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V

Summary

Anthropogenic activities - in particular the combustion of fossil fuel to generate

power for transportation and industrial processes
- are emitting large quantities

of gaseous and particulate pollutants into the atmosphere. These emissions can

have a negative impact on the environment and humans not only in the proximity

of the source but also in remote areas. Both, the chemical and physical properties

of the pollutants are important and can cause adverse health effects as well as

climate effects.

This thesis will focus on two compound classes: Humic-Like Substances (HULIS)

and Polycyclic Aromatic Hydrocarbons (PAHs).

HULIS are by definition a class of compounds with physico-chemial properties

similar to humic and fulvic acids (polarity, organic compounds, acidity, UV/VIS

absorbance, fluorescence, molecular size range). These compounds, if present in

atmospheric aerosols, can possibly influence the radiative forcing by direct or

indirect effects. However, little is known about the specific structures of these

compounds. In this thesis, a new quantification method was developed and the

HULIS fraction of the particular aerosol matter was analyzed. In a first step

the water-soluble HULIS were isolated from other compounds present in ambi¬

ent atmospheric particles by Solid Phase Extraction (SPE) and Size Exclusion

Chromatography (SEC). After separation of the water-soluble HULIS they were

quantified using Evaporative Light Scattering Detection (ELSD). HULIS in am¬

bient particular matter smaller than 1 //m (PM1) was quantified once the analysis

method was established. The measurement campaign at a suburban site close to

Zürich, Switzerland, showed that on average water-soluble HULIS make up 4.9 %

of PM1. This is about 16 % of the organic matter in aerosols.

PAHs, on the other hand, are well characterized and have been studied for many
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years. They are of great interest because many PAHs are carcinogenic, such as

the well known benzo [a] pyrene. Two-Step Laser Mass Spectrometry (L2MS), a

selective and highly sensitive method for aromatic compounds, was applied for

PAH analysis. Four subprojects have been realized using the L2MS technique:

1) The diurnal pattern of PAHs adsorbed on size segregated aerosols were moni¬

tored with a high time resolution of 20 minutes. Using the advantages of L2MS,

urban background measurements showed that meteorological influences are the

strongest on the diurnal pattern of PAHs. The high time resolution revealed that

short term emission events go undetected when sampling over longer periods of

time which are necessary for conventional analysis methods.

2) Particulate matter and also gaseous compounds are precipitated by rain. This

leads to the question if L2MS can be applied to water measurements. PAHs were

successfully extracted from water with a solid PVC membrane. This membrane

then can be directly analyzed with L2MS. The detection limits are in the low

nanogram per liter range. Measuring samples before and after a waste water

treatment plant showed that PAH concentration are successfully removed in the

waste water treatment process.

3) L2MS measurements of meteorites from Antarctica strongly support the hy¬

pothesis that PAHs exist in extraterrestrial matter. Compared to other studies

on contamination of extraterrestrial matter, which did not analyze water from

the stranding surface, we analyzed the water from the immediate vicinity of the

sampled meteorites.

4) The role of carbonaceous particles for the distribution and migration of PAHs

in soils was investigated. Carbonaceous particles have been isolated under the

microscope and analyzed with L2MS. Experiments showed that sample amounts

were too low to provide conclusive evidence. However, soils in general could be

analyzed by L2MS.

The analysis of the environment as a research topic showed the complexity and the

limits posed by the instrumentation available nowadays. However, the application

of top-noch analysis techniques resulted in new knowledge.
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Zusammenfassung

Anthropogene Aktivitäten, vor allem die Verbrennung fossiler Brennstoffe zur

Gewinnung von Energie für den Verkehr und industrielle Prozesse, tragen zur

Umweltverschmutzung bei. Grosse Mengen an gasförmigen und partikulären

Schadstoffen werden dadurch emittiert. Dies verursacht verschiedene schädigende

Wirkungen, und dies nicht nur nahe an den Emissionsquellen, sondern auch in

quellenfernen Gebieten. Die chemischen und physikalischen Eigenschaften der

Emissionen sind von grosser Bedeutung für ihre Auswirkungen.

In dieser Doktorarbeit werden zwei Verbindungsklassen untersucht: Humin-

verwandte Stoffe (Humic-like substances, HULIS) und polyzyklische aromatische

Kohlenwasserstoffe (PAKs).

Auf der einen Seite galt es, trotzt minimem Wissenstand über die struk¬

turelle Zusammensetzung, die HULIS zu quantifizieren. HULIS haben ver¬

gleichbare Eigenschaften (Polarität, organische Verbindungen, UV/VIS Spek¬

trum, Fluoreszenz, Massenbereich) wie Humin- und Fulvinsäuren. Auf Aerosol¬

partikeln können sie den Strahlungshaushalt der Erde durch direkte und indi¬

rekte Effekte mit beeinflussen. Der erste Schritt für eine quantitative Bestim¬

mung ist die Isolation der wasserlöslichen HULIS mittels Festphasen-Extraktion

und Grössenausschluss-Chromatographie. Anschliessend wurde online mit einem

Verdampfungsstreulicht-Detektor quantifiziert. Eine Serie von Feinstaubproben

kleiner als 1 /im (PM1) wurde gemessen. Die Messungen an einem vorstädtischen

Standort ergab im Mittel einen Anteil von 4.9 % wasserlöslicher HULIS in PM1.

Dies entspricht 16 % der organischen Masse von Aerosolen.

Auf der anderen Seite wurden PAKs untersucht, eine Substanzklasse welche

seit vielen Jahren gut erforscht ist. Die Bedeutung der PAKs ist gross, da

viele Verbindungen karzinogene Eigenschaften haben wie z.B. das bekannte
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Benzo[a]pyren. Zwei-Stufen Laser Massenspektrometrie (L2MS), eine selektive

und sehr empfindliche Methode für aromatische Verbundungen wurde für die

PAK Analyse benutzt. Vier Projekte wurden mit dieser Technik durchgeführt:

1) Der Tagesverlauf von grössengetrennten sowie aerosol-gebundenen PAKs wurde

erstmals mit einer 20 minütigen Zeitauflösung in Proben gemessen, die an einem

städtischen Standort gesammelt wurden. Es wurde gezeigt, dass meteorologische

Einflüsse die grössten Effekte auf den Tagesverlauf von PAKs haben. Die hohe

Zeitauflösung konnte zudem klar aufzeigen, dass kurzzeitige Emissions-Ereignisse

mit den üblichen Messmethoden nicht erfasst werden, da grössere Probenmengen

und entsprechend viel längere Sammelzeiten nötig sind.

2) Feinstaub und gasförmige Verbindungen können durch Regen ausgewaschen

werden. Es wurde eine Methode entwickelt, um erstmals wässrige Proben erfol¬

greich mit L2MS zu messen. Die PAKs wurden mit PVC Membranen aus dem

Wasser extrahiert und direkt mit L2MS gemessen. Nachweisgrenzen liegen hierbei

im Nanogramm pro Liter Bereich. Messungen von Abwasserproben vor und nach

einer Kläranlage zeigen wie PAKs erfolgreich abgebaut werden.

3) L2MS Messungen antarktischer Meteoriten unterstützen die Hypothese, dass

PAKs in extraterrestrialer Materie vorhanden sein können. Im Gegensatz zu an¬

deren Studien die keine Eiswasserproben vom Fundort gemessen haben, konnten

wir diese untersuchen.

4) Die Rolle von kohlehaltigen Partikel beim Eintrag von PAKs ins Erd¬

reich wurde mit L2MS untersucht. Kohlenstoffhaltige Partikel wurde unter dem

Mikroskop isoliert und anschliessend gemessen. Die Experimente zeigen, dass die

Probenmengen zu klein waren um schlüssige Indizien zu formulieren.

Diese Arbeit zeigt die Komplexität und somit Grenzen der Umweltanalytik die

mit den heutigen Instrumenten gegeben ist. Durch die erfolgreiche Anwendung

moderner Analysenmethoden konnte dennoch neues Fachwissen gewonnen wer¬

den.



Chapter 1

Introduction

Air pollutants have direct adverse effects on health and environment. With every

breath we take, gases such as nitrogen dioxide and ozone are drawn into our air¬

ways and lungs, along with thousands of fine particles. The smaller the particles

are, the deeper they penetrate into the lung. For human beings, plants and en¬

tire ecosystems pollutants lead to acute symptoms and to a higher susceptibility

to chronic diseases. Finally, air pollution is responsible for indirect costs, which

are not met by the polluter. Particles in the troposphere have been researched

over the last decades, e.g. concerning their physical and chemical properties, their

sources, their formation from chemical reactions in the air and their fates. The

fact that aerosol particles have widespread implications renders research in atmo¬

spheric chemistry a rapidly evolving area. This chapter will give an introduction

to the historical development of aerosol science and then focus on the compounds

that are the topic of this thesis: Humic-like substances (HULIS) and Polycyclic

Aromatic Hydrocarbons (PAHs).
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1.1 Objective of this work

The issues faced by the scientist prior to the 20th century are rather similar to

the current research questions of our century in aerosol science: Where do the at¬

mospheric aerosols come from? What is their spatial and temporal distribution?

What are the physical, chemical and optical properties of aerosols? However, the

answers have varied significantly over time. There is no all-in-one answer to this

questions but a lot of patchwork that needs to be done to get the overall picture.

The objective of this thesis was to find answers for two selected classes of com¬

pounds: Humic-like substances (HULIS) and Polycyclic Aromatic Hydrocarbons

(PAHs).

Although hundreds of single compounds have been identified in aerosols, the

chemical composition of the remaining organic mass of aerosols is still poorly

understood. Less is known about HULIS besides general characteristic informa¬

tion. Several techniques have been applied for the quantification of HULIS but

an appropriate quantification remained difficult, partly due to the lack of appro¬

priate standards. The objective in this thesis was to quantify the HULIS using

a detection technique which is mostly independent of the chemical properties of

the standards and therefore directly depending on mass: Evaporative Light Scat¬

tering Detection (ELSD). The method was developed and successfully applied to

ambient aerosol samples.

For the PAHs, a class of ubiquitous contaminants, the goal was to measure

their temporal variability on aerosols for different particle size fractions. This mea¬

surements were done using Two-Step Laser Mass Spectrometry (L2MS) which is

an extremely powerful tool. Rain acts as a main removal pathway for aerosols and

therefore also for PAHs. The distribution of water-soluble PAHs in rain, river and

waste water is analyzed using again the L2MS technique. In addition, L2MS was

used to answer the question of terrestrial contamination of PAH concentrations in

meteorites. Further, this analysis technique was used for a first approach to esti¬

mate the role of carbonaceous particles in soil on the fate of organic contaminants,

in particular the PAHs. All this measurements demonstrate the capabilities and

flexibility of L2MS to analyze PAHs with high sensitivity in different applications

and environmental compartments.
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1.2 Historical Development and Trends in Aerosol Science

It is a simple fact that atmospheric aerosols have been, presently are and still

will be omnipresent in ambient air with various sizes, forms, composition and

concentrations. The history of air pollution is closely related to the one of aerosol

science. The existence of unpleasant and harmful particles in outdoor and indoor

environments is mentioned in early literature and can even be found in ancient art

[1]. Pollution is typically found in pre-industrial cities where people burn wood

and work at crafts and industry. For example, the Romans complained of the

"foul air" in ancient Rome. Examining human mummies, not only roman but

also egyptian, show a reduction of the pulmonary functional capabilities [2]. In

London for example in the year 1273, serious air pollution led to the prohibition

of coal burning.

Research in aerosol science before the 1900s is considered to be of the preclas-

sical period. In the era of Enlightenment the research was marked by researchers

of many disciplines such as meteorologists but also naturalists, architects, engi¬

neers, and especially geologists. Many theories were generated without particular

effort to back them up. Many great scientists of the time, such as Faraday, Tyn-

dall, Lister, Kelvin, Maxwell and Rayleigh contributed to our understanding of

aerosols.

By the late 1800s theories concerning the origin of atmospheric aerosols were
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Figure 1.1: (a) Photograph made during the great smog days, (b) An in¬

crease of pollutant concentration (a dust, sulfur dioxide) versus the number

of deaths () per day during the smog.
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rectangular bars indicates a range of estimates, guided by the spread in the

published values of the forcings and physical understanding.

starting to be consolidated and systematic observations started. A transition from

theory-driven to observation-based research took place. This was the beginning of

modern atmospheric aerosol science, termed the classical period. It was concluded

that studies should include gaseous substances as well as atmospheric aerosols.

An own research discipline emerged, separated e.g. from the geological sciences.

No lasers, no computers, and no spectroscopic analytical tools were available

during this period until the middle of the 20th century. Of course the science of

atmospheric aerosols as independent discipline still evolved in parallel with the

general evolution in natural sciences.

In the middle of the 20th century negative health effects of industrial aerosols

and dusts started to be recognized [3, 4]. A great smog period occurred in London

in December 1952 (see Figure 1.1). A stable inversion layer during that week in

combination with coal burning for heating produced large amounts of soot and

sulfur dioxide. The smog lasted for five days and resulted in about 4000 more
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Figure 1.3: Interaction and feedback between aerosol sources, composition,
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deaths than usual [5] (see Figure 1.1(b)). Many who died already suffered from

chronic respiratory or cardiovascular problems. In response to the Great London

Smog, the government passed its first Clean Air Act in 1956 [6]. Ezzati et al. [7]

estimated that almost 800'000 deaths are caused each year by urban outdoor air

pollution. For indoor air pollution the numbers are even twice as high. Notable is

that health effects nowadays have been observed already at low pollution levels

[8]. Pollutants that are potentially harmful include particles, nitrogen dioxide,

ozone, sulfur dioxide and volatile organic compounds.

These facts underscore the need for diligence regarding high air pollution that

still exists in many parts of the world. Recognizing the problem of pollution on

the one hand is important. On the other hand, aerosols have a significant im¬

pact on global climate change. The Intergovernmental Panel on Climate Change

(IPCC) which has been established in 1988 and whose role is to assess the risk

of climate change induced by human, list various radiative forcing sources, some

of which yield warming, and some cooling effects. These are shown in Figure 1.2.

From all climate forcing factors, the influence of aerosols is the least understood.

A negative indirect effect of aerosols shown is their effect on the size and number

of cloud droplets. A second indirect effect of aerosols on clouds, is namely their ef¬

fect on cloud lifetime, which would also lead to a negative forcing (is not shown in

this figure). The albedo is influenced by aerosols, e.g. by their composition. Car¬

bonaceous aerosols generated under changing conditions have different absorption

properties. Crucial effects are given by the water solubility, meaning that "soot"

carbon (black), "polymeric" carbon (brown) and "water soluble" carbon (yellow)
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e.g. have different radiative forcing effects.

The interdépendance of atmospheric aerosol composition and various sources

and effects is shown in Figure 1.3 in a simplified scheme. The resulting feedback

loops are of central importance for policy in environmental pollution. Thus a

detailed characterization and understanding of emissions, transmission (physical

transport and chemical transformation), imission (site of impact of pollutants),

and sinks is necessary.

However, the topic of aerosol composition itself is already extremely complex.

Aerosols are defined as a relatively stable suspension of solid or liquid particles

in a gas. Particles, or particulate matter, may be liquid or solid, organic or inor¬

ganic and have diameters in the range of ~ 0.002 - ~ 100 /an. For an overview

of typical aerosol matter and their corresponding size ranges refer to Figure 1.4.

The relative importance to the present mix of compounds of primary (formed by

direct emission) and secondary particles (formed by chemical reactions in the at¬

mosphere) depends on the geographical location and the atmospheric chemistry.

In Switzerland air pollution data is collected by the National Air Pollution Moni¬

toring Network (NABEL) since 1979. The 16 stations are distributed throughout

the country and monitor the pollution at typical locations (e.g. urban, suburban,

residential and rural areas). This data then can be used for modeling, scientific in¬

vestigations, meteorological aspects, atmospheric chemistry studies, and of course

was used for interpretation of data measured in this thesis.

1.3 Humic-Like Substances

Hundreds of organic compounds have been identified in the organic atmospheric

aerosol so far [9], however, together they constitute less than 10-20 % of the or¬

ganic carbon (OC) of urban and rural aerosol [10, 11]. The analysis of extractable

organic fractions so far concentrated on compounds that are accessible to gas

chromatography. Humic-like substances (HULIS), don't belong to the latter.

What are HULIS? For this we will have a closer look on what Humic sub¬

stances (HS) themselves are. HS are ubiquitous natural materials of relatively

high molecular weight (several hundreds to hundred of thousands of Daltons).

They are known to occur in soils, sediments and waters. These compounds are
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OH COOH

HOOC

HOOC

CHCOOH

CH,OH

Figure 1.5: Model structure of fulvic acid by Buffle with a molecular weight

of 638Dalton [15].

formed as products of the chemical and biological transformation of animal and

plant residues [12]. It is estimated that they form 50-90 % of dissolved organic

carbon (DOC) in freshwater systems [13]. This class of compounds play an impor¬

tant role in soil and aquatic chemistry and are therefore studied with great effort;

for reviews see Pavel et al. [13] and Gudrun et al. [12]. However, it seems that

despite the many publications the structure and function of humic substances

are still not well understood. Many papers describe them as "...a complex macro-

molecular group of compounds containing a variety of building blocks and various

functional groups". Studies are found since the end of the 18th century [14]. The

term HS is used to describe the colored material or its fractions obtained on

the basis of solubility characteristics. For clarification of the used terms for the

different classes of HS a short summarizing overview is given:

• Humin - This is the fraction of HS that is not soluble in water at any pH

value. Humins are black in color.

• Humic acid - This is the fraction of HS that is not soluble in water under

acidic conditions (pH<2) but soluble at higher pH values. They are dark

brown to black in color.

• Fulvic acid - This is the fraction of HS that is soluble in water under all

pH conditions. Fulvics are light yellow to yellow-brown in color. A model

structure by Buffle is given in Figure 1.5 [15].

Humic-like substances, the so called HULIS, are humic-like as the name indi¬

cates. This acronym is used in aerosol science for the fraction of organic airborne
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particulate matter with several properties (e.g. acidity, UV-VIS absorbance, flu¬

orescence) similar to HS. They are a major subset of polydisperse and hetero¬

geneous, polar organic matter in aerosols. These "organic macromolecules" have

many functional groups such as acids, alcohols, ketones, organosulfates, amino

acids, aromatic structures, aliphatic chains, etc. Molecular weights up to 500-700

Daltons have been found by mass spectrometry and vapor pressure osmome¬

try with an average molecular weight in the range of roughly 200-300 Dalton

[16, 17, 18]. Graber and Rudich have given a comprehensive review in 2005 [19].

Macromolecules in the atmosphere have been mentioned by Went already in

1960 [20]. His assumption was that the photochemical oxidation of volatile organic

compounds can result in polymers of high carbon content, suggesting an influence

on cloud condensation. In the mid-eighties Ellis et al. [21] found first analytical

evidence for HULIS on airborne matter. He suggested that the bulk of secondary

organic species are rather of high molecular weight, largely nonvolatile and pos¬

sibly polymer-like materials by the application of thermal analysis (evolved gas

analysis). HULIS are not only found in the aerosol but also in fog [22, 16, 18],

but their effect on the cloud-formation process has not been clarified yet.

Havers et al. [23] spectroscopically characterized the HULIS by UV-VIS, FT-

IR and H-NMR showing the similarity to HS. They found alcohols, carboxylic

groups, aliphatic and to a small extent aromatic (sub)structures. The same has

been confirmed by MS/MS measurements by Cappiello et al [24]. Using electro-

spray ionization-ion trap mass spectrometry also organosulfates have been found

[25]. Elemental composition analysis gave an average mole percentage ratio of

C:H:N:0 24:34:1:14 [26] indicating the predominance of oxygenated functional

groups and the low hydrogen to carbon ratio implies the presence of unsaturated

or polyconjugated structures. It has been found that water soluble organic carbon

(WSOC) contain to a large amount polyacids [27, 28]. These compounds give the

possiblity for complexation [29].

Several diverse sources for HULIS are suggested (see also Figure 1.6) and in¬

clude primary terrestrial [30], marine [31], biomass burning [32] and secondary

organic aerosol formation by condensation, reaction or oligomerization [33, 34].

Different mechanisms have been proposed by Mayol-Bracero et al. for HULIS gen¬

eration by biomass burning [32]: (i) Humic matter from soil or leaf litter lofted

during combustion; (ii) chemical transformation of biomass fuel during combus-
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Secondary
Organic

Aerosol formation

(oligomerization)

Resuspended
Terrestrial/Marine

direct emission

recombination/
condensation of

volatile combustion

products products

Biomass

Burning

Figure 1.6: Potential pathways for the origin of HULIS on airborne matter.

tion; (iii) recombination and condensation of volatile, low molecular weight com¬

bustion products. Furthermore photochemical and oxidative processes could pos¬

sibly lead to large molecules in atmospheric particles.

In view of the role of HS in sorption, complexation and solubilization processes

of pollutant organic molecules in soil and aqueous environments, one can antici¬

pate the same possibilities for HULIS in atmospheric particles. Nevertheless, the

reason for the interest in HULIS is less the direct risk for health effects but their

potential force attribution to the global climate effect. This can result in cooling

as well as warming forces as discussed in Figure 1.2. These forces directly de¬

pend on the nature, size and abundance of these compounds. HULIS may affect

aerosol properties, such as their ability to grow to cloud droplets, or their light

absorption. Organic aerosol constituents e.g. can influence the surface tension of

particles, which affects cloud droplet formation. It has been shown that HULIS

have surface tension effects on an aqueous phase [35]. For climate modeling, num¬

bers on the abundance and knowledge on the particular effects of compounds are

crucial. This work will focus on the quantification of HULIS. The quantification of

HULIS so far has been mainly approached by spectroscopic methods. This can be

only an approximation to the true abundance of HULIS compounds. The reason is

that no good standards are available for an accurate calibration. However, HULIS

have been proposed to constitute roughly 20-50 % of WSOC [36, 23], a fairly big

amount of the whole WSOC mass which can influence the cloud condensation

significantly.

From the considerations given above it is of interest to quantify the fraction
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of HULIS in WSOC. This will be addressed in this work.

1.4 Polycyclic Aromatic Hydrocarbons

Polycyclic aromatic hydrocarbons (PAHs), also known as polynuclear aromatic

hydrocarbons, are composed of fused aromatic rings. The resulting structure is

a molecule with all atoms in a plane. These compounds are lipophilic in nature,

are colorless, white or pale yellow solids. Physical and chemical characteristics

of PAHs vary with molecular weight. For instance, PAH resistance to oxidation,

reduction and vaporization increases with increasing molecular weight, whereas

the water solubility of these compounds decreases. As a result, PAHs differ in

their behavior and distribution in the environment, and their effects on biological

systems [37]. Vapor pressure of most PAHs are low, in the range of 10"2-10"8 Pa.

Solely naphthalene, which is easily recognized by its smell (used in moth balls),

is markedly volatile. Solubility in water is low and lies in the range of mg/L to

sub //g/L.

Many PAHs are known or suspected carcinogens. The most prominent is

benzo[a]pyrene. PAH derivatives can even increase in toxicity, e.g. by nitra¬

tion which is known for anthracene, benzo[a]pyrene and perylene [38]. Sixteen

PAHs are termed as "high priority pollutants" by the U.S. Environmental Pro¬

tection Agency (EPA). Their structures are shown in Figure 1.7 and some of their

chemical-physical properties are listed in Table 1.1.

Polycyclic aromatic compounds are formed from both natural and anthro¬

pogenic sources with the latter being the major contributor. Natural sources may

include biosynthesis and natural combustion, e.g. forest fire. PAHs from anthro¬

pogenic sources are formed by incomplete combustion of carbon-containing fuels

such as wood, coal, diesel oil or tobacco. They are even formed when cooking

food. Significant levels of these ubiquitous environmental contaminants are found

in the air we breathe, the food we eat, and the water we drink. Concentrations

can vary largely, depending on time, place and compartment. Typical water con¬

centrations e.g. for individual compounds are in the range of 0.1-10 ng/L. The

tolerance value of drinking water in Switzerland for the sum of benzo [a]pyrene,

fluoranthene, benzo[b]fluoranthene, benzo[k]fluoranthene, benzo[ghi]perylene and

indenofl,2,3-cd]pyrene concentration is 200 ng/L. Air concentrations are in the
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CCk
aphtalêne Acenaphthylene Acenaphthene Fluorene

C10H8
128.2 Da

C12Hg
152.2 Da

C12H10
154.2 Da

C13H10
166.2 Da

Anthracene

C14H10
178.2Da

w /r^\ //

Phenanthrene

C14H10
178.2 Da

Fluoranthene

C16H10
202.3 Da

Vt^J =^J^s

Pyrene

C16H10
202.3 Da

Benz [a] anthracene

C18H12
228.3 Da

Chrysene

C18H12
228.3 Da

Benzo [a] pyrene Benzo [b] fluoranthene

C20H12
252.3 Da

Benzo[k]fluoranthene

C20H12
252.3 Da

Benzo[g,h,i]perylene

C22H12
276.3 Da

Indeno [1,2,3-cd] pyrene

C22H12
276.3 Da

Dibenzo [a,h] anthracene

C22H14
278.4 Da

Figure 1.7: The aromatic structures of the 16 high priority PAHs appointed

by the U.S. Environmental Protection Agency.
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Compound Mol. weight Vap. près. Water solub. Henry const.

[g/mol] [Pa] [g/L] KH

Naphtalene 128.2 11.3 0.032 0.019

Acenaphtylene 152.2 n.a. 0.016 n.a.

Acenaphtene 154.2 0.31 0.0037 0.0052

Fluorene 166.2 0.096 0.0019 8.2E-4

Phenanthrene 178.2 0.022 0.0011 0.0022

Anthracene 178.2 0.001 4.8E-5 0.0015

Fluoranthene 202.3 0.0013 2.2E-4 4.8E-4

Pyrene 202.3 7.9E-4 1.5 E-4 3.7E-4

Benzo[a] anthracene 228.3 2.5E-6 1.0E-7 2.3E-4

Chrysene 228.3 n.a. 2E-5 n.a.

Benzo[b]fluoranthene 252.3 6.7E-7 1.2E-6 n.a.

Benzo [k] fluoranthene 252.3 6.7E-7 5.5E-7 n.a.

Benzo [a] pyrene 252.3 7.0E-5 4.5E-6 1.4E-5

Indeno[l,2,3-cd]pyrene 276.3 1.3E-10 6.2E-7 n.a.

Benzo[g,h,i] perylene 276.3 n.a. 2.6E-7 n.a.

Dibenzo[a,h]anthracene 278.4 1.3E-8 2.5E-6 5.9E-7

Table 1.1: Physical-chemical properties at 25° C for the 16 PAHs of the U.S.

EPA. n.a. not available.

range of 0.1-10 ng/m3. Further literature on PAHs can be found in textbooks

[39, 40].

The chromophore systems of PAHs have absorption bands between 220 and

380 nm with extinction coefficients rising up to 105 1 mol"1 cm"1. It is observed

that larger chromophores tend to shift the absorption towards lower energies. The

ionization potential for these compounds are low in comparison to other organic

compounds and lie between 7.0-8.5 eV. Working at fixed wavelength of e.g. 266

nm in L2MS analysis, which corresponds to 4.4 eV, fits ideally for a soft 2-photon

ionization (see chapter 2.1).
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Chapter 2

Instrumentation

This chapter gives a description of the different techniques used for this work. For

the analysis of Polycyclic Aromatic Hydrocarbons (PAH) a sensitive and selective

method was used: Two-Step Laser Mass Spectrometry (L2MS). The principles as

well as the set-up of the home-built L2MS system are described in detail. Further

a short introduction to size-exclusion chromatography (SEC), which was used

in combination with evaporative light scattering detection (ELSD) for HULIS

quantification, is given.
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2.1 Mass Spectrometry

Mass Spectrometry (MS) is an essential analytical tool used in many disciplines

such as chemistry, biochemistry, medicine and pharmacy. The basic principle of

mass spectrometry is to generate ions from both inorganic or organic compounds

by a suitable method, to separate these ions by their mass-to-charge ratio (m/z)

and to detect them. There are many methods and techniques available. However,

only the home-built system, the Two-Step Laser Mass Spectrometer, which is

extensively used in this thesis, will be discussed below. A comprehensive textbook

on mass spectrometry can be found in [1].

Two-Step Laser Mass Spectrometry

The principle of Two-Step Laser Mass Spectrometry (L2MS) is based on a

desorption step, an ionization step and the ion detection. Molecules from a solid

substrate are first ablated by an IR Laser (Figure 2.1(a)) into the gas phase

(Figure 2.1(b)). In contrast to other methods such as Matrix Assisted Laser Des-

orption/Ionization (MALDI) or Laser Desorption Ionization (LDI) the ablated

molecules are not ionized by this process and remain neutral. The gas phase

molecules then can be selectively ionized by a tunable UV Laser pulse (Figure

2.1(c)). The field of L2MS has been reviewed in 2000 by de Vries [2].

Selectivity and softness of the ionization for selected compounds is a result of

1+1 Resonance-Enhanced Multiphoton Ionization (1+1 REMPI). Three possible

multiphoton ionization mechanisms are described in Figure 2.2. The principle

of 1+1 REMPI, a two-photon ionization, is the following: A gaseous molecule

IR

ABBACABAC

CBAABCBAA

(a)

ABB

C A A

B C A

,\V,
JÄ7TI
BAA |CBAABCBAA

(b)

UV

A+
- A+

C B

BA+

C B

AIP TÄC"
CBAABCBAA

(c)

GND

+V2

+V1

Figure 2.1: Schematic of the L2MS principle: A,B and C are desorbed with

an IR-Laser (a) into the gas phase (b) with a selective ionization of molecules

A (c) by an UV-Laser.
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Energy
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Excited
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State A
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Figure 2.2: Multiphoton ionization mechanisms: (a) 1 + 1 REMPI (b) Frag¬

mentation after absorption of a third photon (c) Non-resonant two-photon

ionization.

absorbes a first photon and is excited from the ground state A to an excited state

A
.
With the absorption of a second photon the internal energy of a molecule

is higher than the ionization potential. An electron is emitted and a positive

ion is generated. The molecules cannot fragment because the small amount of

excess energy after ionization is not enough. UV light e.g. at wavelength 266

nm correspond to a photon energy of 4.4 eV, whereas the ionization potentials

for PAHs are in the range of 7.0-8.5 eV [3]. Fragmentation can still be induced

when using high intensity for the UV laser light. Nevertheless, this mechanism

of ionization is only efficient for molecules which absorb the photons well, in

other words they should have an absorption maxima at this wavelength. This

is true for PAHs, Polychlorinated Biphenyls, biomolecules such as amino acids

or peptides with aromatic side chains, porphyrine, chlorophyll and many other

compounds. A non-resonant two-photon ionization in principle is possible, but

not of importance. Such a process is less likely by several orders of magnitude

than 1+1 REMPI. A more detailed description of REMPI can be found in the

literature [4].

Time-of-flight Mass Spectrometry

The advantage of time-of-flight mass spectrometry (TOF-MS) is the simple

instrumental design. This instruments operate on the principle that when an
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electric field is applied to temporal and spacial well defined ions of differing mass

to charge ratios (m/z) they are accelerated into a field free drift region. The flight

time is measured and depends on the m/z ratio. The kinetic energy Ekm for a

particle with charge z in a field of voltage U is given by

Ekm = Uz = -mv2 (2.1)

Therefore the velocity v of an ion after acceleration is a function of m/z. The

time to fly through the tube is related to the drift length D as following:

D
, ,

t=— (2.2)
v

By combining Eq. 2.1, Eq. 2.2 and measuring the flight time m/z can be

determined as

In practice the instruments are empirically calibrated using compounds of

known mass according to m/z = at2 + b which is derived from Eq. 2.3. In L2MS

usually no multiply charged ions are generated and therefore the mass can be

determined directly.

The relatively low resolution of linear TOF instruments can be improved by

reflectron TOF instruments. In an electrostatic mirror ions are reflected which

increases the flight time. The reflection not only increases the flight time but

also compensates to a certain degree for the different energies per ion from the

desorption/ionization process. Faster ions penetrate deeper into the electrostatic

mirror whereby the path length increases compared to the slower ions of the same

mass. This increases the mass resolution from several 100 (linear TOF) to several

1000 (Reflectron-TOF). The construction of a TOF analyzer has been published

in 1946 by Stephens [5].

Instrumental setup

A schematic setup of the home-built L2MS is shown in Figure 2.3. The in¬

strument and its applications is also described in more detail in the literature
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Figure 2.3: Schematic setup of the main components of the L2MS system.

[6, 7, 8, 9, 10]. The vacuum is generated by two magnetically levitated tur-

bomolecular pumps (Turbovac 340M Leybold, Cologne, Germany) and a fore-

pump (Drytel 31, Alcatel, Annecy, France). All pumps run completely oil-free to

avoid contamination. A stainless steel sample rod, two cm in diameter, is inserted

through a differentially pumped (Varian Tri Scroll, Palo Alto, CA, US) interlock

connected to the main vacuum chamber. The high vacuum is at roughly 10"6 torr

and can be baked out at 150°C.

For the ablation, a C02 laser pulse (Alltec 853, Lübeck, Germany, A=10.6 /mi,

0.6 J/cm2, 107.5 ns) is focused at an angle of 45° towards the surface of the sample.

The intensity and focus of the IR laser can be controlled by an iris and a ZnSe lens

(f = 50 mm). The size of the ablation spot is limited by diffraction to a minimum
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of 40 //m. The diameter of the spot size typically is in the range of a few 100

/an. High heating rates of 108-1010K/s are reached through such a laser pulse

ablating intact neutral molecules. Adjustment of the invisible IR laser is done by

launching an He-Ne laser (red) through a NaCl window which is translucent for

IR light. To overlap the IR and He-Ne laser a thermopaper is used which turns

black upon the absorption of the IR laser energy.

The gaseous neutral molecules are ionized by an optical parametric oscillator

(OPO) laser (MOPO-730D10, Spectra Physics Lasers Inc., Mountain View, CA,

US, 8 ns), which is pumped by an Nd-YAG laser (GCR-230, Spectra Physics

Lasers Inc., Mountain View, CA, US). This UV lasers system can produce wave¬

lengths between 220-340 nm with a frequency of 10 Hz. The laser beam is focused

with a cylindrical lens (f = 250 mm) directly in front of the sample to give an as

small as possible spatial dimension to the ion creation. The intensity is measured

after the exit of the main vacuum chamber with a pyroelectrical power detector

(ED 100, Gentec, Sainte-Foy, Canada) connected to an amplifier (EDX-1, Gen-

tec, Sainte-Foy, Canada) and is adjusted with a CaF2 polarizer mounted on a

motorized rotator.

Ions are extracted and accelerated in a typical Wiley-McLaren set-up [11]. The

repeller plate is set at a potential of about 4400 V. The first of the three extraction

plates is positioned at 5 mm distance from the sample and is set to about 2800

V. It is connected through a 10 Mil resistor to the second plate and through

another 10 Mil resistor to the third plate which is grounded. The ions then pass

between x- and y-deflection plates and through an Einsel lens for ion focusing.

The reflectron TOF (modified D-850, R.M. Jordan Co., Grass Valley, CA, US) is

equipped with a pair of 40 mm microchannel plates (Galileo, Sturbridge, MA, US)

in a chevron configuration. Signals are recorded on a 500 MHz digital oscilloscope

(LeCroy 9350A, Geneva, Switzerland).

During a measurement all components of the L2MS are operated by an in-

house writtten LabVIEW program. The program and procedure to run a L2MS

measurement is described in Appendix B. The 10 Hz clock from the Nd-YAG

laser is used to trigger the IR laser with a delay generator (DG-535, Stanford

research systems, Stanford, CA) resulting in 10-20 ßs delay between the two laser

pulses of ablation and ionization. The sample holder can be rotated automatically

to ablate a new spot on the sample. The mass spectra are normally averaged to
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Figure 2.4: Schematic illustration of the exclusion principle,

get a better signal-to-noise ratio.

2.2 Size-exclusion chromatography

Size-exclusion chromatography (SEC) separates according to the molecular size in

solution. Other known terms for this method are gel permeation, gel filtration or

steric exclusion chromatography. The exclusion principle is schematically shown

in Figure 2.4. The retention is determined by the accessibility of the molecules

to the pores of the stationary phase. Elution order is based on whether or not

the analyte can interact with the pores of the column. Short retention occurs if

the sample is larger than the pore size, maximum retention occurs if the sample

can fully access the pores. Thus molecules are eluted according to size, with the

highest molecular weight eluting first. When used with calibration standards of

known molecular weight it is possible to estimate the molecular mass of com¬

pounds with a similiar structure to the standards. It is important to realize that

SEC does not separate strictly by molecular weight but by molecular size and

shape. For accurate data it is also important to minimize secondary ionic or hy¬

drophobic interactions which will distort the size-separation. A review on SEC

can be found in reference [12].

2.3 Evaporative Light Scattering Detection

Evaporative Light Scattering Detection (ELSD) is an universal detection method

as long as the analyte is less volatile than the eluent and does not decompose

during the mobile-phase evaporation step. The ELSD offers freedom from some
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Figure 2.5: Basic principle of evaporative light scattering detection.

of the limitation of spectroscopic detection because it is independent of the avail¬

ability of chromophors, and is not effected by mobile-phase variations that cause

a baseline drift in gradient elution. A schematic illustration of the detector setup

is given in Figure 2.5. The principle is based on three steps [13, 14, 15]:

• Nebulization - The eluent inlet is connected to a heated nebulizer and

mixed with an incoming nebulizing nitrogen gas stream. Under constant

conditions this produces an uniform dispersion of droplets. The inefficiently

nebulized fraction or larger droplets are drained off.

• Evaporization - The aerosol is introduced into a heated drift tube in

which the mobile phase and other volatile compounds evaporate, leaving

behind a particulate aerosol of the target compound.

• Detection - Light from a light-emitting diode (LED)F which is scattered

by dried particles coming out of the drift tube is detected by a photomul-

tiplier in real time.

The quantity of light detected is dependent on the solute concentration and the

particle size distribution. It is important to maintain steady conditions because

the detection process is affected by the particle size. The detector response varies

with the scattering mechanism (Rayleigh Scattering, Mie Scattering, Reflection,

Refraction). The importance of a specific mechanism depends on the radius of

the particle compared to the wavelength of the incident light. For a large range

of sample sizes, the peak area A is related to the sample mass m by the following

relationship [13]:
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A = amb (2.4)

where a and b are coefficients depending on the chromatographic conditions

which can be determined on a log-log plot in order to have a linear calibration

curve of slope b and axis intercept log a derived from Eq. 2.4:

log A = log a + b log m (2.5)

The sensitivity is limited; it is in the l-50ng/L range compared to the fem-

togram range that is reached by UV and fluorescence. Mineral acids and bases

and nonvolatile buffers or modifiers cannot be used with ELSD. Acceptable exam¬

ples of volatile modifiers are trifluoroacectic acid, ammonium formate, ammoinum

acetate, ammonium carbonate and ammonium hydroxide.

Using the advantage of ELSD by having a detection depending on mass rather

than on spectroscopic properties, it is possible for many analyte classes to create

an universal calibration set from a single analyte to quantify [16, 17]. Kohler et al.

[18] give an example of the various possibilities of applications in pharmaceutical

science.
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Chapter 3

Evaporative light scattering:

Quantification of humic-like

substances

The chemical composition of organic atmospheric aerosols is only poorly under¬

stood. Although a significant fraction of organic aerosols consists of humic-like

substances (HULIS), only little is known about this class of compounds and

accurate quantification remains difficult, partly due to the lack of appropriate

standards. Here, evaporative light scattering detection (ELSD) was applied for

the first time to quantify water-soluble HULIS in aerosol particles smaller than

1 /an. This detection method was shown to be suitable for the quantification

of compounds with unknown structures and lacking appropriate quantification

standards. We showed that UV detection using fulvic acid as surrogate quantifi¬

cation standard underestimates the HULIS concentration by a factor of 1.1 to 2.5.

During a six-week winter 2005/2006 campaign at a suburban site near Zürich,

Switzerland, an average of 1.1 /ig/m3 HULIS was found, which is about 5 % of

the total particle mass smaller 1 /im (PM1) and 16 % of the organic matter in

PM1.

Adapted from:

C. Emmenegger, A. Reinhardt, C. Hiiglin, R. Zenobi, and M. Kalberer, submitted

to Environ. Sei. Technol.
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3.1 Introduction

Hundreds of organic compounds have been identified in organic atmospheric

aerosols so far [1], however, together they constitute less than 10-20 % of the or¬

ganic carbon (OC) of urban and rural aerosol [2, 3]. The unresolved mass can be

partially attributed to bacteria [4], fungal spores [4], proteins [5], cellulose [6] and

humic-like substances (HULIS) [7]. HULIS are a class of compounds with prop¬

erties (acidity, UV/VIS absorbance, fluororescence, molecular size range) similar

to humic substances [8], which are found in water, sediments and soil. The term

HULIS describes a large number of polydisperse, heterogeneous and relatively po¬

lar organic compounds that are water soluble. They have many functional groups

such as acids, alcohols, ketones, organosulfates, nitrogen containing functional

groups, as well as aromatic and aliphatic moitiés. The molecular weight distribu¬

tion of HULIS goes up to 500-700 Dalton as determined by mass spectrometry,

with average masses in the range of roughly 200-300 Dalton [9, 10, 11, 12]. A

comprehensive recent review on HULIS can be found in Graber and Rudich [13].

For separation of HULIS from other organic aerosol components, ultrafiltration

[8], capillary electrophoresis [14, 15], solid-phase extraction (SPE) [7, 16, 17], ion

exchange chromatography [18] reversed phase chromatography [19, 11] and size-

exclusion (SEC) chromatography [10, 12, 15] have been used. Because of the

heterogeneous chemical properties of HULIS the characterization of the HULIS

fraction is often based on the procedures rather than on unambiguous (chemical)

criteria.

The quantification of the water soluble HULIS has been attempted with several

techniques. These analyses have often been adapted from experiences made in

humic substance research [20, 21]. Currently, only very few papers are available

that give quantitative data for HULIS in atmospheric aerosols [7, 8, 22]. In this

study we used the combined strengths of SPE and SEC for an effective separation,

coupled with ELSD and Electrospray Ionization Mass Spectrometry (ESI-MS) for

the quantitative determination of the water-soluble HULIS fraction of aerosols

collected at a suburban site in Switzerland.

In combination with the above mentioned separation techniques, optical de¬

tection methods such as UV [8, 10, 22] or fluorescence [19] are often used. Quan¬

tification with these optical methods requires the use of appropriate standards
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with identical optical properties. Because such standards are not available for

HULIS, compounds with similar absorption properties such as humic or fulvic

acids are used, resulting in large uncertainty. An alternative approach to deter¬

mine the concentration of HULIS was recently presented by Limbeck et al. [7]:

quantification of the total carbon content in HULIS. However, to determine the

total organic mass of HULIS a conversion factor is required which has to be esti¬

mated (1.4 to 2.1 depending on location and season [23]), which again introduces

a large uncertainty.

This paper introduces a detection method which is well known in polymer

analyses but is new to atmospheric aerosol science: Evaporative Light Scattering

Detection (ELSD) [24, 25, 26]. Light scattering detection has the beneficial at¬

tribute of being dependent only on the solute concentration and the particle size

distribution. Quantification of organic compounds with this universal detection

method is independent of the limitations of spectroscopic methods because it is

independent of optical properties such as number and type of chromophors of

the analytes. Furthermore, ELSD quantification is not disturbed by mobile-phase

changes in separation methods, which generally causes a baseline shift for many

detection methods e.g. in gradient elution. The ELSD consists of three steps: 1)

Nebulization of the column effluent with the assistance of a nebulizing nitrogen

gas flow. 2) Evaporation of solvent and modifiers as well as volatile compounds

in a heated drift tube leaving the lower-volatility compounds as aerosols. 3) Light

scattered by the aerosol particles exiting the drift tube is detected by a photomul-

tiplier. It has been shown in the literature that it is possible to use an universal

calibration from a single analyte for quantification [27, 28].

3.2 Experimental Section

Aerosol Sampling

Aerosol particles were sampled in Dübendorf, Switzerland (430 m a.s.l.) be¬

tween December 15, 2005 and January 26, 2006. The location was directly next to

a site of the Swiss National Air Pollution Monitoring Network (NABEL). The sur¬

rounding area of Dübendorf is densely populated, includes industries and heavy

traffic roads within 150 m and highways within 750 m. This location is consid¬

ered a suburban site. Weekly samples of particles smaller than 1 /iin in diameter
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(PM1) were collected. PM1 should largely exclude primary organic aerosol par¬

ticles such as plant debris or resuspended dust, which are mostly found in larger

particle size fractions. The HULIS or high molecular weight compounds studied

here should be mainly associated with secondary organic aerosol mass or primary

combustion particles. Samples were collected on pre-baked (during 8 hours at

800 °C) quartz fiber filters (Schleicher & Schuell, Dassel, Germany) of 150 mm

diameter using an appropriate sampling inlet (PM1 impactor) on a high volume

collector (Model DA 80, Digitel, Hegnau-Volketswil, Switzerland) at a flow rate of

500 1/min. After sampling, filters were stored in a freezer at -20 °C until analysis.

Total particle mass of the samples was determined by weighing the filters before

and after sampling under defined conditions (22 °C, 50 % relative humidity).

Extraction of Aerosol Samples

Due to the detection method used here, ELSD, only solvent and extraction

media with relatively high vapor pressure can be used, because the solvent has to

be evaporated completely within the ELSD evaporator tube. This excludes the

use of inorganic salts during the extraction. Thus the organic aerosol is extracted

with ultrapure water (18 MQ cm specific resistance) obtained with a NANO-

pure reagent-grade water system (Barnstead, Basel, Switzerland), i.e., only the

water-soluble HULIS fraction is quantified in this study. This fraction possibly

influences climate relevant particle properties such as hygroscopicity or cloud

formation activities. In the literature HULIS are also often extracted with alkali

solutions similar to standard procedures for extraction of humic and fulvic acids

from soils [8, 15, 21].

Filters were cut into circular pieces of 5 mm diameter and extracted in water

during 45 minutes in an ultrasonication bath. Then the supernatant was filtered

with 0.45 /iin pore size PVDF filters (Whatman, Clifton, NJ, US) and the filtered

aqueous aerosol extracts were immediately used for the further analysis steps.

Aqueous size-exclusion chromatography (SEC) measurements were performed

with a system consisting of a six-port Rheodyne 7725i sample injection valve,

a Shimadzu System Controller (SCL-10Avp), a Solvent Pump Module (LC-

lOATvp), and a Membrane Degasser (DGU-14A). The SEC column used was

an Ultrahydrogel 120 column (300 mm x7.8 mm, dp = 6 /im, Pore size 120

Â) with a hydroxylated polymethacrylate stationary phase (Waters, Rupperswil,
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Switzerland). For all measurements the eluted compounds were simultaneously

detected by a Shimadzu Dual Lamp Photodiode Array Detector (SPD-M10Avp,

190-800 nm) and an Evaporative Light Scattering Detector (PL-ELS 2100, Poly¬

mer Labs, Darmstadt, Germany). Data acquisition and processing were performed

by VP-Class 5.0 chromatographic software. As eluent, ultrapure water (18 MQ

cm) solutions with volatile additives were used.

For qualitative comparisons, particle extracts were also analyzed with ESI-

MS using a quadrupole time-of-flight MS (Q-ToF Ultima, Waters/Micromass,

Manchester, UK) performed in negative ionization mode with the following set¬

tings: cone voltage 80 V, capillary voltage -2.5 kV, source temperature 125 °C,

desolvatation temperature 250 °C. The software MassLynx V4.0 was used for

data acquisition.

All filter samples were also analyzed for organic and elemental carbon (OC

and EC) using the thermal optical transmittance method (TOT) [29]. The filter

analyses were done with a semi-continuous OC/EC analyzer (Sunset Laboratory

Inc., Tigard OR, USA) operated offline with a laboratory instrument and using

the temperature profile according to the NIOSH protocol [30].

3.3 Results and Discussion

Before quantification, HULIS had to be separated from other water-soluble com¬

pounds in the filter extracts. This was done in two steps, as shown schematically

in Figure 3.1. First, inorganic ions were removed with a solid phase extraction

(SPE) column. Second, low molecular weight and volatile compounds are sep¬

arated from HULIS with SEC and ELSD. The effectiveness of these separation

steps was followed with ELSD and UV (step 1) and ESI-MS (step 2). Experiments

were carried out to verify the optimum set of parameters for the aqueous SEC,

which are important for the size separation as well as for the ELSD detection.

Separation of inorganic ions from HULIS

Because inorganic ions such as sulfate or nitrate cause a signal in the ELSD

they have to be separated from the HULIS prior to detection. Due to secondary

effects on the SEC column, e.g. by electrostatic interaction between analyte and

stationary phase, it was not possible to separate sulfate from HULIS on a SEC
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Figure 3.1: Schematic of the three treatment steps in the HULIS analysis.

After extraction of the filter samples, the two main separation steps are solid

phase extraction (SPE) and size-exclusion chromatography (SEC).

column, in contrast to other inorganic ions such as nitrate (see below). Several

different modifiers were tested at various pH, such as trifluoroacetic acid, formic

acid, acetic acid, ammonium acetate, ammonium carbonate and triethylamine,

at concentrations ranging from 0.01 to 0.1 M, and with different columns (Ul-

trahydrogel 120, Waters; Biobasic SEC 60, Thermo; RP-18 LiChrospher, Merck).

However, it was not possible to successfully separate sulfate from the HULIS re¬

tention time window. A selective precipitation of sulfate was tested by adding

barium hydroxide to a standard mixture of Suwanne River Fulvic Acid (SRFA,

International Humic Substance Society, USA) and sulfate. Although sulfate could

be successfully removed, parts of the SRFA was also precipitated due to the re¬

quired excess of barium. A method introduced and developed by Varga et al.

[16] to isolate water-soluble HULIS from inorganic ions is solid-phase extraction

(SPE) proved to be successful. This method was adapted to meet our experimen-
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tal conditions. SPE DSC-18 columns (Supelco, Bellefonte, PA, US) were cleaned

prior to usage with water and methanol. 0.65 ml of an aqueous HULIS sample

extract, acidified with 20 [A of 0.1 M trifluoroacetic acid to about a pH of 2,

was passed through the C18 column. The column was then rinsed with 0.3 ml

acidic water (pH = 2) and finally the retained organic compounds, the HULIS

fraction, was eluted from the column with 0.5 ml methanol. The effluent (waste

fraction) as well as the eluate (HULIS fraction) were evaporated to drieness in

a rotational vacuum concentrator (RVC 2-18, Christ) at 50 °C and redissolved

in a known amount of pure water depending on the sample concentration. ELSD

measurements of standards (SRFA) confirmed that sulfate is successfully sepa¬

rated from HULIS and found in the effluent only. The overall mass balance for

the SPE procedure of effluent and eluate accounts for 86 ± 12 % (n=7) of the

total mass according to ELSD measurements for the measured ambient samples.

Molecular weight distribution of SPE fractions

The two SPE fractions were analyzed by ESI-MS to determine the molecular

weight distribution of the compounds in these two fractions (see Figure 3.2).

Comparing the effluent (waste fraction) and eluate (HULIS fraction) it is evident

that most of the higher molecular weight compounds are found in the eluate.

The most intense peaks in the eluate are found in the range of m/z 200-500

with highest masses up to m/z 800. In the effluent fraction most peaks are found

below m/z 300 with dominant peaks at m/z 97, 195, 217 and 233. Only a few

isolated peaks are measured above m/z 300. i.e., in the high molecular weight

range. Test experiments with pure sulfate showed that the sulfate monomer at

m/z 97 (HSO4) gives only a weak signal, but dominant peaks are measured for

the deprotonated dimer (H2SO4 HSO^) at m/z 195 as well as the potassium

and sodium adducts of the dimer with an additional loss of a proton at 217 and

233, respectively. These ESI-MS analyses confirm in addition to the ELSD results

that the sulfate remains entirely in the effluent fraction of the SPE (the sulfate

peaks are indicated by arrows in Figure 3.2) and that the vast majority of the

higher molecular weight compounds is found in the eluate fraction. An expanded

view of the mass region between m/z 583-597 is shown in an insert in Figure 3.2.

The effluent shows peaks that have a mass deficiency of about Am = 0.46 Da

compared to the compounds in the eluate. This difference slightly increases with

molecular weight. This consistent mass difference for the two SPE fractions can
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Figure 3.2: ESI-MS in negative mode for both the ( ) effluent (waste frac¬

tion) and the (—) eluate (HULIS) of the SPE. The inset shows the mass

difference due to the different polarity of compounds in these two fractions.

be explained with highly oxidized compounds present in the effluent. 160 has a

mass of 15.9949 Da, which is lower than its nominal mass (i.e., 16 Da) but other

elements (e.g. H) in contrast have a slightly higher exact mass (e.g. 1.0078) than

their respective nominal masses. Thus, a highly oxidized compound has a lower

exact mass than a less oxidized compound with the same nominal mass. During

SPE separation with a C-18 phase it can be expected that very polar compounds

are not retained on the column i.e., ending up in the effluent fraction. However,

as the ESI-MS result also show, these compounds have mostly masses below m/z

300.

SEC Separation

After SPE separation of inorganic ions and small organic compounds, the filter

extracts were separated with a SEC column coupled on-line to ELSD. Typical

SEC-chromatograms, of both UV and ELSD, of an ambient sample are shown in

Figure 3.3. The two chromatograms without SPE fractionation, both from the

same sample extract, show that the UV signal does not correspond to the actual

amount of compounds (i.e., the ELSD signal) present in an unknown compound

mixture, such as the water-soluble fraction of aerosols. For example the peak at

5.9 minutes in the ELSD chromatogram for sulfate cannot be found in the UV.
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Figure 3.3: Chromatogramms with detection by ELSD and UV, showing

that UV detection is not quantitative. The eluate (HULIS) absorbes most

strongly but makes up only a small part of the water soluble compounds.

However, for some compounds, the UV detection is more sensitive compared to

ELSD. Possibly some aromatic compounds elute before 5.0 minutes retention time

as seen in the early increase of the UV signal, when no ELSD signal is measured

yet. The eluate and the effluent of the SPE show the efficient separation of the

low molecular weight organic compounds from 7.5 minutes and later and the

majority of low-molecular weight compounds between 6.0-7.5 minutes, as well

as of inorganic salts, in particular the sulfate at 5.9 minutes and nitrate at 8.5

minutes. The remaining mass of high molecular weight compounds eluting early

in the chromatogram have strong UV absorption, but make up little in absolute

amounts (see ELSD).

Optimum ELSD working conditions for a SEC mobile phase of 0.1 M am¬

monium acetate in water were found using a sheath gas flow of 1.25 L/min and

nebulizer and drift tube temperatures of 60, and 90 °C, respectively. Linear cal¬

ibration was obtained using a SRFA standard with concentrations of 0.1, 0.4, 1,
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and 2 mg/ml.

In an earlier study [10] we used polymethacrylic acid (PMA) and dicarboxylic

acids for size calibration of the SEC column, which showed that compounds

eluting earlier than 5.5 min with our present setup have a molecular weight of

> 250 Da. Among the commercially available water-soluble polymers for size cal¬

ibration, PMA was shown to be chemically most similar to HULIS [10]. However,

in this study on-line ESI-MS measurements of HULIS separated with the SEC

column showed no significant differences of the mass spectra throughout a reten¬

tion time of 5.0 to 7.5 min. Similar molecular weight distributions are measured

throughout this retention time window. It has to be concluded that the compound

mixture present in the eluate of the SPE separation is too complex to achieve a

further size separation with one-dimensional SEC. In the ELSD, compounds with

high volatility are evaporated before detection. At our working conditions many

known low molecular weight compounds which have been identified in aerosols

are excluded adding an additional separation dimension to the total separation

scheme. Table 3.1 lists water soluble compounds which could be excluded either

by ELSD or by SPE. Levoglucosan is excluded because its retention time is 8.6

min (SEC column) and therefore lies beyond the HULIS retention time window.

Phthalic acid was the only compound tested which cannot be excluded with our

methodology.

For these reasons the ELSD signal between 5.0 - 7.5 min was defined as HULIS

and quantified. Concentrations are higher by a factor of 2.8 (for ELSD) and

4.1 (for UV) compared to a quantification using the peak area between 5.0 to

5.5 minutes, which would be selected for a quantification based on the PMA

calibration. The data also shows that the ELSD:UV ratio changes from an average

factor of 1.8 when integrating from 5.0 to 5.5 minutes compared to an average

factor of 1.4 for the integration of 5.0 to 7.5 min. Summer HULIS data (July 15 -

August 3 2005) show similar ratios of 1.9 (integration from 5.0 to 5.5 minutes) and

1.7 (integration of 5.0 to 7.5 min), respectively. This again shows that there are

changing UV absorption properties of compounds eluting at different retention

times. For further discussion the data refers to the integration of the total ELSD

chromatogram (i.e., 5.0 to 7.5 min).
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Compound SPE effluent ELSD loss by evaporation

C1-C6 monocarboxylic acids o

oxalic acid o

succinic acid o

malonic acid o

glutaric acid o

adipic acid o

d,l-malic acid o

4-hydroxybenzoic acid o

citric acid o

d,l-lactic acid o

phenol o

trifluoroacetic acid o

ammoniumnitrate o

ammoniumsulfate o

Table 3.1: Non-exhaustive list of compounds that are excluded by either the

SPE or the ELSD detection technique.

Calibration of ELSD

Four compounds were used to establish a calibration curve for the ELSD: am¬

monium sulfate, polymethacrylic acid with an average molecular weight of 1270

Da (PMA 1270), humic acid (HA, Fluka, Buchs, Switzerland) and SRFA of dif¬

ferent concentrations were measured as shown in Figure 3.4. In Figure 3.4a the

ELSD calibration curves are shown. The peak area (A) is related to the sam¬

ple mass m by the following relationship A = amb, where a and b are coefficients

depending on the chromatographic conditions (25,28). In a log-log plot this trans¬

lates into a linear calibration curve with slope b and intercept log a, according to

log A = log a + b log m. All four calibration compounds result in one single linear

calibration curve regardless of their chemical or optical properties (see Figure

3.4a). In contrast, Figure 3.4b shows the linear calibration curves for PMA1270,

HA and SRFA as measured with UV at 240 nm. Ammonium sulfate was not

detected due to the lack of UV absorbance. The large differences in the slope of

the calibration curves are due to the different UV absorption properties of the

analytes. This comparison between UV and ELSD detection drastically shows the

advantage of ELSD for the quantification of compounds with unknown chemical
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Figure 3.4: Intercomparison of ELSD (a) and UV (b) calibration curves.

ELSD shows a single calibration curve for all selected compounds. UV, on

the other hand, shows strongly changing slopes.

structure. While concentration uncertainties with UV can easily exceed a factor

of 30 (see Figure 3.4b), the uncertainty for ELSD is in the range of 3. The limit of

detection of the ELSD is 0.01mg/mL for SRFA. The relative standard deviation

of ELSD measurements in this configuration for ammoniumsulfate is in the range

of 24 % (n=8).

Ambient Aerosol Samples

In Table 3.2 the data of a campaign in winter 2005/2006 is shown. Six weekly

samples were collected with week 5 being split into two samples, 5a (4.7 days)

and 5b (2.3 days). Samples 4 and 5a were collected during an extremely high

PM1 period which was followed by a period with low PM1 due to strong snowfall

(sample 5b). The high PM period was due to a meteorological situation often

found in the winter in the Swiss lowlands, the build-up of a stable inversion layer,

accumulating air pollutants in a shallow boundary layer. Sample 6 was measured

three times with ELSD resulting in a relative standard deviation of 13 % for the

HULIS quantification.

The water-soluble HULIS concentration determined with ELSD during this

winter period was in the range of 0.46-2.29 /xg/m3. On average, HULIS make up

4.9 % of PM1. The HULIS fraction of PM1 seems to be quite constant over time.

After a snowfall when only fresh particles should be present (sample 5b) there
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Parameter 1 2 3 4 5a 5b 6 0

PMl [/xg/m3] 12.2 17.7 15.6 28.8 42.0 9.0 22.8 21.2

UV [/xg/m3] 0.41 0.56 0.72 1.16 1.73 0.21 1.12 0.84

UV/PM1 [%] 3.4 3.2 4.6 4.0 4.1 2.3 4.9 3.8

ELSD [/xg/m3] 0.46 0.70 0.78 1.40 2.29 0.51 1.27 1.06

ELSD/PM1 [%] 3.8 3.9 5.0 4.9 5.5 5.6 5.5 4.9

ELSD:UV ratio 1.1 1.3 1.1 1.2 1.3 2.5 1.1 1.4

OM [/xg/m3] 3.7 7.2 6.8 11.2 13.0 1.4 9.0 7.5

ELSD/OM [%] 12.5 9.7 11.5 12.5 17.6 35.2 14.1 16.2

Table 3.2: Weekly PMl winter samples collected at a suburban site in

Dübendorf, Switzerland, between December 15, 2005 and January 26, 2006.

Exceptions are samples 5a and 5b which correspond to one week divided

into 5, and 2 days, respectively. The comparison of UV and ELSD HULIS

concentration show that with UV calibration the HULIS concentration is un¬

derestimated by 30 % compared to ELSD.

was no change of the HULIS to PMl ratio compared to aged particles during

the inversion period (samples 4 and 5a). This suggests that HULIS are generated

rather fast in the atmosphere or are emitted directly, e.g., by wood burning. The

ratio of ELSD:UV is varying substantially from 1.1 to 2.5 showing that the optical

properties of HULIS can change whereas their mass concentration stays rather

constant. This emphasizes that optical methods should be used with care for

HULIS quantification.

The experimentally determined organic carbon (OC) was converted to organic

matter (OM) using a factor of 1.9 [31]. OC was measured at least twice per filter

sample with relative standard deviations in the range of 5 %. OM concentrations

in the range of 1.4-13.0 /jg/m3 were determined (see Table 3.2) which is on average

33 % of the PMl mass. HULIS on average make up 16.2 % of the OM. Once again

sample 5b differs remarkably from the other samples. The percentage of HULIS in

OM in sample 5b is roughly doubled and accounts for 35.2 %. This shows again

that the HULIS fraction is chemically different after precipitation. Limbeck et

al. [7] determined the water-soluble HULIS-carbon average percentage of OC to

12.1 %, which is comparable to our results.
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3.4 Conclusions

The ELSD technique for HULIS quantification was shown to be successful. This

detection method allows the use of a standard (SRFA) for calibration and quan¬

tification of structurally unknown compounds such as HULIS. SEC appears to be

insufficient to further separate HULIS into fractions of different molecular weight.

However, combining the power of SPE to exclude inorganic ions and compounds

which remain hydrophylic at pH 2, and ELSD which discriminates against many

low molecular weight compounds due to evaporation, allow to obtain true HULIS

concentration. UV data gives only a small underestimation with a factor in the

range of 1.2. HULIS concentrations have values in the low /jg/m3 range and make

up about 16 % of the whole organic PMl mass. The molecular mass distribution

for the quantified HULIS is in the range of 200-500 Dalton. Future work should

focus on extracting aerosols with organic solvents instead of water, to possibly

find even higher masses, and to quantify these.
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Chapter 4

Analysis of aerosol-bound PAHs

with high time resolution

Polycyclic aromatic hydrocarbons are known for their mutagenic and carcinogenic

properties. They are mainly emitted into the atmosphere by anthropogenic, in¬

complete combustion sources. Their trends over the course of a day are of interest

in air quality management. A new combination of methods has been developed

for the qualitative monitoring of polycyclic aromatic hydrocarbons in ambient

aerosols with high time and size resolution. This has been accomplished by com¬

bining sampling with a rotating drum impactor and the analysis two-step laser

mass spectrometry (L2MS). A validation for this method was carried out. Essen¬

tial features of these combined techniques are (i) continuous, automatic sampling

and (ii) selective as well as sensitive analysis due to the low detection limits

which can be achieved with the L2MS analysis instrument. Analysis of a field

sample taken in downtown Zürich, Switzerland, underlines the usefulness of this

combined method, for example for following diurnal cycles of polycyclic aromatic

hydrocarbons.

Adapted from:

C. Emmenegger, M. Kalberer, V. Samburova, and R. Zenobi, The Analyst, 129,

416-420, 2004.
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4.1 Introduction

Aerosols are of great current interest for a number of reasons. Their contribu¬

tion to air pollution and the health hazards associated with it are of particular

significance. The adverse effect of particles on humans upon breathing and their

possible retention in the lungs are determined by their physical and chemical

properties, and are well documented [1, 2, 3]. Ambient aerosol particles also con¬

tribute to many important atmospheric processes including visibility reduction,

cloud formation, and direct radiative forcing.

An important, ubiquitous class of compounds found in aerosols are polycyclic

aromatic hydrocarbons (PAHs). It is known that many of them have mutagenic

and carcinogenic properties [4, 5]. Fraser et al. [6] showed that for higher molec¬

ular weight PAHs, the concentration in the particle phase is higher than in the

gaseous phase. Typical concentrations for individual compounds in the particle

phase are found to be in the range of 0.1-10 ng m"3 [7, 8]. Their overall abun¬

dance and fraction in aerosols are expected to vary depending on the emission

source, i.e. incomplete combustion from traffic, industrial processes, forest burn¬

ing, cigarette smoke and others [9, 10, 11]. Also, meteorological conditions such

as temperature, precipitation and other compounds present in the atmosphere

play a role, physically or chemically, down to a short time-scale.

The techniques commonly used to determine PAHs in aerosols are chromato¬

graphic methods. Often gas chromatography [12] or liquid chromatography [13]

are used in combination with detection methods such as mass spectrometry or

fluorescence. Collection of comparatively large air volumes on filters, even in pol¬

luted areas and over extended periods of time are usually required. In addition,

the analysis itself requires costly and time consuming sample preparation steps.

Therefore these techniques are not well suited for real-time monitoring of PAHs.

Using a photoelectric aerosol sensor, a technique developed by Burtscher [14],

it was possible to monitor a PAH sum parameter without any further separation

steps and with a time resolution of 1 h [15]. The principle of the photoelectric

aerosol sensor is that an aerosol particle passes through a photoionization region,

where particle-bound PAHs become positively charged. These positively charged

aerosol particles are collected and an electrical current is measured. Dunbar et

al. [15] found that in mixed commercial and residential area in downtown Boston
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PAH levels were higher during the day and evening than early in the night and

generally higher on weekdays than on weekend days.

In this paper we show how two-step laser mass spectrometry (L2MS) can

be applied to this problem of environmental chemical analysis with even higher

time resolution as well as molecular weight specificity. The L2MS technique is

a highly sensitive and optically selective mass spectrometric analysis method,

illustrated by previous work done in our group and elsewhere (a nonexhaustive list

of examples from the L2MS literature is given in references [16, 17, 18, 19, 20, 21].

The field has also been reviewed in 2000 [22]. PAHs can be measured in complex

mixtures such as water [23], sediment particles [21] and aerosols [17]. In the first

step, neutral molecules are desorbed with a pulsed infrared laser. In the second

step, the desorbed molecules are selectively ionized by 1+1 resonance enhanced

multiphoton ionization (1+1 REMPI) using a pulsed ultraviolet laser. Finally the

ions are mass analyzed in a reflectron time-of flight mass spectrometer [24]. This

soft ionization scheme prevents fragmentation of the analytes.

In the past, aerosols measured with L2MS were collected on filters. This limited

the time resolution of the measurement and resulted in a relatively long analysis

time [16, 25]. In this paper we introduce an automatic sampling system which is

able to collect size-segregated aerosol samples on strips of aluminium foil. Sample

collection takes place continuously over periods of up to 3.5 days. In addition, a

new design for a highly compact, vacuum compatible translation stage to move the

sample strip relative to the desorption laser focus is presented. Our requirement

was that this device should be interchangeable with a sample insertion probe

for filter disks that have a diameter of only 20 mm. Due to the dimensions of

the sample strip and space constraints, sample scanning methods using a motor-

driven mirror mount for directing the desorption laser [26] or translation stages

for the x-y translation of the sample plate [27] could not be used. The newly

developed sample translation stage allows aluminium strips to be analyzed with

a minimum time resolution of only 20 min, thus diurnal cycles can be easily

monitored.
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rotating impaction plates

stage A stage B stage C

Figure 4.1: Schematic of the three-stage rotating RDI sampling device.

4.2 Experimental Section

Size segregated sampling

The samples were collected with a three-stage rotating drum impactor (RDI,

Model 3DRUM, Integrity Manufacturing Inc.,Monroe NC, USA) [28] connected

behind an additional impactor which was not analyzed, the latter eliminating

particles larger than 10 mm. Large particles impact on the first stage A (10-1.1

ßrn) while the smaller particles are retained in the following stages, B (1.1-0.3

ßm) and C (0.3-0.1 /mi), respectively (see Figure 4.1). The sample air flow was

18 L min1. Samples are collected on 160 x 12 mm strips of aluminium foil mounted

on the rotating drum plates; the particles are deposited over a width of 10 mm.

The drums rotate continuously with a transport velocity for the aluminium strip

of 1.9 mm h"1, corresponding to a maximum sampling period of 3.5 days. The

aluminium strips are stored after sampling at -20 °C prior to L2MS measurements.

L2MS system

The home-built laser desorption-postionization reflectron-time-of-flight mass

spectrometer used to measure the samples is described in detail elsewhere [29, 30].

In brief, the instrument comprises a sample interlock, a desorption/ionization

chamber and a reflectron time-of-flight mass spectrometer. The CO2 desorption

laser operates at a wavelength of 10.6 ßia (AL 853 MS, Alltec, 0.6 J cm"2, Lübeck,

Germany). The typical fluence settings for the work with aluminium strips are

about 1.5 J cm"2 on an elliptical desorption spot area of about 650 x 1000 pm. The

desorbed neutral molecules are ionized with a 5 ns laser pulse at a wavelength

of 266 nm, the fourth harmonic of a Nd:YAG laser system (GCR-230, Spectra
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Figure 4.2: Schematic of the tip of the newly designed sample

holder/translation stage without the stainless steel rod and the locking cap.

The arrow on the right indicates the rotation direction of the main drift shaft

followed by the axis transmission; the arrow on the left indicates the transport

direction of the aluminum strip.

Physics, Mountain View, CA). Laser energies are kept below 90 mJ per pulse, to

prevent fragmentation. The custom-designed ion source is of the classical Wiley-

McLaren type [31]. As a result of optimizations to yield maximal signal intensities

a delay of 17 ßs between both lasers was found to be best. The ions are mass

analyzed using a reflectron time-of-flight mass spectrometer (R.M. Jordan Co.,

Grass Valley, CA) and detected on a pair of multichannel plates in the chevron

configuration.

Our sample holder was designed to measure flat disks and filter pieces with

a diameter of approximately 10 mm. Flat samples are fixed onto the end of

a stainless steel rod and inserted into the vacuum chamber through a vacuum

interlock. By rotating the rod with a stepper motor, the desorption spot position

could be changed. This simple design does not allow the translation of the sample,

which is required for analyzing the aluminium strips. Thus the sample holder was

redesigned. The principle of a direct rotatable insertion rod remained the same;

only the tip of the rod was modified, as schematically shown in Figure 4.2. The

new elongated head of the probe shown in Figure 4.2 now contains a transmission
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(wheels 1 and 2 in Figure 4.2), resulting in a translational motion of the sample

strips along the indicated directions upon rotation of the axis of the rod. This

new mount is made of polyoxymethylene (POM) for the purpose of electrical

insulation. It can be screwed into a 20 mm diameter rod and is terminated with

stainless steel screw-on cap (not shown in the figure) whose end is flush with

the repeller plate of the time-of-flight ion source. With this new rotation device

the sample foil can be translated, allowing to either average as many shots as

desired or to interrogate a new spot on the aluminium strip for every desorption

laser shot. Software written in LabVIEW (National Instruments, Austin, USA)

was developed for instrument control and automatic data acquisition. For data

evaluation, this software could perform peak picking at predefined m/z values

using a least square/cubic spline fitting algorithm for the data. For representation

of the time dependence for preselected m/z values, a threshold was set (usually

10 mV) to suppress noise.

4.3 Results and Discussion

Method development

The accuracy and ruggedness of this new combination, continuous RDI sam¬

pling on aluminium foil with mass analysis by L2MS, was tested. In earlier L2MS

studies of aerosol particles [17, 16], quartz fiber filters were used that resulted

in a deposition of particles into the depth of the filter material and thus allowed

averaging of many L2MS spectra at any given sample location. Signal averaging

improves the statistics and the signal-to-noise ratio. In the case of the aluminium

strips, it was uncertain whether repetitive laser shots onto the same sample lo¬

cation would give a persistent signal or whether a rapid depletion of adsorbed

organic matter would preclude any signal averaging. This behavior was therefore

investigated first. Results for a stage B sample (1.1-0.3 ßm) collected on campus

are shown in Figure 4.3. Eight series of 15 shot averages on the same sample

location were measured. The signal intensity for m/z 252 is plotted in Figure 4.3

for all eight measurements. An average signal of 0.16 V was found, with a stan¬

dard deviation of ±20 %. No significant signal drop was observed, neither after

the first nor the following shots. This points to a desorption from the volume

formed by the particles themselves, rather than the removal of the particles from



4.3 Results and Discussion 55

0.25-

^ 0.20-1

S, 0.15 H

? 0.10-1
>

0.05

0.00-

7

sample number

Figure 4.3: Signal intensities of m/z 252 of a medium size range (B) sample

collected by the RDI on campus. All 8 measurements are from the same spot.

Each bar shows the average of 15 consecutive shots.

the aluminium surface by the C02 laser. Thus it appears that under these condi¬

tions averaging is possible. Therefore all following experiments represent averaged

signals of 15 mass spectra.

Tests were performed to determine both the achievable time resolution, as

well as the precision of the foil transport system. Samples were collected with

the RDI for 1 h at a fixed position followed by the transport of the foils by 1.15

cm. This was repeated seven times. The sample deposition width in stage A is

visibly determined to be approximately 1 mm. For stages B and C the widths

both are below 0.25 mm. In addition one could observe that the deposition area

has two regions, an inner and outer domain, where as the inner zone shows the

more intense deposition. These samples were then analyzed with the L2MS by

transporting the foil 0.32 mm between two sample positions which is equivalent

to a time span of 10 min for sample collection. The results are shown in Figure

4.4. This experiment showed that in stage A the deposition width given by the

dimensions of the sampling system is within five to seven, in stage B as well as in

stage C within 4 desorption spots. This corresponds to the measured deposition

areas of 1 and 0.25 mm, respectively. The maximum signal intensity is reached

rapidly within one to two shots using 0.32 mm step sizes between the shots. For

continuous sampling the deposition width and the overlapping of the desorption

spots in the analysis procedure determines the time resolution of the resulting

moving average. Thus in stage A the moving average is dominated by the de¬

position width given by the RDI dimensions which lies in the range of 30 min.

In stages B and C the moving average is no longer dominated by the deposition



56 4. Analysis of aerosol-bound PAHs with high time resolution

_

0.30 -,

>

0 0.20-1
a

o 0.10-1
>

0.00-l JU

0

ïï1

40

ïï7

60 100 120 140

shot number

20 160 180 200 220 240

Figure 4.4: Signal intensities of m/z 276 of two consecutive measurements

of an aluminum strip (medium size fraction). The sample deposition time at

one position of the RDI is lh. Analysis was carried out by translating the

sample by 0.32 mm between two shots. The deposition spots themselves are

separated by roughly 1.15 cm. This experiment shows the accuracy of the

new sample transport system for the L2MS measurement.

width, but is determined by the focal diameter of the desorption laser beam. It

is roughly 20 min.

Further, the foil transport system was demonstrated to be quite precise. This

can be clearly observed in Figure 4.4. For this the aluminium foil from stage B

was measured twice and reproducible data was obtained. The two measurements

show that over 7 cm measured a sample spot can be repeatably located, allowing

precise time assignment. One can observe small differences within one to two

shots for the width and onset of the peaks. An important finding is that no shift

occurs for the distance between two laser shots which could distort the time scale.

In addition to the locations of the sample spots, which are well reproduced, the

variability of the signal maxima is on the order of that found for the data shown

in Figure 4.3.

Figure 4.4 also shows that no measurable gas absoption is observed on the alu¬

minium foil. This can be concluded from the fact that there is no signal between

the deposition spots, using a threshold of 10 mV for the data analysis. In envi¬

ronmental studies involving aerosol sampling, artefacts can arise which must be

minimized or eliminated. For example, when using filters for sampling particles,

gas-phase adsorption onto the filter surface can be largely eliminated with a dé¬

nuder placed in front of the filter [32]. The RDI evidently deposits particles onto

the aluminium foil, with no measurable contribution from gas phase compounds.
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Figure 4.5: A characteristic mass spectrum obtained measuring the RDI

size fraction B (1.1-0.3 ßm) sampled on campus in the winter (ETHZ

Hönggerberg, Switzerland, December 8, 2003. This mass spectrum corre¬

sponds to the last peak maximum of the solid line in Figure 4.4

This is a significant finding that was not automatically expected.

A typical mass spectrum from this measurement series is shown in Figure 4.5

A characteristic region of peaks in the range of m/z 160 to 320 is visible. Higher

m/z are discriminated against because the ionization efficiency at 266 nm de¬

creases for larger chromophores, such as coronene at m/z 300. Vice versa, the

same principle applies to lower molecular weight aromatic compounds; moreover,

these are more volatile and expected to exist in the gas phase. The dominant

peaks in the mass spectrum are skeletal PAHs at m/z 178 (anthracene, phenan-

threne), 202 (pyrene, fluoranthene), 228 (benz[a]anthracene, chrysene, and other

isomers), 252 (benzo[a]pyrene, benzo[b]fluoranthene, benzo[k]fluoranthene, and

isomers) and 276 (benzo[ghi]perylene, indenofl,2,3-cd]pyrene, and isomers), re¬

spectively. The inability of L2MS to distinguish between isomers is well docu¬

mented [16, 17, 21]. It is the trade-off for the excellent sensitivity of the method.

Field sample

A field sample in downtown Zürich, Switzerland, was collected over a period

of two days, from 6 pm on Friday, February 28 until 6 pm on Sunday, March 2,

2003, using the RDI. The site is located 500 m south of the main train station

in a courtyard. There is no major road nearby, still there is some lively traffic in

close proximity. Samples are measured with a step width of 0.32 mm by L2MS,

which is equivalent to sampling interval of 10 min. The resulting graph for m/z

252, the molecular weight of the carcinogen benzo [a]pyrene, is plotted in Figure

4.6. Again a threshold of 10 mV was set for the data analysis. One can observe

228

252

J, J

276

,rr:
,
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that the signal intensities are quite different for the three different aerosol sizes

sampled. This fact can also be observed visibly on the aluminium strips. The size

fraction A (10-1.1 ßm) has by far the lowest signal intensities. Over large periods

there is no signal found. On the aluminium strip, particle deposition is almost

invisible. The medium size fraction B (1.1-0.3 ßm) results in a much stronger

particle deposition on the aluminium and shows the most intense signals, followed

by the size fraction C (0.3-0.1 ßm). Both size fractions, B and C, clearly show

a diurnal cycle with maxima during evening and night times. Other dominant

skeletal PAHs, identified by signals at m/z 178, 202, 228, 276 in the mass spectra

follow the same pattern.

The dotted line in Figure 4.6(b) represents a second scan of sample B (1.1-0.3

ßm) which was recorded to assess the repeatability. In general the overall signal

intensity is weaker than in the first scan, by a factor of about one to four. This is a

greater deviation than the one found in the experiment shown in Figure 4.3. One

must, however, consider that for this measurement the desorption laser no longer

interrogates the exact same trace along the length of the aluminium strip, which

accounts for part of the deviation. Nevertheless, the pattern is still very similar

to the first scan. Finally, Figure 4.6 shows the mass concentration of particles

with an aerodynamic diameter smaller than 10 mm (PM10) in the ambient air

which was monitored simultaneously by the National Air Pollution Monitoring

Network (NABEL, Switzerland) next to our sampling site, using a betameter (FH

62 I-R). For visual comparison, this data is added to all three panels in Figure

4.6. The pattern of size fraction B (1.1-0.3 ßm) correlate very well this data;

the correlation with size fraction C (0.3-0.1 ßm) is still relative good. The good

correlation of our data with the PM10 measurement gives additional credibility

to the RDI-L2MS method for time-resolved environmental monitoring.

Data from a one month measurement campaign with detailed data analysis

for the aerosol sizes 1.1-0.3 ßm and 0.3-0.1 ßm is currently being evaluated and

will be presented together with meteorological data in a subsequent paper.

4.4 Conclusions

We investigated a novel combination of continuous aerosol sampling using the

RDI technique combined with L2MS. This hyphenated technique has been devel-
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Figure 4.6: Two-day measurement of the signal intensity of m/z 252 of all

three aerosol size fractions, starting at the top with A (10-1.l//m), B (1.1-

0.3 ßm), C (0.3-0.1 ßm). A second scan was taken for size fraction B. PM10

data is added to each of the graphs for visual comparison. Samples were taken

in March 2003 in downtown Zürich, Switzerland. (-) m/z 252 (•••) m/z 252

2nd scan size fraction B (a) PM10.

oped for monitoring PAHs in the ambient atmosphere. The results of the tests

performed demonstrate that L2MS can be successfully applied for the time re¬

solved analysis of polycyclic aromatic compounds in aerosol samples. The mea¬

surements of ambient air collected continuously on aluminium foil strips require

no sample preparation at all. Both the sampling and measurement processes were

automated. With the exception of the coarse size fraction A, the analysis clearly

shows qualitative changes of individual m/z peaks, with a time resolution down

to 20 min. This opens up new ways for environmental monitoring with high sen-
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sitivity as well as size, time, and molecular weight resolution, but with reasonable

experimental effort.
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Chapter 5

Field measurements of

aerosol-bound PAHs

Polycyclic aromatic hydrocarbons (PAHs) are an ubiquitous class of compounds

in the environment, mostly generated by anthropogenic processes. High time res¬

olution measurements are necessary to gain further knowledge on the fate and

diurnal pattern of these often carcinogenic and mutagenic compounds in the

atmosphere. It is expected to find a strong correlation of the PAH levels with

the strength and proximity to sources, as well as with meteorological parame¬

ters. To determine the fate of particle bound PAHs, they were sampled in this

study at an urban background site in Zürich, Switzerland, during summer 2002

and winter 2003. Particle-bound PAHs were collected with a rotating drum im¬

pactor and subsequently analyzed with two-step laser mass spectrometry. Using

this combination of sampling and measurement, size-segregated (10-1.1, 1.1-0.3,

and 0.3-0.1 ßm) and high time resolution (20 min) data were obtained. The pro¬

nounced diurnal cycle (with day/ night ratios of 0.1) was only altered during

intensive atmospheric mixing periods (resulting in day/night ratios of up to 8)

by cleaner air from upper atmospheric layers which was mixed into the boundary

layer. During summer, signal intensities due to particle-bound PAHs were about

a factor of 2-10 lower than during winter.

Adapted from:

C. Emmenegger, M. Kalberer, V. Samburova, and R. Zenobi, Environ. Sei. Tech¬

nol. 39, 4213-4219, 2005.
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5.1 Introduction

Anthropogenic activities, in particular the combustion of fossil fuel, emit large

quantities of gaseous or particle-bound polycyclic aromatic hydrocarbons (PAHs).

Most of the toxic PAHs are larger low-volatility PAHs, which are mainly found

in the particle phase. Known incomplete combustion sources for polyaromatic

compounds include traffic, residential heating, wood fires, industrial processes,

cigarettes, cooking, and biomass burning [1]. Due to the diversity of the differ¬

ent sources which emit PAHs, it is expected that concentration and composition

changes could take place on a short time scale. However, typical concentrations

for individual PAHs are in the range of 0.1-5 ng/m3 [2], and these low concentra¬

tion levels often lead to long sampling periods of many hours so that short-term

changes cannot be detected. Standard methods for the analysis of PAHs use

chromatographic methods. Most common is the use of GC [3, 4] and HPLC [5, 6]

combined with mass spectrometry and fluorescence detection, respectively.

Information on compounds obtained with high time resolution as well as size-

resolved analysis is important for understanding the atmospheric fate of PAHs.

Size-segregated measurements of the PAH distribution on aerosol particles have

been done by other authors [7, 8, 9, 10]. PAHs are mainly generated by combus¬

tion sources, which emit mainly fine particles. Therefore, in urban samples, the

high molecular weight PAHs (> m/z 228) were mostly associated with fine parti¬

cles rather than with coarse particles. In rural areas, however, PAHs are found to

be evenly distributed over the whole particle size range. Allen et al. [8] propose

slow mass transfer by vaporization and condensation to explain this PAH par¬

titioning among aerosol size fractions. Time-resolved PAH measurements using

GC or HPLC methods require the collection of large air volumes on filters. This

restricts the time resolution, even at polluted urban sites. Typical sampling du¬

ration using filters to measure these low concentration compounds with standard

methods are 12-24 h, which makes it difficult to follow changes on a short time

scale. Therefore, standard techniques are not well suited for realtime monitoring

of PAHs but are used for long-term studies on seasonal patterns [11, 12]. Dun¬

bar et al. [13] measured sum PAH levels with a time resolution of 1 h using a

photoelectric aerosol sensor (PAS), a technique which Burtscher et al. developed

[14].
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In this study, samples of airborne particulate matter collected in Zürich, a

city located in the northern part of Switzerland, will be discussed. Using a newly

developed method, which combines time-resolved and size-segregated sampling

using a rotating drum impactor with two-step laser mass spectrometry (L2MS)

analysis [15], PAHs levels were monitored for aerosol sizes 10-1.1, 1.1-0.3, and

0.3-0.1 ßm with a time resolution of 20 min.

5.2 Experimental Section

Sampling

The aerosol particle sampling during Aug 16-24, 2002 and from Feb 25 to

Mar 24, 2003 was carried out in the city of Zürich, Switzerland (47°22'42" N,

8°31'52" E, 410 m above sea level), next to a station of the Swiss National Air

Pollution Monitoring Network (NABEL). The site is located 500 m south of the

main train station in a courtyard. It is surrounded in the immediate vicinity

by roads with rather low traffic as well as apartment buildings, small businesses,

and shops and is considered an "urban background" site. Aerosol particle samples

were collected on aluminum foil stripes (16 xl.2 cm) mounted on the drums of

a three-stage rotating drum impactor (RDI, Model 3DRUM, Integrity Manufac¬

turing Inc., Monroe, NC). The flow rate was set to 18 L min"1. The drums rotate

continuously with an overall sampling period of 3.5 days/(aluminum stripe). The

RDI was connected with a PM 10 head, eliminating particles larger than 10 ßm.

After sampling, the aluminum stripes were packed in aluminum foil and airtight

plastic bags and stored at -20 °C prior to analysis. The samples can be measured

directly by L2MS from the aluminum stripes so that no sample preparation is

necessary for the analysis.

In addition, particle size distributions between 13 and 780 nm were measured

with a scanning mobility particle sizer (DMA 3071A/CPC 3022, TSI, Minnesota).

Furthermore PM10, gaseous and meteorological parameters, such as ozone, ni¬

trogen oxide, nitrogen dioxide, volatile organic compounds (VOCs), global ir-

radiance, temperature, wind, and precipitation, are routinely determined at the

NABEL station at the same sampling site and were provided by the Swiss Federal

Laboratories for Materials Testing and Research (EMPA), Dübendorf, Switzer¬

land.
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Sample Analysis

Samples were analyzed using two-step laser mass spectrometry (L2MS). The

L2MS technique is a highly sensitive and optically selective mass spectrometric

analysis method for PAHs [16, 17, 18, 19, 20]. In a first step, vaporization of

neutral molecules from a solid sample is performed with an infrared laser (C02

laser) at an irradiance below the threshold of ion formation. A second laser, a

Nd:YAG laser is fired shortly after to postionize the vaporized species. The sec¬

ond laser works at its fourth harmonic (266 nm), and molecular species absorb¬

ing two photons are ionized by 1+1 resonance-enhanced multiphoton ionization

(1+1 REMPI). Finally the ions are accelerated into a reflectron time-of flight

mass spectrometer for mass analysis (mass resolution, 1200; mass accuracy = 0.3

Da with 2-point external calibration). The detailed instrumental setup and oper¬

ating parameters of this home-built instrument are described elsewhere [15]. In

brief, a 16 cm long aerosol-loaded aluminum stripe is mounted on a custom-made

conveyerbelt-type sample holder which can translate the foil in a well defined

manner by a stepper motor. This allows the interrogation of a new spot on the

aluminum stripe collecting mass spectra every 320 ßm along the deposited parti¬

cles. The overlap of the desorption spots on the RDI traces determines the time

resolution of the resulting moving average, which translates to a 20 min time

resolution for the entire sampling period of about 1 month duration. On the basis

of previous experiments [15] combining RDI sampling with L2MS analysis, we as¬

sume that the laser desorption removes a constant fraction of the total deposited

particle mass and is not sampling the total deposited aerosol mass. Also, the

desorption efficiency is not expected to vary significantly between the different

size ranges, unless the aerosol composition changes dramatically, something one

would only expect for coarse particles, which are not analyzed here. Thus, signal

intensities correspond to a "mass normalized" signal, equal to PAH concentration

per particle mass. In the remainder of the text we will use exclusively the term

"signal intensity". A LabView program was written to control the measurement

process as well as to extract the interesting m/z values of the large data set.

Combining continuous, automated RDI sampling for particle size classes 1.1-

0.3 and 0.3-0.1 ßm with the sensitive L2MS analysis technique resulted in a time

resolution and sensitivity which is several orders of magnitudes higher than can

be reached with other techniques.
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Figure 5.1: Characteristic mass spectrum obtained by measuring the aerosol

size fraction 1-0.3 ßm, sampled during the winter campaign (Kaserne, Zürich,

Switzerland, March 7, 22:00 CET, 2003.)

5.3 Results and Discussion

We will first discuss the L2MS mass spectra for a selected subset of PAHs and

then compare the data time series with chemical and meteorological parameters

provided by the NABEL monitoring program.

Aromatic Compounds Detected

Typically aerosol mass spectra obtained by L2MS show a characteristic re¬

gion of peaks in the range of m/z 160-320 (see Figure 5.1). This distribution

primarily originates from the ionization efficiency, which varies from compound

to compound. Generally a hypsochromic shift of the S0 <— «Si absorption band is

observed for larger chromophore systems [21]. Therefore, higher and lower molec¬

ular weight PAHs, respectively, are discriminated against because of the change

in ionization efficiency at a wavelength of 266 nm. In addition, the lower molecu¬

lar weight PAHs are more volatile and expected to exist mainly in the gas phase.

No fragmentation is observed, as can be seen from the absence of peaks in the

lower part of the mass spectrum. A limitation of this analysis technique is the

inability to distinguish between isomers, which is well documented [19, 22, 23].

The dominant peaks in the spectrum are skeletal PAHs such as m/z 178, 202,

228, 252, and 276. During high air pollution periods, compounds up to m/z 376

could be detected, m/z 165 suggests a N-containing compound, not a fragment

of m/z 166 (e.g., fluorene). The sensitivity of L2MS for certain N-containing het-

erocycles is very high, as shown by the detection of cigarette smoke markers in

an earlier study by our group on cigarette smoke [24]. For possible assignments
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m/z possible identities of ions at a given m/z

128.2 naphthalene

152.2 acenaphtylene

154.2 not present, although EPA pollutant

166.2 fluorene

178.2 anthracene, phenanthrene

192.2, 206.3, 220.5, 234.5 C1-C4 alkylated of m/z 178 PAHs

194.2, 208.3 C2, C3 alkylated of m/z 166 PAHs,

9-phenanthrol

202.3 fluoranthene, pyrene

216.2, 230.4, 244.3 C1-C3 alkylated of m/z 202 PAHs

226.3 cyclopenta [cd]pyrene

242.4, 256.4 Cl, C2 alkylated of m/z 228 PAHs

252.3 benzo [b] fluoranthene, benzo [a] pyrene, ben-

zo[k]fluoranthene, benzo[e]pyrene, perylene

266.4, 280.5, 294.4 C1-C3 alkylated of m/z 252

276.3 indeno[1,2,3-cd]pyrene, benzo[ghijperylene

278.3 dibenzo[a,h] anthracene

300.4 coronene

302.4 six-ring C24H14

304.5 C2 alkylated of m/z 276

118.3, 132.2, 146.3, 160.6, 182.2, 310.8 cigarette smoke indicators [24]

165.3, 218.6, 266.5, 326.6, 350.5, 376.5 further dominant peaks

Table 5.1: Suggested assignment of m/z ratios to possible aromatic com¬

pounds

see Table 5.1.

The spectra show that there are more than 80 other polycyclic aromatic com¬

pounds present in the aerosol, in contrast to the only 16 PAHs declared as high-

priority pollutants by the U.S. Environmental Protection Agency (EPA). Most

studies analyzing PAHs in environmental samples concentrate on these 16 PAHs,

neglecting the vast majority of polycyclic aromatic compounds. Compared to the

entire mass spectrum obtained from the L2MS analysis, the EPA priority pollu¬

tants make up only a small fraction, about 8-17 % in terms of signal intensity.

Using GC-MS, Lee et al. [25] found over 100 polycyclics including alkylated com¬

pounds. Many other compounds from different subclasses can be found in the

L2MS mass spectra (see Table 5.1).

Besides the skeletal PAHs, alkylated series of PAHs, e.g. C1-C3 alkylated
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compounds of many skeletal PAHs are detected. Additionally we detect polycyclic

aromatic compounds at masses higher than 300 corresponding to six- and seven

ring PAH compounds. Many of the six-membered-ring C24H14 isomers have been

reported to be even more mutagenic than benzo [a] pyrene [26].

In an attempt to assign some hitherto unknown signals in the L2MS spectra,

a few oxygenated PAHs were included in this study. L2MS spectra of oxygenated

PAH are practically absent in the literature. Spectra of a few commercially avail¬

able oxy-PAHs were measured to determine their relative ionization efficiency and

their potential fragmentation pattern. We analyzed pure keto, quinones, and alde¬

hyde compounds including anthrone, anthraquinone, 9,10-phenanthrenequinone,

anthracene-9-carboxaldehyde, and 1-pyrenecarboxaldehyde but did not find any

significant signal, neither at their parent m/z nor at the m/z of the correspond¬

ing skeletal PAH. Also, no fragments were detected. A weak signal was found

for anthraquinone. The ratio to an internal standard (diisopropylnaphthalene,

DIPN) is 0.05. This is weak compared to 2.6 for the ratio of pyrene/ DIPN or 4.8

for the phenanthrene/DIPN ratio. The alcohol 9-phenanthrol gave a significant

relative signal intensity of 0.2. We propose from these experiments that in our

measurements the detectable oxy-PAHs fraction is negligible.

Time Series/Size Segregation

An overview of the winter sampling campaign for Feb 25 to Mar 24, 2003 for

m/z 252, the mass of benzo [a] pyrene, for the size ranges 10-1.1, 1.1-0.3, and 0.3-

0.1 ßm, is shown in Figure 5.2(a)-(c). Because of the very low signal intensities

measured for the coarse particle size fraction 10-1.1 ßm (by more than a factor of

40), only a few segments were recorded for comparison (see Figure 5.2(a)). In the

discussion below only the size fractions 1.1-0.3 and 0.3-0.1 ßm are considered. The

average signal intensities for m/z 252 and most other masses are higher by roughly

a factor of 2 in the 0.3-1.1 ßm size fraction compared to the smaller size fraction.

This means that there are more PAHs per particle mass in this size fraction.

Although we cannot completely exclude that compositional changes affect the

desorption efficiency, this it is not expected to have a significant influence for

the present measurements. Allen et al. [8] found that, in urban samples, the

PAHs were distributed among the aerosol size fractions on the basis of their

molecular weight, with higher molecular weight PAHs associated more with the

fine aerosol fraction (< 2 ßm). In rural samples these authors found that low and
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Figure 5.2: Data from 1 month for m/z 252 for the size fractions 10-1.1 (a),

1.1-0.3 (b), and 0.3-0.1 ßm (c). Samples are collected in February/March 2003

in downtown Zürich, Switzerland. The intensity varies strongly from day to

day for m/z 252 as well as PM10 (d).

high molecular weight PAHs were distributed evenly over the fine and coarse size

fraction. The "urban background" measurements in Zürich show that low as well

as high molecular PAHs are balanced in the two size ranges 1.1-0.3 and 0.3-0.1 ßm,

more resembling the rural site measurements of Allen et al. The relative intensities

of the PAH to each other remain similar over time. The primary emissions are

"balanced" out, probably by vaporization and condensation processes, and both

fractions show the same diurnal pattern with their corresponding intensities.

Strong daily variation of the signal intensities in both size fractions is observed.

One of the most remarkable features in the time series shown in Figure 5.2 is

the sharp signal intensity changes that occur daily. In the size fraction 1.1-0.3

ßm the PAH signal intensities typically increased by a factor of 6 within 3-5 h.
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Figure 5.3: From the winter campaign, a 2.5 day section of size fraction

0.3-1 ßm. Throughout the whole mass range (shown here are the m/z of 128,

152, 166, 178, 202, 228, 252, and 276) a similar daily pattern is observed with

maxima during the night. Samples were taken in March 2003 in downtown

Zürich, Switzerland.

The smaller size fraction 0.3-0.1 ßm is very similar; occasionally the intensity is

slightly weaker and at times with some maxima shifted (e.g. March 8). Often

very sudden changes were observed as the PAH signal intensities change within

short time periods (about 0.5 h) by a factor of up to five. As an example, in the

night of the February 27, we can find a high intensity in the small size fraction

(0.3-0.1 ßm) at 5:00 AM followed by a valley where the minimum is reached

again within 30 min followed by a another maximum also reached within this

time span. These sharp intensity changes are sometimes correlated with other

data such as PM10 or ozone, indicating that meteorological changes are the most

likely reason for these concentration changes. Other sharp and often short term,

high-concentration events (e.g. March 7; see Figure 5.2(b),(c)) do not coincide

with changes of other parameters. These events might be due to short-term,

single-emission events, for example passing of a heavy-duty truck in the vicinity.
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Figure 5.4: Scatter plot for the data set of size fraction 1-0.3 ßm for m/z

302 against m/z 202 and 276, respectively. For m/z 202 at about 0.5 V there

is a sharp bend found breaking the approximately linear correlation which is

found for m/z 276.

If we would look at the 24 h daily mean values of the data set, such spikes,

which are on average a factor 2.7 higher (calculated for size fraction 1.1-0.3 ßm),

are lost. This illustrates that with conventional analysis methods most of the

highly dynamic concentration changes of PAHs in an urban environment remain

undetected due to the much longer sampling times needed.

During the second half of February the highest PM10 values for this monitoring

site were detected since 1997 (see Figure 5.2(d)). At the same time, remarkably

intense mass spectra were found, which are shown in Figure 5.2(b),(c) for m/z

252. This means that the particle-bound PAH concentrations during this period

must have been a lot higher than usual: we observed both elevated amounts of

particles and a higher PAH signal intensity. For eight different m/z (128, 152,

166, 178, 202, 228, 252, and 276) corresponding to skeletal PAHs masses (see

Table 5.1), evenly spread over the whole mass range of PAHs, a 2.5 day section

is plotted in Figure 5.3.

As mentioned earlier, the variations of signal intensities are similar for all eight

m/z. The small PAHs (m/z 128, 152, 166) show weak signals, partially below the

detection for these high-volatility PAHs, which are mostly found in the gas phase.

Still, one can identify the same daily pattern as for the higher molecular weight

PAHs.

Scatter plots of a volatile PAH, m/z 202, and a less volatile PAH, i.e., m/z 276,
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both plotted against very low volatility PAH (m/z 302) are shown in Figure 5.4.

While m/z 276 is linearly correlated withm/z 302 over the whole range (Figure

5.4(b)), m/z 202 shows a distinctively steeper slope of the correlation at higher

signal intensities, as indicated with the linear regression in Figure 5.4(a). All the

data points with increasing m/z 202 but almost constant m/z 302 were measured

during the high PM10 period at night times. PM10 concentrations during this

period are up to two times higher than during the rest of the measurement cam¬

paign. The gas/particle partitioning models developed by Pankow and Bidleman

[27] show clearly that high-volatility PAH react more pronounced to higher PM10

values than low-volatility PAH, which are at all PM10 conditions predominantly

in the particle phase. In our data set we can observe an increase of this effect

when going to lower molecular weight PAH in a scatter plot against m/z 302.

In the following, the data will be compared with the results of ambient PAH

measurements by other authors concerning relative changes. To have comparable

relative values the signal intensities obtained from the 1.1-0.3 and 0.3-0.1 ßm size

ranges of the RDI were multiplied with the corresponding particle volume mea¬

sured with the scanning mobility particle sizer (SMPS). Multiplying the signal

intensity S (proportional to concentrations in mg/g) with the SMPS readings (in

g/m3) gives a value in ng/m3 which can be compared to data in the literature.

The SMPS only covers the aerosol size range up to 740 nm. We do not expect

the distribution to vary significantly in the range of 740-1000 nm in our mea¬

surements, based on optical particle counting data from a longterm study in the

years 2001/2002 in the Zürich area [28]. In our study, we did not find a significant

weekday-weekend behavior. We mainly found high intensities during evening and

night times. Elevated amounts for about 50 % of the nights were found, which

gives day/night (D/N) ratios smaller than 1 with ratios down to 0.1. In some

cases, the day values were found to be higher than night values with ratios up to

8. Lee et al. [5] found ratios in the range of 0.5-1.5. In contrast, other groups pri¬

marily found elevated day values with D/N ratios in the range of 1-5 [16, 12, 29].

When looking at the relative intensity changes from winter to summer, a trend

with comparable ratios for many measurement campaigns [9, 11, 12, 30] was found

in the range of 2-10, comparing well with our results. Measurements in downtown

Zürich using a PAS by the Umwelt- und Gesundheitsschutz Zürich (UGZ) in the

years 2000/2001 in a residential area with low traffic show a winter-summer ratio
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of 7 [31]. There are several reasons for the higher particulate PAH levels in winter

compared to summer: higher emissions during winter (e.g. residential heating)

and temperature dependence of the gas/particle partitioning of PAHs, resulting

in a higher fraction of PAHs per particle. Since the temperature during the winter

sampling period was about 15 °C lower than in the summer period, the tempera¬

ture difference explains part of the increased winter concentrations. In addition,

chemical reaction rates of the compounds due to the lower temperature and the

smaller oxidant concentrations (e.g. O3, OH) in winter cause a slower chemical

removal of these compounds. Ozone, for example, had maxima in the range of

90-140 /ig/m3 in August 2002 compared to the winter maxima which were in the

range of 70-90 /xg/m3.

Continuous PM10 measurements at the sampling site also show elevated values

in the winter and lower values in the summer with diurnal cycles similar to PAHs,

as shown in Figure 5.2(d). Since PM10 and PAHs have partially different sources,

this illustrates the dominating influence of meteorological processes on the con¬

centration profiles of atmospheric constituents. High PM10 concentrations in the

winter occur because of weak-wind and high-pressure weather conditions with a

pronounced temperature inversion. Inversion is often found in the winter, build¬

ing up an atmospheric boundary layer which undergoes little vertical exchange of

air and therefore accumulates the emitted particular mass. The inversion layers

during winter times, especially the strong inversion period at the end of February

2003, are confirmed by the potential temperature gradients between the sampling

location and a station close to Zürich but at 1043 m asl, i.e., 600 m above the

city.

Further gaseous and meteorological data, which was available from the NABEL

monitoring network, give more insight into the diurnal pattern of PAHs in de¬

pendence of different variables. The weak precipitation (with less than 3.6 mm/h

precipitation) as well as wind force or wind direction data neither showed any

significant effect on the amount of PAHs nor on the total amount of particular

mass.

The daily cycles of the global irradiance, temperature, and ozone concentration

are often strongly correlated with each other and with the particulate PAH signal

intensity in the atmosphere (Figure 5.5). The global irradiance is a determinant

for the ozone concentration, which is typically time-shifted by a few hours. The
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Figure 5.5: (a) Ozone (•••)> temperature (- -), and global irradiance (-)

plotted into the same graph, giving an insight into the diurnal cycle, (b) Ozone

(• • • ) and m/z 252 (-) from size fraction 1-0.3 ßm. Ozone is anticorrelated to

m/z 252, all other PAHs, and PM10.

strong increase in ozone levels in the morning not only depends on the irradiance

itself: for an increase in ozone concentration, the intensity of vertical mixing with

higher altitude air, which is strongest in the morning, is also important. In the

night, the ozone in the inversion layer at ground level is either lost by deposition or

reacts with nitrogen monoxide. Above the inversion layer, the ozone concentration

remains higher and the degradation is much slower. In the morning, when the

vertical mixture is high, ozone from the upper layer is mixed into the boundary

layer [32]. Such a diurnal ozone pattern during an inversion layer situation is

observed in Figure 5.5(a) until the end of the day on March 1. After March

1, this correlation between global irradiance and ozone is not observed, as the

meteorological conditions are different: the global irradiance for these days is

reduced due to a cloud cover, and consequently no strong inversion layer builds

up. Thus ozone-rich air masses from higher altitudes are efficiently mixed into

the boundary layer, and the ozone levels remain high during the whole night.

The total amount of PAHs present is markedly higher during nights when a

strong inversion layer can establish and the ozone level decrease. In Figure 5.5(b)

the anticorrelation of ozone and m/z 252 can be seen; i.e., high ozone charges

correlate with low PAH signal intensities during the day. One can attribute this

not only to oxidation by ozone and photochemical decomposition [33, 34] but

also to dilution with aged air. For the 2-day period from March 2 and 3, no

inversion layer is observed and one must conclude that the major fraction of

PAHs is decomposed by the oxidation with ozone or is lower due to dilution with
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cleaner, higher altitude air, as discussed above. This is confirmed as, on the night

of Monday, March 3, the global irradiance is excluded as a factor influencing

the PAH signal intensity. Also, e.g., on Saturday, March 1 after midnight there

is a sudden increase of ozone rich air (see ozone spike in Figure 5.5(b)) which

causes the PAH levels to decrease slightly at the same time. Experiments in the

literature show that degradation of PAHs on particles by ozone is an important

pathway for their removal from the atmosphere [35, 36]. In our measurements

all PAHs behave similarly, and no relative difference between small and large

PAHs was observed. Periods with high ozone concentration over a few days did

occur three times during this winter campaign (Figure 5.5(b), March 2-3; Figure

5.3, March 6-7 and 11-13). The potential temperature supports the finding of

these three periods, where the vertical mixing of air is strong and therefore the

ozone levels remain high. Gaseous aromatic compounds such as benzene, toluene,

ethylbenzene, or xylene which are emitted due to use of gasoline are monitored

by gas chromatography at the NABEL station. These volatile organic compounds

are clearly anticorrelated to the ozone just as we found for the PAHs themselves.

5.4 Conclusions

Using the newly developed combination of sampling with a RDI and PAH, data

analysis with L2MS provided a powerful method to sample automatically and

analyze the diurnal pattern of PAHs over long periods of time with a high time

resolution. The measurement campaigns gave insight into the behavior of poly-

aromatic compounds on a short time scale. The larger aerosol size fraction 1-

0.3 ßm shows up to two times higher signal intensities than the small size fraction

0.3-0.1 ßm. No different mass distribution of PAHs were observed in these two

size ranges. Both size fractions, as expected, follow the same diurnal pattern

governed by meteorology as the dominating factor. For example changes of ozone

within an hour impact the PAH trend significantly. In winter nights the pattern

is mainly determined by the presence of an inversion layer. In such circumstances,

the total PAH aerosol concentration is high due to elevated amounts of particles

in the inversion layer and additionally due to increased condensation caused by

the lower temperatures. No weekend-weekday nor rush-hour effects were observed,

indicating that the sampling site could be already too far away from the influence



References 79

of direct emission by traffic.
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Chapter 6

Quantification of Polycyclic

Aromatic Hydrocarbons in Water

Polycyclic aromatic hydrocarbons (PAHs) are of major concern in all environ¬

mental compartments due to the mutagenic and carcinogenic properties of many

PAHs. Two-step laser mass spectrometry (L2MS) is a sensitive and selective

method to measure PAHs in complex solid matrixes. However, in most stud¬

ies, L2MS was used for qualitative or semiquantitative analyses. Here for the

first time a quantitative method analyzing PAHs in water at the nanogram per

liter level is presented. PAHs are extracted from a 30 mL water sample with a

solid PVC membrane, which is then directly measured by L2MS without further

treatment. Detection limits are in the low nanogram per liter range (2-125 ng/L)

for skeletal three to six-ring PAHs. Extraction efficiencies of this method are be¬

tween 75 and 90 %. In a first application, samples from a wastewater treatment

plant were measured, showing that microbial activities efficiently decrease PAH

concentrations by 75-90 %.

Adapted from:

C. Emmenegger, M. Kalberer, B.D. Morrical, and R. Zenobi, Anal. Chem. 75,

4508-4513, 2003.
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6.1 Introduction

Polycyclic aromatic hydrocarbons (PAHs) are of interest in environmental com¬

partments such as the atmosphere, soil, or natural waters because many PAHs

have mutagenic and carcinogenic properties [1, 2]. PAHs are mainly introduced

into the environment by combustion of fossil fuels [3]. Washout from the atmo¬

sphere by precipitation or runoff from streets and other surfaces are pathways

bringing PAHs into rivers and lakes. PAH concentrations have been measured for

several decades in natural waters, and typical concentrations range between 0.1

and 10 ng/L [4, 5, 6, 7]. In wastewater treatment plants where runoff water from

streets and from industrial processes is collected, higher PAH concentrations can

be found [8], especially after heavy rainfall [9].

PAHs are usually analyzed with gas chromatography or liquid chromatog¬

raphy, often coupled with mass spectrometry. These methods require time-

consuming and laborious sample concentration and preparation steps. Mostly a

solid-phase extraction step is performed to concentrate the PAHs in a hydropho¬

bic sorbent. Detection limits for these methods are in the low-nanogram per liter

to high-picogram per liter range [10, 11, 12].

In contrast, the method presented here, two-step laser mass spectrometry

(L2MS), requires almost no sample preparation [13, 14]. L2MS has been used

for the direct analysis of target compounds in a variety of matrixes, such as

soils [15], geosorbents [16], meteoritic samples [17], polymers [18], kerogens [19],

aerosols [20, 21], and water [22, 23, 24, 25]. Water was introduced into the mass

spectrometer's ion source region in frozen form. Detection limits in the high-

nanogram per liter range were found for some analytes, for example, phenol and

fluorene, in aqueous samples.

While L2MS has been used for the analysis of a wide range of substance classes,

PAHs can be detected in complex matrixes with high sensitivity and selectivity

due to some features inherent in the laser ionzation of PAHs, in particular their

high UV absorption cross sections and long-lived excited states. This has been

shown by a number of studies [26, 27, 28]. This study extends the previous work

by demonstrating for the first time that L2MS can be used quantitatively, with

detection limits in the low-nanogram per liter for PAHs dissolved in aqueous

samples. A quantitative L2MS study of the effect of a water purification plant on
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(stirred)

Figure 6.1: Schematic set up of extraction of water samples with a PVC

membrane.

aqueous PAH levels is presented as an application.

6.2 Experimental Section

In L2MS, a first laser pulse from a CO2 laser with a wavelength of 10.6 ßm

and 5 mJ/shot desorbs material from a solid sample. Shortly after, a second

laser (UV light at 250 nm and 25 //J/shot) is triggered and focused into the

expanding plume of desorbed material. Compounds such as PAHs are ionized in a

1+1 resonance-enhanced multiphoton ionization process. This very soft ionization

method ensures that the analyte molecules do not fragment. In the present setup,

the sample is rotated by 5° after one measurement and a next spectrum is acquired

[29].

In most studies, L2MS was used for qualitative or semiquantitative analyses.

So far, only one method was developed to quantify L2MS measurements: aerosol

samples loaded on a filter were measured after addition of an internal standard

[21]. PAHs in water samples were analyzed in an earlier study by freezing 200

ß\j of water in liquid nitrogen and probing the ice with L2MS without further

preparation [24]. Limits of detection of this method were between 0.2 and 2 ßg/L,

i.e., 2-3 orders of magnitudes higher than typical PAH concentrations in natural

waters. Therefore, adding a concentration step to the sample preparation is a

possibility to lower the detection limits for PAHs.

PAHs are hydrophobic compounds, and they partition favorably from water
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into an apolar organic phase. Haefliger and Zenobi [30] have shown that PAHs em¬

bedded into polymer membranes (e.g., polyvinyl chloride, PVC) can be measured

with L2MS with high sensitivity. This is mainly due to the strong absorption of

PVC at 10.6 ßm, the wavelength of the desorption laser, so that a large fraction

of the laser energy is deposited in the PVC membrane and material is efficiently

desorbed.

6.3 Extraction Methods

Two methods for extracting and concentration PAHs from water samples are

compared in this study. In the first method the PAHs were extracted into a

liquid organic phase. A 30 mL water sample containing PAHs and the internal

standard DIPN was extracted four times with 20 mL of methylene chloride. The

combined methylene chloride fractions were reduced to a volume of 100 ßL, which

was then combined with 40 ßL of a PVC solution in tetrahydrofurane (THF; 60

mg/niL) to cast the membrane in an aluminum ring. After 30 min of drying, the

solvent was evaporated and the membrane could be measured with L2MS.

In the second method, which proved to be more effective, PAHs were extracted

directly from water into a solid polymer membrane of 10 mm diameter by im¬

mersing it into the water sample (see Figure 6.1) and stirring it continuously. The

polymer membrane is cast in the same way as described above except that now

the PVC solution contains the internal standard. The hydrophobic properties of

the membrane surface lead to an extraction of PAHs from the water. The solid

polymer membrane can then be directly measured with L2MS.

The membrane has to be optimized for laser desorption in L2MS; i.e., it has to

have a strong infrared absorption band at 10.6 ßm. PVC (low molecular weight

PVC, purum grade, Fluka, Buchs, Switzerland) has been shown to yield excel¬

lent absorption characteristics at this wavelength [24] so that PVC was used as

extraction matrix.

Two extraction principles are possible when PAHs are extracted with a poly¬

mer membrane: adsorption to the membrane surface or absorption into the bulk

volume of the membrane. An absorption into the bulk would increase the ex¬

traction capacity of a membrane but requires a high diffusion rate of the PAHs
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Figure 6.2: Photography of a section of an extraction membrane after L2MS

analysis. A aluminum ring is holding the PVC membrane. Small desorption

holes are visible in the membrane. The sample is probed 72 times by rotating

it after each analysis by 5°.

in the polymer. Adding a plasticizer to the PVC would increase the diffusion

into the membrane by 3-4 orders of magnitude depending on the amount added

[31]. Uptake into the membrane is also expected to increase, although to a lesser

extent, and the equilibrium should be reached faster. A selection of plasticizers

(dioctyl sebacate (DOS), p-nitrophenyl octyl ether, bis(2-ethylhexyl)phthalate,

diethylhexyl adepate, phthalic acid, phthalic acid anhydride) was considered for

experiments to test this. However, all of them have poor optical absorption at

10.6 ßm, with transmissions between 70 and 90 %. Therefore, adding them to

the PVC membrane might completely prevent efficient ablation to occur. The

effect of DOS on the desorption was tested by adding it to PVC membranes at

two different concentrations (33 and 66 wt %, respectively). As expected, abla¬

tion of the membrane by the IR laser was significantly reduced. Therefore, only

pure PVC membranes were used for further experiments as the best compromise

between extraction efficiency and desorption efficiency. It is therefore most likely

that adsorption to the membrane surface is the dominant sorption process in this

extraction method.

An internal standard, diisopropylnaphthalene (DIPN), was added to the

PVC/THF solution in a concentration of 1.56 /xg/mL. The internal standard

has to fulfill a number of requirements, the most important of which is that its

signal does not coincide with any of the compounds to be investigated. Signal

intensities of PAHs were always normalized by the signal of the internal standard

to account for experimental variability, i.e., variabilities in the entire analytical

procedure from the extraction process to the L2MS measurement, which includes

changes in desorption and ionization laser energies. Due to the relatively high
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Figure 6.3: Extraction of a 30 mL water sample containing five PAHs with

a 150 and a 30 ßm thick PVC membrane.

volatility of the internal standard, the membranes were kept at -20 °C before use

and they were never stored longer than 24 h. At these low temperatures, only

< 10 % of the internal standard is lost during 24 h. At room temperatures, how¬

ever, 50 % of the internal standard evaporated within 24 h. The relative response

variation for the internal standard in a single membrane amounts to 36 %, from

membrane to membrane after averaging to ±13 %.

6.4 Results and Discussion

To optimize the performance of the whole analysis [32], a number of parameters

were investigated. To increase the extraction capacity of the membrane, the PVC

(solution of 60 mg/mL PVC in THF) was suspended in an aluminum ring (i.d.

10 mm) so that adsorption from the aqueous sample to both sides of the mem¬

brane could take place. The effect of the thickness of the membrane was carefully

investigated to ensure that in the laser desorption process both sides of the mem¬

brane are probed; i.e., the membrane had to be thin enough so that a single laser

shot would drill a hole through the membrane. With the laser intensities used,

PVC membranes up to a thickness of 30 ßm could be completely ablated as seen

in Figure 6.2. The signal intensities of five PAHs (fluorene, phenanthrene, pyrene,

chrysene, benzo[k]fluoranthene) extracted from 30 mL of water with membranes

of a thickness of about 30 and 150 ßm, respectively, are shown in Figure 6.3. The

signal intensities of the thinner membrane are approximately twice the signal in-
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Figure 6.4: (a) L2MS spectrum of an extracted standard solution containing

100 ng/L fo each of the eight PAHS: naphthalene m/z 128, acenaphthalene

m/z 152, fluorene m/z 166, phenanthrene m/z 178, pyrene m/z 202, chrysene

m/z 228, benzo[k]fluoranthene m/z 252, benzo[ghi]perylene m/z 276, and di-

isopropylnaphtalene (= internal standard) m/z 212. (b) L2MS spectrum from

a sample collected in the primary sedimentation basin of a wastewater treat¬

ment plant. Phenanthrene (m/z 178) and alkylated phenanthrenes (m/z 192,

206, 220, 234, 248) are the most abundant PAHs.

tensities for the thick membrane. Both surfaces of the thin membrane were probed

with one laser shot, which is probably the reason for the higher signal. In the case

of the thicker membrane, the laser is thought to ablate about the same volume

of PVC but probes only one surface of the membrane such that compounds ad¬

sorbed on the other side are not accessible. This supports the assumption that

surface adsorption is the major extraction process.

Figure 6.4(a) shows a L2MS spectrum of a membrane with which 30 mL water

samples containing 100 ng/L of each of eight PAHs (naphthalene m/z 128, ace-

naphthylene m/z 152, fluorene m/z 166, phenanthrene m/z 178, pyrene m/z 202,

chrysene m/z 228, benzo[k]fluoranthene m/z 252, benzo[ghi]perylene m/z 276)

were extracted. The smaller PAHs (i.e., naphthalene, acenaphthylene, fluorene)

and benzo [ghi] perylene (m/z 276) show much less intense signals than the other
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Figure 6.5: Calibration curve of benzo[k]fluoranthene (a) and benzofghi]-

perylene (b) between 10 and 500 and 250 ng/L, respectively, (a used in cali¬

bration, not used in calibration)

PAHs. Due to their higher water solubility, the smaller PAHs are probably less

efficiently extracted by the membrane than the larger ones. In addition, the vapor

pressure of the small PAHs is 5 orders of magnitude or more greater than for the

larger PAHs, which could lead to some losses, e.g., inside the L2MS ion source.

Further, a relatively low ionization efficiency of these small PAHs at a wavelength

A = 266 nm contributes to the small signal [30]. The low ionization efficiency is

also a possible reason for the low signal of benzo[ghi]perylene.

Experiments were done in order to determine optimized parameters such as

extraction times (1.5, 5, 15 h) and sample volumes (5, 30, 100 mL) for the ex¬

traction process. Longer extraction times gave an increase of the signals for most

PAHs by a factor up to 2 when going from 1.5 to 15 h. For practical reasons, the

conditions for all further measurements were set to 30 mL and 15 h, respectively

[32, 33, 34].

For both extraction methods, calibration curves were measured to demonstrate

their dynamic range and limit of detection. For the solid-phase membrane extrac¬

tion, six calibration solutions were prepared in 30 mL water samples containing

10-500 ng/L of each of the eight PAHs naphthalene, acenaphthylene, fluorene,

phenanthrene, pyrene, chrysene, benzo[k]fluoranthene, and benzo[ghi]perylene,

respectively. Membranes extracting pure milliQ water were measured as blank val¬

ues. The blanks gave high background signals for naphthalene and phenanthrene,

which is thought to be mostly due to contamination of the PVC. Sonication and

gentle heating of the PVC in several organic solvents did not significantly reduce
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PAH limit of detection absolute detection extraction

(ng/L) limit (ng) efficiency (%)

fluorene 23 0.69 75

phenanthrene 126 3.78

pyrene 10 0.30 82

chrysene 2 0.06 89

benzo[k]fiuoranthene 4 0.12 84

benzo[ghi] perylene 53 1.59

Table 6.1: Limits of detection and extraction efficiencies for extraction

method with solid PVC Membrane with dimensions of 10 mm, 30/x thick¬

ness, and extraction volume, 30 mL.

these blank values. Thus, given the low ionization efficiency of the smaller PAHs

and their higher volatility, no quantitative calibration was performed for naph¬

thalene and acenaphthylene. For the other six PAHs, the limits of detection are

between 2 and 50 ng/L (see Table 6.1, Figure 6.5), except for phenanthrene with

a limit of detection of 125 ng/L, mostly due to the above-mentioned high blank

value of the pure PVC. Figure 6.5 shows as an example the calibration curves

for benzo[k]fluoranthene and benzo[ghi]perylene where the amount of PAH in the

water sample versus the peak height ratio of the PAH and the internal standard

is shown. If taking into account that the extraction was performed in a 30 mL

volume, absolute limit of detections are between 0.06 and 3.8 ng (0.3-20 pmol).

For all quantified PAHs, the linear dynamic range is between 2 and 3 orders of

magnitude. The upper limit of the dynamic range is restricted by the water solu¬

bility of the compounds. This is clearly observed for benzo [ghi] perylene in Figure

6.5(b), as the water solubility, which is 300 ng/L, is reached. For the other PAHs,

the water solubility limit is higher than 500 ng/L and therefore not reached [35].

The extraction into a liquid organic phase with subsequent cast of the PVC

membrane was found to be much less sensitive and yielded limits of detection

between 100 and 250 ng/L. One major problem of this method was the casting of

the PVC membranes. The addition of the extraction solution to the PVC solution

often resulted in an uneven and slightly yellowish membrane surface, making

reproducible measurements difficult. The solid-phase membrane extraction was

found to be 1 order of magnitude more sensitive than the liquid-phase extraction.
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The efficiency of the solid-phase membrane extraction was determined for flu¬

orene, pyrene, chrysene, and benzo[k]fluoranthene by extracting a 30 mL sample

(100 ng/L of each PAH) three times with a new membrane. For this experiment,

it is required that the internal standard is embedded in the membrane rather

than added to the solution. Extraction efficiencies are calculated as the ratio of

the first extraction, and the sum of all three extractions and are between 75 and

89 % (see Table 6.1).

PAH Determination in Environmental Samples

Although the detection limits of the membrane extraction method are in the

low-nanogram per liter range they are mostly still too high to determine PAH

concentrations in clean water from rivers and lakes. To test the solid-phase ex¬

traction method, environmental samples were qualitatively analyzed in different

stages of a wastewater treatment plant at EAWAG (Swiss Federal Institute for

Environmental Science and Technology), Dübendorf, Switzerland. This is a small

pilot plant with a throughput of 72 m3 of wastewater/day and three major clean¬

ing stages: primary sedimentation basin, aeration basin, secondary sedimentation

basin. After mechanical removal of larger solids, smaller particles are removed by

sedimentation in the primary sedimentation basin. In the aeration basin, which is

constantly ventilated, microbial activity efficiently removes soluble contaminants

and in the secondary sedimentation basin microorganisms from the aeration basin

are removed by sedimentation. Samples were collected in cleaned glass bottles,

and 30 mL was filtered with a membrane filter and used without further treatment

for the solid-phase membrane extraction as descibed above. There is always the

possibility that a signal in a L2MS spectrum originates from two or more isomers,

e.g., phenanthrene and anthracene at m/z 178. Thus, neither an assignment nor

a quantitation was made for environmental samples.

The incoming wastewater and the water in the primary sedimentation basin

have almost the same concentrations of soluble PAHs, because only particulate

material is removed at this stage, which hardly affects the soluble PAH fraction.

Figure 6.4(b) shows a L2MS spectrum from a 30 mL sample of the primary sed¬

imentation basin. The spectrum is dominated by m/z 178, 192, 260, 220, 234,

and 248 (probably phenanthrenes and alkylated phenanthrenes). Other skeletal

PAHs with m/z 202, 228, or 252 are present but much less abundant. Simul¬

taneous measurements in the primary sedimentation basin and the secondary
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m/z 152 166 178 202 228 252 276

removal of PAH

in wastewater 92 87 74 60 56 90 75

treatment plant (%)

Table 6.2: Removal of PAHs in wastewater treatment plant (concentration

difference between primary sedimentation basin and secondary sedimentation

basin).

m/z June 13, 2002 June 19, 2002 June 24, 2002

(dry) (dry) (thunderstorm)

166 nd/0.37 0/0.03 0.35/0.11

178 0.35/0.79 0.26/nd 0.90/1.37

202 0.09/0.09 0.09/0.05 7.8/0.39

228 0.12/0.20 0.03/0.02 1.76/0.42

252 0.04/0.09 0.01/nd 0.40/0.14

Table 6.3: PAH concentrations in the primary sedimentation basin during

dry periods (two days) and shortly after a thunderstorm. Each sample was

measured twice, (both data points shown). Data show the ratio of the peak

height of the corresponding PAH to the internal standard (blank value sub¬

tracted). Concentrations are enhanced after the rain by a factor 2-40.

sedimentation basin showed a large decrease of PAH concentrations in the sec¬

ondary sedimentation basin; i.e., microbial activity is efficiently removing PAHs

from the wastewater. Removal rates between 56 and 92 % were calculated (see

Table 6.2).

A second series of samples was taken during a thunderstorm event on June

24, 2002. Generally, the rain resulted in much higher PAH concentrations in the

primary sedimentation basin (see Table 6.3). PAHs in the mass range between

m/z 178 and 276 were increased shortly after the beginning of the thunderstorm

by a factor of 2-40. This sudden increase is most likely due to runoff water from

streets where after dry periods a lot of solid material mostly from vehicles is

washed away with the first rain. This example shows how short-term rain events

can increase contaminant concentrations in wastewater treatment plants by more

than 1 order of magnitude.
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6.5 Conclusions

For the first time, a method was developed to quantify PAHs in water samples

with L2MS with detection limits in the low nanogram per liter range. In this

sensitive method, PAHs are extracted from a water sample by adsorption to a solid

PVC membrane containing an internal standard. After extraction, the membrane

is measured directly with L2MS without further treatment. The extraction runs

completely unattended and operator intervention is kept to a minimum, so that

the possibility of contamination and loss of analyte is small. The method is also

expected to show little dependence on the sample matrix. L2MS has been shown

to be considerably more sensitive than GC/MS [21].

First measurements of environmental samples from a wastewater treatment

plant showed that alkylated phenanthrenes as well as skeletal PAHs were present.

It could be shown that concentrations of soluble PAHs are decreased during the

residence time in the wastewater treatment plant by 50-90 %. Measurements

during a rain event after a longer dry period resulted in high concentration spikes

of PAHs in the wastewater, most probably due to the runoff water from streets.
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Chapter 7

Meteorites — is there terrestrial

organic contamination?

A large number of meteorites have been recovered from stranding surfaces in

Antarctica over the last couple of decades. An ongoing discussion addresses the

question whether the signs of life found in such meteorites are extraterrestrial in

nature, or if they are of terrestrial origin. In this project a systematic investiga¬

tion on the contamination of Antarctic meteorites is followed. The measurements

are focused on biologically relevant compounds such as amino acids (in prepa¬

ration) as well as on possible organic contaminants, the PAHs. Earlier studies

that have been caried out did not give conclusive results. In these studies the

ice samples used for the comparison with the meteorites were from regions un¬

related to the stranding surfaces. This could possibly lead to misinterpretation

and wrong conclusions, whereas in the study presented here the meteorite analy¬

sis will be directly compared with ice water (particulate and dissolved) collected

from the immediate vicinity of the meteorite as well as with the exhaust gas

collected from the snowmobiles. L2MS is a powerful technique to analyze PAHs.

Of course, terrestrial contamination never can be ruled out completely, but the

measurements support the hypophesis that contamination is negligible when the

meteorite samples are handled with the proper care.
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7.1 Introduction

A meteorite is a relatively small extra-terrestrial body that reaches the earth's

surface. Upon entering the atmosphere, air drag and friction cause the body to

heat up and emit light, thus forming a fireball or shooting star. Most meteorites

originate from a belt of small objects between Mars and Jupiter, the so-called

asteroids. In rare cases meteorites from mars or the moon have been found.

Over 79 % of meteorites are chondrites - stony balls with small grain size

indicative of rapid cooling during formation. In most chondrites small spheres

(average diameter of 1 mm), called chondrules, can be found. It is unknown how

they formed. Carbonaceous chondrites constitute about 5 % of meteorites and

contain small amounts of organic materials, including amino acids. Achondrites

constitute about 8 % of the incoming material and are thought to represent crustal

material of larger asteroids without chondrules. About 6 % of meteorites are iron

meteorites. Unlike chondrites, the crystals are large and appear to represent slow

crystallization. Stony iron meteorites constitute the remaining 2 %. They are a

mixture of iron-nickel and silicate minerals. A small number of meteorites belong

to additional groups or subgroups with unique chemical characteristics relative

to other members of the larger groups, such as lunar meteorites or martian mete¬

orites. Recovered meteorites are classified into these main types and are further

designated to subgroups according to other specific criteria i.e. their metal/carbon

content or the alteration of chondrules [1].

Although meteorites are found everywhere on earth, the best place to collect

these is Antarctica where the most objects have been recovered so far. Two reasons

contribute to this: First it is given by the convenience to spot a dark rock against

the white ice background. Second and most important, a special "accumulation

mechanism" takes place at Antarctica. Meteorites are moved along the inside of

glaciers. When the ice flow is blocked by an obstruction, say a mountain range, the

old deep ice is pushed toward the surface and becomes stagnant. The exposition

to katabatic winds removes large volumes of ice and prevents the accumulation of

snow at the surface, leaving back the meteorites. In such areas, the accumulation

rate of sedimentary rocks is low, so basically every rock found is potentially

a meteorite. At present, the most successful recovery program in the world is

run by the U.S. Antarctic meteorite program (ANSMET, antarctic search for
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Figure 7.1: This image shows the sawed face of the Martian sample

ALH84001.

meteorites program). During the 2002-2003 season, more than 800 new meteorites

were collected by two teams. The meteorites are distributed finally for analysis

by the NASA Johnson Space Center.

The controversary over terrestrial contamination shall be made clear in the

following examples of Antarctic meteorites. In 1996 McKay et al. [2] published a

paper which presented evidence for the presence of potentially biological material

in the Martian meteorite ALH84001 (see Figure 7.1). ALH stands for Allan Hills,

which is the region where the meteorite was found, 84 stands for the recovery

year 1984, and 001 is the number of specimen in this recovery. They propose that

diagenesis of microorganisms on ALH84001 could produce only a few specific

PAHs rather than a complex mixture involving alkylated homologs as it is found

on earth. They claim that PAHs in the meteorite are present in the part per

million level. This is roughly 103 to 105 times higher concentrated than what

is found in Greenland ice cores, where the total PAH concentration varies from

10 parts per trillion for preindustrial times to 1 part per billion for recent snow

deposition [3]. Using L2MS [4] they found an increase of PAHs towards the interior

of the meteorite.

In contrast to these results, Jull et al. [5] find isotopic evidence for a ter¬

restrial source of organic compounds found in ALH84001 and also for another

Martian meteorite found in Antarctica, EETA79001. Data obtained by Becker et

al. [6] suggest that the PAHs observed in both ALH84001 and EETA79001 are

derived either from the exogenous delivery of organic compounds to the surface

of Mars or terrestrial PAHs present in the ice melt water or, more likely, from
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a mixture of these sources. Furthermore, ö13C values for organic matter associ¬

ated with the carbonate globules are associated with terrestrial contamination.

Whereas the presence of a kerogen-like component in the bulk matrix, shown by

ô13C and laser desorption MS measurements, is the most ubiquitous form of or¬

ganic matter found in carbonaceous chondrites such as the Murchison meteorite

[7], thus favoring exogenous origin. In contrast to the above discussed results,

Clemett et al. [8] in their investigations concluded that terrestrial contamination

of Antarctic meteorites can be neglected. Gibson et al. [9] finally summarizes that

analyses both are supporting and contradicting the evidence of Martian life in

various meteorites leaving the final answer open. Thus, there is still a extensive

controversary about contamination issues and there are always serious concerns

in all studies.

Currently, the general view is that contaminants are transported into the me¬

teorite by percolation of melt water, accumulating contaminants in the rock. This

can take place either inside the glacier or on the ice surface. One hypothesis in¬

cludes sublimation of ice as a mechanism that could lead to an enrichment of

organic compounds in the Antarctic ice. This process may concentrate organics

in the ice surrounding the meteorite by a factor of 103 to 104 according to Becker

et al. [10]. A problem in these investigation is that the ice samples used as refer¬

ence are not from the actual stranding surface of the analyzed meteorite. It might

be that the contamination happens at the time when the meteorite reaches the

stranding region. Then one possible mechanism is a warm-up of the dark-colored

meteorite by sunlight resulting in a melting of the surrounding ice. This local

melt water, that possibly contains dissolved organic compound originating from

the atmosphere, then percolates to the meteorite and gets absorbed. Another

possible way is the contamination through the atmospheric deposition directly.

All these investigations show the necessity of a systematic investigation of the

phenomenon of terrestrial organic contamination of meteorites by polar ice. In

only one case, a meteorite fall observed in Canada, the Tagish Lake meteorite, ice

samples were taken directly from the finding site [11]. In other cases ice samples

for comparison were only taken from the ice near the finding site, e.g. in the Allan

Hills region. Anyway, given the large amount of meteorites recovered every year,

it is crucial to systematically compare the organic composition such as PAHs

of meteorites with the ice of the intermediate proximity of the finding site to
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determine contamination sources and mechanisms. This is particularly important

for the analysis of rare meteorite types.

Ice core analysis from Greenland [3] show that total concentrations of nonalky-

lated PAHs, both particulate and dissolved, have increased over the past 400 years

from 2 ng/L to an average of 103 ng/L nowadays. Interestingly this work shows

the change of ratios of nonalkylated to alkylated PAHs which increases over time

from 3.8 to 9.9. This change suggests that the source of PAHs transported over

the Greenland ice sheet has shifted from biomass burning to fossil fuel combus¬

tion. This is in good agreement with the historical record of the world petroleum

production. As Greenland is located in the northern hemisphere, "contamination"

from terrestrial PAHs, should have a significantly higher concentration than in the

southern hemisphere, where Antarcitica is located. The Greenland ice represents

an upper contamination limit in consequence of the industrialized economies on

the northern hemisphere compared to the southern.

Nevertheless, when separating particulate and dissolved PAH concentrations in

the ice, the numbers differ largely. Jaffrezo et al. [12] showed that the abundance,

again on Greenland ice, of the total amount of PAHs in the particulate phase is

on the order of a few hundred pg/L. For the soluble phase, the concentrations

were below their detection limits which are a few pg/L. In conrast Masclet et al.

[13, 14] found concentrations of the particulate phase in the range of 1-1000 pg/L

on Greenland.

This work described in this chapter will try to give an answer to the question,

if there is terrestrial contamination of PAHs on meteorites. The systematical

strategy is to use the advantages of L2MS (see Chapter 2.1) to find the PAH

distribution patterns in all the different sources of possible contamination which

are the snowmobile exhaust, the particulate phase of the ice water and the ice

water itself which is around the meteorite. Of course the meteorites themselves

need to be analyzed as well.

7.2 Experimental Section

Meteorite and ice sampling

To shed light on the question of the origin and degree of contamination of
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Figure 7.2: Photos of the investigated meteorites showing where the sub-

samples (chips) of the meteorites where were taken from.

PAHs on meteorites during their terrestrial period we did a systematical inves¬

tigation. During the 2003/2004 ANSMET field season, six ice samples from the

LaPaz ice field stranding region were cut out using a chain saw. Five of these

samples were each taken directly underneath a meteorite that was collected at

the same time, while the sixth ice sample was collected from a location where

there was no meteorite. The ice samples were wrapped in nylon bags and stored

frozen for transport. The samples (initial volumes 2250-4000 ml) were melted
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and concentrated using a rotary evaporator to volumes between 12 and 19 ml.

These solutions were filtered through 100 ßm Polyvinylidendifluorid (PVDF) fil¬

ters to isolate any particulate material. Dissolved PAHs were extracted from the

resulting filtrates using solid-phase extraction with PVC membranes [15]. A 1-

liter aliquot of doubly distilled water was carried through the same procedure as

a blank.

Four meteorites samples (LAP03624 (LL5), LAP03573 (LL5), LAP03637

(LL5), LAP03784 (CK5)) were obtained from the NASA Johnson Space Center.

For each specimen, one surface sample and three interior samples representing

different distances from the surface were analyzed. The meteorites with the sub-

samples can be found in Figure 7.2. PAH analysis of the meteorites was carried

out directly on the chips without further sample preparation.

Snowmobile exhaust filter measurements

The snowmobiles used during the meteorite collection campaigns are poten¬

tially sources of contamination. To get an idea of their influence three teflon

coated quartz fiber filters, PALLFLEX Membrane Filters from PALL Gelmann

(Ann Arbor, MI, USA), of exhaust gas from the snowmobiles have been sampled

by positioning the filter directly at the exhaust. The filter holder is described more

in detail by Haefliger et al [16]. Additionally a blank filter was carried along. The

samples were collected under different engine performances which are the follow¬

ing: (a) gas remaining in idle position (b) gas open one fourth of maximum (c)

alternating: 1 min full gas
- 2 min idle (d) blank filter carried along during sam¬

pling. The spectra of the exhaust gas filters of (a)-(c) are shown in Figure 7.3.

The blank filter (d) was showing some peaks which are far less intensive than the

sampled filters. All exhaust filters show an extremely strong intensity. A slightly

lower intensity was shown for (c) while (a) and (b) were both extremely intense.

For (c) a shift is observed for the whole spectra to higher mass, up to m/z 300,

compared to the others. For (c) also higher m/z of aromatic compounds are found

with skeletal PAHs of m/z 228, 252, 276. We can identify that the homologs of

m/z 178 such as m/z 192, 206, 220, 234 are dominant in all of these spectra. This

homologs are also found in measurements of gasoline cars and diesel trucks (15).

They are typical for anthropogenic sources compared to biogenic sources. We also

find other skeletal PAHs such as m/z 152 and 202 in all snowmobile samples.
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Figure 7.3: Mass spectra of the snowmobile samples (a) gas remaining in

idle position (b) gas open one fourth of maximum (c) alternating: 1 min full

gas
- 2 min idle.

Particulate PAH analysis

Method and procedure development

In principle, the goal is to develop a method which is able to screen the PAH

distribution on particles found in the Antarctic ice samples using the L2MS anal¬

ysis technique. Such a procedure can be potentially used also for various kinds

of water samples - covering sources such as the washing out of aerosol particles

either by rain or snow precipitation or the sedimentation of particles or dust,

respectively, into natural surface water resources such as a sea, lake or river. For

the analysis with L2MS the collected water samples only needs to be filtered by

appropriate filters, which will be discussed below, and the residue on the filters

can be simply mounted on the sample holder and analyzed directly without any



7.2 Experimental Section 107

further tedious preparation steps.

Requirements for a filter are to have a small pore size for capturing prefer¬

ably as many particles as possible. Further, for an efficient desorption process

by the CO2 laser, the filter itself needs to adsorb light in the infrared. Four

different types of filter materials with a pore size of 0.1 ßm and diameter of

13 mm were tested: (1) Polyvinylidendifluoride, PVDF, hydrophilic, white plain

(Millipore, VVLP01300), (2) Mixed Cellulose Esters, hydrophilic, white plain

(Millipore, VCWP01300), (3) Polycarbonate, hydrophilic, transparent (Millipore,

VCTP01300), (4) Polycarbonate, slightly hydrophobic, transparent (Osmonics

Inc., K01CP04700).

The Polyvinylidendifluorid membrane filter was the only one remaining in¬

tact when depositing standards containing a mixture of eight PAHs dissolved in

THF. PAHs depostited are naphthalene, acenapthylene, fluorene, phenanthrene,

pyrene, chrysene, benzo[b]fluoranthene, indeno[l,2,3-cd]pyrene. This filter gives

clear signals for all the PAHs except for naphtalene, which might be evaporated

because of the high volatility. No background interference is given by the filter

material itself. Desorption spots are visible at the focus and aperture used for

ablation. For further measurements the PVDF filter was used.

Filtration, in a first approach, was performed by using a home built Ultrafil¬

tration Device. A filter of 13 mm in diameter can be fixed by a rubber seal in

the filtration container. Filtration was done by applying a pressure up to 4 bar.

Prior to usage the filters were cleaned in an ultrasonication bath for 15 minutes in

toluene and another 15 minutes in methanol. The filters were then dried during

30 minutes at 75 °C.

To test the filtration procedure we collected water from the river Glatt in

Dübendorf, Switzerland. In a second approach, snow water by the roadside was

investigated. The samples were stored in glass bottles (Schott) in the fridge prior

to analysis.

The Glatt water was sampled on Dezember 14, 2004 in Dübendorf, Switzer¬

land. Filtration of 30 ml or 90 ml respectively was performed. The high load of

90 ml for a filter almost clogged the pore space while 30 ml seems to be a reason¬

able amount. The measurements showed that there are no significant differences

between the two loads, neither in intensity nor in mass for the dominating peaks.
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Figure 7.4: Particle-bound PAHs in water from (a) Glatt river and (b) in

swnow from a road side.

Prominent peaks are skeletal PAHs such as m/z 152, 178, 202, 228, 252 and 276

(see Figure 7.4(a)). Other prominent, but unknown peaks are m/z 132, 165, 189,

215 and 239. The mass at m/z 132 coincides with a marker for cigarette smoke. To

further explore the usability of the method roadside snow samples were collected

after a snow fall overnight in the morning of December 19, 2004. From the over¬

laying layer after sedimentation of large solid particles a total of 30 ml has been

filtrated and measured. For the different snow or Glatt water samples the focus

and aperture of the C02-desorption laser had to be adjusted to avoid plasma

formation, to lower energies compared to the PAHs standard mixture (smaller

aperture, more defocused).

Roadside samples gives strongly colored filters without clogging the pores. A

typical mass spectrum is shown in Figure 7.4(b). Prominent peaks are m/z 152,

165, 178, 189, 202, 215, 231, 239, 245. Remarkable is the occurrence of m/z 165,

189, 215 and 239 which are also found in the Glatt river sample. The m/z 215, 231,

245 possibly could be protonated/deprotonated compounds of alkylated series of

m/z 202.

To summarize, this method in principle is working well for the analysis of

various samples by using only one filter type, the PVDF filters.
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Figure 7.5: Typical mass spectrum of particulate PAH in ice collected at

the site where the meteorite LAP03624 was found.

Water filtrate analysis of Antarctic ice water filter samples

Prior to the L2MS analysis of the ice water recovered from the stranding

surfaces the water was filtrated with the following, adapted procedure of the

method described above: All materials used as well as all filters, were washed

with a mixture of EtOH/H20 (1:1) and then dry autoclaved. This was necessary

to avoid contamination for the following analysis on the amino acid content. For

the filtration of the ice water samples the PVDF filters (13 mm, 0.1 mm) from

Millipore were used. Filtration was done using a Millipore swinney stainless steel

filter holder instead of the home built synthetic plastic. This allows that the

holder could be autoclaved and also cleaned each time after use in EtOH/H20

(1:1) with ultra sonication bath. The filters then were directly analyzed by L2MS.

All ice water samples are corresponding to the ice layer around the meteorite

without the layer immediately surrounding the meteorite. Additionally the surface

of the ice cubes are washed with pure water to avoid contamination through

the used tools. For the meteorite LAP 03624 additionally the contacting layer

of ice to the meteorite was measured. An ice water blank collected from a place

without meteorite and a procedural blank (a 1 L aliquot of doubly distilled water)

was carried along the whole procedure. All initial ice water samples were pre-

concentrated down to roughly 20 ml.

Remarkably all ice water solutions visibly contained dust except the procedural

blank which was carried along the whole procedure was totally clear. The dust

of the contacting layer of ice to LAP03624 appeared to be reddish.

Overall the intensities of the spectra are good. Background measurements

were done before and after the Antarctic ice samples and were clean, as was the
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procedural blank. The ice water blank, i.e. the sample where no meteorite was

nearby, was slightly less intensive than other ice samples by a factor in the range

of 3-10. This was also seen, as the filter was not loaded as much as the others. The

spectrum of the contacting layer of ice to LAP 03624 is not discussed because it

shows strong fragmentation which could not be resolved. Overall the spectra look

similar. The spectrum for the ice water sample of LAP03624 is shown in Figure

7.5. Many compounds seem to be present in these samples, including the skeletal

PAHs. One can find predominantly the alkylated homologs of m/z 178 which

are m/z 192, 206, 220 and 234 throughout all samples. Extensive alkylation is

characteristic for anthropogenic emissions [2, 16]. Masses higher than m/z 280 are

mostly lacking in these spectra. The variety of compounds present typically points

to ambient samples. When comparing the filtrated samples with the snowmobile

samples the most obvious difference is m/z 212. This peak appears with high

signal intensity in the filtrate samples while lacking in snowmobile samples. The

m/z 212 and the larger range of compounds found in the PVDF-filter samples

match for environmentally "mixed" and aged samples.

Dissolved PAH analysis

Method and procedure development

PAHs found in water, notably waste water, have been measured using the

L2MS instrument [15]. In particular, water can be analyzed by L2MS directly after

a solid-phase extraction from the liquid, hydrophilic water phase into an organic,

hydrophobic phase which contains an internal standard. A detailed description

of this methodology is given in Chapter 6. It has been shown that the limits of

detection using those PVC membranes are low enough for the measurement of

waste water.

For the PAH analysis of the ice water the limits of detection were improved:

This was achieved by adding plasticizer for a better diffusion into the membrane

(Chapter 6.3) and reducing the volume down to approximately one third of the

original membrane as shown in Figure 7.6. Refinement was achieved by down¬

sizing the membrane to the desorption circle given by the rotation of the sample

holder in three sections. The thickness of the PVC membrane was also reduced.

Literature research for infrared absorbing plasticizers, in particular at 10.6 ßm

resulted in the following compound classes:
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(a) (b)

Figure 7.6: (a) old extraction membrane holder, (b) new holder with reduced

volume of membrane.

a) Phosphate derivatives with different substrated side chains such as ethyl,

phenyl, cresyl, ...

b) Itaconate derivatives with side chains such as diethyl, dibutyl, ...

The phosphate derivatives showed the largest absorptions at this wavelength.

Among the tested compounds triethylphosphate (TEP) was chosen. This com¬

pound is one of the best absorbing (absorbance = 0.9) and is a liquid at room

temperature. It gives good desorption properties and does not show any deteri¬

oration when coming in contact with water in comparison to others. In each of

the three sections of the membrane 6 ßl of a cast THF solution (PVC 27 mg/mL,

DIPN 67 ng/mL, TEP 54 mg/ml) was used and dried for 30 minutes.

The key experiment to determine the improvements of the analysis is the

measurement of calibration curves and comparing them with the simple PVC

membranes. 30 mL with 0.5, 1, 5, 10, 50, 100 ng/L concentration of the PAHs

were extracted for 15 hours and directly measured with an internal standard (di-

isopropylnaphthalene, DIPN) by L2MS. The linear region was calibrated accord¬

ingly to a proportional model (y = bx) because neither negative concentrations

nor negative signal can occur.

Thus the calibration curves measured resulted generally with better limits of

detection (LOD) than with a membrane extraction without TEP (see Chapter

6). First of all, naphthalene and acenaphthylene showed once again that they are

too volatile for this kind of measurements. For fluorene, phenanthrene, pyrene,

chrysene, benzo[k]fluoranthene and benzo[ghi]perylene a calibration was done af¬

ter subtracting the blank values. LODs were determined by calculating 3 times
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ice water measurements of meteorites. A not included in calibration.
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PAH compound LOD without LOD with slope b, plasticizer

plasticizer plasticizer calibration

fluorene 23 3 0.08 ±13%

phenanthrene 126 5 0.15 ±13%

pyrene 10 2 0.17 ±12%

chrysene 2 9 0.05 ± 20 %

benzo [k] fluoranthene 4 4 0.02 ±15%

benzo [ghi] perylene 53 3 0.009 ±11%

Table 7.1: Limits of detection (LOD) in ng/L for PVC membranes with and

without TEP plasticizer. Slope b of calibration curve with plastizicer.

the background signal. They lie in the low ng/L range. This is an improvement

of about one order of magnitude, except for chrysene and benzo[k]fluoranthene

which remained approximately the same (see Table 7.1, Figure 7.7). PAH concen¬

trations in rain water are still expected to be another order of magnitude lower.

Thus they are not likely to be detected in rain water samples unless using large

sample amounts.

Membrane-extraction measurements of Antarctic ice water Samples

The ice water samples were measured after filtration with PVDF. The anal¬

ysis procedure follows the one described above for the calibration. This method

gives a background which is given by the plasticizer and the PVC and from their

impurities. Basically these are in particular m/z 134, 178, 205 and 220. Concen¬

trations of dissolved PAHs in the ice samples were below the LOD for all PAHs.

Considering that the samples where pre-concentrated, the PAH concentrations

in the ice water samples lie below the range of 10-80 pg/L for the different m/z

depending on the pre-concentration factor. This is in the same range of Jaffrezo

et al. (12) who was also limited by the detection limit for their Greenland ice

samples which gives concentrations below a few pg/L.

Antarctic meteorite analysis

Method and procedure development

For meteorite measurements the sample holder tip was modified. The aperture

of the original cap of the sample holder, in diameter 1.2 cm, was too large to hold

the meteorites. Cover plates where made with various holes smaller than 0.5 cm in

diameter slightly off axis, to allow the laser desorption. Samples were additionally
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Figure 7.8: Sample holder showing the modified cover plates.

underlayed with a metal plate to avoid contamination (see Figure 7.8). The plates

and tweezers used were heated prior to each measurement.

Serpentine, a metamorphic stone, was used to determine the optimal settings

for the meteorite measurements. This stone has different shades of green prior

to heating. After baking out the water the color changes to brownish. Serpentine

itself did not show any PAHs. Nevertheless all samples measured, serpentine and

meteorite, show m/z 211 and 226. These seems to be some omnipresent com¬

pounds, even after baking out a serpentine test sample. Overall the intensities

after baking out of a PAH-spiked (naphthalene, acenaphthylene, fluorene, phenan¬

threne, pyrene, chrysene, benzo[k]fluoranthene and benzo [ghi]perylene) serpen¬

tine test sample in a muffle furnace are negligible, pointing towards the fact, that

PAHs are successfully removed. Shots on the metal cover plate after baking out

show little of m/z 226 but no PAHs.

The meteorite samples were measured at five consecutive spots. Each spot

itself is the average of 5 shots. For data interpretation the five consecutive spots

were averaged giving mass spectra with the overall average of 25 shots per mete¬

orite. High mass accuracy could not be achieved as the sample holder needed to

be adjusted each time when inserted into the instrument. As each meteorite is an

individual this adjustments were necessary. The difficulty was to put the sample

tip each time to the same position in the ablation region without being able to

calibrate the system, as the meteorites had to be maintained absolutely pure for

other subsequent i.e. amino acid analyses.

Analysis of the meteorites

In this survey we studied a total of four chondrite meteorites (I-IV): One CK

chondrite (carbonaceous) and three ordinary LL5 (low metal) chondrites collected

in the Antarctic ice (see Table 7.2). In general careful handling of the samples

was required to avoid a crushing of these brittle stones, especially for the CK5

chondrite samples. There were 4 subsamples from different regions of each of the
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Meteorite I - CK5 Chondrite

Sample Details

Meteorite II - LL5 Chondrite

Sample Details

LAP03784, 6 unknown

LAP03784, 7 unknown

LAP03784, 8 unknown

LAP03784, 9 unknown

LAP03573, 7 closer to outside

LAP03573, 8 closer to interior

LAP03573, 9

LAP03573, 10a fusion crust

LAP03573, 10b interior fusion crust

Meteorite III - LL5 Chondrite

Sample Details

Meteorite IV - LL5 Chondrite

Sample Details

LAP03624, 6a fusion crust

LAP03624, 6b interior fusion crust

LAP03624, 7 closer to interior

LAP03624, 8

LAP03624, 9 closer to outside

LAP03637, 5a fusion crust

LAP03637, 5b interior fusion crust

LAP03637, 6

LAP03637, 7 fusion crust

LAP03637, 8 closer to outside

Table 7.2: Meteorites samples I-IV with all subsamples.

meteorites I-IV. The subsample amount of a meteorite was roughly in the range of

300-400 mg. The LL5 chondrite samples include the fusion crust parts, which are

clearly visible by the dark crust which were formed through the heat generated

when entering the earth atmosphere.

Five mass spectra which are typical and representative for the different mete¬

orite types as well as regions are shown in Figure 7.9(a)-(e). The mass spectra of

these meteorites give similar overall characteristics. Most prominent are the two

omnipresent peaks at m/z 211 and 226. In the majority of the cases these two are

the most intensive peaks. The molecular weight of 226 can be assigned to possi¬

ble aromatic structures such as cyclopenta[cd]pyrene, benz[mno]aceanthrylene,

benzo[ghi]fluoranthene. This three suggested compounds are five-ring skeletal

PAHs. The m/z 211 suggests an N-containing compound. In an earlier study

by our group, it has been shown that N-marker of cigarette smoke can be de¬

tected with high sensitivity [17]. The same applies for m/z 183 which can be

found in these meteorite samples.

The three fusion crust meteorite samples of the LL5 chondrites differ in their

spectra. Whilst two of them show weak peaks of ions (Figure 7.9(a)) with a

pattern similar to the measured internal samples of these meteorites, one does

not (Figure 7.9(b)). This unique fusion crust sample has only three peaks at m/z
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Figure 7.9: (a)-(e) Selected mass spectra of different meteorite samples.

183, 211 and 226. We suggest a "baking out" of the outer fusions crust during the

entry of the earth atmosphere resulting in removal of organic compounds, similar

to the observation with the serpentine samples which were heated.

Typical mass spectra are shown in Figure 7.9(c) and 7.9(d) in contrast with

a high signal intensity mass spectrum (Figure 7.9(e)). The high signal intensity



7.2 Experimental Section 117

mass spectrum in Figure 7.9(e) most probably can be suspected to be an outlier

as it is the only one showing this besides the other subsamples from the meteorite

LAP03637, 8. The spectra of the CK and the LL5 chondrite (Figure 7.9(c) and

7.9(d)) appear to be similar. The spectra show few ions pointing to low concen¬

trations of aromatic compounds. Distinctive are m/z 178 and 202. These are two

skeletal PAH masses corresponding to phenanthrene or anthracene and for the

latter pyrene or fluoranthene. Remarkably is the finding of the alkylated mass se¬

ries for m/z 178 at m/z 192, 206, 220 and 234 which also are found in terrestrial

samples such as aerosols or in waste water. Unique are the ions detected at m/z

324, 338 and 352. These "high" masses in L2MS measurements do not occur as

free standing eye-flashing peaks when measuring aerosols or waste water. Whilst

there are no straightforward PAHs for the masses 324 or 338, there are many

7-ring membered aromatic compounds with a molecular formula of C28H16 (m/z

352). This goes with the fact, that the peak at m/z 352 is the most distinctive

one of these "higher" mass region of the spectra.

For each of the four meteorites researched in this study two category plots are

presented in Figure 7.10. In each plot all available samples of the different regions

(see Table 7.2) of a meteorite are shown going from the outer to the inner parts

from the left to the right as far as it was possible to assign a location according to

the photograph in Figure 7.2. On the right plots the signal intensities of different

sample regions of the meteorites with the corresponding voltage measured are

shown for m/z 178, 183, 202, 211, 226 and 352. For m/z 211 and 226 (solid

markers, dotted lines) the voltages are shown on the secondary axis on the right

side of the each plot. On the left category are plots with signals normalized

against the signal of m/z 226 for m/z 178, 183, 202 and 352. The m/z 226 has

been chosen because of the following reasons: It is omnipresent as is m/z 211.

Normalizing m/z 211 against 226 gives a constant ratio in the range of 0.2 with

only two exceptions (LAP03573, 7 and LAP03624, 6b).

When comparing the fusion crust with the inner parts of a meteorite one could

expect a different composition. This would be conceivable as there are two possi¬

bilities: 1. The outer parts of the meteorites are subjected to high temperatures

during the entry of the earth atmosphere which gives the black crust on the chon¬

drites. This would show an increase of aromatic compounds towards the inside

of a meteorite. 2. A meteorite can be potentially contaminated by the environ-
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Figure 7.10: Shown are two category plots per Meteorite. On the left are

the plots normalized with m/z 226. On the right plots with signal intensities

are shown. For m/z 226 and 211 the signals correspond to the secondary axis

on the right of a plot.

ment such as the polar ice or the Antarctic air. Neither one of this possibilities is

clearly observed in our experiments. There is no general evidence or trend for big

differences on a absolute intensity scale or on the relative normalized scale. Solely
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Allan Hills Elephant Moraine Murchison LAP CK series

m/z ALH85006 EETA83355 carbonaceous LAP LL5 series

carbonaceous [6] carbonaceous [6] C2 [18] (this work)

166 X X

178 X X

202 X X

228 X X

252 X X

276

278 X

300 X

Table 7.3: List of well known skeletal PAHs in carbonaceous chondrites in

comparison to our samples.

one fusion crust sample, LAP03624, 6a, which has only three signals at m/z 183,

211, 226 indicates clearly a loss of organic compounds. CK chondrite and LL5

chondrite look similar. For both the absolute and relative intensity category plots

the factor for the variation of compounds lie in the range of three to five. The

category plots gives the insight, that no straightforward conclusion can be made

in respect of comparison between the meteorite subsamples. Overall on can say,

that within the measured samples the levels of aromatic compounds are low to

negligible. As skeleton compounds only m/z 178 and 202 are present in relevant

amounts. Table 7.3 lists a comparison of PAHs found in carbonaceous meteorites

from Allan Hills and Elephant Moraine with our measurements. Obviously these

differ, as none of them show m/z 178 and 202. Becker et al. [6] further showed

that the Martian meteorites ALH84001 and EETA79001 have the same masses

178 and 202 and also further known skeleton PAHs. Coinciding with Martian

meteorites are also the few higher molecular weight peaks found up to roughly

400 m/z [2, 6], such as at m/z 324, 338 and 358 of our measurements. Earlier

measurements using the same analysis technique on meteorite powder by Hahn et

al. [18] showed that carbonaceous meteorites can also have aromatic compounds

such as m/z 178 and 202 and homologs series of phenanthrene. On the other hand

they did not find any compounds in an ordinary chondrite (H3, Clovis). Overall

we see some differences, when comparing with other measurements on aromatic

compounds of meteorites.
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7.3 Conclusions

The results of the Antarctic ice water analyses of the dissolved PAH fraction

showed that concentrations are in the low pg/L range. This points to no contam¬

ination from the water to the meteorite. The filtrated particular phase (dust) of

the ice water on the other hand shows high levels of many aromatic compounds. In

particular the masses of the alkylated homologous series of phenanthrene, which

are 192, 206, 220 and 234, are prominent. These homologous series are also found

in the snowmobile filters. This would suggest possible contamination of the mete¬

orites. Another very helpful and indicative peak is m/z 212. While the homologs

are found in the meteorite samples, pointing to the fact that some contamination

could have taken place, the peak at m/z 212 is not found at all in the meteorites,

although m/z 212 is a very intensive peak. It is rather unlikely that contamina¬

tion by the particulate phase takes place by desorption to the water phase and

adsorption to a meteorite. The affinity of PAHs for carbonate has been tested in

multiple experiments by Clemett et al. and no supporting results for an affinity

have been found [8]. Even so that a desorption and adsorption process would take

place, a specific exclusion of m/z 212 over other organic compounds is implau¬

sible. Also the high masses found at m/z 324, 338 and 352, which can not be

found in the soluble, nor the particulate, nor in the snowmobile samples, seem

to be of extraterrestrial nature. Contamination issues are always serious concerns

and ultimately may never be ruled out. However, we did not find any convincing

evidence to support a terrestrial contamination.
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Chapter 8

Role of carbonaceous particles in

rural soils

Polycyclic Aromatic Hydrocarbons (PAHs) are an ubiquitous class of persistent

organic compounds. In the AquaTerra Project the fate of these compounds is

studied in river-sediment-soil-groundwater systems. It is speculated that carbona¬

ceous particles in soil are important for the adsorption and fate of such organic

contaminants in soil. Different samples of carbonaceous particles have been iso¬

lated from soil under the microscope, compared with combustions particle samples

and in preliminary experiments analyzed with Two Step Laser Mass Spectrometry

(L2MS).
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8.1 Introduction

The AquaTerra Project has the aim to provide a scientific basis for an improved

river basin management through a better understanding of the river-sediment-

soil-groundwater system. This might be applicable for Europe as a model in how

to face changes in climate, land use and pollution of air, soil and water. In five

European catchment areas the river-sediment-soil-groundwater system is inves¬

tigated at different temporal and spatial scales. In the last decades scientists

often focused on point source pollutions. Nevertheless, recent findings show that

diffuse pollution occurs almost worldwide, though at comparably low concentra¬

tions. Ongoing enrichment of pollutants through, e.g., atmospheric deposition in

soil and sediments could possibly lead to long term risks for groundwater even in

remote areas.

PAHs have been chosen as representatives for persistent organic pollutants

(POPs) because of their worldwide omnipresence. Based on field measurements

in southern Germany evidence for continuous accumulation of PAHs in the top of

soil profiles, which can persist over a time scale of centuries, have been found. Mass

balances in rural areas show that more than 90 % of PAHs remain in the soils and

sediments [1, 2] with concentrations peaking at the top of soil profiles [3]. Simi¬

lar distribution patterns of PAHs were obtained from top soils and atmospheric

deposition, indicating a strong correlation between these two compartments [1].

It has been found that carbonaceous particles produced by combustion can

have a strong influence on the PAH concentrations in the aerosol phase [4]. In

soil, carbonaceous particles can act as geosorbents having high sorption capac¬

ities [5]. Based on these observations it is suggested that adsorption of PAHs

on carbonaceous particles control the lifetime of these contaminants in the soil.

Therefore microscopic studies were performed to identify carbonaceous particles

in the atmosphere and in the soil. Among the particles found are char (combus¬

tion of coal), charcoal (combustion of wood) and soot (see Figure 8.1). It was

possible to show that atmospheric, soil and car exhaust samples have comparable

morphologies.

In a second step the PAH distribution pattern on different, isolated carbona¬

ceous particles were analyzed using Two-Step Laser Mass Spectrometry (L2MS).

It has been shown in the literature using a L2MS system that direct analysis of
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Figure 8.1: Carbonaceous particles from different compartments such as

atmospheric deposition samples (A: char, B: soot, C: charcoal), from topsoil

samples (D: char, E: soot, F: char and charcoal) and from car exhaust samples

(G: diesel engine, H: gasoline engine).

PAHs from field sediment samples on a x,y maneuverable sample stage is possi¬

ble [6, 7]. The challenge for these measurements is the small amount of sample:

isolated "particles" which barely can be picked up with tweezers.

8.2 Experimental Section

For the analysis of the isolated carbonaceous particles the L2MS system was used

as described in Chapter 2.1. The particles were mortared prior to the measure¬

ments and placed on a double sided adhesive tape which itself is stucked to the

tip of the sample holder. This was necessary to be able to desorb PAHs from the

tiny sample (size, amount) in our configuration using a sample rod (see Chapter

2.1).
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8.3 Results and Discussion

For the evaluation of the method, blank experiments of the adhesive tape were car¬

ried out first. The background given by the tape shows practically nothing besides

minor peaks at m/z 92, 226 and 338 (see Figure 8.2(a)). The mass at m/z 92 can

be explained by toluene, while the mass m/z 226 might be cyclopenta[cd]pyrene,

a PAH, and m/z 339 remains unknown.

Prior to the analysis of the carbonaceous particles briquettes were measured

to verify that the setup works. After mortaring the briquette samples they were

stuck with the help of a double sided adhesive tape to the sample rod and mea¬

sured. This experiments showed that this setup is capable to desorb PAHs and

detect these compounds. Further it showed that for the repetitive laser desorption

from the same spot the signal intensity is decreasing rapidly. In Figure 8.2(b) a

briquette measurement (average of 50 laser shots on different spots) is shown. It

is more intense in comparison to an average spectrum of shots on the same spot

in Figure 8.2(c). Obviously the PAH concentration is low and decreases fast.

Samples of charcoal and soot were measured, which were isolated from topsoil

of the Seebach catchment, Northern Black Forest in Germany. They are shown

in Figure 8.2(d) as an average spectrum of shots on the same spot of a char¬

coal sample and Figure 8.2(e) as a single shot of a soot sample. In general the

intensities of the mass spectra are weak and show almost no typical PAH pat¬

tern. As the sample amounts of the particles was small and limited, no further

experiments could be done. Obviously, aromatic compounds are present in these

particles, though the concentration is low as PAH concentration decreases fast

when desorbing from the same spot for averaging.

8.4 Conclusions

The measurements with L2MS show, in comparison to atmospheric aerosol sam¬

ples, only weak signals of PAHs from isolated soil particles. The intensity is not

sufficient to draw detailed conclusions about the role of these carbonaceous parti¬

cles on the fate of PAHs in soil. The sample amount available for this preliminary

study was too small. In future work the focus will be more on the humic layers
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of the soil in order to elucidate the fate of PAHs in rural environments. In fact

Weickhardt et al. [8] showed that in sand, humus and clay measurable amounts

of PAHs for L2MS can be found.
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Chapter 9

Summary and Outlook

The topics and projects discussed in the previous chapters of this thesis and

all main findings are summarized. An outlook and some future perspectives are

discussed in relation to environmental HULIS and PAHs research.
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9.1 Summary

Environmental analysis is a wide and complex area of research with many interre¬

lating effects. In this thesis the focus was on two compound classes, the humic-like

substances (HULIS) and the polycyclic aromatic hydrocarbons (PAHs). A short

summary of the most prominent findings for these compounds will be given in

the following paragraphs.

A new method was developed to quantify HULIS after isolation by solid-phase

extraction (SPE) and size-exclusion chromatography (SEC) with an evaporative

light scattering detector (ELSD). Average HULIS concentrations of 1 /xg/m3 have

been found in a six week measurement campaign at a suburban site (Dübendorf,

Switzerland). The HULIS matter acounts up to 4.9 % of the PMl and 16 % of

the organic aerosol mass in PMl.

PAHs were measured in different compartments: air particulate matter, water

and soil as well as in extraterrestrial matter. All samples were measured with only

one technique: Two-Step Laser Mass Spectrometry (L2MS). The diurnal pattern

of aerosol-bound PAHs was measured with a high time resolution of 20 minutes.

Samples segregated into different particle sizes (10-1.1, 1.1-0.3 and 0.3-0.1 ßm) did

not show significant differences in the PAH distribution. A pronounced diurnal

cycle with day/night (D/N) ratios of 0.1 was only altered during atmospheric

mixing periods resulting in D/N ratios of up to 8. During summer, the PAHs were

about a factor of 2-10 lower than during winter. Overall, meteorology seems to be

the dominating factor for the diurnal cycle. Short term events, such as the increase

of ozone within an hour, can influence the PAH concentration significantly. A

first quantitative method to quantify PAHs in water with L2MS was developed

with detection limits in the nanogram per liter range for three to six ring PAHs.

Application to a waste water treatment plant showed that microbial activities

efficiently decrease the PAH concentration. The antarctic ice water and meteorite

measurements support the hypothesis that contamination of the meteorites by

PAHs is negligible when the samples are handled with proper care. Measurements

of carbonaceous soil particles did not lead to a conclusive decision concerning the

adsorption of PAHs. The role of carbonaceous particles in soils still remains open.
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9.2 Outlook

Future perspectives for HULIS and PAH analysis are given in this final section.

Also possible future project ideas for the L2MS are discussed.

Laboratory and field investigations on HULIS show certain similarities to ter¬

restrial or aquatic humic and fulvic acids. For all methods characterizing this class

of compounds, the isolation step is crucial. Standard extraction and characteri¬

zation methods are required for a better comparison between different samples.

The differences between HULIS extraction methodology used currently in the

literature make this difficult at present.

Nevertheless, with the extraction methodology of Varga et al. [1] we could

quantify HULIS compounds using an ELSD. Further quantification measurements

in combination with ESI-MS would be of interest for laboratory experiments in a

smog chamber. For smog chamber experiments done at the Paul Scherrer Institute

mass spectrometry measurements confirmed molecular sizes up to m/z 1000 for

photo-oxidation experiments with 1,3,5-trimethylbenzene in a 27 m3 teflon bag

[2]. The fraction contributed by the high molecular weight compounds to the total

mass is still unknown and could be answered using our method.

ELSD as detection technique has rather high detection limits compared to

UV. This requires larger sample amounts. For better time resolution, e.g. to

investigate the impact of meteorological conditions, sampling time needs to be

reduced. Higher sensitivity can be reached by using a Corona Charged Aerosol

Detector (Corona CAD). The principle of this detection method is similar to

ELSD. The HPLC column eluent is nebulized with a nitrogen stream and the

droplets are dried producing analyte particles. A secondary stream of nitrogen is

positively charged as it passes a high-voltage corona wire. This charge is transfered

to the opposing stream of analyte particles. The positively charged analyte is

transferred to a collector and finally measured by an electrometer, generating

a signal that is directly proportional to the quantity of the present analyte. It

is possible to measure low limits indépendant of structure in the low nanogram

quantities.

The detection limits found for PAHs with L2MS for the PVC membrane ex¬

traction method discussed in chapter 6 have been pushed to the low nanogramm
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per liter range for the antarctic ice water measurements by adding a plasticizer.

Rain water measurements have not been successful so far but could be feasible

now. In combination with large sample amounts it should be possible to detect

PAHs in rain water with this method.

The measurement of PAHs on aerosols using the aluminum stripes could be

fully automatized. One would need to construct an interface where the stripe can

be moved into the vacuum. Alternatively, one could desorb at ambient pressure

and transfer the molecules into the vacuum chamber where the ionization and

analysis takes place. Placing such a system next to a highly frequented highway

could reveal the influence of traffic and short term events on PAH concentra¬

tions with high time resolution. The instrumental set-up at present is not mobile.

Nevertheless, such instruments have been built [3, 4].

Of course, the L2MS in the present set-up is restricted to the analysis of

aromatic compounds. A further disadvantage is that isomers, e.g. phenanthrene

and anthracene, cannot be separated. Besides these drawbacks there are the many

advantages shown in this thesis: sensitivity, selectivity, no sample preparation.

The instrument could be developed into various directions:

To distinguish isomers supersonic jets are advantageous [5]. Isomeric molecules

generally have slightly different vibronic intermediate states which become im¬

portant when the molecules are cooled. The laser could be tuned and specifically

select isomers. This has been shown for polychlorinated aromatic compounds

[6, 7].

Sources of aromatic compounds are manifold. Tracer compounds that have

been found in L2MS analysis are e.g. cigarette, gasoline or diesel tracers. An

open question is what these compounds exactly are. L2MS analysis only pro¬

vides the mass information. The use of gas chromatography mass spectrometry

(GC-MS) or MS/MS methods could help identifying these tracers. The L2MS in¬

strument itself could be modified to an MS/MS instrument. The combination of

TOF with quadrupole or sector analyzers with beam transmitting devices could

lead to structural information. When markers are identified source apportionment

calculations would be possible in measurement campaigns. For example, the de¬

gree of passive smoking in public areas such as in buildings could be estimated.

Other compound classes could be analyzed using other ionization wavelengths
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e.g. in the far UV for single photon ionization of alkanes. Another class of com¬

pounds are steroids with aromatic substructures. First measurements show that

e.g. estrone, estriol, ethinylestradiol can be measured. They have an aromatic

ring in their structure. Not measurable are progesteron, testosteron, cholesterol

and tamoxifen. The binding of the measurable compounds to proteins could be

studied by applying them to an immobilized estrogen receptor (e.g. on a nickel

plate or beeds). After washing the mixture the complex could be denaturized and

the amount of steroids determined.

PAHs have been analyzed in air, water and soil with only one analysis tech¬

nique. This gives the possibility to study the life cycle of PAHs in the environment.

One could start at an incineration plant by measuring the immisions, find trac¬

ers and follow them through the different compartements such as air, soil and

water. Maybe even plant matter respectively tissue could be analyzed making

all-embracing measurements possible!
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Abbreviations

ANSMET Antarctic Search for Meteorites Programm

CAD Charged Aerosol Detector

Da Daltons

DIPN Diisopropylnaphthalene

DOC Dissolved Organic Carbon

DOS Dioctyl Sebacate

D/N Day-to-Night ratio

EC Elemental Carbon

ELSD Evaporative Light Scattering Detector

EAWAG Swiss Federal Institute for Environmental Science and Technology

EMPA Swiss Federal Laboratories for Materials Testing and Research

EPA Environmental Protection Agency

ESI-MS Electrospray Ionization Mass Spectrometry

GC-MS Gas Chromatography Mass Spectrometry

HPLC High Performance Liquid Chromatography

HS Humic Substances

HULIS Humic-Like Substances

IPCC Intergovernmental Panel on Climate Change

LED Light-Emitting Diode

LOD Limit of Detection

LDI Laser Desorption Ionization

L2MS Two Step Laser Mass Spectrometry

MALDI Matrix Assisted Laser Desorption/Ionization

MCP Micro Channel Plates

MS Mass Spectrometry, Mass Spectrum

m/z mass to charge ratio

NABEL Swiss National Air Pollution Monitoring Network

NIST National Institute of Standards and Technology

OC Organic Carbon

OPO Optical Parametric Oszillator

PAH Polycyclic Aromatic Hydrocarbon

PAK Polyzyklische Aromatische Kohlenwasserstoffe

PAS Photoelectric Aerosol Sensor



PMA Polymethacrylic Acid

PMl Particulate Matter < 1 ßm

PM10 Particulate Matter < 10 ßm

POM Polyoxymethylene

POP Persistent Organic Pollutant

PVC Polyvinyl Chloride

PVDF Polyvinylidendifluoride

RDI Rotating Drum Impactor

REMPI Resonance Enhanced Multiphoton Ionization

SEC Size-Exclusion Chromatography

SPE Solid Phase Extraction

S/N signal-to-noise ratio

SRFA Suwannee River Fulvic Acid

SMPS Scanning Mobility Particle Sizer

TEP Triethylphosphate

TOF Time of Flight

THF Tetrahydrofurane

UGZ Umwelt- und Gesundheitsschutz Zürich

UV Ultra-Violett

VOC Volatile Organic Compounds

WSOC Water Soluble Organic Carbon

YAG Yttrium-Aluminium-Garnet
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Set-up

The set-up of the L2MS components and the measurement principle has been

already introduced in Chapter 2.1. Also a detailed schematic of the setup with an

extensive description is given in that Chapter. This schematic is reprinted again

in this Appendix in Figure B.l to have an overview.

In this Appendix the timing of the different steps during one measurement is

discussed and a short user manual is given to operate the L2MS system.

Figure B.2 shows the timing for the different steps in a L2MS experiment.

The triggering of a measurement is based on the YAG Lamp Sync Output trigger

CO, Laser

I— Nd-YAG Laser

MCP

Delay
Generator 1

1J Sample Holder

\7

Pyroelectric Power

Detector

Ext CHI CH2

o o

0 0

o o

en en en en en en en

Oscilloscope

Figure B.l: Schematic setup of the main components in the L2MS system.

For a detailed discussion of the components see Chapter 2.1.
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which runs at 10 Hz. The Q-Switch Delay and therefore the laser output is roughly

200 ßs after the YAG Lamp Sync Output (time marker C in Figure B.2). In our

setup Flip/Flop Box picks out the starting trigger from the YAG Lamp Sync

Output when the software is ready. Then the experimental steps are initiated by a

delay generator. Important for the measurement is the delay between desorption

(C02 laser) and ionziation (UV laser). Typical values are in the range of 15-

25 ßs. It has to be considered that the C02 laser itself has a delay time of 40 ßs

between the initialization and the effective laser output. The data sampling with

the oscilloscope is initiated by a fast UV photodiode at point C and is transfered

to the LabVIEW software.
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Figure B.2: Time axis during one measurement. A = initialize CO2 laser

shot; B = Oscilloscope is set ready to start data acquisition at onset of the

UV Photodiode at time C; D = Set all potentials of the Delay Generator back

to zero. AD must be > 40 ßs, otherwise the CO2 laser does not react.
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Operating the L2MS

The following operation manual for the L2MS is divided into two sections. The

first section describes all the components and the necessary preparation steps.

In the second section an in-house written LabVIEW (Version 7.0 recommended)

program is described, allowing the triggering, the setting of acquisition parameters

and the data storage.

Preparation

The following components of the L2MS need to be prepared for measurements:

1. Turn on external water chiller (working at 17 °C) system in room E334 to

"Auto".

2. Startup the Nd-YAG laser system:

The MOPO-730D10 can be used to generate wavelengths in the range of

220-340 nm. The third harmonic (355 nm) of the Nd-YAG laser is used to

pump the MOPO system. For most of the measurements the MOPO was

not used. In this case the fourth harmonic (266 nm) of the Nd-YAG laser

was used. The startup procedure given here applies to both cases, with and

without the MOPO.

(a

(b

(c

(d

(e

(f

(&

(h

Turn on Nd-YAG laser main power switch.

Press "Enable" on the controller to start the internal water cooling

system.

Turn Q-Switch knob to "Long Pulse".

Turn both Lamp Energy knobs to "10".

Wait 20 minutes for the laser system to warm up.

Turn both Lamp Energy knobs off which is equal to the position

"Start".

Turn Q-Switch to "Q-SW".

Attention: Put on laser safety goggles. Make sure that the laser beam

is correctly aligned with the prisms to about 1 mm in front of the

sample tip.
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(i) Turn on Lamp Energy. Large knob to
" 10" and small knob to about

"6". From time to time the Harmonic Generator Crystals need to be

adjusted for maximum laser power. With a polarizer controlled by

the LabVIEW program (see the following section on Data Acquisition,

description of box 5) the final laser power per shot for the ionization

step can be set. It should be less than 90 ßJ to prevent the molecules

from fragmentation.

(j) Laser is ready for measurements.

3. Start-up of the C02 laser:

(a) Turn on gas supply (0.3 % mol H2, 4 % mol CO, 12 % CO2). Pressure

should be 4 bars.

(b) Turn on the Laser with the key at the controller box.

(c) Wait for "Warm up/Druckabgleich" to appear on the screen.

(d) The laser is started up by service program "56". The following steps

have to be done quickly:

Press "PROG" then type "56" and confirm by pressing "ENTER".

Type in the Schlüsselnummer which is "386" and confirm by pressing

"ENTER". Press "CLEAR" and "BREAK".

(e) Wait until the countdown indicated on the screen is finished.

(f) The external trigger is chosen by pressing "PROG" then typing 20

and confirmed by pressing
" ENTER". Type in the " Schlüsselnummer"

which is
" 386" and confirm by pressing

" ENTER". Press another two

times "ENTER" until you can read "Trigger Extern" on the screen.

Finally press "BREAK" and then "START".

(g) Check alignment of invisible C02 laser with a visible He-Ne laser (red).

Overlaying of the two laser beams is done by guiding the He-Ne laser

through a NaCl window which is translucent for IR light. A thermopa-

per is used to check the overlap.

(h) For the desorption of aerosols from an aluminum support typically

fluence settings are about 1.5 J cm"2. The fluence is controlled by an

iris and a ZnSe (f = 50 mm) lens.

(i) Laser is ready for measurements.
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4. Insert sample into the main vacuum chamber through the differentially

pumped interlock connected to the main chamber with a gate valve. Before

opening the gate valve wait approximately 1 minute. When the sample

holder is inserted into the main vacuum chamber wait until vacuum pressure

falls to 10"6 torr.

5. Switch on all the voltages which are set to the following values: 1900 (VD1,

detector voltage of first microchannel plate), 4500 (REP, repeller), 2790

(EXT, extractor), 256 (Vx, x-deflector), 030 (Vy, y-deflector), 2880 (VÄi,

reflectror grid), 4450 (Vr2, reflectror grid), 040 (FOC, Einsel lens). This

values were used throughout all the measurements.

6. Start LabVIEW Program using the file "L2MS main.vi".

Data Acquisition

All measurements parameters can be easily controlled by the in-house written

LabVIEW Program. The different features will be discussed according to the

numbers given to the boxes found in Figure B.3.

1. The "L2MS main.vi" needs to be initiated by pressing on the arrow button.

Should the program "hang up" it can be stopped with the stop button and

reinitiated.

2. The number of scans on one desorption spot which will be averaged for

acquiring one mass spectrum is set here. By pressing the "One Sample"

button, one average mass spectrum at one spot is conducted.

3. The number of sample spots, in other words the number of acquired mass

spectra can be set here. Additionally, a polarizer controlling the UV laser

energy can be activated during a measurement. This changes the UV laser

fluence between two measurements by the angle set in box 5. The button

"All Samples" starts a measurement series.

4. This box allows the setting of a fixed angle increment to move the sample

either clock- or counterclockwise. The button "Rotate Samples" is used to

put the sample manually to a specific position.
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5. Here the current position of the polarizer is displayed. Further the rotation

direction as well as angle for the polarizer can be chosen. The polarizer is

moved by pressing
"
Rotate Polarizer".

6. The mass spectra can be baseline corrected. If the set threshold is exceeded

the correction is applied. This correction is stored with the data and is not

reversible. As an option the baseline correction can be completely disabled.

7. This box is important for data storage. There are different data storage

possibilities. Saving is activated by pressing the button "Save". This stores

the data in the LabVIEW file format. Data is exported to .dat files by

pressing
"

ExportWfrns". Of course the data path and file name can be

set. Each wave corresponds to one mass spectrum with sequenced numbers.

Optionally waves can be excluded and an average mass spectrum saved

by using the buttons "Exclude", "Reset" and "Avg Wfrns". An additional

reference wave can be loaded and displayed in the mass spectrum for data

comparison by using the button " SetRefWfm".

8. The features within this box are used for looking at mass spectra using

typical tools (e.g. zoom, unzoom, ...).

9. This box is to monitor the laser fluences of the IR and the UV laser either

graphically or by numbers.

10. Here the time to m/z calibration factors a and b are set according the

eqation m/z = at2 + b.

11. This box allows the setting of thresholds for IR and UV laser energies. This

helps excluding data that lie outside these set limits. Mass spectra are not

saved when the laser energies are outside the limits.



146 B. Appendix: L2MS User Manual

Figure B.3: LabVIEW is used to control the measurements. Here the main

window used for the L2MS measurements is displayed. Each number belongs

to a black box which is decribed in detail in the text.


