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Abbreviations and acronyms

- ampere

- acetonitrile

- aerodynamic particle sizer

- Accelerated Solvent Extraction

- black carbon

- n-undecanol

- n-heptadecane

- n-octacosane

- charcoal denuder/filter/adsorber samplmam
- condensation particle counter

- n-tetracosanesgl

- aerodynamic diameter

- dichloromethane

- differential mobility analyzer

- dimethylformamid

- elemental carbon

- Energy Research Centre of the Netherlands
- extraction disk

- filter/adsorber sampling train

- fluorescent detector

- adsorber gas phase sample of SJIAC

- agueous gas phase sample of SJAC

- gas chromatography

- gas chromatography coupled with mass sp@ettry detection
- gas phase

- high performance liquid chromatography
- liquid-liquid extraction

- limit of detection

- limit of quantification

- millilitre

- 4 - metoxyacetophenol

- repetition time




n.d. - not detected

Nap - naphthalene

ng - nanogram

nm - nanometre

oC - organic carbon

oD - outer diameter

OdFA - ozone denuder/filter/adsorber samplinmtra
P - aqueous particle sample of SJAC
p - pressure

PAH - polycyclic aromatic hydrocarbons
pg - picogram

PM - particulate phase

PMio/ PMys - particles smaller than 10/2.5 pum aerodynamaoditer
QFF - quartz-fibre filters

RH - relative humidity

S - second

SJAC - Steam Jet Aerosol Collector
SMPS - Scanning Mobility Particle Sizer
SPE - solid phase extraction

SvOoC - semi volatile organic compounds
T - temperature

TC - total carbon

U.S. EPA - USA Environmental Protection Agency

UFP - ultrafine particles

Vv - volt

% - volume

XAD2/4 - styrene-divinylbenzene adsorber resin
ul - micro litre

nm - micrometer
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1. INTRODUCTION

1.1. General

Ambient aerosols are everlasting contributors efhiaman environment. Throughout
natural and man activities they can be observetdreveryday life in the form of fog, cloud,
dust, smoke, fume etc. Impact of the atmospherigsaés on the man’s surroundings can be
quite easily noticed by changing both climate- .(evigibility) and health properties (e.g.
breathing air quality). And those two interactinglds are the main reasons for the fast
development of the ambient aerosol science inasieféw decades.

Recent studies give further proves that the fiaetfon (below 2 pm) of atmospheric
particle phase is the major reason for their nggaictivity. The organic fraction is one of the
main contributors of atmospheric fine aerosols withir enormous variety of individuals,
complex chemistry and proven severe ecological agnpad toxicity. Because of the long
lifetimes fine particles are able to travel muchder in the atmosphere than coarse patrticles.
They can be found in regions very distant fromrtbeigin (e.g. Artic). Therefore emission of
aerosol pollutants into the atmosphere is no loage&gion scale problem and global strategy
for protecting the Earth is necessary for coopeeltidecreasing ambient aerosol pollution.

One of the key factors for such activities is tinalgtical characterization of ambient
aerosols. The first and most susceptible stage ©f the collection of the representative
sample. One of the major groups of aerosol comstttiis semi volatile organic compounds
(SVOC). Since both health and ecological impactSWOC depend on their physical form of
appearance, it is very important to be able tord@tee their concentration in the gas- (Gp)

and particulate phase (PM).

1.2. Characteristic of the ambient aerosols

The term “aerosol” refers to an assembly of liqordsolid particles suspended in
gaseous medium long enough to enable observatiomeasurement [Hinds 1982]. By
definition aerosol component can refer to chemicahpounds in condensed as well as in the
gaseous state. In practice however, the term adecosgponent usually refers to semi- and
non-volatile particle components but not to voeatibmpounds residing exclusively in the gas
phase [POschl 2005]. Atmospheric particles arenafien spherical, have a range of densities,
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and consist of liquids, solids, or a solid corereunded by liquids. Therefore, their diameters
are described by an “equivalent” diameter whidfers to a diameter that is a measurable
index of the particle (spheres of the same spepifigsical property value as the irregular
shaped particles being measured). Aerodynamic derte) is the diameter of a unit-density
sphere having the same gravitational settling vgloas the particle being measured.
Reference to aerodynamic diameter is useful forirenmnental chemists (behaviour in
sampling devices such as filters, cyclones and atgpg) as well as for toxicologists (settling
and inertial behaviour in the respiratory tractaf@n and Willeke 1993, Wilson et al. 2002].

In this work the term “diameter’,defers to equivalent aerodynamic diameter.

1.2.1. Ambient particle size modes

Generally, the sizes of aerosol particles are enringe 0,001 — 100 pum. In order to
differentiate particles within this huge, five ddeasize range several classification methods
are used. The aerosol community uses four diffecemventions in the classification of
particles by size: (1) modes, based on the obsesied distributions and formation
mechanisms; (2) cutpoint, usually based on the BO8oint of the specific sampling device;
(3) occupational sizes, based on the entrancevatous compartments of the respiratory

system; and (4) legally specified, regulatory sifmsair quality standards [Wilson et al.

2002].

Mechanically
genaratad

B Condensation /
/\

5 Nucleauon / \

Wapar

AW/ Alog By (um¥em?

b‘*‘oﬁ | \

| ../.’i/.\\j / \“/ \\

0 -
0.001 0.01

D, (um}
Figure 1.1. Idealized size distribution of trafficrelated particulate matter [U.S. EPA

2004], Dp, particle diameter.
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Classification involving formation process of aargsdistinguishes two main modes:
coarse mode covering particles with, chigher than 2-2.5 um anfihe mode when gis
smaller than the limit value. The fine particle® dypically subdivided into another two
fractions: below and over 0.1 um. The bigger fattvas named as an accumulatade.
The other is known asltrafine particles (UFP, EPA 2004) and can be further divided
[Kulmala 2004] into nucleation (< 0.02 um) and Aitk(0.02-0.09 pm) mode (Figure 1.1).

The nucleation mode particles are emitted direftdyn combustion sources or by the
condensation of gases to primary particles whi@n tboagulate to aggregates [John 1993].
Typically newly formed nucleation mode particlee ar the range of 1-2 nm in diameter, but
rapid growth generally occurs, typically to paeglof ca. 20-30 nm in diameter. The
formation can occur both in hot combustion gasekiammetallurgical processes, involving
the condensation from the vapour to form particleswithin the atmosphere itself from
chemical reactions of gases to form non-volatilecggs which condense to form particles
[Harrison et al. 2000]. Coagulation increases siz@uclei mode particles but they do not
tend to grow over the range of the accumulation en@dhere they can move by coagulation
with accumulation mode particles. The nuclei mods & relatively short lifetime (one hour)
and is usually not prominent in ambient aerosaifJ1993]. This size range can be detected
when fresh emissions sources are close to a measntresite or when new particles have
been recently formed in the atmosphere [Chow 1995].

The accumulation mode is formed by coagulation ofalter particles from
combustion sources, condensation of volatile speajas-to-particle conversion through
chemical reactions, and from ground dust partif@sow 1995]. Their growth rate from
condensation slows down with increasing particendter and because of their low number
concentration, but is continuous until depositiartws. The accumulation mode does not
extend much beyond a few microns in diameter anthires distinct from the larger particles
in the coarse mode [John 1993]. They are subjectatber inefficient loss from the
atmosphere by wet and dry deposition processest. dtmeospheric lifetime is in the range of
several days and therefore they can travel ovey lerg distances within the atmosphere
[Harrison et al. 2000].

The coarse mode mainly consists of particles geseradby mechanical and
disintegration processes like wind-blown suspensibtand surface dusts and soil, sea salt
spray and plant material [John 1993]. Their atmesphlifetime becomes rather short.
Because they arise quite differently from fine mpdeticles they can be quite distinct in their

chemical composition [Harrison et al. 2000].

11
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In the countries where improved burning and abateteehnologies emission
situation has changed considerably the particuktassions from transportation, fuel
combustion, etc. now are containing fine particleith sizes less than 2 um, only. The coarse
particulates in industrial emissions are very éfitly removed by modern air cleaning
equipment, but fine and ultra fine particulates gigte into the atmospheric environment
[Spurny 1998].

1.2.2. Sources

Ambient aerosol particles can be of primary or seleoy origin. Primary aerosols are
emitted in particulate form directly from their soas, while secondary particles are formed
in the atmosphere from gaseous precursors [e.gdi®ah al. 1992, Jacobson et al. 2000].
Both primary and secondary aerosols can come fraherenatural or anthropogenic
activities.

Natural particles include the following origins:

— marine — sea salt aerosols generated by the sa@pivaves at high wind speed,

— mineral — materials derived from the earth's crust,

— volcanic — injection of gases and particles dugngption, hot lava,

— biogenic — forest fires, pollens, fungi, bacteviaiises, biogenic magnetite, action of
living organisms, micropatrticles (< 100 nm; actadtells), disintegration and
dispersion of bulk plant material,

— cosmic — some matter from the solar system enté¢n@gtmosphere

[Gourdeau 2003, Oberddorster et al. 2005]

On the global scale, natural sources matter mucte ramce they are emitted from
large areas such as the oceans or deserts. Oth#trehand, anthropogenic sources are likely
to surpass those natural e.g. in case of cities thié high traffic and industrial areas with
dominant combustion processes and industrial diesviVouitsis et al. 2003, Morawska and
Zhang 2002].

Examples of anthropogenic aerosols sources agegl Il&low, they include also those
from the field of nanotechnology which accordingQberdorster [2005] should also be taken
into account as a relevant source especially of. UFP

12
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Unintentional:

— dust from roads and construction sites,

— pulverization of coal or rock crushing,

— solid waste disposal and transportation,

— fuel combustion in power generation, vehicles,desfial heating,

— industrial paint use

— printing industry

— internal combustion engines

— incinerators

— metal (smelting, welding, etc.), polymer and othenes

— heated surfaces

— frying, broiling, grilling

— electric motors

Intentional:

— controlled size and shape, designed for functionali

— metals, semiconductors, metal oxides, carbon, paigm

— nanospheres, -wires, -needles, -tubes, -sheltgs;riplatelets — untreated, coated
(nanotechnology applied to many products: cosmatieslical, fabrics, electronics,
optics, displays, etc.).

[Rogge et al. 1991, 1993, 1998, Jacobson et ab,266urdeau 2003, Oberddrster et al. 2005]

Most of the naturally formed secondary aerosoltheatmosphere are the result from
reaction of sulphur gas emissions. In the marindrenment dimethyl sulphide (DMS) is
emitted by phytoplankton and by reaction in the aapihere forms sulphur dioxide (80
Volcanoes also directly release Sidto the air which can further react to form sulfeh
particles. Additional, humans also produce nitroggrecies that give nitrate aerosol
[Gourdeau 2003].

Secondary organic aerosol (SOA) is a product oithespheric oxidation of reactive
organic gases (ROG) by one of three electrophifiseg present in trace amounts in the
atmosphere: the hydroxyl radical (OH), ozong)(@nd the nitrate radical (NP[Jacobson et
al. 2000]. ROGs are emitted by many anthropogenét raatural sources such as burning of
fossil fuels and wood, biomass burning, solvent, eseission by vegetation and the oceans
[e.g. Duce et al. 1983]. Common atmospheric ROGkide alkenes, aromatics and phenols
[Jacobson et al. 2000].

13
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1.2.3. Composition

Atmospheric particulate matter is basically mor#idailt to study than gas-phase
components of the atmosphere because of its higabigy and its very complex make-up
[Harrison et al. 2000]. Both inorganic and orgacdenpounds contribute to ambient aerosol.
This composition share is closely related to ttme sind origin of the ambient aerosol and
location of the sampling site. Other parameters civhplay an important role in
physicochemical processes involved in formationtloé particulate matter refer to the
residence time in the atmosphere and meteorologioaldition (e.g. temperature, UV
radiation and RH) [P6schl 2005].

In coastal areas for example sodium and chloridedeminate, in other places where
traffic is the main source of aerosols the fractoddrorganic carbon can be found at a higher
than normal level. Therefore terms like kerbsidban, rural, background or coastal area are
often used to describe the location of the sampdivg. Size distribution also predestines
chemical composition and generally fine particleasist of much more organic compounds
than coarse. Nevertheless major inorganic constisueommon for mostly all kind of the
ambient aerosols include sulphate, nitrate, ammmongea salt, geological material (oxides of
aluminium, silicon, calcium, titanium and iron), takions — sodium, potassium, iron and
transition and heavy metals such as V, Cr, Zn,@4, or Pb , trace elements and water
(absorbed by soluble species when RH > 70 %). @adepus aerosol components are
elemental or black carbon (EC, BC) and organic @ar®©C) [Chow 1995, Tsai and Cheng
2004, Sheesley et al. 2003, Mouli et al. 2003].

Measurements of BC and EC are generally based tinabmnd thermochemical
techniques, and OC is operationally defined asdifference between total carbon (TC, the
sum of all carbon contained in the particles, ekaephe form of inorganic carbonates) and
BC or EC. EC consist of the carbon content of ttephite-like material usually contained in
soot (technically defined as the black product mfomplete hydrocarbon combustion or
pyrolysis) and other combustion aerosol particlesich can be pictured as more or less
disordered stacks of graphene layers or large poligcaromatics [Sadezky et al. 2005].

Despite of very large amount of studies and effoftambient aerosol scientists there
is only a partial knowledge about the organic cosifan of the ambient aerosols (Figure
1.2). Several thousand compounds have been idehtifiut the full chemical description has
not been achieved yet [Mazurek 2002].

14
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Figure 1.2. Chemical mass balance of fine-particleoncentrations [Rogge et al. 1993]

Prominent organic substance classes that wereathared and identified in organic
fraction of fine PM on a molecular level include tfollowing three characteristic magnitudes
of the mass proportion [Pdschl 2005]:

— 10 - fatty acids and other alkanoic acids, aliphdit@arboxylic acids, aromatic

(poly-) carboxylic acids, multifunctional aliphatmd aromatic compounds (OH, CO,

COOH), secondary organic oligomers/polymers anditilike substances, proteins

and other amino compounds, levoglucosan,

— 10— aliphatic hydrocarbons, aliphatic alcohols aabonyls, cellulose and other
carbohydrates
— 107 - polycyclic aromatic hydrocarbons (PAHSs), nitamd oxy-PAHs

1.2.4. Inhalation properties and health effects

There are many epidemiological and toxicologicadss dealing with the influence
of ambient aerosols on the human health. Main figsliwere reviewed in a number of
publications [Spurny 1996, 1998, Wichmann and Ref000, Oberdorster 2000, 2005].
Epidemiological studies attempt to determine refa&hips between ambient aerosol
concentrations, physical or chemical properties #ea@lth indicatory such as hospital
admissions, school absenteeism, and frequencyspiratory illness, reduced lung capacity

and mortality, especially respiratory and cardiowéar. Toxicological studies on the other
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hand try to identify and explain biological effedambient aerosol in living organisms or
cells.

Deposition efficiencies of the ambient aerosolhie human body is one of the main
factors affecting their health impact. Figure 1k®ws the fraction of different size PM that
deposit in the different parts of respiratory tradben particle-laden air is inhaled. All
particles with diameters below 10 pm are nominatedhe ‘respirable’ or ‘thoracic’ fraction
[e.g. Hinds 1982, Spurny 1998]. The highest depositfficiency in the alveolar region
(~ 50%) have 20 nm particles whereas in trachedrah and nasopharyngeal regions
particle with d 07 nm andJ5 um respectively show highest deposition rateesé different
deposition efficiencies should have consequenaegdintial effects induced by inhaled fine
particles of different sizes as well as for theisposition to extrapulmonary organs [e.g.
Oberdorster et al. 2005].
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Figure 1.3. Predicted fractional deposition of inhéed particles in the nasopharyngeal,
tracheobronchial, and alveolar region of the humanrespiratory tract during nose
breathing. Based on data from the International CommissionRawliological Protection

[1994]. Drawing courtesy of J. Harkema.
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Fine- and ultrafine aerosols are proved to be tlwstndangerous fractions of the
ambient aerosol and brought special attention afsa scientists [Kao and Friedlander 1995,
Spurny 1998, Oberdérster 2000]. The results oftiexjgoxicological studies (in vivo and in
vitro) suggest, that both their physical (partisize, shape, surface and biopersistence) as well
as chemical (dissolved and adsorbed toxic chemieald surface catalytic reactions)
properties are involved in observed health eff¢Sisurny 1998]. It has to be underlined
however that clear-cut recognition of one of thokaracteristics as the most important in
terms of health effect is not possible at the mamen

Better correlation of fine PM concentrations andtaldy-rate ratio (in six U.S. cities,
Dockery et al., 1993) is probably due to combin&eécts resulting from their very high
deposition in the deep respiratory tract descriledve and the nature of the fine particles
themselves (Table 1.1). Much higher particle nuniber given aerosol mass concentration
and larger surface area when compared with largarcfes allow them to be carried to the
deep lung together with adsorbed toxic compounelsc{ive gases, radicals, transition metals
or organics). Surface area can also provide trexfade between the retained particles and
cells, fluids, and tissues of the lungs that camegase surface dependent reactions for particles

not readily soluble in the epithelial lining fluj®berdorster et al. 1995].

Table 1.1. Influence of particle size on particle mmber and surface area for a given

particle mass [Harrison et al. 2000]

particle diameter (um) 10 1 0.1 0.01
relative number of particles 1 40 1P 10°
relative surface area 1 40 10 1P

There are several types of highly toxic organic poonds found in the atmospheric
environment, but polycyclic aromatic hydrocarbonBAKs), oxy- and nitro-PAH,
polychlorinated biphenyls (PCBs), and other orgatmne compounds have received the
most attention as pollutants that occur in the s@rphase [Jacobson et al. 2000]. They can be
adsorbed or absorbed in fine and ultrafine inselytxrticles, as e.g. soot particulates and
enhance toxicity and carcinogenicity of PM [FinlagsPitts and Pitts, 1997]. P6schl [2005]
turned attention also onto macromolecular chengoaipounds (e.g. proteins, HULIS) which

can cause inflammatory and allergic diseases.
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1.2.5. Environmental impact

There are two kinds of environmental effects frombgent aerosol: direct and
indirect. Direct mechanisms relate to the scattgrieflection and absorption of solar and
terrestrial radiation by aerosol particles. [Hamset al. 2000]. First two processes tend to
cause directooling effect [Grambsch 1997, Hoornaert and van Griekgd2P whereas the
absorption of terrestrial radiation by greenhousseg and clouds tend tearm Earth
(greenhouse effect) [Houghton et al. 2001].

The indirect mechanisms, which may eventually prowere important, operate
through the role of airborne particlesasud condensation- and ice nuclei (CCN, IN) what is
affecting water cycling. Although standard cloudtleation theory is based on the
assumption that CCN are composed of highly soluleganic salts, there are many highly
and slightly soluble organic compounds that also loa cloud active [Kulmala et al. 1996].
Reactions on polar stratospheric cloud particlesewitee key to the chemistry leading to
dramatic ozone depletion - Antarctic ozone holerfidan et al. 2000].

Atmospheric aerosol plays also important role r@nwater chemistry and
acidification. Although rainwater acidification generally caused by sulfuric and nitric acid
also organic acids (predominating formic and acatidd) have been found in precipitation
samples [e.g. Munger et al. 1989]. In areas affettg anthropogenic emissions, organic
compounds found in aerosol particles (e.ga@d higher diacids as well as formic and acetic
acid) may be major contributors to the free acidityainwater in more remote regions, where
strong inorganic acids are scarce [Weathers é088].

Organic compounds (both natural and anthropogesnie)involved in tropospheric
ozoneproduction because organic peroxy radicalsJR€act with NO, converting it to NO
Peroxy radicals are intermediate products resultirgm initial reaction of organic
compounds with hydroxyl radicals (OH). Thus ozonedpction is sensitive to the amount of
organic material with respect to the amount ofyNIRO + NQ,). [National Research Council
1991]. Since organic aerosols are also a produdtQiE oxidation by ozone, photochemical
smog episodes have nearly always been associatedrganic aerosols. [e.g. Rogge et al.
1993; Hildemann et al. 1994].

There is evidence that aerosols are produced mifisignt quantities from the large
amount of volatile compounds emitted naturally [$esifeld et al. 1992; Hoornaert and van
Grieken 2002]. Théiogeochemicalcycling of natural compounds (photosynthesis, decay of
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biomass, metabolism) plays a large role in balanptie global carbon and sulphur cycle and
also in the formation of oxidants.

Visibility degradation is another symptom of the abundancesépce) of ambient
aerosol. Aerosol particles, particularly those wiilzes comparable to the wavelengths of
visible light, scatter and absorb light and therebwgtrol the transmission of light through the
atmosphere. White [1990] has summarized calculation apportionment of fine-particle
scattering and reports that organics are sometmegsonsible for as much as 60% of this
scattering, especially in the urban areas of thsteve United States. Smoke plumes from
combustion sources utilizing fossil or biomass $ueave a significant organic content and
can absorb light due to the presence of a variétiyght-absorbing chromophores in the

carbon-containing molecules.

1.2.6. Physicochemical interactions

<> gas phase
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near-surface gas phase

sarption layer
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Figure 1.4. PRA (Pdschl, Rudich, and Ammann) framewark model compartments, transport
processes, and chemical reactions at the gas—paltianterface (double-layer surface model)
fluxes of diffusion in the gas phase and particitk badsorption and desorption, transfer between
sorption layer and quasistatic surface layer amgden quasi-static surface layer and near-surface
particle bulk indicated by vertical bold arrows tire left side; elementary chemical reactions
between species in the same or in different modeipartments indicated by horizontal and

vertical thin arrows, respectively [POschl et &03].
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Despite of number of laboratory and field invediigias, the current understanding of
the mechanisms and kinetics of mass transport,eptiassitions, and chemical reactions in
atmospheric aerosols and clouds is very limitednflexity of these phenomena illustrates a
comprehensive kinetic model framework for aerosa aloud surface chemistry and gas—
particle interactions recently proposed by PdsRhlich, and Ammann (Figure 1.4) [Pdschl
et al. 2005].

Partitioning characteristics

Chemical compounds from atmospheric aerosol areaxdfoin both the gas and
condensed phases. Considering of a compound’dipairig characteristics is crucial issue
because of several reasons. The efficiency andidmcaf SVOC deposition in the respiratory
tract is strongly dependent on gas/particle paritig [Pankow 2001]. The dominant removal
mechanisms for gases (diffusion to surfaces withhssquent sorption) and particles
(impaction, interception, and gravitational seg)indiffer. Also the rates of atmospheric
reactions for SVOC representatives - PAHs are ajlyidcower in the particulate phase than in
the gas phase. Partitioning of SVOC is the mosbmant factor determining the distribution
and residence time in atmosphere [Pankow 1987,;28&dkow and Bidleman 1992] as well
influences indoor air quality (e.g. for PAH, Naunmewt al. 2003). It has also an impact on
light scattering and cloud drop formation [Jacobsbral. 2000]. Finally, partitioning plays
very important role when sampling organic aerosell as ammonium nitrate because
positive and negative artifacts are inherent whadlecting semivolatile material [Jacobson et.
al 2000, Wilson and Chow 2002].

In general, partitioning of a compound towards ipka$ depends on its vapour
pressure (controlled by the molecular form) as waslion the amount and chemical nature of
particles available as condensation sites, and esatyre (Figure 1.5). This means that
understanding a trace substance such as PAH nabessquires information on the other
organic and inorganic substances and the amouti@ti water present in the particles
[Jacobson et al. 2000].
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Figure 1.5. (a) Initial mixture of six equally aburdant compounds of varying volatility
(red=most volatile; violet=least volatile). Compouds marked with a central dot are also
hydrophilic. (b) Distribution of the six compounds between the gas phase and a two-
phase particle according to volatility and hydrophlicity. The internal droplet is a largely
aqueous phase, and the surrounding material isgalyaorganic phase.(c) Same as (b) but

with randomized distributions [Pankow 2003].

Traditionally, it has been assumed that the semtitelorganic compounds (SVOC)
remains in the gas phase until its concentrati@achres a point that it sorbs onto available
seed particles or homogeneously nucleates. Thisepso continues until there is
thermodynamic equilibrium between the gas and gdarghases. It has been parameterized by
the temperature-dependent equilibrium partitionc@nstant (partitioning coefficient) K

(m*ug) according to following relationship [Yamasakial. 1982, Pankow 1987]
Kp =6/ ¢ (TSP) Equation 1.1

where ¢ and g are the concentrations of the semivolatile mdtenighe particle and gas
phases, respectively; and TSP (ud)/is the concentration of total suspended partteul@he
distribution ¢ / ¢; can be measured by collecting particles on arfitgh an adsorbent

downstream to catch the gas phase portion.
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Several theoretical predictions were developedrdeioto describe SVOC gas/particle
partitioning. They are based on either adsorptiod@husing subcooled liquid vapor pressure
[Yamasaki et al. 1982, Ligocki and Pankow 1989],tbe adsorption to the surface of the
particle and absorption into an organic surfaceddiPankow 1994], the absorption model
using octanol-air partition coefficientds [Finizio et al. 1997, Harner and Bildeman 1998], or
combine black carbon adsorption and organic matieorption [Dachs and Eisenreich 2000].
Odum et al. [1996] suggested that absorption tootiganic component of urban particles is
probably a more important mechanism in the panitig of these compounds but that in a
rural environment where there is a considerable usmof soil and inorganic continental
mineral dust, adsorption still may be importanthir@ann and Lammel [2004] showed that
theoretical values of gas-particle partition caméint K, calculated according to different
models disagree with each other and developed anatlbdel which combines diesel soot
adsorption and organic matter absorption. Thuglirity a really unified method to predict
SVOC partitioning seems to be rather difficult.

Chemical Transformations

Another factor which can influence properties omaspheric particles and their
effects on climate and human health are chemiea&tiens processed at the surface and in the
bulk of solid and liquid aerosol particles. Becao$é¢heir high surface-to-volume ratio, fine
particles, mainly composed of organics, can be eéfigiently transformed upon interaction
with solar radiation (photolysis) and reactive &agases. Since the majority of organic
aerosol mass remains poorly characterized, theg stichemical reactions involving organics
in the condensed phase is sparse, especially imrtti@ent atmosphere. The most reactive
atmospheric species are oxidants, such as the xydmdical, atomic oxygen, ozone, and
molecular oxygen. Organic aerosol components ak agelhe surface layers can react with
them or other chemicals such as acids (HN@®SO,, etc.) or water what causes so called
chemical aging (Figure 1.6). Like in case of atni@sr gas-phase photochemistry oxidation,
nitration, hydrolysis, and photolysis transform rgahrbons and derivatives with one or few
functional groups into multifunctional hydrocarbaterivatives. In general, if organic
compounds are reactive, they become smaller and pwar through oxidative cleavage and
the addition of oxygen. On the other hand condémsaeactions and radical-initiated oligo-
or polymerization can decrease the volatility ajasric aerosol components and promote the

formation of secondary organic aerosol particulatatter. Generally chemical aging
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decreases reactivity of aerosol particles (with s@ramples like in case of oxidized PAH
where oxy-PAH are more reactive than original PAldEreases their hygroscopicity and
cloud condensation activity, and can change thatical properties [P6schl 2005, Jacobson et
al. 2000].

Hydrocarbons Biopolymers
and Derivatives

Oxiclation,

Velatiization Mitratian Volatilization
— B —
Hydrolysis,

Fhotolysis

Multifunctional _-,‘ HULIS & S50A
HC-Derivatives | nigomenzation Oligomers

Figure 1.6. Generic reaction pathways for the atmgsheric transformation (chemical

aging) of organic aerosol components (left side: wp molecular mass; right side: high

molecular mass) [Pdschl 2005].

Hygroscopic Growth

The most ubiquitous condensable gas in the atmoshevater vapour. It can adsorb
to the surface or absorb into the bulk of the phasi. For particles consisting of water-soluble
material, the uptake of water vapour leads to hsgppic growth even at low relative
humidities. At water vapour supersaturation (RH¥bD@erosol particles can act as nuclei
for the formation of liquid cloud droplets (cloudradensation nuclei, CCN). The minimum
supersaturation at which aerosol particles can fiiectevely activated as CCN or IN,
respectively, is called critical supersaturatidnisidetermined by the physical structure and
chemical composition of the particles and generdégreases with increasing particle size.
For insoluble CCN the critical supersaturation aeeon the wettability of the surface
(contact angle of liquid water), and for partiatly fully soluble CCN it depends on the mass
fraction, hygroscopicity, and surfactant activity the water-soluble particulate matter.
Generally hygroscopic growth of organic particledess pronounced than for inorganic salts
but still significant e.g. for proteins, surfactargnd other macromolecular compounds, and

some organic compounds found in wood smoke [P&bh, Jacobson et al. 2000].
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1.3. The general objective of the thesis

One of the most important issues of an analyticat@dure is a representative sample.
Because both health and ecological impacts of icectanpounds depend on their appearance
form it is very important to distinguish betweereithconcentration in the gas- and patrticle
phase. Aerosol collection, especially for semi titHacompounds, is subject to significant
artefacts connected with evaporation and adsorpgtimtesses and chemical degradation,
therefore finding proper sampling technique isameasy issue.

The Steam Jet Aerosol Collector (SJAC, ECN Nethelda was originally designed
for the online determination of inorganic compouridem the particle phase. This work
concentrates on the adaptation of the original ephof the SJAC for sampling of organic
compounds both in particle and gas phase. For ghipose several modification of the
sampling setup as well as optimisation using babotatory generated particles and gaseous
phase were carried out.

In order to compare the modified SJAC with otherrently available off-line
sampling methods, and also to verify the samplaratmn in the field, outdoor sampling
campaign was carried out in autumn 2005. For thipgse besides SJAC three types of low
volume filter based sampling techniques were u$kdse covered:

— charcoal denuded/filter/adsorber — to check thesiptes physical artefacts connected
with adsorption of gaseous phase compounds to ittex ind evaporation the
originally particle associated compounds from tbkected material

— KNO, denuded/filter/adsorber — to verify the potentlhemical artefacts associated
with degradation of collected particle and gasesemivolatiie compounds due to
reactive gases occurring in the ambient air

— undenuded sampler consisting of filter and adsorbeeflecting the most common

approach in aerosol sampling.
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2. AEROSOL MEASUREMENTS

2.1. Physical properties

Complexity of the ambient aerosol, size and contjprsirelationship and dynamic
nature of its interactions both on the physical ahdmical level creates necessity of the
integrated approach to the aerosol measuremenis. iBssconnecting physical characteristic
from chemical analysis is therefore very impropé&ew aiming into the deeper characteristic
of ambient aerosol. Some of physical measuremekesparticle mass, number and size
turned out to be the most useful for the sake wdiss where the main task is to characterize

the chemical composition of the given aerosol.

2.1.1. Particle mass concentrations

Measurements of particulate mass concentratiorcguse of their simplicity, were
one of the first applied aerosol measurement methbldey are important for regulatory and
scientific reasons. The current US National Ambiéint Quality Standard for particulate
matter refers to mass concentrations of partiateallsr than 10 um aerodynamic diameter
(PMig), and a new standard for mass concentrations dicles smaller than 2.5 um
aerodynamic diameter (P has been promulgated [Federal Register 1997].

2.1.1.1. Manual methods

The most commonly used technique for measuringcpdaite mass concentrations
involves filtration. [e.g. Chow 1995, McMurry 2000, Jacobson et al(20&ilson et al.
2002] Filters are weighed under controlled tempgeatand relative humidity conditions
before and after sampling, and mass concentrationsletermined from the increase in filter
mass and the volume of air sampled. Combined impaditer samplers are most commonly
equipped with inlets that eliminate particles abavepecified size cut (typically 10, 2.5, 1
pm). Note impactors will be explained below.

Fibre, membrane, granular bed and Nucleporefilteesle from a wide variety of
materials are used to collect aerosols [Lippman891%ee and Ramamurthi 1993, Chow

1995]. The physics of particle collection by fikeis similar for all types of filters (Figure
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2.1). Particles smaller than about 0.1 um are cate by diffusion. Because particle
diffusivities increase with decreasing size, cdll@at efficiencies increase as size drops below
0.1 um. Particles larger than about 0.5 pm areectt by interception and impaction.
Collection efficiencies by these mechanisms in@easth increasing size. Therefore,
collection efficiencies tend to increase with irasmg size above 0.5 pm. It follows that the
most penetrating particle size typically falls beém 0.1 and 0.5 um. The value of this most
penetrating particle size depends on the filterattaristics and the flow rate through the
filter [Lee and Liu 1980].
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Figure 2.1. Filtration mechanisms and collection efficiency of a fibrous filter [Hinds
1982]

Overall collection efficiency of the filtration igsually 99% for aerosol measurement
of the non-volatile material but factors includimgter adsorption/desorption by the filter
media, adsorption or volatilization of species,tighr losses associated with handling, etc.,
lead to higher uncertainties than those coming fréime accuracy of gravimetric
measurements. [McMurry 2000].

In the impaction process, the air stream is figteterated through a (small) hole
(nozzle) or slit. The air stream is directed sd thdmpacts” on a surface. Depending on the
velocity and pressure of the air stream, partislaaller than a certain size will follow the air
stream around the impactor surface. Larger pastii¢h sufficient inertia will impact on the
surface. Cascade impactors with a series of stéggsre 2.2), each with a successively

smaller cut point, are commonly used to collectes&solved atmospheric samples for
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chemical analysis e.g. Berner- [Berner et al. 19919MOUDI, the Micro Orifice Uniform
Deposit Impactor [Marple et al. 1991].
Since mass measurements are integrated part ohémeical analysis this issue will be

described in detail in the next sections.

Nozzle
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Impaction Plate
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After
Filter

Filter

To Vacuum Pump

Figure 2.2. Schematic diagram of cascade impactor.

2.1.1.2. Automated methods

All currently available continuous measurementsugpended particle mass share the
problem of dealing with semivolatile componentsR}. In order not to include particle-
bound water as part of the mass, it must be rembydaeating or dehumidification (Figure
2.3). However, heating also causes loss of ammomitnate and semivolatile organic
components [Wilson et al. 2002].

The group of the on-line methods covers techniquesmg beta gauges, light
scattering, piezoelectric crystals and harmonidllatog element [McMurry 2000, Wilson et
al. 2002]. First method uses thdenuation of beta emitting radiation from a radioactive
source through a particle-laden filter measuring #erosol mass concentrations. Two
commercially produced beta gauges have been désthby EPA as Equivalent Methods for

measuring sub-10 um particulate mass concentratRiezoelectric crystal mass monitors
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determine aerosol mass loadings by measuring tlageh in the resonant vibrational
frequency caused by the deposition of particlesifeoknown volume of air.
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Figure 2.3. Schematic showing major non-volatile and semivolatile components of PM ;5.
Semivolatile components are subject to partial eonglete loss during equilibration or
heating. The optimal technigue would be to remoVe particle-bound water but no

ammonium nitrate or semivolatile organic PM [Wilsetral. 2002].

The unique component of thiar monic oscillating element instruments is a tapered
tube, the wide end of which is mounted to a riggdda Particles are collected on a replaceable
filter that is mounted on the narrow end of thestad element, which is free to oscillate. The
element vibrates at a frequency that depends @edmetrical and mechanical properties and
on the mass of the filter. Tapered element osmbjamicrobalance (TEOM, Patashnick and
Rupprecht 1991) as an equivalent method forfdnd is also being used to measure; BM
The TEOM differs from the federal reference methfmtgparticulate mass in that it does not
require equilibration of the samples at a specifeedperature and RH. Moreover, the TEOM
samples at a constant temperature, typically heeiesome temperature higher than the
ambient temperature. Volatilization losses in tls8OM sampler can be reduced by change of
the temperature from typical 3C to the 30°C and by using Nafion dryers on the inlet like it
is done in aeal-time total ambient mass sampler (RAMS, Eatough et al. 1999, Pang et al.
2001, Pang et al. 2002a,b) which allows deternomadif total fine particulate mass, including

semivolatile species, based on diffusion denuddrf&OM monitor technology.
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2.1.2. Number concentration

Condensation nucleus counters (also referred to as condensation particle coanter
CNCs, CPCs) measure the total aerosol number ctratien larger than some minimum
detectable size. Particles are grown by condemsati€NCs until they are sufficiently large

to be detected optically (Figure 2.4).
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Figure 2.4. Principle of operation of thetypical CPC [www.tsi.com]

Diameter growth factors as large &800-1000 are common. CNCs can detect
individual particles as small as 3 niL0?° g), so they provide an extraordinarily sensitive
means for detecting small amounts of material. Aetgp of substances have been used as the
condensing vapour, but n-butyl alcohol and watercrrently used most often. Because the
supersaturation of the condensing vapour is vegh,hihe response of CNCs is typically

insensitive to the composition of the measuredgast[McMurry 2000].
2.1.3. Size-resolved measurements
Particle sizing measurements have been carriedsmog a number of methods using a

variety of approaches. As a result different sizas be reported for the same particle

depending on the used technique.
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Optical particle counters (OPCs) are the most common method for counting and
sizing large particles of up to several tens ofrons in diameters. The basic principle of
OPCs is to measure the amount of light scatterethdbyidual particles as they traverse a
tightly focused beam of light. A fraction of theastered light is collected and directed to a
photodetector, where it is converted to a voltagkse Particle size is determined from the
magnitude of this voltage pulse by using a calibratcurve usually obtained from
measurements using spherical particles of knowessiand refractive index. Typically
particles less than 0.2 um in diameter are noehigugh to produce signals above the noise
level [McMurry 2000].

The aerodynamic particle sizers (APSs) are another method of simultaneously
counting and sizing particles. As an aerosol igdfgpaccelerated through a nozzle into a
partially evacuated chamber, particles tend tobdelgind the carrier gas due to inertia. The
difference between the particle and gas speedsdses with size and density since inertia
increases with these properties. Aerodynamic parsize is inferred from particle velocity,
which is determined by measuring the time of fligdken by the particle to travel a known
distance. Aerodynamic particle sizers use the exeattlight to detect particles at both ends of
the flight distance. The smallest reported siz¢ tam be measured with these instruments
varies with instrument design and ranges from O@®5-um in diameter. These instruments
are capable of providing high-resolution information aerodynamic size distribution in real
time. However, the cooling and pressure drop aasattiwith expansion of the flow into
vacuum can lead to a change in relative humidity muay therefore affect measurements of
particle size and possibly particle number if thartiples are entirely composed of
semivolatile material [McMurry, 2000].

Differential mobility analyzers (DMAs, also known as electrostatic classifiers)
[Knutson and Whitby 1975, Winklmayr et al. 1991ad@n 1998] classify particles according
to their electrical mobility, which depends on gaoperties, particle charge, and the
geometric particle size but is independent of ttieioparticle properties such as density. The
principle of DMA is based on the monotonic relasbip between electrical mobility and
particle size with singly charged particles. Towesa fixed percentage of particles carrying
one unit of charge, the particles are introducea toipolar charge (“neutralization”) As a
result, an equilibrium state is obtained, with kmoyercentages of particles carrying no
charge, a single charge, or multiple charges oh lpasitive and negative polarity. These
aerosol particles are then measured with the éffiteal mobility analyzer. The mobility

distribution, and hence size distribution, can eenined from the measurement.
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Using a CPC for particle detection, and the acstepping or scanning the DMA'’s
voltage can generate a complete size-resolved numib&ibution. This is the principle
applied in instruments such as the Differential MgbParticle Sizer (DMPS) an&canning
Mobility Particle Sizer (SMPS) (e.g. TSI model 3080). These instrumerdgsaadely used to
measure size distributions in the 3 — 1000 nm diem@ange at a very high size resolution.
However, the time resolution is limited to the pdrrequired to carry out a complete scan of
the range of sizes required which can take up teraé minutes. Artefacts caused by the
presence of particles with multiple electron chargan be corrected for at the analysis stage
because the positive and negative charges areibdisi amongst the particles in a
predictable manner, providing the aerosol reacloyeslilerium in the neutralizer [McMurry
2000]. Advanced methods for the determination ofatdity and hygroscopicity use two
DMAs operated in series (tandem differential mapianalysis, V- and H-TDMA) [Pé&schl
2005].

Electrical Low Pressure Impactor (ELPI) enables real time particle size distribatio
and concentration measurement in the size range 3@nm up to 1(um. The ELPI is based
on combining electrical detection principles wittwipressure impactor size classification.
The particle number concentrations in individuapauotor stages are determined by charging
the collected particles in a corona charger befoeg enter the impactor, and by measuring
the current carried by these particles onto thetebally-insulated impaction plates using
sensitive electrometers.

Recently TSI invented FMPS (fast mobility partisieer). It measures particles in the
range from 5.6 to 560 nm, offering a total of 3Zamhels of resolution (16 channels per
decade). It uses an electrical mobility measurentectinique similar to that used in our
SMPS. However, instead of a CPC, the FMPS spectesmeses multiple, low-noise
electrometers for particle detection. This produpasticle-size-distribution measurements
with one-second resolution, providing the abilibyvisualize particle events and changes in

particle size distribution in real time.
2.2. M easurements of aerosol chemical composition
Determining the chemical composition of ambienbaels is much more complicated

than counting and sizing them. This is mostly beeaatmospheric aerosols (in particular the

organic fraction) can contain up to thousands ahpounds spanning a wide range of
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chemical and thermodynamic properties [Saxena aitdetdann 1996]. Concentrations of
organic components depend on the site and vares the highest to the lowest - road
tunnels, urban, suburban, rural, coastal area, rétinta. For that reason different ways of
sampling (low, medium and high volume samplers whthflow rates of ca. 20, 100 and 1000
I/min respectively) and sampling times (typicallprh hours to few weeks) are applied for
various sites. There are many different methodsamhpling, sample preparation and final
analysis of aerosol components collected from apinesc aerosols. The most essential are
described below. Recently movement towards on-$iample collection and analysis has
taken place. However conventional measurementieohérosol chemical composition (off-
site laboratory) hardly allow the resolution of thgh spatial and temporal variability of

atmospheric aerosols, they are still dominatintiis field also as a reference methods.

2.2.1. Off-line measur ements

Most traditional methods for the sampling and cloainicomposition of ambient
aerosol are “off-line”. Typically they involve thgtorage, transfer, sample preparation and
final chemical analysis of material deposited oa sampling substrate in a laboratory some
time after sample collection. Typical constituerdé the off-line samplers, chemical
characterization steps as well as problems assdciaiith this issue are described in

following sections.

2.2.1.1. Size-sdectiveinlets

Size-selective inlets define the particle size tfcac being sampled. Air is drawn
through these inlets to remove particles that ekcaespecified aerodynamic diameter,
typically 10, 2.5 and 1 um, prior to exposure o¢ thiter to the air stream. Inlets are
characterized by sampling effectiveness curvessheaiv the fraction of spherical particles of
unit density which penetrate the inlet as a fumctd their aerodynamic diameters. Sampling
effectiveness curves are summarized by their 56epéercutpoints (3, the diameter at which
half of the particles pass through the inlet areddther half are deposited in the inlet), and by
their slopes (the square root of the particle diameatios for inlet penetrations at 16 percent
and 84 percent, [@ds®°). These curves are determined by presenting fesrtiaf known
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diameter to the inlet and measuring the concentratbefore and after passage through the
inlet [Chow 1993].
The principles of operation for different size-stiee inlets include direct impaction,

virtual impaction, cyclonic flow, selective filtian, and elutriation.

|
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Figure 2.5. Inertial collection: a) impactor, b) cyclone, ¢) virtual impactor

The virtual impactor (Figure 2.5c) operates on a similar principle lose of the
impaction process described before in section Z1(Higure 2.5a), with the exception that
the impaction surface is replaced by an openingchwvhiirects the larger particles to one
sampling substrate while the smaller particlesofsllthe streamlines to another substrate.
Cyclones employ tangential inlets which impart a circulaotion to the gas, resulting in a
centripetal force on the particles that moves themard the walls (Figure 2.5b). Those
particles reaching the tube wall either adheret,t@fien with the help of an oil or grease
coating, or drop into a “hopper” at the bottom loé tcollection deviceSelective filtration
uses the uniform pore size and known sampling &fecess of etched polycarbonate filters
manufactured by Corning CoStar (formerly NuclepGagporation) to collect large particles
on a pre-filter and pass smaller particles to &bpdilter. Elutriator inlets draw air into a
stilled-air chamber surrounding an open duct wHedds to the filter. When the upward
velocity due to flow through the inlet exceeds theticle settling velocity, that particle
penetrates the inlet. When the settling velocityeexis the upward velocity, the particle is not
transmitted [Chow 1995].
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2.2.1.2. Sampling substrates

Filters are the most commonly used collection substrafdsoWw 1995, McMurry
2000, Wilson et al. 2002]. They consist of a tighttoven fibrous mat or of a plastic
membrane that has been penetrated by microscopies.pdo single filter medium is
appropriate for all desired analyses, and it isrofiecessary to sample on multiple substrates
when chemical characterization is desired. Seveharacteristics are important to the
selection of filter media for compliance measuretserparticle sampling efficiency
(regardless of particle size or flow rate), mecbahand chemical stability (reactions with the
deposit, even when submitted to strong extractavests, and they should not absorb gases
that are not intended to be collected), temperagtability (retained porosity and structure in
the presence of temperatures typical of the samgilestream and of the analysis methods),
blank concentrations (significant and highly valgaboncentrations of the chemicals which
are being sought by analysis, each batch of theposed filters should be examined for
blank concentration levels prior to field samplinfipw resistance and loading capacity, cost
and availability.

Some filters require pre-treatment before samplifgy intended chemical
characterization. For example, quartz-fibre filté@F) can be baked at high temperatures
(greater than 500 °C) to remove adsorbed orgarpows. Nylon-membrane filters, used to
collect nitric acid and total particulate nitrasdysorb nitric acid over time and need to be
tested and/or cleaned prior to use. Filters intdrfde organic compound analyses need to be
cleaned by extraction with proper solvents. Formarg compounds measurements glass fibre
filter (GFF) are not proper because of reactionsiciv can take place (elemental additives)
and adsorption of the gas-phase. Quartz fibrer fdtdd most common used for this purpose
also suffer from adsorption bias. Teflon membralter$ (TMF) have shown less significant
adsorption potential but problem is flow resistanteflon—coated glass fibre filter (TGF)
with their better filtering qualities and reducedrface activity seems to be the promising
option but their cost are much higher than e.g. (N €Dow 1990, McDow and Huntzicker
1990, Chow 1995].

A variety ofimpaction substrates have been used for sampling ambient aerosols with
impactors [McMurry 2000]. Aluminium foil is oftensed when samples are to be analyzed
for organic and elemental carbon (OC/EC), sincelpeaming can reduce the carbon blanks in
these substrates to very low levels. Carbon-fréstsates are required since OC/EC analyses
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involve measuring the amount of g@at is released when the samples and substrnaes a
burned. Precleaned Teflon or Mylar film is ofteredigor ion chromatography analyses, since
ion blanks can be made very low on such surfaceoim membrane filters have also been
used as impaction substrates. Although these are costly than film or foil substrates, they
do not require precleaning, and they are compatilile non-destructive analytical methods
such as X-ray fluorescence analysis (XRF) or pratdaoced X-ray emission (PIXE).

Cellulose-fibre and quartz-fibre filters can be lsamh in solutions of gas-absorbing
chemicals prior to sampling to collect HhONH3, SO, and NQ as well as organic gaseous
compounds. Sulphuric acid, oxalic acid, phosphadi, sodium carbonate, and citric acid
have been used as active agents in the sampliagpimionia. Potassium carbonate and sodium
carbonate with glycerine impregnating solutions endbeen used for collecting sulphur
dioxide, nitric acid, and organic acids. Sodiumocidle solutions have been used for nitric
acid collection. Triethanolamine (TEA) has beenduas an absorbent for NOThe TEA is
usually mixed with glycol or glycerine to improus absorbing capacity [Chow 1995].

A number of solicadsor bents are available commercially [Zielinska and Fuji@04].
Porous polymers, such as Tenax (phenyl-phenylemdepxXAD (styrene-divinylbenzene)
resins, and polyurethane foam (PUF), have founcewaigplication in organic gas sampling.
Tenax is useful sorbent, mainly because of its thgihmal stability (up to 350 °C), and hence
low bleed on thermal desorption and extremely Idfiniay to water vapour. The main
disadvantage of Tenax is the possibility of cheinieactions occurring during sampling in
the presence of some reactive gases and duringiah@lesorption [Zielinska et al., 1986].
Other types of sorbents, such as various typesafcoal, carbon molecular sieves and other
carbon-based sorbents are also widely used, efipeicia more volatile, lower molecular
weight compounds. However, due to their high s@rfactivity, chemical reactions may occur
during storage and desorption of the samples [Rgdit al. 1986]. For PAH and other SVOC
— XAD [e.g. Kaup and McLachlan 1999, Aragon et24100] and PUF are most popular [e.g.
Smith and Harrison 1996, Obadasi et al. 1999, Mahkda et al. 2002, Tsapakis and
Stephanou 2005]. For those adsorbents solventotivinais used for cleaning and releasing
adsorbed gaseous compounds.

Denuders are used as part of, or immediately behind, setective inlets to remove
gases that might interfere with aerosol measuresnentto quantify the concentration of gas
phase compounds. Denuders take advantage of thih&&agas molecules diffuse through air
much more rapidly than small particles [Chow 1995gometries of the denuders can be

rectangular, cylindrical, annual, or honeycomb; khas honeycomb design provides the
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highest gas collection surface area and minimumthen[Koutrakis et al. 1993]. The denuder
technique has been applied not only to measurie maitid, sulphur dioxide, ammonia gases,
semi volatile particulates, such as ammonium mtrabut also semi-volatile organic
compounds. The denuder internal surface is inerth(sas glass or steel) and coated with
substances that absorb or adsorb the gases oésntéollowed by solvent extraction for
cleaning or chemical analyses of gases. The deruddiection efficiencies of gases depend
on the denuder surface area, temperature andveelatimidity of the airflow, diffusivity and
vapour pressure of the interest species, as webresence of potential competing species.
The gas collection efficiency decreases when theeaiperature, relative humidity, flow rate,
or gas vapour pressure are high. It is importarévaluate the denuder collection efficiency
for compounds of interest over the range of cood#j which could be encountered during

sampling [Turpin et al. 2000]

2.2.1.3. Artefactsand undertaken prevention

Filter- as well denuder-based sampling methodspaome to artefacts caused by
evaporation of particle components, adsorption bsogotion of additional gas-phase
components, and chemical reaction during sampldeatmn, storage, transport, and
preparation. The potential for measurement arteféctparticularly high for reactive and
semivolatile organic aerosol components, and e&bosampling techniques combining
parallel or consecutive trains of denuders, filteasid adsorbent cartridges have been
developed to minimize or at least quantify the @Heoutlined above [Jacobson et al. 2000,
McMurry 2000, Chow 1995].

Semivolatile material is the most problematic citnent of the ambient aerosol when
physical artefacts are concerned. The simplest method used to cakguarately particulate
and gaseous components is filter/adsorber techr{igidg. During such a sampling physical
artefacts are caused byaporation of components from particulate matter (PM, colelcbn
the filter and inside denuder, blow off) aadisor ption of gas phase (Gp, to the filter and PM
collected on the filter, blow on). Evaporation caccur because of pressure drop in the
sampler, which upsets the equilibrium between #ygodited particles and the vapour or due
to changes in temperature, relative humidity or position of the incoming aerosol during

sampling. This phenomenon underestimates conciemtrat components in the PM while the
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adsorption overestimates it. Even 100 % overesitimaif PM because of blow on or 20 %
underestimation - from blow off can occur [Maderakt2003].

One of the methods farorrection of the adsorption bias is using thackup filter
(BF) after the front filter (FF) mainly done for @HMcDow and Huntzicker 1990]. This
solution assumes that both filters adsorb the saim@unt of the Gp, so mass collected on BF
has to be subtracted from that what was collecte&f However reaching this equilibrium
conditions seems to be somewhat problematic. Besause of the time when the BF will

reach the equilibrium and second evaporation ofntlagerial from PM collected on FF is

neglected.
Ambient gas and . . C#4——— Organic particle containing S0C
particle-phase ——» O
S0C mixture O  .4—— BGaseous SOC molecule

L Diffusion of gaseous SOC molecule
to denuder surface

I?L\_
Denuder ——» ‘J;S‘J \??QL‘ Q\%:— Diffusion of particle to denuder

surface (Artifact)

44— — Evaporation of 50C molecule
. from organic particle (Artifact)

|- Gaseous 30C molecule escapes
Organic particle —_—__, ‘,_..'-""‘r —— denuder (Artifact)
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Front filter (QFF) > — filter-bound organic particle {Artifact)
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Figure 2.6. Important processes occurring in a denuder /filter sampler [Mader et al. 2001].

Other solution is to use denuder technique. Thithatkalso has its limitations [Mader
et al. 2003]. Patrticle losses in the denuder caddbermined by measuring the concentration
of the non volatile elemental carbon (EC) fractiorseparate parallel sampling line without
denuder. Denuder efficiency can be verified by meahdynamic blank (again a separate
parallel sampling line) where Teflon membrane filfEMF) is placed before denuder and the
material collected on the adsorber after denudie&ed as a gaseous material which escapes

from denuder and should be subtracted from the roabscted on the FF of the proper
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sampling line. Till now however no way to avoid dieaused by evaporation of semivolatile
material from PM inside the denuder was found. Tgrngcess occurs as a result of a new
equilibrium caused by fast diffusion of gaseous pounds to the adsorbing wall of denuder
(Figure 2.6).

Recent comparison of filter- and denuder-based odsthused for diesel exhaust
measurements showed that none of these methodsecapplied for accurate determination
of K, [Volckens and Leith 2003].

Particlebounce is an inherent problem wiilmpactors. Various techniques have been
used to reduce it. One technique is to use a pa@obstance such as a glass or quartz fibre
filter [Chang et al. 1999] material or polyurethdonam [e.g. Breum 2001]. These techniques
may result in adsorption bias and a less precize sgparation and yield a sample that must
be extracted before chemical analyses can be peztbrCoated substrates (with soft wax or
grease) largely eliminate bounce and are commordgdufor atmospheric sampling.
Measurements have shown that liquid oils tend tovide better bounce-prevention
characteristics than do viscous greases. Whilargmthat do not interfere with some types
of chemical analysis have been found, no availab&ing is compatible with measurements
of the particulate organic carbon content. An akléve approach involves sampling at
elevated relative humidities, where submicron aphesic particles typically contain enough
liquid water to prevent bounce. [McMurry 2000, Véifset al. 2002]

Another source of error ishemical degradation. PM is exposed to high amount of
air containing reactive gases (e.gs, DIO,) which pass through the collected material,
especially during sampling with the high volume p&rs. It can cause chemical reactions,
hence the determined amounts of target analytes beannaccurate or lead to miss-
classification. Schauer et al. [2003] has used lim®sampler one with denuder (activated
carbon removing € NO, and similarly reactive trace gases) and the otimer without it.
Some five- and six-ring PAHs and BaP were negatieelrelated with ozone concentration.
Plot of ratio of PAH concentration without denudster concentration with denuder in line
vS. ozone concentration showed that the deviatfaimed denuder ratio from unity describes
the fractional loss of PAH deposited on the aerditel by chemical reaction with trace gas
oxidants that are removed by the applied diffusiemuder (filter reaction artefact). Other

approaches to retaing@nd other oxidants is to use honeycomb denudeedadth MnQ or

38



Aerosol measurements

KNO. solutions [Liu et al. 2006, 2005] or denuder witibes coated with a water/glycerol
KNO; solution [Tsapakis and Stephanou 2003].

2.2.1.4. Determination of the chemical composition of semivolatile

or ganic compounds

Off-line methods relying on the collection of pakés onto substrate include
postanalysis with techniques such as scanning reteanicroscope (SEM, Figure 2.7),
electron probe X-ray microanalysis (EPMA), neutemtivation, X-ray fluorescence, atomic
absorption, particle induced X-ray emission, GCLBPion chromatography (IC), secondary
ion mass spectrometry (SIMS), inductively coupléasma mass spectrometry (ICPMS), and

laser microprobe mass spectrometry [McMurry 2000inSet al. 2003].

Figure 2.7. SEM-micrographs of soot present in atmospheric samples from Paris. Soot

consists generally at their emission in the atmesplas single and approximately spherical
particles of a few 10 nm in diameter (A) or org&uiZzn a chain or clusters of a few 100 nm
(B). After time passed in the atmosphere, soot esz@nce in large aggregates of few

micrometers (C and D) [Baulig et al. 2004].
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Electron microscopy in combination with electronolpe X-ray microanalysis
(EPXMA) has been valuable in analyzing single gt for size, morphology, and chemical
composition. Collected particles are irradiated égctrons under vacuum conditions.
Information on elemental composition is achievedniigasuring the X-ray energy spectrum
produced by interactions of the electrons with gagticles. The measurement of volatile
species by electron microscopy is problematic. ¥Waation occurs because particles are
exposed to vacuum conditions for extended timesndueinalysis and because samples are
heated by the electron beam. For example, nitratbh tend to be relatively volatile, are
usually not detected by X-ray analysis even thotlgdy are often present in significant
quantities. Similar losses of semivolatile orgamompounds are likely. Despite the
limitations outlined above, electron microscopy lpmevided valuable information on the
composition, sources, and atmospheric transformsitiof atmospheric aerosols. Electron
microscopy is the only individual particle techneqthat provides both morphological and
compositional information on ultrafine particles.

Laser microprobe mass spectrometry (LAMMS) alswives the off-line analysis of
particles collected on a substrate. Particles raagelinted with a high-power pulse laser, and
the ejected ion fragments are analyzed by masdrepeziry. LAMMS can detect trace levels
of metals in individual particles at the parts-patlion level, speciate inorganic compounds
including nitrates and sulphates and is able tealetrace organic compounds. Because
LAMMS is an off-line technique that exposes paescto a vacuum environment before they
are analyzed, particle composition can be altegedhiemical reactions or evaporation before
analysis.

Mass spectral analysis is commonly used for depfilipg of aerosols [Sipin et al.
2003]. In TOF-SIMS technique charged species (sanspbombarded with a pulsed beam of
high energy ions) are ejected off the surface asrsdary ions and detected by time-of-flight
mass spectrometry. It has been applied to sizeegatgd filter samples from forest fires,
snowmobile exhaust, lava, sea salt, and dust asdlimawvn that the surface composition of

these particles can be very different from the core

Sample preparation is the essential step in chemical characterizatibeollected
aerosol material for SVOC. First components havédasolate from the matrix. This is
usually done by thermodesorption or extraction.[&agon 2000, Peltonen and Kuljukka
1995]. Although first method has obvious limitatitmecause of high boiling compounds

(lower desorption efficiency and degradation) thedesorption is preferred over solvent
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extraction, since it avoids the dilution of an ehad sample with a solvent; it allows the
entire amount of a collected sample to be injeateshce into a gas chromatographic column,
thus providing maximum sensitivity [Lanier and Esngdl 2004]. Extraction is performed with
various solvents (hexane, dichloromethane, acetdokiene, petrol, ethers, benzene,
isopropanol, acetonitrile, ethylacetate, hydroxyeole) and different techniques (Soxhlet,
sonification, pressurized fluid extraction, sup#ical fluid- and microwave-assisted
extraction). Extraction times range from 15 minutes20 hours. Also other alternative
methods are used like extraction for the isolatibthe collected compounds from the aerosol
samples. Because of the complexity of the aeroaolpte very oftenclean up steps are
necessary. It covefgtration of the extract where remaining fine peles and/or water has to
be discarded. Silica acid or alumina filled colunansHPLC are used to pre-separate polar,
semi-polar and non-polar components. Size Exclu§ibromatography on the other hand

separates isolated compounds according to the olatesize.

Chemical analysis

There are many different methods of the final asialyof organic components
collected from atmospheric aerosols. The most ¢éisseme thermo/optical- chromatographic
and electrophoresis methods as well as spectrasamgithods and mass spectrometry
[Peltonen and Kuljukka 1995, Jacobson et al. 20Murry 2000].

Thermal/optical carbon analysis (TOCA) is a techridor separating and measuring
the total amount of organic and elemental carb@metplly from quartz filter samples.
Generally sequentially heating the filters with paratures range from 200 to 800°C take
place. Once the maximum temperature has been mkactteorganic compounds cease to be
liberated from the sample, a small amount of oxygeadded to the gas mixture over the
sample. This causes combustion of any elementlbogsresent on the filter. The €@ then
either measured directly by nondispersive infraspdctrometry (NDIR) or in some cases
passed through a methanator, which reduces thercadbCH,, which is then measured by
flame ionization detection (FID). A problem withightype of carbon analysis is that some
organic compounds char during the initial heatitagss, turning into elemental carbon. This
leads to underestimation of organic carbon andestenation of elemental carbon [Cadle et
al. 1983]. Because of relatively easy automatiois thethod is often used for on-line

measurements [McDow and Huntzicker 1990].
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Gas chromatography coupled with mass spectromettgction (GC-MS) is widely
used, it allows identification of many classes ofatile and semivolatile components [e.g.
Mazurek et al. 1987, Rogge et al. 1993]. Saxena Hidemann [1996] also present a
thorough discussion of some problems in using GC-dshe for identifying atmospheric
organic compounds. A few of these problems arda@lto gas chromatography itself: polar
solvents, especially aqueous solutions, can nointteduced onto the GC column. Polar
compounds such as carboxylic acids which do digswl\certain nonpolar media may bind so
strongly to the GC column that they will not elaiemay not be sufficiently volatile. These
compounds must first be derivatized to less padams. Other kinds of detectors used with
GC are FID and in rare cases also nitrogen andpbloogs detector (NPD). Relatively new
powerful method is the comprehensive two-dimensgi@@ (GCxGC) coupled with time of
flight mass spectrometry (TOFMS) was used for thentical characterization of the ambient
aerosol [Welthagen et al. 2005].

In order to analyze different compound classes G&3 & wide range of columns with
very different properties (polarity, optical actiietc.) but the greater variability of (HP)LC
application derives from the various combinatioisaovery wide range of columns with
different polarity and the variation of solventspally even within one chromatographic run.

There are other two distinct advantages in usingnh€thods, especially for polar
compounds: aqueous solutions can be injected ordnyntolumns, and second, polar
compounds do not need to go through a derivatizagtep in order to elute from most LC
columns. For PAH usually fluorescent (FLD) but stimes also UV detectors are applied
[Peltonen and Kuljukka 1995, Aragon 2000]. The asdéquid chromatography coupled to
mass spectrometry (HPLC-MS, e.g. with Fourier tfams ion cyclotron resonance mass
spectrometry (FT-ICR-MS) or nuclear magnetic resaea(NMR) shows its potential in this
research area. It may be useful especially foiirtkiestigation of large biomolecules such as
proteins and humic substances (complex class afateky, high molecular weight,
heterogeneous organic compounds often associatediemass burning and degradation of
plant matter). Characterizing the water-solubleaarg carbon (WSOC) in aerosols but also in
fogs, clouds, and rain have employed analysis byanmeof IC, Size exclusion
chromatography (SEC, separate compounds dependingh&r molecular weight) and
capillary electrophoresis, (CE).
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2.2.2. Real-time measur ements

Turpin et al. [1990] developed an automated insawtfor in situ measurements of
fine particle organic and elemental carbon. Samgpinvolves parallel trains for collecting
particles and for adsorbing organic vapours. Raeie samples (train 1) are collected on a
quartz filter after coarse particles are removethwi 2.5 um impactor. Adsorbing vapours
(train 2) are collected on a quartz filter locatbmvnstream of a Teflon filter that removes
particles but presumably not organic vapours [McDawvd Huntzicker, 1990]. Samples are
analyzed for organic carbon and soot by TOCA methad ambient carbon particulate
monitor is available commercially [Rupprecht et #095]. In this instrument, sub-10 um
particles are collected at 16.7 I/min. Sources eésurement error include evaporative losses,
pyrolysis of the sample which may lead to an ouerege of the soot concentration, and
omission of particles smaller than 0.14 um, whidh ad to an underestimate of the true
particulate carbon content.

Several groups have reported techniques for inrsgasurements of particulate sulfur
concentrations. Many of these techniques involwe uke of flame photometric detectors
(FPD). Particles and gases are usually separafedebidey enter the hydrogen-rich flame.
For measurements of sulphur-containing gases, dh#le flows through a filter prior to
entering the flame. For particulate sulphur measergs, the interfering gases are usually
removed with a denuder. Jaklevic et al. [1981] tigved an automated sampler in which
particulate sulphur concentrations were determimeX-ray fluorescence (XRF) analysis.

lon chromatographs (ICs) have also been adaptsdnicontinuous measurements of
particulate and gaseous species. Simon and Dasgi9®a] and Khlystov et al. [SJAC, 1995]
used an IC to analyze the effluent from a parapidte wet denuder to determine
concentrations of gas-phase nitrous (HONO) andcn{iiNOs) acids. Particulate sulphate,
nitrite, and nitrate were collected with a vapoandensation aerosol collection system and
analyzed by IC. SJAC will be described in detailha experimental section.

Over the past few years substantial progress has bede in the development of
aerosol mass spectrometers for real-time measutsrésize-selected (single) particles. As
the methods of vaporization, ionization, calibrati@nd data analysis are improved, these
instruments promise reliable quantitative analysespecially for chemical elements and
inorganic species. Some of them also allow diffeation between surface and bulk

composition, but the influence of matrix effects waporization and ionization efficiencies
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and thus on the interpretation of the measurematat still remains to be sorted out reliably
[McMurry 2000, Sipin et al. 2003, Pdschl 2005].

This rapidly advancing technology involves rapidpmssurization of the aerosol,
formation of a particle beam, and irradiation oftjgées by a high power pulse laser to
produce ions that are analyzed by mass spectronfdthpugh particles must be brought into
a vacuum before they can be analyzed, the timedatced pressure is typicallyl ms, which
is short enough to avoid losses of most semivelatiimpounds, although some loss of water
is likely. Most of the real-time instruments curignunder development measure particle
composition with time-of-flight mass spectrometfyepending on particle size, however,
various approaches are used to trigger the pulser land to measure particle size. For
particles larger than about 0.2 um, particles aseally detected as they flow through a
volume illuminated by a low-power continuous wavew) laser. Although most
measurements to date do not provide quantitatificenmation on mass concentrations, recent
works has provided some encouragement that obtaouantitative mass concentration may

be possible [Sullivan and Prather 2005 and refe®titere in].
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3. THE STEAM JET AEROSOL COLLECTOR

3.1. The original setup of the instrument

Aerosol growth technique is widely used in CondénsaParticle Counters (CPC).
Commonly used condensing liquid is butanol andrégelso water. The Steam Jet Aerosol
Collector (SJAC, Khlystov et al. 1995) and Gas @wstosol Monitoring System (GAMS,
Simon and Dasgupta 1995) were the first approaokesg water condensation onto PM for
chemical measurements of aerosol. This technique latar applied to other methods with
different technical setups e.g. Versatile aeroswicentration enrichment system (VACES,
Kim et al. 2001), Particle-into-Liquid Collector I, Weber et al. 2001), a condensation-
growth and impaction system, (C-GIS, Sierau et28l03). All those approaches were

specifically interested in water soluble fractidriPd/.
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Figure 3.1. Overview of SJAC sampling system for @amated inorganic compounds

measurement [Slanina et al. 2001].

SJAC was originally designed for online determimatdf inorganic ions (Nk, SQ,
NO3, CI) in the particle phase. In this concept (Figur® Bhe aerosol passes through a wet
denuder [Keuken et al. 1988] in order to remove @esse components (NHHNO,, HNO;3,

S0O,). The absorption solution is a 20 carbonate solution. Rapidly mixing (within 0.1 s)
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the aerosol (cold stream) with the injected wateas (hot stream) creates supersaturation
conditions. This causes condensational growth dfgbas to droplet sizes of several microns.
Those are removed by means of the cyclone witltdh@oint aerodynamic diameter of about
2 um. The solution collected in the cyclone is ¢andy pumped out with a peristaltic pump
and is subsequently analysed online for inorganimpounds by ion chromatography. The
mass sampling efficiency of the instrument was tbtm be at least 99%. In fact, counting
particles at the inlet and outlet of the SJAC iatks that the efficiency is at least 99.9% for
particles over 10 nm [Slanina et al. 2001]. Notyomlater-soluble aerosol (ammonium
sulphate) is sampled but the same sampling effigiea also found for insoluble material
such as carbon black. Important parameters suclihassample flow, volume of the
condensation vessel, thermal isolation of the Veeffeciency depending on sample flow and
amount of steam injection, and design of the cyelaere systematically studied in order to
optimize the apparatus. The conclusion, quite &iny, was that the apparatus functions
rather well regardless of the variations of theseameters. The optimal conditions for
sampling are obtained at a sampling flow of ca.3@min, using 2.5 g/min steam. About
0.4 ml condensed water which leaves the cyclonsesl for the analysis, the rest of the water
is found back in the condenser and as vapour pungbethy the sampling pump. The
condenser (glass vessel ~ 2 ) is used to redécarttount of steam entering the pump and to
reduce the influence of ambient temperature fliaina on the flow rate into the sampler
[Slanina et al. 2001].

3.2. Evolution of the sampling setup

3.2.1. Instruments and materials

Instruments
Chiller — Aquatherm WGB, Flussigkeitskuhler, Gilogi Germany
Water pump — Waters Model 590 Programmable Solefivery System Module,
Milford, USA
Main air pump (1) — Desaga, Gasprobenehmer GS3&@tedt, Germany
Cyclone air pump (2) — Desaga, Gasprobenehmer G@SHadidelberg, Germany
Power supply — Variable Transformer EA-4000, Elektutomatik, Viersen,

Germany
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Materials
Water — from Milli-Q Plus Ultrapure Water Purifioah Systems — Millipore
Molsheim, Deutschland
2-Propanol, for analysis grade, Merck, Darmstaérn@ny
Amberlite XAD4 resin — styrene divinylbenzene copoér — Rohm and Haas
Company, USA
Teflon tube, ID 1 mm, VWR, Germany
Stainless steel capillary, 1 m length, 0.2 mm IB,dm OD, VWR, Germany
Round-bottom glass flasks: 100, 250, 500 ml — Du@ermany
Home made adsorbent cartridge (Figure 3.3):
stainless steal extraction cell, ID 20 mm, 118 mangth, 36 ml volume,
Dionex, USA
Quartz wool, VWR, Germany
Stainless steal end cup
Steal mesh with holes diameter ca. 1 mm

Viton seals

3.2.2. The modified SJAC setup

In this work adaptation of the original conceptlué SJAC for sampling water soluble
as well insoluble organic compounds both in pastiahd gas phase is performed. SJAC
modification is based on the reverse to originahgiang order concept [Antkowiak et al.
2005]. In this setup no denuder technique is udestefore collection of gas phase
components follows particle phase collection (Feg8r2). Ideally Gp and PM go through the
inlet to the mixing chamber, where steam is injgcfEhen water vapour starts to condense
onto PM because of supersaturated conditions. Ganrticles are removed by the cyclone
like in the original setup (aqueous solution oftjgée phase sample P). Gp compounds either
absorb in water steam condensed inside the caaderepus solution of gas phase sample G
or are adsorbed in the adsorbent cartridge con@iXiAD4 (gas phase sample;)GThe
addition of the cooler prior to XAD4 adsorber wascassary in order to get rid of the high
amount of water from the cyclone exhaust, which li@ause increase of the pressure drop

(XAD4 swelling) and lower sorption efficiency ofd@tadsorbent. Because of low solubility of
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The Steam Jet Aerosol Collector

most of the organic material in water samples efrtiodified SJAC can not be analysed by

means of online methods so previous extractionstipoffline analysis is carried out.

primary

/ ‘ grown
rd mixing PM
aerosol e amb o
inlet .
g €— 1Z0H/H,0
-

steamT 7\
cooler
7
condensational
growth sector

Gy G
cyclone XAD 4 tube
[
P ‘ I
pump 2

Figure 3.2. Setup of the modified SJAC for differetial measurements of organic
compounds in the gas and particle phase; P — partee sample, G, G, — gas phase

samples [Antkowiak et al. 2005].

3.2.3. Hardware development

3.2.3.1. Adsorbent cartridge

In order to minimize the amount of the handlingpsteegarding Gp adsorber, which

might have resulted in increased blank level, &tam steel ASE extraction cell as an

adsorbent (XAD4) cartridge was used. Additional rextors as well as other internal parts

have been made to adjust the cartridge to the mdddJAC sampling setup (Figure 3.3).
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Viton seal
‘Metal mesh

Figure 3.3. Adsorbent cartridge based on ASE extrdion cell
3.2.3.2. Steamers

Original boiling pot

Since SJAC was designed for inorganic compoundsuanements there was concern
the plastic (polyethylene) parts might somehowulisineasurements of the organics. On the
other hand during first test with the instrumentutned out that plastic connector is not
always tight what can disturb its sampling effi@gnTherefore polyethylene connector was

replaced by glass joint and also connectors ta@doder and cyclone outlet were changed for
glass ball joints (Figure 3.4).

a) Inlet
T the pum
pumg . Steatn
™ injaction
CWver-pregsure
SOCUHIY
walve e
Comnectar
Cyelome Fill-epening
Cutlet
for sarmypled
sohiutign - Heater
&~
- S e
ey P AN Elettria|
5 OOt rEDT
Lovel - AT Sy A
coboler

fii 2 1tk

Figure 3.4. Main parts of the original- (a) [de Grat, www.ecn.nl / Biomass, Coal and
Environmental Research / Air Quality and Climate Change] and modified SJAC (b)
with changed joints as well the cooler and sample €bllection adapters
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Electrical resistance heated steal capillary

The Electrical resistance heated steal capillaigufle 3.5) was tested as a steam
generator. A stainless steel capillary was conuettiethe mixing chamber of the SJAC by
means of a Teflon adapter and on the other sideHBLC pump. In order to generate steam a
direct electric current was applied to the capjlldfor the safety conditions Teflon tube was
used as isolation.

b)

steam T

resistive heated

capillary transformr
OO
Water  HpLC pump

Figure 3.5. Electrical resistance heated steal cdlairy as a steamer in SJAC: a) home
made Teflon / steal adapter; b) general scheme.
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4. LABORATORY STUDIES

4.1. Particle number measurements — instruments and metidology

Particle collection efficiency is crucial parametéraracterising the usefulness of the
aerosol sampler. Therefore several types of noati®| laboratory generated particles were

applied in order to verify the utility of the mowifli SJAC setup.

Instruments
Scanning Mobility Particle Sizer (SMPS) Model 3938 SI Inc., St. Paul, Minnesota,
USA (Figure 4.1, left),
Condenstion particle counter (CPC) Model 3025A +1hn8., St. Paul, Minnesota
Flow meter — Gilibrator-2 — Gilian Instrument InporUSA
Notebook, Fujitsu-Siemens, Germany
Humidity / Temperature Meter (RH/T-Meter) — Lutrorgiwan

Universal Oven, Memmert, Schwabach, Germany

i ___._.—-—-——'_'_'_'_'_._._.__F ——I---r ) ___—I—-:———___".

S
—

- Madel 303001

Figure 4.1. TSI Scanning Mobility Particle Sizer, Model 3936.
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Materials
Home made dryer (Figure 4.2) plastic tube: 30 amgtle, 10 cm OD; metal net: 32 cm
length, 1.5 cm OD filled with the silica gel, canv¥in diameter, VWR, Germany
1-Butanol, for analysis grade, Merck, Darmstadt,nGay

Glass cooler, VWR, Germany

— Silica gel

A\

&

Metal net

Figure 4.2. Scheme of the home made dryer

All measurements of the SJAC particle separatiditieficy were carried out by

means of SMPS. Working conditions are summariseddaable 4.1.

Table 4.1. SMPS - operating conditions

Controller platform Model 3080 with 3077 Aerosol Nializer
Electrostatic Classifier Long DMA, Model 3081

Particle counter: Ultrafine CPC, Model 3025A

Aerosol flow: 0,3 I/min

Sheath flow: 3,0 I/min

Impactor nozzle 0,0457 cm

Theoretical size range: 13-833 nm

Particle collection efficiency measurements of thedified SJAC setup were carried
out with different steam parameters and were coethdao measurements without steam
application. Locations of the sampling lines (marg shown in the Figure 4.3.

In order to minimise the water vapour entry to 8PS instrument which could
disturb the particle measurements either locatronwhere water vapour was below 30% RH
was used or home made dryer with the heater wdsdpigure 4.2).

Drying efficiency of the home made dryer was assimedaily drying the silica gel in
the oven (120°C overnight) and was checked by mehattse RH/T-Meter. It has found that
the home made dryer sufficiently reduced (from 100°20% RH) water vapour from the

sampling line for minimum 8 hours during particleasurement tests.
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~100 °C
| 2 | m)
# heate
aerosol I I drver SRS
inlet
stean T coolel SMPS | n)
G
cyclone XAD-4 tube  pump1l
_P_ ‘ =
pump 2

Figure 4.3. Scheme of the particle sampling linesn n) in the modified SJAC setup.

4.2. Particle generation

4.2.1.Instruments and materials

Instruments
Spark generator — Aerosolgenerator, GFG 1000 sRamabH, Karlsruhe,Germany
Flow controller — Digitaler Stromungsmesser — AnaGermany
Chiller — Buchi 700, Recirculation Chiller, Bucl8witzerland
Muffle oven, M 110 - Heraeus, Hanau, Germany
Manometer — Magnehelic Incorp., Michigan, USA
Thermometer, ama-digit — Precision, Germany

Thermostat — Haake Model F3, Haake, Karlsruhe, @agm

Materials
n-Octacosane (), > 99%, Merck — Schuchardt, Hohenbrunn, Germany
high resistance wire D 0.2 mm
Teflon tube, ID ca 0.5 mm, VWR, Germany
Silicone tube, VWR, Germany
Mixing reservoir — 50 ml, two neck glass round Kas

Headline Filters, Disposable Inline Filters, DIF-0N%eadline House, Kent, England

53



Laboratory studies

Candle

Argon (Ar) 5.0, Linde, Unterschleissheim, Germany

Synthetic air according to DIN 3188, Linde, Untdrigtssheim, Germany
Nitrogen (N) 5.0, Linde, Unterschleissheim, Germany

Needle valve, Swagelok Company, Solon, USA

Silica gel, VWR, Germany

4.2.2.Graphite patrticles

Chain aggregated soot particles (5-10 nm primarighes) were delivered from the
spark generator supplied in Ar (0.8 bar, 3 I/mm}he mean diameter range from 35 to 300
nm.

Particles with mean diameter of ca. 35, 70 and dmOand the geometric standard
deviation (GSD) of 1.6 were obtained with sparkgérency of about 3, 100 and 800 Hz
respectively and were immediately diluted by meahdilution unit and then by means of
synthetic air. The dilution unit (one or two in igs) consisting of a needle valve and headline
filter in parallel (Figure 4.4) was found to effeetly reduce the soot particle concentration by
a factor ranging from 5 to 100.

250 and 300 nm particles were generated by 300 48%d Hz spark frequency
respectively and using a 20 | glass vessel foricoimg coagulation growth of the soot
particles. Number concentration of soot particles wadjusted by means of the dilution unit
consisting of the filter and needle valve. Locatmithe spark generator, SJAC as well as

other parts of the setup for soot particle genegadire shown in the Figure 4.4.

T mixing
bypass reservoir
pressurised air filter v SIAC ‘—>
__________ I
i coagulation |
1 vessel |
. 1 (optional) !
pressurised £ Palas X L. !
generator
filter
dilution unit

Figure 4.4. Soot particles generation setup.
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4.2.3.0ctacosane particles

Octacosane (£g) condensation particles were generated by purgimgtant flow (ca.
150 ml/min) of nitrogen through a heated impingel gontaining Gs. In order to maximize
the vaporization area a rolled piece of quartzefiblter (QFF) soaked in octacosane was
inserted into the impinger. QFF was previously leackn 450°C in the oven to prevent
contamination. Additionally to increase the vapooass transfer heating of the impinger
outlet tubing by means of high resistance wire wsead. For safety conditions Teflon tube
was used as electrical insulation. Subsequentrapaif the Ggvapour led to homogeneous
nucleation (Figure 4.5). After dilution with ther atream and cooling the total stream (ca.
19°C) monodisperese aerosol with median diameterGfand 110 nm was obtained at

temperatures of the impinger vial of 80 and 90¥Spectively.

bypassT high resistance
. wire cooler
pressurised & filter
— X s | o B
presurised M . .
—> filter X transformatc chiller

S~
thermostat|™~ octacosane

Figure 4.5. Octacosane particles generation setup

4.2.4.Indoor air and candle light particles

In order to increase the particle number concedotrarom the indoor level (clean
laboratory air) candle light particles were usedatvtesulted in increasing the total number
concentration by a factor of three. The candle Wasgnder the hood and a stream of the

laboratory indoor air with spontaneously creatediglas was sampled through the SJAC.
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4.3. Gas phase generation

In order to estimate the amount of possible biased by the transfer of components
from gas phase to the particle fraction pure vapanir individual semi volatile organic
compounds (SVOC) with dilution air were appliecbitthie modified SJAC setup.

4.3.1.Instruments and materials

Instruments
Chiller — Buichi 700, Recirculation Chiller, Blcl8witzerland

Flow controller — Digitaler Stromungsmesser — AnaGyermany

Materials
n-heptadecane (@ > 99%, Fluka Chemie, Buchs, Switzerland
n-undecanol (GOH) > 99%, Fluka Chemie, Buchs, Switzerland
naphthalene (Nap) > 99%, Aldrich Chemie, Steinhé&@many
4 - metoxyacetophenol (MOAP) > 99%, Aldrich Chen8&inheim, Germany

4.3.2.Methodology

T mixing
bypas reservoir

pressurised air SJAC ‘ —>
— filtter =

pressurised ,
— filter =4

th St
ermostal ™~ compound to be analys:

Figure 4.6. Gas phase measurements setup, dashate$ represent additional sampling

line used for reference measurement of the gas pleasoncentration.

Pure vapours of individual SVOC (heptadecane, umggc naphthalene and
metoxyacetophenol) with dilution air were appliediie sampling system. Vapour generation
took place by purging constant flow of particleefreitrogen (20 - 100 ml/min, depending on

the compound and the desired concentration) thrautiermostated impinger vial containing
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the compound to be analysed. Additional sampling livas occasionally used for reference
measurement of gas-phase concentrations for clkawmatton of the internal losses of the
sampling system (Figure 4.6).

4.4. Chemical characterization of the fractions of SJAC

4.4.1.Instruments and materials

Instruments
Gas Chromatography (CG) system — equipped with Magsctrometer (MS),
Detector and Autosampler Controller, all parts HI®D® Series — Hewlett Packard,
USA
Evaporator - Integrated Vacuum System — Bichi Vab18 with Bichi Syncore
Platform — BUCHI Labortechnik AG, Switzerland
ASE Accelerated Solvent Extractor — ASE® 200 Extoec Systems — Dionex
Corporation, USA
Milli-Q Plus Ultrapure Water Purification Systemdwilipore Corporate; USA
Condensation Particle Counter (CPC, Model 3020) i8I, St. Paul, Minnesota,
USA
Ultrasonic bath, Sonorex RK 510S, Bandelin EleatroBerlin, Germany

Materials
Standards:
heptadecane, undecanol, naphthalene and metoxpheet (see 4.3)
n-Tetracosanesgd (Dsg) in toluene, 1 mg/ml, Chiron AS, Trondheim, Norway
Solvents:
Water — from Milli-Q Plus
Double distillate water
Hexane — for residue analysis grade, Sigma-Ald&drmany
Toluene — for residue analysis grade, Sigma-Aldi@armany
Acetone — technical grade, — for analysis graderdsidue analysis grade, Merck,
Darmstadt, Germany

Methanol - for residue analysis grade, Merck, Daaulis Germany
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Dichloromethane — for residue analysis grade, Sigidach, Germany

Cyclohexane — for residue analysis grade, SigmaigidGermany
Other materials:

Sodium Sulphate (N&Qy), ACS, 99.0% min. — VWR, Germany

Helium, 5.0, Linde, Untterschleissheim, Germany

Folded paper filters @ 150 mm — Schleicher & SchMétroscience GmbH, Germany
1.5 ml autosampler vials, VWR, Germany
Blichi glass vessel, BUCHI Labortechnik AG, Switaed

4.4.2.Sample preparation — methodology

Standard solutions

Solution of the deuterated alkane (n-Tetracosapebdy) was prepared by dilution of
stock solution in hexane to the final concentratdé®5 ng/pl.

Initial solutions of each test compounds — heptadec undecanol, naphthalene and
metoxyacetophenol — were prepared by dissolving eathe standards in toluene to the final
concentration of 2.3, 3.0, 1.9 and 2.7 pg/ul respely.

Mixtures of all test compounds were prepared bytidih of the toluene standards with
acetone (for water spiking experiments) and heXtoreGC analysis) to the concentration of
230, 300, 190 and 270 ng/ul respectively.

Aqueous samples — particle fraction P and gas pghaston G

Liquid-liquid ultrasonic-assisted extraction withiclloromethane (4 x 25 ml) was
performed direct in the sample flasks. Extracts eweombined and dried with sodium
sulphate, filtered with paper filter direct intoettBiichi glass vessel. Then the solvent was
reduced to ca 1 ml in Blchi evaporator, 1 ml hexaas added and finally further reduced by
means of gentle stream of nitrogen to ca pld@ 1.5 ml autosampler vials.

Extraction efficiency tests were performed and tleeovery (Rec, calculated
according to Eqg. 4.1) was taken into considerationng later calculations of the masses of
the compounds of interest (Eq. 4.2).
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Rec = (my / my) - 100% Equation 4.1.

M rec = (M / Rec) 100% Equation 4.2.

m initial mass of the compound of interest withdweé previous sample preparation
procedure

m, mass of the compound of interest with the sampeamation procedure

Mee. final mass of the compound of interest with respéthe recovery during sample
preparation procedure

m mass of the compound of interest corrected foovery during sample preparation

procedure

XAD4 samples — gas phase fraction G

XAD4 cartridges were extracted with method 1 by nseaf Accelerated Solvent
Extraction (ASE) based on the Dionex Application t&do347 [Dionex Extraction
Applications]. XAD4 after each proper extractioneimod 1) was additionally cleaned and
dried (method 2) by ASE (Table 4.2).

Table 4.2. ASE extraction method details

method 1 method 2
Solvent: acetone/hexane 30/70 (v/v) acetone

Temp.: 100°C 100°C

Pressure: 100 bar 100 bar
Static time: 5 min. 5 min.

Number of cycles: 3 1

Flush volume: 90% 90%
Nitrogen purging time: 20s 200 s

In order to minimize the blank concentration of XABamples ASE extraction cells
were used as adsorbent containers during sam@iBg. extraction was followed by drying
extracts with sodium sulphate, filtration with pagpdter direct into the Blchi glass vessel,
reduction of solvent in Blichi evaporator and fipdilrther reduction by means of gentle

stream of nitrogen to ca 500 pl in 1.5 ml autosampials.
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Extraction efficiency tests were performed and tlezovery was taken into
consideration during later calculations of the mras# the compounds of interest (Eq. 4.2).

4.4.3.GC-MS analysis — methodology
Extracts in hexane containing the analytes wererdehed by means of GC-MS
system. Characteristic of the analytical instrumamd working conditions are described in

the Table 4.3.

Table 4.3. GC-MS operating conditions

Varian CP 8944 capillary column, Factor Four 30125 mm

Column fused silica column coated with 0.25 um VF-5MS, ified
equivalent of 5% phenyl 95% methyl

Injection volume 2 ul

Injection mode Splitless

Injection port temperature 280°C
Flow rate 1,5 ml/min, He
40°C for 2 min.; 30 K/min to 80°C; hold for 2 mia® K/min to

Temperature programme _
310°C; hold for 5 min

Detector guadrupole mass spectrometer
Mass spectrometer Electron impact, 70 eV
MS temperature 250°C

The standard mixture was analysed in scan moderficeder to see the fragmentation
pattern of each compound. All the ions in betwegmBd 570 amu were scanned. Qualitative
analysis was performed on the basis of charadtenstention times and mass spectra
compounds of interest. After scanning the standardet ions were determined for each

compound and used for quantitative analysis (Talle

Just before analysis all final samples were spikéth the known amount of the
internal standard £3to correct the variations of the injection volunmedluctuations in the
ionization efficiency of the mass spectromef@uantitative analysis was performed on the

basis of the internal standard calibration curvienewn mass of a compound of interest vs.
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the ratio of the peak area of the compound of @stteand internal standard. Linearity of the
calibration curves in all cases was satisfactdry,3.98.

Table 4.4. Retention times and target ions of anadgd compounds.

Component Abbreviation Retention time (min)  Targes (M/z)
n-Heptadecane & 12.32 85
n-Undecanol @OH 10.29 83
Naphthalene Nap 8.93 128
Metoxyacetophenol MOAP 9.84 135
n-Tetracosane-d50 50 16.69 66

4. 5. Statistical methods

Correlation factor:

206 =X - Y)

r=——= = Equation 4.3.
\/Z(xi =X (v, -y)?
i=1 i=1
Standard deviation:
1 N
s= [—=> (x=X) Equation 4.4
N -1
X random variable
y dependent variable
X arithmetic mean of all;x
y arithmetic mean of all;y

number of all x

i index
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4.6. Quality assurance

4.6.1.SMPS measurements

SMPS measurements on reproducibility were testehdégns of continuous stream of
soot particles obtained from Palas generator, @itz frequency. Standard deviation from 5
consecutive measurements was below 1%.

During every day sampling the SMPS blank/noisellexas determined by means of
the inline filter placed before the instrument tnldumber concentrations were always below
5 particles per cfras determined by the CPC 3020.

During tests using octacosanedCand candle light particles stability of the obtd
aerosol parameters was verified. Number conceotratias considered to be constant if the
variation were below 5% during at least 30 min.

During every series of SMPS measurements (i.e. waitth without the steam in the
SJAC sampling set) steam—, dryer—, SJAC set neMs Was determined and obtained noise
number concentration was subtracted from the numbacentration measured during the
test.

During every series of SMPS measurements numbeceoctration decreased after
applying steam to some constant value within smep#ériod of time. In case of measurement
with and without the dryer it was 2 and 4 samplimges (4 and 8 min respectively). The
number concentration was considered to be staltleeivariation was below 5% of the total
number concentration. The mean value was calcufetedat least 5 measurements.

The dilution unit working profile was ensured byecking the stability of the particle
number concentration and visual examination ofrtbadline filter (changing the colour from
white to black caused by the deposition of sootigdas) and was found to work properly for
30 to 90 hours of experiments depending on apgaticle mass concentration. As soon as

stability of the dilution unit was decreasing theatline filter was replaced.

4.6.2.GC-MS analysis

Limits of detection (LOD) were calculated from #lke ratio of signal to noise (S/N)
of the compounds of interest and limits of quaadfion (LOQ) were calculated as a triple

value of LOD; results are summarized in the Table #ass of the compound of interest
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obtained from the blank samples (P, &d G) were subtract from those obtained from the
SJAC sampling setup.

Table 4.5. Limits of detection (LOD) and quantificdion (LOQ) for tested compounds
and internal standard.

Component LOD (pg/ul) LOQ (pg/ul)
n-Heptadecane 60 180
n-Undecanol 40 120
Naphthalene 100 300
Metoxyacetophenol 150 450
n-Tetracosane-d50 40 120

4.6.3.Gas phase generation

In order to prevent any particle formation proceskne filters were applied in both
N2 and air lines (elimination of the possible condgiam nuclei) and particle concentration at
the entrance of the generation setup (homogeneacisation) was measured by means of
CPC always at the beginning of the test.

Gas phase generation process was arranged byltudatian of the theoretical mass
of the gas phase of the compounds of interest douprto equation of state (4.5).
Temperature of the thermostat and the nitrogen fete through the impinger was selected to
obtain the desired concentration of the compounahteirest in the gaseous phase with the

concentration below the saturation; that preveht@dogeneous formation of particles.

pV = nRT Equation 4.5

Pressure [Pa]

Volume [nT]

Temperature [K]

Ideal gas law constant (8.31KRa/K:mol)

5 ¥ 4 < T

Amount of moles [mol]
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Breakthrough tests were made with two pairs of XADdes (in row) spiked with the
mixture of Gz C;;0H, Nap and MOAP. Sorbent beds were then blown wth cleaned
nitrogen for 3 hours (ca. 1 hour longer than duthmgytests) with the flow rate of ca. 17 I/min.
Concentration of the tested compounds in the baaip4 cups were negligible.

After the series of tests with 2 to 4 of the compuiaithe whole system was rinsed
with acetone and hexane, than washed in the washaxhine and dried overnight in the
oven. Blank samples were obtained from the runbowit the test compound and were found
to be below the LOQ for all test compounds excegphthalene in case of,Gample
(XADA4).

Internal loss tests were performed in order to khidne possible adsorption onto
instrument walls of the applied gaseous test comg®wand the reference line ratio (Ref)

were calculated according to the following equation

Ref = (mp + Mgy + M2/ Mget) * 100% Equation 4.6

mp mass of the test compound in the P sample of IAES
Mg1  mass of the test compound in thegample of the SJAC
Mgz  mass of the test compound in thegample of the SJAC

Mret  Mass of the test compound in the reference limpka(XAD4 alone, Figure 4.6)

Memory effect caused by the possible adsorptiotheftested compound onto the
sampler walls was always controlled during theadiss. It was carried out by the analysis of
the previously purged compound (without washingsytem) and it was found to be always

below 0.1% of the mass determined during the pr{pewvious) test.
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5. OUTDOOR COMPARISON SAMPLING

5.1. Instruments and materials

Instruments
Sequential speciation sampler, Partisol Model 2&pprecht & Patashnick, NY,
USA
HPLC System, HP Series 1100, Agillent Technolodgsgshlingen, Germany
Programmable Fluorescence Detector HP 1046 A, &dillTechnologies, Boblingen,
Germany
Universal Oven, Memmert, Schwabach, Germany
Analytical balance, Sartorius Model RC 210P, Ggeim, Germany
Water double distillation station, Westdeutsche i@sehmelze Geesthacht, Germany

Materials

Standards:
Polycyclic aromatic hydrocarbons (PAH, 500 ng/jidck solution (Naphthalene,
Acenapthene, Fluorene, Phenanthrene, Anthracenerafthene, Pyrene,
Benz[a]anthracene, Chrysene, Benzo[b]fluoranthBeazo[Kk]fluoranthrene,
Benzo[a]pyrene, Dibenz[a,h]anthracene, Benz[g,érijiene, Indeno[1,2,3-
cd]perylene, Dr. Ehrensdorfer, Augsburg, Germany

Solvents:
Acetonitrile (ACN) HPLC grade, Sigma Aldrich, , Geainy
Double distillate water

Other materials:

Empore High Performance Extraction Disgg Octadecyl 47 mm, 3M Center, St.
Paul, USA

Filtration setup, Sartorius, Géttingen, Germany

XAD2 and XADA4 resin — Sigma-Aldrich, Munich, German

47 mm quartz fibre filter, QM-A, Whatman Internatad Ltd., Maidstone, England
37 mm quartz fibre filter, QM-A, Whatman Internatéd Ltd., Maidstone, England
Ceramic denuders, 40 mm OD, 36 mm length, contaatedt 740 squared channels
(1.2 x 1.2 mrf), Rupprecht & Pataschnik, USA
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Charcoal denuders, 40 mm OD, 36 mm length, cordaabeut 740 squared channels
(1.2 x 1.2 mr), Rupprecht & Pataschnik, USA

KNO,, Merck, Darmstadt, Germany

Soxhlet extracting apparatus - VWR, Germany

Dimethylformamid (DMF), Rathburn Chemicals Ltd. Weiburn, Schottland

1.5 ml autosampler vials, Wicom, Happenheim, Gegman

300 ul inserts, Wicom, Happenheim, Germany

Universal aluminium foil 30

Desiccators, Schott, Germany

5.2. Ambient aer osol sampling: site and conditions

Sampling campaign took place on the GSF campuseuhbrberg, Germany (Figure
5.1). The sampling site is close to a quite busdrbut is directly influenced by wind speed
and direction.

Q205

Image & 2006 DigitalGlobe ‘ mgle"

Pointer 45°13'24.82° N 11°35!33.03" E Streamingt |||} [11110100% Eye alt! 6467 1t

Figure5.1. Location of the sampling site in the GSF campus [http://ear th.google.com/].
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Samples were collected from 19th October to 15thekder 2005. During this time
13 sampling events took place and in general faualfel samples from modified SJAC and
three diverse filter based methods were collededause of technical reasons SJAC sampler
was not operated twice. Sampling duration was tevéleurs £ 15 min. (from 9:00 a.m. to
9:00 p.m.).

Weather conditions

During comparison experiments the ambient tempexafli) and relative humidity
(RH) were recorded at the sampling site by meanBastisol sampler. Data on inorganic
gases (N@ and Q) and PMo as were achieved from the nearby stations of tneaBan air
quality monitoring system operated by the BavaEanironmental Protection Agency (LfU).
Both of these stations are within the city Munidline station at the Lothstrasse is located
close to roads with heavy traffic and the statibtha Johanneskirchen Strasse represents city
background. The stations have distances of abdut 9Loth.) and 7 km (Johanneskirchen.)

to the sampling site.

5.3. Methodology

5.3.1. Modified SIAC sampling system

Sampling of the ambient air was carried out withaudize selective inlet. Working

conditions of the modified SJAC sampling systemenas follows:

Flow rate of the main pump (1) 16.7 I/min.
Temperature of the chiller/cooler 1°C

Power of boiling pot 1.05 A, 200V
Flow rate of the cyclone pump (2) ca 200 ml/min

5.3.2. Filter based samplers

Sampling of the ambient air was carried out at fiate of 20 I/min without a size
selective inlet for all three filter based samplerkis includes filter/adsorber (FA), ozone
denuder/filter/adsorber (OdFA) and charcoal denfitter/adsorber (CdFA) sampler.
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Each sampling train of denuder/filter/adsorber densgOdFA and CdFA) consists of
an inlet, diffusion denuder, a home-built stainlsteel filter holder and a home-built adsorber
cartridge. Samples were collected by means of 47 quartz fibre filter (QFF) followed by
an adsorption unit packed with 8 g XAD2 (Figure,d.@1 et al. 2006).

Filter holder

XAD Cartridge Ozone or charcoal denuder‘ .

Figure 5.2. Denuded sampling trains and ozone/char coal denuder [Liu et al. 2006].

Filter/adsorber sampling train consists of Tefldtef holder, stainless steel adsorber
cartridge (ASE extraction cell) and home-built trdexd adapters (Figure 5.3). Samples were
collected by means of 37 mm QFF followed by an gatgmn unit packed with 8 g XAD4.
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Figure 5.4. Partisol sequential speciation sampler.

All three filter based sampling trains (FA, OdFAJEA) were connected to a Partisol
sequential speciation sampler. The sampler hamplseay platform for particulate matter and
gaseous species and allows operating up to fouplgagtrains simultaneously (Figure 5.4).

During this campaign tree channels were used.
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5.4. Sample preparation

5.4.1. Modified SJAC sampling system

Because the analytical methods for the polycyclionetic hydrocarbons (PAH)
determination are well described in the literatar@ their toxicity is undoubted they were
chosen as target components for the comparisoheosampling methods. Since the chosen
analytical method for PAH differs from the alkamasthod (HPLC instead of GC) different

sample preparation steps were necessary.

Solid phase extraction (SPE) was used for PAH igoldrom aqueous samples (P and
Gs) of the modified SJAC. Octadecyl {§ Extraction Disks (ED) were conditioned according
to the modify 3M procedure [3M Empore ApplicatioroBedure]. It covered washing the disk
with 10 ml of hexane and drying by applied vacudiinen 10 ml methanol was added and 1
ml was pulled through the disk so it soaked forlceinute. Then 10 ml water/acetone (90/10
v/v) was added and 1 ml was pulled through the disk soaked for ca. 1 minute. After this
preparation step, the aqueous sample was appliedrder to increase the extraction
efficiency loaded ED were extracted by means of ASEL ml stainless steal extraction cells
(method 1, Table 4.1). Extracts were dried withiB8adSulphate and filtered with paper filter
directly into the Buchi glass vessel where solweas reduced to ca 1 ml by means of Bichi
evaporator. To avoid losses of more volatile congmb during solvent change, 25 pl of
dimethylformamid (DMF) were added. This solution smarther reduced by means of a
gentle stream of nitrogen to 25 pl in 300 ul ingérthe autosampler vials and finally 200 pl
of ACN were added.

XAD4 cartridges (samples —swere handled (extraction, drying, filtration, weht
reduction) as described in previous section (4.4Adylitional solvent changing for ACN with
the help of DMF took place like in the case of agusesamples described above.

In case of all three SJIAC samples PAH extractidisiehcy tests were performed and
the recovery was taken into consideration duringrlaalculations of the masses of the

compounds of interest (Eg. 4.2).
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5.4.2. Filter based samplers

All QFF were extracted by ASE method 1 based on pghevious studies with
extraction of PM by ASE [Lintelmann 2003] and thextracts were handled as for extraction
disks to obtain ACN sample for HPLC analysis.

XAD4 from FA sampler was handled as the SJAC adsodartridge. XAD2 from
OdFA and CdFA samplers were extracted directlyamé& made glass cartridges (with the frit
at the bottom and glass-wool at the top of the dodsd — Figure 5.3). Extraction was carried
out by means of Soxhlet apparatus with dichloromueth (DCM, 120 ml) for 16 h (6
cycles/h). Extracts were handled (drying, filtratidolvent reduction) as described in section
4.5.2. Again, additional solvent (of ACN with thelp of DMF) changing took place.

In case of QFF and XAD samples extraction efficietests were performed and the
recovery was taken into consideration during latatculations of the masses of the
compounds of interest (Eq. 4.1 and 4.2).

Ozone denuders were prepared according to thequesgtudies by Liu et al. [2005a].
First KNO, denuder was cleaned up with MiliQ water, tham®es immersed for 2 min in an
aqueous KN@solution (50% saturated). Remaining water wasrtaleay by means of paper
tissue and then by heating in the oven at 300°C ifanour. Finally the denuder was
conditioned in a desiccator partially filled witrater for 12 hours.

The charcoal denuder was cleaned after each sambpiinSoxhlet extraction with
120 ml of DCM for 16 h. Because of the difficultiasth the recovery caused by the high
sorption of the SVOC to charcoal no sample wasnd&e further analysis from the charcoal

denuder extract.

5.5. Chemical analysis

Table5.1. HPL C operating conditions

Column MZ-PAH C18 5 um, 250 mm x 3 mm
Mobile phase gradient of acetonitrile and watefable 5.2)
Detector fluorescent detector

Injection volume 10 pl

Temperature of the column 34.8°C

Flow rate 0.5 ml/min
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Extracts in ACN containing the analytes were debeech by means of the most
sensitive tool for PAH analysis — reverse phase EGHFELD setup. Characteristics of the
analytical instrument and working conditions aresal#ded in the Table 5.1 and gradient

conditions are given in the Table 5.2.

Table5.2. Gradient conditionsfor the PAH separation

Time (min) 0.0 35.0 450 47.0 65.0
% ACN 58 100 100 58 58
% water 42 0 0 42 42

Table 5.3. Retention times, fluorescent detector excitation/emission time-program
quantification for selected PAH

Retention time  Aex Aem

PAH
(min) (nm) (nm)
Naphthalene 7.9 275 350
Acenapthene 10.8 280 330
Fluorene 11.2 280 330
Phenanthrene 12.5 246 370
Anthracene 14.4 246 370
Fluoranthene 15.9 270 390
Pyrene 17.2 270 390
Benz[a]anthracene 22.3 260 420
Chrysene 23.8 260 420
Benzo[b]fluoranthene 27.9 284 430
Benzo[K]fluoranthrene 30.7 290 430
Benzo[a]pyrene 325 290 430
Dibenz[a,h]anthracene 36.1 290 410
Benz[g,h,i]perylene 36.8 290 410
Indeno[1,2,3-cd]perylene 38.2 250 500

Standard solution, within the concentration ramgenf0.79 ng/ul to 20.77 ng/ul, was
made from the PAH stock solution by dilution witiCA.
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Qualitative analysis was performed on the basishafracteristic retention times of
selected PAH obtained from the time-programmed FL&ble 5.3)
Quantitative analysis of PAH was carried out byilration curves based on peak

areas of the components. Linearity of the calibratcurves in all cases was satisfactory,

r?>0.99.
5.6. Quality control and statistic

All glass ware was washed first with acetone arwbiseé in a washing machine each
time after use, then rinsed with double distillagger and acetone and finally stored in 220°C
in a dryer at a minimum of 12 hours till it was ds®rior to use, all QFF were baked at
450°C for 12 h in a muffle oven.

Ozone denuder efficiency was studied before byettial. [2005a] and it was found to
remove ozone with over 95% efficiency for at lease week. To make sure the effective
working conditions of the ozone denuder after &rip2 hours sampling period it was renewed
according to previously described procedure. Clerdenuder after cleaning was wrapped in
an aluminium foil and stored in a desiccator befase. The desiccator was partially filled
with charcoal adsorber to retain organic compoym@senting contamination of adsorbers
used in the field campaign. The particle transrmisg20-3000 nm) was tested by APS and
SMPS and no significant particle losses withindkauders were observed [Liu et al. 2006].

XAD4 from FA sampler was handled as in case of SkSorber cartridge (see
4.4.2). XAD2 from OdFA and CdFA samplers after agtion were stored in a desiccator
before use.

Breakthrough test were made with two pairs of XAdps (placed one under another)
spiked with the PAH mixture (ca. 270 ng of each RASbrbent beds were then blown with
the cleaned nitrogen for 12 hours with the floverat ca. 17 I/min. Concentration of the PAH
in the backup-XAD4 cups were found to be negligildsorption properties of XAD4 and
XAD2 do not differ radically in terms of PAH sampdj and relatively high specific retention
volumes both for XAD4 and XAD2 were obtained duriather study [Lee et al. 2004].
Therefore it was assumed that also for XAD2 adgssrbeom filter based samplers
breakthrough effect should be negligible, especiallithe cold autumn time when this field

campaign was carried out.
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Mass of the PAH obtained from the blank samplesHQKRAD and SJAC samples)
were subtracted from those obtained from the fietdisurements.

Limits of detections for PAH were calculated ascese of GC-MS analysis (see
Section 4.5.3) and the results are listed in thalél'a.4. HPLC reproducibility - differences in
concentrations obtained from 4 injections of theaaample of PAH standard mixture were

lower than 2%.

Table5.4. Limits of detections and quantification for selected PAH.

PAH LOD (pg/ul)  LOQ (pg/ul)
Naphthalene 0.67 1.33
Acenapthene 0.57 1.15

Fluorene 0.58 1.19
Phenanthrene 0.08 0.15
Anthracene 0.06 0.11
Fluoranthene 0.60 1.10
Pyrene 0.21 0.53
Benz[a]anthracene 0.13 0.24
Chrysene 0.29 0.62
Benzo[b]fluoranthene 0.21 0.41
Benzo[K]fluoranthrene 0.03 0.06
Benzo[a]pyrene 0.07 0.16
Dibenz[a,h]anthracene 0.08 0.17
Benz[g,h,i]perylene 0.13 0.25
Indeno[1,2,3-cd]perylene 0.54 1.10

Oxidation test was performed in order to verify tegradation of PAH in the aqueous
samples obtained from SJAC during sampling and laternight storing before chemical
analysis. SJAC was run as in case of normal samghirent (12 hours, 1 ). After that
aqueous sample P was divided into two parts — 38&86654% vol. A known amount of the
PAH standard solution was added to the secondidraeind both were stored in the cooling

room overnight as in case of SJAC samples frond fedmpaign. Both parts were than
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handled and analysed for PAH as described befodel(5 Recovery (Rec) of PAH from the
second fraction (67%) was calculated accordingpg¢o t Equation 5.1.

Rec = m ~m (100% Equation 5.1.
mO
m’ mass of the given PAH in the first fraction
m”’ mass of the given PAH in the second fraction

m o mass of the given PAH added to the second fraction
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6. RESULTS FROM THE LABORATORY STUDIES

As stated in section 3.1. collection efficiency water soluble particles was found to
be over 99% [Slanina et al. 2001] but since hygypsrgrowth of organic particles is weaker
as for inorganic compounds [Weingartner et al. 1986re was concern that the particle
collection efficiency especially for small, nonpotarticles may be low.

The optimum has to be chosen in terms of the partollection efficiency and a
sufficient amount of the sample for the chemicallgsis. These factors predetermine the high
steam- and air flow rate. On the other hand higlfi@iv rate increases pressure drop and the
undesirable transfer of the gas-phase to the paftaction due to high steam flow rate might
occur. Therefore numerous tests with nonpolar gdadias well with the gas phases were
performed in order to obtain the best separatioofilpr and optimize SJAC operation

conditions.

6.1. Optimisation of the working condition

Flow rate of the main pump 1(air sampling rate) was chosen to be 16.7 I/min it
proved to provide the maximum undisturbed constamtlow with different steam injection
rates during studies. Flow rates above 17 I/mirsediproblems related to the swelling effect
of the XAD4 (increasing the pressure drop) resgliim automatic switching off the pump.
Measurements of theressure dropinside the system confirmed that the resistancaused
mainly by the adsorbent. Pressure drop measurée d16.7 I/min flow rate before inlet, after
cooler and after adsorbent were found to be ~ @@l 180 mbar, respectively.

Temperature of the coolerwas set to 1°C in order to ensure the highestnstea
separation before adsorbent and on the other lwaanbid formation of ice inside the system.

Flow rate of pump 2 (Figure 3.2) which removes the aqueous PM solutiom the
cyclone was set to ~ 200 ml/min. It ensures thestzont flow of the slurry from the cyclone
which prevents formation of the water film insides tcyclone and on the other hand is low
enough to avoid the distortion of the working piff the cyclone which might disturb its

separation efficiency.
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6.2. Particle collection efficiency of the SJAC

As shown in the Figure 6.1 there was no significdifterence between size
distributions of the applied soot particles meadusefore the inlet of the SJAC and after
instrument. It illustrates the usefulness of thAGJor PM measurements and the fact that no
correction factor needs to be taken into accountinduthe calculation of the mass
concentration. Only slightly shift of few nm of tiparticle mean size distribution (from 62 to
67 nm) with the number concentration is seen (fr280000 to 268000 particles/cma3)
probably due to the coagulation of soot PM inslike sampler. No significant change within

the mass concentration was observed.
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Figure 6.1. SJAC internal losses test with soot pticles, mean diameter 70 nm.
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6.2.1. Effect of the steam injection type

In order to effectively grow the aerosol particesch that they are collected in the
cyclone of the modified SJAC independent optimainf both of the steamers was carried
out. It was realized by SMPS measurements in sagjication “n” (Figure 4.3).

In case of the original boiling pot the variableygo of the heating coil (Figure 3.4)

was applied resulting in different steam injectilow rates.
Experiments with the electrical resistance heatedl capillary as a SJAC steamer

were carried out with variable current appliedie tapillary and with changeable water flow

rates of the pumped through the steel capillargufa 3.5).
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= - === primary, without steam
200000 = = after SJAC - 150 V - 1.4 ml/min
- oooo after SJAC — 170 V - 2.0 ml/min
= = oooo after SJAC- 200 V- 2.7 ml/mir
o 150000
o - -
(@]
3 -
3 - ~
=Z - -
S 100000 _
50000 % — =
0 ——%mm;:‘-m
200 300

100 \m
Figure 6.2. Soot particle separation efficiency wit different power of the boiling pot of

SJAC; mean diameter 70 nm, SMPS sampling locatiom”.

Results showed (Figure 6.2) that the originailing pot power set for 1.05 A, 200V
ensures over 99% (particles number) collectiorciefficy. As predicted bigger PM are more

effective collected by SJAC than smaller ones. dh ke observed as a residual peak

especially with the lower steam injection rates)(dhd 170 V).
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Figure 6.3. Soot particle separation efficiency wit different water flow rates at
maximum power of the electrical resistance heatedeal capillary; mean diameter 190

nm (a), 90 nm (b), SMPS sampling location “n”

As shown in the Figure 6.3he electrical resistance heated steel capillarysed as a
steamer at maximum technically obtainable curréhb (A) guarantees only 66% (particles
number) separation efficiency for the water floweraf 2 ml/min. A change of the water flow rate
did not improve the separation efficiency. Whenhleig amount of smaller particles were
examined (Figure 6.3b) efficiency with the optimataam injection conditions decreased to 55%.
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6.2.2. Effect of the particle type
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Figure 6.4. Octacosane particle separation effiarey with optimal power of the boiling
pot; - - = primary size distributions, without steam, ooo size distributions after SJAC;

mean diameter 70 nm (a), 110 nm (b), SMPS samplingcation “n”.
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Figure 6.5. Candle light- with indoor air particles separation efficiency with optimal
power of the boiling pot; - - - primary size distributions, without steam, ooo size

distributions after SJAC; mean diameter ~ 150 nm, BIPS sampling location “n”.
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As shown above also for strongly nonpolar matdikal octacosane- (Figure 6.4a) as
well as for candle light particles (Figure 6.5) £J£ollection efficiency was found to be over

99%. Only in case of extremely highgparticle concentration, in reality not occurrimgthe
ambient air, SJAC demonstrated its lower trappifigiency for smaller PM (Figure 6.4b).

6.2.3. Effect of the location of the sampling line

SMPS measurements in location “n” (see Sectionard subject to overestimation of
SJAC efficiency because of additional supersatmaiind homogeneous nucleation caused
by the decreased temperature in the cooler. Therafdditional studies were performed with
the SMPS sampling line moved downstream the cycldnethis case water vapour
concentration was much higher than in position trénce heater and dryer were used

(location “m” — Figure 4.3).
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Figure 6.6. Soot particle separation efficiency wit different power of the boiling pot;
mean diameter 35 nm, SMPS sampling location “m”.

As shown in the Figure 6.6 SJAC separation efficyemeasured in SMPS sampling

location “m” is still satisfactory ~ 95% (particteumber) even for the worst case, i.e. a quite

high concentration of the particle fraction withryesmall mean diameters. For further

experiments the optimum power of the boiling poswat to 200V, 1.05 A.
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Figure 6.7. Effect of the soot particle size and oaentration on the SJAC separation

efficiency with optimal boiling pot power; - - - primary size distributions, without steam,
ooo size distributions after SJAC, mean diameter a) 7dm, b) 250 nm, SMPS sampling

location “m”.
A little shift in the particle size mean diameteorh 35 nm (Figure 6.6) to 70 nm
(Figure 6.7a) increased the overall collectioncgfficy to over 98%. In case of bigger
particles with quite broad size spectrum the seéjereefficiency was even better (Figure
6.7b). SJAC efficiency also slightly increased #8 when lower concentration of relatively

small PM was applied (Figure 6.8a with comparisothe Figure 6.6).
Powering the boiling pot by 200V, 1.05 A correspend ca. 2.7 ml/min steam flow

and is slightly higher then the optimum steam floate used for inorganic compounds
measurements (2.5 ml/min; Slanina et al. 2001)heuaincrease of the steamer power did not
considerably enhance the separation efficiencythmitistinct increase of the steam flow rate

took place. This might result in undesirable digsw of polar, water soluble compounds
from the gas phase in water droplets which wilkr&®oved by the cyclone and overestimate

the particle sample P. Therefore, for the subsecgtadies the above mentioned settings were

chosen as the optimum.

82




Results from the laboratory studies

200000
— 200000 <
=7 a) > = d)
150000 — 150000 - = -
100000 = - 100000 - _: -
8 - - g - -
=) ] - -
S - - 2 -
) ] z
P - - > -
T, -
50000 = = 0000 {  Z

12 - 12000
ERS b) e)
8 - - £8000 -
E - - E: ~
a8 _ ) a =
S - g -
S - - S -
s | - =4000 =
=] = - ° -
= r
O 7%; - 1 S A A A A A g 0 n L A
0 50 nm 100 150 0 200 nm 400 600
1,2E+09 1,0E+11
= c) =)
- - 7,5E+10 1 -
T8,0E+08 | - T -
2 - 2 =
£ - - £ =
£ - £ =
o - - o 5,0E+10 | -
[a) - - [a) -
g - 8 =
o =) -
$4,0E+08 - - % =
© - o] -
. 2,5E+10 =

Figure 6.8. SJAC separation efficiency with respecto soot particle size, mass and

surface area; optimal power of the boiling pot; nunber size distribution a)-c) 35 nm,
d)-f) 300 nm, SMPS sampling location “m? - - - primary size distributions, without steam,

ooo Size distributions after SJAC.
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When particle mass and surface area (calculateBNbyYS software) is taken under
consideration as a determinant of the instrumentiefcy the overall instrument efficiency
exceeded 98% already for the particle fraction wifte smallest mean diameter (35 nm,
Figure 6.8a-c) and it was close to 100% for bigggaticles with a high number concentration
(Figure 6.8d-f).

Keeping in mind that even freshly generated pasidoming from the traffic sources
which are mostly responsible for the occurrencehef particulate fraction of the persistent
organic pollutants (POP, e.g. PAH) are in the raoy80-150 nm in size SJAC efficiency

seems to be sufficient for further outdoor studiegor a organic compounds sampler.

Because of the large active surface of the drysedun the experiments with the
carbon particles (SMPS sampling location “m”), ecsane and candle light particles
adsorption to drying material took place. Therefooeexperiments with the last two kinds of
particles were carried out. Yet negligible diffecea in SJAC collection efficiency of soot
particles obtained from sampling location “m” anch” “proved validity of SMPS

measurements of octacosane particles in positian “n

6.3. Gas phase experiments

6.3.1. Generation

Comparison of the concentrations of n-heptadec&e), (n-undecanol (GOH),
naphthalene (Nap) and 4 - metoxyacetophenol (MOzaRulated from the equation of state
(Eq. 4.5) with those obtained from the chemicallysa of the gas phase samples showed
that the efficiency of the generation setup vairethe range from 10 to 60% depending on
the nitrogen flow rate through the impinger. Thectal thing was to obtain a stable flow rate
of the gas phase which enters the SJAC. Its coratent is below the saturation which
prevents homogeneous formation of particles. Tloeeefior the purpose of these experiments
the obtained efficiency and accuracy of the germratetup was found to be sufficient.
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6.3.2. Recovery of the analytical procedure

Extraction efficiency tests for aqueous sampleshef SJAC were performed for the
water samples (P, ;sand XADA4 cartridges (& spiked with known amount of the acetone
mixture of analyzed compounds and were carriedegattly like in case of the real sample.
Recoveries (according to Eq. 4.1) for all four campds were found to be higher for XAD4
samples employing ASE then for water samples enmuddiquid-liquid extraction (LLE).

Optimisation of the extraction conditions for wasamples was carried out in terms of
the repetition number of the extractions (LLE) wi@ ml of dichloromethane (DCM). Also
the effect of the sonification was checked. Triptmification (3xS) without shaking as well
as shaking alone (3xSH) had led to low recover@anbination of both methods (S/SH)
yielded to the best recoveries and increasing ore@sing of the repetition number did not
improve the recoveries. In all cases recoverieshéptadecane and naphthalene were lower
than for undecanol and metoxyacetophenol (Figu8k &.can be explained by the adsorption
effect (heptadecane) onto the glass walls and vagiour pressure of the naphthalene which

influences also the evaporation step.
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Figure 6.9. Recoveries of analyzed compounds fronpiked 120 ml water samples
(3xS/SH* = 360 ml) with different extraction conditons, S — sonification, SH — shaking,

mean values, standard deviations 12%, n=3.

Because the water amount from the SJAC samplesi R5adiffer by factor ranging
from 2 to 3 the optimum extraction method for 50 wdter (hypothetical SJAC sample P)
was applied also to 360 ml sample (hypothetical GBample @. Results showed that
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recoveries from sample with larger amount of w&S/SH*) were only slightly lower with
comparison to samples with 120 ml what is in agegnwith the results from Desideri et al.
[1992]. Recoveries for all four compounds were taikgo consideration during calculation of

the final masses.

Optimisation of the ASE conditions for XAD4 extraxt was carried out in terms of
the temperature and cycles number. As shown iffrigpgre 6.10 conditions for ASE with the
extraction temperature of 75°C (recommended for HAHDionex Application Note 347)
yielded lower recovery level than in case of 10Qa€ed for the extraction of PAH from PM
on QFF, Lintelmann et al. 2003). Average recovewese found to be 84 and 68% for 100
and 75°C respectively. The recovery for heptadeeameundecanol were slightly better than
for naphthalene and metoxyacetophenol (100°C). T&ainderstandable because of the
higher volatility of the latter. In case of thelugnce of the cycle number 3 cycles were found
to be the best selection — negligible amount oftés¢ compound in the extract from the 4th

extraction cycle for both temperatures.
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Figure 6.10. Recoveries of analyzed compounds fromspiked XAD4 samples under

different ASE conditions, mean values, standard deéations < 8%, n=3.

Masses of compounds of interest obtained from kwekissamples (P, aand G) were
found to be below the LOQ except naphthalene (XABrples) which was than subtracted

from those obtained from the SJAC sampling setup.
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6.3.3. Transfer of gas phase to the particle fraction oftie SJIAC

Wide ranges of water solubility and polarity of fandividual test compounds (Table
6.1) were applied for gas phase bias measuremantsder to cover a broad range of
compounds in the ambient aerosol and to check tlvasgroperties impacting on behaviour
of gas phase in SJAC sampler. In order to verifthé& possible bias pattern of the SJAC is
independent from the gas phase concentration ofapiied compound wide range of
concentration was applied (Table 6.1). Differemiantrations were obtained by adjusting of
the nitrogen flow rate though the impinger vial oning the test compound.

Since comparably high concentrations of the gasemmpounds were applied,
internal losses due to possible adsorption ontorunmgent walls might have occurred. The
internal losses were calculated according to theakgn 4.6 and were found to be negligible
(differences within 8%, n=2) for all test compourfdiable 6.1).

Table 6.1. Properties of test compounds and conceation ranges applied in the

experiments [SRC PhysProp Database].

Component heptadecane undecanol naphthalene me&taghenol
Water solubility,
0.00029 19.1 31 2030
[mg/l]
Vapor pressure at
0.00023 0.003 0.085 0.08
25°C, [mm Hg]
log P
8.7 4.3 3.3 1.8

(octanol-water)

Chemical formula  Ch(CH,)15CH; CHs(CH,)100H

/
Concentration range,
3 20 -400 20 -400 10 - 400 20 -300
[ng/m’]
Reference line ratio
101 94 105 92
[%0]

“The worst case scenario” assumes that polar, rveatieible compounds will partly

dissolve in the droplets and be removed by theotyeland cause overestimation of particle
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sample P. Therefore level of the bias was expetdske higher for undecanol, naphthalene
and metoxyacetophenol than for the water insolhleletadecane which is supposed to have
the smallest gas to particle fraction transfer &eahce, the smallest percentage concentrations

of the particle fraction P during gas phase expenis.

Table 6.2. Average fractionation of gaseous test mpounds between three samples of
the modified SJAC during gas phase measurements; tdaare given in percent with

standard deviations, n=5-8.

gas phase sample G gas phase sample:G particle phase sample
sample:

(cooler) (XAD4) P (cyclone)
heptadecane 0.0+0.0 100.0+£0.0 0.0£0.0
undecanol 95+31 88.7+1.7 0.0+£0.0
naphthalene 1.2+0.2 98.6+04 0.0+0.0
metoxyacetophenol 73.5+1.3 240+1.1 2.4 +£0.7

Percentage concentrations of each given fractioe w&culated dividing the concentration of
the fraction by the concentration of the sum ofralttions and multiply by 100%.

The bias caused by transfer from gas to partichketibn was not observed for
heptadecane, undecanol and naphthalene — averegage concentrations in the particle
samples P during gas phase experiments were fauhe 0% (Table 2). Only in case of
metoxyacetophenol, which has the highest waterbddiy results showed bias caused by
transfer from gas to particle fraction due to digsg of the relatively high (to e.g. PAH)
water soluble metoxyacetophenol vapours in the epseld water which leaves the cyclone.
Mean percentage share of the sample P for this contbwas 2.4%. Hence it confirms that
for much less water soluble compounds than met@tgabenol (e.g. alkanes and PAHS)
correction for SJAC measurements is not necessary.

Distribution between gas phase samplesa@d G illustrates differences not only in
water solubility but also volatility of examined mpounds. G fraction of naphthalene is
lower than for undecanol but water solubility ophthalene is higher then that of undecanol.
This distribution pattern might be useful as a kofd‘online pre-separation” of measured
compounds according to water solubility and valgtibf SVOC in complex matrices of

organic aerosols.
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The distribution pattern shown in the Table 6.2 Ipasved to be concentration

independent for the used range of concentratioabl€l6.1) of test compounds.

Evaluation of the modified SJAC vyielded negligilbieas caused by transfer from gas
to particle phase and high collection efficiencyutifafine hydrophobic particles. Therefore

the next examinations aim for field comparisonha modified SJIAC with standard off-line

(filter based) sampling methods.
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/. RESULTS FROM THE COMPARATIVE OUTDOOR
SAMPLING

In order to compare the modified SJAC with otherrently available off-line
sampling methods, and also to verify the samplaratmn in the field, outdoor sampling
campaign was carried out. Besides SJAC three tgpdésw volume filter based sampling
techniques were used (description below).

PAH are well known semivolatile pollutants in thalzent air. Besides others, their
properties differ in terms of vapour pressure amdewsolubility (Table 7.1). It affects their

behaviour in the atmosphere as well as during émeider/filter/adsorber and SJAC sampling.

Table 7.1. Physical properties and structures of sected PAH [Mackay et al. 1992, SRC
PhysProp Database].

Vapour Water Molecular
Compound & - .
o pressure at solubility weight Formula  Structure
abbreviation
25°C [Pa] [mg/l] [g/mol]
Naphthalene,
N 11x10  3.1x10 128.18  GoHs
ap
Acenapthylene,
9.0 x 10" 3.9 15220  ©Hs Q-TQ
Ace
Fluorene,
o 9 x 10° 2.0 166.23  @Hio
u
Phenanthrene,
2 x 10° 9.9 x 10" 178.24 GHwo | 43
Phe
Anthracene,
At 1x10°  43x10 17824  GHio | [0
n
Fluoranthene,
12x10° 2.6x100  202.26 H
Fla GePo | 'y
Pyrene,
6.0x10° 1.3x10' 20226  GeHio ;@‘
Pyr
Benz[a]anthracene,
28x10° 10x10°  228.30 H (]
Baa G oo
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Table 1.1. Physical properties and structures of sected PAH [Mackay et al. 1992, SRC

PhysProp Database] — continuation.

Vapour Water Molecular
Compound & . _
o pressure at solubility weight Formula  Structure
abbreviation
25°C [Pa] [mg/l] [g/mol]
Chrysene,
57x10 20x16° 22830  GHi |- g'ﬁ
Cry ]

Benzo[b]fluoranthene,
Bbf

*6.7x10° 1.5x 10 252.32 GoH12

Benzo[K]fluoranthene, 8
*52x10° 55x10 252.32 GoH12

Bkf
Benzo[a]pyrene,
[alpy 70x100  16x10¢ 25232  GoHw a‘@‘g
Bap
Dibenz[ah]lanthracene,
[ahl 7x10° 5.0x10 278.35 GHia @ﬁﬁﬂ
Dba i)
Benz[ghi]perylene, =
1.3x10° 26x10 276.34 H T
Bgh X X GHe |
Indeno[1,2,3-cd]perylene, 8
*13x10° 37x10  276.34 H
Ind X X S g age

* Vapour pressure at 20°C

7.1. Recovery of the analytical procedure

Obtained recoveries for XAD resins spiked with #&H mixture and extracted by
means of Soxhlet and Accelerated Solvent ExtraciBSE) methods did not differ.
Recoveries of all PAH were found to be better th@#o except for the volatile Naphthalene

which had a little lower recovery (Figure 7.1).
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Figure 7.1. Recoveries of PAH from XAD2 (Soxhlet)rad XAD4 (ASE) samples spiked

with the PAH mixture; standard deviations < 9%, n=3.

Contrary to the laboratory experiments with gassphanly (see section 4), PAHs were
expected in the particulate phase of the SJAC sBnplor this reason, a different approach
was applied for aqueous samples — solid phase otixtna(SPE) instead of liquid-liquid
ultrasonic extraction (LLE). Since particulate neatstrongly adsorb PAH — urban dust (SRM
1649a) containing various well described PAHs wagliad to both, onto the QFF and into
the water samples, instead of PAH acetone mixture.

Optimisation of the extraction conditions for aquesamples (SPE) was performed in
terms of acetone addition to the water which wa®nted to be a necessary modification of
the extraction procedure by means of SPE [Kissl.efi@7]. Generally it was found to
prevent collapsing of the hydrophobiggQhains (what might take place because of the
aqueous environment) reduces adsorption of PAH thaglass walls. The results show that
the best recoveries were obtained with a 10% (@ddition of acetone (Figure 7.2). Only in
case of more volatile PAH (Naphthalene-Phenanthrezo®veries were slightly lower than in
case of lower concentrations of acetone, probably  breakthrough phenomena [Marcé
and Borrull 2000] as well as evaporation lossesgi®&net al. 2000, Filipkowska et al. 2005].

Recoveries for samples with the urban dust (SRVBap4pplied onto the QFF after
ASE with the temperature of 100°C and 3 cycles wagh (average 94%, Figure 7.2)
therefore no further optimisation in terms of #fE conditions was carried out.
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Figure 7.2. Recoveries of PAH extraction from SRM @49a in water samples (400 ml,
SPE with different acetone addition) and on QFF (50ng, ASE). Recoveries calculated
relative to the certified values of the reference aterial; for Nap, Ace, Flu concentration

calculated relative to the ASE results, standard dgations < 12%, n=3.

Because the water amount from the SJAC samplesi R5adiffer by factor ranging
from 2 to 3 the optimum extraction method for 40Dwater (hypothetical SJAC sample P)
was applied also to 1200 ml sample (hypotheticd(Gdample ). Results show that SPE
with 10% addition of acetone yielded better recmgerthan sonification assisted LLE
(sonification & shaking, S/SH) method for most bé tPAH with exception of volatile ones
just like in case of the hypothetical SJAC samp(d® ml water sample).
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Figure 7.3. Recoveries of PAH extraction from watesamples (1200 ml) spiked with the
PAH mixture; S/SH sonification & shaking, standarddeviations< 12%, n=3.

Breakthrough test with 15 and 23 proved that the applied amount of the XAD resin

was sufficient for the outdoor sampling campaigrorcentration for none of the PAH in the
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second (backup) adsorber cartridge exceeded tliteolirdetection, except Naphthalene where

the amount was ca 1% of the mass applied ontarsteatisorber.

7.2. Weather conditions

As shown in Table 7.2 two periods in terms of terapge can be distinguished.
While the average temperatures during whole sammampaign was 11.0 + 4.4°C, for the
warmer (>10°C, till 28 October) and colder periecd@°C, from 31 October) the average
temperatures were found to be 14.6 = 2.5°C and 2.8°C respectively.

In case of ozone the average concentration durihglavsampling campaign was
10.9 £ 7.2 pg/ms3. During this time there were foleys when the concentration was higher
(>15 png/ms3, average 19.0 + 7.3 pg/m3) 25-28 Octoband 14 November; all other days had

an average of 5.8 + 6.8 pg/ms.

Table 7.2. Summary of the weather condition duringoutdoor sampling

PMo [Lg/m?] Ozone [pg/m?] N&[pg/m?

Date T[°C] p[hPa] RH [%]
Loth. Johan. Loth. Johan. Loth. Johan.

19.10. 39 38 9 12 52 33 11 723 51
20.10. 53 45 4 4 83 59 13 720 60
21.10. 40 42 5 5 86 70 15 716 55
24.10. 24 18 20 26 75 40 15 724 53
25.10. 16 13 13 18 65 40 17 721 39
27.10. 27 23 14 17 54 35 19 724 50
28.10. 49 31 4 6 71 36 13 724 57
31.10. 28 26 5 7 33 23 8 721 67
07.11. 23 25 19 22 51 35 10 728 57
08.11. 19 n.a.* 4 4 45 21 7 726 65
10.11. 48 42 6 6 63 46 9 724 61
14.11. 23 20 16 24 35 21 4 725 62
15.11. 31 37 7 7 66 46 6 715 59

* n.a. — not available
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During the outdoor sampling the samplers were egbds temperature fluctuation.
The differences between minimum and maximum tempers ranged from 2 to 18°C and
the average variation was 10°C during the sampimg of 12 hours.

Other conditions like ambient pressure and RH @yes of 722 + 4 hPa and 57 + 7%
respectively) as well as Plyland NQ (averages of 31 + 11 pg/m3 and 49 = 19 pg/m3naoid
differ considerably while sampling time. Therefduether differentiation of the two periods

of time for the discussion of the results was eaispnable.

7.3. Concentration of PAH

Table 7.3. Average concentration [ng/rf] of the PAH in the gas- and particulate phase

from all events, from the ozone denuder/filter/adsdber sampler.

Compound PM Gp
Naphthalene 0.35 160.36
Acenapthylene 0.04 6.18
Fluorene 0.08 7.82
Phenanthrene 0.75 13.25
Anthracene 0.14 1.00
Fluoranthene 1.51 1.89
Pyrene 1.52 1.56
Benz[a]anthracene 0.48 0.01
Chrysene 0.71 0.11
Benzo[b]fluoranthene 0.81 0.02
Benzo[k]fluoranthene 1.06 0.01
Benzo[a]pyrene 0.60 0.01
Dibenz[a,h]anthracene 0.09 n.d.*
Benz[g,h,i]perylene 0.93 n.d.
Indeno[1,2,3-cd]perylene 0.53 n.d.

n.d. — not detected

The major contributors of the particulate phase PAH the ozone
denuder/filter/adsorber (OdFA) sampler were Flutrane and Pyrene (average

concentration 1.5 ngfn Table 7.3) whereas in the gaseous phase Naphéhaed
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Phenanthrene were dominant (average concentrafict6® and 13 ng/fhrespectively).
Generally PAH concentrations from the outdoor samgpivere little lower or comparable
with results from other studies in suburban areaMahich carried out during autumn of

previous years [Schnelle-Kreis et al. 2001, Wittokeand Lintelmann 2004, Lintelmann et al.
2005].

Figure 7.4 illustrates that PAH concentrationstiate significantly during the period
of five weeks by factor of five both for PM and GpAH concentration ranges from 3.0 to
16.4 for particulate 3-6 ring PAH and from 12.16®.8 ng/ni for gaseous phase 3-4 ring
PAH. When also Naphthalene was regarded the rahfactuations changed from 58.0 to
418.7 ng/mifor Gp (2-4 ring PAH) and from 3.0 to 16.6 ndfior PM (2-6 ring PAH).

70
60 P~ —e—PM PAH 3,6 PM PAH4 | |
- / \\ —A—PMPAH5 —o—GpPAH3,4 |
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Concentration [ng/m3]

Figure 7.4. Changes of the PAH concentration in amént aerosol samples collected

during this study. Every point represent a samplerom ozone denuder/filter/adsorber
sampler, lines are to guide the eye.

Several factors can cause seasonal PAH fluctuat@nthe chosen sampling site
[Lintelmann et al. 2005]:
- meteorological conditions — temperature (gas/partjgartitioning, dispersion), £
concentrations and UV radiation (photodegradatiod axidation of PAH), mixing

conditions (wind speed and inversion layer hightsich are typical for winters in the
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Munich area inhibiting exchange in the atmosphéeading to accumulation of
pollutants in the lowest layer),

- vehicular sources — at low temperatures motor Vehiceed a longer time to reaching
the optimum working temperature which is charaztsti by constant emission of
pollutants. So called “cold-starts” at temperasirbelow the working temperature
lead to increased emission of PAH,

- domestic heating — a main source for PAH therefgeerally higher concentration
levels in domestic heating season are observecglekKreis et al. 2005, Schauer et
al. 2003].

7.4. Partitioning of PAH

The rough estimation of the concentration ratio @BBorber (particulate phase PAH
collected on the QFF to gaseous PAH concentratmieated on XAD resin) may be
interpreted as gas/particle partitioning coeffitieDifficulties of quantifying gas/particle
distribution were described in section 2.2.1.3.

Warmer intervals promote higher concentration oad 4-ring PAH in the Gp than
during colder times what is clearly understandaideause temperature is the key factor
governing the partitioning behaviour of the semaiidd organic material. During this
sampling campaign relationship of the PAH partithgn between Gp and PM with the
average temperature was found (Figure 7.5) but fuml{Chrysene the difference was higher
than 10%. For all others the difference was belbig talue. It can be explained by the
temperature difference of only 7°C, impact of othesather conditions (RH) onto the
partitioning and finally by the accuracy of the m@@ments of the low amount of ambient
aerosol (~13 fi). Obtained partitioning pattern from the filteréatber (FA) sampler do not

differ significantly from that obtained from ozodenuder/filter/adsorber (OdFA).
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Figure 7.5. Comparison of the relative concentratio (average * standard deviation) of
the PAH in the gas phase (vs. sum of particulate dngas phase) during warmer (till
28.10, n=7) and colder period (from 31.10, n=6) obdined from the ozone
denuder/filter/adsorber sampler.

7.5. Charcoal and ozone denuder influence on PAH samplim

Relative concentrations of Phenanthrene, Anthrgcelmwranthene and Pyrene from
QFF sample alone obtained by means of charcoaldaefiilter/adsorber (CdFA) sampler
were significantly lower in comparison with otheFRsamples (FA and OdFA, Figure 7.6).
Theoretically all PAH collected on adsorber in CdBfe regarded as the evaporated from
particulate material on QFF. But when PAH from ablso will be added to this from QFF
significant overestimation, increasing with vapguessure, will occur. This points either at
important role of blow off artefact or not comple&moving of gaseous PAH by the charcoal
denuder. Concentrations of light PAH (Naphthalemsenapthylene, Fluorene and
Phenanthrene) occurs on high concentration leve(Sp. Since concentration of those PAH
found on adsorber in CdFA are much lower (<10%)xamparison to those from OdFA
(Figure 7.7) hypothesis assuming low efficiency abfarcoal denuder seems to be less
probable. High relative concentrations of Fluoranidy, Pyrene and Chrysene (Figure 7.7)
from the adsorber from CdFA illustrate possiblendigantly overestimation of the Gp
concentration both in FA and OdFA samplers wherwbidf artefact is neglected. Other
factor which could influence the measurement ispevation of particle associated PAH

inside charcoal denuder what causes underestimatfioRM concentration. Since PAH
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concentration of combined CdFA samples is stillhkigthan this from OdFA evaporation
inside denuder can be regard as negligible. Thaxss fvould thus increase the importance of
blow off artefact with respect to blow on (adsooptbias). But since the combined effects of
blow on vs. off with possible reactions in the déeuand/or on the filter are very complex

drawing the categorical conclusions from this d&@ems to be a hard task.
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Figure 7.6. Relative concentration of particulate RH (n=13, average + standard
deviation) during the outdoor sampling campaign obdined by means of charcoal
denuder/filter/adsorber (CdFA) and filter/adsorber samplers (FA) divided by the

concentration obtained from the filter samples from ozone denuder/filter/adsorber

sampler.
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Figure 7.7. Relative concentration of gaseous PAHh£13, average + standard deviation)
collected during the outdoor comparative sampling ampaign on adsorbers after
charcoal denuder/filter/adsorber (CdFA) and filter/adsorber samplers (FA) divided by

this obtained from the adsorber sample from ozoneehuder/filter/adsorber sampler.
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In terms of ozone degradation only in case of Aadhne there was significant
differences between concentrations of PAH foundFAnand OdFA sampler. For all other
PAH this difference was either small (Phenanthr@me Fluoranthene) or negligible. Schauer
at al. [2003] found that the degradation of 5- @dng PAH on filter had a near-linear
dependence on ozone volume mixing ratio. Comparddhe same low volume OdFA with
FA sampler for ambient PAH measurements by Liulef2005b] reported much higher
concentrations of Anthracene, Pyrene Benzo[a]fluerand Benzo[b]fluorene in spring-
summer time with high ozone concentrations (75md)! Low ozone concentration during
this outdoor study (average 10.9 pg/m3) with tHatinee low sampling volume had reduced
this sampling artefact to almost not detectable@eg This is in agreement with other study
[Tsapakis and Stephanou 2003] showing that evehirwgummer period PAH degradation
takes place most effectively when the ozone comnagoh and temperature are higher. The
gas phase concentration of Naphthalene, Acenapthyluorene and Phenanthrene from the
FA sampler were lower than in case of OdFA but esitfte concentration of other quite
reactive PAH (Anthracene, Pyrene, Chrysene) wergeclo those obtained from OdFA it has
to be stated that no significant influence of taere denuder use on the Gp concentration of
PAH took place (Figure 7.7). It can be explainde lin case of particle associated PAH

concentration by low ozone concentration and thaive low sampling volume.

7.6. Evaluation of the SJAC

During the outdoor sampling the steam flow ratetltd SJAC was verified and
generally it was found to be ca. 10% lower in coriguen to laboratory studies (2.5 instead of
2.7 ml/min) with the same power of the boiling @gplied (1.05 A, 200V). According to
inventors of the SJAC thermal isolation of the ingjlpot should not change the sampling
efficiency therefore no increase of the power dfitg pot to restore the steam flow rate from
laboratory studies, was carried out.

In order to improve the reliability of the calcutats of the relative PAH
concentrations samples with the concentrations dahan triple value of the blank sample
concentration or LOQ were excluded from furthersiderations. The same happened if less

than 3 values would have to be taken for calcutatibthe average relative concentration.
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Figure 7.8. Relative concentration of particulate RH (n=4-9, average * standard
deviation) during the outdoor comparative samplingcampaign obtained from SJAC
divided by those obtained from the filter sample ofozone denuder/filter/adsorber

sampler.

As shown in Figure 7.8 relative concentration aiedifrom SJAC aqueous sample P,
representing particle fraction, are much lower ttteose obtained from the filter from OdFA
sampler with the average of 52%. For some light&H Rhis difference can be partially
explained by the undesirable partitioning of PAHweEEn the two aqueous samples of SJIAC
— particle sample P and first gas phase sampld@s partitioning might have happened due
to dissolving of the PAH vapours in the water detplas a result of raised temperature inside
the mixing chamber of SJAC. Those droplets mighvehaot been removed by means of the
cyclone but been collected after cooling in aquesample G what could underestimate
particle fraction P. Pattern of the relative (toFJffom OdFA) concentration of {&Gample is
similar to this obtained from CdFA adsorbent sam(elaporation of PM associated PAH
from QFF, Figure 7.6) what makes this hypotheslatikely possible. Since the vapour
pressure of 5- and more rings PAH are much lowan tim case of 3-4 rings PAH theory
suggesting blow off artefact from filter sample @fFA as an explanation for difference in
concentrations for 5- and more rings PAH betweeiCSdample P and the filter sample of
OdFA is less probable.

The results from the gas phase measurements shaigrdficantly lower
concentration for more volatile, 2 and 3-ring PANaphthalene, Acenapthylene, Fluorene,
Phenanthrene, Anthracene) for SJAC adsorber sa(@)ealone in comparison to OdFA

sampler (Figure 7.9). When adsorber and aqueouplearmre combined for the first three
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PAH (Naphthalene, Acenapthylene, Fluorene) conagotr is still significantly
underestimated whereas for the last two PAH (Phname, Anthracene) becomes very close
to this from OdFA. Simultaneously higher concemtrag for 4-ring PAH (Fluoranthene,
Pyrene, Chrysene) were obtained from the SJAC smngvlen from Gsample alone.
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Figure 7.9. Relative concentration of gaseous PAHN#£5-10, average + standard

I

Relative concentration [%]
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deviation) during the outdoor comparative samplingcampaign obtained from SJAC
divided by those obtained from the adsorber samplafter ozone denuder/filter/adsorber
sampler.

Comparison the total amounts of individual PAH frdBJAC (sum of all three
samples) with those obtained from OdFA sampler (safnfilter and adsorber samples)
yielded to not quite reliable outcome. Average treéaconcentration (SJAC vs. OdFA) was
72% with standard deviations over 40% for a giv&hRvhat reflects unstable work of SJAC
during outdoor sampling. Generally concentratioffigifter PAH which were mostly found in
G; and G samples was closer to those obtained from OdFApkanthan it case of PM
associated PAH (Figure 7.8, Figure 7.9). Therefmmparison of the partitioning pattern
between filter and adsorber (OdFA) and three sasnpiehe modified SJAC was carried out
only for selected PAH. The result showed that isecaf PAH which mostly occurred in Gp
(Fluorene and Phenanthrene, Figure 7.10) attribusfothe sample Gis quite clear — it can
be regarded as a difference between adsorber sgfpfeom OdFA and Gsample of the
SJAC. However in case of Pyrene, which concentnatias found to be almost equal in filter
(F) and adsorber samples, attribution of the sar@ples not so easy. Benzo[b]fluoranthene
spread between all three samples of SJAC illustdiféiculties with attribution of the sample

G: and G — bias caused by transfer from the sample P,to G
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Figure 7.10. Comparison of the partitioning pattern for chosen PAH obtained from
ozone denuder/filter/adsorber sampler and SJAC. Ralive concentration are calculated
by division of filter (F) and adsorber (A) sample ly total amount from OdFA sampler
and by division of each of SJAC sample (P, 5G,) by total amount from SJAC; n=6-9,
average + standard deviation.

Generally it must be underlined that working e#ioty of SJAC is far from
satisfactory. Furthermore obtained variations @f tbsults, displayed in significantly higher
standard deviations with comparison to those frdintheee filter based methods, make the
interpretation of the outcome difficult. Anotheroptem is caused by additional sample from
SJAC (Q). First of all because it divides the Gp samplatdecreases the reliability of such
trace analysis and second because it can notlgeftributed to the gaseous phase. Existence
of this intermediate sample with possible biasdfanfrom the gas to particle phase and vice
versa can partially explain the different concerdra of 2-4 ring PAH in gaseous and
particulate phases, but not in case of 5-ring PAH.

7.7. Degradation of the PAH before chemical analysis

Much lower concentrations of heavier PAH from thikl Bample of SJAC with
comparison to filter based methods and the fadtttiey were not found in other fractions of
SJAC suggest possible losses of PAH as a resuherical degradation. The degradation
phenomenon of PAH by means of Fenton oxidationofving F&€") in water solution was

already reported and high removing efficiency @ fhrocess was proven (Beltran et al. 1996,
Butkovic et al. 1983).
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Results from the comparative outdoor sampling

In order to verify the effect of the possible def@igon phenomenon during sampling
and later storage of the SJAC aqueous samplesthatoecovery a degradation test was
performed. Results showed that the recoveries anerglly lower (10-20%) compared to
those obtained from the test without sampling atdristorage (Figure 7.2 & Figure 7.11).
This finding can not however fully explain the saich lower amount of particle associated
heavier PAH in SJAC samples compared to filter asethods.

100

80

40 - e I = e

Recovery [%]

0 T T T T T T T T T T T T T T
Nap Ace Flu Phe Ant Fla Pyr Baa Cry Bbf Bkf Bap Dba Bgh Ind

Figure 7.11. Recoveries of PAH from degradation téswater samples (400 ml) spiked
with the PAH mixture; n=2.
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8. CONCLUSIONS AND OUTLOOK

Laboratory experiments with well defined test des confirmed a high collection
efficiency of the modified SJAC even for ultrafihngdrophobic material. However when no
gas phase compounds removing denuder is used ampsiwé SJAC one has to take into
account additional undesired phenomena. The partghase concentration can be
overestimated as a result of dissolving of gas @l@snpounds, increasing with the water
solubility, in the condensed water which leaves ¢igelone. Underestimation, on the other
hand, may happen due to evaporation of particlece®d compounds caused by raised
temperature in the mixing chamber.

Tests with pure gaseous compounds showed neglidilale caused by possible
transfer from gas to particle phase. Distributiattgrn for gaseous compounds (separation of
the applied pure gaseous compounds during labgrégst between two gas phase samples
G - aqueous solution and,G adsorber) illustrated that both water solubibiyd volatility
influence their allocation. The more water solubled less volatile compound the higher
contribution of G fraction. Hence this phenomenon, resulting ingtatrp separation between
water soluble and insoluble compounds, especialijgther with the low concentrations of
compounds of interest is generally undesirableraakles the measurements more difficult.

The pattern of the relative concentrations gfsamples (to filter sample from ozone
denuder/filter/adsorber sampler) is similar to tbistained from adsorbent sample of the
charcoal denuder/filter/adsorber sampler (evapmmadif particle associated PAH from filter
sample, Figure 7.6 and 7.8). This supports the tingsts of evaporation of particle associated
compounds in the modified SJAC sampler.

Another issue is the influence of outdoor condsidespecially temperature) on the
SJAC working efficiency. According to the inventarsthe instrument thermal insulation of
the boiling pot should not change the samplingcifficy [Slanina et al. 2001] but during
other outdoor studies with inorganic aerosol sangp$JAC was found to be sensible to the
weather conditions [Trebs et al. 2004]. Theorelyoaven though the steam flow rate is lower
due to the lower temperature also at the samettiméemperature of the mixing chamber and
cyclone is lower resulting in higher supersaturatioas a result the temperature difference
should be compensated in general. During this autdtudy 10% lowering of overall steam
injection was observed, as compared to laboratogiess with the same power of the boiling
pot.
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Conclusions and outlook

Due to the daily temperature difference within tifs sampling time (10 °C between
minimum and maximum) 2 to 3 times corrections @& Water flow rate (boiling pot supply)
were necessary in order to keep a sufficient amotinater in the boiling pot. This had to be
done manually. So leaving the SJAC for overnighh@ang was not possible because of
safety reasons. As a result a relatively short $agpime had to be applied and relatively
low amount of ambient aerosol was sampled (~ 8 This restriction together with the low
concentration level of ambient PAH, may have inficed the accuracy of the SJAC samples
measurement and made the interpretation of rediffitsult.

Regarding the possible degradation during sampéing storage of the agueous
samples of SJAC few things have to be underlingdt Ehe ozone concentration during the
degradation test was low (11 and 9 pg/m3) but tistadce between two ozone sampling
stations and outdoor comparative sampling siten(r &akm) is large enough to be altered by
local conditions (e.g. wind, due to the open spa8efond no data on ¥eoncentration was
obtained during whole campaign, playing an impdrtafe in Fenton oxidation. And finally,
addition of acetone to the aqueous solution, priavgmadsorption of PAH onto glass flask on
one side, might also have played a role in theatigron process by increasing the solubility
of PAH in water and increasing the contact of PAithweactive compounds.

Recently it has also been found that SJAC may emtally have acted inefficiently
due to not always visible fatty spots on the inagelone wall which can change the flow
pattern of the water film [Otjes 2006]. A fractioh the sample solution coming down from
the pre cut-off spiral might find its way to anadbgh the inner air outlet pipe of the cyclone.
Currently inventors of the SJAC (ECN) deal withstipotential risk by the positioning of an
o-ring on the inner outlet pipe of the cyclone.

To recap, in outdoor tests the modified SJAC setoyld not be maintained under
sufficiently stable operating conditions; this résd in less reliable results. Comparing to
online measurements of inorganic, water solublesads, the analysis of PAH (and any other
hydrophobic, water insoluble material) requiresabokious extraction procedure, which is
prone to artefacts (adsorption to glass walls, d¢baindegradation, time consuming). Those
factors besides shifting originally particle assteidl compounds towards the gas phase
fraction affect accuracy of the chemical measurdmdror those reasons, ambient aerosol
sampling of water insoluble material by means o thodified SJAC at this stage of
development is not a better alternative comparefilttsy based methods which have been

proven to provide more reliable data also during tlutdoor study.
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Conclusions and outlook

There are several fields of interest which mighaypé role in improvement of the
modified SJAC setup for insoluble semivolatile ongacompounds. One of them is
stabilizing the SJAC working conditions through main the instrument in the controlled
environment (temperature). Other issue relate ¢eeasing of the air flow rate, what allow to
collect more material and may have improved theu@my of chemical analysis. A better
extraction procedure for agqueous samples of theCS#g. online SPE, might correct the
possible chemical degradation due to minimizing tomtact of collected material with
reactive compounds. Comparison of the measurenfent®AH with other non-reactive
organic compounds (e.g. alkanes) with filter basedthods could bring some more
information about behaviour of SVOC inside the SJ&Gtem (partitioning between three
fraction).

Concentrations of gas phase PAH obtained fromr/tsorber- with those from
ozone denuder/filter/adsorber sampler did not dtsiderably and in case of particle phase
only Anthracene concentration was lower. This thates that low ozone concentration
(average 10.9 pg/ms3) with combination to the rettiow sampling volume may reduce
chemical degradation of PAH to almost not deteetalelgrees.

Concentrations of particulate associated more M®I&AH (Phenanthrene-Pyrene)
obtained from charcoal denuder/filter/adsorber- ewdrigher than those from ozone
denuder/filter/adsorber sampler. This pointed talsam favourable role of evaporation
compared to an adsorption artefact. Since the aoedbéffects of blow-on vs. blow-off with
possible reactions in the denuder and/or on ther fire very complex and no dynamic blank
run (denuder efficiency) was carried out during thtiudy, drawing general conclusions from

this data seems to be a hard task.
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9. ABSTRACT

One of the most important issues of an analyticat@dure is a representative sample.
Because both health and ecological impacts of icectanpounds depend on their appearance
it is very important to distinguish between theancentration in the gas- and particle phase.
Aerosol collection, especially for semi volatile ngpounds, is subjected to significant
artefacts connected with evaporation and adsorptiprocesses and chemical
reaction/degradation. Therefore finding a propen@ang technique is not an easy issue.

The Steam Jet Aerosol Collector (SJAC, ECN Nethelda was originally designed
for the online determination of inorganic compouffidsn the particle phase. In this concept
the aerosol stream pass through a wet denudedar ¢t@ remove components from the gas
phase. By rapid mixing the aerosol with the injdcteater steam supersaturation conditions
are created, which causes condensational growfamicles to micron-size droplets. Those
are removed by means of the cyclone with a cuttpdiameter of about lim and are
subsequently analysed for inorganic compounds glhwomatography.

This work concentrates on the adaptation of thgimal concept of the SJAC for
sampling organic compounds in both particle andplese. Modification covers the addition
of an extra cold trap collector of the water vapadrich passes to the gas phase and the
addition of the collection of gas phase adsorb€KRtsD4). In this modified SJAC the
collection of gas phase components takes place pdieicle phase collection, therefore no
denuder technique is used.

The analytical procedure in case of laboratory issidncludes the liquid-liquid
extraction with dichloromethane (for water samplesg Accelerated Solvent Extraction
(ASE) with acetone/hexane mixture (for XAD4 sampldsmth followed by cleanup,
evaporation and GC-MS analysis.

Particle collection efficiency was examined wittifelient non-polar test particles by
means of a Scanning Mobility Particle Sizer (TSIddb3936 SMPS) measurements and the
optimum working conditions were obtained indepetigerior two kinds of regarded
steamers. The applied cyclone with preceding mixingmber working with original boiling
pot were found to remove over 99% of graphite pkasi (Palas Generator GFG 1000) as well
as octacosane- (homogeneous nucleation of gas)pdwad candle light particles. Application
of alternative steam injection technique (electriesistance heated steel capillary) yielded in

much lower particle collection efficiency — ca. 6@¥particle number.
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Abstract

Pure gas phase streams of individual organic comg®heptadecane, naphthalene,
undecanol, methoxyacetophenone) were applied ierom estimate the amount of bias
caused by the transfer of components from gas ptagbe particle fraction. The water
solubility of these compounds was in the range f&t0* for heptadecane to 2*i@ng/l for
methoxyacetophenone. The concentration in thegbaftiaction varied from below 0.1% of
the gas sample for heptadecane to 2.4% for metloexyphenone. In addition, a parallel line
only with XAD4 was applied to determine the lossesde the sampling system which were
found to be negligible.

The outdoor study aimed for field comparisons @& thodified SJAC with different
kind of available (denuder)/filter/adsorber samglinethods for determination of gaseous and
particulate PAH concentration. The analytical pchge in this case includes the Solid Phase
Extraction with octadecyl! (for water samples), ABEh acetone/hexane mixture (for XAD4
and filter samples) and Soxhlet extraction withhtbcomethane (for XAD2 samples) all
followed by cleanup, evaporation and HPLC-FLD asily

Results from the comparative outdoor sampling sldowsignificantly lower
concentrations of 4- and 5 rings PAH in the patétafraction P with comparison to the filter
sample. Moreover shifting originally particle assded compounds towards the gas phase
fraction for 3- and more rings PAH was observedskhreasons as well problems connected
to outdoor temperature influence onto SJAC worldagditions and laborious, susceptible to
artefacts sample preparation make the modified SaA&his stage of development not a
better alternative for denuder/filter/adsorber stamgpmethods for ambient aerosol sampling
of water insoluble compounds.

Concentrations of gas phase PAH obtained fromr/tsorber- with those from
ozone denuder/filter/adsorber sampler did not digtensiderably and in case of particle phase
only Anthracene concentration was lower. This thates that low ozone concentration
(average 10.9 pg/m3) with combination to the retatshort sampling volume may have
reduced the chemical degradation for PAH to almaosietectable degrees.

Concentrations of particulate associated more M®I&AH (Phenanthrene-Pyrene)
obtained from charcoal denuder/filter/adsorber- evdrigher than those from ozone
denuderf/filter/adsorber sampler. This pointed tasaa favourable role of evaporation
compared to an adsorption artefact. Since the aweabeffects of blow-on vs. blow-off with
possible reactions in the denuder and/or on ther fiire very complex and no dynamic blank
run (denuder efficiency) was carried out during thiudy drawing general conclusions from

this data seems to be a hard task.
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