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Abstract 

The increasing use of noble metal nanoparticles (NMNPs) in industrial and household 

applications has led to the release of NMNPs into the environment. Consequently, it is 

essential to understand their distribution and effects in environmental matrices. Moreover, 

quantitative analytical methods are also required to determine their environmental 

concentrations. However, practically nothing is known about their concentration, shape and 

size under environmental conditions due to the lack of analytical or pre-treatment methods for 

NMNPs in real environmental samples. 

In the present work, ligand-assisted liquid-liquid extraction method was investigated to 

extract and concentrate gold nanoparticles (Au-NPs). The 1-Dodecanethiol (DDT) was found 

the most efficient ligand for extraction of Au-NPs from water to n-hexane among four ligands 

namely DDT, 1-Octadecanethiol (ODT), dodecylamine (DDA) and octadecylamine (ODA). 

However, this ligand-assisted liquid-liquid extraction method was not applicable to extract 

Au-NPs at low concentration (< 100 µg/L). Hence, ligand-assisted solid-liquid extraction 

methods were developed. 

Two solid-liquid extraction methods using reversed-phase C18 (RP-C18) and ionic 

exchange resin (IRN-78) as adsorbent respectively were optimized to efficiently and 

selectively extract NMNPs (Au-NPs, Ag-NPs and Pd-NPs). Based on the optimized 

procedures, the extraction efficiencies and recoveries of NMNPs spiked into real 

environmental water samples were investigated, which demonstrated that both of the 

ligand-assisted solid-liquid extraction methods are applicable to extract NMNPs even at ng/L 

levels. Moreover, transmission electron microscopy (TEM) analysis confirmed that the size 

and shape of NMNPs could be preserved by these extraction methods.  

Finally, the solid(IRN-78)-liquid extraction method was used to extract nanoscale silver 

particles (n-Ag-Ps) from effluents of nine municipal wastewater treatment plants (WWTPs) in 

Germany. It shows that the concentrations of n-Ag-Ps in the field-collected effluents of 

WWTPs range from 2.2 to 9.4 ng/L. Moreover, based on the actual concentrations, we 

estimated that the daily n-Ag-Ps load entering water environment through effluent discharge 

(e.g., a WWTP with 520000 t/d treatment capacity) equates to about 4.4 g/d.  
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Inhaltsübersicht 

Der zunehmende Einsatz von Edelmetallnanopartikeln (NMNPs) im industriellen Umfeld 

und in Konsumprodukten hat zwangsläufig zu deren Freisetzung in die Umwelt geführt. Als 

Konsequenz daraus ist es unabdingbar, die Verteilung dieser Partikel in der Umwelt zu 

erfassen und die dort ausgelösten Effekte zu verstehen. Das erfordert neue analytische 

Methoden zur Anreicherung und Vorkonzentrierung der Partikel aus realen Matrices, die 

bisher aber nicht existieren. Aus diesem Grund ist praktisch nichts über die realen 

Konzentrationen von NMNPs sowie deren Größe und Form in der Umwelt bekannt. 

In der vorliegenden Arbeit wurde eine ligandunterstützte 

Flüssig-Flüssig-Extraktionsmethode untersucht, um Goldnanopartikel (Au-NPs) zu 

extrahieren und aufzukonzentrieren. Von den vier Liganden 1-Dodekanthiol (DDT), 

1-Oktadekanthiol (ODT), Dodecylamin (DDA) und Oktadecylamin (ODA) war DDT der 

effizienteste Ligand für die Extraktion von Au-NPs aus wäßrigen Lösungen in n-Hexan. 

Jedoch kann diese Methode nicht für Au-NPs-Konzentrationen unter 100 µg/L angewandt 

werden. Infolgedessen wurden ligandunterstützte Fest-Flüssig-Extraktionsmethoden 

entwickelt. 

Zwei Fest-Flüssig-Extraktionsmethoden mit einer C18 Umkehrphase (RP-18) und einem 

Ionenaustauscherharz (IRN-78) als Adsorbens wurden jeweils optimiert, um NMNPs 

(Au-NPs, Ag-NPs und Pd-NPs) effizient und selektiv zu extrahieren. Mit den optimierten 

Verfahren wurden die Extraktionseffizienz und die Wiederfindung von NMNPs in 

Realwasserproben untersucht. Dabei zeigte sich, dass es beide 

Fest-Flüssig-Extraktionsmethoden ermöglichen, NMNPs im ng/L-Bereich zu extrahieren. 

Außerdem konnte durch Transmissionselektronenmikroskopie ermittelt werden, dass die 

Größen und die Form der Teilchen durch die Extraktion nicht verändert werden.  

Die Fest-Flüssig-Extraktion mit IRN-78 wurde schließlich verwendet, um Ag-NPs in den 

Ausläufen von neun Klärwerken in Deutschland zu bestimmen. Die Konzentrationen der 

Ag-NPs lagen dabei im Bereich von 2.2 bis 9.4 ng/L. Darüber hinaus wurden die täglichen 

Ag-NPs-Einträge in die Hydrosphäre durch Klärwasserabflüsse (z. B. eine Kläranlage mit 

520000 t/d Behandlungskapazität) auf ungefähr 4.4 g/d abgeschätzt. 
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1 Introduction 

1.1 What is Nanotechnology and Nanoparticles? 

The US National Nanotechnology Initiative (www.nano.gov/nni2.htm) says: Nanotechnology 

is concerned with materials and systems whose structures and components exhibit novel and 

significantly improved physical, chemical and biological properties, phenomena and processes 

due to their nanoscale size. The goal is to exploit these properties by gaining control of structures 

and devices at atomic, molecular and supramolecular levels and to learn to efficiently 

manufacture and use these devices [1,2]. In short, nanotechnology, encompassing the design, 

production, characterization, and application of structures and systems at the nanometre scale, 

opens up a tremendous field of new applications beneficial to human being and the environment. 

The total global investment in the nanotechnology was around $10 billion in 2005 and it is 

estimated that the annual value for all nanotechnology-related products will be $1 trillion by 

2011-2015 [3].  

Nanoparticles (NPs) are considered to be the building blocks for nanotechnology, and are 

referred to particles having at least one dimension in the nanoscale (ca. 1-100 nm) and that have 

been specifically engineered for applications [4,5]. Figure 1 shows how the NPs fit into other 

size-dependent categories that have been used for many decades [6]. Particles in these size 

ranges have been used by several industries and humankind for thousands of years [7,8]; 

however, there has been a recent resurgence as a result of the ability to synthesize and 

manipulate such nanomaterials (NMs). The extremely small sizes of NPs results in a high 

percentage of surface atoms which can give rise to novel properties and reactivity compared to 

their bulk counterparts. For example, bulk gold is typically inert but becomes catalytic as the size 

of particles decreases to a few nanometres [9-11]. Silver in its bulk form has long been known to 

be bactericidal and has therefore been used for disinfection purposed long before the invention of 

antibiotics. In a NP format silver can serve as a versatile bactericide with a wide range of uses 

such as in water filters, filtration membranes, fabrics and surgical instruments [12-16]. Moreover, 

silver nanoparticles (Ag-NPs) exhibit properties that are attractive for use in highly sensitive 

optical sensors, conductive inks for electronic applications, and as colloidal catalysts for organic 
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oxidation [17-19].  

Over the past decade, an increasing number of NPs have been incorporated into products and 

manufacturing processes due to the rapid innovation and commercialization in the field of 

nanotechnology. The Project on Emerging Nanotechnologies of Woodrow Wilson International 

Center for Scholars maintains an online database designed to track the role of nanotechnologies 

and NMs in the production of consumer products [20]. A research of this database in February 

2008 yielded 606 nanotechnology-based consumer products [21]. A subsequent statistic research 

in September 2009 reported that the number of nanotechnology-based consumer products had 

nearly doubled, increasing to 1020 [20]. Recently, the number of nanotechnology-based 

consumer products or product lines has reached 1317 available on the market in March 2011 

[20].  

Of the NMs currently in use, noble metal nanoparticles (NMNPs) like above-mentioned gold 

nanoparticles (Au-NPs) and Ag-NPs in particular are one of the most widely used, given their 

unique optical, electronic, and chemical properties. To our knowledge, NMNPs have been used 

in a variety of applications including as stabilizing agents in personal care products like 

sunscreens and cosmetics, as a delivery tool in nanomedicine, and as a photocatalyst for 

remediation and industrial applications [22-24]. Totally, thousands of tonnes of such NMNPs are 

produced annually for commercial purposes or as by-products of human activity. 

 

 

Figure 1. Definitions of different size classes relevant for NPs [6] 
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1.2 Sources of NPs 

1.2.1 Natural Sources of NPs 

NPs can be divided into natural and anthropogenic particles. Normally, NPs are abundant in 

nature, since they are produced in many natural processes, including volcanic eruptions, forest 

fires, simple erosion, and photochemical reactions, and by animals, plants and microbes 

[6,25-30]. Scientists in the last two decades have shown that NPs are quite literally everywhere 

in natural environments. They exist in nearly all components of the Earth, including the 

atmosphere, oceans and subsurface. Table 1 classifies NPs according to origin and composition; 

as can be seen, many are of natural origin [6,25]. For example, although we usually associate air 

pollution with human activities like cars, industry, and charcoal burning, natural events such as 

volcanic eruptions, forest fires and dust storms can produce such vast quantifies of nanoscale 

matter that they profoundly affect air quality worldwide [31]. When a volcano erupts, ash and 

gases containing particulate matter ranging from the nanoscale to microns, are propelled high 

into the atmosphere. Normally, the quantity of particles released into the atmosphere is enormous; 

a single volcanic eruption can eject up to 30 million tons of ash [31,32]. Taylor [33] found that 

the aerosols generated by human activities are estimated to be only about 10% of the total, the 

remaining 90% having a natural origin.  

In addition, even natural NPs can be further separated based on their chemical composition 

into carbon-containing and inorganic NPs (Table 1). The C-containing natural NPs are divided 

into biogenic, geogenic, atmospheric and pyrogenic NPs, and the inorganic natural NPs are 

divided into biogenic, geogenic and atmospheric NPs. For the C-containing natural NPs, natural 

NPs are fullerenes and CNT of geogenic or pyrogenic origin, biogenic organic colloids or 

atmospheric aerosols like humic acids and organic acids. For the inorganic NPs, biogenic oxide 

NPs are sometimes formed directly by the organism as a metabolic requirement (e.g., magnetite, 

Fe3O4, produced intracellularly by magnetotactic bacteria is required for mobility) [29]. In 

addition, biogenic metal NPs like Ag-NPs and Au-NPs, Yin et al. [34] observed that the 

dissolved organic matter (DOM) in natural water can reduce Ag+ and AuCl4
- to their elemental 

NPs under sunlight. Moreover, Glover et al. [35] also found that metal NPs like Ag- 
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Table 1. Classification of NPs in environment [6,25] 
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NPs and Cu-NPs had been present as incidental NMs and in contact with human being for 

several thousand years due to the formation of Ag-NPs and Cu-NPs under common 
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environmental conditions. In total, naturally occurring nanoscale particles like colloidal minerals 

and oxides are ubiquitous in the biosphere, comprising the very building blocks of life and likely 

playing a very important role in ecosystem dynamics. 

1.2.2 Anthropogenic Sources of NPs 

Humans have created NMs for millennia, as they are by-products of simple combustion (with 

sizes down to several nm) and food cooking, and more recently, chemical manufacturing, 

welding, ore refining and smelting, combustion in vehicle and airplane engines, combustion of 

coal and fuel oil for power generation, and combustion of treated pulverized sewage sludge 

(Table 1) [31,36-38]. On the other hand, different kinds of engineered nanoparticles (ENPs) like 

single wall carbon nanotube (SWCNT), multi wall carbon nanotubes (MWCNTs), fullerenes, 

Au-NPs, palladium nanoparticles (Pd-NPs), Ag-NPs, titanium dioxide nanoparticles (Ti2O-NPs) 

and et al. are now being manufactured in ever increasing quantities. These ENPs are used in a 

wide range of products and sectors including medicines, cosmetics, clothing, engineering, 

electronics, and environmental protection [39,40]. The intentional or accidental releases of these 

ENPs to environment is hence largely unavoidable. Kaegi et al. [41] investigated the release of 

Ag-NPs from paints used for outdoor application, which reported that more than 30% of Ag-NPs 

with size < 15 nm were released to the environment. In addition, Hsu and Chein [42] evaluated 

the NPs emission for TiO2 nanopowder coating materials, which proclaimed UV radiation is able 

to increase the release of TiO2 particles below 200 nm from TiO2 coating products. 

On the other hand, numerous studies also showed that ENPs like TiO2-NPs and Ag-NPs in 

consumer products would be likely released into sewer systems [43-47]. Municipal wastewater 

treatment plants (WWTPs) therefore act as the ‘gateways’ controlling release of these ENPs from 

domestic or industrial sources to aquatic environment. The quantity of anthropogenic NPs ranges 

from well-established multi-ton per year production of TiO2-NPs (for cosmetics) to microgram 

quantities of fluorescent quantum dots (markers in biological imaging) [31,35,48-50]. Mueller 

and Nowack [51] quantified the ENPs such as Ag-NPs and TiO2-NPs and carbon nanotubes 

(CNTs) released into the environment in Switzerland by using a substance flow analysis, which 

showed that the predicted environmental concentrations of Ag-NPs, TiO2-NPs and CNTs in 

water are 0.03, 0.7 and 0.0005 μg/L respectively due to the wide application of these NMs. 
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Totally, given an increasing number of manufactured NMs, ENPs can be released intentionally 

and/or accidentally into natural systems like environmental waters during the manufacturing 

process, transport, or use. 

1.3 Impact of NPs 

1.3.1 Impact of NPs on Microbes 

Nanotechnology has great potential in improving air, water, and soil quality in the 

environment. For example, it can improve detection and sensing of pollutants and help in the 

development of new technologies for remediation [52-54]. However, because of the large-scale 

production and application of NMs, it will inevitably give rise to their accumulation in the 

environment, which has a possibility that organisms and ecosystems may be exposed to new 

levels and qualities of substances with unknown consequences [55,56]. In particular, particles in 

the nanoscale range fall in the transitional zone between individual atoms or molecules and the 

corresponding bulk material, which can modify the physicochemical properties of the material, 

leading to generate adverse biological effects in living cells. Therefore, the potential effects on 

ecosystems and human health are very important aspects that should be considered (Figure 2). 

Many NMs have already been reported to have anti-microbial properties and thus directly 

affect microbes; the NPs can change microbial viability, damage cell wall/membranes, and affect 

growth performance and metabolism [57-59]. For example, C60 fullerene is a hydrophobic, 

carbon NM capable to adsorb various organic and inorganic compounds like amino acid and 

minerals. Inhibitory effect of fullerene on the bacterial growth under pure culture conditions has 

been well documented [60,61]. Lyon et al. [62] found that C60 exhibited relatively strong 

antibacterial activity ranging from 0.09 to 0.7 mg/L. Ag-NPs, a broad-spectrum antimicrobial 

agent, have been proved to be a powerful nanoweapon against multidrug-resistant bacteria in 

recent years [57,63]. ZnO-NPs also have been shown that both gram-negative and gram-positive 

bactericidal cells can be damaged after ZnO-NPs exposure [64]. In addition, iron and copper 

based NPs could be presumed to react with peroxides present in the environment generating free 

radicals which are known to be highly toxic to microbes [65]. Among all, Ag-NPs and ZnO-NPs 

have proved to be the most effective antimicrobial agents against bacteria, viruses and eukaryotic 



 7

micro-organisms. Therefore, they are currently widely used in biomedical applications, personal 

care products and food package. 

 

 
Figure 2. Potential pathways and impact of NPs in the environment on ecosystems  

 

Although numerous studies have established the microbial effect of NPs (including metal NPs 

like Ag-NPs, metal oxide NPs like ZnO-NPs and C-containing NMs like C60 and SWCNT), the 

basic mechanisms of the underlying biological and chemical processes that affect the microbes 

are different [57,63-66]. Normally, the toxicity of metal NPs and metal oxide NPs is attributed to 

the release of corresponding metal ions from these NPs. Xiu et al. [67] investigated the toxicity 

mechanism of Ag-NPs using dose-response model under anaerobic conditions, confirming that 

antibacterial activity could be controlled by modulating Ag+ release, possible through 

manipulation of oxygen availability, particle size, shape, and/or type of coating. Dimkpa et al. 

[68] found that the impact of ZnO-NPs on bacterial cells was also dependent on the amount of 

Zn2+ released from ZnO-NPs. However, some researchers believe that the bactericidal effect of 

Ag-NPs leads to increased cell permeability and cell death [69]. For the C-containing NMs, how 
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they affect living cells remains unknown, although some studies found that SWCNT limit cell 

growth via a concentration-dependent model [66]. Totally, various nanoscale particles have been 

demonstrated to have negative impact on microbes, which possibly provides new opportunities 

to control the drug-resistant bacteria’s spread and their impact on human health. 

1.3.2 Impact of NPs on Plants 

Soil and sediments are the ultimate sinks of NPs and, whether directly or indirectly released 

(e.g., via sewage treatment plants, waste handling, and aerial deposition), NPs will end up in soil 

or sediments [70]. Therefore, soil system may present the most important exposure avenue for 

assessing NPs’ environmental risk. Being soil one of the main sinks, it raises concern about the 

entry of NPs into food webs and human access to contaminated agriculture. Hence, it is of 

importance to investigate the impact of NPs on plants.  

Soil system contains a lot of natural NPs like clays, iron oxides, organic matter, and other 

minerals that play a very important role in biogeochemical processes. However, the introduction 

of ENPs to soil system may change the profile of the natural NPs and therefore interfere with soil 

behaviour. Recently, Atha et al. [71] tested the impact of copper oxide nanoparticles (CuO-NPs) 

between 1 and 100 nm in size on three different plants (radish, perennial ryegrass and annual 

ryegrass), which reported that CuO-NPs can enter plant root cells and generate many mutagenic 

DNA base lesions. Shen et al. [72] investigated the toxicological impact of SWCNT on rice 

leaves, which showed that SWCNT has an adverse effect on protoplasts and leaves through 

oxidative stress, leading to a certain amount of programmed cell death. Also, Lee et al. [73] 

found that the seedling growth of plants was adversely affected by exposure to Ag-NPs. In 

addition, Ag-NPs inhibited seed germination at lower concentrations (10 mg/L), but showed no 

clear size-dependant effects, and never completely impeded germination [74].   

Although the toxic effect of ENPs on plants have been widely investigated, very few 

references describe the biotransformation of NPs in food crops and/or the possible 

biomagnification or bioaccumulation of NPs in the food chain. Zhu et al. [75] found that 

pumpkin plants can take up Fe3O4-NPs through their roots and that the particles are transported 

around the plant and accumulated by the pumpkin. On the other hand, Starnes et al. [76] 

compared the capacity of accumulating Au-NPs among six different plants including alfalfa, 
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cucumber, red clover, ryegrass, sunflower and oregano. Significant variations were detected in 

the uptake of Au-NPs in their roots ranging from 500 mg/kg (ryegrass) to 2500 mg/kg (alfalfa), 

and temporal analysis revealed that most of the Au-NPs accumulated within 6 h of treatment. 

Lee et al. [77] investigated the uptake and translocation of copper nanoparticles (Cu-NPs) in 

mungbean (Phaseolus radiata) and wheat (Triticum aestivum) in agar growth medium. The study 

showed that the Cu-NPs can cross the cell membrane and agglomerate in the cells. And 

meanwhile, the bioaccumulation Cu-NPs concentrations of mungbean and wheat plants exposed 

to 1000 mg/L Cu-NPs were 8 and 32 mg/L, respectively. Moreover, a responsive relationship 

between the bioaccumulated NPs in plant tissues and growth media was observed. Totally, the 

probability of plant exposure to ENPs has increased to a greater extent with the ongoing 

increasing production and use of ENPs in a variety of products, indicating much more studies on 

the impact of NPs on plants should be performed.  

1.3.3 Impact of NPs on Animals 

Given the bioaccumulation of ENPs in plants and the predatorprey relationship between plants 

and animals, impact of ENPs on animals has received considerable attention. Once ENPs are 

discharged into the soil system as well as the aquatic environment, one part of the ENPs will be 

bioaccumulated by plants via their roots and the other part of ENPs will be bioaccumulated by 

animals such as earthworms and fish [78-80]. Golobic et al. [80] used a test system with 

terrestrial isopods (Porcellio scaber) fed with food spiked with Cu-NPs for 14 days, which 

reported that about 99% of accumulated Cu2+ ions are dissolved from ingested Cu-NPs in the 

digestive system of isopods. On the other hand, even though the concentration of ENPs in 

aquatic environment may be low, the low degradability combined with feeding traits and habits 

of many invertebrates like earthworms (filter feeders, shredders, sediment dwelling) still can 

accumulate high level of ENPs [81]. 

Besides the accumulation of NPs by these animals, numerous studies also showed that the 

ENPs had toxic effects on the animals. For example, Van der Ploeg et al. [82] reported that C60 

exposure (154 mg/kg) has a significant effect on earthworm (Lumbricus rubellus) cocoon 

production, juvenile growth rate and mortality. In addition, a dose-related increase in mortality 

was observed in earthworms (Eisenia fetida) exposed in agar with almost 100% mortality after 
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96 h exposure to the 1000 mg/kg of ZnO-NPs in soil [83]. Hu et al. [79] further investigated the 

mechanism of high percentage of mortality caused by high concentration (1000 mg/kg) of 

ZnO-NPs in soil, which reported that ZnO-NPs could induce significant damage of antioxidant 

system and DNA in earthworms when doses were close to 1000 mg/kg. 

1.3.4 Impact of NPs on Humans 

Nanotechnology and the respective NMs are contained in many commercially available 

products, which means that the general public is currently being exposed to various kinds of 

NMs. Normally, the impact of ENPs on humans can be divided into two parts (Figure 2); first, 

direct exposure to the ENPs, second, indirect uptake of the microbes/plants/animals with ENPs.  

ENPs can be taken up into the human body via a variety of different pathways like the lung, 

the gastro-intestinal tract and the skin. Under practical conditions the most important pathways 

of uptake for ENPs are inhalation (via lung) or oral uptake (via gastro-intestinal tract). The lung 

is the most common way for NPs uptake; a number of studies have reported that free ENPs, due 

to their small size, can penetrate into the finest lung structures by breathing, can cause 

inflammatory reactions, and subsequently can enter the bloodstream. Diesel and automobile 

exhaust are the primary source of atmospheric nano- and microparticles in urban areas; most 

particles from vehicle exhaust are in the size of 20-130 nm for diesel engines and 20-60 nm for 

gasoline engines [31,84-86]. Knox [87] found that childhood cancers are strongly determined by 

prenatal or early postnatal exposure to oil-based combustion gases, primarily engine exhaust. In 

addition, epidemiological studies conducted on diesel locomotive drivers showed a correlation 

between occupational exposures to diesel engine exhaust and incidence of lung cancer in the 

workers [88]. Moreover, given the construct characteristics of NPs, they can adsorb other toxic 

chemicals which will enhance the adverse impact of NPs on humans. For example, diesel 

exhaust is known to be very toxic as it contains ENPs with high levels of polynuclear aromatic 

hydrocarbons (PAHs) [89].  

On the other hand, NPs like TiO2-NP, ZnO-NPs and Ag-NPs come in direct contact with skin 

as they are widely used in various cosmetics and personal care products. Pan et al. [90] reported 

that the dermal exposure to TiO2-NPs decreases cell area, cell proliferation, mobility, and ability 

to contract collagen. Moreover, Liu et al. [91] further found that the EC50 values of human cell 
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(A549, SGC-7901, HepG2 and MCF-7) are size-dependent of NPs, and smaller NPs enter cells 

more easily than larger ones. Besides the direct inhalation uptake of the NPs through lung, the 

oral uptake of NPs via food chain (gastro-intestinal tract) is another potential pathway. A recent 

study showed that ENPs transported through an aquatic food chain from algae, through 

zooplankton to fish, affect lipid metabolism and behaviour of the top consumer [92]. According 

to this finding, ENPs can affect food chains and, ultimately, too human health.  

1.4 Analysis and Characterization of NPs in Environmental Samples 

The increasing use of NMs in industrial and household applications has led to the release of 

NPs into the environment. Moreover, the uncertain effects resulting from the novel properties 

and reactivity exhibited by NPs need assess the risk of NMs on ecosystems and/or human health. 

Assessing the risks of these NPs in the environment requires an understanding of their fate, 

transport and transformation, in particular the characterization (shape and size) of the NPs in the 

environmental matrix (Figure 2). Furthermore, quantitative analytical methods are also required 

to determine their environmental concentrations. However, practically nothing is known about 

their concentration, shape and size under environmental conditions due to the lack of analytical 

methods for NPs in real environmental samples. 

To date, a variety of methods such as filtration [93], centrifugation [94,95], size exclusion 

chromatography [96,97], flow field flow fractionation [98-100], gel electrophoresis [101], and 

capillary electrophoresis [102] have been developed for extraction and pre-concentration of NPs 

from aqueous phase. Among these methods, flow field flow fractionation has become a popular 

method for the characterization of NPs. Unlike conventional filtration methods, flow field flow 

fractionation provides a continuous and high-resolution separation of NPs as a function of their 

diffusion coefficient, hence the interest for use in determining particle size distribution. In 

addition, when coupled to other detectors such as inductively coupled plasma-mass spectroscopy 

(ICP-MS), UV-absorbance, light scattering, fluorescence, transmission electron microscopy 

(TEM), flow field flow fractionation (FlFFF) can provide a wealth of data on particles properties 

like size, shape and chemical composition [103,104]. In recent, gel electrophoresis also has been 

used to separate the NPs according to size and shape [101]. Unfortunately, many of these 

approaches suffer from disadvantages, such as application of only small sample volumes, 
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Table 2. Specifications of methods for analysis and characterization of NPs [105] 

Method 

 

Approximate size range 

(nm) 

Limit of detectiona 

 

Level of sample 

perturbation 

AFM 0.5 to > 1000 ppb-ppm Medium 

BET 1 to > 1000 Dry powder High 

Centrifugation 10 to > 1000 Detection dependant Low 

Dialysis 0.5 – 100 Detection dependant Low 

DLS 3 to > 1000 ppm Minimum 

Electrophoresis 3 to > 1000 ppm Minimum 

EM-EELS/-EDX Analysis spot size: ≈ 1 nm ppm in single particle High 

ESEM 40 to > 1000 ppb-ppm Medium 

ES-MS < 3 ppb Medium 

Flow FFF: 1 – 1000 Detection dependant; UV: ppm 
FFF 

Sed FFF: 50 – 1000 Fluo&ICP-MS: ppb 
Low 

HDC 5 – 1200 Detection dependant Low 

ICP-MS Depends on fractionation ppt-ppb - 

LIBS 5 to > 1000 ppt Minimum 

Microfiltration 100 to > 1000 Detection dependant Low-medium 

SEC 0.5 – 10 Detection dependant Medium 

SEM 10 to > 1000 ppb-ppm High 

SLS 50 to > 1000 - Minimum 

TEM/HR-TEM 1 to > 1000 ppb-ppm High 

TEM-SAED Analysis spot size: 1 nm - High 

Turbidimetry nephelometr 50 to > 1000 ppb-ppm Minimum 

Ultrafiltration 1 – 30 Detection dependant Medium 

WSEM 50 to > 1000 ppm Low 

WSTEM - ppm Low 

XRD 0.5 to > 1000 Dry powder High 

a For comparison mass concentration limit of detection for 100 nm particle are estimated 
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providing non-sufficient enrichment, risking agglomeration of NPs, etc. Moreover, established 

analytical tools for NPs characterisation and quantification have focused so far on synthetic 

products and are in the most cases not suitable for complex mixtures, like environmental or 

biological samples, nor are they able to detect very low concentrations (in the low range between 

µg/L and pg/L). As shown in Table 2, [105] each method has its limitations in applicable size and 

concentration ranges. For example, although dynamic light scattering (DLS) can analyze the NPs 

with size from 3 to 1000 nm, its limit of detection must be at mg/L level which is far higher than 

the actual concentration (pg/L - ng/L) of NPs in environmental samples. 

1.5 Motivation, Scope and Outline 

1.5.1 Motivation 

A tremendous increase in the applications of metal nanoparticles (MNPs) in various products 

has occurred (chapters 1.1 and 1.2.2). This rise obviously results in an increased potential for 

their widespread release into the environment (chapter 1.2.2). In this context, ongoing research 

evaluates the impact of MNPs on ecosystems and humans and numerous exposure studies 

suggest their uptake in microbes, plants, fish, earthworms, humans and other organisms causing 

different adverse effects (chapter 1.3). To ensure sustainable development of nanotechnology, it 

is essential to assess the risk of MNPs introduced from various applications. Conventionally, 

assessing the risks of these MNPs in the environment requires an understanding of their fate, 

transport and transformation, in particular the characterization (shape and size) as well as the 

actual concentration of the MNPs in environmental matrices (Figure 2). However, established 

analytical methods/tools for MNPs characterisation and quantification had focused so far on 

synthetic products and are in the most cases not suitable for complex mixtures, like 

environmental samples, nor are they able to detect very low concentrations (chapter 1.4). In 

other words, there are two special challenges for studies of MNPs in environmental samples; first, 

for environmentally relevant concentrations (pg/L - ng/L), the detection limits for most 

established methods are not sufficiently low, second, environmental samples are a complex 

matrix with a high background of natural and unintentionally produced impurities. Hence, as a 

first step sample preparation, i.e. separation and enrichment of MNPs from matrices is required. 
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In this context, development of methods to efficiently and selectively extract, separate and 

concentrate MNPs in environmental water samples is necessary. Moreover, in order to gain the 

original morphology of the MNPs in environmental water samples, the novel pre-treatment 

methods should preserve their shape and size after the extraction and enrichment. On the other 

hand, to examine the feasibility of the novel methods, they were applied to extract and 

concentrate spiked MNPs in real environmental samples. In addition, one of the optimized 

methods was applied to extract and concentrate nanoscale silver particles (n-Ag-Ps) in the 

effluent of WWTPs. 

1.5.2 Scope and Outline 

The ligand-assisted liquid-liquid extraction method, which was tested for four different ligands 

namely 1-dodecanethiol (DDT), 1-octadecanethiol (ODT), dodecylamine (DDA) and 

octadecylamine (ODA), was investigated in chapter 2. The ODT was found to be the most 

efficient ligand. However, the ligand-assisted liquid-liquid extraction method was not applicable 

to extract the NPs once the concentration of NPs was lower than 100 µg/L.  

Consequently, the DDT-assisted solid-liquid extraction method was developed, which is 

presented in chapter 3. Au-NPs were loaded onto a reversed phase C-18 (RP-C18) column and 

then DDT-assisted extraction into chloroform was performed. Hence, the work investigated the 

development and optimisation of the ligand-assisted solid(RP-C18)-liquid extraction procedure 

in regard to sample volumes, organic solvent, concentration and nature of the ligand, 

ultrasonication time, and pH of the sample. The influences of Au-NPs size as well as of different 

coating of the NPs were examined. Moreover, potential interferences of the method from other 

M-NPs or dissolved organic carbon were studied. Finally, extraction efficiencies for Au-NPs and 

recoveries in model and real water samples were investigated. 

Chapter 4 describes another solid-liquid extraction method, where an anionic exchange resin 

(Amberlite IRN-78) was used to adsorb the mercaptosuccinic acid (MSA) modified NMNPs 

(e.g., Au-NPs, Ag-NPs and Pd-NPs) via the electrostatic interaction of the positively charged 

amino group from the resin with the negatively charged carboxylic acid groups from the MSA 

ligands. The reaction mechanism is presented in chapter 4. The adsorbed NMNPs were eluted by 

a mixture of formic acid and methanol. Moreover, three real water samples were tested by the 
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proposed method.  

Chapter 5 presents applications of the solid(IRN-78)-liquid extraction method to extract, 

concentrate and quantify n-Ag-Ps in effluents of nine municipal WWTPs in Germany. Special 

emphasis was placed on (1) optimizing the IER method for quantifying n-Ag-Ps in aqueous 

samples; (2) investigating whether and to what extent mechanical treatment plays a role in the 

n-Ag-Ps removal; (3) quantifying the n-Ag-Ps in field-collected wastewater effluent through IER 

and CPE methods respectively, and further determining the relative contribution of biological 

treatment to n-Ag-Ps removal compared to mechanical treatment; (4) finally, estimating the daily 

n-Ag-Ps load entering water environment through effluent discharge. 

  Chapter 6 summarizes the main findings on the basis of these studies. 

  Chapter 7 is appendix presenting the materials, methods, instrumentation, and all other 

important information used in this study. 

  Chapter 8 represents all the references cited by this thesis.  
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2 Ligand-Assisted Liquid-Liquid Extraction of Au-NPs 

2.1 Liquid-Liquid Extraction of NMNPs 

NMNPs have been extensively studied over the last decade due to their unique physical and 

chemical properties as compared to their bulk metal equivalents [106-108]. Consequently, a 

tremendous increase in the application of NMNPs in various fields has occurred. This rise 

obviously results in an increased potential for their widespread release into the environment.  

In this context, it is essential to assess the risks of these NMNPs in the environment, which 

requires an understanding of their fate, transport and transformation, in particular the 

characterization (shape and size) as well as the actual concentration of the NMNPs in 

environmental matrices (Figure 2). Liquid-liquid extraction is a very common method by which 

a compound is pulled from solvent A to solvent B where solvents A and B are not miscible [109]. 

To our knowledge, NPs can be extracted from aqueous solutions to organic solvents because of 

varying their surfaces from hydrophilicity to hydrophobicity using surfactant modification [110]. 

So far, many types of NMNPs have been extracted from an aqueous phase to an organic phase 

with the assistance of alkylamine or alkylthiol compounds [111-116]. For example, Yang et al. 

[111] extracted alkylamine-stabilized NMNPs (< 7 nm) from an aqueous layer to toluene. 

McMahon and Emory [117] developed a method to extract large Au-NPs (d > 45 nm) from 

aqueous solutions to chloroform with dicyclohexylamine (DCHA). In addition, Sekiguchi et al. 

[118] also developed an octanethiol-assisted method for extracting small Au-NPs (5 nm) from an 

aqueous phase to chloroform.  

Consequently, a liquid-liquid extraction method was applied to extract the Au-NPs with an 

average diameter of 10 nm from an aqueous phase to organic phase (n-hexane). The whole 

extraction process can be completed within only 1 min. Four different ligands namely 

1-dodecanethiol (DDT), dodecyl amine (DDA), 1-octadecanethiol (ODT) and octadecylamine 

(ODA) were tested, and the transfer efficiency (TE) as a function of ligand concentration in the 

n-hexane (or the molar ratio of ligand to Au-NPs) was investigated. Moreover, the transfer index 

(TI) was calculated to confirm the TE. Finally, the extracted Au-NPs were characterized by 

UV-vis spectroscopy and TEM to evaluate their shape and size after the extraction. 
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2.2 Comparative Study of Alkylthiols and Alkylamines for the 

Liquid-Liquid Extraction of Au-NPs 

2.2.1 Effect of Ligands on the Extraction of Au-NPs from Water to n-Hexane 

To our knowledge, the extraction of NPs strongly depends on both the chemical affinity 

between the ligand and the NPs and the solubility of the ligand-NPs-complex compounds in the 

solvent. The four ligands investigated in this study have a strong binding affinity to Au-NPs due 

to their thiol or amine groups [119-122]. Moreover, they are long-chained hydrophobic 

molecules which are well dissolved in solvents like n-hexane. However, it was found that they 

have different capacities of extracting the Au-NPs from the aqueous phase to n-hexane. When 

DDT containing n-hexane is mixed with an Au-NPs solution, DDT can immediately bind to the 

surface of the Au-NPs through the thiol groups [123,124], resulting in a remarkably fast 

movement (within 1 min) of the Au-NPs to the n-hexane phase (Figure 3a). In the case of ODT 

and DDA, the Au-NPs containing aqueous phase also immediately turned from wine red to 

colorless (Figures 3b and 3c) after shaking the biphasic mixture, which indicates a complete 

extraction of Au-NPs. We speculate that the DDT, ODT and DDA molecules serve two functions: 

they bring the Au-NPs into contact with the immiscible n-hexane by emulsification and also 

engulf the Au-NPs via surfactant modification allowing them to transfer the phase. Therefore, the 

Au-NPs were easily extracted from the aqueous layer to n-hexane because the hydrophobic 

groups of DDT, ODT and DDA are exposed to the n-hexane solvent.  

However, for ODA, vigorous shaking of the biphasic mixture resulted in a foam like n-hexane 

layer (Figure 3d), and only sparse Au-NPs transfer to the n-hexane phase was observed. This 

result may be attributed to the poor contact between ODA and Au-NPs when shaking the mixture. 

Based on this consideration, ethanol, which is water miscible and a good solvent for the contact 

between ODA and Au-NPs, was used as a modifier for the extraction. However, the Au-NPs still 

could not be extracted from aqueous solution to n-hexane under the ethanol abundant conditions. 

Obviously, the ODA-assisted extraction does not work under the described conditions. On the 

contrary, Wang et al. [125] reported that the ODA with ethanol is a highly efficient chemical 

inducer to extract Au-NPs in aqueous solution. We speculate that the differences may be 
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attributed to the different size of Au-NPs. In our study, the size of Au-NPs is between 5 and 25 

nm, whereas Wang et al. [125] used Au-NPs with an average size of 106 nm. 

 

 

 
Figure 3. Photos for extraction of Au-NPs (0.05 mmol/L) from water to n-hexane using different 

concentrations of ligand. a) DDT. b) ODT. c) DDA. d) ODA 

2.2.2 Effect of DDT Concentration in n-Hexane on Extraction of Au-NPs 

Usually, surfactant modification is carried out by mass action; an excesses of several orders of 

magnitude of ligand is used to drive the reaction [126,127]. For example, Woehrle et al. [128] 

found that the molar ratio of ligand to Au-NPs (or the concentration of ligand) has strong 

influence on the extraction of Au-NPs. Figure 4a shows that the TE increases with the DDT 

concentration in n-hexane and reaches a plateau after about 210 mmol/L (corresponding molar 

ratio of DDT to Au-NPs: 270) with a final TE in a range from 92% to 98%. Additionally, the 

DDT-assisted liquid-liquid extraction was also applicable to extract low concentration (0.005 

mmol/L) of Au-NPs from aqueous to n-hexane phase (Figure 5a). As shown in Figure 5b, the TE 

increases sharply when the DDT concentration in n-hexane increases from 0 to 14 mmol/L 
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(corresponding molar ratio of DDT to Au-NPs: 310) followed by a slight decrease when the 

concentration of DDT increases from 14 to 21 mmol/L, and afterwards, the TE reaches a plateau 

with a final efficiency of 92%. 

 

 

 
Figure 4. Effect of the ligand concentration in n-hexane on the transfer efficiency of Au-NPs. a) DDT. b) ODT. 

c) DDA 

 

In combination, we found that the TE kept a plateau with > 96% when the molar ratio of DDT 

to Au-NPs was in a range from 270 to 310. Under these conditions, the citrate molecules are 

easily displaced upon shaking at room temperature in presence of excess DDT, since the thiol 

bond formed between the DDT and the Au-NPs surface is much stronger than the bond formed 

with the initial citrate molecules [124]. On the basis of these results, the PVP 10- and PVP 

40-stabilized Au-NPs were also tested. It was found that the DDT-assisted liquid-liquid 

extraction was applicable to these Au-NPs under the optimized conditions. 
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Figure 5. a) A photo for Au-NPs (0.005 mmol/L) extraction using different concentrations of DDT. b) Effect of 

DDT concentration in n-hexane on the extraction of Au-NPs (0.005 mmol/L) 

2.2.3 Effect of ODT Concentration in n-Hexane on Extraction of Au-NPs 

As for the ODT, the TE of Au-NPs also increased with ODT concentration in n-hexane and 

reached the maximum value (97%) at 7 mmol/L of ODT (Figure 4b). Obviously, the 

consumption of ODT for maximum efficiency only accounts for 3.3% that of DDT used in the 

liquid-liquid extraction. However, the color varied from wine red to pale purple in the n-hexane 

phase if high concentrations (> 3 mmol/L) of ODT are used (Figure 3b), implying the potential 

aggregation or coagulation of Au-NPs in the n-hexane phase after the ODT-assisted extraction. 

Similar color changes from red to purple to blue were observed during the coalescence of 

Au-NPs [129-131].  

The implication was confirmed by UV-vis spectra, since NPs aggregation gives rise to a 

red-shift and broadening of the plasmon band absorption [132-135]. As shown in Figure 6a, a 

56-nm red-shift in the wavelength of the surface plasmon band peak maximum is observed after 

the liquid-liquid extraction (water to n-hexane), indicating that the ODT-assisted extraction of 

Au-NPs causes aggregation of the particles in the n-hexane phase. In addition, while the TE was 

high (up to 97%), the extracted Au-NPs assembled at the interface of aqueous phase and organic 

solvent (Figure 3b). Obviously, TE is not a sufficient criterion to evaluate a ligand-assisted 

extraction method for MNPs. Hence, the TI analysis was further conducted according to equation 

2 (chapter 7.8.2).  
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Figure 6. a) UV-vis spectra of Au-NPs before and after liquid-liquid extraction assisted by different ligands. b) 

TEM micrograph of the extracted Au-NPs in n-hexane with 210 mmol/L DDT, the scale bar 

corresponds to 50 nm. c) Size distribution of 305 of the extracted Au-NPs with an average diameter 

of 13.2 ± 0.8 nm 

 

As shown in Figure 7a, the TIs are far lower than 1, indicating that the Au-NPs extracted by an 

ODT-assisted process are poorly dispersed in n-hexane. For example, the TE for ODT-assisted 

extraction was about 97% under the optimized conditions, whereas the corresponding TI was 

only 0.38 (Figure 7b). On the contrary, all the TIs of DDT-assisted extraction were close to 1 

(Figure 7b and Figure 8). Totally, although the Au-NPs could be extracted from aqueous solution 

to n-hexane by the ODT-assisted liquid-liquid extraction, the extracted Au-NPs were not stable in 

the n-hexane phase. 
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Figure 7. a) Effect of the ODT concentration in n-hexane on the transfer index of Au-NPs. b) Comparison 

between transfer efficiency and transfer index of Au-NPs under optimized conditions 

2.2.4 Effect of DDA Concentration in n-Hexane on Extraction of Au-NPs 

Figure 4c shows that the TE increases with the DDA concentration in n-hexane and reaches a 

plateau after about 105 mmol/L (corresponding molar ratio of DDA to Au-NPs: 202) with a final 

efficiency of 98%. Yang et al. [136] also reported that the efficiency of the DDA-assisted 

liquid-liquid extraction was nearly 100%. Moreover, they found the extracted Au-NPs could be 

well dispersed in toluene. However, in this study, the extracted Au-NPs were not stable; most of 

the particles precipitated at the interface of aqueous layer and n-hexane, what can be observed 

with the bare eye.  

 

Figure 8. a) Effect of the DDT concentration in n-hexane on the transfer index of Au-NPs 
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2.3 Preservation of Size and Shape of Au-NPs via the DDT-Assisted 

Liquid-Liquid Extraction 

Beside efficient extraction of the Au-NPs from an aqueous solution to n-hexane by the 

ligand-assisted liquid-liquid extraction, the most important issue for the method is the 

preservation of size and shape of the Au-NPs. On the basis of above-mentioned TE and TI 

analyses, DDT was the best suited ligand for extraction of Au-NPs from an aqueous solution to 

n-hexane. Therefore, the preservation of the size and shape of Au-NPs during DDT-assisted 

extraction was further investigated. A first indication of similar size of the Au-NPs before and 

after the extraction gives the UV-vis spectra shown in Figure 6a. Here, a slight blue-shift of 

14-nm in the wavelength of the surface plasmon band peak maximum is observed in the 

organosol (n-hexane with 210 mmol/L or 700 mmol/L DDT) in comparison to the Au-NPs 

hydrosol. This shift may arise from the change in refractive index of the solvent medium (from 

1.446 in water to 1.375 in n-hexane). Additionally, for the n-hexane with 210 mmol/L DDT, the 

plasmon peak remained narrow in its band width. This indicates the Au-NPs are well dispersed in 

the n-hexane, which is in good agreement with the TI analysis (Figure 8). Furthermore, the TEM 

investigation proved that the Au-NPs did not aggregate after they were extracted to n-hexane 

with 210 mmol/L DDT (Figure 6b). Meanwhile, as shown in Figure 6c, there is no change in the 

size distribution of the Au-NPs extracted to n-hexane with 210 mmol/L DDT. Totally, the 

obtained results confirm no change in particle size (with average diameter of 13.2 ± 0.8 nm) and 

shape. 

2.4 Conclusions 

  On the basis of a comparative study, we developed an efficient ligand-assisted liquid-liquid 

extraction method which can extract Au-NPs (d: 5-25 nm) from an aqueous solution to n-hexane. 

In this study, the molar ratio of DDT to Au-NPs is a critical factor affecting the TE, and 270 - 

310 is found to be the optimum range, under which the TE of this method is > 96%. Moreover, 

the proposed method can preserve the shape and size of the Au-NPs, which was confirmed by 

UV-vis spectra and TEM analysis. Meanwhile, the extracted Au-NPs can well disperse in the 

n-hexane and kept stable for some weeks, which appears reasonable when compared to available 
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literatures [118,125]. 

It is interesting to note that this study provides a possibility to efficiently collect and recover 

the Au-NPs from aqueous solution through a simple to perform and rapid method. Moreover, this 

method may aid in removing the Au-NPs in industrial wastewater, which is of importance to 

protect the environment [137]. Hence, application of this method to remove the Au-NPs as well 

as other MNPs in wastewater will be undertaken in future. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 25

3 Ligand-Assisted Solid(RP-C18)-Liquid Extraction for Separation 

and Pre-concentration of Au-NPs from Water 

3.1 Ligand-Assisted Solid(RP-C18)-Liquid Extraction of Au-NPs from 

Water 

To date, a variety of approaches such as filtration [93], centrifugation [94,95], size exclusion 

chromatography [96,97], flow field flow fractionation (FlFFF) [98-100], gel electrophoresis 

[101], and capillary electrophoresis [102] have been developed for extraction and concentration 

of NPs from aqueous phase. Unfortunately, many of these approaches suffer from disadvantages, 

such as application of only small sample volumes, providing non-sufficient enrichment, risking 

agglomeration of NPs, etc. Moreover, methods that meet the requirements of separation and 

pre-concentration of NPs from environmental matrixes and at the same time preserve the size 

and shape of the NPs are sparsely reported. Quite recently, Liu et al. [138,139] reported an 

elegant method for Ag-NPs separation and concentration by cloud point extraction with Triton 

X-114. Nevertheless, there is an urgent need for methodologies to separate and pre-concentrate 

NPs from complex matrices, preserve their size and shape and thereby overcome limitations of 

existing analytical techniques for size fractionation, characterisation, and quantification of MNPs 

in environmental samples.  

Consequently, we focussed on Au-NPs as a representative for the group of NMNPs. Studies on 

the presence and/or concentration level of Au-NPs in environmental samples are due to the lack 

of suitable analytical methodology not published. In this work a two-step selective extraction 

procedure was developed. Separation of the Au-NPs from the water samples was performed by 

application of reversed phase C-18 (RP-C18) material. Re-extraction from the solid phase into a 

small volume of organic solvent was assisted by a suitable organic ligand. In this study, DDT, the 

most efficient ligand reported in chapter 2, serves as an important surfactant and stabilizer for 

Au-NPs re-extraction from RP-C18. Hence, the work presented here describes the development 

and optimisation of the two-step extraction procedure in regard to sample volumes, organic 

solvent, concentration and nature of the ligand, ultrasonication time, and pH of the sample. The 

influences of Au-NPs size as well as of different coating of the NPs were examined. Moreover, 
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potential interferences of the method from other MNPs or dissolved organic carbon were studied. 

Extraction efficiencies for Au-NPs and recoveries in model and real water samples were 

investigated. 

3.2 Optimization of the Extraction Method for Separation and Pre- 

concentration of Au-NPs from Water 

3.2.1 General Procedure for the Two-Step Extraction 

  Figure 9a shows a scheme of the general procedure proposed for the separation and 

pre-concentration of Au-NPs from aqueous samples. In a first step, a defined volume (10 - 500 

mL) of the Au-NPs containing sample is passed over a micro column filled with RP-C18 

providing quantitative adsorption of the Au-NPs (1st step). At this point, RP-C18 turns wine red 

in colour when the initial concentration of the Au-NPs sample was high enough (higher than 1 

mg/L). The interaction of the nonpolar adsorption material (RP-C18) with the NPs is very strong 

and leads to quantitative retention of the Au-NPs. Elution by organic solvents or aqueous 

solutions in a pH range between 2 and 10 does not release considerable amounts of the NPs. 

Even the use of ligand-containing organic solvents for elution does not lead to quantitative 

release. Moreover, the specific interaction between RP-C18 and citrate-coated Au-NPs was 

confirmed by an experiment in which the RP-C18 was replaced by silica gel of the same particle 

size. With this column retention of Au-NPs was irreproducible varying from 31.1% to 77.6 %. 

Therefore, the RP-C18 loaded with Au-NPs is dried by application of vacuum and removed from 

the column. Then, Au-NPs are extracted into chloroform by assistance of DDT and ultrasonic 

treatment at about 0 °C (2nd step). The chloroform began to turn pink in colour after 30 min of 

ultrasonication, indicating the extraction of the Au-NPs from the adsorption material to 

chloroform. After centrifugation at 2000 rpm for 3 min the chloroform supernatant phase (in the 

following referred to as Au-NPs organosol) was collected and checked for Au concentration.  

Figure 9b presents the UV spectra of the Au-NPs aqueous sample (referred to as Au-NPs 

hydrosol) in comparison to that of the resulting organosol indicating quantitative extraction of 

the Au-NPs. In addition Figure 9b shows the resulting UV spectra after performing the described 

two-step procedure omitting addition of DDT (dashed red line) or ultrasonication (dotted blue 



 27

line), respectively. Minor recoveries of Au-NPs in the chloroform phase were observed, 

confirming that both, the ultrasonic treatment and the addition of DDT in chloroform are 

essential for quantitative extraction of Au-NPs. By varying the volume and initial concentration 

of the Au-NPs samples, enrichment factors of up to 250 were obtained. However, higher ratios of 

sample to extractant volume were not checked, it is assumed that even higher enrichment factors 

could be reached by this approach. Moreover, the extracted Au-NPs organosol turned out to be 

stable within months in regard to the NPs size, which was confirmed by UV-vis spectra (Figure 

10). However, the concentration of Au-NPs may slightly decrease probably due to loss of NPs 

attached to the vessel wall. Thus, beside separation and efficient pre-concentration of Au-NPs 

from water samples the novel approach also allowed effective stabilization of Au-NPs’ size. 

Here, we speculate that the adsorption of DDT on the surface of Au-NPs leads to the positive 

stabilization. In this regard, Figure 9c provides significant evidence that the DDT molecules 

(CH3(CH2)11SH) bind to the surface of the Au-NPs through their thiol group. The S-H stretching 

vibration of free alkanethiols is typically found at 2560 cm-1, [140] which we observed in the 

solution of DDT in chloroform (Figure 9c, inset, dotted blue line). Therefore, the absence of this 

peak in the Au-NPs organosol (Figure 9c, inset, red line) indicates that the SH bond of the DDT 

is broken upon binding to the Au-NPs surface. This observation is consistent with the reported 

cleavage of the S-H bond for alkanethiols adsorbed onto Au-NPs in surface-enhanced Raman 

spectroscopy [117,140]. Furthermore, the IR spectrogram of the Au-NPs organosol shows in 

comparison to the solution of DDT in chloroform three additional peaks at 2923 cm-1, 2850 cm-1, 

and 1096 cm-1. The additional IR peaks at 2923 and 2850 cm-1 correspond to C-H stretching 

modes, whereas the peak at 1096 cm-1 relates to stretching modes of C-C, which are typically 

found between 950 and 1150 cm-1. Such bands were also observed by Bryant and Pemberton 

[140] in surface-enhanced Raman spectroscopy used for analysis of alkanethiols and 

alkanethiolate monolayers. 
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Figure 9. a) Schematic illustration of the strategy for separation and concentration of Au-NPs from waters by 

two-step extraction. b) UV-vis absorbance spectra of the Au-NPs hydrosol and organosols 

demonstrating that both (extraction efficiency: 99.5%), ultrasonic treatment (extraction efficiency: 

66.1%) and addition of DDT (extraction efficiency: 5.0%), are essential for quantitative extraction 

of Au-NPs; Inset: visual appearance of Au-NPs hydrosol and extracted Au-NPs using 

ultrasonication and DDT. c) IR spectra of pure chloroform, chloroform with 5 mmol/L DDT and 

Au-NPs bond to DDT in chloroform extracted from hydrosol source, respectively. The inset shows 

the FT-IR spectra from 2500 to 2600 cm-1 
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Figure 10. UV-vis spectra of extracted Au-NPs in chloroform at different time 

3.2.2 Optimization of the Extraction Parameters  

Parameters that affect the two-step extraction procedure of Au-NPs from aqueous phase into 

organic phase, such as the flow rate of the sample passing the column, the organic extractant, the 

nature and concentration of the ligand in the organic extractant, the ultrasonication time, the 

centrifugation speed, and the pH of the Au-NPs hydrosol source were studied. 

3.2.2.1 Flow Rate of the Sample  

The maximum flow rate of the samples passing the column that provides quantitative 

extraction efficiency was 3 mL/min. At higher flow rates, such as 6 or 9 mL/min, minor 

recoveries of 75% or 30%, respectively, were observed. 

3.2.2.2 Extractants 

Five different organic solvents namely chloroform, ethanol, methanol, n-hexane, and ethyl 

acetate, as well as mixtures of these solvents were tested for ligand-assisted extraction of Au-NPs 

from the RP-C18 material. For these experiments all other parameters were kept constant, i.e. 

concentration of DDT was 10 mmol/L, ultrasonication time 3 h, volume ratio of source to 

extractant was 1:1. Figure 11a presents UV-vis spectra of the resulting Au-NPs organosols in  
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Figure 11.  Parameters affecting the extraction efficiency of Au-NPs from hydrosol source. a) UV-vis spectra 

of extracted Au-NPs in different organic solvents and Au-NPs hydrosol. b) Effect of DDT 

concentration in chloroform on the extraction of Au-NPs. c) Effect of ultrasonication time on the 

extraction of Au-NPs. d) Effect of pH of Au-NPs hydrosol without and with DOM on the 

extraction of Au-NPs. e) Effect of Au-NPs’ size on their extraction efficiency. f) Effect of Au-NPs’ 

coating on their extraction efficiency 
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comparison to the Au-NPs hydrosol source. The most similar spectrum in regard to intensity and 

wavelength of the maximum is obtained by application of pure chloroform. No absorbance peak 

was observed after application of ethanol, methanol, n-hexane, ethyl acetate, 1:1 

chloroform/ethanol, and 1:3 chloroform/ethanol mixtures. The spectrum of a 3:1 mixture of 

chloroform/ethanol shows a surface plasmon band peak maximum, however 12-nm red-shifted 

(Figure 11a). Apparently, addition of ethanol led to destabilization of the Au-NPs by aggregation, 

which has been observed for MNPs before [141]. Thus, among the tested organic solvents pure 

chloroform is the only effective extractant, capable of extracting and stabilizing Au-NPs. Notably, 

the Au-NPs chloroform organosol was observed to be stable for at least 2 months at 4 °C with 

little or no change in the extinction band position.  

3.2.2.3 Nature and Concentration of Ligand 

The efficiency of three different ligands, DDT, DDA, and ODT for extraction into chloroform 

was investigated. Best results were obtained by application of the sulfur-containing ligand DDT, 

followed by the results achieved with ODT, where application of about 10 times higher 

concentrations in the extractant was necessary to ensure efficient extraction; application of DDA 

requires about 200 times higher concentrations and causes Au-NPs aggregation. Hence, DDT 

was selected as ligand in all further extraction experiments. Figure 11b shows the extraction 

efficiency of Au-NPs depending on DDT concentration in chloroform. The presented efficiencies 

derive from the comparison of the concentration of Au-NPs in the initial source to that of the 

organosol determined by graphite furnace atomic absorption spectrometry (GFAAS). The 

efficiency clearly increases with higher DDT concentrations reaching quantitative transfer at a 

concentration of 5 mmol/L. In addition, UV-vis spectra of the resulting Au-NPs organosols all 

exhibit a peak at 524 nm (Figure 12), the intensity of which increases in a 

concentration-dependent and linear manner. 
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Figure 12. UV-vis spectra of Au-NPs (black solid line) in hydrosol source and (coloured dotted lines) in 

organosol after extraction, i.e. in chloroform with different concentrations of DDT 

3.2.2.4 Ultrasonication Time and pH 

Other factors taken into account for the optimization are the ultrasonication time and pH of the 

Au-NP hydrosol source. The effect of ultrasonication time was studied in the range of 0 to 360 

min. As shown in Figure 11c, the extraction efficiency increases with time up to ultrasonication 

duration of 180 min. This result indicates that the extraction reaches equilibrium within 180 min, 

and more importantly, quantitative extraction is assured. 

As shown in Figure 11d the pH of Au-NPs hydrosol has less effect on the extraction efficiency. 

Extraction rates all higher than 86% were achieved in a pH range from 2.5 to 6.0. In addition, 

lower efficiency was reached in a range of 7.1 to 9.0 (81% to 77%). pH values below 2.5 and 

above 9.0 were not tested in order not to exceed the limits of resistance for the RP-C18 material. 

In presence of dissolved organic matter (DOM) in the Au-NPs hydrosol, pH shows in contrast a 

significant effect on the extraction efficiency. The highest extraction efficiency was achieved at a 

pH of 3.5 (Figure 11d). Therefore, effects of DOM were studied in more detail and the results are 

presented in Figure 13 and are discussed below. 
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3.2.2.5 Centrifugation Speed 

Separation of RP-C18 material from the Au-NPs organosol after ultrasonication was 

accelerated by centrifugation. However, potential losses of Au-NPs by agglomeration and 

sedimentation at high speed have to be avoided. Centrifugation speeds ranging from 1500 to 

3500 rpm were tested. Quantitative Au-NPs recovery was obtained at maximum 2000 rpm. 

In conclusion, the optimal conditions for the extraction and pre-concentration of Au-NPs from 

aqueous samples are summarised in Table 3. 

 

Table 3. Optimal parameters and figures of merit for the two-step procedure for extraction and 

pre-concentration of Au-NPs from aqueous samples 

Parameter Set-up 

Sample pretreatment a Addition of 3% (v/v) H2O2 for 24 h 

pH adjustment of sample b 4.5 

Flow rate of the sample passing the column 3 mL/min 

Organic extractant Chloroform 

1-DDT concentration in chloroform 5 mM 

Ultrasonication time 180 min 

Speed of centrifugation 2000 rpm 

Initial sample volume 10 to 500 mL 

Enrichment factor 1 to 250 

Extraction efficiency 68.4 to 103.2% 

a Only in samples with dissolved organic carbon concentrations >1 mg/L; b pH adjustment was achieved by 

stepwise addition of HCl or NaOH solution (0.5 mol/L), respectively. 

3.2.3 Studying Effects of Sample Parameters on the Extraction Efficiency 

In order to evaluate the robustness and limitations of the proposed method for Au-NPs 

separation and pre-concentration from environmental water samples the effects of the following 

sample parameters were studied: Size and coating of the Au-NPs in the hydrosol source, 

presence of other MNPs (Ag- and Pd-NPs), and presence of DOM. 
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3.2.3.1 Size and Coating of Au-NPs 

In environmental samples a broad range of NPs’ sizes are to be expected. Therefore, in 

addition to the self-prepared Au-NPs with an average diameter of 10.0 ± 0.6 nm the proposed 

method was tested using commercially available Au-NPs with four different sizes, i.e. 10, 20, 40, 

and 80 nm. In Figure 11e the extraction efficiencies for Au-NPs with different sizes are presented 

showing no significant differences and recoveries all higher than 88.1%. Hence, Au-NPs’ size in 

a range from 10 to 80 nm does not have an influence on the proposed extraction method.  

As a matter of fact, the nature of the coating of Au-NPs emitted to the environment depends 

on their initial application. Therefore, we have studied the extraction efficiency of Au-NPs 

modified with different surfactants, namely citrate, MUA, MSA, TOAB, and Tween 20, 

respectively. As shown in Figure 11f, the proposed method can extract and pre-concentrate 

citrate-coated Au-NPs with an efficiency of 99.5 ± 1.0%; MUA-, MSA-, and TOAB-coated 

Au-NPs are pre-concentrated in similarly high rates varying from 82.6 ± 1.7% to 91.5 ± 1.0%. A 

significantly lower efficiency of 51.1 ± 1.9% was observed with Au-NPs stabilised by Tween-20. 

This minor recovery resulted from inferior adsorption onto the RP-C18 material (1st step of the 

procedure); more than 46% of the Au-NPs were found in the run-off of the column. 

3.2.3.2 Effect of Ag- and Pd-NPs in Au-NPs Hydrosol Source 

Potential interferences from other MNPs in the recovery of Au-NPs and the applicability of 

the proposed method for separation and pre-concentration of these MNPs were studied. Here, 

Ag-NPs as the most commonly used MNPs in consumer products and Pd-NPs (emitted e.g. from 

car catalytic converters) as very thiophilic MNPs were exemplarily selected. Firstly, extraction 

efficiencies of Au-NPs in suspensions with a 1:1 mixture of Au- / Pd-NPs, Au- / Ag-NPs, and 

Au- / Ag- / Pd-NPs (1:1:1) were all higher than 92.6% (92.7 ± 0.9%, 91.8 ± 2.0%, 93.2 ± 1.3%, 

respectively, see Table 4). Secondly, the proposed procedure is also capable of separating and 

pre-concentrating Pd- and Ag-NPs from these mixtures with high efficiencies (Pd-NPs recoveries 

>92.0%, Ag-NPs recoveries >81.1%, see also Table 4). In conclusion, these results indicate the 

high potential of the proposed method for separation and pre-concentration of anthropogenic 

MNPs from waters. 
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Table 4. Recovery of MNPs from different mixtures a  

Initial MNPs in the mixture 

(µg/L) 

MNPs recovery  

(%) 

Au-NPs Ag-NPs Pd-NPs Au-NPs Ag-NPs Pd-NPs 

880 910 880 93.2 ± 1.3 85.9 ± 0.6 92.0 ± 1.7 

980 1010 - 91.8 ± 2.0 81.1 ± 1.2 - 

4050 - 4900 92.7 ± 0.9 - 94.9 ± 0.9 

a Given uncertainties represent ± one standard deviation with n=3, P=95%. 

3.2.3.3 Effect of Dissolved Organic Matter in Au-NPs Hydrosol Source 

In environmental waters Au-NPs will be stabilised by interaction with natural ligands, such as 

DOM [142-144]. In this respect, the presence of DOM in the Au-NPs hydrosol source might be 

critical for the proposed extraction procedure. Hence, we studied the potential effect of DOM in 

an environmental relevant concentration range from 0 to 16 mg/L. As shown in Figure 13 

increasing DOM concentration in the hydrosol significantly lowers the recovery of Au-NPs 

(dotted red line). Hence, as expected, DOM strongly interacts with the Au-NPs by surface 

adsorption blocking apparently DDT adsorption sites. Decreasing pH and/or increasing 

concentration of DDT is not effective enough to overcome this problem. However, as shown in 

Figure 13 (solid black line), the extraction efficiency was increased significantly when the 

DOM-containing Au-NPs hydrosol source was pre-treated by addition of 3% H2O2 at room 

temperature for 24 h. Obviously, no complete degradation of DOM can be achieved by this 

procedure, however, Au recoveries higher than 92.6 ± 5.1% were obtained up to a DOM 

concentration of 3.4 mg/L.  
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Figure 13. The effect of dissolved organic matter in Au-NPs hydrosol source on the recovery of Au-NPs: 

Dotted red line: without pre-treatment; Solid black line: After pre-treatment with 3% H2O2 

3.3 Selectivity of Separation and Efficiency of Pre-concentration 

In order to provide a method for pre-concentration of MNPs from natural aqueous samples 

especially separation from metal ions is required. Only then element selective detection methods 

are applicable for the quantification of metals present as MNPs. Hence, the two-step procedure 

was tested by application of an aqueous solution of HAuCl4 instead of Au-NPs. After the first 

step more than 90% of the Au(III) ions were found in the run-off of the column. Furthermore, 

less than 3.5% of the adsorbed ions were extracted into DDT containing chloroform under 

ultrasonication in the 2nd step. Collectively, less than 0.35% of the total Au ions were transferred 

from the aqueous phase into chloroform by this approach. In other words, the proposed method 

has the potential to selectively extract and pre-concentrate Au-NPs even from an aqueous 

mixture containing Au ions.  

As described above, comparison of the absorbance intensity in the UV-vis spectra of the 

Au-NPs hydrosol source and resulting Au-NPs organosol indicate quantitative extraction of the 

NPs (Figure 9b). However, the exact Au concentrations before and after the two-step extraction 

procedure were determined by GFAAS. The results obtained for different initial concentrations 

of Au-NPs are given in Table 5, confirming quantitative extraction rates of higher than 99.5% in 

all cases. 
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Table 5. Extraction efficiency of the two-step procedure and size of Au-NPs a 

Spiked Au-NPs b 

(g/L) 

Enrichment  

factor 

Detected Au 

(g/L) 

Recovery 

(%) 

Extracted Au-NPs size c

(nm)  

4513.3 ± 12.6 1 4473.8 ± 44.5 99.5 ± 1.0 12.1 ± 0.8 

9.7 ± 0.8 10 98.6 ± 2.9 101.6 ± 3.0 11.5 ± 0.8 

0.15 ± 0.01 250 38.7 ± 1.4 103.2 ± 3.7 10.9 ± 0.9 

a Given uncertainties represent ± one standard deviation with n = 3, P = 95%; b The size of Au-NPs 

spiked is 10.0 ± 0.6 nm; c The size of Au-NPs was calculated from several TEM images (n = 80).  

 

 

 
Figure 14. Size distribution of extracted Au-NPs in chloroform after two-step extraction (n = 80). a) The initial 

concentration of Au-NPs hydrosol is 4513 g/L; b) The initial concentration of Au-NPs hydrosol 

is 9.7 g/L; c) The initial concentration of Au-NPs hydrosol is 0.15 g/L 
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Table 6. Investigation of real water samples spiked with Au-NPs 

Sample a 
Spiked Au-NPs 

(g/L) 

Enrichment  

factor 

Detected Au-NPs  

b (g/L) 

Recovery  

(%) 

5100 1 4503.2 ± 43.0 88.3 ± 1.0 

10.20 10 101.3 ± 2.3 99.4 ± 2.6 

1.02 50 48.7 ± 0.6 95.5 ± 2.3 

Tap water 

filtered (0.45µm) 

0.15 250 35.1 ± 1.1 93.6 ± 2.9 

5100 1 4625.8 ± 88.2 90.7 ± 2.1 

10.2 10 100.7 ± 0.9 98.8 ± 1.0 
Tap water  

unfiltered 
1.02 50 46.6 ± 0.7 91.5 ± 1.2 

4500 1 4410.0 ± 34.9 98.0 ± 0.8 

8.22 10 65.8 ± 0.9 80.1 ± 0.9 
River water   

filtered (0.45µm) 
0.19 250 41.2 ± 1.5 86.7 ± 2.7 

4500 1 4419.0 ± 42.4 98.2 ± 1.0 

9.08 10 74.2 ± 1.1 81.7 ± 1.1 
River water   

unfiltered 
0.94 50 39.1 ± 0.2 83.2 ± 1.8 

8.81 10 74.9 ± 1.5 85.0 ± 1.6 Lake water  

filtered (0.45µm) 0.90 50 35.5 ± 1.0 78.8 ± 2.1 

8.80 10 71.7 ± 1.9 81.6 ± 2.2 Lake water  

unfiltered 0.90 50 36.5 ± 0.7 81.0 ± 1.4 

9.10 10 72.6 ± 2.4 79.9 ± 2.6 Brook water  

filtered (0.45µm) 0.83 50 29.0 ± 1.6 70.1 ± 3.7 

9.10 10 71.0 ± 1.1 78.2 ± 1.2 Brook water  

unfiltered 0.83 50 29.3 ± 0.8 70.8 ± 1.9 

4.70 10 34.7 ± 1.4 74.0 ± 3.0 WWTP effluent  

filtered (0.45µm) 0.94 50 33.8 ± 1.0 72.1 ± 2.2 

4.70 10 32.9 ± 1.1 70.1 ± 2.4 WWTP effluent  

unfiltered 0.94 50 32.1 ± 1.1 68.4 ± 2.3 

a Characteristics of real samples are shown in the Table S3; b Given uncertainties represent ± 

one standard deviation with n=3, P=95%). 
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3.4 Preserving Size and Shape of the Au-NPs 

Beside selective separation and efficient pre-concentration the most important issue for the 

procedure is the preservation of size and shape of the Au-NPs. Particle aggregation would lead to 

a red-shift and broadening of the plasmon band absorption [133,145]. Hence, a first indication of 

similar size of the NPs before and after the two-step extraction procedure gives the UV-vis 

spectra shown in Figure 9b. Here, a slight blue-shift of 7 nm in the wavelength of the surface 

plasmon band peak maximum is observed in the organosol in comparison to the hydrosol source. 

This shift may arise from the combined effect of the change in refractive index of the solvent 

medium [133] (from 1.446 in water to 1.334 in chloroform) and adsorption of DDT onto Au-NPs 

surface, as confirmed by IR spectroscopy (Figure 9c). This conclusion is further supported by 

TEM investigation of the Au-NPs before and after extraction. The obtained results confirm no 

change in particle size and shape, i.e. spheres of 10 to 15 nm in size were observed (see Table 5, 

Figures 14 and 24c). 

3.5 Application to Real Water Samples 

The feasibility of the proposed approach was evaluated by application of the optimized 

procedure to five real water samples, namely tap, river, lake, and brook water, as well as to an 

effluent of a WWTP, spiked with Au-NPs in a concentration range from 0.15 - 5100 µg/L. 

Models predicting Au-NPs concentrations in environmental waters estimate contents of 0.14 

μg/L to be found within the next 10 years due to their broad application in electronics and 

medical diagnosis [146]. Hence, spiking of the samples was performed within a reasonable 

concentration range. All samples were investigated without and after filtration through a 0.45 µm 

filter in order to check whether naturally occurring particles might interfere with the procedure.  

Table 6 summarises the Au-NPs recoveries obtained for 5 real water samples ranging from 68.4 

± 2.3% to 99.4 ± 2.6%. No significant differences between recoveries for filtered and unfiltered 

samples were observed, which seems reasonable since all investigated water samples had very 

low particulate matter content (<1 mg/L). Interferences from naturally occurring dissolved 

compounds in the real waters were observed in the effluent from the WWTP leading to 

significantly lower recoveries ranging from 68.4 to 74.0%. This water has obviously the most 
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complex matrix among the studied samples. Totally, the results suggest that the proposed method 

is capable of quantitatively extracting and pre-concentrating Au-NPs from natural water samples. 

3.6 Conclusions 

This work demonstrates the successful extraction and concentration of Au-NPs in a size range 

from 10 to 80 nm from water samples by means of solid phase extraction followed by 

ligand-assisted liquid extraction. The two-step procedure uses RP-C18 as solid phase and 5 

mmol/L of DDT in chloroform for most effective re-extraction. An enrichment factor as high as 

250 was obtained and recovery studies in model solutions (recoveries: 99.5 - 103.2%) as well as 

in real waters (recoveries: 68.4 - 99.4%) confirm the feasibility of this approach. Selectivity in 

regard to chemical species was given, since separation from ionic gold species was provided. 

The presence of other MNPs, namely Ag- and Pd-NPs, did not interfere the proposed procedure. 

Moreover, Ag- and Pd-NPs were also separated from aqueous suspensions in high yields, which 

indicates a high potential for application of the approach to other MNPs. Interferences occurring 

in presence of dissolved organic matter up to a concentration of 3.4 mg/L can be overcome by 

pre-treatment with hydrogen peroxide, which does not affect the extraction procedure. Moreover, 

preservation of size and shape of the Au-NPs after application of the novel approach was proved 

by UV-vis and TEM analysis of the NPs suspension. Effects resulting from different coatings of 

the original Au-NPs were observed with Tween-20, a non-ionic dendritic surfactant with a high 

molecular weight. Here, non-quantitative adsorption onto the RP-C18 was observed leading to 

minor recoveries from the spiked water sample. Future investigation will have to further 

enlighten the role of different initial NPs’ coatings and their stability under environmental 

conditions, i.e. their relevance to proposed analytical procedures. Thereby also natural “coating” 

by e.g. DOM will have to be considered in more detail. Hence, application and optimisation of 

this approach to a broader variety of water matrices and for extraction and concentration of other 

MNPs from environmental waters are currently undertaken. 
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4 Ligand-Assisted Solid(IRN-78)-Liquid Extraction of NMNPs for 

Separation and Pre-concentration of NMNPs from Water 

4.1 General Procedure for the Ligand-Assisted Solid(IRN-78)-Liquid 

Extraction 

In this work, we developed another novel ligand-assisted solid-liquid extraction method for 

separation and pre-concentration of NMNPs from water samples. An anionic exchange resin, 

Amberlite IRN-78, was used in the present study. This resin contains positively charged 

ammonium groups. As illustrated in Figure 15, mercaptosuccinic acid (MSA) (molecular formula: 

C4H6O4S, pKCOOH: 3.30 and 4.94), a bifunctional ligand, was used to bind to the surface of the 

NMNPs through its thiol group, with its two carboxylic acid groups exposed to the medium. 

Previous studies have shown that the carboxyl group tends to be deprotonated (negatively 

charged) in a basic environment (pH > 7) [147]. The MSA-modified NMNPs therefore were 

loaded onto the resin directly due to the electrostatic interaction of the positively charged amino 

groups from the resin with the negatively charged carboxylic acid groups from the MSA ligands 

(steps 1, 2 and 3 in Figure 15). The successfully adsorbed NMNPs were then completely 

extracted using a solution of 8% (v/v) formic acid in methanol with gentle shaking at room 

temperature (step 4). The resin can be reused after consecutive conditioning with 5% (v/v) 

hydrochloric acid and 5% (v/v) sodium hydroxide solution (step 5). 

4.2 Mechanism of Ligand-Assisted Solid(IRN-78)-Liquid Extraction 

Once the MSA-modified NMNPs are loaded onto the resin, they can not be eluted from the 

resin using sodium hydroxide (0.75 mol/L), sodium bicarbonate (1.0 mol/L) and even 

hydrochloride acid (0.75 mol/L) solutions. Moreover, some of the eluting agents facilitate 

subsequent aggregation of NMNPs in the effluent and hence were not used. Only the organic 

weak acid formic acid in methanol can elute the NMNPs from the resin. Moreover, the 

quantitative extraction was performed under gentle shaking at room temperature. 
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Figure 15. Effective separation and extraction of NMNPs by a noncovalent reversible reaction on an ionic 

exchange resin. Separation: steps (1), (2) and (3); Extraction: step (4); Regeneration: step (5) 

 

 
Figure 16. a) Time progress of cleavage reactions of adsorbed MSA-modified Pd-NPs with different 

concentrations of formic acid. The initial concentration of Pd-NPs hydrosol is lower than 100 

g/L. b-d) Chemical cleavage reaction of adsorbed MSA-modified NMNPs by 8% formic acid in 

methanol. The initial concentration of NMNPs is 1 mg/L. After 42 h, a second equivalent of 8% 

formic acid in methanol was added. b) Pd-NPs. c) Au-NPs. d) Ag-NPs 
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Figure 16a presents the time progress of cleavage reactions of adsorbed MSA-modified 

Pd-NPs with formic acid, where the formic acid/methanol (v/v) ratio ranges from 0:100 to 16:84. 

The cleavage reaction proceeds in a progressive manner over 45 h, and reaches a maximum 

depending on the formic acid/methanol ratio. This result indicates that the H+ plays a key role in 

extracting NPs from the resin. In addition to that, Figure 16b provides additional evidence that 

the extent of extraction depends on the amount of acid used for the reaction. When studying the 

extraction step, we observed that addition of a second equivalent of formic acid to a reaction 

whose conversion had already reached a limiting value results in additional conversion. Similar 

results were also obtained for Ag- and Pd-NPs (Figure 16c and 16d). Totally, for the quantitative 

extraction of Pd-NPs, 16% of formic acid in methanol was required, whereas for Au- and 

Ag-NPs 8% formic acid in methanol was applicable. This can be explained by the different sizes 

of NPs; Pd-NPs (6.5 ± 1.2 nm) are significantly smaller, providing more surface area at similar 

concentrations than the Au-NPs (10.0 ± 0.5 nm) and Ag-NPs (17.2 ± 0.5 nm). Hence more MSA 

molecules are bound to the Pd-NPs. 

Although the H+ concentration plays a key role in extracting NMNPs from the resin, the exact 

mechanism for extraction of MSA-modified NMNPs is still intriguing at this stage. Consequently, 

the composition of the extracted NMNPs was analyzed by energy dispersive x-ray fluorescence 

(EDX) and infrared (IR) spectroscopy. The EDX of extracted Ag-NPs suspension in Figure 17a 

reveals the presence of sulphur from MSA ligand, which indicates the MSA might still bind onto 

the surface of the Ag-NPs through their SH group. Furthermore, the IR spectrogram of the 

extracted Ag-NPs suspension shows in comparison to the formic acid an additional peak at 1466 

cm-1 corresponding to CH2 bond (Figure 17b), which confirms the finding from EDX analysis. In 

addition, as shown in Figure 17c and 17d, the toluidine blue O (TBO) adsorption peak at about 

633 nm was observed in the UV-vis spectra of the extracted NPs, indicating the presence of 

carboxylic group of MSA on the surface of extracted NPs. 
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Figure 17. a) EDX spectrum of the extracted Ag-NPs. b) IR spectrogram of the extracted Ag-NPs. c) and d) 

UV-vis spectra of extracted Au-NPs and Ag-NPs without and with TBO analysis 

4.3 Optimization of the Extraction Method for Separation and Pre- 

concentration of NMNPs from Water  

Before the extraction of NMNPs at environmental levels (i.e., in ng/L range) was examined, 

the feasibility of this procedure was investigated at high concentrations (i.e., in mg/L and μg/L 

range). As shown in Figure 18, the UV-vis absorbance of NMNPs (2 mg/L) solution is decreased 

considerably after passing through the column filled with resin. Moreover, the concentrations of 

NMNPs in the run-off of the column were measured by GFAAS, where typically traces of Au, 

Ag and Pd were found, respectively. Meanwhile, the increase of pH and decrease of zeta 

potential are observed in the run-off in comparison to the initial NPs solution (Table 7). These 

indicate the effective adsorption of MSA-modified NMNPs from water onto the resin due to the 
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electrostatic interaction between carboxyl and amino groups. In addition to that, we found a clear 

trend of increasing separation efficiency with decreasing flow rate; in the case of Au-NPs, the 

average separation rate increased from 70 to 97% with the flow rate decreasing from 2.5 to 1.5 

mL/min. Similar results were also obtained for Ag-NPs and Pd-NPs; the separation efficiencies 

of Ag-NPs and Pd-NPs reached 93 and 87% respectively when the flow rate was 1.5 mL/min. 

Therefore, a flow rate of 1.5 mL/min was selected for further studies. 

 

 

 

Figure 18. UV-vis spectra of the MSA-modified NMNPs aqueous solution measured before and after 

adsorption of NPs onto the resin. Inset: visual appearance of samples before and after adsorption. 

a) Au-NPs, b) Ag-NPs, and c) Pd-NPs 
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Table 7. The changes in pH and Zeta potential before and after NPs passing through the column with resin 

pH Zeta potential (mV) 
NPs 

 
Initial 

hydrosol 

Before loading 
After loading 

Initial hydrosol
Before loading After loading

Au 2.50 ± 0.20 11.46 ± 0.16 -22.8 ± 0.8 -33.3 ± 3.4 -37.2± 0.8 

Ag 7.60 ± 0.02 11.72 ± 0.05 -21.5 ± 0.9 -23.8 ± 1.5 -27.3 ± 2.1 

Pd 8.21 ± 0.04 

 

8.00 ± 0.50 

11.87 ± 0.09 -16.0 ± 1.5 -29.0 ± 2.7 -35.1 ± 2.5 

 

With the proposed procedure an enrichment factor of up to 232 was obtained when the initial 

concentration of NPs was as low as 100 ng/L (Table 8). However, in environmental waters, NPs 

will be stabilized by interaction with natural ligands, such as DOM. In this respect, the presence 

of DOM in the NPs solution might be critical for the proposed extraction procedure. The DOM 

at a concentration of 2 mg/L in the initial NPs hydrosol has no effect on the separation and 

concentration of NPs. As a matter of fact, the nature of the coating of NPs emitted to 

environment depends on their initial application. Therefore, we also studied the extraction of 

NMNPs stabilized with citrate, PVP10, PVP40 and TOAB, respectively. As shown in Table 9, 

this method can extract citrate-stabilized NPs with an efficiency of 105.0 ± 2.4%, and PVP10- 

and TOAB-stabilized NMNPs are extracted in similarly high rates varying from 85.0 ± 1.6% to 

103.7 ± 1.8%. However, a significantly lower efficiency was observed with NMNPs stabilized 

by PVP40 (< 36.3 ± 1.7%). 

 

Table 8. Extraction of NMNPs through the proposed method 

NP 

 

Initial NPs 

(μg/L) 

Separation efficiency 

(%) 

Concentrated NPs

(μg/L) 

Recovery 

(%) 

Enrichment 

 

41.0  97.6 ± 1.1 8487.5 ± 88.4 105.0 ± 2.4 207 ± 2 
Au 

0.1 >97 23.2 ± 0.9 94.7 ± 3.9 232 ± 9 

43  93.0 ± 1.5 8680 ± 184 107.4 ± 4.0 202 ± 4 
Ag 

0.1 >93 22.9 ± 1.1 97.5 ± 4.1 229 ± 11 

83.6  87.1 ± 1.4 15690 ± 303 106.6 ± 3.5 188 ± 4 
Pd 

0.11 >87 21.7 ± 1.1 89.8 ± 3.8 197 ± 10 
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In order to provide a method for extraction of NMNPs from natural aqueous samples, 

especially separation from metal ions is required. Only then, element selective detection methods 

are applicable for the quantification of metals present as NPs. As shown in Table 10, the 

recoveries of NPs are more than 96.4 ± 2.2%, while less than 10% of the corresponding metal 

ions are recovered, indicating that this method has the potential to selectively extract and 

concentrate NMNPs even from a mixture containing the NMNPs and corresponding metal ions. 

 

Table 9. Effect of different coatings on the proposed method 

Separation efficiency (%) Recovery (%) NMNPs 

 

Coating 

 Without MSA With MSA Without MSA With MSA 

Citrate 41.5 ± 2.9 97.6 ± 1.1 29.7 ± 4.5 105.0 ± 2.4 

PVP10 35.9 ± 1.7 98.3 ± 0.8 32.5 ± 2.7 95.5 ± 1.1 

PVP40 29.2 ± 0.9 90.2 ± 2.1 33.2 ± 5.2 36.3 ± 1.7 

Au 

 

 

 TOAB 42.5 ± 1.3 99.5 ± 1.5 40.5 ± 2.8 88.6 ± 2.0 

Citrate 35.7 ± 2.5 93.0 ± 1.5 31.2 ± 3.9 107.4 ± 4.0 

PVP10 37.9 ± 2.0 95.0 ± 0.9 38.7 ± 1.7 103.7 ± 1.8 

PVP40 30.1 ± 1.9 97.1 ± 0.8 32.8 ± 2.9 15.4 ± 2.5 

Ag 

 

 

 TOAB 38.6 ± 3.1 89.9 ± 1.3 40.2 ± 3.1 85.0 ± 1.6 

Citrate 32.7 ± 2.1 87.1 ± 1.4 36.9 ± 0.8 106.6 ± 3.5 

PVP10 40.5 ± 2.9 86.6 ± 2.7 36.8 ± 3.0 92.4 ± 3.5 

PVP40 26.8 ± 5.7 89.1 ± 1.1 31.5 ± 4.1 15.3 ± 2.9 

Pd 

 

 

 TOAB 37.8 ± 2.4 90.3 ± 2.1 38.9 ± 2.9 88.6 ± 4.1 

 

Table 10. Recovery of NMNPs in comparison to corresponding ions using the proposed method   

Concentration (μg/L) Concentration (μg/L) Recovery (%) Element 

 Spiked NPs Spiked ions Extracted NPs Extracted ions NPs Ions 

Au 80 10 77.1 ± 1.8  < 1.0 [a] 96.4 ± 2.2 < 10 

Ag 80 10 81.4 ± 1.0 < 0.5 [b] 101.8 ± 1.3 < 5 

Pd 80 10 81.6 ± 2.0 < 0.5 [c] 102.0 ± 2.5 < 5 
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4.4 Regeneration of the Ion Exchange Resin 

For regeneration of the ion exchange resin the HCOO- ions were exchanged with Cl- and then 

replaced by OH- without any significant change of the resin by reaction with aqueous HCl and 

NaOH solution sequentially. Figure 19 shows scanning electron microscopy (SEM) images of 

the resins surface at the different stages. Therefore, the present results show that the resin can be 

used repeatedly. Good reusability of resin had also been demonstrated by the second time 

extraction; the regenerated resin yielded good performance with separation efficiencies of 

NMNPs > 80%, as well as recoveries > 70%. 

 

 

 
Figure 19. SEM images of the resin’s surface. a) New resin, b) MSA-modified Ag-NPs adsorbed onto resin, 

Inset: EDX spectrum, and c) Regenerated resin’s surface 
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4.5 Preserving Size and Shape of the NMNPs 

It is well known that NPs aggregate very easily by coagulation due to their high surface 

reactivity and large surface area. Consequently, to preserve their original size and shape 

throughout separation and pre-concentration is an important issue. The TEM measurements to 

characterise the size distribution of the NPs (250-600 particles per metal) before and after the 

proposed procedure was performed. The results are presented in Figure 20 confirming that no 

significant changes in particle size and shape occur. 

4.6 Application to Real Water Samples 

To further evaluate the applicability of the proposed method to real natural waters, three 

different real environmental water samples (Donau river, Starnberger lake, and brook; 

Characteristics are shown in chapter 7 Table 20) were tested by spiking 90, 80 and 130 ng/L Au-, 

Ag-, and Pd-NPs, respectively. As shown in Figure 21, the obtained recoveries of Au-, Ag- and 

Pd-NPs are all higher than 65.6 ± 3.7%, 69.1 ± 2.3% and 81.0 ± 1.3% respectively, which is 

satisfactory with regard to the low spiking level. Moreover, the corresponding enrichment factors 

of Au-NPs, Ag-NPs and Pd-NPs can reach 132, 138 and 163, respectively. 

4.7 Conclusions 

In this study, we present a new method to effectively and selectively extract Au-, Ag- and 

Pd-NPs at ng/L level from real environmental water (river/lake/brook) through the noncovalent 

reversible adsorption onto an ionic exchange resin. In addition, preservation of size and shape of 

these NPs after application of the method was proved by TEM analysis of the concentrated NPs 

suspension. The electrostatic adsorption onto resin is reversible so that the resin can be reused for 

the extraction of NPs. 
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Figure 20. Size distribution of the NPs before (a, b, and c) and after (a’, b’ and c’) the separation and 

extraction. Inset: TEM images of original and extracted samples. a and a’) Au-NPs, b and b’) 

Ag-NPs, and c and c’) Pd-NPs 
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Figure 21. Recovery of NMNPs spiked in environmental water by the proposed method. The spiked 

concentrations of Au-NPs, Ag-NPs and Pd-NPs are 90, 80 and 130 ng/L, respectively 
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5 Quantification of Nanoscale Silver Particles Removal and Release 

from Municipal Wastewater Treatment Plants 

5.1 Solid(IRN-78)-Liquid Extraction of Ag2S-NPs from Water 

As is the case for most other ENPs like TiO2-NPs [44,45], the majority of Ag-NPs in 

consumer products will be likely released into sewer systems [43,46,47]. Municipal WWTPs 

therefore act as the ‘gateways’ controlling release of ENPs from domestic and/or industrial 

sources to aquatic environment via treated effluent which is discharged into surface waters. 

Numerous studies have shown that Ag-NPs entering wastewater treatment process are mostly 

sulfidized, which gives rise to the occurrence of silver mainly as Ag2S-NPs in WWTPs. For 

example, Kim et al. [148] discovered the presence of Ag2S-NPs in sewage sludge. In addition, 

based on batch bioreactors in laboratory, a general conclusion from previous investigations on 

Ag-NPs removal is that about 90% spiked Ag-NPs are efficiently removed from wastewater by 

biological treatment, and accumulated in activated sludge or biosolids as a form of Ag2S 

[46,148-152].  

Although the solid(IRN-78)-liquid extraction method has been proven to selectively and 

efficiently extract the Ag-NPs from water (Chapter 4), the feasibility of extracting Ag2S-NPs 

from water by the proposed method is still unclear. Consequently, we investigated whether and 

to what extent the proposed method extracts Ag2S-NPs from water. On the basic of these results, 

we quantified the nanoscale silver particles (n-Ag-Ps including Ag-NPs and Ag2S-NPs) in 

field-collected wastewater, and further determined the relative contribution of biological 

treatment to n-Ag-Ps removal compared to mechanical treatment. Finally, we estimated the daily 

n-Ag-Ps load entering water environment through effluent discharge. 

5.1.1 Optimization of the Extraction Procedure 

Given the various extents of Ag-NPs sulfidation in environment [148,153], we prepared 

Ag2S-NPs with four different ratios of Ag to S. As shown in Figure 22a, the sulfidation extent 

has no impact on the extraction efficiencies, indicating that the IER method can be applied to 

extract Ag2S-NPs with varied ratios of Ag to S. In addition, we verified that the extraction time 
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clearly increased with higher initial concentrations of Ag2S-NPs (Figure 22b). For Ag2S-NPs 

concentrations below 10 g/L, the extraction efficiency reached the maximum (～100%) within 

4h and then levelled off, which is in good agreement with the case of Ag-NPs in our previous 

study [154]. Hence, the extraction time of 4h was selected in the present study.  

 

 
Figure 22. Optimization of the solid(IRN-78)-liquid method for n-Ag-Ps extraction. a) The effect of the S to 

Ag ratio on the extraction of Ag2S-NPs (concentration: 30 g/L). b) Effect of Ag2S-NPs 

concentration on the extraction efficiency. c) Extraction of Ag ions as a function of time by the 

solid(IRN-78)-liquid method. d) Selective extraction of n-Ag-Ps versus Ag+ using 

solid(IRN-78)-liquid method 

5.1.2 Selective Extraction of Ag2S-NPs versus Ag+ ions 

Due to the release of Ag+ from Ag-NPs [35,155], environmental samples with Ag-NPs always 

contain Ag+ ions. Furthermore, given the matrix associated Ag+ in environmental samples might 

be extracted and falsely counted as Ag-NPs, the effect of coexisting Ag+ on the determination of 
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Ag-NPs in water samples is especially worth mentioning. As shown in Figure 22c, it shows that 

only less than 4% of the adsorbed Ag+ is extracted by 8:92 formic acid/methanol solution even 

after 46 h gentle shaking. On the contrary, the extraction efficiencies of the Ag-NPs can reach 

92.1-96.2% (Figure 22d). The results imply that this method has the potential for selective 

extraction of n-Ag-NPs versus silver ions in water samples. 

However, it should be noted that high content of Ag+ in samples still can interfere with the 

analysis of n-Ag-Ps. In other words, when the Ag+ concentration is tens- or hundreds-fold of the 

n-Ag-Ps concentration, the Ag+ has an important impact on the quantification of n-Ag-Ps. This is 

because when the Ag+ concentration is much higher than that of the n-Ag-Ps in samples, the 

absolute Ag+ amount extracted is much higher than that of n-Ag-Ps even though the extraction 

efficiency of Ag+ (< 4%) was much lower than that of n-Ag-Ps (> 92.1%). For example, a tested 

sample containing 150 g/L Ag-NPs, 150 g/L Ag2S-NPs and 4500 g/L of Ag+, the extraction 

efficiency of 92.1% n-Ag-Ps corresponds to a extracted amount of 276.3 g/L, and meanwhile 

the extraction efficiency of 4% Ag+ corresponds to a extracted amount of 180 g/L of Ag+ which 

would be falsely counted as n-Ag-Ps in the following GFAAS analysis, so it would give rise to 

an enormously increased n-Ag-Ps in the sample. 

Although high content of Ag+ significantly interferes with the analysis of n-Ag-Ps, for most 

environmental samples, the coexisting Ag+ concentration is low and has negligible effects on the 

quantification of n-Ag-Ps. To the best of our knowledge, the fraction of Ag+ is less than 0.1% of 

the total mass of silver in all environmental water matrices [157]. Furthermore, two recent 

studies operated by Liu et al. [158] and Kittler et al. [159] found that the release of Ag+ from 

Ag-NPs in water was dependent on the sample pH, temperature and NPs surface coating, and the 

final degree of dissolution in most cases did not exceed 70% of the weight of particles. Therefore, 

for most real samples, it is expected that the ratio of total Ag+ to total n-Ag-Ps should be below 2 

and the coexisting Ag+ has negligible effects on the analysis of n-Ag-Ps in real samples. 

5.2 Analysis of Silver in Wastewater Influents 

Normally, Ag+ and Ag-NPs commonly coexist, given the release of Ag+ from Ag-NPs and the 

transformation of Ag+ into Ag-NPs in the environment [35,155,160]. As shown in Table 11, the 

concentrations of n-Ag-Ps range from 0.06 to 1.50 g/L which account for 13.3 to 49.2% of the 
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total silver, and meanwhile the majority of the influent samples contained indeed Ag+; the 

concentration of Ag+ ranged from 0.03 to 0.21 g/L which account for between 6.0 and 58.3% of 

the total silver. Additionally, we also found that the ratio of total Ag+ to total n-Ag-Ps were below 

2, which was in good agreement with the previous studies [156,159]. Therefore, the effect of 

coexisting Ag+ on the analysis of n-Ag-Ps in the wastewater influent is negligible. 

 

Table 11. Determined concentrations of n-Ag-Ps and total silver with and without filtration, and the calculated 

concentration of free Ag+, as well as the ratio of free Ag+ to n-Ag-Ps in the nine field-collected 

wastewater influent samples 

Silver concentration 

(g/L) Sample 

unfiltered filtrated 

n-Ag-Ps 

concentration 

(g/L) 

Calculated 

free Ag+ 

(g/L) a 

Percent of free 

Ag+ in the total 

silver (%) 

Ratio of Ag+ to 

n-Ag-Ps 

 

Mun 3.05 ± 0.13 1.30 ± 0.10 1.50 ± 0.05 - b - - 

Gar 0.35 ± 0.04 0.31 ± 0.02 0.11 ± 0.00 0.20 ± 0.02 58.25 ± 9.03 1.82 ± 0.16 

Reg 0.45 ± 0.04 0.22 ± 0.04 0.16 ± 0.01 0.06 ± 0.03 12.89 ± 7.41 0.35 ± 0.16 

Aug 0.76 ± 0.03 0.33 ± 0.04 0.37 ± 0.03 - - - 

Lan 0.41 ± 0.04 0.23 ± 0.05 0.15 ± 0.01 0.08 ± 0.04 18.24 ± 9.59 0.51 ± 0.27 

Ulm 0.37 ± 0.07 0.18 ± 0.04 0.15 ± 0.03 0.06 ± 0.05 8.75 ± 10.23 0.28 ± 0.37 

Ing 0.32 ± 0.02 0.30 ± 0.06 0.12 ± 0.00 0.18 ± 0.06 55.60 ± 22.63 1.47 ± 0.50 

Fre 0.52 ± 0.04 0.22 ± 0.04 0.19 ± 0.01 0.03 ± 0.03 6.04 ± 6.00 0.16 ± 0.15 

Moo 0.45 ± 0.05 0.27 ± 0.04 0.06 ± 0.01 0.21 ± 0.03 47.14 ± 12.35 3.51 ± 0.32 

a Calculted by equation: total silver concentration (filtrated) - n-Ag-Ps concentration. b The value is negative. 

 

As it can be seen in Table 11, the influent samples exhibit similar levels of total silver, with the 

exception of the sample named Mun, which is also found for the n-Ag-Ps. The population was 

presumed to influence both the total silver and n-Ag-Ps concentrations, since n-Ag-Ps are used in 

many personal care and household products. However, we found that the population did not 

show any significant association with both of total silver and n-Ag-Ps concentrations (p > 0.05), 

which indicated that these personal care and household products were not the unique sources. In 

other words, the sample named Mun had elevated total silver and n-Ag-Ps concentrations that 
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were statistically different from other samples (p < 0.05), perhaps due to an extra industrial 

source discharged into the plant. 

Table 11 compares total silver concentrations in filtered and unfiltered influents. In general, 

total silver concentrations in filtered samples are lower than those in unfiltered samples. In the 

present study, the concentrations of total silver in the unfiltered influent were in a range from 

0.32 to 3.05 g/L, which is much lower than the influent samples in the USA [161]. Additionally, 

the concentrations of total silver in the filtered influent ranged from 0.18 to 1.30 g/L, 

accounting for in a range from 43% to 93% of total silver concentration in unfiltered influents. 

The same phenomenon was observed when the semi-treated samples were analyzed (Table 12). 

The difference between total silver levels in filtered and unfiltered samples may be attributed to 

the relatively high levels of suspended organic matter [162,163]. The portion of silver associated 

with suspended organic matter is of a size larger than the pore size or silver formed aggregates 

bigger than 0.45 m in size under organic matter abundant conditions. 

 

Table 12. Determined concentrations of total silver with and without filtration and n-Ag-Ps, and the calculated 

concentration of free Ag+, as well as the ratio of free Ag+ to n-Ag-Ps in the nine field-collected 

wastewater semi-treatment samples 

Total silver concentration (g/L) Sample 

 Unfiltered Filtrated 

n-Ag-Ps concentration

(g/L) 

Calculated free 

Ag+ (g/L) a 

Ratio of Ag+ to 

n-Ag-Ps 

Mun 1.82 ± 0.06 1.21 ± 0.09 1.15 ± 0.05 0.06 ± 0.09 0.06 ± 0.07 

Gar 0.29 ± 0.04 0.28 ± 0.04 0.12 ± 0.01 0.16 ± 0.03 1.35 ± 0.10 

Reg 0.36 ± 0.02 0.19 ± 0.01 0.07 ± 0.01 0.12 ± 0.01 1.82 ± 0.39 

Aug 0.34 ± 0.06 0.15 ± 0.03 0.03 ± 0.01 0.12 ± 0.02 4.28 ± 0.75 

Lan 0.30 ± 0.02 0.12 ± 0.02 0.07 ± 0.01 0.05 ± 0.02 0.73 ± 0.29 

Ulm 0.31 ± 0.07 0.16 ± 0.02 0.15 ± 0.03 0.01 ± 0.01 0.08 ± 0.08 

Ing 0.19 ± 0.02 0.18 ± 0.02 0.03 ± 0.00 0.25 ± 0.02 8.44 ± 0.70 

Fre 0.47 ± 0.07 0.18 ± 0.02 0.18 ± 0.01 0.01 ± 0.02 0.06 ± 0.10 

Moo 0.32 ± 0.07 0.23 ± 0.01 0.06 ± 0.01 0.17 ± 0.02 2.91 ± 0.77 

a Calculted by equation: total silver concentration (filtrated) - n-Ag-Ps concentration. 
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5.3 Role of Mechanical Treatment in n-Ag-Ps Removal 

As can be seen from Figure 23a, mechanical treatment plays an important role in removal of 

silver in general and n-Ag-Ps. Samples collected from nine diverse WWTPs in Germany 

exhibited varying extents of total silver and n-Ag-Ps removal by the mechanical treatment. We 

found that the concentration of total silver decreased in a range from 0.05 to 1.24 g/L, 

corresponding to the decrease of n-Ag-Ps between 0.01 and 0.35 g/L. This could be attributed 

to the occurrence of silver (ions and NPs) partly attached to larger particles like suspended 

organic matter. Obviously, large sized silver (e.g., m level) and/or ions as well as small sized 

silver adsorbed/coated by suspended organic matter are removed efficiently by the mechanical 

treatment. Among the nine WWTPs, the Aug and Ing were the best performing WWTPs in terms 

of n-Ag-Ps removal by mechanical treatment and Gar, Ulm, Fre, and Moo were worst 

performing, indicating that different WWTPs can have very different n-Ag-Ps removal 

efficiencies by mechanical treatment. The type of mechanical device used in every WWTP and 

source of n-Ag-Ps, may be associated with this result.  

5.4 Quantification of n-Ag-Ps in Municipal WWTPs Effluents 

In general, after the mechanical treatment, the wastewater is subjected to the biological 

treatment, where microbes remove N and P in sequence. The majority of previous research has 

indicated that about 90% of spiked Ag-NPs are efficiently removed by biological treatment 

[46,161]. In this present study, the remaining n-Ag-Ps in the semi-treated wastewater were 

removed in a range of 72.3 - 99.3% (Figure 23b). In other words, the average removal efficiency 

for the nine samples was 92.4% which was in good agreement with the previous studies 

[46,161]. 

Totally, the effluent samples collected from different cities exhibited similar n-Ag-Ps removal 

trends through the wastewater treatment processes including the mechanical and biological 

treatments; at least approximately 95% of the n-Ag-Ps that entered municipal WWTPs were 

removed from wastewater (Figure 23c). 

Given the extremely low concentration of n-Ag-Ps in environmental samples, systematic error 

risks would be high. Hence, two independent measurement methods namely 
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solid(IRN-78)-liquid extraction and cloud point extraction (CPE) were applied in the present 

study to confirm the real concentration of n-Ag-Ps in effluent samples. As shown in Table 13, the 

concentrations of n-Ag-Ps in the field-collected effluents range from 2.2 to 9.4 ng/L using 

solid(IRN-78)-liquid extraction method, which is in good agreement with the results obtained by 

using CPE method. Obviously, the concentrations of n-Ag-Ps in effluent are far lower than the 

values required by US EPA (2009) whose secondary maximum contaminant level is 0.1 mg/L for 

silver in drinking water [164]. Additionally, these effluent concentrations were at the much lower 

end of normal detection capabilities, and it is even below the limit of detection (LOD: 6 ng/L) of 

method reported by Liu et al., [138,139] so it is essential to extract and pre-concentrate the 

n-Ag-Ps before measurement. 

  

  

Figure 23. a) Removal of the total Ag and n-Ag-Ps respectively by the mechanical treatment. b) Removal 

efficiency of n-Ag-Ps by biological treatment. c) The relative contribution of mechanical 

treatment to the n-Ag-Ps removal compared to biological treatment. d) Daily n-Ag-Ps load 

entering the water environment by effluent discharge 
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In general, wastewater effluent is discharged primarily into surface waters (rivers, lakes, 

oceans) and represents a significant potential point source for pollutants into the environment. In 

the present study, the daily n-Ag-Ps load entering the water environment through effluent 

discharge as estimated for each of the nine municipal WWTPs is summarized in Figure 23d. 

Among the nine WWTPs, we found that even the highest daily n-Ag-Ps load was 4.4 g/d, 

indicating the WWTP is not a potential point source. 

 

Table 13. Quantification of n-Ag-Ps in the effluent of municipal WWTPs 

Concentration of n-Ag-Ps (ng/L) Method 

 Mun Gar Reg Aug Lan Ulm Ing Fre Moo 

Solid 

(IRN-78) 

8.5 ± 

3.5 

2.8 ± 

1.2 

7.7 ± 

4.8 

9.4 ± 

3.8 

2.2 ± 

0.4 

4.0 ± 

0.6 

4.6 ± 

1.5 

4.5 ± 

2.0 

2.2 ± 

1.2 

CPE 
3.0 ± 

1.0 

3.5 ± 

0.4 

1.0 ± 

0.7 

12.0 ± 

2.0 

7.7 ± 

0.7 

2.0 ± 

1.0 

2.1 ± 

0.8 

4.9 ± 

0.5 

1.7 ± 

0.5 

 

5.5 Conclusions 

To the best of our knowledge, this study is the first to investigate whether and to what extent 

mechanical treatment plays a role in the n-Ag-Ps removal in real municipal WWTPs, and to 

further quantify n-Ag-Ps in the effluents. Both the mechanical and biological treatments can 

remove the n-Ag-Ps from wastewater. Totally, more than 95% of the n-Ag-Ps that entered 

municipal WWTPs are removed through the wastewater treatment processes, which gives rise to 

extremely low concentrations of n-Ag-Ps in the effluents (e.g., some ng/L). However, the new 

challenge namely visual observation of n-Ag-Ps in effluents rose due to the extremely low 

n-Ag-Ps concentration. On the other hand, the removed n-Ag-Ps are likely to be accumulated in 

the wastewater biosolids which are usually used as agricultural land amendments, placed in 

landfills, or incinerated. The biosolids may represent a potential source for n-Ag-Ps release into 

the environment that is very different from WWTP liquid discharge. Hence, future investigation 

will have to further enlighten the biosolids releases and resulting ecosystem exposures. 
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6 Final Conclusions 

In this thesis, different types of extraction and pre-concentration methods for NMNPs (e.g., 

Au-NPs, Ag-NPs and Pd-NPs) in aqueous samples were developed. The ligand-assisted 

liquid-liquid extraction method was firstly investigated to extract and pre-concentrate Au-NPs. 

Among the four ligands namely DDT, DDA, ODT and ODA, DDT was found the most efficient 

ligand for extraction of Au-NPs from water to n-hexane; approximately 98% Au-NPs could be 

extracted from water to n-hexane, and the extracted Au-NPs could preserve their size and shape 

which was demonstrated by TEM. In addition, the whole extraction process can be completed 

within only 1 min. However, this DDT-assisted liquid-liquid extraction method was not 

applicable to extract Au-NPs at low concentration (< 100 µg/L). Consequently, another kind of 

sample pre-treatment method, solid-liquid extraction, was tested. 

Two solid-liquid extraction methods using RP-C18 and IRN-78 as adsorbent respectively were 

optimized to efficiently and selectively extract NMNPs. For the solid(RP-C18)-liquid extraction, 

an enrichment factor as high as 250 was obtained and recovery studies in model solutions 

(recoveries: 99.5 - 103.2%) as well as in real waters (recoveries: 68.4 - 99.4%) confirm the 

feasibility of this approach. Selectivity in regard to chemical species was given, since separation 

from ionic gold species was provided. The presence of other NPs, namely Ag-NPs and Pd-NPs, 

did not interfere the proposed procedure. Moreover, Ag-NPs and Pd-NPs were also separated 

from aqueous suspensions in high yields, which indicates a high potential for application of the 

method to other MNPs. Interferences occurring in presence of DOM up to a concentration of 3.4 

mg/L can be overcome by pre-treatment with hydrogen peroxide, which does not affect the 

extraction procedure. In addition, preservation of size and shape of the Au-NPs after application 

of the method was proved by UV-vis and TEM analysis of the NPs suspension. 

For the solid(IRN-78)-liquid extraction method, an enrichment factor of up to 232 with 95% 

recovery efficiency was obtained when the initial concentration of NMNPs was as low as 100 

ng/L. Moreover, the DOM at a concentration of 2 mg/L in the initial NMNPs hydrosol has no 

effect on the separation and pre-concentration. Three environmental water samples were tested 

by spiking 90, 80 and 130 ng/L Au-NPs, Ag-NPs, and Pd-NPs, respectively, yielding good (> 

65%) recoveries. On the other hand, TEM analysis confirmed that the size and shape of NMNPs 
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could be preserved by this extraction method. Moreover, this method could also efficiently 

extract the Ag2S-NPs in water, which provides a great opportunity to quantify the n-Ag-Ps 

concentration in real environmental samples.  

Consequently, this study further investigated the concentration of n-Ag-Ps in the effluents of 

WWTPs. It was found that more than 95% of the n-Ag-Ps that entered municipal WWTPs were 

removed through the wastewater treatment processes, which gives rise to extremely low 

concentrations of n-Ag-Ps in the effluents (e.g., some ng/L). However, the new challenge namely 

visual observation of n-Ag-Ps in effluents rose due to the extremely low n-Ag-Ps concentration. 

Further studies should be conducted to identify and visualize the extracted n-Ag-Ps. In addition, 

the removed n-Ag-Ps are likely to be accumulated in the wastewater biosolids which are usually 

used as agricultural land amendments, placed in landfills, or incinerated. The biosolids may 

represent a potential source for n-Ag-Ps release into the environment that is very different from 

WWTP liquid discharge. Hence, future investigation will have to further enlighten the biosolids 

releases and resulting ecosystem exposures. For example, the mobility of NMNPs in the 

subsurface such as aquifer should be investigated. On the other hand, given the marked effect of 

DOM on the extraction, future investigation would have to further enlighten the influence of 

different initial NPs’ coatings and their stability under environmental conditions on the extraction 

and pre-concentration of NMNPs in environmental samples. Thereby the natural “coating” by in 

particular the DOM will have to be considered in more detail.  
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7 Appendix 

7.1 Chemicals and Materials 

All reagents were of analytical grade and used as received without further purification. 

Sodium borohydride (NaBH4), HAuCl4, AgNO3, Na2PdCl4 and hydrogen peroxide (31% (v/v) 

H2O2) were purchased from Merck (Darmstadt, Germany). The 1-dodecanethiol (DDT), dodecyl 

amine (DDA), 1-octadecanethiol (ODT), octadecylamine (ODA); polyoxyethylene (20) sorbitan 

monolaurate (Tween 20), tetra-n-octylammonium bromide (TOAB), sodium hydroxide, sodium 

bicarbonate, sodium citrate dehydrate, sodium sulfide, sodium thiosulphate, sodium acetate, 

ethylenediaminetetraacetic acid (EDTA), acetic acid, nitric acid, hydrochloric acid, Triton X-114 

(TX-114) and 25 mm syringe filter with 0.45 m poles used in this study were purchased from 

VWR International (Leuven, Belgium). Mercaptosuccinic acid (MSA), 11-Mercaptoundecanoic 

acid (MUA), polyvinylpyrrolidone (PVP) 10, polyvinylpyrrolidone (PVP) 40 and toluidine blue 

O (TBO) were purchased from Sigma-Aldrich (Steinheim, Germany). The Amberlite IRN-78 

(particle size 500 μm, matrix: styrene divinylbenzene copolymer, functional group: 

trimethylammonium) was supplied by Alfa Aesar (Karlsruhe, Germany). Commercial Au-NPs, 

size of 10, 20, 40 and 80 nm, were purchased from BBI (Cardiff, Wales). Humic acid (HA, Carl 

ROTH, Karlsruhe, Germany) was used in DOM containing model solutions. The RP-C18 

(particle size 40-63 m) was purchased from Macherey-Nagel (Düren, Germany). Organic 

solvents (chloroform, methanol, ethanol, formic acid, n-hexane, ethyl acetate) were of analytical 

grade. Ultra pure water (UPW) from a Direct-Qsystem (Millipore, Billerica, USA) with a 

resistivity of 18.2 MΩ/cm was used for preparation of all solutions. For all experiments, 

glassware was thoroughly cleaned in nitric acid steam or with aqua regia solution, rinsed 3-fold 

with UPW, and oven-dried overnight before use. 

7.2 Instrumentation 

The pH of samples was measured using a Qph 70 pH-meter (VWR International GmbH, 

Darmstadt, Germany). The ultrasonication was carried out in a Branson 1200 (47 kHz, 150 W) 

ultrasonic bath (Branson, Danbury, USA). UV-vis spectra were recorded between 300 and 700 
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nm using a Cary 50 Scan UV-vis spectrophotometer (Varian, Darmstadt, Germany). The total 

organic carbon (TOC) concentration was measured with an Elementar High TOC analyzer 

(Elementar, Hanau, Germany) after separation from inorganic carbon achieved by addition of 

hydrochloric acid. The element analysis of wastewater samples was conducted by total reflection 

x-ray fluorescence (TXRF, Atomika 8010 and Bruker S2 Picofox, Germany). The concentrations 

of Au, Ag and Pd before and after separation/pre-concentration were determined using a 4100ZL 

graphite furnace atomic absorption spectrometer (GFAAS, Perkin-Elmer, Überlingen, Germany), 

equipped with Zeeman-effect background correction, a transversally heated graphite atomizer 

(THGA) and an AS-71 auto-sampler. Calibration of GFAAS was typically performed in a 

concentration range from 2 to 100 µg/L by measurement of aqueous standard solutions prepared 

by dilution of commercially available stock standard solution (1000 mg/L in 2 M HCl or HNO3, 

Merck, Darmstadt, Germany). Ultracentrifugation was operated in an optima Max-E 

ultracentrifuge (Beckman, CA, USA) using a TLA-45 rotor. The zeta potential of samples was 

determined with a Zeta Potential Analyzer (ZETASIZER Nano series, Germany). Transmission 

electron microscopy (TEM) images were taken on a JEOL JEM 2010 (Munich, Germany) 

operating at 120 kV. Scanning electron microscopy (SEM) was performed with JEOL 

JSM5900LV (Röntec, Germany) at 15 kV. Energy dispersive x-ray fluorescence (EDX) was 

carried out on a FEI Titan 80-300 (Eindhoven, The Netherlands) instrument operated at 300 kV. 

Fourier transform infrared (FTIR) spectra of samples were recorded on a Varian FTIR-670 

spectrometer, using a GladiATR accessory with a diamond ATR element. 

7.3 Preparation of Citrate-Stabilized Au-NPs in Water 

The citrate-stabilized Au-NPs were prepared according to the method developed by Haiss et al. 

[132]. Therefore, an aqueous solution of HAuCl4 (1 mL, 5 mmol/L) was added to a 0.02% 

sodium citrate solution (98 mL) under vigorous shaking to give a final concentration of 0.05 

mmol/L HAuCl4. After 10 min of mixing, 1 mL of a freshly prepared 2 mol/L NaBH4 solution in 

1% sodium citrate solution was added rapidly. This addition immediately induced a color change 

to wine red, indicating the formation of Au-NPs. The reaction was allowed to continue for 10 

min under vigorous shaking. A full conversion of Au(III) into Au-NPs can be assumed due to the 

large stoichiometric excess of the reductant. Figure 24 shows a photograph of the prepared 
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Au-NPs hydrosol, and an exemplary TEM image (spheres of 5 to 25 nm) as well as the size 

distribution (with average diameter of 10.0 ± 0.6 nm) of the Au-NPs. The Au-NPs concentration 

in the aqueous phase was determined by GFAAS and the temperature program of GFAAS 

measurement can be found in Table 14. The Au-NPs stock suspension at 10.0 mg/L was stored at 

4 °C. 

 

 

 

Figure 24. a) A photograph of the prepared citrate-stabilized Au-NPs hydrosol. b) TEM micrograph of the 

prepared citrate-stabilized Au-NPs, the scale bar corresponds to 50 nm. c) Size distribution of 650 

of the prepared citrate-stabilized Au-NPs with average diameter of 10.0 ± 0.6 nm 
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Table 14. Graphite furnace temperature program for the measurement of gold in aqueous solution 

Process Temperature (°C) Ramp time (s) Hold time (s) Argon flow rate (s) 

Drying I 100 5 30 250 

Drying II 140 15 20 250 

Pyrolysis 800 10 20 250 

Atomisation a 1800 0 5 0 

Clean-out 2450 1 3 250 

a Read step 

7.4 Preparation of Citrate-Stabilized Ag-NPs in Water 

The citrate-stabilized Ag-NPs were prepared by the method of Jana et al. [164] with minor 

modification. A 99 mL solution containing 0.06 % sodium citrate and 0.094 mmol/L AgNO3 was 

prepared in UPW and stirred vigorously. As 1 mL of 2 mol/L NaBH4 was added into the mixture, 

the solution turned to yellow, indicating formation of the Ag-NPs. The reaction was allowed to 

continue for 10 min under vigorous shaking. A full conversion of Ag(I) into Ag-NPs can be 

assumed due to the large stoichiometric excess of the reductant. Figure 25 shows a photograph of 

the prepared Ag-NPs hydrosol, and an exemplary TEM image (spheres of 8 to 40 nm) as well as 

the size distribution (with average diameter of 17.2 ± 0.5 nm) of the Ag-NPs. The Ag-NPs 

concentration in the aqueous phase was determined by GFAAS and the temperature program of 

GFAAS measurement can be found in the Table 15. The Ag-NPs stock suspension at 10.0 mg/L 

was stored at 4 °C. 

Table 15. Graphite furnace temperature program for the measurement of silver in aqueous solution 

Process Temperature (°C) Ramp time (s) Hold time (s) Argon flow rate (s) 

Drying I 100 1 30 250 

Drying II 130 15 30 250 

Pyrolysis 800 10 20 250 

Atomisation a 1700 0 5 0 

Clean-out 2450 1 3 250 

a Read step 
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Figure 25. a) A photograph of the prepared citrate-stabilized Ag-NPs hydrosol. b) TEM micrograph of the 

prepared citrate-stabilized Ag-NPs, the scale bar corresponds to 40 nm. c) Size distribution of 350 

of the prepared citrate-stabilized Ag-NPs with average diameter of 17.2 ± 0.5 nm 
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7.5 Preparation of Citrate-Stabilized Pd-NPs in Water 

The citrate-stabilized palladium nanoparticles (Pd-NPs) were prepared according to the 

following method. A 99 mL solution containing 0.06 % sodium citrate and 0.094 mmol/L 

Na2PdCl4 was prepared in ultrapure water (UPW) and stirred vigorously. As 1 mL of 2 mol/L 

NaBH4 was added into the mixture, the solution turned to black, indicating formation of the 

Pd-NPs. The reaction was allowed to continue for 10 min under vigorous shaking. A full 

conversion of Pd(II) into Pd-NPs can be assumed due to the large stoichiometric excess of the 

reductant. Figure 26 shows a photograph of the prepared Pd-NPs hydrosol, and an exemplary 

TEM image (spheres of 4 to 9 nm) as well as the size distribution (with average diameter of 6.5 

± 1.2 nm) of the Pd-NPs. The Pd-NPs concentration in the aqueous phase was determined by 

GFAAS and the temperature program of GFAAS measurement can be found in the Table 16. The 

Pd-NPs stock suspension at 10.0 mg/L was stored at 4 °C for later use. 

 

Table 16. Graphite furnace temperature program for the measurement of palladium in aqueous solution 

Process Temperature (°C) Ramp time (s) Hold time (s) Argon flow rate (s) 

Drying I 100 5 40 250 

Drying II 140 15 40 250 

Pyrolysis 900 10 20 250 

Atomisation a 2200 0 5 0 

Clean-out 2450 1 3 250 

a Read step 
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Figure 26. a) A photograph of the prepared citrate-stabilized Pd-NPs hydrosol. b) TEM micrograph of the 

prepared citrate-stabilized Pd-NPs, the scale bar corresponds to 40 nm. c) Size distribution of 280 

of the prepared citrate-stabilized Pd-NPs with average diameter of 6.5 ± 1.2 nm 

7.6 Preparation of Ag2S-NPs in Water 

Ag2S-NPs were prepared according to the method of Choi et al. [165] with minor 

modifications. In the present study, Ag2S-NPs with different ratios of Ag to S were prepared, 

namely 1:4, 1:2, 1:1, and 2:1. Different volumes (25, 50, 100 and 200 L) of 0.01 mol/L Na2S 

solution were added to 10 mL of freshly prepared Ag-NPs solutions (above-mentioned) and 

stirred vigorously for 3 h. Afterwards, the Ag2S-NP suspensions were stored at 4 °C and were 
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used as stock solutions for the present study. The Ag2S-NPs as well as Ag-NPs hydrosols were 

analyzed by UV-vis spectroscopy (Figure 27a) and TEM-EDX (Figure 27b, 27c and 27d). For 

example, the atomic ratio of Ag to S for the synthesized Ag2S-NPs using 200 L of 0.01mol/L 

Na2S was measured by EDX at four sample positions to an average value of 2.08 ± 0.28. This is 

reasonably close to a ratio of 2.0 as expected for Ag2S. 

 

 

 

Figure 27. a) The UV-vis spectra of Ag-NPs and Ag2S-NPs prepared in this study. b) TEM image of prepared 

Ag-NPs in this study, bar: 10 nm. c) TEM image of prepared Ag2S-NPs (S/Ag = 1/2) in this 

study, bar: 20 nm. d) EDX of the prepared Ag2S-NPs (S/Ag = 1/2) in this study 

 

 

 

 

 



 70

7.7 Preparation of Surfactant-Stabilized Au-NPs, Ag-NPs, and Pd-NPs in 

Water 

The surfactant-stabilized Au-NPs, Ag-NPs, and Pd-NPs were prepared by the method of Mahl 

et al. [166] with minor modification. We added 15 mL of PVP10 (100 mmol/L), 15 mL of 

PVP40 (25 mmol/L), 3 mL of TOAB (10 mmol/L), or 3 mL of Tween 20 (90 mmol/L) 

respectively to 60 mL of citrate-stabilized Au-NPs, Ag-NPs, and Pd-NPs suspension (10 mg/L). 

The resulting mixtures were equilibrated at room temperature for at least 2 h before use. 

7.8 Ligand-Assisted Liquid-Liquid Extraction of Au-NPs from Water 

7.8.1 General Procedure of Ligand-Assisted Liquid-Liquid Extraction  

In order to identify suitable ligands for ligand-assisted extraction of Au-NPs, liquid-liquid 

extraction study was performed with four different ligands, namely DDT, DDA, ODT, and ODA. 

For this purpose, 3 mL chloroform or n-hexane with different concentrations of above-mentioned 

ligands were added to 30 mL of Au-NPs hydrosol source. The biphasic system was shaken well 

for 30 s and then left for another 30 s. Subsequently, the mixture spontaneously separated into 

two layers. One layer was the n-hexane or chloroform phase now containing the ligand-Au-NPs 

complex compounds and the other layer was the Au-NPs depleted aqueous phase. The n-hexane 

or chloroform phase was collected and analyzed for Au concentration using a GFAAS 

spectrometer and NPs size distribution using a Cary 50 Scan UV-vis spectrophotometer and a 

TEM instrument operating at 120 kV. However, the proposed ligand-assisted liquid-liquid 

extraction is not applicable as a tool to separate and pre-concentrate of Au-NPs from 

environmental waters since the enrichment factors were not sufficient. Hence, the solid-liquid 

extraction procedure was developed as described in the following. 

7.8.2 Transfer Efficiency and Transfer Index 

To the best of our knowledge, in most of the literature reporting the phase transfer of NPs 

from an aqueous to an organic phase the transfer efficiency TE was calculated using equation 1 
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[112], 
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where a and b are the concentration of Au-NPs in the aqueous phase before and after phase 

transfer (µg/L). 

However, these studies ignored one key point: although the TE, calculated according to the 

equation 1, is very high (～ 100%), the transferred NPs can either assemble at the interface 

between the aqueous and organic phase or disperse in the organic solvent or both. Consequently, 

in the present study, we used equation 2 named TI to evaluate the transfer efficiency of Au-NPs.  
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where a and b are the concentration of Au-NPs in the aqueous phase before and after phase 

transfer (µg/L), c is the concentration of Au-NPs in the organic phase (n-hexane) after the phase 

transfer, Va is the volume of the Au-NPs containing aqueous solution (mL), and Vh is the volume 

of the organic phase (mL). Theoretically, the TI value should be close to 1, if the transferred 

Au-NPs are well dispersed in the organic phase. 

7.9 Ligand-Assisted Solid-Liquid Extraction of NPs in Water 

7.9.1 Ligand-Assisted Solid(RP-C18)-Liquid Extraction 

7.9.1.1 General Procedure of Ligand-Assisted Solid(RP-C18)-Liquid Extraction 

Separation and pre-concentration of MNPs like Au-NPs was conducted according to Figure 9a. 

First, Au-NPs were loaded onto RP-C18 material, and second the Au-NPs were extracted under 

ultrasonic condition into an organic solvent (chloroform) containing DDT. For this purpose, a 

column was packed with 0.25 g of RP-C18 in a glass tube with a porous glass frit (volume: 6 mL; 

inner diameter: 8 mm). This RP-C18 column was conditioned with 10 mL of methanol and 

successively rinsed three times with 10 mL of UPW. Then a volume of 10 to 500 mL of the 

Au-NPs hydrosol source was passed through the column at a constant flow rate of 3 mL/min. 

Subsequently, with the same flow rate, the column was rinsed with 10 mL of UPW and in a next 
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step dried by application of vacuum. Afterwards, the dry Au-NPs-loaded RP-C18 material was 

transferred to 10 mL of an organic solvent containing DDT. The ligand-assisted re-extraction was 

conducted at about 0 °C (ice-water mixture) under ultrasonic treatment. The cooling during 

ultrasonication minimizes chloroform loss from evaporation and more importantly prevents 

agglomeration of the NPs which otherwise would occur due the heat produced from 

ultrasonication. After centrifugation at 2000 rpm for 3 min, the supernatant containing Au-NPs 

was collected and concentrated to 2 mL by evaporation under nitrogen.  

7.9.1.2 Extraction Efficiency of NPs by the Proposed Method 

Extraction efficiency for the 1st step was found to be about 100% in all experiments except for 

samples with a pH higher than 7.1, or a TOC concentration higher than 2 mg/L. This was 

checked by GFAAS measurement of Au in the run-off of the RP-C18 column, where typically no 

Au was found (detection limit 4 µg/L). Hence, the extraction efficiency of the two-step 

procedure is mainly depending on the efficiency of the 2nd step which is calculated by the 

following equation (3): 

0

100
(%) (3)

( )
e e

f in

C V
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C C V

 


 
       

where C0 is the initial concentration of Au-NPs before loading onto RP-C18 (g/L), Cf is the 

concentration of Au-NPs in run-off (g/L), Ce is the concentration of Au-NPs in extraction liquid 

such as chloroform (g/L), Ve is the volume of extraction liquid (mL), and Vin is the volume of 

Au-NPs hydrosol source (mL). 

7.9.1.3 Optimization of Ligand-Assisted Solid(RP-C18)-Liquid Extraction 

In order to optimise this extraction procedure for efficient pre-concentration of MNPs from the 

hydrosol source, parameters that affect the two-step extraction procedure of MNPs (e.g., Au-NPs) 

from aqueous phase into organic phase, such as the flow rate of the sample passing the column, 

the organic extractant, the nature and concentration of the ligand in the organic extractant, the 

ultrasonication time, the centrifugation speed, and the pH of the Au-NPs hydrosol source were 

studied. Table 17 gives an overview of the performed experiments.  
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Table 17. Variable parameters and resulting conditions for the variations of the general procedure for 

extraction of Au-NPs 

Parameter Tested variations Fixed parameters 

Flow rate of the sample 

passing the column 

(mL/min) 

3, 6, 9 

ultrasonication time: 3 h 

DDT: 5mmol/L 

pH: 4.5 

citrate-coated Au-NPs prepared in our lab 

Organic solvent 

methanol, ethanol, chloroform, ethyl 

acetate, n-hexane, mixtures of ethanol 

and chloroform (1:3, 1:1, 3:1) 

ultrasonication time: 3 h 

DDT: 10 mmol/L 

pH: 4.5 

citrate-coated Au-NPs prepared in our lab 

Concentration of DDT 

(mmol/L) 
0, 0.2, 1.0, 5.0, 10.0, 50.0 

organic solvent: chloroform 

ultrasonication time: 3 h 

pH: 4.5 

citrate-coated Au-NPs prepared in our lab 

Ultrasonication time 

(minutes) 
0, 5, 15, 30, 60, 120, 180, 240, 300, 360 

organic solvent: chloroform  

DDT: 5 mmol/L 

pH: 4.5 

citrate-coated Au-NPs prepared in our lab 

Speed of centrifugation 

(rounds per minute) 
1500, 2000, 2500, 3000, 3500 

organic solvent: chloroform 

ultrasonication time: 3 h 

DDT: 5 mmol/L 

citrate-coated Au-NPs prepared in our lab 

pH of the sample a 2.5, 3.5, 4.5, 6.0, 7.1, 8.0, 9.0 

organic solvent: chloroform 

ultrasonication time: 3 h 

DDT: 5 mmol/L 

citrate-coated Au-NPs prepared in our lab 

Coating of Au-NPs 

prepared in our lab 
Citrate, MSA, MUA, TOAB, Tween 20 

organic solvent: chloroform 

ultrasonication time: 3 h 

DDT: 5 mmol/L 
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pH: 4.5 

Size of Au-NPs (nm) 10, 20, 40, 80 

organic solvent: chloroform 

ultrasonication time: 3 h 

DDT: 5 mmol/L 

pH: 4.5 

a pH adjustment was achieved by stepwise addition of HCl or NaOH solution (0.5 mol/L), respectively. 

7.9.1.4 Effect of Dissolved Organic Matter in Au-NPs Hydrosol Source 

Model solutions with DOM and Au-NPs were prepared as follows: 0.1 g of humic acid (HA) 

was dissolved in 100 mL of UPW under stirring for 24 h in the dark. Then adequate aliquots of 

this solution were added to the Au-NPs hydrosol source obtaining the following concentrations 

of total organic carbon (TOC): 0, 0.50, 0.70, 1.70, 3.40, 5.25, 6.60, 8.40, and 16.20 mg/L. These 

solutions were filtered through a 0.45µm nylon membrane syringe filter and Au concentration 

was determined by GFAAS. Every model solution was then divided into two subsamples: One 

group of subsamples was directly used for the two-step extraction procedure. The other group of 

subsamples was pre-treated with 3% (v/v) H2O2 solution and stirred at 150 rpm for 24 h prior to 

two-step extraction. The gold concentration of the resulting organosols was again measured by 

GFAAS. Table 18 gives the results from the GFAAS measurements. 

Moreover, the effect of pH on extraction of Au-NPs in presence of 2 mg/L DOM was 

investigated in this study. The pH of the Au-NPs model solution containing 2 mg/L DOM was 

adjusted to 2.0, 3.5, 5.0, 7.3, 8.3, and 9.3, respectively, by addition of HCl (0.5 M) or NaOH (0.5 

M) before extraction. Then the extraction and pre-concentration was performed analogue to the 

above-described general two-step extraction procedure. 
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Table 18. Concentration of Au-NPs before and after pretreatment with 3% H2O2 and filtration a 

 

Concentration of Au (g/L) Au-NPs recovery (%) 

In the resulting organosol Concentration 

of humic acid 

(TOC, mg/L) 

Initially in the 

aqueous 

sample 

Without sample 

pretreatment 

After sample 

pretreatment with 3% 

H2O2 

Without 

pretreatment 

After 

pretreatment with 

3% H2O2 

0.70 2837.0 ± 60.0 2123.1 ± 130.7 2693.3 ± 128.4  75.1 ± 3.0 94.9 ± 2.5  

1.70 2427.0 ± 67.0 1776.1 ± 122.8 2287.6 ± 137.6 73.2 ± 3.2  94.2 ± 3.1  

3.40 2820.0 ± 48.0 2042.4 ± 71.1 2613.0 ± 188.8 72.4 ± 1.3  92.6 ± 5.1  

8.40 2508.0 ± 82.5 1071.6 ± 88.5 2049.4 ± 96.0  42.7 ± 2.1  81.7 ± 1.1  

16.20 2302.0 ± 78.0  837.3 ± 60.1 1646.5 ± 80.4 36.3 ± 1.4  71.5 ± 1.0  

a Given uncertainties represent ± one standard deviation with n=3, P=95%. 

7.9.2 Ligand-Assisted Solid(IRN-78)-Liquid Extraction 

7.9.2.1 General Procedure of Ligand-Assisted Solid(IRN-78)-Liquid Extraction 

Separation and pre-concentration of MNPs was conducted according to the Figure 15. First, 

the freshly prepared MNPs like Au-NPs were modified by MSA; a mixture of 5 mL 0.01 mol/L 

MSA and a volume of 45 to 995 mL prepared MNPs solution was shaken (200 rpm) for 3 h at 

room temperature. Then, the MSA-modified MNPs colloidal solution (pH: 8.0 ± 0.5 by 0.5 

mol/L NaOH) was, by means of peristaltic pump, passed through a glass tube with an internal 

diameter of 20 mm and a length of 9 cm tightly packed (packing length, 2 cm) with 4.5 g of 

Amberlite IRN-78 nuclear grade ion exchange resin (particle size 500 μm). The influent rate was 

controlled between 1.5 and 2.5 mL/min. Afterwards, the NPs-loaded resin was rinsed with 50 mL 

methanol and then transferred to 25 mL mixture of formic acid and methanol. The cleavage 

reaction was conducted using gentle shaking (250 rpm) for different time (2-88 h; it depends on 

the initial concentration of MNPs) at room temperature. After settling for 30 min the supernatant 

containing NPs was collected and concentrated to 2 or 5 mL by evaporation under nitrogen.  
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7.9.2.2 Extraction Efficiency of NPs by the Proposed Method 

Calculating the separation and recovery efficiencies follows equations 4 and 5. 
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After the cleavage step, the recovery of NPs was calculated as  
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where Ci is the concentration of MNPs in the initial suspension (μg/L), Cf is the concentration of 

MNPs in the filtrate (μg/L), Cc is the concentration of concentrated MNPs suspension (μg/L), Vc 

is the volume of concentrated suspension (mL), and Vi is the volume of NPs hydrosol source 

(mL).  

7.9.2.3 Analysis of Surface Carboxyl Groups via TBO Dye Adsorption Assay in IRN-78 

Method 

The carboxyl groups of MSA on the surface of MNPs were analysed by the TBO colorimetric 

method according to Sano et al. [167] with following modifications. Carboxyl groups on the 

surface of extracted MNPs were complexed with 0.5 mmol/L Toluidine Blue O of pH 10 at room 

temperature overnight. Non-complexed dye was removed with 0.1 mmol/L NaOH and 

desorption of dye molecules complexed to the carboxyl groups on the surface of extracted NPs 

was conducted with 50% acetic acid solution. Absorbance was recorded by UV-vis spectroscopy.  

7.10 Separation of n-Ag-Ps by Cloud Point Extraction 

The extraction was improved and performed on the basis of a method reported by Liu et al. 

[138,139]. In brief, 40 mL of aqueous sample was mixed with 1.0 mL of saturated 

ethylenediaminetetraacetic acid (EDTA) solution, 400 µL of 1 M sodium acetate, 100 µL of 

1.25 mol/L acetic acid, and 1 mL of 10 % (w/w) TX-114 in a 50 mL tapered polypropylene 

sample tube. The mixture was incubated at 40 °C for at least 60 minutes and then centrifuged for 

5 minutes at 3000 rpm to enhance phase separation. Afterwards the sample was cooled in an ice 

bath for 5 minutes. The aqueous supernatant was removed by decanting. The remaining 
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surfactant-rich phase containing the n-Ag-Ps was dissolved in either 100 µL (for effluent 

samples) or 1.0 mL (for influent samples) of ethanol and forwarded to GFAAS measurement. 

Details of GFAAS measurement can be found in the Table 19. Calibration was performed using 

n-Ag-P solutions of known concentration that were subjected to the complete extraction 

procedure and measured the same way as the environmental samples. Using this method limits of 

detection (LOD) for n-Ag-Ps of 0.7 (for effluent samples) and 12.9 ng/L (for influent samples) 

were achieved for WWTP samples. 

 

Table 19. Graphite furnace temperature program for the measurement of silver in TX-114-rich samples 

dissolved in ethanol after CPE 

Process 
Temperature 

(°C) 

Ramp time  

(s) 

Hold time  

(s) 

Argon flow rate 

(s) 

Drying I 80 5 20 250 

Drying II 130 10 20 250 

Pyrolysis 600 20 20 250 

Cooling 300 1 5 250 

Atomisation a 1800 0 5 0 

Clean-out 2450 1 3 250 

a Read step 

7.11 Water Samples Collection 

7.11.1 Water Samples for RP-C18 and IRN-78 Methods 

The drinking water (public tap water) was collected directly from a tap in our lab. River, lake, 

and brook water samples were collected manually in the surrounding area of Munich, Germany. 

Briefly, river water was taken from the river Isar in Munich. Lake water was collected from the 

Starnberger See at Possenhofen. Brook water was collected on the campus of Technical 

University of Munich, Garching. Furthermore, a sample from the effluent of the wastewater 

treatment plant (WWTP) Gut Marienhof, Eching was taken. All samples were collected in glass 

containers, which were rinsed threefold with the sample before they were filled up to volume and 
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stored at 4 °C until use. Real samples were investigated after filtration through 0.45 µm as well 

as unfiltered. Some characteristics of samples are shown in Table 20. 

 

Table 20. Characteristics of real samples 

Ca Zn Cu Sample  

 

pH 

 (mg/L) 

Tap water filtrated 7.49 ± 0.03 57.39 ± 0.32 1.45 ± 0.02 0.018 ± 0.002 

Tap water unfiltered 7.50 ± 0.03 58.48 ± 5.81 1.49 ± 0.02 0.022 ± 0.000 

River water filtrated 8.03 ± 0.02 56.22 ± 0.32 n.d. n.d. 

River water unfiltered 8.01 ± 0.03 54.91 ± 0.40 n.d. n.d. 

Lake water filtrated 8.05 ± 0.01 40.88 ± 0.32 n.d. n.d. 

Lake water unfiltered 8.04 ± 0.02 40.66 ± 0.13 n.d. 0.002 ± 0.001 

Brook water filtrated 8.22 ± 0.02 53.71 ± 1.86 n.d. n.d. 

Brook water unfiltered 8.21 ± 0.01 52.24 ± 0.21 n.d. n.d. 

WWTP Effluent filtrated 6.72 ± 0.02 77.87 ± 0.05 0.02 ± 0.00 n.d. 

WWTP Effluent unfiltered 6.70 ± 0.02 82.98 ± 0.95 0.01 ± 0.00 n.d. 

Remarks: Given uncertainties represent ± one standard deviation with n=3, P=95%;  

n.d.: Concentration was below detection limit (< 1 g/L); 

Total organic carbon was below detection limit in all samples, i.e.< 1 mg/L;  

Particulate matter content was less than 1 mg/L in all samples. 

7.11.2 Water Samples from Wastewater Treatment Plants 

The field-collected wastewater effluent samples were from nine municipal WWTPs located in 

eight German cities, between March and October 2012. According to the treatment capacity, the 

nine WWTPs were classified into three groups: large (> 200 kt/d), middle (100 - 200 kt/d) and 

small (< 100 kt/d). All WWTPs except one named Moo employ the same treatment processes: 

first, mechanical treatment; second, biological treatment including nitrification, denitrification 

and phosphorus removal, because major WWTPs in Germany have been operated this way since 

1989 [168]. For the WWTP named Moo, the mechanical treatment is replaced by mixing the 

influent with one branch of run-off without precipitation from biological treatment pools. 
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Detailed information on the WWTP samples is shown in Table 21. 

 

Table 21. Basic information and characteristics of samples from nine municipal WWTPs in Germany 

Influent Semi-treated Effluent 
Sample 

 

Capacity 

(kt/d) 

Inhabit 

(k) 
pH 

 

TOC 

(mg/L) 

pH 

 

TOC 

(mg/L) 

pH 

 

TOC 

(mg/L) 

Mun 520 7.17 36.8 ± 3.7 7.27 25.9 ± 5.1 7.58 <1 

Gar 220 
1500 a 

7.27 17.2 ± 2.9 7.19 15.7 ± 2.1 6.70 <1 

Reg 180 400 7.57 23.4 ± 3.6 7.67 13.0 ± 6.2 7.35 <1 

Aug 149.5 375 7.78 14.2 ± 3.6 7.15 11.7 ± 1.7 7.03 <1 

Lan 120 260 8.06 31.2 ± 5.6 7.55 19.0 ± 2.9 7.48 <1 

Ulm 100 200 7.20 36.5 ± 2.6 7.11 27.8 ± 3.6 6.97 5.2 ± 0.3 

Ing 60 275 7.51 53.0 ± 1.8 7.42 61.4 ± 7.2 7.81 <1 

Fre 51.8 110 6.95 223.1 ± 19.1 7.11 125.7 ± 6.8 6.98 <1 

Moo 18.9 40 7.39 15.6 ± 2.9 7.52 12.2 ± 1.9 7.25 <1 

a The WWTPs named Mun and Gar serve one city whose population is 1.5 million. 
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