, supports,[42] or the integration of heteroatoms.[46] In addition to 

coordination surface atoms, quantum size effects are also suspected of manipulating 
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nanoparticle reactivity. However, the causation between size-dependent electronic properties 

and catalytic activity has not yet been proven.[39]     

Another attractive nanoparticle property is the occurrence of plasmon resonance. Nobel metal 

nanoparticles, such as gold or silver, possess high electron densities, which is a prerequisite for 

the preferential interaction with electromagnetic fields.[47],[48] These electrons can be defined as 

a negatively charged electron cloud displaced around the positively charged atom lattice.[49] 

Under the radiation of an electromagnetic wave, the electron cloud is displaced from its 

equilibrium state. For nanoparticles smaller than the excitation wavelength, the electron cloud 

is driven to the nanoparticle surface opposite to the direction of the electromagnetic field.[50] 

Since the electromagnetic field is described as a periodic wave with a certain frequency, the 

electron cloud is shifted from the nanoparticle surface side-to-side along with the frequency of 

the incoming electromagnetic wave.[51] This collective oscillation of the free electrons is defined 

as plasmons (Figure 3).[52] The plasmons can be considered as a mass-spring harmonic 

oscillator, where the mass is represented by the electron density and the spring constant is set 

by the coulomb restoring force between electrons and lattice atoms. The electron oscillation is 

time-limited due to electron gas confinements or structural imperfections causing energy 

loss.[47] The interaction between material and light can lead to either light scattering, adsorption, 

or near-field enhancement.[53] At present, the Mie theory is the main model for interpreting these 

optical phenomena.[54] Light scattering is provoked by the emission of light from the induced 

dipole at the same frequency as the incidental light but scattering in all directions. This is in 

contrast to absorbed light, which is converted to heat or crystal lattice vibration.[55] The plasmon 

resonance can be affected by the nanoparticle size, shape, and composition, as well as 

surrounding media.[56]  

The third outstanding property of metal nanoparticles is their magnetic behavior. Magnetism 

usually occurs in metal materials caused by their electrons and is defined as a response of 

magnetic materials to an applied magnetic field.[57] Five basic types of magnetism exist: 

diamagnetism, paramagnetism, ferromagnetism, ferrimagnetism, and antiferromagnetism.[58] 

Ferromagnetic materials, such as iron or iron oxides, are composed of small regions, which are 

called magnetic domains. These magnetic domains are a result of the balance of different energy 

terms. The energy for the alignment of all magnetic moments in the same direction counteracts 

the energy for the orientation of all magnetic moments along a specific direction, and the energy 

for elimination of the magnetization in the material.[59] Thus, the magnetic moments in each 

domain are aligned and oriented in the same direction, but the orientation of each domain is 
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different. Ferromagnetic materials commonly exist in multi domains with domain sizes of 

roughly 100 nm. Since these domains cannot split further into smaller domains, small 

nanoparticles may contain only a single domain.[38] The magnetic moment for very small 

magnetic nanoparticles fluctuates around the center axis of the magnetization until an external 

magnetic field is applied and leads to the fast alignment of the magnetic moments in the 

magnetic field. This phenomenon is defined as superparamagnetism and can occur below the 

blocking temperature.[60] The superparamagnetism can be measured by coercivity, which is the 

magnetic field required to bring the magnetization back to zero (Figure 3).[61]     

1.1.4 Fate and Safety 

Metal nanoparticles possess unique electronic, optical, and magnetic characteristics and, thus, 

nanoparticles composed of metals or metal oxides are the most widely used. These qualities 

facilitate technological development in different economic sectors, such as the automotive, 

biomedical, cosmetic, energy, and electronic industries.[62] The utilization of nanoparticles in a 

variety of economic sectors worldwide has led to annual nanoparticle production in high 

quantities. The highest global production quantities have been estimated for SiO2 

(5500 tons/year), TiO2 (3000 tons/year), and ZnO (550 tons/year).[63] The rising demand for 

nanotechnological products and applications has driven the value of the global market in this 

sector to $39.2 billion in 2016 and it is expected to reach $90 billion in 2021.[64] With the 

constantly increasing nanoparticle production and use, simultaneously, the possibility for 

nanoparticle escape into the environment increases as well. Diverse nanoparticle escape 

scenarios have already been identified, ranging from production to use to disposal.[65] Besides 

unintentional release, for example, from sunscreen,[66],[67] cosmetics,[68] paints,[69] 

clothing,[70],[71] and health-related applications,[72] nanoparticles are also intentionally released 

into the environment. Common examples of intentional release scenarios are the nanoparticle 

usage for remediation,[73] agriculture,[74] or water purification processing.[75] Nevertheless, both 

the intentional and unintentional release of nanoparticles has led to their emergence and 

accumulation in the environment.[76]  

Paints are a source of commercially applied nanoparticles, which consume 10–30 % of the total 

nanoparticle production.[77] Different publications have illustrated the release of titanium 

dioxide nanoparticles from facades and road markings. These external surfaces are exposed to 

weathering,[78],[79] leading to the degradation of the paint matrix followed by nanoparticle 

release with wind, water, or mechanical vibrations.[80] The extent of nanoparticle release is 

promoted by weathering circumstances, for example, more nanoparticles are released during 
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heavy rainfall,[81] or in the winter.[69] Azimzada et al. proved the release of 168 ±121 µg/m2 

titanium dioxide nanoparticles from facades during seven weeks in the winter.[69] However, 

road markings also might contribute to the titanium dioxide nanoparticle release at 150 µg/L 

and an estimated total discharge of titanium dioxide nanoparticles of at least 190 tons/year in 

the USA through urban runoff.[82]   

Nanoparticles are exposed to a variety of influences in the environment, which might have the 

ability to induce chemical, physical, or biological transformation.[83] Photochemical processes 

can occur under the exposure to sunlight, such as photodegradation, oxidation, or reduction. 

Furthermore, a broad range of different substances can interact with nanoparticles and trigger 

complexation, agglomeration, aggregation, sedimentation, or dissolution.[84] Biological 

processes also need to be considered, initiated by microorganisms, cells, and enzymes.[85]  

The human body comes into contact with commercial nanoparticles of different size, shape, 

oxidation state, ligands, and composition,[86] as well as with nanoparticles, which might already 

have undergone environmentally induced changes. The main uptake routes are via inhalation 

(respiratory tract), ingestion (gastrointestinal tract), or skin contact (dermal).[87] Once the 

nanoparticles have entered the human body, they are translocated through human barriers, 

interacting with the blood and lymphatic immune cells, and reaching secondary organs, such as 

the heart, liver, spleen, kidney, and brain.[88] All factors mentioned above affect the 

nanoparticles’ toxicity, but for a wide range of metal and metal oxide nanoparticles, in vitro 

and in vivo studies have indicated that exposure to nanoparticles could induce the production 

of reactive oxygen species (ROS), in sequence with inflammation and the subsequent damage 

of proteins, cell membranes, and DNA.[89]  

In addition to metal and metal oxide nanoparticles, another type of particle has attracted 

enormous attention in recent years: plastic micro- and nanoparticles.[90],[91] Plastics have 

generally been similar to nanoscience an essential driver for technological development and 

economic growth. Annual plastic production is continuously increasing, with roughly 

335 million tons of plastics in 2016[92] and, consequently, years of incorrect plastic waste 

management had resulted in massive pollution of the environment.[93] Plastics are often highly 

durable and persistent and, thus, do not degrade over years.[94] However, micro- and 

nanoplastics can be formed during mechanical and photo oxidative fragmentation.[95],[96] 

Particles formed as a consequence of plastic degradation under environmental factors are 

defined as secondary particles.[97] Primary plastics, by contrast, are commercially produced in 
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the micro or nano size range for certain applications,[98] such as personal care products,[99] or 

paints.[100]  

The major part of research has so far been conducted in the area of marine ecosystems.[101] 

Plankton, algae, and fish, as part of the marine ecosystem, have demonstrated possible uptake 

of micro- and nanoplastics followed by the accumulation of these particles along the food chain 

up to higher trophic levels. [102] This pathway might only be one eventuality regarding how 

nanoplastics might end up in the human diet.[103] Since human body is exposed to micro- and 

nanoplastics, potential material toxicity was investigated. Nanoplastics’ toxicity was proven in 

certain studies, which proposed effects similar to those of metal nanoparticles: production of 

ROS and translocation to other tissues, while their persistent nature renders their removal by 

the organism leading to chronic inflammation, increasing the risk of cancer.[104] The toxicity of 

metal nanoparticles and nanoplastics has recently been compared, demonstrating a higher 

toxicity effect for certain metal nanoparticles than for nanoplastics.[105] Both metal 

nanoparticles and micro- or nanoplastics might even interact with each other, creating a broader 

range of new influences on their toxicity, which need to be considered.[106] Nevertheless, long-

term effects of both metal nanoparticles and nanoplastics are still uncertain[107] and, thus, 

environmental remediation becomes an important issue.[108]  

Wastewater treatment plants have so far marked the end-of-life scenario of domestically used 

nanoparticles.[109] Different studies estimate the removal efficiency for metal nanoparticles 

range from very low removal efficiencies up to roughly 90 %,[110] similarly to nanoplastics.[111] 

The removal efficiency depends strongly on the combination of treatments applied.[112] 

Wastewater treatments can generally be distinguished into up to four treatment steps, which 

can be differentiated into physical, chemical, and biological methods (Figure 4).[113] However, 

mainly nanoparticles in the upper nanoparticle size range are removed. Therefore, the very 

small nanoparticles, which might possess even higher toxicity, still remain in the 

wastewater.[114] Another problem of metal nanoparticles in wastewater treatment plants are the 

antimicrobial properties of certain metals. Purification in wastewater treatment plants depends 

largely on the utilization of activated sludge, which is composed of diverse microorganisms. 

Thus, some metal nanoparticles might negatively affect the composition of the microorganisms 

and their efficiency for water purification.[115]  
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Figure 4. Classification of wastewater treatment methods.[113] 

Finally, some nanoparticles might reach wastewater treatment plants, whereas others are 

released directly into the environment or result as production wastewaters, which require 

additional purification methods. The most promising water purification technique is the 

utilization of filtration processes, particularly by utilizing electrospun nanofibers.[116] 

 

1.2 Electrospun Nonwovens 

 

The electrospinning technique is the main production method to obtain nanofibers due to its 

simple, cost-effective, and versatile setup.[117] The definition of the electrospinning process is: 

the continuous production of fibers from polymer solutions at an applied high electric field 

voltage.[118] The initial exploration was dated to 1888 by Boys,[119] followed by Cooley[120] and 

Morton,[121] who yielded the first electrospun fibers and patented the system. Formhals made a 

large number of highly significant contributions in the 1930s,[122] before Taylor mathematically 

modeled the conical geometry of the fluid droplet by the electrical field in 1969, which is known 

today as the taylor cone.[123],[124],[125] Since the late 1990s, the electrospinning technique has 

experienced a rapid increase in research and has been developed for a broad range of materials 

for various applications.[126]  
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1.2.1 Electrospinning Procedure 

Today electrospinning is performed in mainly two setups, vertical and horizontal, consisting of 

a spinneret, a collector, and a high voltage supply (Figure 5).[127] In the electrospinning process, 

a high voltage is applied at the spinneret, elongating the droplet into a conical shape, which is 

known as the taylor cone. A fine jet is ejected from the taylor cone when the critical voltage is 

reached and the electrostatic forces overcome the droplet surface tension.[128] Since the fine jet 

contains high charges, electrostatic repulsion will occur, leading to a series of whipping 

instabilities. The fine jet is stretched and the solvent evaporates before depositing on the 

collector.[129]  

Traditional electrospinning setups are designed for one component and can be run as a multi-

jet device.[130] For two or more components different approaches are possible. Components can 

be blended prior to the electrospinning if they exhibit suitable miscibility. Immiscible 

components can be electrospun side by side or in a coaxial setup (Figure 5).[131] Coaxial 

electrospinning can also be utilized for non-electrospinnable materials, such as low-molecular 

compounds. [132] 

Different parameters can affect the success of the electrospinning and determine the fiber 

morphology and diameter. The parameters can be subdivided into three categories: solution, 

processing, and ambient factors.[133] Typical solution factors are viscosity, concentration, 

surface tension, electrical conductivity, molecular weight, and solvents. Process parameters 

contain the voltage applied, flow rate, collecting electrode, tip-to-collector distance, and the 

diameter of the needle tip. Temperature and humidity are categorized as ambient factors. In the 

following, the impact of different parameters on the electrospinning process are discussed.[118]  

The polymer solution viscosity related to the solution concentration and polymer molecular 

weight determines the extent of the polymer chain entanglement. At very low concentrations or 

low molecular weight, polymer chains exhibit very low entanglement and, thus, micro or 

nanobeads will form instead of nanofibers. However, at a very high solution viscosity, clogging 

at the spinneret tip might occur and hinder further solution flow. Additionally, wide and flat 

ribbon-like fibers can result.[134] The solution conductivity, as one of the solution factors, 

affects the fiber diameter since the electrical conductivity in the droplet is essential for the 

formation of the taylor cone.[135],[136] 

The voltage applied, as one of the processing factors, is reasonable for the taylor cone 

formation. At a higher voltage, the taylor cone decreases and, thus, smaller, beaded fibers occur. 
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Similarly, beaded fibers can be obtained at a too high solution flow rate because the fine jet 

cannot properly be dried and elongated. In addition, a very short tip-to-collector distance 

prevents distinct elongation and, thereby, impacts the fiber diameter.[137]  

The ambient factor, including humidity and temperature, also influences the fiber diameter, 

since low humidity and high temperature facilitate fast solvent evaporation, inhibiting the fiber 

elongation.[116]    

 

Figure 5. Electrospinning setup with different nozzles and essential factors on the electrospinning process. 

 

Electrospun nanofibers possess some unique features and properties due to their fiber diameter 

and morphology: high porosity with interconnected voids, high surface area,[138] high aspect 

ratio,[139] surface functionality,[140] and high molecular orientation along the fiber axis.[141]  

1.2.2 Cross-linking Electrospun Fibers 

In contrast to the unique features and properties mentioned earlier, electrospun fibers often 

suffer from weak mechanical strength.[142] Polymer chain cross-links can be implemented to 

improve the fiber strength, which also prevent fiber swelling in good solvents. Cross-links can 

be obtained by chemical reactions. Poly (vinyl alcohol) fibers, for instance, can be cross-linked 

by glutaraldehyde, citric acid,[143] malic anhydride,[144] diisocyanate, etc. The chemical reactions 

can be executed at the electrospun fibers by dispersion in a reactive solvent mixture under acidic 

catalysis,[145] under thermal treatment,[146] enzymatic reaction,[147] or with reactive vapor.[148] 

Complex reactions have also been reported, such as converting carboxyl groups under the 

application of carbodiimide/hydroxysuccinimide systems into amides.[149]  
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Besides these wet-chemical treatments, plasma-[150] and photo cross-linking can also be utilized. 

Photo cross-linking possesses many advantages, such as spatio/temporal control under eco-

friendly conditions.[151] Photoinitiators are excited by UV-irradiation, causing radical formation. 

These radicals can abstract hydrogens from the polymer chain leaving polymer radicals behind. 

These polymer radicals can recombine under the formation of polymer chain cross-links 

(Scheme 3).[152] The photoinitiators can either be a low molecular compound,[153] which needs 

to be added separately to the reaction medium, or one such as benzophenone, which can be 

incorporated directly into the polymer backbone.[154]  

 

Scheme 3. Excitation and reaction pathway for UV-cross-linking with benzophenone.  

(Qu et al.)[152] 

The advantages of electrospun fibers have enabled potential applications in health/tissue, 

energy/sensor, catalyst/fuel cell, and environment/filtration issues.[155] Electrospun membranes 

have recently raised attention in the field of environmental remediation by filtration.  

 

1.3 Filtration 

 

In general, membranes are defined as a semipermeable barrier that separates two phases and 

moderates the retention or passage of substances across the membrane.[156] 

There is a large selection of membrane preparation techniques, such as phase inversion, 

interfacial polymerization, track-etching, stretching, and electrospinning. Phase inversion refers 

to a membrane preparation process involving immersing a polymer cast film into a non-solvent. 

Due to polymer immiscibility, membrane pores are produced with pore sizes in the micro-size 

range.[157],[158] In order to receive smaller pores, polymerization on the surface of a membrane 

support can be applied. This procedure is known as interfacial polymerization.[159],[160] Pores in 
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the lower nano-size range can be fabricated by track-etching, which is executed by exposure of 

a polymeric film to heavy metal ion irradiation.[161],[162] 

Another membrane fabrication technique is the preparation of fibers. Membranes can be 

prepared, for example, by melt-spinning followed by stretching, producing nano-sized pores in 

fiber tubes.[163],[164] In addition to melt-spinning electrospinning is also a versatile method for 

fiber preparation.  

1.3.1 Theoretical Background 

Membranes can be subdivided into two groups based on their structure: isotropic and 

anisotropic membranes (Figure 6). Examples of an isotropic membrane are microporous 

membranes and nonporous dense membranes. Microporous membranes can be characterized 

by a very uniform but physically heterogeneous structure, for example, containing randomly 

distributed, interconnected pores. The pores size varies between 0.01 and 10 µm and determines 

the size limit of particles which can pass the membrane. On the contrary, the separation 

mechanism for nonporous dense membranes is based on the solubility and diffusivity of the 

permeates in the membrane material. The molecules are transported through a dense film by 

diffusion, under the driving force of a pressure, concentration, or electrical potential gradient. 

An anisotropic membrane is not uniform in structure but combines two different layers. 

Exemplarily, the thin-film composite consists of a very thin dense and a thick porous 

layer.[165],[166]  

 

Figure 6. Microporous membranes and dense solution-diffusion membranes as examples for isotropic 

membranes, as well as thin-film composite[167] and loeb-soureirajan[168] as examples for anisotropic membranes 

(Baker et al.).[169] 
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The permeation mechanism needs to be distinguished for a microporous and a nonporous dense 

membrane. The two accepted mechanisms are the pore-flow and the solution-diffusion model. 

The pore-flow model is valid for microporous membranes and describes the permeate flow as 

a function of a pressure gradient across the membrane. The solution-diffusion model 

hypothesized the permeate transport along a concentration gradient across the membrane.[170] 

These two driving forces are expressed by Fick’s (Equation 1) and Darcy’s law (Equation 2): 

Fick’s law         𝐽𝑖 = −𝐷𝑖
𝑑𝑐𝑖

𝑑𝑥
      (1) 

Darcy’s law     𝐽𝑖 = 𝐾′ ∙ 𝑐𝑖
𝑑𝑝𝑖

𝑑𝑥
     (2) 

The permeate’s transfer rate 𝐽𝑖 is, according to Fick’s law, dependent on the diffusion 

constant 𝐷𝑖 and on the concentration gradient 
𝑑𝑐𝑖

𝑑𝑥
 for the pore-flow model. According to Darcy’s 

law, the permeate’s transfer rate for the solution-diffusion model is dependent on the 

constant K’, reflecting the nature of the medium, the permeate concentration 𝑐𝑖, and the pressure 

gradient 
𝑑𝑝𝑖

𝑑𝑥
.[169] 

The flux across the membrane – not only for porous but also for dense membranes – is 

dependent on the individual pore size. Poiseuille’s law (Equation 3) relates the flux J  to the 

pore size d and the pressure gradient ∆𝑝. The number of pores N and the pore size can be 

replaced by the membrane porosity 𝜀. Furthermore, the pore length l and the solvent viscosity µ 

influence the permeate flux.[169] 

Poiseuille’s law     𝐽 = 𝑁 ∙
𝜋∙𝑑4

128∙𝜇∙𝑙
∙ ∆𝑝 =

𝜀∙∆𝑝

32∙𝜇∙𝑙
∙ 𝑑2   (3) 

The pore size further defines the field of membrane application. Membranes are subdivided by 

their pore size into four main categories: microfiltration, ultrafiltration, nanofiltration, and 

reverse osmosis (Figure 7).[171] 

1) Microfiltration is suitable for the removal of particles and finely suspended solids 

with a minimum size 100 nm. It is applied for liquid clarification and sterile 

filtration. The operating pressure range is 1–4 bar. [171],[172],[173] 

2) Ultrafiltration bridges the gap between particle and molecule filtration. Fine 

particulates, such as viruses, small molecules and enzymes, can be filtered in the 

size range of 4–100 nm. The operating pressure is in the range of 5–10 bar. [171] 
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3) Nanofiltration is applied for the separation of small organic molecules, such as 

synthetic dyes and antibiotics, and large ions in the size range of 1.2–12 nm. The 

pressure under operation is 20–40 bar.[171],[174],[175] 

4) Reverse osmosis is used for molecule and salt rejection in desalination processes. 

The size range for rejected permeates is 0.5–1.5 nm. The filtration process is 

performed at high pressures of 30–60 bar.[171],[176],[177] 

 

Figure 7. Schematic representation of the predominant theoretical model dependent on the pore size  

 (Baker et al.).[169] 

Microporous ultrafiltration and microfiltration membranes separate by either surface filtration 

or depth filtration (Figure 8). In the case of surface filtration, particles are captured on the 

membrane surface because membrane pores are too small for passage. Thus, cake formation 

takes place.[178] Surface filtration usually occurs at anisotropic membranes with fine 

porous/dense upper layers or ultrafiltration membranes. Microfiltration membranes possess 

larger pores, which can be entered by permeates. The process of particle separation in the 

interior of the membrane is defined as depth filtration. Different particle capture mechanisms 

can occur here.[169] 

1) Sieving: Large particles are captured in pores, which are smaller than the average pore 

diameter.  

2) Inertial: Relatively large particles cannot follow the fluid flow lines come into contact 

with the membrane material and are captured. 
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3) Brownian Motion: Small particles mainly follow the fluid flow lines but are also 

exposed to diffusion and, thus, come into contact with the membrane material where 

they are captured.   

4) Electrostatic adsorption: Charged particles can be attracted and adsorbed by oppositely 

charged membrane surfaces. [169],[179],[180] 

 

Figure 8. Scheme for surface and depth filtration membranes with filtration mechanisms: Electrostatic, 

Brownian motion, inertial, and sieving (Baker et al.).[169] 

Regarding the structure-based and interaction-based filtrations, the filtration efficiency 𝜂 

(Equation 4) can be determined from the start concentration 𝑐𝑠 and the end concentration 𝑐𝐸 

of particulate matter.[181] 

𝜂 =
𝑐𝑆−𝑐𝐸

𝑐𝑆
∙ 100 %     (4) 

A high filtration efficiency is greatly desired, but even though many efforts have been made to 

create advanced filtration materials, the trade-off relationship between the filtration efficiency 

and the pressure-drop has not yet been overcome.[182] The drop in pressure originates from the 

flow resistance by the filter media and determines the energy required to purify environmental 

media. Low drops in pressure are achieved by wide open pore structures, which contradict high 

filtration efficiencies for common structure-based membranes. This trade-off can be condensed 

in the quality factor QF (Equation 5).[183] 

𝑄𝐹 = −
ln (1−𝜂)

Δ𝑃
     (5) 
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The quality factor is dependent on the filtration efficiency 𝜂 and the drop in pressure Δ𝑃. The 

latter is influenced by several factors, such as the fiber packing density,[184] fiber diameter, filter 

thickness,[185] and materials’ hydrophilicity.[186],[187] The pressure drop was intended to be 

adjusted by utilizing hybrid materials,[188] stacking layers of electrospun membrane,[189] or 

membrane morphologies.[190] By contrast, the filtration efficiency can be enhanced by 

interaction-based membranes, which are preferably designed for advanced filter materials to 

outperform these drawbacks.[191]  

In addition to filtration intended, aqueous samples often contain a variety of additional 

substances. The accumulation of undesired deposits on the membrane surface or inside the 

membrane is known as membrane fouling.[192] In the fouling process, particles larger than the 

membrane pores block the membrane surface sterically. An additional layer on the membrane 

is formed, also known as the cake layer, prohibiting the unhindered solvent flow. Thus, the 

membrane resistance is increased, resulting in a decline of flux. In addition, the adsorption of 

small molecules or particles on the membrane surface or in the membrane pores reinforces 

membrane resistance. Adsorbed molecules and particles also modify the membrane surface 

properties impacting filtration performance.[193]  

Fouling can be classified into bio-, organic, inorganic, and colloidal fouling.[192] Biofouling is 

provoked by the adhesion and proliferation of microorganisms on the membrane surface. The 

biofilm is composed of bacteria and their excreted extracellular polymeric substances.[194] 

Organic fouling includes the deposition of humic substances, polysaccharides, proteins, lipids, 

amino acids, and cell components, also defined as natural organic matter.[195],[196] However, 

inorganic salts can also deposit on the membrane surface if the equilibrium solubility is 

exceeded or the permeate is supersaturated, which is known as inorganic fouling.[197] In the case 

of colloidal fouling, both organic or inorganic substances as colloids can be captured on the 

membrane surface.[198]  

The physicochemical interactions between foulants and membrane are characteristic for all 

types of fouling. The membrane functional groups enable the attraction of foulants by 

electrostatic forces, hydrogen bonding, and Van-der-Waals forces.[199] The binding strength is 

determined by the specific interaction and can be enhanced further by morphological properties. 

Membrane morphology, including the pore size distribution, surface roughness, and porosity, 

influence the hydrodynamics and, thus, the accumulation of foulants on the membrane 

surface.[193] 
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Industrial applications of membrane filtration require low operating costs, which can be realized 

by prolonging the membrane lifetime. Membrane fouling shortens the membrane lifetime but 

can be reversibly removed by frequent cleaning procedures.[200] In addition to physical cleaning 

by back-flushing practices or ultrasound, different chemical cleaning methods can also be 

applied.[201] Acidic or alkaline rinsing steps can hydrolyze or dissolve contaminants. Persistent 

contaminants can be removed by oxidizing agents, which also act as disinfectants.[202] Metal 

ions are eliminated by complexation, particles can be detached with tensides, and proteins or 

fatty acids can be disintegrated by enzymes.[203]   

The membrane material might be partly degraded with every cleaning procedure, and the 

original membrane properties, such as surface charge, are affected.[204] Thus, scientific research 

is focused on the development of different membrane materials with low-fouling and high-

performance properties.    

1.3.2 Materials for Filtration 

Membrane fouling has been correlated by researchers to membrane materials’ 

hydrophobicity.[205] Thus, various techniques have been developed to improve the membrane 

surface chemistry and membrane properties.[206] 

Modification techniques can be divided into subsequent treatment after electrospinning or 

simultaneous incorporation of materials to alter the fiber surface properties.[207] An example of 

a subsequent treatment method is plasma treatment, which generates hydroxyl, carboxyl, 

amino, or carbonyl groups on the surface by a reaction with reactive gases.[208] Further reactions, 

such as aminolysis or hydrolysis, can be can be applied as wet-chemistry modifications,[207] or 

grafting-from/-to methods.[209],[210] Another well-known technique is surface blending. Here, 

nanomaterials and other polymers with desirable properties can be simultaneously incorporated 

into the electrospinning solution in a blending step.[211]  

A wide range of different nanoparticles, such as copper oxide,[212] titanium dioxide,[213] zinc 

oxide,[214] and silver,[215] have already been implemented in electrospun membranes. The 

implementation can be reached by blending polymer and nanomaterials prior to the 

electrospinning process, but also by utilizing precursors and coaxial electrospinning or post-

treatments on the fiber surface.[216] However, these methods cannot completely secure the even 

dispersion of nanomaterials in or on the nanofiber.[217] Nevertheless, the resulting composite 

materials combine the material advantages, for example, the physicochemical stability of 

ceramics with the easy formation of polymeric materials.[218] Additionally electrospun 
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membrane properties are enhanced by superb hydrophilicity or hydrophobicity, depending on 

the nanoparticles’ characteristics. Even Janus-type membranes have been prepared by utilizing 

nanoparticles, changing the fiber surface chemistry.[219] Apart from surface roughness due to 

nanoparticles,[220],[221] chemical differences on the surface improve the chemical resistance and 

withstand harsh conditions.[222] Thermal resistance is also enhanced by nanoparticle-polymer 

interactions and mechanical properties increase significantly.[142],[223] 

These remarkable advancements of properties by the incorporation of nanoparticles can also be 

realized or even outperformed by two-dimensional carbon materials.[224] Carbon-based 

materials possess excellent mechanical strength, thermal conductivity, and electrical and anti-

corrosive properties.[225],[226],[227] Furthermore, graphene can easily be functionalized by 

introducing functional groups[228] or doping with heteroatoms by converting to graphene 

oxide.[229] Graphene oxide can be introduced to electrospun membranes by its addition in 

powder form,[230] whereby adhesion can be improved by thermal treatment.[231] Moreover, the 

thermal treatment of poly acrylonitrile (PAN) fibers leads to the carbonization of electrospun 

fibers.[232] Besides the addition of graphene sheets, special frameworks such as carbon 

nanotubes can also be built by rolling up graphene into hollow cylinders.[233] Carbon nanotubes 

were introduced to electrospun membranes by cross-linking on hollow fiber surfaces,[234] or via 

sandwich-like electrospun fibers/carbon nanotube composites.[235] Applications in membrane 

filtration systems utilizing the electrochemical properties of carbon nanotubes for water 

remediation show their outstanding performance for future-oriented applications.[236] 

The combination of metals and carbon-based three-dimensional materials as secondary building 

units are also known as metal-organic frameworks.[237] The latter have already been introduced 

as adsorbents on electrospun membranes in the field of wastewater treatment applications[238] 

due to their easy preparation, tunable pore size, ability to be modified and large surface area.[239] 

However, up to now, they are still suffering from disadvantages of weak recyclability, complex 

operating processes, and potential secondary pollution.[240] 

Wettability for low fouling tendencies, excellent mechanical properties, and high filtration 

performances are major research goals for the application of electrospun membranes in 

filtration setups.[241],[242] However, these days, more than scientific questions determine research 

requirements because global issues, such as climate change, impact public priorities and 

research orientation.[243] Thus, biobased or biodegradable materials have been developed for 

several applications, for example, filtration membranes. 
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Figure 9. Cellulose, alginate, and chitosan as examples for biopolymers.  

Images are taken from internet source. [244],[245],[246]    

Biopolymers derive from renewable sources, such as wood, plants, crabs, and shrimps (Figure 

9).[247] The most abundant and intensively researched biopolymers are cellulose, chitosan, 

alginate, and lignin, besides a variety of other different existing biopolymers: silk, bovine serum 

albumin, collagen, soy protein, etc.[248] Their main advantages apart from their natural 

availability, are the ease of chemical modification, mechanical and chemical stability, 

biocompatibility, non-toxicity, disinfection capacity, and biodegradability.[249],[250] Thus, 

researchers are interested in utilizing these biopolymers for different applications. 

Electrospinning is a promising method for processing but faces different limitations. 

Biopolymers often suffer from limited solubility, which is caused by their polyelectrolytic 

nature, rigid intra- and intermolecular hydrogen network, and high gelation tendency.[251] 

Hence, biopolymers cannot be processed alone and need to be blended with other 

polymers.[252],[253] Nevertheless, their broad multiplicity of functional groups, such as hydroxyl, 

amino,[254] or carboxylic,[255] and their polyelectrolyte character enable applications in 

membrane filtration systems for the adsorption of heavy metal ions[256], dyes,[257] or 

antimicrobial filtration systems.  

1.3.3 Filtration of New Pollutants 

Membrane filtration is utilized in a vast field of different applications. This chapter is intended 

to provide a brief overview of the most promising membrane applications for future directions. 

A major challenge in underdeveloped countries is water scarcity and the provision of clean and 

safe drinking water. Water disinfection can be achieved by filtration with antimicrobial 
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membranes,[258] but membrane biofouling remains a major limiting factor.[259] Besides 

antibacterial water filtration technologies, membranes can also be applied for air disinfection. 

Indoor air quality can be severely limited when heating, ventilation, and air conditioning 

systems are in use. Microbial growth cannot often be inhibited on these components, 

distributing microbes with the airflow.[260] A major focus shifted recently to the filtration of 

virus, such as SARS-CoV-2-contaminated air, expressing the urgent need for sufficient air 

filtration systems.[261]   

Antimicrobial systems can generally be differentiated into release- and contact-killing 

methods.[262] A prominent example of release-killing products are silver nanoparticles. These 

nanoparticles are often added to a variety of products to increase their antimicrobial properties 

by gradually releasing toxic silver ions.[263] Silver nanoparticles can be loaded onto electrospun 

membranes by different techniques, such as immersing-coating, electrospray-coating, or in-situ 

loading.[264] The disadvantage of these systems might be the non-controlled substance release, 

which might also impact systems other than the target. By contrast, the contact-killing of 

microbes is restricted to the inevitable contact of microbes with a specific surface.[265] Contact-

killing can be introduced by membrane-surface modifications with antibacterial agents, such as 

quaternary ammonium compounds, carbon nanomaterials, or photoactive agents.[262] Cationic 

polymers with quaternary amine functionalities act as antibacterial compounds due to their 

capability of bacteria adsorption.[266] Contact of quaternary amines with bacteria cell walls lead 

to the destruction of cell integrity and loss of nutrients, leading to cell death.[267],[268] Carbon 

nanomaterials, such as carbon nanotubes, graphene oxide, or fullerenes, also show 

antimicrobial effects.[269],[270]  

A variety of antimicrobial systems have been developed, but abuse and misuse have led to the 

emerging phenomena of antibiotic resistance.[271] The permanent low concentration of 

antibiotics may cause irreversible change to microorganisms, leading to antibiotic resistance.[272] 

Antibiotics as part of pharmaceuticals and personal care products are produced and consumed 

in high quantities worldwide.[273] Since the human body does not completely consume the drugs 

taken, excess and metabolites pass through the digestive system and enter wastewater.[274] 

Emerging contaminants, such as pharmaceuticals, are frequently detected in the aquatic 

environment around the world, indicating the lack of current treatment technologies.[275] 

Electrospun membranes can be applied for the successful separation of emerging contaminants. 

Ibuprofen, for example, was removed by a chitosan/polyethylene glycol nanofibrous 

membrane,[276] and fluoxethine can be adsorbed by lignin nanofibers.[277] Separation was often 



1. Introduction and State of the Art   

 
30 

 

achieved by the electrostatic attraction of charged pharmaceuticals or steric hindrance.[278],[279] 

Additionally, metal organic frameworks,[280] or proteins[281] immobilized on electrospun 

membranes were shown to be highly efficient in water purification. Immobilized proteins 

demonstrated a new class of filtration techniques based on superior interaction with emerging 

pollutants by complex-formation at the protein-active site.[282] One of these advanced filtration 

techniques is the advanced oxidation process.  

The most intensively studied class of advanced oxidation processes is photocatalysis. An 

electrospun membrane combining membrane filtration with photocatalysis in a single unit is 

utilized for wastewater treatment[283] and air filtration.[284] Photocatalysis is based on electron 

excitation by irradiation of the membrane with light. An electron crosses over from the valence 

band to the conduction band by photon adsorption.[285] The electron hole formed further reacts 

with oxygen and hydroxyl groups in water, generating various ROS.[286] Hydroxyl radicals, as 

highly reactive oxygen species, can react with organic pollutants, such as pharmaceuticals, 

through three main mechanisms: 1) hydrogen abstraction, leading to the formation of carbon-

centered radicals, 2) electrophilic addition to double bonds, or 3) electron transfer reactions.[287] 

The high oxidizing capabilities of ROS enable the conversion of organic pollutants to harmless 

species, probably even CO2 and H2O.[288] Thus, the formation of the cake layer on the membrane 

surface during the filtration procedure and pore blocking is avoided.[288] In addition, low fouling 

tendencies, even self-cleaning abilities have been reported.[289] Due to these outstanding 

properties, photocatalytic membrane filtration has become a hot research topic.[290] So far, the 

focus has been on the utilization of TiO2 nanoparticles.[291] However, electrons of TiO2 

nanoparticles can only be excited by UV light. The trend recently developed regarding the 

implementation of materials, which showed photocatalytic activity under visible light.[292] 

Prominent examples are metal-doped TiO2 nanoparticles,[293] FeOOH-based systems[294] and 

g-C3N4.[295]  

1.3.4 Affinity Separation 

In addition to microbes, viruses, or pharmaceuticals, also ions, dyes, and particulate shaped 

contaminates have attracted enormous attention and diverse purification methods have been 

developed to remove these contaminates from environmental media. Carbohydrates, such as 

chitosan, are excellent natural adsorbents for heavy metal ions and dyes,[257] which are 

associated with pollution, toxicity, and adverse effects on the environment and biota.[296],[297],[298] 

Heavy metal ions and dyes can be filtered from wastewater by adsorption, which is considered 

to be the most favorable method because it possesses high energy efficiency, is simple, and a 
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fast approach.[299] Adsorption is based on the interaction of a contaminant with a chemically 

active binding site on the membrane, which can be provided by functional groups. The type and 

number of functional groups control the success of contaminant adsorption.[300],[301] Nitrogen 

atoms in the amino functional group, for example, are a strong electron donors adsorbing metal 

ions by chelation or electrostatic interaction. Carboxylic groups and sulfhydroxyl groups, or 

phosphorus compounds also have the ability to interact with metal ions and dyes.[302] A wide 

variety of electrospun membranes with different functionalities have been reported for heavy 

metal ion and dye filtration.[257],[303]  

A new field has recently been established focusing on the removal of metal nanoparticles from 

wastewater. Only a very few publications have demonstrated metal nanoparticle separation by 

electrospun membranes. Exemplarily, AuNP, AgNP, and TiO2 NP were filtered from aqueous 

systems by electrospun carbon nanofiber nonwovens.[304] The AuNP (20 nm) were filtered with 

efficiencies up to 95%, AgNP (20 nm) up to 98%, and TiO2 NP (10–15 nm) up to 94%. The 

batch filtration has been also applied for AuNP and AgNP using electrospun poly(vinyl alcohol) 

(PVA) membranes with chemically modified surface hydroxyl groups (thiols and amines).[305] 

In addition to metal nanoparticles, nanoplastics have also emerged as a potential candidate for 

affinity separation. Enfrin et al. demonstrated the potential fouling on polysulfone ultrafiltration 

membranes by polystyrene nano- and microplastics, featuring a rejection of 25%.[306] Up to 30% 

rejection of polystyrene nanoparticles (300 nm) by PVA/PAN membrane was determined by 

Liu et al.[307] Both filtration efficiencies were outperformed by a PAN membrane coating with 

polyethylene imine (PEI) and polyacrylic acid in a layer-by-layer assembly rejecting 89% – 

99% of polystyrene (50, 100, and 500 nm).[308] PEI coated electrospun membranes from 

cellulose also demonstrated high adsorption efficiencies of polyvinyl chloride (PVC), 

polymethyl methacrylate (PMMA), and polyvinyl acetate (PVAc) (> 98%) nanoparticles.[108] 
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2. Synopsis 

Research on the topic of the doctoral thesis led to the preparation of four publications. Two of 

these publications have already been published (publication 1, 2; chapter 2.3, 2.4) and two are 

submitted (publication 3, 4; chapter 2.5, 2.6).  

2.1 Aims and Strategy 

Nanoparticles possess unique features and properties, which can improve the characteristics of 

various products.[62] Thus, they are incorporated frequently into diverse products resulting in 

rising production quantities.[63] Their production, usage, or disposal might lead to nanoparticle 

release into the environment and worldwide distribution.[65],[76] Organisms, animals, and human 

beings might be unintentionally exposed to these nanoparticles causing potential adverse effects 

on health.[86] Thus, a demand might arise for the purification of nanoparticle-contaminated 

environmental media. So far, no filtration systems have been used commercially, which 

specifically address nanoparticles. Hence, nanoparticles disturb common wastewater treatment 

and might not be filtered sufficiently.[110],[111],[115]  

In this thesis, the prospective problem was addressed by utilizing electrospun membranes. 

These membranes should be prepared by electrospinning, a facile method to obtain a highly 

functional material with beneficial properties. Electrospun membranes exhibit a high surface 

area, high porosity, and can be functionalized easily.[138],[140] Media can pass through the 

membrane in flow filtrations, enabled by the membranes’ porous structure, and come into 

contact with the high membrane surface area, where contaminates can be adsorbed. The 

objective of this thesis is to provide electrospun membranes which successfully remove 

nanoparticles from aqueous media by affinity filtration. The affinity filtration facilitates 

desirable high permeate flow and low pressure drops by micro-sized pores and provides high 

filtration efficiencies due to specific adsorption mechanisms.[309] The in-depth understanding 

of nanoparticle-membrane interaction is essential to design membranes for the simultaneous 

filtration of nanoparticles which are different in material, size, and ligands. Membrane 

regeneration also needs to be investigated, because it is an essential goal in terms of 

sustainability and costs to prolong the lifetime of electrospun membranes in the field of 

filtration. Finally, studies on systems in daily life need to be considered to demonstrate the 

excellent filtration performance for commercial applications.   
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2.2 Overview of the Thesis 

The objective of this thesis was to successfully remove nanoparticles from environmental media 

by utilizing electrospun membranes. This thesis describes the establishment and development 

of new filter materials and the detailed investigation of the filtration process in the new research 

field of nanoparticle filtration. Furthermore, wall and ceiling paints, as an example of systems 

in daily life containing nanoparticles, were chosen to prove the successful implementation of 

electrospun filter materials for applications in daily life. The significance of research into the 

filtration of paints was emphasized by toxicity tests with paint compounds on biological 

systems. 

 

Figure 10. Table of contents image of the doctoral thesis.  

This development path can be subdivided into four chapters (Figure 10), which have formed 

the basis for four publications, which are described briefly in the following:  

The first publication (chapter 2.3) describes the polymer synthesis, membrane preparation and 

characterization which represent the basis for the following work. The membrane 

characterization focused on the investigation of parameters affecting the drop in pressure and 

elaborates correlations and the importance of the parameters. The filtration of gold 

nanoparticles was also reported.  
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This is followed by the second publication (chapter 2.4), which considers the filtration of gold 

nanoparticles of different sizes, and with different ligands, and expands the filtration model to 

a variety of metal and metal oxide nanoparticles. General filtration mechanisms were proposed 

which paved the way for the design of a new membrane for the filtration of nanoparticle 

mixtures. Finally, membrane regeneration has been successfully conducted to improve the 

membrane lifetime and, thus, the sustainability of the filter. 

After the in-depth investigation of filtration principles, the know-how acquired was 

implemented in the third publication to systems of daily life (chapter 2.5). Here, paints were 

chosen as an example of a nanoparticle source used commercially. The paint mixtures were 

separated and their size, shape, and composition were analyzed. To prove the potential adverse 

effects of these paint fractions on biological systems, Daphnia magna and cell cultures were 

exposed to the paint fractions. These experiments supported the previous evaluation of 

nanoparticle toxicity in literature, expanded the nanoparticle research to real systems and 

brought up concerns about dispersed polymers in environmental media.  

The evaluation of toxicity on biological systems in surface waters demonstrated the urgent need 

for sophisticated water purification systems, such as electrospun membranes. Therefore, in the 

fourth publication (chapter 2.6), the filtration of paints with the electrospun membranes 

prepared was tested and the transfer of the abstracted filtration principles of the former studies 

to real systems could be demonstrated.  
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2.3 Preparation and Performance Assessment of Low-Pressure Affinity 

Membranes Based on Functionalized, Electrospun Polyacrylates for 

Gold Nanoparticle Filtration 

A.-K. Müller, Z.-K. Xu, A. Greiner, ACS Appl. Mater. Interfaces, 2021, 13, 13, 15659-15667. 

Full article (chapter 3.1) and figures printed with permission of ACS Appl. Mater. Interfaces. 

 

 

Figure 11. Table of contents image of publication (1). 

 

2.3.1 Contribution to Joint Publications 

I did the polymer synthesis, characterization (nuclear magnetic resonance (NMR), infrared 

spectroscopy (IR)), and preparation of electrospun membranes. Size exclusion chromatography 

(SEC) measurements were performed by Rika Schneider (Technician, Macromolecular 

Chemistry II, University of Bayreuth). I characterized the electrospun membranes by contact 

angle, water uptake, fiber diameter, decrease of pore size, and tensile stress. The apparatus for 

pressure drop measurements was kindly provided by the Macromolecular Chemistry I 

(University Bayreuth), where I performed the said measurements. I synthesized the gold 

nanoparticles and conducted the filtration tests, as well as the evaluation of the filtration by 

UV/Vis, asymmetric flow field flow fractionation (AF-FFF), IR, and scanning electron 

microscopy (SEM). Inductively coupled plasma optical emission spectroscopy (ICP-OES) 

measurements of the filtrates and transmission electron microscope (TEM) measurements of 

the gold nanoparticles were done by Carmen Kunert (Technician, Macromolecular Chemistry 

II, University of Bayreuth). 
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I wrote the manuscript and prepared all figures. Prof. Greiner supervised the project and 

provided support for writing the manuscript. Prof. Greiner and Prof. Xu (Professor, University 

of Zhejiang) gave valuable feedback and corrective recommendations on the manuscript. 

2.3.2 Summary and Discussion 

Nanoparticles are prone to escape into the environment, because they are applied and produced 

in high quantities (chapter 1.1.4). Metal and metal oxide nanoparticles are most frequently 

produced and might end up in surface waters. Since their potential toxicity is not completely 

known, an urgent need for the purification of nanoparticle-contaminated water has become 

apparent. Due to the rare number of earlier works in literature, publication (1) should be part of 

establishing a new research field and help to gain more insights into filtration mechanisms. 

Membranes with various functional groups, as possible nanoparticle adsorption sites, were 

prepared in different molar ratios because no relation between membrane properties and 

nanoparticle adsorption was published. Furthermore, the membranes were intended to be used 

for flow-mode filtrations to enable water purification to be carried out faster than comparable 

batch adsorption methods. Since membrane applications often suffer from high pressure drops 

(chapter 1.3.1), main influences on the pressure drop were determined. An overview of the 

content of publication (1) is given in Figure 11. 

Polymer Synthesis 

Acrylate-based copolymers were synthesized in various compositions by free-radical 

copolymerization with the functional groups: 4-vinyl pyridine (Pyr), N-isopropyl acrylamide 

(NIPAM), acrylic acid (AA), and dimethyldecyl ammoniumethyl methacrylbromide (Nplus). 

Those groups were chosen because they might interact with nanoparticles by free electron pairs, 

hydrogen bonding, coordination or chelation, or electrostatic interaction (chapter 1.1.2). The 

copolymers were synthesized with high molecular weights to facilitate the electrospinning 

procedure.  

Membrane Properties 

The copolymers were electrospun and UV cross-linked. The photo cross-linking was enabled 

by the benzophenone unit, which can be excited by UV light under the formation of radicals. 

Those radicals recombine and lead to polymer chain cross-links (chapter 1.2.2). These cross-

links improve the resistance of fiber swelling in aqueous media, and enhanced the mechanical 

stability in the filtration process. The fiber swelling was evaluated by the water uptake of the 
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membrane, the fiber diameter, and the decrease in pore size. All parameters demonstrated the 

low swelling tendency after cross-linking. The cross-linked membranes were then tested for 

their drop in pressure under water flow conditions. The pressure drop was correlated to 

membrane properties and illustrated a declining dependence from pore size to mechanical 

stability to hydrophilicity.  

Nanoparticle Filtration 

Gold nanoparticles were synthesized by the chemical reduction method (chapter 1.1.1) and the 

filtration was tested with the cross-linked membranes. Only membranes with the Pyr and Nplus 

functional groups were able to adsorb gold nanoparticles on the membrane surface, which was 

proven by ICP-OES, AF-FFF, and UV/Vis. Membranes were investigated with SEM after gold 

nanoparticle filtration. The SEM images showed gold nanoparticles only on the Pyr and Nplus 

membrane surface (Figure 12). The Pyr functional group can interact with the gold 

nanoparticles by the free electron pair and the Nplus functional group can attract gold 

nanoparticles by electrostatic interaction. Furthermore, the number of functional groups 

implemented in the copolymer was reasonable for the filtration efficiency. The number of 

functional groups correlates with the number of nanoparticle adsorption sites. Hence, a higher 

number of functional groups leads to higher filtration efficiencies.  

 

Figure 12. SEM images after gold nanoparticle filtration with electrospun membranes composed of the 

functional groups A) NIPAM, B) AA, C) Pyr, D) Nplus. 
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2.4 Sustainable Electrospun Affinity Membranes for Water Remediation 

by Removing Metal and Metal Oxide Nanoparticles 

A.-K. Müller, Z.-K. Xu, A. Greiner, ACS Appl. Polym. Mater., 2021, 3, 11, 5739-5748.  

Full article (chapter 3.2) and figures printed with permission of ACS Appl. Polym. Mater. 

 

 

 

Figure 13. Table of contents image of publication (2). 

 

2.4.1 Contribution to Joint Publications 

I synthesized and characterized the gold, silver, titanium dioxide, copper oxide, zinc oxide, and 

iron oxide nanoparticles (DLS, AF-FFF). I also executed the filtration and regeneration 

experiments. I analyzed the filtrates by AF-FFF and UV/Vis and took the SEM images of the 

filter materials. The zeta sizer for zeta potential measurements was provided by Physical 

Chemistry II from the University of Bayreuth. TEM images and ICP-OES measurements of the 

nanoparticles were done by Carmen Kunert (Technician, Macromolecular Chemistry II, 

University of Bayreuth).  

I wrote the manuscript and prepared all figures. Prof. Greiner supervised the project and 

supported writing the manuscript. Prof. Greiner and Prof. Xu (Professor, University of 

Zhejiang) reviewed and corrected the manuscript.    
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2.4.2 Summary and Discussion 

In the publication (1) (chapter 2.3) the successful filtration of gold nanoparticles was 

demonstrated.  However, metal oxide nanoparticles are produced in much higher amounts than 

gold nanoparticles, and show a greater relevance for escape into the environment. Thus, 

publication (2) focused on the filtration of metal oxide nanoparticles. To improve the in-depth 

understanding of filtration, the impact of parameters, such as the functional group, particle size, 

and particle ligands, on the filtration efficiency were investigated. Since it can be expected, that 

nanoparticles might appear as mixtures in the environment, a combi membrane was provided, 

which was able to filter the different nanoparticles in one step. Additionally, I was aiming to 

increase the membrane lifetime and, thus, increase the sustainability of the filtration process by 

membrane regeneration (chapter 1.3.1). A short overview of the content of publication (2) is 

given in Figure 13. 

Impact of Nanoparticle Size 

Gold nanoparticles with different sizes were prepared by the particle growth mechanism in the 

size range of 26–159 nm. The filtration was successfully performed with the Pyr and Nplus 

membrane, which evidenced lower filtration efficiencies for nanoparticles below 30 nm. A 

lower filtration efficiency might be a consequence of a higher particle number but also a higher 

ratio between the particle and pore size. Since nanoparticles especially in the size range below 

20 nm are expected to impact biological systems, the focus of all following experiments were 

on nanoparticles under 20 nm.  

Filtration of Metal Oxide Nanoparticles 

Metal oxide nanoparticles, such as copper oxide, zinc oxide, iron oxide, and titanium dioxide, 

were synthesized for example, by co-precipitation and sol-gel methods (chapter 1.1.1) with 

particle sizes below 20 nm. The filtration was conducted with the four different membrane 

functional groups but only the NIPAM and AA membrane were able to adsorb the metal oxide 

nanoparticles.  

The nanoparticle behavior is significantly influenced in the environment by different factors for 

example, ligands. Polyvinyl pyrrolidone (PVP), trisodium pyrophosphate, or sodium citrate 

were chosen to represent model ligands for typical natural organic or inorganic matter. These 

ligands interact with the nanoparticle surface and change their particle size and zeta potential. 

The change in zeta potential was reflected by a different filtration behavior.   
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 Filtration Principles 

Gold or silver nanoparticles possess negative zeta potentials and can both be filtered by the 

positively charged Nplus membrane (Figure 14A). The metal oxide nanoparticles featured a 

positive zeta potential and were filtered by the NIPAM and AA membrane. By the addition of 

model ligands, such as pyrophosphate or citrate, to the metal oxide nanoparticles the zeta 

potential was changed to negative, resulting in a relieved nanoparticle filtration by the Nplus 

membrane (Figure 14B). 

Thus, two combinations showed potential in nanoparticle filtration: negative charged 

nanoparticles/ Nplus membrane, positively charged nanoparticles/ AA membrane.  

 

Figure 14. Filtration efficiency dependent on the membrane type and zeta potential of the A) metal and metal 

oxide nanoparticles and B) the ligand. 

 

Filtration of Nanoparticle Mixtures and Membrane Regeneration 

The suitability of the membranes prepared for applications in systems in daily life was 

evidenced by the filtration of nanoparticle mixtures and membrane regeneration. The metal and 

metal oxide nanoparticles were combined in a mixture and filtered by a membrane combining 

the Nplus and AA functional groups in one membrane. The Janus-type membrane successfully 

filtered the nanoparticles without preferring any nanoparticle material. The nanoparticle-loaded 

membranes were easily regenerated by rinsing with low concentrated acids without any relevant 

loss in filtration efficiency over three cycles.  

 



2. Synopsis   

 
41 

 

2.5 Disentangling biological effects of primary nanoplastics from 

dispersion paint’s additional compounds 

A.-K. Müller1, J. Brehm2, M. Völkl3, V. Jèrôme3, C. Laforsch2*, R. Freitag3*, A. Greiner1*, 

Ecotoxicol. Environ. Saf., 2022, 242, 113877. 

Full article (chapter 3.3) and figures printed with permission of Ecotoxicol. Environ. Saf. 

 

 

Figure 15. Table of contents image of publication (3). 

 

2.5.1 Contribution to Joint Publication 

I analyzed the paints and developed separation procedures. I also analyzed the paint fractions 

received with AF-FFF, DLS, zeta sizer, and SEM. I prepared batches of paint fractions for the 

biological tests and discussed with Julian Brehm (PhD, Animal Ecology I, University of 

Bayreuth) and Dr. Valérie Jèrôme (Process Biotechnology, University of Bayreuth) which 

biological tests needed to be done. 

Julian Brehm executed the biological tests with Daphnia magna and calculated the EC50 values. 

Matthias Völkl (PhD, Process Biotechnology, University of Bayreuth) executed the biological 

tests with L929 cells and provided data for the cell metabolic activity.    

I wrote the manuscript and received help from Julian Brehm and Matthias Völkl for the 

biological part. Dr. Valérie Jèrôme, Prof. Laforsch (Animal Ecology I, University of Bayreuth), 

Prof. Freitag (Process Biotechnology, University of Bayreuth), and Prof. Greiner corrected the 

manuscript.  
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2.5.2 Summary and Discussion 

Publication (2) (chapter 2.4) demonstrated the model filtration of different nanoparticles and 

contributed to the in-depth understanding of filtration principles. However, those principles 

needed to be tested for a successful transfer to the filtration of nanoparticle sources in daily life. 

Since commercial nanoparticle sources might feature different properties than the model 

nanoparticles, also different behavior in the filtration process might be expected. Paints are 

known to be a source of nanoparticles and nanoplastics, therefore, these were chosen as 

nanoparticle source in daily life (chapter 1.1.4). The potential impact on biological systems in 

the environment was investigated in publication (3) to prove the significance of this research. 

Daphnia magna and L929 cells were used as test systems to evaluate the impact on organisms 

and at a cellular level. A short overview of the content of publication (3) is given in Figure 15. 

Paint Composition and Properties 

Two paints were chosen which can be classified as water-based wall and ceiling paint 

dispersions. Both paints consist of different compounds (Figure 16A), which were separated 

by centrifugation. These compounds were analyzed and can be briefly described as: 

polyacrylate nanoparticles, titanium dioxide nanoparticles, dispersed copolymer, and calcium 

carbonate micro fragments. In addition to centrifugation, sedimentation over time also led to 

paint separation. The titanium dioxide nanoparticles and the calcium carbonate micro fragments 

sedimented over time, leaving a supernatant behind which consisted of either polyacrylate 

nanoparticles or dispersed copolymer. The stability of the paint dispersions can also be 

manipulated by adjusting the pH value or the salt concentration. Both parameters affect the zeta 

potential, which is reasonable for dispersion stability and, thus, is an essential parameter for 

estimating the probability of distribution of those compounds in the environment.  

Biological Tests with Daphnia magna 

The paints were fractionated by centrifugation and those fractions were used for biological tests 

with daphnia magna. The daphnids were exposed to the paint fractions at different 

concentrations and the immobility of the daphnids was detected. The measurement of daphnid 

immobility was used as a parameter to determine any adverse effects on the daphnids’ vitality. 

The immobility was checked after multiple time intervals but no changes could be detected 

before 96 h. The EC50 values were calculated to compare the paint components’ adverse effects 
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with literature. These values evidenced that the strongest impact resulted from the dispersed 

copolymer with 78.2 µg/mL, followed by the polyacrylate and calcium carbonate 

microparticles (~160 µg/mL). The paint fractions interfered with the daphnids because the paint 

compounds were accidentally ingested or adsorbed onto the daphnids carapace (Figure 16B).  

 

Figure 16. Paints, as an example for daily life nanoparticle sources were A) analyzed, and tested for potential 

toxicity on b) Daphnia magna and c) L929-cells. 

  

Biological Tests with L929 cells 

The biological tests with L929 cells were performed with the paint fractions, separated by 

centrifugation (Figure 16C). The cells were exposed to the paint fractions at different 

concentrations and their metabolic activity was monitored. A decreasing metabolic activity 

reflects a decreasing cell vitality and is expected to result from a negative impairment by the 

paint fractions. The test illustrated a dose-dependent impact of paint fractions on the cell 

vitality. The strongest impact resulted from the titanium dioxide (LD50 = 1.1 µg/mL) and the 

polyacrylate nanoparticles (LD50 = 3.1 µg/mL).  

The paint fractions demonstrated potentially adverse effects on microorganisms and the cellular 

level. However, the extent of response to the paint components differed for the two model 

systems. No general trend in toxicity can be drawn for titanium dioxide nanoparticles, dispersed 

polyacrylate, and calcium carbonate microparticles, except for the polyacrylate nanoparticles. 

These have been one of the components with a tremendous effect on the vitality in both systems. 

Thus, the adverse effects of paint components are strongly dependent on the species observed 

and no general toxicity on living systems can be concluded from the experiments performed.  
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2.6 Filtration of Paint-contaminated Water by Electrospun Membranes 

A.-K. Müller, Z.-K. Xu, A. Greiner, Macromol. Mater. Eng., 2022, 2200238. 

Full article (chapter 3.4) and figures printed with permission of Macromol. Mater. Eng. 

 

 

Figure 17. Table of content image of publication (4). 

 

2.6.1 Contribution to Joint Publication 

I did the filtration of paint and the pressure-drop measurements. I analyzed the paint filtrates 

utilizing UV/Vis and AF-FFF methods, and performed SEM measurements of the membranes 

after filtration. I prepared the photographic documentation of the filtrates and the membranes 

after filtration.  

I analyzed and evaluated the data, prepared all images and graphs, and wrote the manuscript 

with the support of Prof. Greiner and Prof. Xu. Both corrected the manuscript. 

 

2.6.2 Summary and Discussion 

Publication (3) (chapter 2.5) demonstrated the adverse effects of paint components on 

biological test systems and emphasized the importance of purification methods for paint-

contaminated environmental media. Thus, the filtration of paint dispersion and paint 

components was investigated in the publication (4). In contrast to the former publications, not 

only the filtration of metal nanoparticles is tested but also that of nanoplastics and dispersed 
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polymers, which both appeared as emerging contaminants (chapter 1.1.4, chapter 1.3.4). The 

filtration principles stated previously were conformed and the filtration mechanisms were 

discussed (chapter 1.3.1). The filtration mechanism for the metal and plastic nanoparticles can 

be described as affinity-based, but filtration of the dispersed polymers demonstrated other 

phenomena. The dispersed polymer possessed a negative zeta potential and might be adsorbed 

on the membrane by electrostatic charges. However, a simultaneous increasing drop in pressure 

was observed which can be explained by pore gluing to the dispersed polymer. Thus, the 

filtration of dispersed polymers might raise other problems. A short overview of the content of 

publication (4) is given in Figure 17. 

Filtration of Paint 1 

Paint 1 was filtered with high efficiencies, but was accompanied with a rising pressure drop on 

the membrane. The microparticles block the upper membrane surfaces and hinder the water 

flow, resulting in a growing drop in pressure. The microparticles were separated according to 

the size-exclusion mechanism on the top of the membrane surface, but the titanium dioxide and 

polyacrylate nanoparticles entered the membrane volume. The nanoparticles were adsorbed on 

the fiber surface in the membrane volume by electrostatic interaction, leading to high filtration 

efficiencies (Figure 18). 

 

Figure 18. Paint 1 was filtered by the Nplus membrane and was investigated with SEM. The SEM images 

illustrate A) the adsorption of different paint compounds on the membrane, B) the cake formation on the 

membrane surface, and C) nanoparticles, which were adsorbed in the membrane volume.  

 

Filtration of Paint 2 

Similar to the increasing pressure drop during the filtration of paint 1, a comparable 

phenomenon could be detected for the filtration of paint 2. Here, the microparticles blocked the 

membrane surface and the dispersed copolymer exhibited a pore-blocking mechanism. It was 

demonstrated by SEM images that the dispersed copolymer can enter the membrane volume in 

contrast to the microparticles. Thus, the pores are glued by the dispersed polymer throughout 
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the membrane volume. The filtration step is followed by a drying procedure, resulting in the 

shrinkage of the dispersed polymer. Thus, the formerly glued membrane pores are reopened 

again. This filtration mechanism can be described as an electrostatic interaction-based 

mechanism occurring with the phenomenon of an increasing pressure drop, which is normally 

attributed to size-exclusion mechanisms.   
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Abbreviations 

AA 

AF-FFF 

DLVO  

EAF-FFF 

EDX  

EPS 

ICP-OES 

IR  

NIPAM 

NMR 

NOM 

Nplus 

PAN 

PEI 

PMMA 

PVA 

PVAc 

PVP 

Pyr 

ROS 

Acrylic acid 

Asymmetric flow field flow fractionation 

DERJAGUIN-LANDAU-VERWEY-OVERBEEK 

Electrical asymmetric flow field flow fractionation 

Energy dispersive X-ray spectroscopy 

Extracellular polymeric substance 

Inductively coupled plasma optical emission spectrometry 

Infrared 

N-Isopropyl acrylamide 

Nuclear magnetic resonance 

Natural organic matter 

Dimethyldecyl ammoniumethyl methacrylbromide 

Polyacrylonitrile 

Polyethylene imine 

Polymethyl methacrylate 

Polyvinyl alcohol 

Polyvinyl acetate 

Polyvinyl pyrrolidone 

4-Vinyl pyridine 

Reactive oxygen species 
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SEC 

SEM 

TEM 

UV/Vis 

 

Size exclusion chromatography 

Scanning electron microscopy 

Transmission electron microscope 

Ultraviolet/ visible 
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6. Conclusion 

 

In this thesis, the filtration of certain metal, metal oxide, and plastic nanoparticles with 

electrospun membranes was investigated. The electrospun membranes achieved high filtration 

efficiencies by interaction based filtration mechanisms and, thus, might be more often utilized 

in filter design in the future. The utilized electrospun membranes were fabricated with pore 

sizes of roughly 1 µm to ensure similar conditions for all executed filtration experiments. It was 

already demonstrated that the pore size has a major impact on the pressure drop on the 

membrane, but it might also influence the filtration efficiency. Thus, the relation between pore 

size and filtration efficiency might be another key parameter, which should be investigated for 

understanding affinity membranes in depth.  

The electrospun membranes have been demonstrated to be a useful tool for water filtration, 

especially for emerging contaminants. These pollutants can hardly be addressed by common 

filtration methods, showing the outstanding properties of the prepared electrospun membranes 

to specifically adsorb these contaminants. Thus, these electrospun membranes are most 

valuable for filtration of specific contaminants and should be protected from becoming polluted 

by common wastewater pollutants. This might be regulated by implementing these electrospun 

membranes in stacked-layers with other filter materials, where each layer is selected for its own 

function, e.g. addressing different particle sizes or contaminant properties, mechanical 

support.[310] 

The membranes were regenerated after filtration by rinsing with low concentrated acids. This 

procedure removes the contaminants from the fiber surfaces and allows the reuse of the 

membranes. However, not all contaminants might be detached from the fibers under acidic 

conditions. Furthermore, every cleaning procedure might contribute to the membrane 

degradation. Thus, other membrane regeneration methods should be considered.  

The filtration experiments were conducted in a dead-end filtration setup, which is very common 

for a variety of commercial used filtration systems. However, this setup is limited by some 

inherent drawbacks, such as cake formation and high pressure drops. Those limitations might 

be overcome by other filter designs.  
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7. Outlook 

 

The purification of nanoparticle-contaminated environmental media will attract more and more 

attention in the next few years, because potentially released amounts of nanoparticles with 

unknown adverse effects on biological systems will increase.  

Prospective developments in the field of nanoparticle fate and safety need to include 

improved detection methods of nanoparticles in environmental media. To date, one major 

limiting factor for observing nanoparticle numbers and their fate in the environment is the lack 

of suitable detection methods.[311],[312] Furthermore, different publications highlighted the 

influence of nanoparticle properties, such as shape, size, and ligands, on their toxicity. Thus, 

nanoparticles commercially used should be designed considering these influences with the 

intention of reducing their toxicity.[313]  

Filtration of environmental media provides a fast and efficient approach but faces particular 

limitations. So far, commercially applied membranes are used mainly for size-exclusion 

separation, resulting in high pressure drops (chapter 1.3.1). Thus, more research needs to be 

done to reduce the pressure drop, which can be approached by utilizing affinity membranes. 

Here, the maximum pore size should be determined at which high filtration efficiencies can still 

be reached. The adsorption of specific contaminates by membrane surface modifications can 

be a suitable approach for improving the filtration efficiency. In general, filtration systems have 

to be more specific because a rising number of new contaminants might deteriorate water 

purification dealt with by common treatment methods. Contaminants, such as persistent organic 

pollutants, hormones, and pharmaceuticals, can hardly be addressed by charged membranes but 

need more specific adsorption sites. Additionally, more sophisticated membrane regeneration 

methods need to be developed to prolong the membrane lifetime and contribute less to 

membrane degradation.   

Additionally, the membrane material and manufacturing process must be reviewed considering 

sustainability aspects. Electrospinning, for example, from aqueous media has already reported 

and the utilization of carbohydrate polymers implemented.[314],[247] Research here should focus 

on the investigation of scale-up procedures for the electrospinning of bio-based carbohydrate 

polymers from water.  
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