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Abstract 

Nowadays, mercury (Hg) is one of the most harmful pollutants worldwide and thus 

poses a risk to human life and the environment. Due to its high volatility it is 

transported in the atmosphere over long distances and therefore is ubiquitously 

present. Moreover, mercury is known for its extremely high bioaccumulation potential in 

the aquatic food chain with enrichment factors of up to 1 million. Consumption of 

contaminated fish and seafood is the major source of exposure. Consequently, highly 

sensitive analytical methods with low quantification limits are required to monitor Hg 

traces in aquatic systems. As an alternative to well-established analytical methods, this 

work describes the development of novel sustainable methods for ultra-trace Hg 

quantification in both, human body and natural waters.  

 

In the first part of this thesis, a novel analytical methodology for reagent-free atomic 

fluorescence spectrometry (AFS) determination of mercury traces in human urine was 

developed, optimized and validated. The method is based on selective separation of 

Hg from fresh urine sample onto active nanogold-coated silica material by highly 

efficient solid phase extraction. The adsorbent for mercury extraction consists of 

nanogold-coated silica gel (AuNP@SiO2). After extraction and separation of Hg from 

urine within only 5 minutes, thermal desorption at approx. 610 °C was performed 

followed by AFS measurement. For method validation the Hg concentration of several 

urine samples from unexposed and occupationally exposed persons was determined 

and the obtained values were compared to reference methods cold vapor – atomic 

absorption spectrometry (CVAAS) and CV-AFS. High recovery of 91 - 105 % confirms 

the feasibility of the novel approach for trace Hg quantification in human urine. The limit 

of detection was found to be as low as 0.004 µg Hg L-1 and a high reproducibility with 

relative standard deviation of 5.4 % is given. Moreover, storage of the samples for up 

to one week at an ambient temperature of 30°C reveals no analyte losses or 

contamination. Due to the reusability of the material (>110 analytical cycles) the 

proposed method convinces with sustainability and high cost-efficiency.  
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The second part of this work describes development, optimization and validation of a 

novel reagent-free method for Hg traces analysis in natural waters using nanogold 

dipsticks. For this purpose, 5 different dipstick types were developed and 

characterized. Quartz glass strips were used as substrate, which was coated with gold 

nanoparticles (AuNP) – either by wet-chemical deposition from colloidal AuNP solution 

or by vapor deposition of a thin gold film and subsequent formation of nanostructures 

by heat treatment. Rinsing experiments confirm mechanical stability of deposited 

nanogold for one single dipstick type. For Hg accumulation, the dipstick was exposed 

to aqueous Hg stock standard solution for a defined time of a few minutes. 

Preconcentration factor of Hg on the novel developed nanogold dipstick was 

significantly higher than unspecific Hg adsorption on blank glass slides. For the 

quantification of extracted Hg concentration two different methods were tested: 1.) 

Direct colorimetric read-out of the dipstick by UV-Vis spectroscopy and 2.) Detection by 

AFS after thermal desorption in a heating cell.     

 

With regard to colorimetric investigation, the effect of ultra pure water, hydrochloric acid 

and chloride ions on the surface plasmon resonance of gold nanoparticles on the 

dipstick surface was tested. While accumulation of gaseous, elemental mercury (Hg0) 

results in significant shift on the absorption maximum from 518.4 to 513.7 nm, 

quantification of inorganic mercury (Hg2+) in aqueous samples proves to be a 

challenge. Interaction of AuNPs with matrix components (e.g. salts) provokes a change 

in the absorption signal. Hence, matrix effects complicate unambiguous assignment 

between the resulting signal shift and the analyte concentration.   

 

Therefore, a second detection method for quantification of accumulated Hg traces on 

the nanogold dipstick was investigated. After Hg extraction from aqueous solution, Hg 

was released by thermal desorption in a specially designed heating cell followed by 

AFS measurement. With regard to process optimization, several parameters were 

improved such as stagnant vs. turbulent extraction, exposure time, temperature 

dependence, and heating time for thermal desorption. A limit of detection as low as 

0.18 ng L-1 indicates high sensitivity for extraction time of only 10 min. Moreover, 

increasing the accumulation time can enhance sensitivity. In addition, the proposed 
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method provides good reproducibility described by a relative standard deviation of 8.0 

% within a linear working range of 0.3 - 100 ng Hg L-1. The validity was demonstrated 

by investigation of river water, seawater and certified reference material, which showed 

a recovery of 94-105 %. Catalytically active nanogold ensures extraction on various Hg 

species on the dipstick surface. Hence, quantitative adsorption of organic methyl 

mercury was shown. Thermal desorption of the analyte effects regeneration of the 

active dipstick surface, which has an impact of the lifetime of the dipsticks. For 

application in Hg standard solution, the lifetime of one individual dipstick was 

determined to be minimum 248 analytical cycles. Consequently, the novel developed 

nanogold dipsticks allow simple, safe and quick application for reagent-free 

determination of total dissolved mercury in natural waters.     
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Zusammenfassung 

Quecksilber (Hg) ist weltweit eines der schädlichsten Umweltgifte der heutigen Zeit und 

stellt somit eine Gefährdung von Mensch und Umwelt dar. Aufgrund seiner hohen 

Flüchtigkeit wird Hg weiträumig transportiert und verteilt sich somit als ubiquitärer 

Schadstoff über die gesamte Erdatmosphäre. Zudem ist Quecksilber für seine 

außerordentlich hohe Bioakkumulation in der aquatischen Nahrungskette bekannt. Der 

Anreicherungsfaktor liegt hier bei bis zu einer Million. Obwohl die 

Gesamtquecksilberkonzentration unbelasteter Gewässer sich im Ultraspurenbereich 

bewegt stellt der Verzehr von Fisch und Meeresfrüchten ein Expositionsrisiko für den 

Menschen dar. Diese Aspekte bedingen eine Überwachung des Hg-Gehalts sowohl im 

menschlichen Körper als auch in der Umwelt, was sensitive analytische Methoden mit 

niedrigen Bestimmungsgrenzen erfordert. Als Alternative zu den etablierten 

Standardverfahren wurden im Rahmen dieser Arbeit neue analytische Methoden zur 

nachhaltigen Quantifizierung von Quecksilberspuren im menschlichen Körper und in 

natürlichen Gewässern entwickelt.  

 

Im ersten Teil dieser Arbeit wurde eine Methode entwickelt für die reagenzienfreie 

Quecksilberspurenbestimmung in Humanurin. Die Methode basiert auf einer selektiven 

Separation von Hg aus frischen Urinproben mittels Festphasenextraktion. Als 

Adsorptionsmittel für die Hg Anreicherung wurden selbstgefertigte 

nanogoldbeschichtete Silikapartikel (AuNP@SiO2) verwendet. Nach einer 

Anreicherungszeit von nur 5 min wurde das Material in ein geschlossenes 

Fließinjektionsanalysesystem eingebracht, das angereicherte Quecksilber bei einer 

Temperatur von ca. 610 °C in Form von elementarem Hg0 desorbiert und mithilfe von 

Atomfluoreszenzspektroskopie detektiert. Um die Methode zu validieren wurde eine 

Reihe von Experimenten mit quecksilberbelastetem und unbelastetem menschlichen 

Urin durchgeführt. Die Messergebnisse wurden mit Standardverfahren Kaltdampf-

Atomabsorptionsspektroskopie (CVAAS) und Kaltdampf-Atomfluoreszenzspektro-

skopie (CV-AFS) verglichen. Eine hohe Wiederfindung von 91 – 105 % bestätigt die 

Eignung der neuen Methode zur Konzentrationsbestimmung von Hg in Urin. Die 

entwickelte Methode hat eine Nachweisgrenze von 0,004 µg Hg L-1 und weist eine gute 
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Reproduzierbarkeit auf, welche sich durch eine Standardabweichung von 5.4 % 

wiederspiegelt. Zudem wurde gezeigt, dass eine einwöchige Lagerung des 

quecksilberbeladenen Adsorptionsmittels bei einer Umgebungstemperatur von 30 °C 

weder Kontamination noch Analytverlust mit sich zieht. Durch die 

Wiederverwendbarkeit des Extraktionsmittels (>110 analytische Zyklen) überzeugt die 

neu entwickelte Methode mit Nachhaltigkeit und hoher Kosteneffizienz.  

 

Der größte Teil der vorliegenden Arbeit beschäftigt sich mit der Herstellung und der 

Anwendung von nanogoldmodifizierten Anreicherungsstreifen (sog. dipsticks) für die 

Extraktion und Quantifizierung von Quecksilberspuren in wässrigen Proben. Zu diesem 

Zweck wurden 5 unterschiedliche dipstick Typen entwickelt und charakterisiert. Als 

Substrat wurden Quarzglasstreifen verwendet, die mit Goldnanopartikeln (AuNP) 

beschichtet wurden – entweder durch nasschemische Abscheidung aus kolloidaler 

AuNP Lösung oder durch Aufdampfen einer dünnen Goldschicht gefolgt von 

Nanostrukturierung durch einen Temperprozess. In Spülversuchen mit wässrigen 

Lösungen konnte die mechanische Stabilität des abgeschiedenen Goldes auf der 

Teststreifenoberfläche eines einzelnen Typen bewiesen werden. Für die Anreicherung 

von gelöstem Quecksilber auf dem dipstick wurde dieser für eine definierte Zeit von 

wenigen Minuten einer Hg-haltigen Lösung ausgesetzt. Die Adsorption von 

Quecksilber auf den getesteten Nanogoldteststreifen war erheblich höher als die 

unspezifische Bindung von auf unbeschichteten Glasstreifen. Für die Messung der 

extrahierten Hg Konzentration wurden zwei unterschiedliche Methoden getestet: 1.) 

direktes kolorimetrisches Auslesen des dipsticks mittels UV-Vis Spektroskopie und 2.) 

Detektion mittels Atomfluoreszenzspektroskopie (AFS) nach thermischer Desorption 

des Analyten.  

 

Für die kolorimetrische Untersuchung des Nanogoldstreifens wurde der Einfluss von 

Reinstwasser, Salzsäure und Chlorid auf die Oberflächenplasmonenresonanz von 

Nanogold untersucht. Während die Anreichung von gasförmigem, elementarem 

Quecksilber (Hg0) aus der Luft eine signifikante Verschiebung des 

Absorptionsmaximums von 518,4 zu 513,7 nm bewirkt, erweist sich die Quantifizierung 

von anorganischem Quecksilber (Hg2+) aus wässrigen Proben als Herausforderung. 
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Wechselwirkungen der Goldnanopartikel mit Matrixkomponenten (z.B. unterschiedliche 

Salze) verursachen eine Änderung des Absorptionssignals. Solche Matrixeffekte 

erschweren die eindeutige Zuordnung von der resultierenden Signalverschiebung zum 

Analyten.  

 

Als zweite Detektionsmethode zur Quantifizierung von angereichertem Quecksilber auf 

dem Nanogoldteststreifen wurde AFS getestet. Nach der Hg Anreicherung aus 

wässriger Lösung wurde das gebundene Hg auf dem dipstick in einer speziell 

angefertigten Heizzelle mittels thermischer Desorption freigesetzt und anschließend 

mit Hilfe von AFS detektiert. Der Prozess für die Anreicherung wurde weiterentwickelt 

und verschiedene Parameter wie ruhende vs. turbulente Anreicherungsbedingungen, 

Expositionszeit, Temperaturabhängigkeit und Heizdauer wurden optimiert. Mit einer 

Nachweisgrenze von nur 0,18 ng L-1 für eine Akkumulationszeit von 10 min lässt sich 

Quecksilber mit der neu entwickelten Methode extrem sensitiv messen. Demnach ist 

eine Expositionsdauer von nur 15 sec ausreichend, um die Bestimmungsgrenze für 

eine Hg Konzentration von 10 ng L-1 zu erreichen. Folglich kann diese Methode genutzt 

werden, um beispielsweise die Gewässerqualitätskriterien der Environmental 

Protection Agency (EPA), welche bei 12 ng Hg L-1 liegen, äußerst schnell und einfach 

zu überprüfen. Darüber hinaus kann die Sensitivität durch Erhöhung der 

Akkumulationszeit gesteigert werden. Gleichzeitig erweist sich diese Messmethode als 

sehr präzise, da die relative Verfahrensstandardabweichung im Arbeitsbereich von 0,3 

bis 100 ng Hg L-1 bei nur 8,0 % liegt. Die Genauigkeit der neuen Methode konnte durch 

Wiederfindungsexperimente in Flusswasser, Meerwasser sowie einem zertifizierten 

Referenzmaterial belegt werden, wobei die Wiederfindung zwischen 94-105 % lag. 

Durch die katalytische Aktivität der nanogoldstrukturierten Oberfläche werden 

sämtliche Quecksilberspezies am dipstick amalgamiert. Zur Überprüfung dieses 

Verhaltens wurde das Adsorptionsverhalten der organischen Spezies 

Methylquecksilber (MeHg+) mit dem bisher verwendeten anorganischen Hg2+ 

verglichen, wobei ein erfolgreiches Wiederfindungsexperiment vergleichbare 

Akkumulationsraten beider Spezies bestätigte. Die erfolgreiche Wiederfindung sowohl 

in Süßwasser als auch in Salzwasser deutet darauf hin, dass die Salinität der Probe 

keinen Einfluss auf die Quecksilberbestimmung hat. Auch natürlich vorkommende 
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Spurenelemente wie Kalzium, Schwefel oder Kupfer in Donau- und Nordseewasser 

zeigen keine Interferenzen bei der Quecksilbermessung.  

Bei der thermischen Desorption von angereichertem Hg wird der Ausgangszustand der 

Goldoberfläche auf dem Teststreifen wiederhergestellt, weshalb eine 

Mehrfachverwendung möglich ist. Während der Optimierungsexperimente in wässrigen 

Standardlösungen wurde eine Lebensdauer von mindestens 248 Anreicherungs- und 

Desorptionszyklen festgestellt. Aufgrund der Wiederverwendbarkeit und der hohen 

Lebensdauer ist die neue vor-Ort Methode äußerst nachhaltig und kostengünstig. Die 

Anwendung der nanogoldbeschichteten dipsticks ermöglicht eine sehr einfache, 

schnelle und sichere Anreicherung und Stabilisierung von Quecksilber aus wässrigen 

Proben. Folglich weist diese Methode ein hohes Potential zur 

Quecksilberüberwachung in der Umwelt auf.  
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1. Introduction and aim of the thesis 

Mercury (Hg) is a persistent, bioaccumulative and toxic substance and therefore affects 

environmental and public health. Once released, it circulates between air, water and 

soil, while changing chemical forms. It cannot be eliminated or broken down into 

harmless substances. The World Health Organization (WHO) classifies mercury as one 

of the top ten chemicals posing a major public health concern. It is a naturally occurring 

element but is mobilized by human activity for thousands of years. Already in the 4th 

century BCE elemental mercury – also referred to as “quicksilver” – was considered by 

ancient alchemists to be one of the principal substances. Alchemists believed that 

mercury could transform other metals into gold. Moreover, in ancient Greece, Egypt 

and China liquid mercury or mercuric salts were used for medical treatment. Hence, 

skin diseases or syphilis were treated with quicksilver ointments, sublimates or pills.[1] 

Since 1000 CE, mercury was used to extract gold from ores by amalgamation – a 

process, which is still practiced by artisanal and small-scale gold miners. Due to its 

bright red color, ground cinnabar (HgS) powder was used as pigment for paintings in 

many cultures.[2] Since industrial revolution, several processes demand for mercury as 

catalyst, such as the production of polyvinyl chloride or caustic soda. Despite the fact, 

that the toxicity of mercury and its compounds is well known, it is sill used in several 

products nowadays, e.g. electric switches, batteries, thermometers, barometers, and 

lamps.  

 

Mercury is released into the environment by volcanic activity, rock weathering and 

anthropogenic activities, such as coal burning, gold mining and metal production. In the 

atmosphere, it can be transported over long distances and enter soil or water bodies 

via dry or wet deposition. Consequently, this pollutant has a ubiquitous distribution in 

all environmental compartments. Chemical and biological processes affect the 

transformation between different species. Most toxic compound is methyl mercury 

(MeHg), which is produced by naturally occurring bacteria in aquatic environments. 

Due to bioaccumulation of MeHg within the marine food chain, consumption of fish 

poses a serious exposure risk to humans. Typically, Hg concentrations in natural 
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waters are in the ultra trace level and range from below 1 to 4 ng L-1. However, due to 

high bioaccumulation potential in the food chain, Hg levels in fish tissue can exceed 

surrounding water by a factor of 1 million. Moreover, approx. 85 % of the total Hg 

content in fish tissue is methyl mercury, which is a dangerous neurotoxin.   

 

Minamata poisoning has received international attention in 1956 when people became 

seriously ill after consumption of methyl mercury-contaminated fish from the Minamata 

Bay in Japan. A chemical plant discharged large quantities of mercury-containing 

wastewater directly into Minamata Bay. In sediments close to the wastewater outlet of 

the factory mercury concentrations of 2010 mg kg-1 were found.[3] Mercury levels in 

sludge decreased proportionally with the distance to the source. Bioaccumulation 

resulted in highly contaminated fish and shellfish with mercury levels of 39 mg kg-1 in 

mussel tissue. The main symptoms of methyl mercury poisoning are constriction in 

visual field, sensory disturbance, muscle weakness, ataxia and tremor due to damage 

of central nervous system. To date 2278 people have been officially certified as 

Minamata Disease patients.[4] In order to protect human health and the environment, 

Minamata Convention on Mercury entered into force in August 2017. The main 

objective is to reduce mercury pollution by regulation of mercury use in products and 

artisanal gold mining. Moreover, Minamata Convention includes monitoring and control 

of Hg emissions to air, land and water. To date, 128 countries have signed the 

convention and 108 have ratified it.  

 

High toxicity of the global pollutant mercury requires both, environmental monitoring 

and human biomonitoring. For the determination of ultra trace Hg levels in the 

environment, analytical methods are required to be highly sensitive. Therefore, this 

PhD thesis focuses on the development of sustainable methods for determination of 

total mercury. Previous studies in the research group of K. Leopold demonstrate 

quantitative and reagent-free Hg preconcentration on nanogold-based materials. 

Hence, the aim of this study was the development of nanogold-coated dipsticks for 

easy-to-handle and quick extraction of dissolved mercury traces from natural waters. 

This portable sampler was developed to overcome disadvantaged of common 

techniques, namely bottle sampling of large water volumes, use of harmful chemicals 
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and time-consuming sample pretreatment. As part of the present work the influence of 

various parameters were thoroughly investigated such as exposure time and 

concentration dependency. The performance of the novel analytical method was 

evaluated by determination of analytical figures of merit, e.g. sensitivity and precision.   

In my master thesis, a novel method was developed for Hg accumulation from human 

urine using nanogold-coated silica particles. Therefore, a further goal of this scientific 

work was the validation of this analytical method including investigation of real urine 

samples from occupationally exposed and non-exposed persons.  
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2. Mercury 

Mercury (Hg) is a naturally occurring element. It is the only metal, which is liquid at 

room temperature having a melting point of -38.9 °C, a boiling point of 356.6 °C, a 

relative molar mass of 200.59, and an atomic number of 80. Metallic mercury shows 

high vapor pressure of 0.3 Pa at 25 °C and therefore forms monoatomic mercury gas, 

which is chemically stable in the atmosphere. Seven stable isotopes of mercury 

naturally occur with the following percent abundances, i.e. 196Hg (0.15), 198Hg (10.1), 

199Hg (17.0), 200Hg (23.3), 201Hg (13.2), 202Hg (29.6), and 204Hg (6.7). Mercury forms 

amalgams with noble metals. It exists in three oxidation states: elemental mercury 

(Hg0), mercurous ion (Hg2
2+) and mercuric ion (Hg2+). The latter has a unique chemical 

structure consisting of mercury dimer with an overall charge of +II. However, due to 

disproportionation into elemental mercury (Hg0) and mercuric ion (Hg2+) it is not stable 

in the ecosphere. Moreover, different organic mercury species exist, e.g. methyl, ethyl, 

or phenyl mercury. [5–7] 

 

2.1 Sources, emissions and use of mercury 

Natural sources and emission 

Mercury is an extremely rare element since it compromises only 0.5 mg kg-1 of the 

Earth’s crust.[8] In the environment, mercury rarely is present as liquid metal – usually 

found as small isolated droplets within minerals – but naturally occurs as inorganic 

compound in rocks. Predominantly, it can be found in minerals like cinnabar (HgS), 

calomel (Hg2Cl2), montroydtie (HgO), tiemannite (HgSe), corderoite (Hg3S2Cl2), 

livingstonite (HgSb4S8) or others. Volcanic eruption is the primary natural source for 

mercury emission into the atmosphere. Hence, the estimated Hg emission from active 

volcanoes accounts only for 20 – 40 %, while 75 % of volcanic Hg is released by 

smaller eruptions and 10 % by continuous degassing of non-erupting volcanoes.[9] 

There is some dispute about the extent of volcanic contribution to global Hg emission. 

Some researchers rate the annual global volcanic emission to >500 t[10], while others 

estimate that this kind of Hg release into the atmosphere represents only a negligible 
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proportion with <1.3 t Hg per year[11,12] Mercury in bedrock can be released by 

weathering. In addition, re-emission of Hg can occur during biomass burning and forest 

fires where deposited Hg in vegetation is released into the air in the form of elemental 

gaseous mercury. Compared to anthropogenic emissions, however, natural pathways 

represent only a small fraction of total Hg release into the environment.  

 

Mercury extraction and anthropogenic emission 

Mercury is extracted from mercury containing minerals, especially from cinnabar ore, 

which has a characteristic red color. The world’s largest mercury source is in Almadén, 

Spain. Since ancient times until the 2000’s, 260,000 t of mercury have been extracted 

in this area, which represents almost one third of the total world’s historic mercury 

production.[13] Elemental mercury is extracted by direct roasting of the powdered 

cinnabar ore, resulting in vaporization and release of mercury. Condensed mercury 

vapor is then refined to remove impurities, e.g. metal oxides, and liquid mercury is 

collected in iron flasks.  

In contrast to natural sources, anthropogenic mercury release into the environment is 

significantly higher. In 2015, estimated atmospheric Hg emission linked to human 

activity was approx. 2220 t per year, which can be attributed to various sectors as 

shown in Figure 1.[14] Since 2010, global man-made Hg emissions to the atmosphere 

increased by 20 %. Unintentional Hg release is mainly caused by industrial sources, 

such as coal burning (21 %), ore processing for primary production of various metals 

(11 %) and cement production (10 %). Nowadays, artisanal and small-scale gold 

mining (ASGM) is the major source for mercury emission worldwide, accounting for 

more than 38 % of total anthropogenic emission. Miners intentionally use liquid 

mercury to extract gold from soils, rocks and sediments through amalgamation. 

Subsequent roasting of the amalgam results in evaporation of gaseous elemental 

mercury into the atmosphere. The majority of these artisanal and small-scale mining 

activities are performed in South America, Southeast Asia and Sub-Saharan Africa with 

an estimated total release of 838 t per year.[14] 
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Figure 1  Estimated anthropogenic emission of mercury from various sectors in 2015 according to 

UNEP[14]  (given in in tons per year). 

Moreover, the chlor-alkali industry uses mercury-cell technology for the production of 

chlorine, hydrogen and caustic soda via electrolysis. Over the past years, the 

intentional use of mercury in this industrial sector has been steadily decreasing. 

According to the World Chlorine Council, the number of plants went down from 91 to 

38 resulting in a 77 % decrease of global mercury emission from chlor-alkali sector.[15] 

In addition, European chlor-alkali producers have voluntarily decided to phase out 

mercury-cell technology by 2020. European Union (EU) regulations require safe 

disposal of excess mercury that is no longer used in chlor-alkali plants. Therefore, 

elemental mercury is transformed to chemically stable compound HgS before 

permanent disposal e.g. in salt mines. Once mercury is released into the environment it 

cycles between atmosphere, water bodies and soil.  

 

Mercury in products and regulations 

Mercury is widely used in several products such as electronic devices, lamps, switches 

or batteries. Sometimes inorganic mercury salts can be found in skin lightening 

creams, commonly used in African and Asian nations.[16] Since the 1930’s, the mercury 

compound thiomersal was used as a preservative for vaccines in order to prevent the 

growth of harmful bacteria and fungus. In 1999, concerns have been expressed about 
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the adverse effect of thiomersal such as autism and other neurodegenerative diseases. 

Despite this critical assessment, the World Health Organization (WHO) reported that 

during influenza season in 2010-2011 more than 90 million doses of thiomersal-

containing influenza vaccines were distributed in the United States.[17,18] In addition, 

mercury is commonly found in fever thermometers, which contain up to 3 g of the liquid 

metal. In 2012, the U.S. Environmental Protection Agency (EPA) announced to phase 

out mercury-filled thermometers in industrial and laboratory settings.[19] Instead, 

mercury-free alternatives should be used. Moreover, Hg can be found in some light 

bulbs, especially compact fluorescent lamps and energy-saving bulbs. Thus, in 2007, 

the European Union used 10-15 t of mercury for lamp production.[20] In order to fulfill 

the requirements of the Minamata Convention, EU regulations require gradual 

reduction of mercury in products and industry.[21] Hence, since 2013, energy-saving 

lamps with ≤ 30 watts may not contain more than 2.5 mg of mercury.[22] The largest 

remaining use of mercury in the European Union is dental amalgam. However, since 

July 2018, EU Mercury Regulation 2017/852 prohibits the use of amalgam for 

vulnerable populations, i.e. children under 15 years and pregnant or breastfeeding 

women.[23]  

2.2 Mercury cycling in the environment and bioaccumulation 

Mercury is released into the environment by natural sources and human activity. In 

2000, the total emission from all anthropogenic sources worldwide accounted for 

approx. 2190 t and included release of Hg0, Hg2+ and particulate Hg (pHg) at 1278, 

720, and 192 t yr-1, respectively.[24,25] Thereby, anthropogenic sources account for 

about 30 % of the total annual Hg release, whereas 60 % of atmospheric emission 

results from re-emission of previously deposited Hg in soils and water. The remaining 

10 % can be assigned to natural sources such as volcanic activity.[14] Once emitted into 

the atmosphere, Hg is distributed and transported over long distances and cycles 

between air, soil and water, while changing chemical forms. Due to high volatility of 

Hg0, the dwell time in the atmosphere is approx. 1 year.[9] Hence, the major transport 

pathway of global Hg distribution is the atmosphere.[26] In gas phase, chemical and 

physical processes, such as UV radiation, provoke oxidation of Hg0 to water-soluble 

Hg2+, which is then removed from air by precipitation but also by dry deposition.[27] In 
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soils, reactive Hg2+ forms compounds with chloride ions and hydroxide ions or binds to 

organic matter depending upon soil composition and pH value. Atmospheric Hg enters 

the marine system mainly through wet deposition. Figure 2 illustrates the 

biogeochemical cycle of Hg in the environment including its conversion and 

bioaccumulation within the aquatic food chain. 

 

 

Figure 2  Biogeochemical cycle of mercury in the environment. 

In aquatic environments, mercury can undergo several chemical transformations. 

Inorganic mercury (Hg2+) is the dominant form in water bodies. In natural waters, 

especially in freshwater, dissolved organic carbon (DOC) can act as ligand.[28] Most 

frequently, Hg2+ forms complexes with chloride and hydroxide. Small fractions of the 

total mercury in natural waters are present as dissolved gaseous mercury, which is 

composed primarily of Hg0 (90 %) and dimethyl mercury.[29] In ocean waters, elemental 

mercury originates from transformation of Hg2+ by aquatic microorganisms[30] or photo 

reduction[31]. Near aquatic sediments, naturally present anaerobic sulfate reducing 

bacteria readily transform Hg into the highly bioaccumulated neurotoxin methyl 

mercury (MeHg). In anoxic freshwaters MeHg concentration is often higher than in 
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surface waters.[32] Environmental conditions such as pH, temperature, sulfur 

concentration, and salinity also play an important role in biomethylation of mercury.[33] 

Average total mercury concentrations in different natural waters are summarized in 

Figure 3A. 

 

 
Figure 3   (A) Concentration ranges of total mercury in different natural waters (adopted from 

Leopold et al.[34]); (B) Bioaccumulation of mercury in the marine food chain (adopted from Leopold et 

al.[35]). 

Mercury concentration in freshwater systems is generally in the low ng L-1 range and 

therefore is higher compared to marine environments, where total mercury levels are in 

the sub ng L-1 range. Methylated mercury compounds are highly bioaccumulative in the 

aquatic food chain (see Figure 3B). Enrichment factors of up to 106 were observed in 

fish and other marine organisms, which makes regular consumption the major 

exposure risk of Hg to humans. In order to prevent Hg poisoning monitoring of Hg 

concentration in natural waters and in fish is mandatory. 
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2.3 Risk assessment, metabolism and toxicity  

Routes of Hg exposure for humans  

Generally, it can be distinguished between occupational or non-occupational exposure 

to mercury. Non-occupational exposure of humans can arise from mercury-containing 

products, e.g. dental amalgams. Broken thermometers or light bulbs release mercury 

vapor that is harmful to human and ecological health. However, the most important 

route for human exposure is the consumption of mercury-contaminated food, primary 

fish and seafood. Due to high bioaccumulation potential, organic mercury compounds – 

especially methyl mercury – can be found in harmful doses in fishy tissue. Hence, fish 

is the primary source of methyl mercury poisoning. Larger fish or predators (e.g. shark, 

tuna, swordfish, golden bass, grouper or king mackerel) tend to have higher mercury 

levels than smaller and short-living species (e.g. anchovies, scallops or salmon).[36] 

Consequently, the maximum allowed Hg concentration in fish is regulated and ranges 

between 0.3 – 1.0 mg Hg kg-1 fish (see Table 1).  
 

Table 1 Regulation for mercury limits in fish. 

institution Hg limit [mg kg-1] literature 

European Union 
0.5 for smaller fish 

1.0 for predatory fish 

[37] 

U.S. Food and Drug Administration 
1.0 for total mercury 

0.3 for methyl mercury 

[38] 

Japanese Ministry of Health and 
Welfare 

0.4 [39] 

 

Occupational Hg exposure mainly occurs through inhalation of elemental mercury 

vapor among workers in chlor-alkali industry or artisanal and small-scale gold mines. 

Every year the chlor-alkali industry reports unaccounted mercury losses. In this 

context, elevated air concentrations of e.g. 42 µg m-3 [40] or 64 µg m-3 [41] were 

measured within the plants. These air concentrations clearly exceed the German 

workplace exposure limit in the atmosphere of 20 µg m-3.[42] Consequently, Hg levels in 

blood and urine samples of chlor-alkali workers tend to be significantly higher than 

unexposed controls.  
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Furthermore, the steadily rising gold price from USD 280 (2000) to USD 1500 (2019) 

implies significant growth in artisanal and small-scale gold mining. The number of 

miners worldwide is estimated to be 15 million including 3 million woman and children, 

located in 55 developing countries.[43,44] Miners use liquid mercury to extract gold from 

ores and sediments by forming an amalgam. To recover to gold from the amalgam, it is 

heated in open air so that mercury evaporates leaving a porous “sponge gold” product 

behind. By doing so, the unprotected workers are directly exposed to toxic mercury 

vapor by inhalation. Moreover, indirect exposure occurs from released mercury vapor 

sticking to surfaces and clothing. In addition, diffusion and deposition of gaseous 

mercury results in contamination of water bodies and fish.[45] Intoxication studies 

revealed, that not only occupationally exposed miners but also inhabitants from 

surrounding villages show acute or chronic mercury poisoning.[46] Therefore, the use of 

mercury for ASGM poses serious risk to human health and the environment. Mercury 

and its compounds are well known for causing adverse health effects on humans. 

Generally, toxicity of mercury depends on its chemical form (elemental, inorganic or 

organic Hg), its uptake pathway, the level of dose, and whether exposure is acute or 

chronic. The toxicologically relevant mercury species are summarized in Table 2. 

Detailed information about the effect of elemental, inorganic and organic Hg on the 

human health is given below.  

 

Table 2 Comparison of toxicologically relevant mercury species. 

 elemental mercury (Hg0) inorganic mercury (Hg2+) organic mercury (MeHg) 

source of 
exposure 

dental amalgam, 
occupational exposure, 
broken thermometers and 
light bulbs 

skin lightening products or 
other cosmetics 

fish, seafood 

biomonitoring 
specimen 

urine, blood (plasma) urine, blood (plasma) hair, nails, blood (red 
cells) 

inhalation approx. 80 % absorbed aerosols of HgCl2 
absorbed 

vapors absorbed 

oral absorption of metallic Hg 
is poor 

7-15 % of ingested dose 
of HgCl2 absorbed from 
the gastrointestinal tract 

approx. 95 % of MeHg in 
fish readily absorbed from 
gastrointestinal tract 

dermal absorption rate of 0.024 
ng cm-2 for every 1 mg m-3 
in air[47] 

8 % of applied dose of 
HgCl2 absorbed in 5 h 

moderate to high 
absorption[48] 
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biotransformation oxidation to Hg2+ by the 
hydrogen peroxide–
catalase pathway 

_ slow de-methylation to 
Hg2+ 

clinical target 
organ 

brain and kidney kidney brain (adult and fetal) 

 

 

Elemental Hg 

With a bioavailability of less than 0.01 %, metallic mercury (Hg0) is not significantly 

absorbed from ingestion.[49] Although Hg levels in blood and urine are elevated after 

ingestion of several grams of liquid mercury, systemic poisoning is generally not 

expected.[50] Therefore, the oral lethal dose (LD10) for metallic mercury is 1429 mg kg-1. 

[51] Moreover, absorption of elemental Hg through skin is poor. However, inhalation of 

Hg0 vapor results in absorption of significant amount (80 %) by lungs followed by rapid 

distribution to most tissues. Due to high lipophilicity of elemental mercury it is able to 

cross the blood-brain and placenta barrier.[52] Once absorbed into the human body, 

elemental mercury can be oxidized by the hydrogen peroxide–catalase pathway to 

inorganic mercury (Hg2+). Excretion predominantly occurs through the kidney. Hence, 

after exposure to metallic mercury, Hg concentration in the kidney is 50-100 times 

higher than in other tissues.[53] The half-life of inorganic mercury in urine is 46 days.[54] 

Acute, high-dose exposure to metallic mercury may cause metallic taste, cough, 

respiratory distress, restlessness, fever, and pneumonitis. Absorption of Hg0 by central 

nervous system (CNS) is associated with tremor, insomnia or headache. Chronic 

exposure affects kidney and CNS. Symptoms of chronic exposure are more subtle and 

include weight loss, fatigue, difficulty in concentration, depression, sleep disturbance, 

and erethism. Consequently, for both acute and chronic exposure to elemental 

mercury, human biomonitoring of urinary Hg levels is advisable. However, investigation 

of blood plasma is suitable, too.  
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Inorganic Hg 

Inorganic mercury is absorbed relatively poor from the human gastrointestinal tract so 

that approx. 85 % of ingested Hg2+ salt is excreted within the first 4 to 5 days.[55,56] The 

oral lethal dose of mercuric chloride is estimated to range between 1 and 4 g.[57] 

Studies show that about 8 % of mercuric chloride are dermally absorbed in 5 h.[58] Due 

to low lipid solubility, passage through blood-brain barrier is reduced. Hence, inorganic 

mercury accumulates in kidney, liver, gastrointestinal tract, and cardiovascular 

system.[59] The half-life of inorganic mercury in human body is very similar to the half-

life after inhalation of elemental mercury. Ingestion of respective salts causes 

abdominal pain, nausea, bloody diarrhea, and acute renal failure. Absorption by skin 

may cause irritation, dermatitis or corrosive burns.[60] Recent publications highlight 

potential relationship between exposure to inorganic mercury and Alzheimer's disease. 

[61,62] Mercury concentration in blood plasma and urine reflects recent exposure to 

inorganic Hg.  

 

Organic Hg 

Organic Hg compounds are particularly toxic. Methyl mercury (MeHg) for example has 

been classified as carcinogenic by the International Agency for Research on Cancer.[63] 

According to the World Health Organization, the lethal dose for MeHg ranges from 20 

to 60 mg kg-1, which makes it extremely poisonous.[64] About 95 % of ingested MeHg is 

absorbed from the gastrointestinal tract and binds to hemoglobin in red blood cells .[65–

67] Due to lipid solubility, methyl mercury readily crosses the blood-brain and placenta 

barrier and accumulates in (fetal) brain, where it is slowly converted to inorganic Hg. 

Thus, biological half-life of MeHg in blood is reported to range between 48 and 80 

days[67,68], while in brain it remains for several years.[69] Since organic Hg compounds 

accumulate in nervous tissue, primary effect from chronic exposure to methyl mercury 

in humans is damage to the CNS. The effects of MeHg poisoning are usually 

irreversible. Most common symptoms are constriction of the visual fields, impairment of 

hearing, speech difficulties, paresthesia, malaise, and ataxia. Especially fetuses are 

sensitive to methyl mercury and thus the risk of abnormal neurodevelopmental disorder 

of children after prenatal exposure is high. The EPA has established an oral reference 
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dose for methyl mercury. It is estimated that daily consumption of 0.1 µg kg-1 does not 

pose appreciable risk of adverse effects during a lifetime.[70] Biological monitoring for 

MeHg usually involves measuring Hg concentration in blood. Moreover, the mercury 

level in scalp hair reflects longitudinal timing of exposure to MeHg, which has served 

as a useful marker of exposure in epidemiologic studies.[71,72] 
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3. Green Analytical Chemistry 

The twentieth century was characterized by rapid industrial expansion, amongst others, 

in chemical industry, pharmaceutical branches and food production building on the 

principle of efficiency and cost-effectiveness. In the 1990s, the term “Green Chemistry” 

has been established by the U.S. Environmental Protection Agency. In fact, the 

sustainable concept of Green Chemistry was developed to prevent or minimize 

pollution caused by chemical processes and analytical methodologies. In the field of 

quality control and determination of environmental pollutants the applied techniques 

often use toxic reagents or produce hazardous waste and therefore pose more risk to 

human health and the environment than the analyte to be determined. In 1999 

Anastas[73] formulated 12 principles of Green Chemistry aiming at environmental 

friendly laboratory practices. Since only some of these can directly be applied to the 

analytical chemistry Galuszka et al.[74] revised the 12 principles for Green Analytical 

Chemistry (GAC) as follows:  

 

1) Direct analytical techniques should be applied to avoid sample treatment. 

2) Minimal sample size and minimal number of samples are goals. 

3) In situ measurements should be performed. 

4) Integration of analytical processes and operations saves energy and reduces 

the use of reagents. 

5) Automated and miniaturized methods should be selected. 

6) Derivatization should be avoided. 

7) Generation of a large volume of analytical waste should be avoided and proper 

management of analytical waste should be provided. 

8) Multi-analyte or multi-parameter methods are preferred versus methods using 

one analyte at a time. 

9) The use of energy should be minimized. 

10) Reagents obtained from renewable source should be preferred. 

11) Toxic reagents should be eliminated or replaced. 

12) The safety of the operator should be increased. 
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In contemporary society, adherence to these green principles is steadily gaining in 

importance.  Thus, the development of new methods and techniques for sustainable 

analyte determination became more relevant within the previous years. With regard to 

global sustainable chemistry, drinking water protection, and air pollution the German 

Environment Agency established the International Sustainable Collaborative Center 

(ISC3), which has been adopted by the United Nations in 2015. The key objective is to 

develop and promote solutions for ecological principles in chemical production as well 

as to reduce the consumption of chemicals and resources for more safety and health at 

work.  

 

Generally, GAC principles can be implemented at different stages of the analytical 

process. Due to the high consumption of solvents sample pretreatment is considered 

the most polluting step. The major proportion of analytical procedures includes an 

extraction step, which can be performed more environmental-friendly. In order to 

reduce solvent, innovative techniques such as cloud-point extraction or single-drop 

microextraction, were developed. Furthermore, assisted solvent extraction via 

ultrasound or microwave result in time and energy saving methods. Solid phase 

extraction is the most frequently applied procedure since it can be performed 

completely solvent-free. The solid sorbent, which is either packed in a column or is 

embedded on a substrate, is used to isolate or preconcentrate the analyte from a liquid 

sample. Ideally, the sorbent can be applied multiple times resulting in a cost-effective 

and long-lasting alternative extraction technique. 
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4. Passive sampling and preconcentration of Hg in 
water 

Monitoring of toxic Hg compounds in the environment represents an ongoing 

challenge. Most common techniques require time- and labor-intense sampling 

including pre-cleaning of vessels. Since Hg pollution is present at trace levels, large 

volumes of water need to be collected and transported to the laboratory. Typically, 

sampling and preparation are estimated to account for 70-90 % on the total analysis 

time.[75] To overcome these disadvantages, various alternative methods have been 

reported in the last two decades. One of the prevailing trends is the application of a 

passive sampler, which is based on the adsorption of analyte in/onto a trap. The 

sampling device is kept relatively simple and compact in order to allow easy handling 

at remote sites. Passive sampling is based on the principle of mass transport of the 

analyte from a sample medium to a collective medium due to a difference in chemical 

potential following Fick’s law.[76] In general, in can be distinguished between two 

systems: the equilibrium and the non-equilibrium sampler. In case of equilibrium 

sampling, the passive sampler is exposed to the water for a sufficiently long time to 

achieve thermodynamic equilibrium between the sampling medium and the passive 

sampler. The perquisite is that after a known response time, stable concentrations are 

reached. In order to avoid depletion during analyte extraction, the capacity of the 

sampler is kept below that of the sample. On the other hand, non-equilibrium samplers 

are characterized by high capacity ensuring that the analyte is continuously enriched 

throughout a defined sampling period. Under these conditions, the analyte uptake is 

linear so that time-weighted average concentration can be determined. However, since 

the sampling rate varies with the temperature and water flow or turbulence constant 

conditions must be ensured.[77] Typically, exposure times for passive samplers range 

from several hours to several weeks. Hence, biofouling poses a problem as bacteria 

may form a diffusion-limiting biofilm on the unprotected surface of the sampler.[78] 

Therefore, practical application of passive samplers for aqueous trace contaminants 

require further investigation in order to enhance robustness and sensitivity. For metal 

or ionic species, e.g. Hg2+, the most widely used samplers are diffusive gradient in thin 

films (DGT), which are discussed in detail in the following section. Furthermore, 
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Brumbaugh et al.[79] developed a passive integrative mercury sampler (PIMS) for 

natural Hg species in water. The PIMS sampler consists of a lay-flat LDPE tubing filled 

with a mixture of nitric acid and gold stock solution. Linear uptake-rate by the sampler 

was demonstrated for 2 weeks in seawater and fresh water indicating its feasibility. 

Another approach for monitoring of Hg trace levels in contaminated river water was 

introduced by Aguilar-Martínez et al.[80] using Chemcatcher passive sampler, which 

was initially developed to accumulate organic compounds from water. Aguilar-Martínez 

et al. investigated the suitability of three different diffusion membranes for Hg 

preconcentration in a 14-day filed employment resulting in low detection limit of only 

2.2 ng Hg L-1. In conclusion, passive samplers are simple, effective and low-cost 

methods that enable direct monitoring of chemical pollutants in the environment. 

4.1 Diffusive gradient in thin films  

The diffusive gradient in thin films (DGT) device was developed by Davison and 

Zhang[81] in 1994 for measuring Zn in seawater. This initial design was using an ion-

exchange resin as binging layer in order to separate trace metals from the solution. 

Later, Zhang and Davison[82] demonstrated the applicability as an in-situ pollution-

monitoring device for determination of Cd, Fe, Mn and Cu in costal and open seawater. 

In a comprehensive study, Garmo et al.[83] investigated diffusion coefficients with DGT 

for 55 elements. DGT technique employs two layers of hydrogel: a diffusive hydrogel 

layer and a binding phase. For determination of heavy metals usually a layer of 

polyacrylamide or agarose hydrogel of known thickness (~1 mm) is used as diffusive 

layer enclosed by the binding resin gel, typically Chelex-100, and a pre-filter membrane 

with 0.45 µm pore size.[84] All three layers are assembled into a plastic holder 

consisting of a base and cap (see Figure 4). 
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Figure 4   Schematic diagram of a diffusive gradient in thin films. (DBL/δ: diffusive boundary layer, 

∆g: total thickness) 

For preconcentration of the analyte, the DGT unit is placed in a liquid sample for at 

least a few hours – in many cases even several days. Using DGTs includes testing the 

specific gel-diffusion equilibrium time for the analyte in order to define the required 

exposure time for quantitative extraction. Quantification generally is performed by 

combustion or acid digestion of the resin gel and subsequent detection by AAS or CV-

AFS. Docekalová and Divis[85] introduced a DGT for the measurement of ionic mercury 

in aquatic systems. In this context, two selective resins were tested: Chelex-100 with 

iminodiacetic groups and Spheron-Thiol with thiol groups. Within the scope of field 

application, the DGT units were suspended for 10 days in a river. However, in river 

water small inorganic Hg complexes, complexes with ligands such as fulvic acids and 

humic acids, dissolved gaseous Hg species and particulate bound Hg are naturally 

present. Hence, recovery of only 5 - 13 % demonstrates that this method is not suitable 

for quantification of total Hg traces in natural waters. Another difficulty to overcome 

when using DGTs for ultra trace analysis of Hg is blank Hg concentration of the 

resin.[86]   
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4.2 Solid phase extraction of Hg 

Quantitative determination of metal traces in liquid samples requires efficient 

preconcentration steps in order to meet low detection limits. This can easily be 

performed by application of solid phase extraction (SPE) techniques for sample 

preparation and results in several advantages such as reduction of sample matrix 

effects, minimal waste generation, as well as selective sorption of the target analyte on 

the solid surface. The principle of solid phase extraction is based on the interaction of 

liquid sample and solid sorbent. The SPE technique enables separation of the target 

analyte from the matrix and simultaneous preconcentration by factors of up to 1000.[87] 

Adsorption of the analyte typically is performed by hydrophobic (i.e. van der Waals 

forces), polar (i.e. dipole-dipole forces, hydrogen forces) or ion exchange interactions.     

SPE method basically consists of four consecutive steps. The first step is conditioning 

of the sorbent for wetting and solvation of functional groups. Second step is loading of 

the SPE material by suspension in sample solution. Depending on the system, i.e. 

filters, membranes, packed columns or granular sorbet either percolation through the 

sample or suspension in sample solution is performed. In order to ensure highly 

efficient sorption of the analyte on the SP extractant, sufficient retention time should be 

given. The third step is rinsing the solid sorbent with a suitable solvent to eliminate 

matrix components. The final step is the separation of analyte from the sorbent 

material for subsequent measurement. This can be performed by elution with an 

appropriate solvent or by thermal desorption.  

Solid phase extractors usually consist of immobilized linkers on the surface of solid 

supports, which are mainly filter papers[88], cellulose[89], and polyurethane foams[90]. 

Often extraction is performed using particulate sorbent packed into a column[91] or 

immobilized in the form of a disk[92]. As inorganic based sorbents mainly metal oxides 

such as Al2O3, MgO, TiO2, and ZrO2 are used. Due to its mechanical and chemical 

stability as well as thermal resistance, silica gel is (SiO2) the most widely used 

inorganic substrate for SPE materials. Since the surface of SiO2 hardly is interacting 

with target analytes, modification of the silica gel surface with certain functional groups 

has successfully been implemented to produce selective solid phase extractants.  
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For selective extraction of Hg2+, silica gel is often functionalized with nitrogen- or sulfur-

containing compounds such as dithiocarbamate[93], dithizone[94], 4-bpdb[95], 5-

phenylazo-8-hydroxyquinoline[96] or thiourea[97]. Date et al.[98], for example, combined 

microfluidic immunoassay and SPE column consisting of plastic syringe, packed with 

layers of ion-exchange resin sandwiched between two circular filter papers for 

extraction of Hg2+ from aqueous samples. The method was validated by investigation 

of spiked real water samples, i.e. tap water, mineral water and river water. Good 

recovery rates of 98.8 - 104.2 % demonstrate the feasibility of the method. The 

detection limit of 0.83 µg L-1 is adequate to check the maximum tolerable mercury 

concentration in drinking water, which is 2 µg L-1 (total Hg) or 6 µg L-1 (inorganic Hg) 

according to the U.S. EPA and the WHO, respectively. However, total Hg concentration 

in uncontaminated natural waters rarely exceeds the low ng L-1 range.  

The recent publication of Thongsaw et al.[99] introduces a solid phase extractant 

consisting of immobilized dithizone and 1,4-diphenylsemicarbazide on oxidative 

activated carbon for the preconcentration and speciation Hg2+ and MeHg+. Mercury 

ions retained on the column were eluted with HNO3 solution and subsequent 

quantification was performed by CVAAS. Hence, an enrichment factor of 20 was 

obtained for Hg2+, which shows high extraction of the analyte onto the sorbent. The 

detection limit of 15.5 ng L-1 confirms high sensitivity of the method. Anyhow, this 

approach is not applicable for Hg determination in pristine waters.  

Saber-Tehrani et al.[100] developed a selective and rapid method for determination of 

Hg2+ in environmental samples. For this purpose, the analyte was mixed with 6-

mercaptopurine in order to form a stable complex. Next, this sample solution was 

passed over a C18 membrane disk for solid phase extraction. Thus, preconcentration 

factor of 100 was achieved. In water samples the LOD was found to be 1.0 µg L-1. 

Specific application of nanogold or immobilized nanoparticles for solid phase extraction 

of mercury is described in the following chapters 5.1 and 6.3.1, respectively.     
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5. Novel method for quasi-reagent-free mercury 
determination in human urine 

The following chapter covers the development and validation of a novel and reagent-

free method for mercury trace analysis in human urine. For sustainable Hg extraction 

from the urine matrix, nanogold-coated silica was used. Hence, accumulation and 

stabilization of the analyte are performed without the use of chemicals. For 

quantification, the adsorbed Hg is thermally desorbed and detected by means of 

atomic fluorescence spectroscopy (AFS).  

 

5.1 Gold nanoparticles for Hg extraction 

The term “nanomaterial” is defined by the European Commission to exhibit one, two or 

three dimensions in the size range between 1 to 100 nm.[101,102] Thus, a nanoparticle is 

defined as object with all three dimensions in the nano scale. These objects can exist 

in various shapes, e.g. spheres, tubes, or wires. Due to high fraction of atoms at the 

surface, nanoparticles show different chemical and physical properties in contrast to 

bulk materials. As a consequence, lower stabilization of surface atoms results in lower 

melting point, which decreases dramatically with decreasing nanoparticle size.[103] 

Moreover, nanoparticles exhibit higher affinity to bind adsorbates because of low 

coordinated surface atoms. Nowadays, nanometer-sized gold nanoparticles for sample 

extraction in chemical analysis are gaining research interest. Hence, in the 1990s, 

Haruta et al.[104] discovered that small gold particles have excellent catalytic properties. 

Since then, gold nanoparticles have received considerable attention for fundamental 

investigations and found various practical applications in catalysis.  

 

The catalytic activity of AuNPs can be used for reagent-free preconcentration of 

mercury. It is a well-known fact that elemental Hg forms amalgams with bulk gold 

materials. In a recent study of Zierhut et al.[105] the applicability of nanostructured gold 

surface as adsorbent for various Hg species (Hg0, Hg2+, MeHg+, ethyl-Hg, phenyl-Hg 

were tested) was demonstrated. The adsorption of Hg species different from Hg0 can 

be explained by catalytic activity of nanogold (see Figure 5). Here, a three-step 
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mechanism was postulated including stripping off the alkyl group of organic Hg 

compounds, reduction to Hg0 and subsequent amalgamation.[105]  

 

Figure 5  Catalytic decomposition of dissolved mercury species on the active surface of gold 

nanoparticle.  

Due to the high amount of surface atoms, gold nanomaterials provide high extraction 

capability and low reagent consumption. Hence, nanogold-assisted solid phase 

extraction can be used to separate the analyte from the matrix before the instrumental 

measurement, and therefore emerges as powerful tool for preconcentration of 

dissolved Hg species without addition of reagents. The release of the analyte can be 

performed by thermal desorption prior to measurement. For analytical application, 

deposition of AuNPs onto a carrier material is preferred.  

 

5.2 State-of-the-art human biomonitoring of Hg and motivation 

Systematic human biomonitoring of mercury is essential in order to reduce health risk. 

Human exposure to mercury of the general population mainly results from consumption 

of fish and seafood or from dental amalgams. Acute dietary Hg poisoning however only 

occurs rarely. With regard to occupational exposure, intentional use of metallic mercury 

in gold mining industries often causes poisoning since elemental Hg vapor is inhaled 
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during the gold extraction process. Once absorbed into the human body, Hg 

accumulates in brain, nervous system, liver and kidney. For this reason, human 

biomonitoring is crucial. Levels of Hg can be investigated in different human specimen, 

e.g., blood, hair or nails.[106–110] In order to check exposure from metallic Hg, 

investigation of urine samples is preferable.[111] Most commonly applied analytical 

techniques for Hg determination in biological samples are atomic absorption 

spectrometry (AAS)[112,113] and atomic fluorescence spectrometry (AFS)[114], typically 

coupled to cold vapor (CV) generation technique, inductively coupled plasma optical 

emission spectrometry (ICP OES)[115] or inductively coupled plasma mass spectrometry 

(ICP-MS)[116,117]. In recent years, several novel approaches for mercury trace analysis 

in urine, blood or hair were reported, which are summarized in Table 3. 

 

Table 3 Approaches for Hg determination in biological samples (* procedure time, dng: data not given). 

technique  reagents for 
analytical 
procedure 

pretreatment/ 
extraction 

time* 

(min) 

LOD 

(ng L-1) 

working 
range 

(µg L-1) 

tested 
matrices       

Hg 
fraction 

ref. 

fluores-
cence 
spectro-
scopy  

cs124–DTPA–Tb, 
N-ethylmaleimide 

digestion 135 800 0.8 – 120  urine Hg2+ [118] 

ICP-MS maleate buffer, 
HCOOH, 
glutathione 

TiO2-assisted 
preconcentratio
n, UV digestion 

dng 0.75 0.01 – 0.2 urine Hg2+ [119] 

potentio-
metry 

HCl 

 

alumina 
modified 
dimethyl 
sulfoxide-
assisted 
extraction 

1 13104 20 – 20106 urine Hg2+ [120] 

UV-Vis 
spectro-
scopy 

ammonia, 
diethyldithio-
carbamate 

acid digestion 10 3.1104 20 – 15000 urine, 

blood 

Hg2+ [121] 

stripping 
chronopo- 
tentiometry 

H2O2, HCl, HNO3 ultrasound-
assisted 
extraction 

20 300 dng urine Hg2+ [122] 

ICP-MS HCl, HNO3, 
NaOH, thiourea 

ultrasonication, 
magnetic solid 
phase 
extraction 

40 1.6 (CH3Hg+),  

1.9 (tHg) 

5-10000 
(CH3Hg+) 
10-10000 
(tHg) 

hair CH3Hg+ 

tHg 

[123] 

         

HS-SPME-
GC-PD-
OES 

HNO3, sodium 
tetraethylborate 

acid digestion, 
headspace 
solid phase 
microextraction 

735 1 µg kg-1 
(CH3Hg+) 
0.35 µg kg-1 
(Hg2+) 

0.2 – 40 
(CH3Hg+) 
0.05 – 40  
(Hg2+) 

hair CH3Hg+ 

Hg2+ 

[110] 

 

For instance, Tan et al.[118] developed a method for Hg(II) analysis in urine using a 

terbium chelate fluorescence probe. The performance of this method is suitable for 

quantification of elevated Hg levels in urine from occupationally exposed persons. 

However, preparation of the dye-based complex, sample digestion and reaction time 
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are time-consuming procedure steps. In addition, this method requires the use of toxic 

and harmful reagents. Ion et al.[120] and Uddin et al.[121] developed methods for Hg2+ 

determination in human urine via potentiometry or UV-Vis spectroscopy, respectively. 

However, detection limits of 130 µg L-1 or 31 µg L-1, respectively, demonstrate that 

these methods are not suitable for the intended application, since Hg levels in urine 

from exposed persons typically are in the low µg per liter range. Therefore, 

preconcentration processes are preferably used to enhance sensitivity. Thus, Shih et 

al.[119] presented a technique, which is based on TiO2-assised Hg(II) preconcentration 

using a microfluidic chip resulting in very good sensitivity. Interestingly, the sorbent is 

not only used for extraction but also allows UV-induced Hg vapor generation followed 

by ICP-MS detection. However, most of the above-described improvements still require 

complex sample preparation or digestion using harmful reagents. Moreover, Hg 

extraction on remote sites is not possible. Hence, fresh biological samples must be 

stabilized and cooled for transportation prior to analysis in the laboratory. In addition, 

most novel approaches focus on the quantification of one single species, i.e. Hg2+ in 

urine, rather than determination of total Hg levels. Consequently, the development of a 

novel analytical method for simple, quick and reagent-free mercury trace analysis is 

required.  

 

In previous research, Leopold et al.[124] developed a novel method for reagent-free ultra 

trace analysis of total mercury in natural water, which was first published in 2009. The 

principle of this technique is based on the reduction of dissolved Hg species to Hg0 and 

subsequent amalgamation onto a nanogold-coated adsorbent via solid phase 

extraction. Zierhut et al.[105] observed that bulk gold surfaces are able to selectively 

adsorb elemental Hg (recovery: 98 %), whereas nanostructured gold surfaces 

quantitatively adsorb various dissolved Hg species such as Hg0, Hg2+, MeHg+, EtHg+, 

PhHg+, and Me2Hg (recoveries: 82-96 %). The sorbent was prepared by wet chemical 

formation and in-situ deposition of gold nanoparticles onto silica microparticles. After 

online preconcentration of Hg species from aqueous samples, elemental Hg was 

released from the nanogold-based sorbent by thermal desorption and subsequently 

detected using atomic fluorescence spectroscopy. Except from filtration and 

acidification no sample preparation is needed. Furthermore, all analytical process 
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steps, i.e. analyte preconcentration, desorption and measurement, can be performed 

without the use of reagents, which reduces the risk of contamination and therefore 

results in a highly sensitive method with a limit of detection in the picogram per liter 

range.   

 

On the basis of this method an approach for human biomonitoring in urine was 

developed (master thesis Maria Schlathauer, 2014)[125]. Thus, a new technique for 

quick and quasi-reagent-free procedure for quantification of Hg traces in human urine 

was introduced. In this context, a batch of nanogold sorbent was prepared and the 

respective solid phase extraction procedure was established. However, in the course of 

these investigations only proof of principle was shown, whereas comprehensive 

validation and verification of applicability to real samples were not studied. Hence, the 

aim of the present study was further development and validation including evolvement 

of suitable calibration method as well as investigation of long-term stability of Hg 

adsorbed onto the nanogold-coated extractant. Furthermore, in order to prove the 

feasibility of the presented method, various real samples from exposed and non-

exposed persons were analyzed. Finally, the analytical figures of merit were 

determined for this novel method.   

 

5.3 Basic method (as developed in master thesis)  

For the extraction of mercury from urine nanogold-coated silica was used. The 

preparation of this catalytically active sorbent was optimized on basis of a synthesis 

first described by Leopold et al.[124]. The obtained materials were characterized in detail 

regarding gold load, distribution and size of nanoparticles as well as performance with 

regard to Hg extraction. Moreover, special glass devices, i.e. a test tube and a collector 

tube, were developed and manufactured in-house for their application in mercury 

extraction experiments. Various parameters for Hg extraction from urine onto nanogold 

sorbent and subsequent quantification, i.e. dilution factor and agent, amount of 

adsorbent, extraction time, rinsing process and agent, and parameters of thermal 

desorption, were developed and optimized and are described in detail in my master 
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thesis [125]. The flow chart in Figure 6 gives a schematic overview about the method 

development performed during my master thesis.   

 

 

Figure 6  Schematic overview of method development for Hg extraction from urine samples. 

(Grey: developed in master thesis, blue: complementary work).    

In order to minimize carryover effects caused by organic residues from the matrix, the 

original urine samples were diluted in acidic water prior to solid phase extraction 

resulting in efficient Hg preconcentration. The optimized experimental details for 

nanogold-assisted Hg extraction and AFS determination are described in chapter 7.7.1. 

First accumulation experiments from spiked urine samples confirmed high precision 

and linear correlation between the Hg concentration and the obtained fluorescence 

intensity after an extraction time of only 5 min. In conclusion, the preliminary studies of 

my master thesis indicated a high potential for Hg biomonitoring in human urine. 

Therefore, this project was continued and validation of the method as well as 

application of real samples was the first task of my PhD studies. 
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5.4 Evaluation of calibration strategies 

In the first part of this thesis, recovery experiments in spiked real urine were performed 

in order to find suitable calibration method. The urine samples originated from an 

occupationally non-exposed person. The initial Hg concentration determined by CV-

AFS was found to be less than 0.07 µg Hg L-1, and therefore is negligible compared to 

the prepared spike concentrations of up to 6.0 µg Hg L-1. The results of the recovery 

experiments are summarized in Figure 7.  

 

Figure 7  Mercury recovery functions for spiked real urine (non-contaminated, initial [Hg]<0.07 µg 

L-1) (A) in the concentration range from 0.06 – 2.0 µg Hg L-1 using aqueous calibration and (B) in the 

concentration range from 1.0 – 6.0 µg Hg L-1 using (+) aqueous calibration and () matrix-matched 

calibration. ((–): Linear regression; (---) confidence interval; recovery functions: (A) y = 0.9814x - 0.0512; 

R2=0.9925; n=15; (B) (+): y = 0.5574x - 0.0826; R2=0.9946; n=10; (): y = 0.9613x - 0.1832 R2=0.9946; n 

= 10; reprinted from Schlathauer et al. [126] with permission from Elsevier). 

First, external calibration using aqueous Hg standards was investigated. For extremely 

low Hg concentrations ranging up to a maximum of 2.0 µg Hg L-1 a recovery rate of 98 

± 5 % was achieved confirming valid quantification of urine samples by means of 

aqueous calibration (see Figure 7A). However, when applying aqueous calibration in 

higher concentration range a proportional systematic error and a minor recovery rate of 

only 56 % were observed (see Figure 7B). Nevertheless, the absence of constant 

systematic error was proven by the experiment (intercept of linear regression is 0) as 

well as linear correlation and repeatability. Since the impact of the urine matrix 

becomes more relevant at higher Hg levels minor recovery was most probably caused 
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by non-quantitative separation and adsorption of Hg from the matrix. For this reason, 

matrix-matched calibration with lyophilized reference urine (c(Hg) = 0.024 ± 0.006 µg L-

1) was investigated as alternative calibration method. Figure 7B shows that matrix-

matched calibration results in successful quantification in urine samples with elevated 

Hg levels, which is reflected in a recovery rate of 96 ± 5 %. Hence, for Hg 

determination in urine of non-exposed persons aqueous calibration is suitable, 

whereas biomonitoring of exposed persons must be performed using matrix-matched 

calibration. In conclusion, the calibration method must either be adapted to the 

expected Hg concentration in the urine specimen or matrix-matched calibration should 

be performed as valid alternative for a broad concentration range. 

 

5.5 Investigation of real samples 

After finding suitable calibration method, further validation of the proposed procedure 

was performed by investigation of three urine samples from occupationally non-

exposed persons and three samples originating from small-scale gold miners from 

Indonesia. The latter were taken by cooperation partners, investigated first by standard 

method CVAAS shortly after collection and then stored frozen for several months.  

In order to quantify Hg with the herein proposed method these samples were defrosted 

and then handled as described above. After defrosting, precipitations and turbidity 

were observed in all three samples, indicating that the urine had altered during storage. 

For this reason, additional reference measurements were conducted using CV-AFS in 

parallel to the investigation by the proposed method. First, CVAAS and CV-AFS results 

were compared, revealing non-significant analyte losses after storage in samples Hg-

10 and Hg-07, whereas Hg-14 showed no differences (see Table 4). However, Hg 

levels in urine samples from occupationally exposed gold miners are all clearly 

elevated, i.e. concentrations exceed the German Environment Agency reference value 

of 1.4 µg L-1[127]. Hg concentration in sample Hg-14 was found to be below Human 

Biomonitoring Value I (HBM-I), a threshold value (7 µg Hg L-1) below which no harmful 

influence on a human organism is expected. In contrast, Hg level in sample Hg-07 

exceeds by far HBM-II value (25 µg Hg L-1), which is considered to cause harmful 

effects to the human body.  
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In a second step, accuracy of the proposed method was investigated by comparison of 

found Hg concentrations in these urine samples with those obtained by reference 

method CV-AFS. Concentrations in sample Hg-14 and Hg-07 determined by novel 

method are in very good agreement with the reference values obtained by CV-AFS, i.e. 

no significant differences were found. The found Hg concentration in sample Hg-10, 

however, is clearly lower than the reference value. In contrast to the proposed method, 

CV-AFS measurement is always performed after sample digestion that is complete 

dissolution of suspended particles and sediments. Since, precipitations were found in 

urine after long-term storage, further investigations were performed regarding the effect 

of urine altering on mercury recovery. The precipitations in samples Hg-07 and Hg-14 

were dissolved after dilution of the urine in dilute HCl prior to extraction, while turbidity 

of sample Hg-10 remained. After particle sedimentation in sample Hg-10, dissolved Hg 

concentration in the supernatant was analyzed by CV-AFS revealing that only a 

proportion of 46 % of the total Hg is dissolved (see Table 4, value marked by asterisk). 

Referring to the value for dissolved Hg concentration, a good agreement with the result 

obtained by the newly proposed method is given. 

 

Table 4  Results for total mercury determination in urine samples originating from small-scale gold miners 

in Indonesia (Hg-14, Hg-10, Hg-07) and from occupationally non-exposed persons (NE-1, NE-2, NE-3). 

(Uncertainty is given as ± one standard deviation with n=3, P=95 %; reprinted from Schlathauer et al. [126] 

with permission from Elsevier) 

Sample 
name 

Hg concentration 
found by CVAAS  

[µg L-1] 

Hg concentration 
found by CV-AFS*  

[µg L-1] 

Hg concentration found  
by this method [µg L-1]  

aqueous calibration matrix-matched 
calibration 

Hg-14 4.5 ± 0.8 4.5 ± 1.1 3.4 ± 0.3 4.5 ± 0.9 

Hg-10 8.0 ± 1.2 7.1 ± 1.1 
  3.3 ± 1.7 ** 

3.5 ± 0.3 4.7 ± 0.9 

Hg-07 47.8 ± 7.2 40.8 ± 6.1 30.5 ± 1.6 *** 42.9 ± 4.4 *** 

NE-1 – 0.023 ± 0.043 0.021 ± 0.004 – 

NE-2 – 0.070 ± 0.056 0.072 ± 0.201 – 

NE-3 – 0.054 ± 0.001 0.056 ± 0.030 – 

* After frozen storage for several months 

**   Dissolved Hg concentration.  

*** Due to the high Hg level in this sample urine was additionally diluted by a factor of 5 prior to extraction. 
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The effect of minor recoveries as a result of long-term storage and formation of 

insoluble precipitation can be regarded as irrelevant for the proposed method, because 

its intended application is the direct on-site extraction of fresh urine. Nevertheless, 

further investigation of a larger number of fresh urine samples will have to reveal 

whether this assumption is true. In order to test the application range, three more fresh 

samples were investigated coming from occupationally non-exposed persons. As 

expected, the found Hg levels in these urines – NE-1, NE-2 and NE-3 – are very low 

and therefore are in accordance with the reference value of 1.4 µg L-1 for the general 

population in Germany [127]. Here, evaluation using aqueous calibration led to perfectly 

agreeing values compared to the reference method CV-AFS. Consequently, the 

proposed method provides valid quantification of both, low level and elevated Hg, in 

fresh urine. 

 

5.6 Long-term stability of Hg on the sorbent  

For the feasibility of the approach the chemical stability of Hg on the collector during 

sample transport and/or storage is an important issue especially when it comes to the 

proposed on-site application at remote areas. In order to investigate potential analyte 

losses and/or contamination of the collectors, a series of experiments with Hg-loaded 

collectors was performed. For this purpose, fresh urine samples from non-exposed 

persons (volunteer donators, members of IABC, UUlm) were utilized. The applied urine 

samples showed initial Hg concentration ranging from 0.01 to 0.05 µg L-1 and were 

spiked with a Hg(II) concentration of 6 µg L-1. For this study 7 individual collector tubes 

were used in parallel for Hg extraction and immediate measurement. The resulting Hg 

concentrations were compared with values obtained after storage of the collectors at 

30°C temperature for 1 to 7 days. Therefore, after Hg extraction the respective sorbent 

material was washed, remaining water was decanted, the tube was sealed with silicone 

plugs, and was placed in a plastic bag together with a scavenger for minimization of Hg 

contamination. Figure 8A depicts the Hg loaded collector prepared for storage. The 

results of these experiments are presented in Figure 8B.  
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Figure 8   (A) Photograph of Hg loaded collector tube and scavenger prepared for storage; (B) 

Stability of Hg on the collector after several days of storage at 30 °C. ((⚫): Hg found after storage; (): Hg 

detected immediately after extraction; Error bars represent ± one standard deviation with n = 3; reprinted 

with permission from Schlathauer et al. [126] copyright 2017 by Elsevier). 

Regardless the storage duration, the Hg concentrations found after storage are in very 

good agreement with the values after immediate desorption. Elevated ambient 

temperature apparently has no influence on the stability of the formed amalgam. 

Therefore, the proposed in-situ method is suitable for Hg extraction and stabilization in 

order to transport and/or store the collectors without cooling until measurement. 

 

Figure 9   (A) Photography of 7 individual collector tubes filled with adsorbent from one synthesis 

batch; (B) Reproducibility of Hg extraction and quantification with these collector tubes. (Error bars 

represent ± one standard deviation with n ≥ 5; reprinted from Schlathauer et al. [126] with permission from 

Elsevier). 
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Since this study was performed using 7 individual collector tubes (see Figure 9A) it also 

gives information about reproducibility. For Hg extraction and immediate desorption the 

obtained values of all collector tubes were compared to each other. It was found that 

calibration of one exemplary collector provides reliable quantification of Hg with all 

other collectors that are filled with nanogold-coated adsorbent coming from the same 

synthesis batch. Figure 9B shows the reproducibility in-between 7 individual collectors. 

5.7 Analytical figures of merit 

Finally, analytical figures of merit for the novel method were determined and are 

summarized in Table 5. For the proposed application of Hg determination in urine from 

exposed persons the newly developed method shows excellent sensitivity with a limit 

of detection of only 109 ng L-1 using matrix-matched calibration. Alternatively, when 

using aqueous calibration an LOD of 4.3 ng L-1 results and therefore allows highly 

sensitive Hg quantification of lowest-level samples.  
 

Table 5 Analytical figures of merit. (Reprinted from Schlathauer et al. [126] with permission from Elsevier). 

Calibration range 

     aqueous calibration 

     matrix-matched calibration 

 

0.01 – 0.50 µg Hg L-1 

1 - 10 µg Hg L-1  

Tested linear working range* 0.01 - 10 µg Hg L-1 

Precision 

Relative standard deviation  

     for urine spiked with [Hg] = 2.0 µg L-1    

     for urine spiked with [Hg] = 6.0 µg L-1   

Coefficient of variation of the procedure 

fresh**                       re-used** 

4.2 % (n=6)               4.9 % (n=4) 

5.1 % (n=4)                5.9 % (n=5) 

6.5 % (n=6)               6.2 % (n=13) 

Sensitivity 

Slope of the linear calibration function [L µg-1] 

fresh**                       re-used** 

0.0070 ± 0.0010        0.0060 ± 0.0013 

Detection limit – derived from the calibration function [128] 

aqueous calibration 

matrix-matched calibration 

 

4.3 ng Hg L-1 

109 ng Hg L-1  

Reusability of the sorbent material  > 110 analysis cycles 

Total procedure time for Hg extraction, rinsing and measurement 15 min  

Stability of Hg on adsorbent at 30 °C 7 days 

* Higher Hg levels in urine can be determined using appropriate dilution factors prior to extraction 

** Fresh extractant: material used for ≤ 20 analysis cycles; re-used extractant: material used for 80-110 

analysis cycles  
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Furthermore, the novel method offers very good reproducibility with a standard 

deviation of ≤ 5.9 % and is time-efficient, as the whole procedure of sampling, Hg 

extraction and analysis requires only 15 min. In addition, the proposed technique works 

almost reagent-free except for small amounts of dilute HCl required for sample dilution. 

Moreover, reusability of the material was proven running more than 110 analysis cycles 

without any loss in precision and sensitivity. Chemical stability of Hg on the collectors 

was demonstrated for storage duration of at least 1 week without cooling. 

 

5.8 Conclusion 

The aim of this work was to further develop a new method for reagent-free on-site 

extraction and determination of mercury in human urine. The suitability of a self-made 

nanogold extractant for direct Hg preconcentration was clearly demonstrated. It was 

found that matrix-matched calibration, using a lyophilized reference urine standard, 

provides reliable and precise determination of Hg in a concentration range of at least 

up to 50 µg L-1. Furthermore, external calibration using aqueous Hg(II) standard 

solutions revealed a LOD of only 4.3 ng Hg L−1 and therefore turns out to be suitable 

for Hg quantification in non-contaminated urine. Except from dilute hydrochloric acid, 

separation of dissolved Hg from the urine matrix and subsequent preconcentration is 

performed completely reagent-free resulting in high precision and reproducibility.  

Furthermore, the presented method was successfully validated by recovery 

experiments in urine samples from occupationally exposed and non-exposed persons. 

The Hg concentrations found by the proposed method were compared with values 

obtained by reference methods CVAAS and CV-AFS, resulting in a very good 

agreement (recovery of 91 – 105 %). Since the adsorbent material shows high 

reusability, this novel method is very sustainable and cost-efficient, i.e. the production 

of 1 g nanogold-coated adsorbent material was calculated to approximately 1.90 EUR. 

In addition, experiments on long-term stability of Hg on the extractant prove the 

absence of analyte loss and contamination which allows sample storage and 

transportation at ambient temperature of at least 30°C. Consequently, the new method 

presented in this work enables very easy, quick and safe handling and therefore shows 

high potential for human biomonitoring of mercury especially at remote sites.  
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6. Nanogold-coated dipsticks for total Hg 
determination in natural waters 

In contrast to previously discussed Hg analysis in human urine, trace level 

determination of Hg in water samples is challenging, since high sensitivity and 

selectivity are required. Typically, total dissolved Hg concentration in uncontaminated 

pristine natural water is in the sub ng L-1 range. Hence, the risk of contamination and 

analyte loss during sample transport and storage is high. Especially when it comes to 

sampling and stabilization, Hg contamination can occur from stabilizing agents, which 

are used to prevent Hg evaporation or adsorption to the walls of the storage vessels or 

from the ambient environment due to the ubiquity of mercury. Moreover, high volatility 

of elemental Hg and adsorption of organic species to surfaces can result in analyte 

loss. Most commonly performed technique for mercury separation from the matrix is 

the cold vapor (CV) generation. Therefore, all Hg species in the water sample are 

transformed to Hg2+ by addition of strong oxidants, e.g. bromine-containing solution. 

After a reaction time of at least 12 h, Hg2+ is reduced to gaseous Hg0 by tin(II) chloride 

or sodium borohydride. Cold vapor generation is often coupled to highly sensitive 

analytical detection techniques, i.e. atomic fluorescence spectrometry (AFS)[129–131], 

atomic absorption spectrometry (AAS)[132,133] and inductively couples plasma mass 

spectrometry (ICP-MS)[134]. However, this established standard method has several 

disadvantages like sample pretreatment by addition of harmful reagents, time-

consuming multistep analysis resulting in potential risk of contamination, and 

production of toxic waste.  Therefore, novel techniques for sustainable and safe Hg 

extraction from water samples are required.  

Recent trends focus on the development of new preconcentration techniques including 

cloud-point extraction[135], liquid liquid microextraction[136,137], and solid phase 

extraction[138]. Yang et al.[139], for instance, introduced graphene oxide bounded silica 

particles as adsorbent for online preconcentration of various mercury species and 

subsequent detection by HPLC-ICP-MS. High enrichments factors for Hg(II), MeHg 

and EtHg were obtained after preconcentration of only one minute resulting in 

incredibly low detection limits of 0.005, 0.006, and 0.009 ng L-1, respectively. However, 

for analyte elution harmful reagents such as benzoic acid are used and on-site 
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sampling is not possible since online preconcentration must be performed in the lab. 

Kamyabi et al.[140] developed a technique for Hg(II) separation from aqueous solutions 

via electromembrane extraction followed by GFAAS detection. However, the presented 

approach is limited to only one species, i.e. Hg(II). The LOD was found to be 0.5 µg L-1 

and therefore this method is not sensitive enough for Hg quantification in pristine 

natural waters.  

In particular, the interest in nanomaterials (NMs) has grown significantly due to their 

outstanding characteristics. In the last few years, several studies on nanomaterial-

based preconcentration of mercury were reported showing the benefits of high 

sensitivity, simplicity of measurement and fast analysis. A broad variety of NM-

enhanced solid phase extraction (SPE) was presented and is summarized in Table 6.  

 

Table 6 Approaches for nanomaterial-based Hg extraction (* enrichment factor; ** time for Hg extraction; 
dng: data not given). 

nanomaterial detection 
technique 

EF* elution or 
desorption 

time** 

(min) 

LOD 

(ng L-1) 

tested 
matrices       

Hg 
fraction 

ref. 

AgNP   HR-CS 
ETAAS 

15 dissolved in 
HNO3 

2 5.0 Spring water, 
tap water, 

ground water 

Hg2+ [141] 

functionalized      
SiO2 NP 

CV-HG 
ETAAS 

4 thiourea for 
elution 

2 8.0 sea water, 
river water 

dgn [142] 

TiO2 NP  CVAFS 35 dissolved in 
HNO3 

6 4.0 lake water, 
river water 

Hg2+ [143] 

magnetic NP 
Fe@Ag@DMB 

HPLC-
VWD 

433 HCl and DDTC-
Na for elution 

30 26.0 reservoir 
water, river 
water 

Hg2+ 
[144] 

magnetic NP 

Fe3O4@CNT 

CVAAS dng HNO3 for elution 2 1500 fresh water, 
spring water, 
seawater 

Hg2+ [145] 

magnetic NP 

Fe3O4@SiO2 

ICP-MS 100 Na2S for elution 2 0.52 lake water, 
river water, 
sewage 
water 

Hg2+ [146] 

magnetic NP 

Fe3O4@SiO2SiDTC 

AAS dng thermal 
decomposition 

24 h 1.8 ultra pure 
water, 
synthetic 
seawater 

tHg [147] 

black phosphorus 
quantum dots 

fluorescenc
e 
spectrosco
py 

dng no elution dng 78 dinking 
water, tap 
water, river 
water 

Hg2+ [148] 

thiol-containing 
nanofibers  

DMA dng combustion 5 2.5 tap water, 
lake water, 
waste water 

tHg [149] 

oxidized carbon 
nanotubes 

FI-CVAAS 150 HCl for elution 3 1.9 river water, 
tap water, 
well water, 
seawater 

Hg2+ [150] 
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For most of the presented nanomaterial-based approaches, extraction times are within 

a few minutes allowing timesaving SPE. Enrichment factors of 4 – 433 demonstrate 

efficient mercury preconcentration from water samples, which is reflected in detection 

limits in the low nanogram per liter range. After Hg extraction, release of the analyte is 

performed by elution or thermal decomposition. However, elution procedures often 

compromise the overall performance of the suggested approaches with regard to 

simplicity and sustainability. Moreover, most of the presented methods were developed 

for selective determination of Hg2+ ions only. For the purpose of natural water 

monitoring, determination of novel and sustainable nanomaterial-based solid phase 

extractant for total Hg is required.  

 

Zierhut et al.[105] showed quantitative adsorption of various Hg species onto 

nanostructured gold surfaces via amalgamation. Therefore, previous studies in the 

research group of K. Leopold demonstrate successful reagent-free determination of 

total Hg in natural waters using active nanogold sorbent material packed in a column 

for automated online Hg extraction in a flow injection analysis system (FIAS).[124] Here, 

mercury extraction must be performed in the laboratory. On-site application of the 

above-described method would be challenging since it requires transportation and 

setup of bulky instrumentation, mobile electricity and gas cylinders. Nevertheless, on-

site Hg extraction is preferred in order to avoid contamination during sampling and 

transportation to the lab and thus to enhance sensitivity. Therefore, the aim of this work 

was to develop a portable sampler, i.e. a dipstick, for reagent-free Hg extraction from 

waters on the basis of nanogold materials. In contrast to conventional passive 

samplers the intended application of the dipstick focuses on quick Hg extraction from 

the sample solution within only a few minutes preventing fouling effects. Since 

catalytically induced amalgamation results in strong interaction between analyte and 

nanogold adsorbent the risk of analyte loss during transportation or storage is 

significantly reduced. This long-term stability has already been demonstrated in the 

previous chapter 5.6. Another advantage is that except from the dipstick itself no 

further equipment is needed for Hg preconcentration. Application of test strips therefore 

provides sustainable and easy-to-handle mercury trace analysis by simple dipping into 

the sample solution. The following sections describe the development, optimization and 
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validation of nanogold-based dipsticks for mercury trace determination in natural 

waters. After Hg extraction by simple dipping into the water sample, subsequent 

detection can either be performed by direct colorimetric read-out using a UV-Vis 

spectrometer or after thermal desorption of Hg and detection by AFS or AAS. 

Fluorescence and colorimetric sensing methods are the preferred instrumental 

techniques since they are inexpensive, fast, simple and available as portable set-ups 

for direct measurement at remote sites. 
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6.1 Development of dipsticks  

The aim of this work was to develop a portable sampler in the form of a test strip for 

nanogold-based reagent-free extraction of dissolved Hg from natural waters. For the 

purpose of on-site sampling particular attention was paid on simple and easy handling 

as well as short extraction time of only a few minutes. Moreover, quick and highly 

efficient Hg accumulation is required for Hg determination at ultra trace levels. The 

principle of mercury adsorption based on the catalytic activity of gold nanostructures 

was adapted from earlier studies in this work. Conceivable read-out of the dipstick can 

either by performed directly using a UV-Vis spectrometer or after thermal desorption 

and subsequent detection by AFS or AAS. Since for the intended colorimetric read-out 

light transmittance of the substrate in the visible range is essential, quartz glass stripes 

were used as substrate. In addition, quartz glass provides chemical inertness, thermal 

stability and enables cost-effective dipstick preparation. The following section 

describes the development of four dipstick types with different surface structures and 

corresponding characterization. Furthermore, first accumulation experiments in Hg(II) 

standard solution were performed in order to obtain information about the efficiency of 

the Hg adsorption. In addition, with regard to the intended application in aqueous 

samples, fluid-mechanical stability of deposited gold nanoparticles on the respective 

dipstick surface was investigated.  

 

6.1.1 Reference dipstick 

Gold nanostructures are able to adsorb various dissolved Hg species whereas bulk 

gold or smooth films form amalgams only with elemental mercury. In order to evaluate 

the catalytic activity of the novel dipsticks, which are introduced below, a reference 

dipstick with a 50 nm thin smooth gold film was produced for comparison. A 

photograph of this reference dipstick is shown in Figure 10A. Characterization of the 

surface was performed by AFM measurement, which reveals smooth and 

homogeneous gold surface (see Figure 10B).  



 

 40 

 

Figure 10   (A) Photograph of reference dipstick with 50nm thick smooth gold layer and (B) 

AFM image of dipstick surface. 

 

6.1.2 Dipstick type I 

The first-generation dipstick (type I) was prepared by vapor deposition of a 10 nm thin 

gold layer onto the glass surface and subsequent annealing. Thermal treatment results 

in dewetting and formation of gold nanostructures.[151] The correlation between 

annealing temperature and nanogold structure was examined performing either low-

temperature annealing at 300 °C for 60 min or high-temperature annealing at 700 °C 

for 15 min. The resulting surface change was characterized by AFM and is shown in 

Figure 11.  

 

Figure 11   AFM images of dipstick surface structure (A) before annealing, (B) after 

annealing at 300 °C for 60 min and (C) after annealing at 700 °C for 15 min.  

For better comparison the area roughness parameter – more precisely the root mean 

square height (Sq) – was determined for each sample. The smoothness of the surface 

layer after gold vapor deposition is reflected in a low Sq-value of only 2.5 ± 0.4 nm 

(N=9; see Figure 11A). Thermal treatment of the dipstick, however, results in surface 
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roughening with an average Sq-value of 17.5 ± 2.8 nm (N=9) for low-temperature 

annealing and 32.6 ± 2.7 nm (N=9) for high-temperature annealing. Figure 11B&C 

clearly demonstrate, that higher annealing temperature induces the formation of larger, 

separated nanoparticles. Thus, after heating the dipstick at 300 °C a contiguous gold 

structure is generated. In contrast, annealing at 700 °C initiates formation of individual 

gold particles with an average diameter of 170 ± 49 nm (N=158) and an average height 

of 91 ± 26 nm (N=16). The change in the gold structure after heat treatment is also 

reflected in the color of the dipstick. Figure 12 shows that the dipstick appears green 

after gold plating and turns purple or pink after annealing at 300 °C or 700 °C, 

respectively.  

 

 

Figure 12  Photograph of dipstick type I before annealing (top, green), after annealing at 300 °C 

(middle, purple) and after annealing at 700 °C (bottom, pink).  

Before exposing the respective dipstick to mercury containing solution it was 

decontaminated, i.e. Hg traces were released by heating the stick in the FI system until 

system blank value was achieved. However, this thermal cleaning step has an 

additional effect on the structure of the gold layer, since the color changes to pink. 

Therefore, in addition to the above-described annealing in the muffle furnace one 

freshly gold-coated dipstick was nanostructured in the FIAS during thermal cleaning.  

 

Finally, first mercury adsorption experiments were performed with each of the 

differently tempered dipsticks, i.e. low temperature annealing at 300 °C, high 

temperature annealing at 700 °C, and annealing in the FI system. In addition, the same 

preconcentration experiment was performed using a reference dipstick with smooth 50 

nm thick gold film and a non-coated blank glass slide in order to investigate the 

amalgamation efficiency of the formed gold nanostructures. The obtained fluorescence 
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intensities, which are directly proportional to the adsorbed Hg mass, are depicted in 

Figure 13.  

 

 

Figure 13  Fluorescence intensities for Hg extraction onto dipstick type I after different annealing 

processes, reference dipstick, and blank glass slide. (c(Hg)= 50 ng L-1; error bars represent ± one 

standard deviation with n = 3).  

Regardless of the annealing conditions, the adsorption efficiency of Hg onto the 

dipsticks has increased significantly after thermal treatment compared to the reference 

dipstick. Unspecific Hg adsorption onto non-coated blank glass was not observed. 

Annealing the freshly coated dipstick in muffle furnace at 300 °C results in maximum 

Hg accumulation. However, repeatability is poor with a relative standard deviation 

(RSD) of 10.2 %. Inhomogeneous coloring of the gold layer shows that the heat 

distribution during low-temperature annealing is uneven and thus provokes poor 

reproducibility of individually prepared dipsticks (RSD = 25.7 %). For further 

investigations dipsticks were prepared by high-temperature annealing at 700 °C since 

they significantly adsorb more Hg from aqueous solution than the reference dipstick 

and allow reproducible preparation. 

Furthermore, washing experiments with diluted HCl revealed gold detachment from the 

glass surface after exposure for 10 min under turbulent conditions. An average gold 

concentration of 54 ± 13 µg L-1 was found in the respective washing solution after 

TXRF analysis. For this reason, the surface structure was modified and dipstick type II 

was developed. 
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6.1.3 Dipstick type II  

In the research group of K. Leopold previous nanogold-coated sorbent materials were 

prepared by chemical reduction of Au(III) and in-situ deposition of formed gold 

nanoparticles onto silica substrates.[124,152] In order to mimic this synthesis, the glass 

surface of dipstick type II was coated with SiO2 Stöber particles (ø=300 nm) prior to 

AuNP deposition from colloidal solution. Thus, with regard to gold binding, the silica 

modified glass surface provides the same chemical properties as previously used 

substrate material. Moreover, a larger surface is generated. The preparation procedure 

is described in detail in section 7.4.2. After annealing the surface of dipstick type II was 

studied by scanning electron microscopy. An exemplary image is shown in  Figure 14A.  

 

 

 Figure 14  (A) Exemplary SEM image of silica and gold nanoparticle-coated dipstick type II (inset 

shows higher magnification); Photographs of dipstick type II (B) at different preparation steps: after AuNP 

coating (left), after Au film growth (middle) and after annealing (right) and (C) after 35 analytical cycles 

showing visible gold detachment.  

 

Deposition of silica particles results in homogeneous, but fragmentary monolayer 

coating. The inset in  Figure 14A shows that both, glass surface and silica particles, are 
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evenly decorated with spherical gold nanoparticles. The average diameter of the 

AuNPs is 34 ± 16 nm (N = 991). Since gold deposition is performed in liquid medium 

both sides of the glass stripe are gold-coated. After heat treatment, the freshly 

prepared dipstick type II appears pink (see  Figure 14B). However, for dipstick type II 

gold detachment from the surface was observed with an increasing number of 

analytical cycles confirming that the deposited gold nanoparticles are not mechanically 

stable on the substrate. After 35 analytical cycles, discoloration of the originally pink 

dipstick was clearly visible (see  Figure 14C). For this reason, a combination of the two 

preceding dipstick coatings was investigated in order to create a third-generation 

dipstick type. Preparation and characterization of the resulting dipstick type III are 

described in the following sections. 

 

6.1.4 Dipstick type III 

Preliminary experiments showed that film coating with gold on blank glass surfaces 

and subsequent annealing results in formation of non-spherical gold structures with 

sizes in the low micrometer range. In order to initiate formation of gold nanoparticles 

during heat treatment, the glass surface was modified with non-porous silica 

nanoparticles (ø=300 nm) prior to gold vapor deposition of a 10 nm thin layer, resulting 

in dipstick type III.  

 

Figure 15  Schematic illustration of chemical modification of the substrate’s surface (A) before and 

(B) after annealing (not to scale). (C) Photograph and dimensions of dipstick before (left) and after 

annealing (right). (Reprinted from Schlathauer et al. [153] with permission from Elsevier).  

Schematic illustration of the dipstick surface before and after annealing is depicted in 

Figure 15A&B. Furthermore, the change in gold structure after annealing, i.e. the 
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formation of gold nanoparticles, results in significant color change from blue to pink, 

which can be seen in Figure 15C. The dipstick provides a gold area of 3.2 cm2. 

 

Characterization of dipstick type III 

For further characterization of the dipstick the total amount of deposited gold was 

determined by GFAAS analysis in aqua regia extracts. The average gold load was 

found to be 49.4 ± 0.7 µg Au per dipstick (N=4), which corresponds to approx. 15 µg 

Au per cm2. In comparison, the total amount of Hg in a volume of 30 mL of a natural 

water sample is expected to be in the range of a few pg. Consequently, several orders 

of magnitude excess of Au is assured. The adsorption capacity of the stick is therefore 

not limited for the intended use.  

 

Surface investigation 

Scanning electron microscopy and energy dispersive X-ray spectroscopy 

For characterization of the freshly prepared dipstick type, first its surface was 

investigated by scanning electron microscopy combined with energy dispersive X-ray 

spectroscopy (EDX). Prior to SEM analysis, the dipstick surface was coated with a thin 

carbon film layer in order to avoid drifting effects due to charging. The EDX spectrum, 

which is presented in Figure 16B, reveals the presence of carbon, silicon, oxygen and 

gold on the dipstick. Elemental distribution on a selected scanning area of the surface 

was visualized by EDX mapping analysis confirming the formation of gold 

nanoparticles on the SiO2 modified surface (see Figure 16A). 
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Figure 16  (A) SEM image of the surface (upper left) and corresponding EDX elemental mapping 

analysis of gold, oxygen and silicon on selected area of dipstick surface; (B) Exemplary EDX spectrum of 

dipstick surface; (C) Gold nanoparticle size distribution on dipstick surface (N = 239). 

In Figure 17A exemplary SEM images of the nanogold-coated dipstick after annealing 

are shown. Silica particle deposition by drop coating results is non-homogeneous 

coverage with mono- to multilayers of 300 nm-sized SiO2 particles on the glass 

surface. The formation of AuNPs after annealing is clearly visible. Generally, gold 

nanoparticles can be divided into two size ranges: In-between the silica particles small 

spherical AuNPs with an average diameter of 37 ± 13 nm (N=155) are present, while 

AuNPs on top of SiO2 particles are clearly larger with an average diameter of 135 ± 23 

nm (N=84; see Figure 16C). However, regardless the thickness of SiO2 particle layer 

AuNP size distribution is consistent over the complete investigated area. From 

previous investigations in our group it is known that smooth gold surfaces adsorb only 

elemental mercury (Hg0) via amalgamation process, while nanostructured gold is 

catalytically active and therefore able to transform and adsorb different Hg species 

from waters.[105] Hence, these investigations ensure the formation of AuNPs as 

required for extraction of total dissolved Hg species. In order to study the silica 

multilayer and the gold distribution within this porous film, cross-sections of the stick 

were performed revealing maximum silica particle layer thickness of 6.5 µm. This 

corresponds to a particle stacking of approx. 22 SiO2 spheres. Figure 17B clearly shows 
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that film deposition of gold and subsequent annealing results in AuNP formation only in 

the top SiO2 particle layer assuring best accessibility for Hg species. 

 

Figure 17  (A) Exemplary SEM image of SiO2 particle distribution on ready-made dipstick surface 

(middle) and magnified area of nanogold formation on SiO2 monolayer (left) and SiO2 multilayer (right); 

exemplary cross-section SEM image of a 6.5 μm thick SiO2 multilayer on dipstick surface with gold 

nanoparticles only on the top layer; (C) Exemplary high-resolution SEM image of single SiO2 particles and 

gold nuggets on the dipstick surface. (Reprinted from Schlathauer et al. [153] with permission from Elsevier). 

In addition, the surface of one dipstick was sputter-coated with carbon in order to 

obtain detailed information about the formed gold nanostructures by electron 

microscopy. An exemplary high-resolution SEM image of single SiO2 spheres and gold 

structures on the glass surface is shown in Figure 17C. Heat treatment of thin gold films 

provokes particle formation. The obtained gold nugget structure is inhomogeneous 

since it compromises small, spherical AuNPs with an average diameter of 41 ± 23 nm 

(N=156). The SEM investigation indicates that during annealing process first small 

AuNPs are created before they fuse to aggregates (gold nuggets) in the low 

micrometer range. These high-resolution surface investigations were performed after 

dipstick storage of more than one year revealing thermodynamic stability of nanogold 
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bumps on top of the gold nuggets whereas nanostructured bulk materials form smooth, 

inactive surfaces after only a few days.[105,154] 

 

Coomassie Brilliant Blue  

Prior to SiNP deposition, the glass surface was functionalized with aminosilane. Film 

formation of 3-aminopropyltrimethoxysilane (APTMS) on the glass substrate was 

investigated on the basis of blue dye adsorption. The method is based on non-covalent 

binding of Coomassie Brilliant Blue (CBB) to amino acids and thus is generally applied 

for protein labeling. In this study, Coomassie was used to visualize –NH2 groups of the 

linker. Therefore, three different glass slides were immersed in Coomassie Brilliant 

Blue: clean glass, APTMS functionalized glass and APTMS functionalized glass after 

thermal treatment at 600 °C. After 1 hour of deposition in CBB and subsequent rinsing, 

the control sample, i.e. the clean glass slide, remains as expected uncolored 

confirming the absence of amine groups. Whereas the functionalized glass shows blue 

coloration indicating the presence of amine groups on the glass surface and therefore 

successful APTMS coating. Photograph of the respective sample after exposure to the 

blue dye is shown in Figure 18. 

 

 

Figure 18   Qualitative detection of amino groups using Coomassie brilliant blue with clean glass 

(left), APTMS coated glass (middle) and APTMS coated glass after thermal treatment at 600 °C (right). 

However, CBB does not adsorb onto the surface of functionalized glass after annealing 

suggesting the absence of amine binding sites. In order to study possible thermal 

degradation of the aminosilane linker during the tempering process further 

investigations were performed using XPS and IR analysis.   
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X-ray photoelectron spectroscopy  

The dipstick surface was characterized by X-ray photoelectron spectroscopy (XPS) 

before and after annealing in order to study possible decomposition of APTMS linker 

after thermal treatment. Figure 19 depicts the full XPS spectrum.  

 

Figure 19    XPS composition analysis of modified dipstick surface before (blue) and after annealing 

at 600 °C (black). (The inset shows high-energy-resolution spectra for the N1s region obtained from the 

APTMS layer before and after thermal treatment; reprinted from Schlathauer et al. [153] with permission 

from Elsevier).  

For both samples, peaks in the Au4f region (84 eV) were found, confirming that 

metallic gold was successfully deposited and remains on the substrate after tempering. 

Moreover, N1s peaks are present in both spectra. Before annealing, the high-energy-

resolution N1s spectrum shows two different components, which can be assigned to 

the amino groups of the linker (see inset of Figure 19): the peak at a binding energy of 

400 eV corresponds to –NH2 groups, whereas the peak at a binding energy of 401 eV 

corresponds to –NH3
+ groups. After annealing of the dipstick at 600 °C, however, these 

nitrogen peaks were not observed. Instead the N1s signal shifted to a binding energy 

of 407 eV corresponding to –NO3
- bonds indicating that thermal treatment of the 

APTMS film results in oxidation of the amino groups and hence degradation of the 

linker. 
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Infrared spectroscopy  

In order to further investigate the chemical change of the APTMS linker after thermal 

treatment IR studies were performed. However, due to the high reflectivity of the quartz 

glass carrier and the very low amount of the linker on the substrate characterization of 

the dipstick by attenuated total reflection - infrared spectroscopy (ATR-IR) was not 

possible. For this reason, the actual dipstick structure was simplified to an APTMS 

coated silicon wafer. Thus, time-resolved in-situ ATR-IR measurements of APTMS film 

formation on silicon surface after coating were performed. Figure 20A depicts the IR 

absorbance spectra 1 min after APTMS coating, 30 min after drop coating and after 

annealing of the functionalized silicon wafer at 600 °C. The reference spectrum of 

APTMS is shown in Figure 20B.  

 

 

Figure 20  (A) ATR-IR spectra of APTMS coating solution after 1 min of drying on silicon wafer, 

after 30 min of drying and after subsequent annealing at 600 °C. (B) FTIR reference spectrum of APTMS 

with assignment of characteristic regions. 

Infrared investigations indicate time-dependent APTMS functionalization of the silicon 

surface. Immediately after drop deposition the solvent, i.e. methanol, dominates the 

spectrum, which is reflected in the characteristic O-H stretching of alcohols at          
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3300 cm-1. With increasing coating time, aminosilane layer on the substrate is growing 

continuously. Thus, after 30 min of drying the solvent evaporates and characteristic 

APTMS peaks become present in the spectrum. Comparison with a reference 

spectrum allows clear assignment of typical IR bands. After heat treatment, however, 

the characteristic peaks disappear indicating thermal degradation of the functional 

layer, which is in perfect agreement with the results found by Coomassie adsorption 

and XPS studies.  

Consequently, potential interference from competitive reaction of APTMS with the 

analyte is prevented. However, heat-induced decomposition of the linker might have an 

influence on the mechanical stability of SiO2 particles and therefore AuNPs gold 

nanoparticles on the glass surface. For this reason, a study on the stability was 

performed and is described in the next section. 

 

Stability of AuNPs on dipstick surface after exposure to aqueous samples 

The fluid-mechanical stability of AuNPs on the surface of the dipstick is mandatory with 

regard to its application as Hg adsorbent in water samples. In order to analyze possible 

Au detachment, washing experiments in ultra pure water (UPW) and diluted HCl were 

performed. For this purpose, one dipstick was shaken for 10 min in UPW or diluted 

HCl, respectively, before the gold concentration in the rinse was quantified by TXRF 

measurement. For both reagents, the Au concentration was found to be below the limit 

of detection of 0.17 μg L−1 (see Figure 21). Therefore, stability of AuNPs on the 

modified dipstick surface during Hg accumulation form aqueous samples was 

successfully proven.  

 

 

Figure 21  TXRF analysis of rinsing solution UPW and 0.5 % (v/v) HCl, respectively. (Experimental 

parameters: rinsing time 10 min; turbulent conditions orbital shaker at 230 rpm; error bars represent ± one 

standard deviation with n = 3). 
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Nevertheless, the nanogold-active film on the glass substrate is not scratchproof and 

thus easily can be destroyed or removed when touched. In order to prevent the 

sensitive gold layer from mechanical stress, only one side of the dipstick was plated 

with gold. For simple handling of the dipstick with tweezers, a 0.5 cm thin strip at the 

end of the dipstick was left uncoated.  

 

6.1.5 Dipstick type IV 

For the purpose of mercury determination by UV-Vis spectroscopy the surface 

composition of the dipsticks was improved. In order to generate a more compact NP 

arrangement and a more even distribution of the gold nanoparticles on the surface, the 

carrier SiO2 particles with smooth surface were replaced by mesoporous SiO2 particles 

and dipstick type IV was developed. Two different mesoporous SiO2 particles were 

deposited on the surface of the dipstick: 140 nm particles with consistent distribution of 

10 nm pores resulting in new dipstick type (referred to as type IV-a) and 190 nm 

particles with inconsistent pores of 10-50 nm (type IV-b). Figure 22 shows SEM images 

of both dipstick types before and after annealing. For better investigation, the 

nanogold-modified surface layer of type IV-b was scraped off and examined by TEM 

measurement. Figure 22B depicts, among other things, a TEM image of detached 

porous SiO2 particles with gold nanoparticles in the pores.  

 

 

Figure 22 (A) SEM images of the dipstick surface of dipstick type IV-a after gold vapor deposition 

(left) and after annealing at 600°C (right). (B) SEM images of the dipstick surface of type IV-b after gold 

vapor deposition (top left) and after annealing at 600°C (top right). TEM image of detached porous SiO2 

particles from dipstick type IV-b with gold nanoparticles in pores (bottom). 
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For both dipstick types, the glass surface is covered with a multilayer film of 

mesoporous spherical SiO2 particles. The vapor deposition of gold results in a 

homogenous thin layer on the upper silica particles and on vacant glass spaces. 

During the annealing process the gold melts down to particles in the low nanometer 

range and sticks onto the mesopores of the SiO2 spheres. Depending on the pore 

diameter either smaller or larger AuNPs are formed. For both types the generated 

AuNPs can be divided into two size ranges: In-between the silica particles and in the 

mesopores small spherical AuNPs are present, while AuNPs on the top of the SiO2 

particles are clearly larger. Hence, the average gold diameter for type IV-a is 17 ± 9 nm 

(N=245) for the small particles and 65 ± 9 nm (N=29) for the large ones. The larger 

particles account for approx. 11 % of the total AuNP amount. For type IV-b the average 

AuNP diameter resulting from SEM and TEM investigations is 12 ± 10 nm (N=818) for 

the small gold particles and 81 ± 6 nm (N=13) for the larger gold particles. In this 

surface modification the large AuNPs account for only 2 %. For the extraction of total 

dissolved Hg both dipstick types are suitable as on both surfaces gold nanoparticles 

are formed.  

 

6.1.6 Conclusion 

Development and characterization of four novel nanogold-coated dipstick types were 

presented in the preceding chapter. With regard to the intended colorimetric read-out 

quartz glass strips were used as substrate. Thermal treatment of thin gold films results 

in dewetting and thus in formation of gold nanostructures in the range of 2 nm to 374 

nm - depending on the surface structure of the substrate. For dipsticks that were 

prepared by means of gold vapor deposition, the total gold load was found to be 

approx. 50 µg Au per dipstick. In addition, a reference dipstick with smooth gold film 

was prepared. First accumulation experiments in aqueous Hg(II) standard solution 

demonstrate higher efficiency of Hg extraction for nanostructured gold surfaces 

compared to smooth gold surface, i.e. the reference dipstick. However, rinsing 

experiments show that the fluid-mechanical stability of AuNPs on dipstick type I & II is 

poor resulting in partial gold detachment from the dipstick surface into the rinsing 

solution. In contrast, it was proven that for dipstick type III gold nanoparticles remain 
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stable on the surface after exposure to aqueous solution. Hence, dipstick type III 

shows high potential as novel nanogold-based mercury sampler for Hg determination 

in water bodies. On the basis of type III, dipstick type IV was prepared with regard to 

application as colorimetric Hg sensor.  
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6.2 Dipsticks as colorimetric sensors for Hg determination 

The following chapter describes the investigation of sustainable applicability of the 

newly developed nanogold-based dipsticks as colorimetric sensors for determination of 

total dissolved mercury in aqueous samples. This novel sampler allows simple on-site 

Hg extraction by dipping it in the respective sample. Hence, Hg is accumulated onto 

the active dipstick surface by means of catalytically induced amalgamation and without 

the need for any further reagents. Subsequent read-out was performed by UV-Vis 

spectroscopy. In the course of this study, the influence of different Hg species, i.e. 

gaseous Hg0 and dissolved inorganic Hg2+, on the surface plasmon resonance (SPR) 

of gold nanoparticles attached to the dipstick was examined. Moreover, interferences 

of AuNPs with reagents in Hg stock standard solution were investigated.  

 

6.2.1 Gold nanoparticles for colorimetric sensing 

Since ancient times, the characteristic bright red color of gold nanoparticles has 

attracted the interest of manufacturers. Thus, it can be found in various artifacts, e.g. in 

gold-ruby glass from the Middle Ages.[155] Nowadays, gold nanoparticles have emerged 

as a powerful tool in biological and chemical sensing applications due to the localized 

surface plasmon resonance (LSPR) extinction in the visible range. A localized surface 

plasmon is an optical phenomenon that arises when a metal nanoparticle is exposed to 

the electromagnetic field of light. This strong interaction between the incident electric 

field and the conduction band electrons of the metal NP causes oscillation of free 

electrons around the particle surface and results in charge separation (see Figure 

23A). 

 

Figure 23 (A) Schematic illustration of surface plasmon resonance in metal nanoparticles and (B) 

overview of differently shaped gold nanoparticles.  
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The LSPR signal is strongly dependent on size, shape, chemical composition, and 

degree of aggregation of the nanoparticles as theoretically described by Mie theory[156]. 

Gold nanostructures can be synthesized in different forms such spheres, rods, stars, 

cubes or triangles as shown in Figure 23B. Generally, spherical AuNPs exhibit a sharp 

absorption peak around 520 nm, depending on the particle diameter, which is reflected 

in intense red color.[157] Increasing particle size results in red shifts of the SPR 

wavelength, peak broadening and also increasing intensity. When the shape of the NP 

changes from spheres to rods the SPR band is split into two bands, which are related 

to transverse and longitudinal dimensions of the nanorod. The strong longitudinal band 

is shifted from the visible to the in the near infrared region with increasing aspect ratios, 

i.e. length to width, resulting in color change from blue to red. Since not only size and 

shape of the NP influence the SPR band but also dielectric properties of the 

environment and the proximity of other nanoparticles, particle aggregation results in 

bathochromic SPR shift and a color change of colloidal AuNP solution from red 

(dispersed) to blue (aggregated) due to interparticle surface plasmon coupling.[158] 

Consequently, colorimetric methods are based on the interaction of AuNPs and analyte 

causing particle size change, shape change, composition change or AuNP aggregation 

and the related shift in the SPR signal.  

6.2.2 State-of-the-art colorimetric methods for Hg analysis 

Metal nanoparticles have received considerable attention in research and technical 

application due to their outstanding catalytic, optical and electric properties. Especially 

gold nanoparticles have emerged as powerful tool in colorimetric sensing, since they 

exhibit light absorption due to localized surface plasmon resonance. The energy of 

plasmon resonance peak depends on particle size, shape, chemical composition, and 

local environment. This fact has been used to detect - and in some cases also quantify 

- analytes that interact with gold nanoparticles by optical measurement. Simple, quick, 

and cost-effective UV-Vis spectroscopy is the preferred technique to investigate 

changes in optical property. In the past decade, colorimetric Hg detection based on 

AuNPs has been widely reported. State-of-the-art colorimetric sensing via nanogold is 
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basically divided into two different fields: NPs in solution and immobilized NPs. Several 

examples can be found in Table 7.  

 
Table 7 Approaches for colorimetric Hg determination using gold nanoparticles (* procedure time for 

incubation/reaction and detection; dng: data not given). 

NPs in solution 

applied 
nanomaterial/ 
auxiliary reagent  

mode time* 

(min) 

LOD 

(nM) 

working range 

(µM) 

tested matrices,     
Hg species 

ref. 

AuNP / rhodanine aggregation      
trigger 

5 6 0.02 – 0.5 tap water,  

lake water 

Hg2+ 

[159] 

AuNP / 2,2’-bipyridyl aggregation 
inhibition  

 

15 38 0 – 0.8 tap water,  

river water 

Hg2+ 

[160] 

AuNP / O- 
phenylenediamine 

aggregation 
inhibition  

 

20 5 0.01 – 2.0 tap water,  

lake water 

Hg2+ 

[161] 

Au nanorods / 
dithiothreitol 

aggregation 
inhibition  

 

10 0.42 0.001 – 0.05  tap water,  

river water, 

lake water 

Hg2+ 

[162] 

AuNP / cysteine aggregation     
trigger 

15 50 dng deionized water 

Hg2+ 

[163] 

CTAB-Au nanorods 
/ ascorbic acid 

change in 
particle 
morphology 

5 30 5 – 100  tap water 

Hg2+ 

[164] 

Au nanostars / 
ascorbic acid 

change in 
particle 
morphology 

150 0.24 0.001 – 4  tap water,  

pond water, 

river water, 

Hg2+ 

[165] 

immobilized NPs 

Au nanorods / 
NaBH4 

change in 
particle 
morphology 

10 dng dng tap water 

Hg2+ 

[166] 

Au nanorods / 
NaBH4 

change in 
particle 
morphology 

10 500 1 – 10  deionized water 

Hg2+ 

[167] 

Au nanorods / 
NaBH4 

change in 
particle 
morphology 

5 5 6 – 144  deionized water 

Hg2+ 

[168] 

Au nanorods / 
NaBH4 

change in 
particle 
morphology 

10 11.7 dng tap water 

Hg2+ 

[169] 

 

In aqueous media mercury sensing has been suggested on the basis of aggregation or 

anti-aggregation of nanoparticles using e.g. rhodanine[159], 2,2’-bipyridyl[160], O-

phenylenediamine[161], dithiothreitol[162] or cysteine[163] as modifier or linker. 

Furthermore, amalgamation-induced shape transition of gold nanorods[164]  and 

nanostars[165]  to nanospheres has been employed for mercury sensing. Since all of 
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these methods use reagents that are in some cases harmful or even highly toxic, 

analysis must be performed in the laboratory and cannot be used on-site.  

In recent years, novel methods focus on immobilization of AuNPs onto surfaces in 

order to create portable sensing chips for on-site sampling. Thus, Santos et al.[170] 

developed a passive sampler for monitoring of gaseous elemental mercury in small-

scale gold mining. Adsorption of atmospheric mercury onto a nanogold passive 

sampler results in color change, which can be analyzed either by UV-Vis spectroscopy 

or red-green-blue (RGB) analyzer. However, its application is limited to Hg0 gas 

detection in atmosphere at high contamination levels. Various novel techniques use 

immobilized gold nanorods on glass substrate for Hg2+ determination in aqueous 

samples. As a consequence of amalgamation, the shape of nanorods transforms and 

therefore provokes spectral blue shift. However, these techniques are not 

environmentally friendly or reagent-free since they require addition of sodium 

borohydride for chemical reduction of Hg2+ to Hg0 prior to amalgamation.  

For drinking water, the maximum tolerable level of inorganic Hg is 2 μg L−1 (10 nM) or 6 

μg L−1 (30 nM) according to U.S. EPA[171] or World Health Organization[172], 

respectively. Generally, limits of detection of the presented colorimetric approaches 

range from 0.24 to 500 nM and hence, only half of them are suitable for monitoring 

drinking water. As a matter of fact, the EPA standard water quality standards define a 

maximum continuous concentration for Hg in naturals water bodies, freshwater or 

seawater, of only 0.06 or 0.12 nM[173], respectively, which is far below the LODs of the 

presented methods. Accordingly, the feasibility of the presented colorimetric Hg 

detection systems is typically checked by spiking tap water, lake water or river water 

with Hg2+. Another important criterion for evaluation of the approaches is the analysis 

duration. With one exception, reaction times, i.e. incubation time prior to signal read-

out, range from 5 to 20 min resulting in timesaving analysis procedures. However, no 

further validation by reference materials or reference method was performed for the 

presented techniques. Notwithstanding the fact, that a mixture of various Hg species 

can be found in natural waters, all the presented approaches are limited to Hg2+ 

detection in aqueous samples. 
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The aim of this work was to evaluate the newly developed nanogold-based dipsticks for 

their applicability as colorimetric mercury sensors. Using portable samplers for mercury 

analysis offers many advantages over liquid sampling with reduced analyte loss and 

contamination. In addition, detection by portable UV-Vis spectrometer allows simple 

and quick quantification at remote sites. Therefore, in contrast to state-of-the-art 

techniques special focus was placed on reagent-free application where Hg detection is 

based on AuNP size or composition change. The following chapter therefore describes 

detailed studies on the effect of Hg0 and Hg2+ traces on the plasmon resonance of gold 

nanospheres on the novel dipsticks. Furthermore, interaction of AuNPs with specific 

matrix components in the test solutions was investigated.  

 

6.2.3 Preliminary UV-Vis studies in solution 

Monodisperse AuNPs demonstrate characteristic red color and absorbance between 

516 nm (5-nm sized NPs) and 563 nm (100-nm sized NPs) due to their local surface 

plasmon resonance. As described in the previous chapter, various nanoparticle 

diameters are formed on the dipstick surface during annealing process resulting in 

broad particle size range. For dipstick type III, for example, AuNPs from 15 to 255 nm 

were found on the surface (see chapter 6.1.4). Hence, mixing gold nanoparticle 

solutions with different sizes simulates this broad size distribution on the dipstick. 

Accordingly, absorption spectra of AuNP solutions were taken. The correlation 

between average gold diameter and absorption peak maximum in colloidal AuNP 

solution in comparison with literature is shown in Figure 24.  
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Figure 24  Correlation between average gold diameter and absorption peak maximum in colloidal 

AuNP solution () according to certificate of analysis of nanoComposix, and after measurement of () 

monodisperse and (◎) bidisperse solution.  

Beside monodisperse AuNP suspension bidisperse mixtures of 20 and 100 nm sized 

nanoparticle were investigated. Here, as to be expected the absorbance peak 

broadens and an absorption maximum (max) in-between was observed (see Figure 

25). All measured absorption maxima are in accordance with literature [174].  

 

Figure 25  Size dependent surface plasmon resonance for monodisperse ((◼): 20 nm; (◼): 100 

nm) and bidisperse (20 nm+100 nm; (◼): 1+1; (◼): 1+2) AuNPs in solution. 
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In addition, the effect of mercury (1 % by weight) on the absorption spectrum of 

colloidal gold nanoparticle solution was investigated. For generation of elemental 

mercury and thus acceleration of the amalgamation process, the reducing agent 

NaBH4 was added. Moreover, the influence of the individual reagents, i.e. dilute HCl, 

Hg(II) and the reducing agent NaBH4 on the AuNPs was analyzed. Absorption spectra 

were recorded in the range between 400 and 800 nm (see Figure 26). 

 

 

Figure 26  Effect of (◼) dilute HCl, (◼) NaBH4, (◼) Hg(II), and (◼) mixture of Hg(II) and NaBH4 on 

the surface plasmon resonance of (◼) 7 nm AuNPs in solution.  

 

After addition of either Hg(II) or dilute hydrochloric acid to the gold nanoparticle solution 

the signal decreases, indicating that this hypochromic effect results from the stabilizing 

acid rather than from interaction of mercury and gold. The reducing agent NaBH4 

causes blue shift of the LSPR maximum from originally 517.1 nm to 513.0 nm and 

signal reduction. In addition, a shoulder peak at approx. 605 nm was observed, which 

can be related to gold nanoparticle coagulation. In-situ generation of elemental Hg 

induces amalgamation of colloidal AuNPs in solution. In fact, the change in chemical 

composition of the nanoparticles results in significant blue shift of the absorption peak 

to 505.5 nm and deceleration of particle aggregation. 

However, in contrast to non-coated gold nanoparticles on the dipstick surface, the 

applied AuNPs in this experiment are citrate-stabilized and thus the interaction with Hg 
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might provoke different behavior for the dipstick. Furthermore, high mercury to gold 

ration of 1 % by weight was applied in order to observe the effect of mercury on the 

LSPR of gold nanoparticles. For the intended application of mercury trace analysis in 

drinking water or contaminated natural waters these colorimetric sensors will have to 

prove high sensitivity.  

6.2.4 Method development for Hg detection via dipstick and UV-Vis  

In order to apply the novel dipsticks as colorimetric sensors for Hg trace determination, 

their light absorption properties were investigated by UV-Vis spectroscopy. 

Characteristic surface plasmon peaks were analyzed and evaluated. Furthermore, the 

original experimental setup of the UV-Vis spectrometer, which is designed for 

investigation of liquid samples, was adjusted for the specific use of test strips.  

6.2.4.1  Setup optimization 

Since the surface coating of the dipstick is inhomogeneous regarding gold nanoparticle 

size and distribution the measurement of the very same surface spot is mandatory. 

Repositioning the dipstick in the measuring cell results in substantial deviation in the 

absorption spectra since another surface spot is measured. For this reason, a special 

plastic clamp for the dipstick was designed and produced by an in-house 3D printer 

(see Figure 27A).    

 

           

Figure 27  (A) Schematic setup for UV-Vis measurement of dipsticks using plastic clamp and (B) 

UV-Vis spectra of the same dipstick after repositioning without and with clamp. 
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Figure 27B shows absorbance spectra for one dipstick after repositioning the dipstick to 

the sample holder that is integrated in the spectrometer. Three spectra were recorded 

with and without clamp, respectively. For the measurement using the plastic bracket 

the dipstick first was inserted into the bracket and then the bracket was clipped onto 

the sample holder. After one measurement both, clamp and dipstick were first removed 

and then plugged together again for the next measurement. The spectra clearly show 

better repeatability and higher precision when using the plastic clamp for investigation 

of the gold particles on the dipstick surface via UV-Vis spectroscopy. The absorption 

maximum of the dipstick using the clamp was found to be 526.2 ± 0.1 nm while without 

clamp it was 525.5 ± 0.5 nm (error bars represent uncertainty with n=3, P=95 %).       

 

6.2.4.2 Visible light absorption of gold-coated dipsticks 

First, for each dipstick type the respective absorption spectrum was recorded before 

and after thermal activation of the gold surface, i.e. heat-induced transformation of 

smooth gold films into gold nanostructures. The basic information of each dipstick type 

and the respective light absorption maxima are summarized in Table 8 for a better 

overview. The individual absorption spectra are depicted in Figure 28.  

 

Table 8 Basic information on each dipstick type concerning surface modification and light absorption. 

dipstick  glass functionalization 
gold 
coating 

Imax before 
annealing 

color 
before 
annealing 

Imax after 
annealing 

color    
after 
annealing 

type I 
– 10 nm film 

deposition 
> 800 nm green 576.5 nm pink 

type II 
Stöber SiO2 particles               
(ø=300 nm) 

NP coating 551.5 nm purple 526.5 nm pink 

type III 
Stöber SiO2 particles              
(ø=300 nm) 

10 nm film 
deposition 

720.2 nm blue 523.3 nm pink 

type IV-a 
mesoporous SiO2 particles                  
(ø=140 nm, 10 nm pores) 

10 nm film 
deposition 

675.5 nm blue 522.5 nm pink 

type IV-b 
mesoporous SiO2 particles                 
(ø=190 nm, 10-50 nm pores) 

10 nm film 
deposition 

742.3 nm blue  521.6 nm pink 
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Figure 28  Light absorption spectra of 5 different dipstick types (–) before and (–) after thermal 

treatment and respective absorption maxima (- - -). 

For all test strips where gold coating is performed by vapor deposition, i.e. type I, III, 

and IV, a broad absorption band between 500 and 800 nm is observed before thermal 

treatment, which is reflected in blue or green coloration of the dipstick. Indeed, the 

color is directly correlated with the gold film thickness.[175] Due to wet-chemical 

nanoparticle deposition from colloidal AuNP solution, the absorption spectrum of 

dipstick type II shows a peak maximum of 550 nm already before thermal activation. 

After heat treatment, characteristic extinction peaks between 520 nm and 580 nm can 

be observed for all 5 dipstick types indicating the formation of gold nanoparticles on the 

surface. However, the spectra differ in intensity, peak maximum (max), peak width, and 

peak height. 

For type I, the peak maximum is 576.5 nm indicating the formation of large gold 

particles on the glass surface. Comparing these results with the absorption maxima for 

colloidal AuNPs in solution shows that the obtained LSPR maximum corresponds to a 

gold particle diameter larger than 100 nm, which is in good agreement with previous 

AFM characterization results in chapter 6.1.2 (see Figure 29A). On the surface of type 

II gold nanoparticles are in the same size range due to wet-chemical coating by 
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monodisperse AuNPs from colloidal solution. The absorption peak maximum of 526.5 

nm reflects the monomodal size distribution of 30 nm (see Figure 29B). Since type I 

and II show broad light absorption signals these two models are not ideal for Hg 

detection. For type III, IV-a and IV-b, where the gold coating is performed by vapor 

deposition onto SiO2 particle modified glass surface, two different nanoparticle sizes 

are formed after annealing. Due to spatial hindrance, small gold nanoparticles are 

formed inside mesopores and in-between SiO2 particles, which is reflected in modes at 

24 nm, 12 nm, and 5 nm. However, on top of the SiO2 spheres or on plain parts of the 

glass surface the gold melts to larger, irregularly shaped particles, which is reflected in 

modes at 130 nm, 57 nm, 90 nm, and 85 nm. For these reasons, type III, IV-a, and IV-b 

show similar light absorption spectra. Figure 29 gives an overview of the gold size 

distribution and calculated modes for individual dipstick types.  

 

   

Figure 29  Gold particle size distribution on dipstick surface as determined by SEM and TEM 

measurements, (–) polynomial regression and modes of (A) type I, (N=158); (B) type II, (N=994); (C) type 

III, (N=239); (D) type IV-a, (N=274); (E) type IV-b, (N=831). (Polynomial regression with sixth-degree).  
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Peak maximum of the dipstick coated with smooth Stöber particles, i.e. type III, is red-

shifted to 523.3 nm due to bimodal particle distribution of 24 and 130 nm, which is 

depicted in Figure 29C. Signal broadening is caused by high variance of individual 

AuNP diameters. The effect of particle size mixture on the peak broadening and 

maximum shift was already shown in Figure 25. Since the surface of dipstick type IV-a 

and type IV-b is covered with mesoporous SiO2 particles, the modes are shifted to 

smaller diameters (see Figure 29D&E) due to gold filling of the pores. Blue-shifted 

surface plasmon peaks of 522.5 nm and 523.6 nm confirm this observation. Moreover, 

type IV-b shows the most-narrow absorption band of all 5 types. In addition, the high 

intensity between 400 and 450 nm indicates high incidence of very small gold 

nanoparticles with diameter size smaller than 5 nm. These small AuNPs are expected 

to be most suitable for the intended Hg trace analysis, since even traces of 

amalgamated Hg would significantly change the size and composition of these AuNP. 

The size ratio of Hg atom to a 5 nm or 30 nm AuNP is shown in Figure 30. 

 

 

Figure 30  True-to-scale size ratio of Hg atom to gold nanoparticles with different diameters.  

For the above-mentioned reasons, dipstick type IV-b was found to be the most 

promising tool for colorimetric sensor and therefore was used for all further 

experiments. Moreover, the correlation between absorption maximum and the 

calculated modes was compared to previous study in colloidal AuNP solution. The 

obtained results are in good agreement with measurements of AuNPs in solution and 

with literature indicating that LSPR signal of gold nanoparticles remains unchanged, 
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irrespective of whether particles are mobile in solution or immobilized on glass 

substrate.  

6.2.5 Application to gaseous and aqueous samples 

After setup adjustment and successful UV-Vis characterization of the dipsticks, Hg 

accumulation and storage experiments were performed. In order to minimize matrix 

effects, exposure of dipsticks to gaseous Hg(0) in air was tested first. In addition, the 

effect of dissolved Hg(II) in aqueous solution on the LSPR change was analyzed. 

Moreover, the change in the gold structure after defined storage duration was 

investigated.   

 

6.2.5.1 Mercury exposure from ambient air during long-term storage of 
dipsticks 

The optical properties of gold nanoparticles can be affected by various factors. 

Changes in size, particle shape or chemical composition lead to shifts in the absorption 

maximum. In order to investigate a potential LSPR shift after defined storage time, 

three dipsticks were analyzed by UV-Vis spectroscopy. To avoid Hg contamination, the 

dipsticks were stored for 1 to 22 days in polystyrene boxes in the laboratory. However, 

these boxes were not hermetically closed, still allowing small air exchange. Despite the 

fact that mercury concentration in air is very low, it is not negligible when performing 

ultra trace analysis. Therefore, in addition to UV-Vis analysis adsorbed gaseous Hg 

mass from ambient air was quantified by AFS. Figure 31 depicts the peak maximum shift 

and the corresponding adsorbed Hg mass as a function of storage time.  
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Figure 31  Correlation between storage time of dipstick, peak maximum shift in the light absorption 

spectrum, and total Hg mass adsorbed on the dipstick. (Linear regression: y [pg] = 8.35 pg days-1 x – 

22.18 pg, R2=0.9780). 

The wavenumber of the absorption peak increases in time resulting in a red-shifted 

signal by 2.3 nm after 22 days. Furthermore, Hg mass adsorption on the dipstick 

increases linearly with storage time. After 22 days the accumulated Hg0 was found to 

be 211 ± 18 pg (n=3). On the first view, this data indicates that the maximum shift 

results from amalgamation of the nanogold particles on the substrate surface. Thus, 

the change in the signal would correlate directly with the adsorbed Hg amount. The 

average gold load is approx. 50 µg per test strip. After a storage time of two days the 

dipstick has amalgamated 42 ± 8 pg Hg (n=3) from ambient air, which represents only 

one millionth part of the total gold amount, but is nevertheless causing a significant 

peak shift of 0.5 nm in the light absorption spectrum. In this case the dipstick would be 

a highly sensitive colorimetric sensor for Hg detection. However, the shift in the LSPR 

maximum could also be caused by change in the nanogold structure over time. Due to 

thermodynamic instability of gold nanostructures deposited on substrates, the Au 

atoms are re-ordered and form a smoother surface structure, which is reflected in 

changed light absorption.  

In order to find out whether the maximum shift is caused by amalgamation or by 

structural changes of gold over time, further experiments were performed with the 

same dipsticks. The procedure for Hg accumulation from aqueous solution, rising and 

drying is described in chapter 7.9.2. Data was evaluated by comparison of the peak 
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maximum shift between contamination-free dipstick and the respective mercury-loaded 

dipstick. In order to investigate potential species dependency of the peak shift, the 

dipsticks were additionally exposed to gaseous elemental Hg. For this purpose, Hg(0) 

accumulation was performed by online trapping of thermally desorbed Hg from a 

second dipstick. The corresponding setup is described in chapter 7.9.2. The results are 

shown in Figure 32.  

 

Figure 32 Correlation between peak maximum shift and Hg mass adsorbed on dipstick for gaseous 

elemental Hg and dissolved Hg(II) compared to Hg accumulation from ambient air after long-term storage.  

The accumulation experiments described above indicate that there is no correlation 

between the adsorbed Hg concentration on the dipstick and the peak maximum shift 

for the applied Hg mass range. Figure 32 clearly shows the absence of any trends for 

the adsorption of both Hg(II) and Hg(0) on the dipstick in the range of 200-1600 pg. 

After exposure of the dipstick to aqueous Hg(II) solution or gaseous elemental mercury 

the peak maximum is red-shifted by 0.1 - 0.7 nm. Moreover, this shift is independent 

from adsorbed Hg mass and species. Consequently, the shift of maximum that was 

observed after long-term storage must result from thermodynamic instability of gold 

nanostructures and the rearrangement of Au atoms.  

 

6.2.5.2 Adsorption of gaseous elemental Hg   

Since the above-mentioned online setup for Hg(0) generating and preconcentration 

releases hot mercury vapor form thermal desorption, occurring effects may potentially 

result from heat influence. Hence, two additional setups were tested for gaseous Hg(0) 
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accumulation on dipsticks at room temperature as described in chapter 7.9.2. 

Photographs of both setups are shown in Figure 33A&B.  

 

 

Figure 33  Photograph of accumulation setup for gaseous elemental mercury (A) for a defined Hg 

concentration using a syringe filled with Hg0 gas and (B) from Hg vapor saturated atmosphere using 

mercury droplet; change in the absorption spectrum of the dipstick after exposure to (C) 1484 pg Hg0 

vapor for 19 hours and (D) saturated Hg0 air from elemental mercury droplet after 20 and 49 hours.  

The setup which is shown in Figure 33A was used for defined gaseous Hg(0) spikes 

using a syringe. After exposing the dipstick to 1484 pg Hg0 vapor for 19 hours, the light 

absorption properties and therefore the UV-Vis signal showed no significant changes 

(see Figure 33C). Subsequent thermal desorption and AFS measurements reveal an 

adsorbed Hg mass of 1272 ± 163 pg (n=2) ensuring successful amalgamation. Since 

the total Au load per dipstick is 49.4 ± 0.7 µg the proportion of adsorbed mercury to the 

gold structure is only 0.0026 %. This mercury amount is clearly not sufficient to affect 

the optical property of nanogold. Therefore, a second accumulation experiment with a 
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metallic Hg droplet was performed (see Figure 33B). Due to high vapor pressure, 

mercury gas is released into the cuvette and forms an amalgam with the gold 

nanoparticles on the dipstick surface. The chemical equilibrium is shifted to the benefit 

of the Hg0 vapor resulting in enhanced mercury adsorption over time. Figure 33D shows 

a change of the light absorption signal after 20 and 49 hours of exposure. The peak 

maximum is blue-shifted by 4.4 or 4.7 nm for an exposure time of 20 or 49 hours, 

respectively. A sufficiently large amount of amalgamated Hg clearly changes the visible 

absorption spectrum of the dipstick. Upon increasing Hg mass on the dipstick, the 

colorimetric change in UV-Vis spectra was observed as gradual hyperchromic shift. In 

addition, peak height is reduced by approx. 30 %. In order not to contaminate the 

measuring device, the adsorbed Hg mass was not quantified. This experiment shows 

the complexity of the assignment as the amalgamation process basically can induce 

two contrary effects: increasing gold nanoparticle diameter results in a red-shifted 

LSPR peak, whereas the change in the elemental composition after amalgamation 

provokes a blue shift of the peak maximum.        

 

6.2.5.3 Peak maximum shift during lifetime of dipstick 

For low Hg(II) concentrations in solution, however, a significant peak shift was 

observed after the very first mercury preconcentration of the freshly prepared dipsticks. 

Further applications result in non-significant red shifts. All above-described 

experiments were performed using the same three dipsticks of type IV-b repeatably. 

Figure 34 shows the change in the LSPR maximum for two freshly prepared dipsticks 

during their lifetime.  
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Figure 34  Correlation between the change in the absorption maximum after Hg accumulation                             

and the continuing number of measurements for two dipsticks (∆, ). (Colors: blue = freshly prepared 

dipstick; grey = heated in the thermal desorption unit until blank signal; green = Hg loaded after 

accumulation in 1 µg L-1 Hg(II) solution) 

The LSPR peak maximum for freshly prepared dipsticks of the type IV-b is 523.5 nm 

(n=2). To remove excess Hg from the surface the sensor chip is heated in argon 

atmosphere. Annealing under inert conditions has an effect on the surface morphology 

of the gold nanoparticles on the dipstick.[176] High temperature affects the mobility of the 

Au atoms on the dipstick surface and provokes rearrangement of the nanoparticles 

resulting in smaller particles and therefore blue shifted peak maximum of 520.7 nm. 

After the first Hg accumulation on the dipstick the maximum shifts by 2.0 nm (n=2) into 

the red region. Subsequent Hg adsorption cycles after blanking result in non-significant 

red shifts of only 0.4 ± 0.2 nm (n=6). In conclusion, only the very first contact of 

nanogold with the sample solution shows significant changes in the light absorption 

spectrum. For this purpose, a large number of dipsticks was prepared for further 

investigations by means of single-use. 

 

6.2.5.4 Single-use dipsticks for investigation of various aqueous samples 

As described in the chapter before, a significant change in the absorption spectrum 

was observed only for the very first use of the dipstick. Therefore, three new batches 

were produced with a total of 23 dipsticks of type IV-b. To investigate the effect of 

different solutions on the gold surface plasmon, the difference between the blank 
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spectrum and the spectrum after application in solution was analyzed. For each 

solution 3 different dipsticks were tested. Figure 35 shows the change in the absorption 

spectrum of the corresponding dipstick in respective solution. 

 

Figure 35  Change in the absorption spectrum of the dipsticks after exposure to ultra pure water 

(left), mercury-containing solution stabilized in 0.5 % (v/v) HCl (middle) and 0.5 % (v/v) HCl (right). 

(c(Hg(II))=1 µg L-1) 

As expected, the left spectra in Figure 35 shows no significant changes after immersion 

of the dipstick in UPW. However, a peak maximum shift of 0.7 ± 0.1 nm can be 

observed. The reason for this shift can be the caused by interaction of naturally 

occurring elemental traces, i.e. Ca, Fe or Zn, in water with the dipstick surface. The 

presence of these elements in UPW was already shown in the previous chapter 6.1.4. 

Another possible reason is the influence of heat during the drying step on the hotplate, 

which might induce re-organization of gold nanoparticles. In addition to the maximum 

shift, the peak area was investigated for all single-use measurements. For ultra pure 

water as reagent the peak area was reduced by only 4 ± 1 %. In comparison, exposure 

to mercury-containing solution shows significant change in the light absorption. The 

LSPR maximum is red shifted by 0.9 ± 0.2 nm and the peak area is substantially 

reduced by 57 ± 3 % (see Figure 35, middle). This can be attributed to the interaction of 

gold with either Hg(II) in the solution or with the stabilizing hydrochloric acid of the 

stock standard. The right spectra in Figure 35 show the change in the peak shape after 

application to dilute HCl in the same concentration as used for Hg-containing samples. 

The peak change is similar to the mercury-containing solution, since it is also red 

shifted by 0.9 ± 0.4 nm and the peak area is reduced by 51 ± 10 %. This result 
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demonstrates that the significant signal reduction results from the stabilizing 

hydrochloric acid in the sample solution and hence cannot be related to the interaction 

of Hg with Au.  

 

Exposure to mercury-containing solution and to dilute hydrochloric acid results in 

darkening of the dipstick color. The change in the optical property of the gold layer after 

exposure of the dipstick to hydrochloric acid can be attributed to two factors: The 

interaction of gold and chloride or the pH-value. To answer this question, exposure to 

sodium chloride solution and dilute sulfuric acid was performed and the corresponding 

absorption spectra are shown in Figure 36A&B.  

 

 

Figure 36  Change in the absorbance spectrum of the dipstick after exposure to (A) NaCl solution 

(0.03% (w/v)) and (B) H2SO4 solution (0.3 % (v/v)) (C) Photograph of dipsticks after immersion in 

respective solution. (c(Hg2+)=1 µg L-1).  

Chlorine ions in sodium chloride solution influence the shape of the absorption signal 

as they provoke a red shift of 1.8 nm and an area reduction of 24 %. Whereas, 

exposure of the dipstick to sulfuric acid results in almost identical light absorption signal 

compared to the blank. The peak maximum is shifted by 1.5 nm into the red region and 

peak area is reduced. Photographs of different dipsticks after immersion in UPW, NaCl 

solution, dilute H2SO4, dilute HCl and Hg-containing solution are shown in Figure 36C. 

There is no optical change of the gold layer when the dipstick is exposed to UPW or 

diluted sulfuric acid, which is in agreement with the recorded spectra. The dipstick, 

which was dipped into dilute HCl, appears clearly darker but still looks homogeneously 

coated. In contrast, immersion in solution with a high chloride concentration and a 

neutral pH-value results in color darkening and detachment of the gold layer. This gold 
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stripping is also reflected in pink coloration of the NaCl sample solution after dipstick 

exposure. Acidic solutions that contain chloride, however, show a stabilizing effect, as 

they seem not to initiate gold detachment. Consequently, all further mercury 

accumulation experiments were stabilized in sulfuric acid instead of the conventionally 

used hydrochloric acid due to minimal interference of sulfuric acid with the nanogold 

layer. Thus, potential optical changes can be assigned to the interaction of nanogold 

with mercury in solution rather than the interaction with the acid.  

 

On this basis, further Hg(II) accumulation experiments were performed. Data was 

evaluated after baseline correction. Using the peak maximum shift as Hg indicator has 

proved so far to be unsuitable for the applied concentration range, since even 

exposure to UPW results in slight bathochromic shift. For this reason, the following 

further spectral characteristics were studied in detail: peak area, peak height, 

maximum intensity, and full width at half maximum (FWHM). It was found that the 

changes in FWHM and maximum intensity do not indicate any particular trend. The 

change in peak area and height, however, correlates with the initial mercury 

concentration in the sample solution. Figure 37 shows the percentage of peak height 

and area reduction after exposure to Hg(II)-containing aqueous samples.  

 

Figure 37  Reduction of peak height and peak area in the absorption spectrum after immersion the 

dipstick into different sample solutions. Inset shows logarithmic correlation between height/area reduction 

and Hg concentration. (Acidified with 0.3 %(v/v) H2SO4; logarithmic regressions: (+): y=1.50 ln(x) + 21.05; 

R2=0.9602; (⚫): y=1.53 ln(x) + 18.17; R2=0.9061). 
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For the blank sample UPW the peak area is reduced by 4 ± 1 % (n=3) and the peak 

height is reduced by 0 ± 1 % (n=3). Application of the dipstick to dilute sulfuric acid 

results in a significant change of both, peak area and peak height. The proportion of 

peak reduction is 14.0 or 11.2 %, respectively. However, for the Hg(II)-containing 

sample solutions this effect is clearly intensified. The more Hg is adsorbed on the 

dipstick surface, the more the absorption signal is reduced. The peak height shows a 

similar logarithmic correlation. Therefore, the changes in peak area and height seem to 

be promising as key indicators for Hg determination via UV-Vis spectroscopy using 

dipsticks.  

Furthermore, the single-use property of the dipsticks was compared to repeated use in 

respect of peak area and height. Therefore, the above-described Hg accumulation 

experiment was repeated with the very same dipsticks. The obtained signals show a 

peak area reduction of only 9.2 ± 9.3 % (n=3) with high standard deviation and peak 

height reduction of only 7.0 ± 5.5 % (n=3). This experiment demonstrates that 

significant changes in the visible spectrum are obtained only for the very first exposure 

of the freshly prepared dipstick.   

 

6.2.6 Further approaches for preparation of dipsticks as colorimetric 
sensors 

Plasmon peak shift can be achieved by change in size, composition, shape, and 

interparticle distance. A well-known technique is aggregation sensing or anti-

aggregation sensing, which was therefore adapted for the dipsticks. Hence, further 

ideas based on either alternative dipstick preparation or addition of reagents were 

tested, since the above-described experiments did not result in satisfactory results. For 

this purpose, first two different methods for generation of monodisperse, close-packed 

gold nanoparticle film, were investigated. Moreover, SEM studies were performed in 

order to analyze changes in shape, size and position of gold nanoparticles after 

exposure to aqueous solutions.  Moreover, addition of reagents was tested for better 

performance of the dipsticks. 
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6.2.6.1 Self-assembled monolayer of densely packed AuNPs 

In a first attempt, the synthesis of a densely packed gold nanoparticle film on a 

substrate was tested. The aim was to generate a uniform layer of monodisperse 

AuNPs with an interparticle distance as low as possible, so that even traces of mercury 

may cause particle agglomeration by amalgam formation. Hence, neighboring particles 

form one larger particle resulting in red-shifted UV-Vis spectrum. Martin et al.[177] 

developed a synthesis method for the formation of self-assembled close-packed 

monolayer film of gold nanoparticles, which was tested in a modified way here. 

Therefore, citrate-coated gold nanoparticles in solution were re-coated by 

polyvinylpyrrolidone (PVP). An exemplary TEM image of the initial, citrate-coated 

colloidal AuNP solution is shown in Figure 38A. The wide size distribution and the 

presence of nanorods indicate that the solution has altered. After re-coating, PVP-

AuNPs were dispersed in hexane and one droplet containing gold nanoparticles was 

deposited to a toluene droplet on glass substrate. After solvent evaporation, a purple 

AuNP film remained on the glass surface. In order to remove PVP coating the 

substrate was annealed at 600 °C resulting in pink coloration (see Figure 38B). After 

heat treatment, a film of uncoated AuNPs was assumed since Rao et al.[178] described 

complete thermal degradation of PVP below a temperature of 600 °C. The freshly 

prepared gold nanoparticle films were characterized by electron microscopy.  
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Figure 38  (A) Exemplary TEM image of altered citrate-coated AuNP solution; (B) Photograph of 

deposited AuNP film on glass substrate before (purple) and after (pink) annealing at 600 °C; (C) 

Exemplary SEM image of formed AuNP film after annealing. Gold nanoparticle size distribution (D) in 

original citrate-stabilized colloidal solution (N=289) and (E) on the ready-made film (N = 1724).  

Figure 38C shows an exemplary SEM image of the resulting AuNP film after heat 

treatment. Due to strong electrostatic charge and drift effects SEM investigation of the 

AuNP film before annealing was not possible. Figure 38D&E show that gold nanoparticle 

size distribution on the ready-made film is different from the size distribution in the 

initial colloidal solution. The average gold diameter of 16 ± 10 (N=289) increases to 28 

± 16 nm (N=1724), which is rather the consequence of the heat influence than of the 

synthesis procedure. Nevertheless, following the above-described production process 

does not result in close-packed AuNP film. Furthermore, the cracks visible in Figure 38C 

demonstrate that the gold spheres are trapped in a residual solvent film. Thus, possible 

interaction of the analyte with the solvent film cannot be excluded, which poses 

competitive reaction to the gold amalgamation.    
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6.2.6.2 Densely packed AuNPs film by means of substrate milling 

Previous dipstick characterization revealed the formation of small spherical gold 

nanoparticles in-between silica nanoparticles after vapor deposition and subsequent 

thermal treatment. Especially for type IV, where the surface is modified with 

mesoporous SiO2 spheres, it becomes obvious that the generated AuNPs are filling 

pores of the substrate and that the diameter of the pore is the determining factor for the 

resulting gold nanoparticle size. Based on these findings, another approach to 

generate a close-packed AuNP film was tested. Therefore, a pattern of small pores 

was milled into the substrate by focused ion beam. In total, six patterns were prepared 

with milling depths from 25 to 150 nm. Since the spot size of the ion beam has a lower 

limit, pore diameters of approx. 60-100 nm were generated depending on the milling 

depth. Afterwards, a 4 nm thin gold film was deposited on the surface. Then, gold 

nanoparticle formation was initiated by annealing at 600 °C. A schematic illustration of 

this procedure is depicted in Figure 39A.  

 

Figure 39  (A) Schematic illustration on AuNP formation in pores; Exemplary SEM image of (B) FIB 

milling pattern on glass and (C) resulting gold structure formation after vapor deposition and annealing; 

Exemplary SEM images of (D) FIB milling pattern on silicon and (E) resulting gold structure formation after 

vapor deposition and annealing.  
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In a first attempt, quartz glass was used as a substrate. The resulting focused ion 

beam (FIB) milling structure is shown in Figure 39B. Due to low density of glass, milling 

in the nanometer range proved to be challenging resulting in low sputtering yield. 

Furthermore, re-deposition of sputtered atoms onto the surface provokes the formation 

of a rough surface rather than defined pores. Hence, subsequent gold plating and 

tempering does not result in small gold nanospheres as shown in Figure 39C. For this 

reason, silicon substrate was investigated alternatively. The resulting milling pattern on 

a silicon waver for a pore depth of 25 nm is depicted Figure 39D. It is clearly visible that 

silicon is more suitable for milling of defined nanostructures. However, SEM images 

after gold vapor deposition and annealing reveal homogeneous distribution of AuNPs 

on the entire surface, regardless of the surface structure (see Figure 39E). Hence, gold-

filled pores were not generated. One possible reason could be the flat shape and large 

diameter of the pore. Furthermore, the chemical composition of the substrate has an 

impact on the de-wetting behavior of the gold film, just as film thickness and annealing 

temperature. In conclusion, optimization of these parameters is necessary to find the 

optimal procedure for preparation a close-packed AuNP film by means of FIB milling.           

 

6.2.6.3 Hg detection by aggregation sensing 

Colorimetric plasmonic sensing based on metal nanoparticles is described in various 

publications. One widely used method is the aggregation sensing, where the analyte 

causes NP aggregation in the presence of specific ligands. Zhang et al.[163], for 

instance, uses cysteine for mercury ion detection via gold nanoparticles. The resulting 

gold aggregates provoke a clear color change, which can even be observed by naked 

eye.  
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Figure 40  UV-Vis absorption spectra responses of AuNP solution upon the addition of Hg(II) and 

cysteine. 

Therefore, this method was adopted. Addition of cysteine to a colloidal solution of 

AuNPs and Hg(II) ions results in significant red-shift of the surface plasmon band from 

526.8 nm to 579.4 nm (see Figure 40). The initially pink solution immediately turns blue. 

After successful application in gold nanoparticle solution, this method was investigated 

for Hg sensing via dipsticks. One droplet of cysteine solution was incubated on the 

dipstick. Then, one droplet of Hg(II) containing solution was added. However, the color 

of the test strip remained pink indicating the absence of structural change. After 

immobilization of AuNPs onto a substrate, the stability of the particles increases and 

thus prevents their aggregation. Hence, this type of sensing is not suitable for its 

application as dipsticks.  

 
 

6.2.6.4 SEM study on AuNP structure changes after exposure to specific 
solutions 

Since previous experiments revealed a color change of the dipstick surface after 

exposure to dilute hydrochloric acid and Hg(II) in solution, a study on the gold 

nanoparticle structure change was performed using an imaging method. As already 

discussed in chapter 6.2.6.2 glass substrate is inadequate for FIB milling and SEM 

investigations due to its non-conductive properties. For this reason, a silicon waver was 
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used as substrate. Gold film deposition and subsequent annealing result in spherical 

AuNP formation in the same size range that can be found on the different dipstick 

types. Thus, a simplified model of the initial dipstick structure was produced. In total, 

three silicon wavers were used. In order to examine the same spot before and after 

exposure to a specific solution, 9 frames were milled on each clean substrate by 

focused ion beam with inner dimensions of 4.0 x 3.5 µm (see Figure 41A). SEM images 

within the frames were taken before and after exposure to UPW, dilute HCl, and Hg(II) 

stabilized in dilute HCl, respectively.   

 

Figure 41  Exemplary SEM image of (A) FIB milled frames on silicon substrate; AuNPs on silicon 

substrate after exposure to (B) UPW, (C) dilute HCl and (D) Hg(II) stabilized in dilute HCl. (c(Hg)=100 µg 

L-1). 

Figure 41B shows AuNP structure on the silicon substrate after exposure to UPW. 

Comparison of both surface images, before and after exposure, indicates that neither 

average diameter nor particle position nor circularity has changed. Hence, an essential 

basis for colorimetric sensing in aqueous solution via dipstick was successfully 
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demonstrated: water and the procedure itself including drying at 60 °C do not affect the 

gold nanoparticles. After exposure to dilute hydrochloric acid, however, gold 

nanoparticles aggregate, which is shown in Figure 41C. Apparently, chlorine ions reduce 

the gold stability on the silicon surface resulting partly in nanoparticle detachment. 

Although the chemical composition and surface characteristics of silicon are different 

from SiO2-functionalized glass substrate, this behavior might be transferred to the 

dipsticks. It is conceivable that the change in UV-Vis spectrum and the dark coloration 

of the dipstick after immersion in dilute HCl result from AuNP aggregation provoked by 

chlorine ions. This theory is corroborated by the fact that exposure of the dipstick to 

NaCl solution results in partial discoloration of the test strip due to gold detachment 

(see chapter 6.2.5.4). Exposure to Hg(II)-containing solution stabilized in dilute 

hydrochloric acid also results in AuNP detachment and aggregation induced by 

chloride ions in solution (see Figure 41D). Compared to the total gold mass, the 

accumulated Hg amount corresponds to approx. 1.5 % by weight. Thus, on closer 

inspection, gold nanoparticles also form agglomerates, which can be attributed to 

amalgam formation. 

 

Figure 42 Variation in circularity with particle size after exposure to (A) UPW (N = 1456), (B) dilute 

HCl (N = 869) and (C) Hg(II) stabilized in dilute HCl (N = 328). (c(Hg)=100 µg L-1; agglomerated particles 

were not segmented by digital image analysis and therefore count as one particle; all plots are obtained 

from exemplary SEM images in  Figure 41 using ImageJ software.   

Figure 42A shows the variation in circularity with particle size after exposure to UPW. 

The average particle diameter is 26.3 ± 8.5 nm with predominantly circular shaped 

particles and average density of 541 particles per µm2. After exposure to dilute HCl or 

Hg(II)-containing solution stabilized in dilute hydrochloric acid, however, the average 
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particle size increases to 38.0 ± 17.7 nm (see Figure 42B) or 62.8 ± 38.3 nm (see Figure 

42C), respectively, while the standard deviation in particle size increases significantly 

due to partial coalescence of some of the nearest neighbor particles. Thus, the 

formation of aggregates and agglomerates results in drastic decrement in circularity, 

since several bunched particles are generally less circular than primary particles. This 

enables identification of aggregates by circularity. In these experiments, aggregates 

and agglomerates were classified as those particles with circularity of less than 0.75. 

Consequently, the average number of aggregates on the dipstick surface increases 

from 1.8 % to 31.8 % due to destabilization of gold nanoparticles by chloride ions. After 

exposure to mercury containing solution in diluted HCl, the average number of 

aggregates further increases to 47.3 %. At the same time, the density decreases to 

323 or 122 particles per µm2, respectively, after exposure to diluted HCl or Hg(II)-

containing solution providing information about the degree of aggregation.  

 

6.2.7 Conclusion 

The data presented in this chapter describe first detailed investigation of method 

development for colorimetric sensing for mercury traces via reagent-free nanogold-

decorated dipsticks. Two different mercury species were tested: gaseous Hg0 in air and 

dissolved Hg2+ in aqueous solution. Successful amalgamation of Hg0 on the nanogold 

surface of the dipstick was proven by significant LSPR shift of 4.7 nm to the blue region 

due to the absence of matrix effects. Detection of mercury traces from aqueous 

samples turns out to be challenging. Various components affect a change in the UV-

Vis spectrum of the dipstick. Stabilizing hydrochloric acid, for instance, causes signal 

reduction and red shift and thus an opposite effect to the blue shift caused by 

amalgamation. Therefore, it is difficult to distinguish whether peak changes in the 

absorption spectrum result from amalgamation of the analyte or from interaction 

between gold nanoparticles and other substances in solution, e.g. trace metals, ions, or 

organic matter. As a consequence, systematic investigation of the effect of pH, salinity, 

and various reagents on the LSPR signal is mandatory. With regard to the intended 
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application of Hg determination in natural waters, occurring trace metals and ions 

should be tested, i.e. Ca2+, Na+, K+, Cu2+, Zn2+, Mg2+, HCO3
-, Cl-, SO4

2-, and PO4
3-. 

Furthermore, it is important to find appropriate spectra evaluation taking all changing 

factors into account including peak shift, height, area, width and signal change in a 

multi-variate data interpretation. In contrast to state-of-the-art colorimetric Hg sensor 

chips, which require addition of reagents, these dipsticks were developed for reagent-

free extraction of Hg traces from aqueous samples. Indeed, it is conceivable that this 

model based on immobilized spherical gold nanoparticles on a glass substrate is over-

simplified for the intended colorimetric ultra trace determination of dissolved Hg 

species in water. Consequently, the basic model should be modified, e.g. by 

replacement of spherical AuNP by gold nanostars and, hence, shape changes instead 

of size changes could be observed. Obviously, such strategies require in turn 

completely new development and preparation of dipsticks.  

 

However, first Hg accumulation experiments during dipstick development in chapter 

6.1.2 seem to be very promising when using AFS detection instead of colorimetric 

read-out. Linear correlation between the Hg concentration in the sample solution and 

the fluorescence signal was found. For this reason, the following chapter describes the 

development of a novel method for Hg trace analysis in aqueous samples using the 

prepared and well-characterized nanogold-coated dipsticks for analyte extraction and 

atomic fluorescence spectrometry for subsequent Hg detection.  
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6.3 Dipsticks for Hg ultra trace analysis using atomic 
fluorescence spectrometry 

The following chapter describes the development of a novel nanogold-based method 

for determination of total dissolved mercury in natural water bodies. For reagent-free 

Hg extraction, preconcentration and stabilization newly developed dipsticks were used. 

Moreover, procedure steps for quick and efficient Hg extraction from aqueous samples, 

as well as heating duration for Hg release were investigated and optimized. After 

thermal desorption of Hg from the dipsticks subsequent quantification by atomic 

fluorescence spectroscopy is performed. Validation of the novel method was 

investigated by application to seawater, river water, and certified reference material, 

which is a seawater sample spiked with inorganic Hg.      

 

6.3.1 Immobilized nanoparticles for solid phase extraction 

Several strategies for nanomaterial-assisted solid phase extraction or preconcentration 

were published in the last years. Compared to micrometer-sized particles used for solid 

phase extraction, NPs offer a significantly higher surface area-to-volume ratio that 

promises much greater extraction capacity and efficiency. Another advantage of NPs is 

that NPs’ surface functionality can be easily modified to achieve selective sample 

extraction. Due to fine grain size of nanoparticles, quantitative separation from 

suspension after analyte adsorption remains difficult resulting in minor recovery. 

Recent trends therefore focus on the immobilization of nanoparticles. For instance, 

Gari and Kim[179]  used silver nanoparticles-decorated graphene oxide composites for 

separation of Pb(II) form aqueous solution. Liang et al.[180] developed a method for 

preconcentration of trace molybdenum from biological and aqueous samples using a 

microcolumn packed with immobilized TiO2 nanoparticles and Zheng et al.[181] 

introduced immobilized magnetic Fe3O4 NPs on SiO2 as new adsorbent for extraction 

and enrichment of organophosphorous pesticides from tea drinks.  

Regarding mercury trace analysis, immobilized gold or silver nanoparticles are often 

used for analyte extraction and accumulation. Yordanova et al.[182] used AgNP 

decorated submicron silica spheres for the adsorption of inorganic and total Hg from 

surface waters. Good separation of Hg from the matrix was achieved with extraction 
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times of only 20 minutes and subsequent quantification was performed by means of 

ICP-MS measurements. Validation of the method was accomplished by successful 

investigation of spiked river and seawater samples. However, the quantification limit for 

total Hg of 4 ng L-1 is higher than the Hg concentrations in most pristine waters. 

Moreover, centrifugation and elution steps do not allow on-site sampling. Romero et 

al.[183] deposited AgNP thin films onto quartz reflectors for NP-assisted 

preconcentration of Hg. For matrix separation, continuous flow vapor generation was 

used prior to preconcentration of generated Hg0 onto AgNPs and analysis by TXRF. 

However, this novel approach requires elaborate sample pretreatment and addition of 

multiple reagents resulting in elevated blank values and therefore the quantification 

limit is restricted to 0.55 µg L-1. Another SPE tool that consists of a membrane filter 

immobilized with silver and gold nanoparticles was introduced by Panichev et al.[184]. In 

order to oxidize all Hg species in aqueous samples, KMnO4 was added. Afterwards, a 

reduction step was performed using NaBH4 to generate elemental Hg. Direct filtration 

was used for extraction of mercury onto the NPs deposited on the filter. Adsorbed Hg is 

then quantified by thermal desorption and analyzed by AAS. This nanoparticle-based 

Hg preconcentration technique results in extremely low LOD of only 0.4 ng L-1, which is 

low enough for Hg trace analysis at the natural environmental level.  

In contrast to the above-mentioned methods, the research group of Prof. Dr. Kerstin 

Leopold developed nanogold-based solid phase extractant for reagent-free 

preconcentration of total Hg in natural water.[124] The process of Hg adsorption on the 

basis of catalytic activity of nanogold has already been explained in a previous chapter. 

Huber et al.[152] performed further development of this promising approach and 

introduced nanogold-decorated silica monolith as highly efficient solid phase adsorbent 

for Hg trace extraction and determination from natural waters. Accumulation of Hg was 

performed by dipping the sampler into the water for a few minutes. The analyte was 

released by thermal desorption and detected by AFS. Hence, for extraction duration of 

only one minute, excellent LOD as low as 1.3 ng L-1 was achieved. Although this new 

highly sensitive SPE tool allows quick and reagent-free on-site Hg preconcentration 

and simultaneous stabilization, reproducibility between individual AuNP monoliths was 

poor. Moreover, lifetime of the monolith is restricted to maximum 23 analytical cycles 

due to thermally induced breaking into smaller pieces. On this basis, the following 
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section covers the development of a novel method for reagent-free Hg ultra trace 

analysis by means of nanogold-coated dipsticks.  

 

6.3.2 First Hg extraction experiments with dipstick type I and II 

First Hg performance studies revealed that dipstick type I accumulated significantly 

more Hg(II) from aqueous solution than the reference dipstick or blank glass as already 

described in chapter 6.1.2. In a further experiment, the influence of exposure time on 

Hg preconcentration onto the activated gold layer of dipstick type I was investigated. In 

addition, the remaining Hg mass in the sample solution was determined using standard 

reference method CV-AFS. For each investigated exposure time a fresh sample 

solution was used. Figure 43 clearly shows that longer accumulation time results in 

higher Hg adsorption. In accordance with this result, the Hg concentration in the 

corresponding sample solution decreases over time. The mass balance, i.e. total 

recovery of extracted Hg on dipstick and Hg remaining in solution was found to be 94.5 

– 101.7 % for accumulation times of 1 – 60 min confirming the validity of the 

experiment. It is furthermore demonstrated that mercury extraction via dipstick is a slow 

process as only approx. 5.6 % of the total Hg mass in solution is preconcentrated 

within the first 60 min. By contrast, about half of the available Hg amount is adsorbed 

from the sample solution after exposure time of approx. 18 h. For the intended on-site 

application, however, a short accumulation time of only a few minutes is desired.  
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Figure 43  Proportion of Hg accumulated onto dipstick type I from 10 ng L-1 Hg(II) standard solution 

and proportion of Hg remaining in the corresponding sample solution determined by CV-AFS after different 

exposure durations. (Error bars represent ± one standard deviation with n = 3). 

As stated above, AFM investigations after high-temperature annealing show formation 

of large non-spherical gold nanoparticles on the glass surface, showing an average 

diameter larger than 100 nm. Consistent with this finding, the proportion of mercury 

adsorbed to the gold particles on the dipstick surface is very small. Nanostructured 

gold surfaces, however, are highly important for the catalytic activity and therefore are 

required for efficient adsorption of different Hg species. In previous research the 

working group of Prof. Dr. Kerstin Leopold produced nanogold-coated silica or 

monoliths with gold diameters of 52[126] or 67[152] nm, respectively. For these sorbents, 

successful accumulation of different dissolved Hg species from water samples was 

demonstrated. Thus, the presented dipstick type I seems not to provide optimal gold 

size and structure resulting in a lack of active sites and limited Hg adsorption. 

Moreover, it was found that AuNPs were partly detached from the dipstick surface 

when immersing in aqueous solution.  

 

In a next step, dipstick type II was used for Hg accumulation experiments, which were 

performed under the same conditions as for dipstick type I. The obtained fluorescence 

intensities after exposure to Hg(II)-containing solution is comparable to that of type I. 

Calculating this fluorescence signals to mass values shows that after 10 min of 
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exposure 2.0 % of the total Hg mass in solution was adsorbed onto the new type of 

dipstick indicating that adsorption efficiency has not improved for dipstick type II.  

For better comparison, both dipstick types (I & II) were used for concentration-

dependent Hg extraction. Both dipsticks show linear correlation between the Hg 

concentration in the sample solution and the fluorescence intensity, i.e. the adsorbed 

Hg mass (see Figure 44). Regarding the expanded uncertainty (∆U=0.00005) and the 

absolute difference (∆m=0.00002) obtained from the two slopes of linear regression 

there is no significant difference between dipsticks type I and type II. In accordance 

with previous results, both test strips show identic adsorption performance and 

sensitivity.  

 

Figure 44  Concentration-dependent Hg extraction onto dipstick () type I and () type II. (Linear 

regressions: (): y=0.00022 L ng-1 x + 0.00023, R2=0.9859; (): y=0.00020 L ng-1 x + 0.00001, 

R2=0.9903, error bars represent ± one standard deviation with n = 3). 

The finding that type I and type II perform equally well is inconsistent with data 

obtained from surface investigation. SEM images reveal the formation of small 

spherical gold nanoparticles, which provide more catalytically active sites than gold 

islands on the surface of type I. In addition, since two-sided coating results in doubling 

of gold area, increased capacity of Hg accumulation was expected. Mutschler et al.[185] 

found that the sensitivity of the procedure increases linearly with the active gold-coated 

area of the dipstick. However, not only gold area but also total gold amount affects Hg 

extraction. The total gold mass deposited on the surface of both types was not 
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investigated. Indeed, it is conceivable that wet-chemical gold deposition results in 

smaller gold load than vapor deposition. In order to verify this theory, the percentage of 

dipstick area that is covered with gold was evaluated for both types using AFM or SEM 

images, respectively, for investigation (see Figure 45). It was found, that after gold 

vapor deposition and annealing, i.e. type I, approx. 44 % of the glass substrate is 

covered with gold, whereas wet-chemical deposition of AuNPs, i.e. type II, results in a 

surface coverage of only 23 %. Although this analysis was applied to two-dimensional 

AFM or SEM images, it provides information about gold load of the respective dipstick. 

On this basis, and taking into account that dipstick type II is gold-covered on both 

sides, dipstick type I and type II show the same percentage of gold coverage and 

therefore show same Hg adsorption capacity.  

 

Figure 45  Percentage of gold surface coverage on dipstick type I (A) and type II (B), and the 

corresponding surface image after binarisation of dipstick type I (C) and type II (D). (Glass substrate 

shown in white, gold particles in black). 

In conclusion, both newly developed dipstick types show potential for efficient Hg 

extraction from aqueous solution since the adsorbed Hg amount linearly increases with 

the Hg concentration in the sample solution. However, mechanic stability of gold on 

blank glass was found to be poor and therefore results in gold detachment from the 

dipstick into sample solution.  
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Characterization of dipstick type III demonstrates fluid-mechanical stability of 

immobilized AuNPs on the dipstick surface. For this reason, type III was found to be 

ideal for the intended application as nanogold-based sampler for preconcentration of 

dissolved Hg species from aqueous samples and therefore was used for all further 

experiments concerning method development and validation.  

6.3.3 Parameter optimization for dipstick application 

The following chapter describes the optimization of various procedural steps for 

reagent-free mercury determination using nanogold dipsticks (type III). The aim was to 

find a technique for most efficient Hg adsorption onto the dipstick and subsequent 

quantitative measurement. Furthermore, possible limitations were evaluated to extend 

application suitability of this method.      

6.3.3.1 Thermal desorption 

For efficient thermal desorption of accumulated Hg from the dipstick, a special quartz 

glass heating cell was designed and manufactured in-house (see Figure 46). Size and 

geometry were perfectly adapted to the dipstick. The inner volume of the heating cell 

was kept as low as possible in order to compensate the low thermal conductivity of the 

argon carrier gas. In addition, the conically shaped gas outlet ensures a minimal dead 

volume. Heating of the glass cell for Hg release was performed by a surrounding wire. 

For simple and quick dipstick insert and removal a silicone plug was used. 

 

Figure 46  (A) Dimensions of heating cell; (B) Photograph of quartz glass cell and silicone plug; (C) 

Photograph of heating cell surrounded by red-hot wire in the flow-injection system.   
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Prior to optimization of the extraction procedure, thermal desorption of Hg from the 

dipsticks was optimized in order to achieve quantitative release. This is important, not 

only for correct quantification, but also for avoiding memory and carry over effects 

when measuring sample series. For this purpose, a dipstick was loaded with Hg by 

exposure to a 100 ng L-1 Hg2+ standard solution for 10 min under turbulent conditions. 

Heating times ranging from 15 to 90 seconds were studied. Subsequent to the thermal 

desorption step the heating cell was cooled down by a fan for 60 sec. The outside 

temperature of the heating device was measured by infrared thermometer and is 

depicted in Figure 47 together with the inner temperature measured by thermocouple 

sensor. Fast and efficient heat transfer within the quartz glass itself was observed 

since the temperature difference between outer and inner glass wall is maximum 50 

°C. Heat transfer to the argon gas, however, is – as to be expected - relatively poor 

since the maximum gas temperature inside the cell is approx. 100 °C lower compared 

to the outer glass wall. Immediately after application of the dipstick to aqueous samples 

and subsequent rinsing, thermal desorption of Hg is performed omitting any drying 

steps. Hence, within the first seconds of thermal treatment the rising water evaporates 

from the dipstick surface and condenses on a cooler region of the heating cell, i.e. the 

unheated section of quartz glass cell, from where it is vaporized during further heating. 

For this reason, the inner gas temperature was recorded during thermal desorption of a 

wet dipstick, too, resulting in lower gas temperature compared to empty cell due to 

evaporating water. This decelerating effect is clearly visible within the first 4 heating 

seconds (see inset of Figure 47) as the gas temperature in the heating cell hardly rises. 

After this initial period, the temperature of the dipstick surface increases linearly with 

time and reaches a maximum of 437 °C after 60 sec, which is slightly above the 

minimum temperature of 420 °C for thermal desorption of Hg from bulk amalgams [186]. 

However, it is significantly higher than Hg desorption temperature from Au thin films, 

which is only 150 °C [187]. 
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Figure 47  Temperature curve during 60 sec of thermal desorption und subsequent 60 sec of 

cooling by fan as measured at the outside of the quartz glass cell (– – –), at the inner glass wall (), in the 

argon gas stream (), in the argon gas stream with wet dipstick in the cell () and on top of the gold 

surface of the dipstick ().  

Quantitative desorption of Hg from the dipstick (98 ± 6 %) is obtained after a heating 

duration of minimum 60 sec. This was confirmed by measuring the fluorescence 

intensity for a subsequently performed second desorption step for 60 sec, which 

equaled the system blank value (see Figure 48A). Consequently, the heating duration 

for all further experiments was set to 60 sec followed by a 60 sec cooling period. Heat 

treatment of only 15 sec, however, already releases 27 ± 18 % of the adsorbed 

mercury with a maximum dipstick surface temperature of only 148 °C, which is in 

perfect agreement with literature[187] indicating that the physical behavior of gold 

nanoparticles is different from bulk gold. In addition to this extremely low Hg desorption 

temperature, the reduced melting point of AuNPs is another example for changed 

parameters of nanomaterials. The melting point of a 2.5 nm AuNP, for example, is 

reported to be 657 °C, while bulk gold melts at 1063 °C.[103] 
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Figure 48  (A) Proportion of thermally desorbed Hg for increasing heating durations during first 

thermal desorption step () and proportion of thermally desorbed Hg from a second desorption step with 

60 seconds heating duration (). (c(Hg)=100 ng L-1, Hg extraction time=10 min, turbulent conditions; error 

bars represent ± one standard deviation with n = 5); (B) Fluorescence intensity derived from thermal 

desorption of the dipstick after exposure to Hg(II) standard solutions with [Hg] = 10 (), 50 () and 100 

() ng L-1 after the first and after the second () thermal desorption cycle. (Hg extraction time=10 min, 

turbulent conditions). 

In order to further investigate quantitative release of mercury from the dipstick, it was 

loaded with Hg by exposure to a 10, 50, and 100 ng L-1 Hg2+ standard solution for 10 

min under turbulent conditions before Hg was thermally desorbed within 60 sec. Right 

afterwards, a second heating step was performed. Figure 48B depicts the fluorescence 

intensities for the described experiment, which was performed three times for each 

concentration. From the obtained results, it is evident that mercury is quantitatively 

released from the nanogold dipstick in a single thermal desorption step. Moreover, the 

experiment proves that there is no carry over effect in the FIA system from the dipstick 

to the AFS measurement cell.    

 

6.3.3.2 Concentration-dependent Hg extraction 

In a first experiment Hg accumulation onto the nanogold-coated dipsticks was 

investigated in a concentration range from 10 to 70 ng Hg L−1. In addition, the same 

experiment was performed with a non-coated glass slide and a reference dipstick with 

a smooth gold film instead of nanoparticle coating. The results of this experiment are 
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shown in Figure 49. For the newly developed nanogold dipstick a linear correlation 

between AFS signal intensity, i.e. Hg amount released from the dipstick, and Hg 

concentration in the standard solutions was found. The relative standard deviations 

(RSD) range from 1.3 to 8.2 % with a residual standard deviation of 5.8 % indicating 

precise Hg measurement within the tested concentration range.    

 

Figure 49  Hg extraction onto nanogold-coated dipstick () in comparison to reference dipstick with 

smooth gold film () and non-coated glass slide (). (t = 10 min; stagnant conditions; linear regressions: 

(): y=0.00019 L ng-1 x + 0.00095, R2=0.9912; (): y=0.00010 L ng-1 x + 0.00159, R2=0.8607;  (): 

y=0.00001 L ng-1 x + 0.00031, R2=0.6245). 

Moreover, performing the same experiments with a blank glass slide reveals no 

significant extraction of Hg and shows constantly low values confirming that onto the 

nanogold-coated dipstick a specific adsorption driven by amalgamation of Hg traces 

occurs. The Hg adsorption onto the smooth gold layer of the reference dipstick 

increases with the concentration of the standard solution. However, it shows a 

coefficient of determination (R2) of only 0.8607, a residual standard deviation of 29.7 % 

and a large variance in fluorescence intensity resulting in poor precision and no 

significant difference between 10 and 70 ng L-1. Bulk gold or smooth gold surfaces 

selectively adsorb only elemental mercury. Therefore, the observed accumulation of 

mercury from Hg2+ standard solution is at first glance not obvious. But, during the 

thermal cleaning process in the system the temperature of the dipstick surface 

increases to 437 °C which induces thermal dewetting of the gold film. Since the Au 
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layer on the reference dipstick is quite thick and due to the adhesive Cr coating 

between glass substrate and gold film the restructuring effect of the dewetting process 

is however minimal. Nevertheless, AFM studies show that the surface roughness (Sq) 

of gold increased from 1.6 to 8.4 (n=3) after thermal treatment resulting in a partially 

nanostructured gold surface. Hence, these catalytically active sites - formed within the 

analytical cycle - are able to trap different mercury species, such as Hg2+. Comparing 

the sensitivities, however, it turns out that the gold film is only half as efficient as the 

nanogold-coated dipstick. These investigations show that for determination of total 

mercury the presence of gold nanoparticles is highly important.  

 

6.3.3.3 Stagnant vs. turbulent accumulation conditions 

In order to determine the most efficient extraction parameter, stagnant and turbulent 

accumulation conditions were investigated using an orbital shaker at different speeds 

for the same extraction period. Since shaking at 150 rpm hardly sets the solution in 

motion the Hg accumulation rate remains unchanged in contrast to the extraction under 

stagnant conditions (see Figure 50A). Increasing the shaking speed, however, results 

in higher Hg accumulation rate. The optimal shaking speed was found to be 230 rpm 

as it shows a 6-times higher AFS signal than Hg extraction without movement of the 

sample. In order to prevent the glass substrate from high mechanical stress throughout 

shaking, faster speed than 230 rpm was not advisable. Anyway, there is no significant 

difference in Hg accumulation rate between shaking at 230 and 270 rpm. 

Consequently, all further Hg accumulation experiments were performed under turbulent 

conditions at 230 rpm.  
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Figure 50  Hg extraction on dipstick (A) with varying shaking speed from 0 to 270 rpm (c(Hg)= 50 

ng L-1; t=10 min); (B) under stagnant  () and turbulent conditions at 230 rpm (). (t=10 min; linear 

regression: (): y=0.00114 L ng-1 x + 0.00110, R2=0.9924; (): y=0.00019 L ng-1 x + 0.00095, R2=0.9912). 

Moreover, concentration-dependent Hg extraction onto the nanogold-coated was 

investigated in range from 10 to 70 ng Hg L−1 under stagnant and turbulent conditions, 

respectively. Both extraction methods show linear correlation between AFS signal 

intensity and Hg concentration in the standard solutions (see Figure 50B). In 

accordance with previous results, mercury extraction onto nanogold dipsticks under 

turbulent conditions is more efficient than extraction under stagnant conditions and a 6-

fold higher slope of the linear correlation was found. This observation results from the 

fact, that catalytic transformation of Hg species and amalgamation are much faster 

processes in comparison to mass transport of Hg species in the water. Due to thicker 

laminar boundary at low turbulence Hg uptake rate generally lower at lower turbulence. 

Hence, in stagnant solutions mercury adsorption is less efficient. Therefore, 

quantitative information requires defined conditions of turbulence during Hg extraction 

for calibration as well as for sampling.   

In addition to turbulent accumulation on an orbital shaker, Hg extraction was performed 

under stirring conditions on a magnetic stirrer with agitator at 500 rpm resulting in a 

less efficient Hg preconcentration than shaking on the orbital shaker (slope of the linear 

regression: 0.00040 ± 0.00004 L ng-1; R2= 0.9762). Obviously, shaking of dipstick and 

sample enhances diffusion by far more than stirring does.      
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6.3.3.4 Exposure time and proportion of adsorbed Hg mass  

In a next step, kinetic of Hg extraction onto nanogold-coated dipsticks was 

investigated. Exposure times ranging from 60 seconds to 30 minutes were covered in 

these experiments. The process of Hg adsorption onto the dipstick was found to be 

reproducible and very fast, which is summarized in Figure 51A. Accumulation time of 

only 60 seconds shows significantly higher fluorescence intensity than the blank of the 

decontaminated dipstick. In comparison, common passive samplers typically have to 

be placed in the sample for at least several hours before sufficient Hg accumulation is 

obtained.[85,86,188] Whereas here, preconcentration by short dipping into the sample 

provides a simple and quick approach. Time-based limit of detection (LOD) and limit of 

quantification (LOQ) for this approach were calculated on the basis of the data set 

shown in Figure 51A revealing a LOD of 10 seconds (3σ-method) and LOQ of 15 sec 

(10σ-method) for Hg trace determination or detection, respectively, at a Hg 

concentration of 10 ng L-1. Hence, the proposed dipstick can be applied for very quick 

assessment of the standard water quality criteria in natural waters, which is set by the 

EPA[173] to 12 ng Hg L-1.  

 

 

Figure 51  (A) Correlation between extraction time and Hg fluorescence signal after thermal 

desorption from the dipstick (Regression: y=0.0021 min-1 x0.7121, R2=0.9998); (B) Correlation between 

square root of extraction time and Hg load onto dipstick (Linear regression: y [pg] = 12.12 pg min-1/2 x - 

11.11 pg, R2=0.9852). (c(Hg) = 10 ng L-1; turbulent conditions; error bars represent ± one standard 

deviation with n = 3; reprinted from Schlathauer et al. [153] with permission from Elsevier). 
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In addition, this experiment confirms fully diffusion-controlled mass transport. The rate 

constant of Hg diffusion for the initial mass of 300 pg was obtained from the slope of 

linear regression (R2=0.9852) and was found to be 12.1 pg Hg min-1/2 (see Figure 51B), 

which corresponds to 3.5 pg min-1. Comparison with the Hg uptake rate of a gold-

decorated monolith (1.3 ng min-1) as introduced by Huber et al.[152] shows significant 

improvement of the sampler within the research group of K. Leopold.  

Mercury concentration in non-contaminated natural waters is very low and ranges from 

sub ng l−1 in open ocean waters to values of about 5 ng l−1 in freshwaters. Based on 

these findings, all further experiments were performed with an Hg extraction time of 10 

min resulting in adequate sensitivity for this low concentration and quick application. 

 

 

Figure 52  Proportion of adsorbed Hg mass from sample solution as a function of (A) exposure time 

(c(Hg) = 10 ng L-1; turbulent conditions; error bars represent ± one standard deviation with n = 3); and (B) 

Hg concentration in solution (t = 10 min; turbulent conditions; error bars represent ± one standard 

deviation with n = 3). 

Furthermore, the relative proportion of adsorbed Hg from the solution was calculated 

as a function of extraction time and Hg concentration, respectively, and is shown in 

Figure 52A. Longer extraction results in higher Hg mass adsorption. Hence, for 
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extraction times of 1 - 30 min the proportion of adsorbed Hg ranges from 1.2 - 19.2 %. 

Even though turbulent conditions enhance the accumulation rate Hg, complete Hg 

extraction from the solution was not obtained. Nevertheless, Figure 52B depicts that the 

adsorbed mercury percentage does not depend on the Hg concentration in the solution 

and therefore remains unchanged at 10.1 ± 1.0 % (n=39) for exposure time of 10 min. 

Hence, Hg load is not limited by the active surface area of 3.2 cm2, but by diffusion of 

Hg from the relatively large sample volume of 30 mL. Maximum capacity of the dipstick 

was not tested since its tested working range (0.3 to 100 ng L-1) already covers high 

concentration levels allowing reliable Hg extraction from contaminated waters without 

reaching capacity limits.  

 

6.3.3.5 Temperature of aqueous sample 

Knowing that a diffusion-controlled process is present, the influence of sample 

temperature on the Hg adsorption rate was studied. Temperatures of 4 °C and 13 °C 

were selected for simulating water sampling at cold sites or in winter season. Sample 

temperature of 22 °C was used as ambient temperature and 35 °C simulating tropical 

waters or warmer regions. For each temperature four different Hg concentrations from 

10 – 70 ng L-1 were used for accumulation experiments. The corresponding 

fluorescence intensities for the temperature-dependent accumulation experiments are 

shown in Figure 53A. As expected, considerably lower Hg extraction rate occur in 

colder samples due to temperature-dependency of Hg mass transport by diffusion. 
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Figure 53  (A) Influence of sample temperature on Hg extraction onto dipstick (Linear regressions: 

(4 °C): y=0.00076 L ng-1 x + 0.00219, R2=0.9995; (13 °C): y=0.00086 L ng-1 x + 0.00138, R2=0.9981; (22 

°C): y=0.000113 L ng-1 x + 0.00145, R2=0.9995; (35 °C): y=0.00200 L ng-1 x - 0.00150, R2=0.9874; error 

bars represent ± one standard deviation with n = 3; reprinted from Schlathauer et al. [153] with permission 

from Elsevier); (B) Correlation between sample temperature and slope of the linear regression (regression: 

y L ng-1 = 0.00061 ng L-1 °C-1 e0.3188x, R2=0.9552; y-error bars represent uncertainty from the calibration 

function) and correlation between sample temperature and calculated diffusion coefficient. (Regression: y 

m2 s-1 = 1.0047 m2 s-1 °C-1 e0.0290x, R2=0.9943).  

Therefore, Hg extraction from 35°C-warm water (y=0.00200 L ng-1 x - 0.00150) results 

in a 2.5-times higher extraction rate compared to application in 4°C-cold water 

(y=0.00076 L ng-1 x + 0.00219). This effect is based on Fick's Law of diffusion, which 

describes the change in concentration with time at a definite location, 

 

∂ c

∂ t
= −D

∂2c

∂x2
 

where c is the concentration, t is the time, D is the diffusion coefficient, and x is the 

distance. So it is apparent that the mass transport depends on the diffusion coefficient, 

which is described by Stokes-Einstein equation for spherical particles in a fluid as 

 

D =
kBT

6πηR
 

where kB is the Boltzmann’s constant, T the temperature, R the radius of a particle, and 

η the viscosity of the solution. The equation shows that the rate of diffusion increases 
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with temperature, which is in excellent agreement with the experiment. Since viscosity 

of the solution decreases with increasing temperature, the correlation between 

diffusion and temperature is not linear. Figure 53B shows the correlation between the 

sample temperature and the slope of the linear regression, representing the extraction 

rate, which is directly proportional to the diffusion of Hg in solution. Hence, these 

experiments confirm again that Hg preconcentration onto the dipstick is a diffusion-

controlled process.  

As a consequence of this temperature dependency of Hg extraction, measuring of 

water temperature is essential for on-site accumulation of total dissolved mercury 

species in natural waters. Calibration in the laboratory can then either be performed at 

the same temperature or can be arithmetically corrected by a determined factor. 

 

6.3.4 Investigation of limitations and method validation  

Finally, feasibility, validity, and potential limitations of the suggested method were 

studied. In order to verify successful accumulation of organic Hg species, extraction of 

monomethly mercury from aqueous samples was tested. Method validation was 

accomplished by investigation of real water samples with reference methods and a 

reference material ERM-CA400. Furthermore, the aim of this part of the work was to 

evaluate and overcome limitations. 

6.3.4.1 Adsorption of methyl mercury on dipstick 

Besides inorganic Hg(II) organic (II) species are to be expected in natural waters, 

mainly methyl mercury resulting from bio-methylation process in aquatic environment. 

Since the proposed approach was developed for total mercury determination in 

aqueous samples the adsorption of organic mercury onto the dipstick was investigated, 

too. Therefore, the dipstick was calibrated with inorganic Hg2+ stock standard solution 

and a recovery experiment with freshly prepared monomethyl mercury (MeHg+) 

solutions was performed.  
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Figure 54  Recovery function for Hg from methyl mercury aqueous solutions. (Recovery function: y 

= 1.0324x - 0.7008; R2 = 0.9935 with P = 95 % and n = 12; reprinted from Schlathauer et al. [153] with 

permission from Elsevier). 

Figure 54 reveals a recovery rate of 103.2 ± 5.9 % and therefore confirms the absence 

of proportional systematic errors. Furthermore, constant systematic error can also be 

excluded since the intercept of the linear regression with -0.07 ± 1.67 ng L-1 includes 

the value 0. Consequently, the nanogold layer of the dipstick is able to adsorb MeHg+ 

at the same adsorption rate as Hg2+ confirming adequate determination of organic 

mercury compounds from aqueous solutions. 

6.3.4.2 Reproducibility 

Reproducibility of Hg extraction with the developed dipsticks was investigated 

considering A) individual dipsticks of one and the same production batch as well as B) 

dipsticks resulting from different batches. The obtained AFS signals after Hg 

preconcentration and thermal desorption from individual dipsticks of the same batch 

are shown in Figure 55A. The relative standard deviations at each concentration 

calculated from the mean value of three replicate measurements with all three dipsticks 

range between 4.0 and 13.2 % (n=9). Furthermore, all three dipsticks show 

comparable slope of linear regression and thus are equal in sensitivity. The high 
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precision of this method is reflected by the residual standard deviation of only 4.4 to 8.5 

%, which was calculated for three individual dipsticks for the tested Hg concentration 

range.  

 

Figure 55  (A) Hg extraction with three individual dipsticks from one and the same production batch. 

(Linear regressions: (dipstick 1): y=0.00113 L ng-1 x + 0.00145, R2=0.9942; (dipstick 2): y=0.00104 L ng-1 x 

+ 0.00678, R2=0.9813; (dipstick 3): 0.00123 L ng-1 x - 0.00088, R2=0.9949); (B) Hg preconcentration with 7 

individual dipsticks prepared in two production batches. (Linear regressions: (◆): y=0.00113 L ng-1 x + 

0.00245, R2=0.9992, batch A: 3 dipsticks; (◆): y=0.00113 L ng-1 x + 0.00050, R2=0.9997, batch B: 4 

dipsticks; error bars represent ± one standard deviation with n ≥ 9). 

Investigation of batch-to-batch reproducibility is shown in Figure 55B. Analytical 

performance of the dipsticks prepared in the first batch (batch A) is in perfect 

accordance with those of the second production batch (batch B). The difference in the 

slope of the linear regression between batch A and batch B (∆m = 0.00007 L ng-1) as 

well as the variation in the intercept (∆m = 0.00195 ng L-1) is by far smaller than the 

expanded uncertainty (slope: U∆ = 0.00011; intercept: U∆ = 0.00760; k=2; P=95 %) 

assuring that there is no significant difference between the two calibration functions. In 

conclusion, dipstick production turns out to be very reproducible resulting in a high 

level of comparability between dipsticks regardless of the preparation batch. 

Particularly, with regard to on-site application in real waters this high reproducibility 

provides considerable advantages: A series of dipsticks can be used for sampling while 
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external aqueous calibration can be performed with any single dipstick resulting in a 

time- and labor-saving method.  

6.3.4.3 Lifetime and regeneration 

Finally, the lifetime with regard to sensitivity of the nanogold-coated dipsticks was 

evaluated using standard solutions and real water samples. In standard solutions, i.e. 

in acidified ultra pure water spiked with Hg(II), the sticks can be used for at least 248 

cycles without any loss of sensitivity. Table 9 summarizes the parameters of the linear 

regression after 40, 170, and 192 measurement cycles of the same dipstick. No 

significant differences in the performance with regard to sensitivity (slope of linear 

regression) and precision (R2) occurred, even though concentration ranges varied.  

 

Table 9 Performance of one and the same dipstick within a lifetime of 206 cycles in standard solutions. 

(Extraction parameters: t=10 min; turbulent conditions). 

Measurement number 
Slope of the linear 

regression ·10-4 [L ng-1] 

Regression coefficient 

(R2) 

Concentration range [ng 

L-1] 

40 – 59 11.4 ± 0.3 0.9971 1 – 70 

170 – 191 10.3 ± 0.7 0.9817 1 – 9 

192 – 206 10.4 ± 0.9 0.9796 0.5 – 2.5 

 

In addition, SEM characterization of the recycled dipstick after 248 analytical cycles in 

standard solution revealed no significant changes of the dipstick's surface since the 

average diameter of small AuNPs in-between the silica spheres (38 ± 9 nm; N = 209) 

did not change at all (see Figure 56). Statistical evaluation shows that the larger gold 

nanoparticles on the surface shrank by 17 nm on average (mean diameter of 118 ± 20 

nm; N=88), which however did not affect Hg accumulation. 
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Figure 56  (A) Exemplary SEM image of dipstick surface after 248 Hg accumulation and desorption 

cycles with SiO2 spheres (blue) and AuNPs (yellow); (B) Gold nanoparticle size distribution (N = 297). 

However, considering application to real waters the matrix of river or seawater may 

affect the active surface of the dipsticks and thereby influence its analytical 

performance. For this reason, a series of 26 adsorption and desorption cycles in fresh 

river water was implemented. The change in sensitivity was determined by comparison 

of the obtained slope of the calibration function before and after performance of the 

measurement series.  

 

Table 10 Influence of matrix components in river water on sensitivity and lifetime of dipstick. (Extraction 

parameters: t=10 min; turbulent conditions; calibration range: 1 – 7 ng Hg L-1; reprinted from Schlathauer 

et al. [153] with permission from Elsevier). 

 
Before application 

to river water 

After application to 

river water  

(26 cycles) 

After thermal 

regeneration 

Slope of the linear regression 

·10-4 [L ng-1]  
10.6 ± 1.1 5.5 ± 0.5 10.5 ± 1.4 

Regression coefficient (R2) 0.9762 0.9851 0.9660 

 

From Table 10 it can be seen, that the sensitivity significantly decreases by approx. 50 

%. This can be explained by specific and non-specific adsorption of matrix compounds 

onto the dipstick surface blocking active sites of the sampler. Thermal desorption of 

amalgamated mercury is performed under inert gas within 60 seconds of heating. It is 
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conceivable that this type of heat treatment only partly removes adsorbed matrix 

substances and thus partly degraded (organic) material may remain on the surface of 

the dipstick. However, thermal annealing of the dipstick at 600 °C for 20 min in air 

results in complete regeneration, i.e. the slope of the linear regression is retrieved. 

Obviously, annealing in oxygen-containing atmosphere (air) efficiently cleans the active 

surface after application to river water.  

In addition, the effect of saline water on the extraction performance of the dipstick was 

analyzed and was found to be comparable since sensitivity decreased by 30 % after 18 

application cycles and was fully recovered after heat treatment in air.  

Beside sensitivity precision was evaluated with increasing number of measurement 

cycles. The results – expressed as relative standard deviation (RSD) – for a series of 

10 analytical cycles are presented in Figure 57. 

 
Figure 57 Increasing relative standard deviation with number of measurements in river water. 

In order to keep signal variances smaller than 10 %, which is a benchmark in trace 

analysis, regeneration is indicated every 4th analytical cycle when investigating real 

waters. Following this instruction, a dipstick can be applied for more than 145 analytical 

cycles without performance loss.  
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6.3.4.4 Real water samples 

For validation and verification of the proposed approach, the dipsticks were applied to 

real water samples and certified reference material (CRM). In order to evaluate 

possible limitations all water samples were analyzed for their elemental composition 

using TXRF. The elemental characterization of real water matrices (see Figure 58) 

clearly shows the presence of other metal ions (namely Na, Ca, K, Mg, Sr, Cu, Fe, Mn). 

Although these metal ions occur in considerably higher concentrations than Hg, they 

do not compete with the adsorption sites for Hg on the dipstick surface, as shown by 

the successful recovery experiments given below.  

 

Figure 58  Characterization of element concentrations in 4 real water samples determined by 

TXRF. (Error bars represent ± one standard deviation; n = 3; reprinted from Schlathauer et al. [153] with 

permission from Elsevier). 

Moreover, high levels of sulfur have been found in the range from 5 – 550 mg L-1 in all 

water samples. Sulfur and nitrogen compounds, which also naturally occur in real 

water, show strong affinity towards mercury and gold, but nevertheless they do not 

interfere with Hg quantification. 

The seawater originating from the North Sea was used for recovery experiments at 

elevated Hg level (spike concentration: 20 ng L-1 Hg(II)). The original Hg concentration 
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of 1.25 ± 0.23 ng L-1 was derived from measurement by standard EPA method 

1631[189]. The recovery obtained for six replicate measurements was 105 ± 16 % 

revealing the absence of any matrix effects. For the purpose of verifying the 

quantification at ultra trace level, i.e. below 1 ng L-1 the recovery in non-spiked Danube 

river water was determined resulting in excellent recovery of 98 ± 12 % (n=4). 

Furthermore, the certified reference material ERM-CA400 was investigated, which is a 

surface seawater sample with a certified value of 16.8 ± 1.1 ng Hg L-1. In order to 

check recovery for lower mercury concentration the reference material was diluted by a 

factor of 10, which was checked by application of standard method EPA 1631 revealing 

a concentration of 1.59 ± 0.10 ng Hg L-1. The value found by application of the dipstick 

is in very good agreement with the certified value.  

All results of the successful recovery experiments are summarized in Table 11 and 

confirm the applicability of the novel approach for accurate Hg trace determination in 

both, fresh and saline waters. 

 
Table 11 Results of recovery experiments in natural real waters. (Extraction parameter unless stated 

otherwise: t=10 min; T= 22°C; turbulent conditions; reprinted from Schlathauer et al. [153] with permission 

from Elsevier). 

water sample 

reference value  

[Hg] in ng L-1  

EPA 1631 method (a) 

found value  

[Hg] in ng L-1  

this method (b) 

recovery in % 

spiked North Sea water 21.3 ± 0.9 (c) 22.4 ± 3.5  105 ± 16 

Danube river water 0.43 ± 0.03  0.42 ± 0.05 (d) 98 ± 12 

CRM ERM-CA400 1.59 ± 0.10  1.50 ± 0.30 94 ± 20 

(a) Errors represent expanded uncertainty with n=6; P=95 %; (b) errors represent uncertainty as derived from prognosis 
interval of the calibration function with N=16, n=4, P=95 %; (c) uncertainty calculated as linear combination of maximum 
error of Hg spike procedure and statistical error of determination of initial Hg concentration with n=8, P=95 %; (d) 
extraction time t = 20 min 

 

Usually the salt concentration in river water ranges from 0.005 to 2.3 psu [190], whereas 

the salinity of North Sea water typically is 34-35 psu [191]. High chloride ion 

concentration in seawater stabilizes ionic mercury species by formation of chloro 

complexes, such as HgCl42−, HgCl3− and CH3HgCl.[192] The successful recovery 

experiment in both, Danube river and North Sea water thus already covers a broad 

range of salinity and demonstrates that even higher salt concentrations in the water 
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sample do not affect Hg analysis by the dipstick approach. This is in good agreement 

with previous investigations of nanogold-based extraction material from Leopold’s 

group [193]. In conclusion, these results indicate a high robustness of the suggested 

approach towards various matrix constituents in natural waters. Due to the successful 

recovery experiments in different real samples, any systematic investigation on the 

effect of inorganic and organic matrix compounds would be redundant and were 

therefore omitted.      

6.3.4.5 Analytical figures of merit 

Finally, the analytical figures of merit were determined for the optimized novel method 

and are summarized in Table 12. Linear correlation between Hg concentration and 

fluorescence intensity was confirmed in a concentration range from 0.3 to 100 ng L-1 

allowing Hg trace determination in various real water samples, e.g. pristine natural 

water and contaminated water bodies. The high precision is reflected by residual 

standard deviation of only 8.0 % and relative standard deviations ranging from 2.7 to 

4.9 %. The reached detection limit of 0.18 ng L-1 for 10 min extraction time and 0.06 ng 

L-1 for 20 min extraction time clearly demonstrates that the method is feasible for Hg 

ultra trace determination. Anyway, a dipping duration of only 15 sec is adequate to 

quantify Hg concentrations higher than 10 ng L-1 and thus reach standard EPA water 

quality criteria.[173] 

 
 
Table 12 Analytical figures of merit. (Extraction parameter unless stated otherwise: extraction time 

= 10 min; T = 22°C; turbulent conditions; reprinted from Schlathauer et al. [153] with permission from 

Elsevier). 

Lifetime of dipstick with application to standard solutions > 248 cycles 

Lifetime of dipstick with application to standard solutions and real water 
(applying thermal regenerations every 4th cycle) 

> 145 cycles 

Measuring time (in addition to extraction) 3.5 min 

Tested linear working range 0.3 – 100 ng Hg L-1 

Regression coefficient, R2 0.9972 

Residual standard deviation (for 0.3 – 100 ng Hg L-1) 8.0 % 

Relative standard deviation (n=3)  

   for [Hg] = 0.2 ng L-1 * 2.7 % 
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   for [Hg] = 0.5 ng L-1 4.2 % 

   for [Hg] = 3.0 ng L-1 3.0 % 

   for [Hg] = 50.0 ng L-1 4.9 % 

Detection limit as derived from calibration function [128] 0.18 ng Hg L-1 

 0.06 ng Hg L-1 * 

Minimum extraction time for quantification of 10 ng L-1 15 sec 

Minimum extraction time for detection of 10 ng L-1 10 sec 

*   for extraction time = 20 min 

 

Moreover, reusability of the dipstick was proven by application of one and the same 

dipstick to 248 standard solutions without any loss in performance. Any decrease in 

sensitivity after exposure to real water samples can be countered by thermal 

regeneration in oxygen-containing atmosphere. Hence, a lifetime of more than 145 

analytical cycles was obtained.   

 

6.3.5 Thermal desorption in air and detection by portable AAS 

The proposed method was developed for on-site Hg accumulation, followed by dipstick 

storage and transportation to the lab where quantification is performed. The 

experimental setup comprises thermal desorption under inert gas coupled to a 

benchtop AFS instrument which is not suitable for transportation in the field. Hence, 

alternative instrumentation for on-site Hg detection was tested. A portable AAS 

designed for measurement of total gaseous mercury in air and other gases at ultra 

trace levels after collection on an intern gold trap was applied. Since this device does 

not provide a unit for thermal desorption of the extracted Hg from the dipstick, the self-

made heating cell was used and the released Hg vapor was collected in a gasbag, 

which was then coupled to the portable AAS for Hg detection. As a carrier gas in this 

system synthetic air was tested. Manual calibration of the AAS is performed by 

injection of a defined volume of mercury-saturated air by means of a gas-tight syringe. 

The procedure of gas sampling into the gasbag and subsequent quantitative release 

into the AAS was developed and optimized. Hence, to ensure quantitative Hg 

detection, i.e. complete emptying of the gasbag, it was filled twice for each 
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measurement: first filling with mixture of carrier gas and Hg vapor from thermal 

desorption, second filling with synthetic air for purging. Detailed experimental setup is 

described elsewhere. Figure 59A shows a photograph of the setup for detection of total 

gaseous mercury via gasbag coupled to AAS after extraction by dipstick and thermal 

desorption in flow injection system.  

 

Figure 59  (A) Photograph of setup for determination of gaseous mercury by AAS (1: activated 

carbon filter for air zeroing; 2: gasbag; 3: AAS device); (B) Linear correlation between the total Hg mass in 

sample solution and adsorbed Hg mass on the dipstick found by AAS after thermal desorption in synthetic 

air. (Linear regression: y [pg]=0.1223x + 0.8500 pg, R2=0.9928) 

As presented in Figure 59B the adsorbed Hg mass detected by AAS increases linearly 

with the total Hg mass in the sample solution. This indicates successful Hg release 

from the dipstick when heated in oxygen-rich atmosphere, i.e. in synthetic air. The high 

precision of this method is reflected by the relative coefficient of variation of the 

procedure of 5.2 %. Furthermore, the dipstick extracts approx. 12 % of the total Hg 

amount in solution for accumulation duration of 10 min. These results for the 

adsorption efficiency are in very good agreement with the values found by AFS 

measurement (see chapter 6.3.3.4). However, thermal desorption in synthetic air 

causes immediate discoloration of the pink dipstick indicating either gold detachment 

from its surface or size change of the nanoparticles. In general, this first experiment 

shows that inert gas atmosphere is not crucial for thermal desorption of Hg from the 

nanogold dipstick, but changes of the dipstick surface (color) are indicated and further 

investigations are required to optimize the method, e.g. by studying the effect of 

heating temperatures and to define any limitations.  
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6.3.6 Summary and conclusion 

The aim of this part of the work was the development of a highly sensitive and selective 

nanogold-based dipstick for total Hg determination in natural waters. The proposed 

dipstick serves as test strip that can be dipped into an aqueous sample for reagent-

free, quick and simple Hg extraction. Anyway, for all three dipstick types (type I, type II, 

and type III) show high affinity towards dissolved Hg(II) and therefore linear correlation 

between the amount of Hg adsorbed onto the dipstick and the Hg concentration of the 

sample was observed. Dipstick type IV was not tested since this type was solely 

produced for the application as colorimetric sensor. 

 

Quantification of accumulated Hg was performed after thermal desorption by means of 

AFS or AAS detection and external calibration with aqueous Hg(II) standard solutions. 

Various parameters for Hg extraction were examined and optimized, i.e. heating time 

and temperature for quantitative Hg desorption, exposure time in the sample solution, 

stagnant or turbulent conditions for preconcentration, and effect of sample temperature 

on the Hg adsorption rate. For an exposure time of 10 min the dipstick adsorbs under 

turbulent conditions approx. 10 % of the total Hg amount in solution due to a fully 

diffusion-controlled mass transfer. The limit of detection was calculated from the 

calibration function and was found to be 0.18 ng L-1 or 0.06 ng L-1 for a 10-min 

extraction or 20-min extraction, respectively. The extraction duration therefore can be 

adjusted to the Hg concentration in the sample. A dipping time of only 15 sec is 

sufficient to determine Hg concentrations higher than 10 ng L-1. Application to real 

water samples, i.e. Danube river water and North Sea water, confirmed accurate 

quantification of mercury traces in the range from 0.04 to 22 ng Hg L-1. Loss in 

performance of the dipstick over time can easily be avoided by thermal regeneration in 

air resulting in a high lifetime of minimum 145 analytical cycles for one dipstick. 

Reusability and reagent-free application are further advantages of the novel nanogold 

dipsticks making them a powerful tool for sustainable Hg determination in natural 

waters. In conclusion, application of nanogold dipsticks results in quick, safe and easy-

to-handle on-site preconcentration and stabilization of Hg. Therefore, this green 

method shows high potential for Hg monitoring in the environment. Nevertheless, in 



 

 115 

future more comprehensive studies will have to reveal its reliability and robustness in 

the field.   
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7. Experimental procedures 

7.1 General procedure for mercury ultra trace analysis 

All instrumentation for mercury analysis was set-up in a special trace-clean laboratory 

equipped with an air exchange system to keep constantly low atmospheric Hg levels. 

In order not to contaminate this laboratory, solutions containing > 10 μg Hg L−1 were 

not handled in there. Ultra pure water (UPW) with a resistivity of 18.2 MΩ was obtained 

from a Direct-Q® System (Merck Millipore, Billerica, USA) and was used for all 

aqueous solutions, rinsing and cleaning procedures. 

 

7.2 Cleaning procedure for vessels and reagents 

For acidification fuming 37 % hydrochloric acid (HCl; [Hg] ≤ 0.001 ppm, p.a. 

EMSURE® ACS, Merck, Darmstadt, Germany) was used. Hg contamination in HCl 

was efficiently reduced in by addition of 0.13 g of NaBH4 (sodium borohydride, fine 

granular for synthesis, Merck, Darmstadt, Germany) to 200 mL of hydrochloric acid and 

purging the solution for 12 h with nitrogen (100 mL min−1). The nitrogen was purified by 

passing it over a homemade activated carbon/sulfur column (activated carbon: carbon 

slug, activated, 6-8 mesh, Alfa Aesar, Karlsruhe Germany; sulfur: sulfur flowers, 99 %, 

Alfa Aesar, Karlsruhe, Germany). The glass column (length 180 mm; I.D. 35 mm) 

including sintered-glass filter was filled with 40 g of the carbon/sulfur mixture (sulfur 

content 3 %, m/m). All glass vessels were cleaned over night with a BrCl (1 % (v/v)) 

solution (preparation of stock BrCl see below), rinsed three times with UPW and stored 

in the clean room. Sampling bottles were rinsed in a 3-step procedure with 1 % (v/v) 

BrCl solution, 0.5 % (v/v) HCl, and UPW. 

 

7.3 Mercury standard solutions 

For preparation of calibration standards and spiking experiments mercury stock 

standard solution of 10 mg Hg L-1 of Hg2+ or MeHg+ were prepared weekly from 

commercially available standard solution (mercury(II) nitrate, CentriPUR®, 1000 mg L-

1, Merck, Darmstadt, Germany; methyl mercury(II) chloride, 1000 mg L−1, Alfa Aesar, 



 

 117 

Karlsruhe, Germany) by dilution in 0.5 % (v/v) HCl and stored in the dark at 4 °C. 

Mercury standard solutions for calibration were prepared daily by dilution of adequate 

volumes of this stock standard in 0.5 % (v/v) hydrochloric acid. 

 

7.4 Preparation of nanogold-coated materials 

7.4.1 AuNP@SiO2 adsorbent 

Preparation of nanogold-coated silica was performed by a modified synthesis first 

described by Leopold et al.[35]. Therefore, an amount of 3 g silica (Silica gel 60: 0.2-0.5 

mm, for column chromatography, Merck, Darmstadt, Germany) was suspended in 24 

mL of Au (III) stock standard solution (CentriPUR®, 1000 mg L-1, Merck, Darmstadt, 

Germany) at room temperature. The pH was adjusted to about 12.0 by addition of 

approximately 5 mL of an aqueous solution of 7 M NaOH (p.a., Merck, Darmstadt, 

Germany) leading to a discoloration of the Au solution. In alkaline range the 

destabilized [AuCl4]- complex is then chemically reduced to Au0 by addition of 3 mL of a 

0.22 M NH2OHHCl (≤ 0.000001 ppm Hg, p.a. ASC, ISO, Merck, Darmstadt, Germany). 

“Thereby, the mixture immediately became dark purple and cloudy. The glass vessel 

was then sealed and placed on an orbital shaker at 120 rpm for 15 min. After settling of 

the particles, the supernatant was decanted and the gold-coated silica particles were 

thoroughly rinsed with ultra pure water before heating the particles in a muffle oven at 

300 °C for 30 min. After this heat treatment the adsorbed Au is immobilized in from of 

nanoparticles on the silica surface.”[126] 

 

7.4.2 Preparation of different dipstick types  

As substrates for deposition of gold nanoparticles small quartz glass strips (0.8 x 4.5 

cm) were used. In a first step, organic and metallic residues were removed from the 

surface using peroxymonosulfuric acid in a 3:1 (v/v) mixture of H2SO4 (95 %, AnalaR 

NORMAPUR, VWR, Darmstadt, Germany) and H2O2 (30 %, EMSURE® ISO, Merck, 

Darmstadt, Germany) and aqua regia (HCl 37 %, AnalaR NORMAPUR, VWR, 

Darmstadt, Germany; HNO3 65 %, AnalaR NORMAPUR, VWR, Darmstadt, Germany; 
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mixing ratio HCl:HNO3 = 3:1). Then the strips were washed extensively with ultra pure 

water and dried at 80 °C.  

For deposition of gold a resistance evaporator (NRC Varian 3117 Thermal Evaporator, 

SPEC, San Jose, USA; tungsten boat, 50 x 13 x 0.3 mm, Umicore, Hanau, Germany) 

was used with a coating rate of 0.5 Å s-1. An integrated oscillating quartz (Maxtek 

Sensor Crystals 6 Mhz Gold SC-101, INFICON, Bad Ragaz, Swiss) allowed in-situ 

control of the film growth. For simultaneous gold vapor deposition onto 8 individual 

dipsticks, a special mask was designed and manufactured in-house. For each dipstick 

only a defined area was plated leaving uncoated a 0.5 cm part of the stick where it can 

be gripped for handling. Four different dipstick types and a reference dipstick were 

developed. 

 

1. reference dipstick: a 10 nm thin adhesive chrome layer was vapor-plated on 

the cleaned glass surface prior to gold vapor deposition of a 50 nm thin film. 

  

2. dipstick type I: clean glass substrate was vapor-plated with a 10 nm thin 

gold layer. The film was transformed to gold nanoparticles by annealing at 

300 °C for 30 min or at 700 °C for 15 min, respectively.  

 

For three further dipstick types the surface of the cleaned glass substrates first was 

functionalized by immersion in a solution of 10 % (v/v) 3-aminopropyltrimethoxysilane 

(APTMS, 97 %, Alfa Aesar, Karlsruhe, Germany) in methanol (≥99.8 %, AnalaR 

NORMAPUR® ACS, VWR, Darmstadt, Germany) for 90 min. After rinsing with 

methanol and UPW, the glass slides were immersed horizontally in a few milliliters of a 

dispersion of Stöber-type SiO2 particles (ø=300 nm) prepared in-house (by Institute of 

Inorganic Chemistry II, Ulm University)[194] and dispersed in ethanol. The solvent was 

gradually allowed to evaporate overnight without cover, so that the silica particles 

remained on the upper side of glass surface. After that, the strips were again 

functionalized with APTMS as described previously. 

 

3. dipstick type II: the SiO2-functionalized glass slides were immersed in 7.5 

mL of in-house prepared colloidal AuNP solution at 70 °C for 15 min. After 
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rinsing the glass slides with UPW they were immersed in a solution of auric 

acid (hydrogen tetrachloroaurate(III) trihydrate, ACS, Au 49.0 % min, Alfa 

Aesar, Karlsruhe, Germany) and 100 µL of a 0.22 M NH2OHHCl (≤ 

0.000001 ppm Hg, p.a. ASC, ISO, Merck, Darmstadt, Germany) were added 

for reduction of AuIII to Au0. This step causes purple coloration of the glass 

slides as a consequence of gold nanoparticle growth. After 1 min the sticks 

were removed from the solution, rinsed thoroughly with ultra pure water and 

dried at 70 °C in the oven. Then the dipsticks were tempered at 600 °C for 

15 min resulting in a color change from purple to pink.  

 

4. dipstick type III: a homogeneous 10 nm thin gold layer was deposited on the 

SiO2-coated side. In order to transform the smooth gold layer into gold 

nanoparticles, the dipsticks were finally annealed at 600°C for 30 min.  

 

5. dipstick type IV-a & IV-b: this type was prepared analogously to type III. 

However, SiO2 particles and deposition of these were changed. 

Conventional Stöber particles with smooth surface were replaced by 

mesoporous SiO2 particles (produced in-house by Institute of Inorganic 

Chemistry II, Ulm University). Thus, either 140 nm particles with consistent 

distribution of 10 nm pores (type IV-a) or 190 nm particles with inconsistent 

pores of 10-50 nm (type IV-b) were deposited onto the APTMS 

functionalized surface by drop coating. Therefore, a suspension of 25 mg 

SiO2 particles in 5 mL ethanol (p.a. 99.9 % denatured, PanReac AppliChem, 

Darmstadt, Germany) was prepared and a thin coating of mesoporous SiO2 

particles was applied to the substrate by depositing consecutive drops on 

the surface and allowing the solvent to evaporate. Then, this procedure was 

repeated twice.  

 

All dipsticks were stored in polystyrene boxes (Plano, Wetzlar, Germany) in the clean 

room.  
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7.5 Sampling, storage and standards 

7.5.1 Human urine 

For method development and optimization with AuNP@SiO2 adsorbent fresh urine 

samples from members of the Institute of Analytical and Bioanalytical Chemistry at Ulm 

University (IABC, UUlm) were collected in sterile 120 mL polypropylene urine beakers 

(VWR, Darmstadt, Germany). Samples were used immediately after collection and 

then stored at 4 °C for further use within a maximum of 3 days. In preparation for 

analysis, the urine samples were allowed to reach room temperature and after shaking 

aliquots were directly transferred into the test tube. Urine samples with elevated Hg 

concentrations from occupationally exposed workers have been stored at -20 °C. After 

being thawed in water bath (30 °C) by gently shaking aliquots were taken for analyses.  

 

7.5.2 Real water  

Unfiltered costal seawater sample from the North Sea (1.835°W; 57.414°N) and 

Danube river water were collected in September 2016 and August 2016, respectively, 

in polyethylene terephthalate (PET) bottles. For sampling, the containers were rinsed 

three times with the respective water before they were filled without headspace. The 

Danube river water was filtered over a Supor®-450 Grid (47 mm, 0.45 μm, Pall 

Corporation, New York, USA). Water samples were stored in the dark at 4 °C until 

analysis. Prior to analysis the seawater was passed through a 0.45-μm pore size 

polyethersulfone (PES) syringe filter (Pall Corporation, New York, USA) and both, 

seawater and river water were acidified with 0.5 % (v/v) HCl. The certified reference 

material ERM-CA400 (elevated mercury in seawater) was purchased from the 

European Commission Joint Research Centre (EC-JRC-IRMM, Geel, Belgium) and 

handled according to the recommendation given in the certificate. 
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7.6 Standard method cold-vapor atomic fluorescence 
spectrometry 

Beside reagent-free Hg determination by the suggested new dipstick method, 

reference method CV-AFS according to United States Environmental Protection 

Agency (U.S. EPA) standard method 1631 [189] was performed using the following 

reagents. For oxidative sample pre-treatment, an aqueous BrCl digestion solution was 

prepared as follows: 0.54 g KBr (p.a. EMSURE® ACS, Merck, Darmstadt, Germany) 

were dissolved in 50 mL fuming HCl, then 0.76 g KBrO3 (p.a., Merck, Darmstadt, 

Germany) were slowly added while the color changed to yellow. Warning: Because of 

the release of free halogens it is strongly recommended to work in an appropriate fume 

hood. This stock solution contains the highly oxidative interhalogen BrCl and can be 

stored at room temperature for a maximum of 1 week. Stannous chloride (SnCl2, ≤ 

0.000001 % Hg, p.a. EMSURE®, Merck, Darmstadt, Germany) was used as a 

reducing agent and NH2OH·HCl (≤ 0.000001 ppm Hg, p.a. ASC, ISO, Merck, 

Darmstadt, Germany) as a pre-reductant. Both were applied without further purification.  

 

7.7 General procedure, instrumentation and AFS determination 
for nanogold-assisted mercury extraction 

7.7.1 AuNP@SiO2 for urine samples 

For the purpose of mercury extraction from urine onto nanogold-coated silica and 

subsequent separation of the material from the matrix, special glass devices were 

developed and manufactured in-house comprising a test tube for extraction and a 

collector tube for separation of the extractant from the liquid matrix. For extraction 

experiments the test tube was filled with 1 g nanogold-coated silica. After adding 4 mL 

dilute HCl and 1 mL urine sample (depending on the Hg concentration either pure urine 

or urine pre-diluted in HCl), the test tube was sealed with a glass stopper and put onto 

an orbital shaker at 230 rpm for 5 min. The supernatant was then decanted and the 

silica was washed with 5 mL ultra pure water three times before the extractant was 

transferred quantitatively into the collector tube. The collector tube filled with the 

extractant is then implemented into a flow injection analysis system (FIAS) for thermal 

desorption of Hg and subsequent AFS detection. Figure 60 schematically shows this 
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general procedure for extraction of mercury on nanogold-coated silica and separation 

from the matrix. 

 

 

Figure 60 Specially designed quartz glass devices (A: test tube; B: collector tube) and general 

procedure (C) for extraction and separation of mercury from urine. (The numbers are explained in the 

corresponding text section; reprinted from Schlathauer et al. [126] with permission from Elsevier). 

“For stability investigation of Hg on the collectors a variation of this procedure was 

tested in which a storage at 30°C was carried out prior to measurement in order to 

simulate subtropical conditions. For this purpose, the Hg loaded silica was washed as 

described above. After the washing step the adsorbent was transferred to the collector 

tube which then was sealed with silicon plugs, packed in an airtight plastic bag and 

placed in an oven adjusted to 30°C for 1 to 7 days, respectively. To prevent 

contamination from air, a scavenger consisting of active carbon and sulfur additionally 

was placed in the plastic bag for the entire storage duration.  

 

A mercur atomic fluorescence spectrometer (AFS, Analytik Jena AG, Jena, Germany) 

was used for mercury resonance fluorescence detection at 253.7 nm, allowing 
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preconcentration of mercury vapor on an integrated gold trap. The AFS was coupled to 

a self-made FIAS used for thermal desorption of Hg traces from the collector tube. 

Figure 61A shows the optimized FIAS manifold, that consists of a heatable collector 

(manufactured in-house) surrounded by a heating coil (manufactured in-house, 

KANTHAL wire, heat resistance up to 1300 °C, Distrelec, Bremen, Germany), magnetic 

valves (Bürkert GmbH, Ingelfingen, Germany) a Peltier cooling device and a gas–liquid 

separator (Analytik Jena AG, Jena, Germany). The FIAS program for the fully 

automated determination of Hg is summarized in Figure 61B.  

In order to reduce remaining water from the extractant in the collector tube, an argon 

gas stream that was directed to the waste dried it. By heating the spiral wire 

surrounding the collector tube to approximately 950 °C, the temperature inside the tube 

increases to 610 °C. Thereby mercury is evaporated from the extractant material. The 

released Hg0 vapor is directed to an intern solid gold trap where another mercury-gold 

amalgam is formed, and remaining moisture is separated. For AFS measurement this 

in-built gold trap is heated and Hg0 vapor is released once again, being transported by 

an argon stream to the AFS detection cell. Each heating step was followed by a cooling 

step where the respective components were cooled down to room temperature by a 

fan. The quantitative evaluation of the fluorescence intensity was performed via peak-

height.”[126] 
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Figure 61 (A) injection manifold for mercury determination via AuNP@SiO2. (Tubing: – modified 

fluoroalkoxy, ID 1 mm; --- water vapor permeable membrane tube Nafion®, ID 2 mm); (B) Timeline of the 

process steps for mercury measurement via AuNP@SiO2. (Abbreviations: ID: inner diameter; PC: Peltier-

cooler (12 °C); V: magnetic valve; GLS: gas-liquid separator; AFS: atomic fluorescence spectrometer; 

FIAS: flow injection analysis system; Ar: Argon; * read-out of AFS signal; reprinted from Schlathauer et al. 

[126] with permission from Elsevier). 

“Calibration of the method was performed analogously to the investigation of real 

samples either by using aqueous standard solutions of Hg(II) in 0.5 % (v/v) HCl in the 

range of 0.1 to 2 µg Hg L−1 or by matrix-matched calibration method. For the later, 

uncontaminated lyophilized real urine (Blankcheck UR, ACQ SCIENCE, Rottenburg-

Hailfingen, Germany) was reconstructed according to the suppliers’ instructions and 

spiked with mercury standard solutions in the range from 1.0 to 10 µg Hg L−1.”[126] 

 

7.7.2 Dipsticks for water samples 

“Prior to use each dipstick was checked for Hg contamination by placing it in the self-

made heating cell coupled to AFS instrument. Typically, 1 to 3 heating cycles were 

sufficient to obtain the system blank (i.e. empty heating cell). For mercury accumulation 

the nanogold-coated dipstick was exposed to 30 mL of a sample solution in a pre-

cleaned glass vessel with snap-on cap.”[153] For development and optimization of the 

procedure aqueous Hg(II) standard solutions in 0.5 % (v/v) hydrochloric acid were 

used. “To simulate turbulent conditions the vessel was placed on an orbital shaker 

driven at either 150, 200, 230 or 270 rpm during accumulation or stirred with a stirring 

bar at 500 rpm. Temperature and duration of accumulation were tested in a range 
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between 4 and 35 °C and 1 to 30 min, respectively. After Hg extraction, the dipstick 

was removed from the sample, rinsed thoroughly with UPW and placed in the heating 

cell for thermal desorption.”[153] Figure 62 schematically shows this general procedure 

mercury extraction from aqueous samples using nanogold-coated dipsticks. 

 

 

Figure 62  General procedure for Hg extraction from aqueous samples using dipsticks: (1) exposure 

to sample solution for Hg extraction and preconcentration onto dipstick; (2) immersion in UPW bath and 

(C) rinsing with fresh UPW. 

“Mercury detection was performed with an atomic fluorescence spectrometer mercur 

(AFS, Analytik Jena AG, Jena, Germany) at 253.7 nm and a detector voltage of 391 V, 

allowing preconcentration of mercury vapor on an integrated gold trap. For thermal 

desorption of Hg traces from the dipstick a self-made heating cell was coupled directly 

to the AFS detection cell.”[153] Figure 63A shows the optimized FIAS manifold which 

comprises a heatable quartz glass cell surrounded by a heating wire (KANTHAL wire, 

heat resistance up to 1300 °C, Distrelec, Bremen, Germany) and a gas–liquid 

separator (Analytik Jena AG, Jena, Germany).  
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Figure 63 (A) Flow injection manifold for mercury determination via dipstick. (Tubing: – modified 

fluoroalkoxy, ID 1 mm; --- water vapor permeable membrane tube Nafion®, ID 2 mm; GLS: gas-liquid-

separator; ID: inner diameter; AFS: atomic fluorescence spectrometer; reprinted from Schlathauer et al. 

[153] with permission from Elsevier); (B) Timeline of the process steps for mercury measurement via 

dipstick. (Abbreviations: ID: inner diameter; GLS: gas-liquid separator; AFS: atomic fluorescence 

spectrometer; FIAS: flow injection analysis system; Ar: Argon; * read-out of AFS signal). 

For the purpose of quick and quantitative thermal release of Hg from the sticks, the 

heating cell was specially designed and manufactured in-house. To desorb Hg, the 

dipstick is placed manually in the quartz cell, which is then sealed with a silicone plug 

connected to the AFS via modified fluoroalkoxy tubing (ID 1 mm; Fluidflon PFA-M-tube, 

PRO LIQUID, Ueberlingen, Germany). At inner heating temperature of approximately 

440 °C, Hg is released from the dipstick as elemental Hg and transported by an argon 

carrier stream into the flow-through detection cell of the AFS. Each heating step was 

followed by a 60 sec cooling step where the respective components were cooled down 
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to room temperature by a fan. The FIAS program for the fully automated determination 

of Hg is summarized in Figure 63B. The quantitative evaluation of the fluorescence 

intensity was performed via peak-height after according calibration of the system.  

 

7.8 Procedure and instrumentation for thermal desorption with 
synthetic air and detection by AAS mercury analyzer 

With regard to future on-site application of the dipsticks a portable AAS mercury 

analyzer (UT-3000 UltraTracer Mercury Vapor Detector, Mercury Instruments, 

Karlsfeld, Germany) was tested as alternative Hg quantification instrument. It is 

suitable for determination of gaseous mercury samples directly from the atmosphere. 

The sample gas is fed onto an in-built gold trap by a membrane pump. However, this 

device can be used only for Hg detection but not for thermal desorption of Hg from the 

dipstick. Therefore, it was connected to the flow injection system via gas sampling bag. 

The setup is shown in Figure 64.   

 

Figure 64 Flow injection manifold for mercury determination via dipstick and AAS mercury analyzer 

UT-3000 UltraTracer using gas sampling bag. (Tubing: – modified fluoroalkoxy, ID 1 mm; --- water vapor 

permeable membrane tube Nafion®, ID 2 mm; GLS: gas-liquid-separator; ID: inner diameter; V: manual 

valve; AAS: atomic absorption spectroscopy). 



 

 128 

After Hg preconcentration and rinsing with UPW, the dipstick was placed into the 

heating cell of the flow injection system and adsorbed Hg was thermally released as 

usual. However, instead of being coupled to the AFS, the desorbed Hg vapor was 

transported by carrier gas stream into a gas sampling bag (1L, RITTER Apparatebau 

GmbH, Bochum, Germany) throughout the entire duration of thermal desorption and 

cooling of the heating cell. Hence, the sampling bag was filled with a total volume 

approx. 360 mL carrier gas/Hg gas mixture. Then, the valve was switched manually to 

the outlet and the AAS started to feed in ambient air by passing it over an active 

carbon filter. At the same time the sample gas was withdrawn from the gasbag and 

passed over an in-built gold trap for Hg preconcentration. After 165 sec the bag was 

visibly empty, and the valve was switched to the inlet again. In order to prevent analyte 

loss the sampling bag was filled one more time with 360 mL carrier gas by means of 

the flow injection system followed by a second withdrawal of gas from the sampling 

bag. In a last step, the intern gold collector was heated to release the trapped Hg0 and 

transported by ambient air to the AAS optical cell for measurement. Figure 65 shows 

the process steps presented as timeline. 

 

Figure 65 Timeline of the process steps for mercury determination via dipstick and AAS mercury 

analyzer. (Abbreviations: H*: heating of in-built trap and read-out of AAS signal). 
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7.9 Visible absorption spectroscopy measurements 

Unless stated otherwise, UV-Vis absorption spectra were recorded on a single-path 

Specord® S 600 spectrophotometer (Analytik Jena AG, Jena, Germany). 

 

7.9.1 Investigation of AuNP solutions 

Citrate-stabilized gold nanoparticle solutions with diameters of 20 and 100 nm were 

obtained from of BBI solutions (57 mg L-1, Cardiff, UK) and 7 nm AuNPs were obtained 

from nanoComposix (52 mg L-1, San Diego, USA). The optical behavior of these 

solutions was studied using a 1 cm optical path polystyrene cuvette (semi-micro 

cuvette, VWR International, Darmstadt, Germany). In addition, mixtures of AuNP 

solutions with different sizes (20 nm and 100 nm) with a volume ratio of 1+1 or 1+2, 

respectively, were investigated.   

Furthermore, the effect of Hg0 on the absorption spectrum of gold nanoparticles in 

solution was tested. Therefore, 50 µL of aqueous Hg(II)-solution ([Hg]=10 mg L-1, 

stabilized in 0.5 % (v/v) HCl) were added to 1 mL of a 7 nm AuNP solution in the 

cuvette, which corresponds to 1 % Hg/Au by weight. In order to generate elemental 

mercury 50 µL of a 0.1 M NaBH4 were added to the mercury-containing AuNP solution. 

The absorption spectra in the range between 400 and 800 nm were recorded after an 

incubation time of 10 min. 

7.9.2  Investigation of dipsticks 

For the purpose of Hg determination via dipstick, the dipstick was cleaned by thermal 

treatment in the heating cell until system blank and a blank spectrum was recorded. 

Therefore, a special plastic clamp was designed and produced by an in-house 3D 

printer. The dipstick first was inserted into the bracket and then the bracket was clipped 

onto the sample holder - creating stable clamping of the test strip. For accumulation 

from aqueous matrices the Hg-free dipstick was then exposed to 30 mL of a sample 

solution for 10 min under turbulent conditions at 230 rpm. After rinsing with ultra pure 

water, the dipstick was placed on a 60 °C warm hotplate (magnetic hotplate stirrer, 

VMS advanced series, VWR, Darmstadt, Germany) for 10 min to remove water from 

the surface. The dry dipstick then placed in the clamp, which was positioned in the UV-
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Vis spectrometer in order to take another absorption spectrum. To regenerate to 

dipstick, it was heated in the system again until blank prior to next use. Hence, 

accumulation experiments can be repeated as often as necessary with the same 

dipstick.  

For UV-Vis investigations different model solutions were tested. Mercury containing 

samples were prepared by dilution of Hg(II) stock standard in either 0.5 % (v/v) 

hydrochloric acid or 0.3 % (v/v) sulfuric acid. Furthermore, ultra pure water, 0.5 % (v/v) 

hydrochloric acid, 0.3 % (v/v) sulfuric acid and a 0.03 % (w/v) sodium chloride solution 

were used to evaluate matrix effects. The NaCl solution was prepared by dissolution of 

9.0 mg NaCl (p.a. EMSURE® ACS, ISO Merck, Darmstadt, Germany) in 30 ml UPW. 

 

Furthermore, UV-Vis measurements were performed to investigate the optical change 

of gold nanoparticles on the dipstick while it was exposed to gaseous elemental 

mercury. Directly before application, two dipsticks were heated one by one in the 

thermal desorption cell until blank signal to ensure that the gold surface is mercury-

free. After blank measurements in the spectrophotometer, one of these test strips – 

hereinafter referred to as dipstick A – was exposed to 100 ng L-1 or 500 ng L-1 aqueous 

Hg2+ solution, respectively, for 10 min under turbulent conditions. After rinsing with 

UPW, it was placed in the heating cell of the flow injection system. The conventional 

FIAS setup was complemented by interposition of a quartz glass tube with the clean 

second dipstick inside – hereinafter referred to as dipstick B. To generate Hg0, 

mercury-loaded dipstick A was heated. The released mercury vapor was transported 

by an argon gas stream to the second glass tube and was passed over dipstick B for 

Hg0 loading. Figure 66 shows the special setup used for online Hg0 vapor generation 

and accumulation. Dipstick B was then removed from the glass tube and inserted to 

the UV-Vis spectrometer for SPR investigation of the formed amalgam.  
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Figure 66  Schematic setup for online generation and accumulation of gaseous Hg0 onto a dipstick. 

(Tubing: – modified fluoroalkoxy, ID 1 mm; --- water vapor permeable membrane tube Nafion®, ID 2 mm; 

GLS: gas-liquid-separator; ID: inner diameter; V: manual valve; AAS: atomic absorption spectroscopy) 

Moreover, two further setups were tested for accumulation of gaseous Hg0 at room 

temperature. For the first setup a clean dipstick was positioned in a glass vessel with 

screw cap and septum and the glass was sealed. Mercury vapor was obtained from 

Manual Calibration Unit (UT-3000 Mercury UltraTracer, Mercury Instruments, Karlsfeld, 

Germany) with Hg0 concentration of 21.2 pg µL-1 at gas temperature of 25.9 °C. A 

special syringe was used to drawn up 70 µL of Hg0 gas from the Manual Calibration 

Unit. Immediately afterwards the entire volume, which corresponds to 1484 pg Hg, was 

injected into the glass vessel with the dipstick and was allowed to accumulate for 19 

hours before absorption measurement was performed (see Figure 67A).  

 

Figure 67  Schematic setup for (A) Hg0 accumulation from air and (B) in situ UV-Vis measurement 

during accumulation of gaseous elemental mercury on dipstick by means of small mercury droplet inside 

the cuvette.  

For the second setup a clean dipstick was placed in a PMMA cuvette (macro cuvette, 

VWR International, Darmstadt, Germany) and a blank absorption spectrum was 

recorded. Afterwards, a small droplet of elemental mercury was pipetted into the 
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cuvette next to the dipstick, which was then sealed with a silicone plug. The same 

system, however, without dipstick was used as reference. Both, the sample cuvette 

and the reference were place in a double beam spectrophotometer (Specord® 2000, 

Analytik Jena AG, Jena, Germany). Schematic setup is shown in Figure 67B. 

Absorption spectra were recorded after 20 and 49 hours of exposition.    

 

7.10 Temperature measurement of dipstick heating cell  

The outside temperature of the heating device was measured by infrared thermometer 

(PeakTech® P4975, PeakTech, Ahrensburg, Germany). To determine the inside 

temperature of the heating cell and the surface temperature of the dipstick during 

thermal desorption and cooling a thermocouple sensor (0.25 mm diameter x 150 mm 

length, Typ K, TC Direct, Mönchengladbach, Germany) was used. The sensor was 

inserted into the outlet of the quartz glass heating box and was positioned to either 

touch the inner glass wall, the dipstick surface or freely floating depending on whether 

the inner glass temperature, the temperature of the dipstick surface or the inner argon 

gas temperature, respectively, should be measured. The thermocouple was connected 

to a USB read-out module (UTC-USB, OMEGA Engineering, Deckenpfronn, Germany). 

TRC Central software (OMEGA Engineering, Deckenpfronn, Germany) was used for 

temperature acquisition and evaluation. 

 

7.11 Further characterization studies 

7.11.1    GFAAS measurements 

For determination of the total amount of deposited gold on the prepared dipstick, the 

dipstick was immersed in 20 mL of freshly prepared aqua regia for 2 h. After complete 

gold dissolution 100 µL of the exact solution and 50 µL HCl were pipetted in a 10 mL 

flask and the flask was filled up with UPW. This solution was then investigated for its 

Au content by graphite furnace atomic absorption spectroscopy (ContrAA® 600, 

Analytik Jena AG, Jena, Germany) using external calibration of Au(III) standard 

solution (CentriPUR® traceable to SRM from NIST H(AuCl4) in HCl 7 %,1000 mg Au 

L−1 Merck, Darmstadt, Germany).  
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7.11.2    TXRF measurements 

Stability of gold nanoparticles on the different dipstick types was investigated by 

washing experiments. For this purpose, a dipstick was immersed in 30 mL of a 

washing solution and shaken on an orbital shaker at 230 rpm for 10 min. As washing 

agents UPW and 0.5 % (v/v) HCl, respectively, were tested. Then, 1 mL of this 

washing solution was filled into a snap-cap tube (1.0 mL micro-centrifuge tubes, VWR 

International, Darmstadt, Germany) and 10 µL of a vanadium standard solution 

(CertiPUR® traceable to SRM from NIST NH4VO3 in HNO3 0.5 mol L-1, 1000 mg L-1, 

Merck, Darmstadt, Germany) were added as internal standard. After thorough mixing, 

10 μL of this solution were pipetted onto a quartz glass carrier. The droplet was 

vaporized by heating the sample carrier to 60 °C on a hot plate before the completely 

dry sample carriers were put into the cassette of the auto-sampler. The measurement 

time was chosen 500 seconds per sample. Each sample was measured three times to 

allow statistical interpretation of the obtained values. The detection limit as stated by 

the producer of the total reflection X-ray fluorescence spectrometer (S2 Picofox, Bruker 

AXS GmbH, Berlin, Germany) is 0.17 μg Au L-1. The results were calculated using the 

Spectra software of the S2 Picofox after a manual element assignment. 

 

7.11.3    SEM measurements 

Gold nanoparticle size distribution on the glass surface was evaluated by scanning 

electron microscopy (SEM, QUANTATM 3D FEG, FEI Company, Hillsboro, USA). 

Conductive silver was applied to the edges of the dipstick to minimize electrostatic 

charge. In order to characterize the as-deposited layer structure on the dipstick surface 

SEM cross-sections were prepared. Therefore, the stick was sputter-coated with 

carbon and platinum. Then, cross-sections with dimensions of 16.5 x 7.0 µm were 

prepared via focused ion beam (Helios NanoLabTM 600, Thermo Fisher Scientific, 

Hillsboro, USA). 
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7.11.4    EDX measurements 

Energy dispersive X-ray analysis (EDX) was used for elemental characterization of 

selected surface areas. Therefore, a section of 2.5 x 2.5 µm was investigated using 

QuantaFM 3D FEG (Thermo Fisher Scientific, Waltham, USA) operated at 5.0 kV 

acceleration voltage and equipped with an Apollo XV SDD EDX detector (EDAX, 

AMETK, Meerbusch, Germany). Elemental mapping was performed for a section of 8.5 

x 7.3 μm, operated at 10 kV. To compensate drift-distortion the dipstick surface was 

sputter-coated with carbon prior to EDX mapping.  

 

7.11.5    XPS measurements 

The elemental composition of the sample surface was determined by X-ray 

photoelectron spectroscopy (XPS) measurements using monochromatized Al Kα 

(1486.6 eV) radiation (PHI 5800 MultiTechnique ESCA System, Physical Electronics). 

A surface spot of 0.8 × 0.8 mm2 was used for analysis. The measurements were done 

with a detection angle of 45°, using pass energies at the analyzer of 50 and 20 eV for 

wide and narrow scanning, respectively. For calibration of binding energy, the C(1s) 

peak was set to 284.8 eV. XPS investigations were performed before and after 

annealing in order to study the presence of amino groups from the APTMS linker. 

 

7.11.6    AFM measurements 

The surface morphology and roughness of gold-coated glass samples were examined 

using atomic force microscopy (AFM Scanner model N9520A, Agilent Technologies, 

Santa Clara, USA), working in constant mode with SiN probes on pyrex glass substrate 

(ORC8 cantilever, Bruker AFM Probes, Camarillo, USA). Typical scanning area was 

5.0 x 5.0 µm. 

 

7.11.7    FTIR studies 

Fourier transform infrared (FTIR) and attenuated total reflection (ATR) measurements 

were performed using VERTEX 70 (Bruker AXS GmbH, Berlin, Germany). To create a 

reference spectrum a few droplets of 10 % (v/v) 3-aminopropyltrimethoxysilane 
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(APTMS, 97 %, Alfa Aesar, Karlsruhe, Germany) in methanol (≥99.8 %, AnalaR 

NORMAPUR® ACS, VWR, Darmstadt, Germany) were pipetted on a KBr pellet and 

were allowed to dry for 60 min prior to FTIR measurement. Furthermore, time-resolved 

in situ ATR-IR measurements of APTMS film formation on silicon surface were 

performed. For this purpose, 10 % (v/v) APTMS solution was pipetted on clean silicon 

waver (prime FZ-Si waver 3 inch, thickness = 380 ± 25 µm, 2-side polished, 

MicroChemicals, Ulm, Germany) and was dried for 30 min at room temperature. 

Afterwards, the functionalized silicon waver was heated at 600 °C for 30 min and was 

allowed to cool down to room temperature prior to an additional ATR-IR measurement. 

FTIR and ATR-IR data were recorded in the spectral range 650 - 4000 cm–1 or 650 - 

3600 cm–1 with a spectral resolution of 0.96 cm–1 or 0.48 cm–1, respectively.  

 

7.11.8    TEM measurements 

For characterization of gold nanoparticles that have been formed in the pores of SiO2 

carrier particles of dipstick type IV-b transmission electron microscopy (TEM) was 

performed using JEM-1400 (Jeol, Peabody, USA). For this purpose, the surface 

coating of a freshly prepared dipstick type IV-b was scraped off from the glass surface 

and immersed in 500 µL ethanol in a micro tube, which was placed in an ultrasonic 

bath (S220 Focused-ultrasonicator, Covaris, Woburn, USA) for 5 min. Then, 10 µL of 

this solution were pipetted on a copper TEM grid (Athene Old 300 G203 57 % 

Transmission, Plano GmbH, Wetzlar) and were allowed to dry in the air for 30 min 

before investigation.  
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8. Applied statistics 

The following equations were used for statistic evaluation of all measurement results. 
 

 Mean value and standard deviation 

Mean value 

Each analyte concentration is measured 𝑛 times with 𝑥𝑖 as value of an individual 

measurement. The mean value �̅� is then calculated from the following equation. 

 

�̅� =
1

𝑛
∑ 𝑥𝑖

𝑛

𝑖=1

 

Standard deviation 

The standard deviation 𝑠 is a measure for the deviation of the individual values from 

the mean value �̅� and are obtained from the following equation. 

 

 

𝑠 = √
∑ (𝑥𝑖 − �̅�𝑛

𝑖=1 )

𝑛 − 1
 

 

 Calibration 

A calibration experiment for both, dipstick and AuNP@SiO2, was performed with the 

optimized flow injection analysis system coupled to atomic fluorescence spectrometry 

using aqueous standard solutions or spiked reference urine solutions. A linear 

regression with the slope 𝑏  and the ordinate intercept 𝑎  is then calculated by the 

minimum squares method. Solving the calibration function for x and applying the mean 

measurement value results in the concentration of an unknown sample. The analytical 

figures of merit are presented in the following section. 

 
Linear regression 

𝑦 = 𝑏𝑥 + 𝑎 

 
Slope of the linear regression 
 
 

𝑏 =
∑ [(𝑥𝑖 − �̅�) ∙ (𝑦𝑖 − �̅�)]𝑁

𝑖=1

∑ (𝑥𝑖 − �̅�)2𝑁
𝑖=1
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Hereby, 𝑁 is the total number of measurements in the calibration experiment; 𝑥𝑖 is the 

concentration value of an individual measurement and 𝑦𝑖  is the signal value of an 

individual measurement. 

  

Ordinate intercept 

 

𝑎 =
∑ 𝑦𝑖 − 𝑏 ∑ 𝑥𝑖

𝑁
𝑖=1

𝑁
𝑖=1

𝑁
 

 
 
 
Residual standard deviation 

The deviation of the individual results 𝑦𝑖  of the ith measurement with respect to the 

linear regression is defined by the residual standard deviation 𝑠𝑦  calculated by the 

following equation. Here, �̂�𝑖  is the ith calculated measurement value of the linear 

regression function and 𝑁𝑐 is the total number of calibration measurements.  

 

𝑠𝑦 = √
∑ (𝑦𝑖 − �̂�𝑖)2𝑁

𝑖=1

𝑁𝑐 − 2
 

 
 
Standard deviation of the procedure 

The standard deviation of the procedure 𝑠𝑥0 describes the performance of an analytical 

method and was calculated form the following equation. 

 

𝑠𝑥0 =
𝑠𝑦

𝑏
 

 
 
Coefficient of variation of the procedure 

The coefficient of variation of the procedure 𝑉𝑥0  was calculated from the following 

equation, where �̅� is the mean of all standard concentrations 𝑥𝑖. 

 

𝑉𝑥0 =
𝑠𝑥0

�̅�
∙ 100(%) 
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Confidence interval 

The confidence interval 𝐶𝐼 of the linear regression was calculated from the following 

equation, where 𝐹 is the table value of the F-test with the statistical safety 𝑃 (𝑓1=2 and 

𝑓2 = 𝑁𝑐–2).  

 

𝐶𝐼 = √2 ∙ 𝐹(𝑃, 𝑓1, 𝑓2) ∙ 𝑠𝑦 ∙ √
1

𝑁𝑐
+

(𝑥𝑖 − �̅�)2

∑ (𝑥𝑖 − �̅�)2𝑁
𝑖=1

 

 
 
Prognosis interval 

The prognosis interval 𝑃𝐼 of the linear regression was calculated from the following 

equation, where the student-t-factor 𝑡 with statistical safety 𝑃 and variance 𝑓 (𝑁𝑐–2) is 

applied to calculate the prognosis interval. The number of future measurements of a 

sample is expressed as 𝑁𝑚 and �̅�𝑚 is the mean value of the future measurements. 

 

 

𝑃𝐼 = 𝑡(𝑃, 𝑓) ∙
𝑠𝑦

𝑏
∙ √

1

𝑁𝑐
+

1

𝑁𝑚
+

(�̅�𝑚 − 𝑦)2

𝑏2 ∑ (𝑥𝑖 − �̅�)2𝑁
𝑖=1

 

 

Uncertainty of the slope 

 

∆𝑏 = 𝑡(𝑃, 𝑓) ∙ 𝑠𝑦 ∙ √
1

∑ (𝑥𝑖 − �̅�)2𝑁𝑐
𝑖=1

 

 

Uncertainty of the intercept 

 

∆𝑎 = 𝑡(𝑃, 𝑓) ∙ 𝑠𝑦 ∙ √
1

𝑁𝑐
+

�̅�2

∑ (𝑥𝑖 − �̅�)2𝑁𝑐
𝑖=1

 

 

Limit of detection 

The limit of detection 𝐿𝑂𝐷 and the limit of quantification 𝐿𝑂𝑄 were calculated with the 

help of the auxiliary value 𝑦𝑐. The value is derived from the ordinate intercept at the 
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upper confidence interval (x = 0) and was calculated by the following equation. 

 

𝑦𝑐 = 𝑎 + 𝑡(𝑃, 𝑓) ∙ 𝑠𝑦 ∙ √
1

𝑁𝑐
+

1

𝑁𝑚
+

�̅�2

∑ (𝑥𝑖 − �̅�)2𝑁𝑐
𝑖=1

 

 

𝐿𝑂𝐷 = 𝑡(𝑃, 𝑓) ∙
𝑠𝑦

𝑏
∙ √

1

𝑁𝑐
+

1

𝑁𝑚
+

(𝑦𝑐 − �̅�)2

𝑏2 ∑ (𝑥𝑖 − �̅�)2𝑁
𝑖=1

 

Limit of quantification 

 

𝐿𝑂𝑄 = 2 ∙ 𝐿𝑂𝐷 

 

 Expanded uncertainty 

In order to prove whether there is a significant difference between the measured value 

𝑐𝑚 and certified value 𝑐𝑐𝑟𝑚, the absolute difference 𝛥𝑚 between both is calculated by 

the following equation. In addition, the combined uncertainty 𝑢𝛥 is calculated from the 

sum of both uncertainties. 

Absolute difference 

𝛥𝑚 = |𝑐𝑚 − 𝑐𝑐𝑟𝑚| 

 

Combined uncertainty 

𝑢𝛥 = √𝑢𝑚
2 + 𝑢𝑐𝑟𝑚

2  

 

The expanded uncertainty U∆ is obtained by multiplication of 𝑢𝛥 by a coverage factor k, 

which is usually equal to 2. The performance of the method is evaluated by comparison 

of U∆ and 𝛥𝑚: 

for 𝛥𝑚:≤ U∆ there is no significant difference between the measurement result and 

the certified value. 
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