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ZUSAMMENFASSUNG

Die vorliegende Dissertation behandelt die Messung fliichtiger organischer Kohlenstoff-
verbindungen unter Ausschluss von Methan (NMOC = nonmethane organic carbon), sowie
deren Austausch durch Interaktionen zwischen Biosphdre und Atmosphére. Bis heute bildet
die Bestimmung dieser Verbindungen in Luftproben eine der groten Herausforderungen der
qualitativen und quantitativen Analytik und fiihrte dementsprechend zur Entwicklung einer
Vielzahl unterschiedlicher Nachweismethoden. Im Rahmen verschiedener Qualitéts-
sicherungsmalBnahmen erfolgte die Evaluierung zweier Messmethoden im Hinblick auf deren
Genauigkeit, Prazision und Reproduzierbarkeit. Die Untersuchungen erfolgten im Verlauf

zweier Vergleichsexperimente und umfassten:

(1) die Sammlung fliichtiger organischer Komponenten auf graphitisierten Kohlen-
stoffadsorbentien, deren nachfolgende thermische Desorption, sowie deren Analyse

durch Gas-Chromatographie mit Flammen-Ilonisations-Detektion (GC-FID) und

(2) die Sammlung kurzkettiger Carbonyle durch zwei verschiedene, mit 2,4-
Dinitrophenylhydrazin (DNPH) belegte, Extraktionskartuschensysteme sowie deren
nachfolgende Analyse durch Hochdruck-Fliissigkeits-Chromatographie (HPLC).

Die Evaluierung der Vergleichsexperimente zeigte, dass die vormals zur Kalibration der GC-
FID Analyse verwendeten Fliissigstandards in starken Abweichungen zur spezifizierten
Referenzkonzentration resultierten. Dementsprechend erfolgte die Applikation eines
gasformigen Kalibrationsstandards, unter dessen Verwendung die besten Resultate fiir die
untersuchten Monoterpene o-Pinen und 3-Caren erbracht wurden. Die Genauigkeit der
Analyse bewegte sich hier zwischen einer Unterschédtzung des Sollwertes von bis zu 12% fiir
a-Pinen, bzw. zwischen einer Unterschétzung des Sollwertes von 3 bis 20% fiir 3-Caren. Die
Genauigkeit der Isoprenbestimmung bewegte sich zwischen einer Unterschitzung der
Referenzkonzentration von 35% bis hin zu einer Uberschitzung der Referenzkonzentration
von 32%. Allerdings zeigte die Isoprenbestimmung, mit Ausnahme von a-Pinen, eine bessere
Reproduzierbarkeit als die Analyse der untersuchten Monoterpenverbindungen. Im Rahmen

der untersuchten Konzentrationsbereiche (0.2 bis 31 ppb) lieB sich kein Zusammenhang
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zwischen der HoOhe des untersuchten Mischungsverhiltnisses und der Genauigkeit der
Analyse feststellen. Untersuchungen zur Evaluierung des verwendeten Ozon-Filters zeigten
keine Adsorptions- und Desorptionseffekte fiir die beiden untersuchten Verbindungen Isopren
und B-Pinen. Die Untersuchung kurzkettiger Carbonylverbindungen erfolgte mittels zweier
verschiedener Festphasen-Extraktionskartuschen-Systeme. Wiahrend das erste System auf
einem Octadecyl-Tridgermaterial basierte, basierte das zweite System auf einem Silica-Triger.
Beide Systeme wurden mit DNPH beschichtet, wobei die Beschichtung entweder durch das
MPI Labor (Octadecyl-Triager), oder vom Hersteller (Silica-Trdger) vorgenommen wurde. Die
beste Ubereinstimmung zum spezifizierten Sollwert wurde dabei durch Verwendung der
Silica-Festphasen-Extraktionskartuschen erreicht. Die Verwendung dieser Proben fiihrte zu
einer Uberschitzung der Referenzkonzentration von 7% fiir Acetaldehyd und einer Unter-
schédtzung von 3% fiir Aceton.

Die Auswertung solcher Qualitdtssicherungsdaten ist u.a. auch fiir die Untersuchung von
Austauschprozessen zwischen Biosphdre und Atmosphdre von Bedeutung. Bis heute
beriicksichtigen viele konventionelle Abschitzungen der Emission fliichtiger organischer
Kohlenstoffverbindungen (VOC = volatile organic compound), Emissionsdaten nur auf Oko-
systemebene. In diesem Zusammenhang wurden im Rahmen der vorliegenden Studie
Kiivettenexperimente an zwei dominierenden europdischen Laubbaumarten durchgefiihrt. Die
Messungen erfolgten in den Sommermonaten der Jahre 2002 und 2003 and Sonnen- und
Schattenbléttern der Rotbuche (Fagus sylvatica L.), sowie and Sonnenblittern der Stieleiche
(Quercus robur L.). Dabei konnte die Stieleiche als starker Isoprenemitter klassifiziert
werden, wobei die Isoprenabgabe durch Licht und Temperatur reguliert wurde. Standard-
emissionsfaktoren, welche unter Verwendung der G97 Funktion berechnet wurden, betrugen
75 ng g’ h'. Im Gegensatz hierzu wurde die Rotbuche eindeutig als Monoterpenemitter
charakterisiert, wobei Sabinen den Hauptbestandteil der Emission bildete. Des Weiteren
zeigte sich, dass auch die Monoterpenemission eine Funktion von Licht und Temperatur war.
Standardemissionsfaktoren der untersuchten Sonnenblitter erreichten bis zu 13 pg g' h,
Emissionsfaktoren der Schattenblitter erreichten 20 pg g’ h™. Ferner konnte bei hohen
AuBentemperaturen eine Mittagsdepression der Monoterpenemission festgestellt werden.
Entsprechend ihrer breiten geographischen Verteilung sowie ihres hohen Standardemissions-
faktors, zeigte die Beriicksichtigung der Rotbuche in Modellberechnungen, einen
substantiellen Einfluss auf das europdische Monoterpenbudget, wobei in Bezug zu
konventionellen Abschédtzungen Anstiege von 16 bis 54% berechnet wurden. Auf lokaler

Ebene konnten sogar Anstiege von > 100% verzeichnet werden.
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Solche Studien des Spurengasaustauschs zwischen Biosphiare und Atmosphére beziehen
sich im Allgemeinen auf eine gut definierte, aber nur sehr limitierte Anzahl von Substanzen.
Untersuchungen zum Austausch des Gesamtkohlenstoffes zwischen Vegetation und Atmos-
phére liegen nicht vor und nur sehr wenige Studien berichten iiber Gesamtkohlenstoftf-
Konzentrationen in verschiedenen Luftproben. Obwohl die Integration verschiedener Einzel-
messungen in Kohlenstoffkonzentrationen von mehreren hundert ppb resultiert, kénnen nicht
identifizierte Verbindungen einen groflen Anteil an der Gesamtkohlenstoffmenge tragen. Im
Rahmen der vorliegenden Arbeit erfolgte die Entwicklung eines Analysators zur Untersu-
chung des Gesamtkohlenstoffaustauschs zwischen Biosphire und Atmosphére. Das Gerit
wurde unter Laborbedingungen getestet und im Rahmen der durchgefiihrten Kiivetten-
experimente an Rotbuche (Fagus sylvatica L.) im Freiland mit einer unabhingigen Methode
verglichen. Das Gerit basierte auf den grundlegenden Prinzipien der Elementaranalyse und

umfasste folgende Hauptbestandteile:

(1) eine Adsorptionseinheit zur Sammlung fliichtiger organischer Verbindungen, sowie

deren Trennung von CO, CO,und CHy,

(2) ein Oxidationsrohr zur Umwandlung der adsorbierten fliichtigen organischen

Verbindungen zu CO; und schlief8lich

(3) eine Sammeleinheit zur Fokussierung des gebildeten CO,, sowie dessen nachfolgende

Bestimmung durch einen CO, Detektor.

Das Detektionslimit der Analyse lag bei 0.5 ng Kohlenstoff, die Reproduzierbarkeit bei
einem Wert von + 0.5%. Oxidationseffizienzen der Analyse von Kohlenmonoxid und Methan
bewegten sich zwischen 91 und 101%. Widerfindungsraten verschiedener
Kohlenstoffverbindungen lagen bei 48% und stellen somit die groBte Unsicherheit der
Messungen dar. Dennoch zeigte der Vergleich von Tagesgidngen des Kohlenstoffaustauschs
eine exzellente Ubereinstimmung zwischen den Ergebnissen der Gesamtkohlenstoff-Analyse
und den durchgefiihrten GC-FID Messungen. Geméal dieser viel versprechenden Ergebnissen
sollte die Weiterentwicklung der Gesamtkohlenstoffanalyse einen entscheidenden Beitrag zur
Untersuchung des Gesamt-kohlenstoff Austauschs zwischen Biosphire und Atmosphére

leisten.
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CHAPTER 1

BIOSPHERE-ATMOSPHERE
EXCHANGE OF NONMETHANE
ORGANIC CARBON-

GENERAL INTRODUCTION



MEASUREMENT OF NONMETHANE ORGANIC CARBON

THE BIOGEOCHEMICAL CYCLE OF CARBON

The biogeochemical cycle of carbon refers to the short term exchange of carbon within and
between four major reservoirs: the atmosphere, oceans, reserves of fossil fuels, and terrestrial
ecosystems. According to Schlesinger (2003), carbon is known as the most widely distributed
element on planet Earth, representing about 50% of the dry weight of living organisms. In
form of various trace gases it influences the chemical and/or radiative properties of the
atmosphere and therefore contributes to a natural greenhouse effect that keeps the planet
warm enough to evolve and support life (Seinfeld and Pandis 1997; Finlayson-Pitts and Pitts
2000; Schlesinger 2003). With respect to the various anthropogenic influences on the earth’s
fragile carbon balance, a detailed knowledge of all processes involved in the global cycling of
carbon is crucial for the prediction of future climate scenarios. A detailed description of the
contemporary biogeochemical cycle of carbon can be obtained from biogeochemistry
handbooks written by Park (2001) and Schlesinger (2003) or from atmospheric chemistry
handbooks published by Seinfeld and Pandis (1997) and Finlayson-Pitts and Pitts (2000).

As shown by Figure 1.1., sedimentary carbonates represent by far the planet’s largest
carbon pool with persistent carbon stocks that account to > 60000000 Pg (Falkowski et al.
2000). Also fossil fuel reserves and the world’s oceans represent huge carbon reservoirs that
account up to 10000 and 39000 Pg of carbon (Schlesinger 2003). Under undisturbed
conditions the fossil fuel reserves do not contribute to the active short term cycling of carbon
that covers time frames ranging from seconds to centuries. Since fossil fuels are part of a
carbon cycle that operates over millions of years, solely their anthropogenic induced
oxidation to carbon dioxide (CO,) leads to a mixing of short and long term carbon cycles,
yielding a yearly net increase of 6.3 Pg of carbon that now takes part in the active short term
cycling (IPCC 2001; Schlesinger 2003). Oceans on the other hand contribute an important
carbon reservoir that may balance the increasing atmospheric CO, concentrations to some
extent (Richter 1998). Due to the particular chemistry of the seawater, the apportionment of
the liquid-vapour-equilibrium is shifted towards the oceanic compartment, where CO, is
dissolved in form of bicarbonate or bicarbonate ions. Due to its enormous storage capacity,
ocean-atmosphere exchange processes involve large carbon fluxes, accounting up to 90 and
92 Pg a”' for oceanic emission and uptake, respectively (Schlesinger 2003). In contrast to the
huge carbon reservoirs of fossil fuels and oceans, atmosphere and terrestrial ecosystems
constitute a much smaller pool of carbon, representing carbon stocks of 780 and 2850 Pg,

respectively. However, regardless of their small size, these reservoirs take a major part in the
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planet’s short term circulation of carbon. According to Park (2001) and Schlesinger (2003),
atmospheric carbon is primarily present in form of the inorganic compound CO,. The amount
of carbon represented by methane (CHy), carbon monoxide (CO), and nonmethane organic
carbon (NMOCs) is less than 1% of the total atmospheric carbon (IPCC 1996; Seinfeld and
Pandis 1997; Finlayson-Pitts and Pitts 2000). Also particulate organic carbon is found to be at
most 5% of the carbon amount present in the atmosphere (Roberts et al. 1998). Even though
CO, and CHy4 are denoted as trace gases, they particularly influence the planet’s climate by
absorption of infrared radiation. Since CO and NMOCs are known to contribute dominantly
to the methane and ozone budget (both known as greenhouse gases) they may influence the
planet’s radiative balance as well (Seinfeld and Pandis 1997; Atkinson 2000; Finlayson-Pitts
and Pitts 2000).

The organic carbon of terrestrial ecosystems exists in various forms including plant leaves

and roots, animals, microbes, wood, decaying leaves, and soil humus. However, the world’s

Gross ATMOSPHERE [780 Pg]
pﬁlgaly
PEoCuchoD Autotrophic
TSP Heterotrophic
120 respiration
Pga’ A Forest-fires,
al ! Evaguatlon Fossil fuel Oceanic exchange
Pga by LIRS, combustion and g
changing land use cement production 4

A

8.6

Figure 1.1. Biogeochemical cycling of carbon between and within the four major reservoirs: atmosphere,
oceans, reserves of fossil fuels, and terrestrial ecosystems. Carbon reservoirs are shown in parentheses in units
of Pg (= 10'g). Emission is indicated by red arrows, deposition by black arrows, both in units of Pg a™.
Adapted from IPCC (1996; 2001), Falkowski et al. (2000), Finlayson-Pitts and Pitts (2000), Kesselmeier et al.
(2002b), and Schlesinger (2003).



MEASUREMENT OF NONMETHANE ORGANIC CARBON

carbon in terrestrial biota is nearly exclusively represented by vegetation. Animals (including
humans) account for less than 0.1% of the carbon that is present in living organisms
(Schlesinger 2003).

Atmospheric carbon is taken up by these terrestrial ecosystems through the process of
photosynthesis that converts inorganic CO, to organic carbohydrates, yielding a global gross
primary production (GPP) of 120 Pg a”' (Ciais er al. 1997). However, at least half of this
production is respired by the plants themselves (autotrophic respiration, R,, about 60 Pg a™
(Lloyd and Farquhar 1996; Waring et al. 1998)), leaving 60 Pg a” as the net primary
production (NPP) of the world’s ecosystems. Since all heterotrophic organisms finally depend
on the net primary productivity of these ecosystems that serve as a reservoir of carbon and
energy, carbon amounts of about 50 Pg a” will be consumed (respired) by animals or
decomposing microorganisms and will be released to the atmosphere (heterotrophic
respiration, Ry). The residual carbon amount of about 10 Pg a’ that is left within the
ecosystem is referred to as the net ecosystem production (NEP, IPCC 2001). However,
additional carbon is lost through combustion processes in fires, by evacuation of carbon that
is dissolved in the rivers of an ecosystem, and by harvesting or forest clearing. The ultimate
residual of carbon emitted or deposited by an ecosystem is referred to as the net biome
production (NBP). Figure 1.2. gives an overview of the various ecophysiological levels
associated with the cycling of carbon between terrestrial ecosystems and other carbon

reservoirs. As shown by this figure, the terrestrial biosphere is specified as a net carbon sink.

Net biome production (NBP) [1.4 Pg a']
|
\

Net ecosystem production (NEP) [10 Pg a']
!
|
Net primary production (NPP) [60 Pg a']
|
\ |

Gross primary Autotrophic Heterotrophic Forest-fires, evacuation
production (GPP), respiration (R,) respiration (R,) by rivers, changing land use
photosynthesis

l120 Pgal T60 Pga’ TSO Pga’ T 8.6 Pga’

* % ﬂ ov\.,

Figure 1.2. Ecophysiological levels associated with the cycling of carbon between terrestrial ecosystems and

other carbon reservoirs.
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Considering the time period of 1980 — 1989 this terrestrial sink was estimated to range at 0.2
+0.7 Pga™. In the time period of 1989 — 1998 the terrestrial sink increased to 1.4 + 0.7 Pg a™
(IPCC 2001). According to Schimel et al. (2001) this increase can be attributed to the
northern extra tropical areas, implying that the evolution of the carbon sink is largely the
result of changes in land use over time, such as regrowth on abandoned agricultural land and
fire prevention, in addition to responses to environmental changes, such as longer growing
seasons, and fertilization by CO; and nitrogen. However, there are still large uncertainties
surrounding the quantity of carbon that is stored and flowing through some parts of the carbon
cycle (Park 2001).

This may be especially true considering the amount of carbon that is lost or gained by an
ecosystem in form of nonmethane organic compounds. According to Kesselmeier et al.
(2002b), the emission of these compounds from an ecosystem can be highly significant in
relation to the net ecosystem productivity and is in the same order of magnitude than the net
biome productivity (note, that the amount of carbon loss in form of NMOC compounds is
already included in the carbon exchange of these ecophysiological levels). As outlined by the
latter authors, these emitted volatiles may have different kinds of fate, implying also different

consequences for the global carbon cycle:

(1) they can be transformed to atmospheric CO, by (photo)chemical reactions,

yielding a net transfer of carbon from the terrestrial biosphere to the atmosphere,

(i1) they can be returned to the terrestrial biosphere with or without intermediate
chemical transformation, which represents only an internal cycling of carbon

compounds within the terrestrial biosphere itself, and

(i11))  they can be deposited to the oceans which represents a net transfer of carbon to the

marine biosphere and the oceanic carbon reservoir.

According to their major impact on the chemistry of the atmosphere, the following paragraph
will give a short overview on the implications of these volatile organics in the formation of
several secondary air pollutants. Moreover, the processes leading to their emission or
deposition by the terrestrial biosphere will be presented, as well as the metabolic pathways
leading to the production of several volatiles. Finally the following paragraph will give a short

overview of regulation processes and ecophysiological functions of the VOC emission.
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NONMETHANE ORGANIC CARBON COMPOUNDS AND
ATMOSPHERIC CHEMISTRY

Historically, the organic molecules that are present in the atmosphere have been measured as
“NonMethane HydroCarbon” (NMHC) compounds but with the recognition, that a variety of
other organic molecules might impact the chemistry of the atmosphere as well, other
terminologies have evolved. The probably most frequently used term for the description of
organic volatiles is “Volatile Organic Compound” (VOC, e.g. Fehsenfeld 1992; Guenther et
al. 1995; Kesselmeier and Staudt 1999). The notation includes all organic compounds that
have a vapour pressure of > 0.27 kPa (at 25°C, National Pollutant Inventory, Australia).
Methane and other compounds may be excluded from this terminology by particular
definition, but some authors distinguish also between VOCs and “Non Methane VOC”
(NMVOC, e.g. Monson 2002). Other frequently used terminologies refer moreover to the
atmospheric lifetime of these organic compounds, such as “other VOC” (OVOC, lifetimes of
> 1 day under typical tropospheric conditions) and “other reactive VOC” (ORVOC, lifetimes
of < 1 day under typical tropospheric conditions, Guenther et al. 1995; 2002). To distinguish
VOC:s that are emitted from the biosphere the terms “Biogenic VOC” (BVOC) and “Biogenic
Oxygenated VOC” (BOVOC) have been defined. The term “Reactive Carbon Compound”
(RCC) has been used as well (Guenther ef al. 2002). Another terminology that distinguishes
the reactive volatile organics clearly from the stable volatile compound methane is the term
“Non Methane Organic Carbon” (NMOC) that has evolved recently (Roberts et al. 1998;
Maris et al. 2003).

To date, several thousands of different NMOC species have been identified by analytical
techniques (e.g. Isidorov et al. 1985; Fehsenfeld 1992; Singh and Zimmermann 1992; Helas
et al. 1997; Fall 1999; Atkinson and Arey 2003). In combination with the emission of
nitrogen oxides (NOy, i.e. NO + NO,) derived from fossil fuel combustion, they may have
severe health and environmental impacts either directly, or as a result of their photochemical
oxidation (i.e. the oxidation in the presence of sunlight) leading to the formation of several
secondary photochemical pollutants.

The degradation of emitted NMOC species can be initiated in a number of ways, including
reactions with OH and NOs radicals, ozone and direct photolysis (e .g Atkinson 2000). Due to
their complex molecular structure, that often includes multiple double bonds, NMOCs are
generally very reactive organic compounds. A detailed description including several reaction
mechanisms for the degradation of volatile organics can be obtained from atmospheric

chemistry handbooks like Seinfeld and Pandis (1997) and Finlayson-Pitts and Pitts (2000) or
6
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MEASUREMENT OF NONMETHANE ORGANIC CARBON

from Atkinson (2000) and Atkinson and Arey (2003). In general the reaction with OH
radicals represents the major decomposition process of all NMOC present in the atmosphere,
whereas reactions with Oz and NOj; are mainly limited to alkene compounds. Photolysis on
the other hand represents an important sink for atmospheric carbonyls and halocarbons.
Considering the reaction of (biogenic) alkenes with OH radicals, NOs radicals, or O3
molecules, the primary reaction pathway proceeds always via addition of the reactant to a
double bond of the alkene molecule (Finlayson-Pitts and Pitts 2000). Figure 1.3. gives an
overview of the reactions involved in the atmospheric degradation of isoprene molecules (i.e.
2-methyl-1,3-butadiene, CsHg) by OH radicals (OH’). As shown by the figure, several
reaction products can be formed from the isoprene-OH reaction. While the addition of OH' to
the 1 (or 2)-position of the isoprene molecule yields methyl vinyl ketone (MVK), the addition
of OH" to the 3 (or 4)-position of the molecule yields methacrolein (MACR). Additionally
small yields of 3-methyl-furan have been reported (e.g. Carter and Atkinson 1996) and the
reaction with NO, will lead to the formation of organic nitrates (e.g. Chen et al. 1998).
Moreover formaldehyde and hydroperoxy radicals (HO,") are formed during the degradation
of isoprene. The multitude of different products that can be derived from the isoprene-OH
reaction represents a typical attribute of atmospheric degradation processes. Considering e.g.
the reaction of the monoterpene compound o—pinene (CioH;¢) with O3, more than 30 reaction
products can be formed. Since several of these reaction products are less volatile than their

precursors, the atmospheric degradation of monoterpenes is known to promote the formation

vOoC —» HO; HO®
A 0, 0, B RO, RO*
NO NO, NO NO,
hv hv
0, 0, 0, 0,

Figure 1.4. Photochemical production of tropospheric O;. (A) Photoequilibrium of the NO-NO,-O; system. (B)
Net formation of tropospheric O; by intruduction of volatile organics into the stable NO-NO,-O; system.

Adapted from Atkinson (2000).
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of secondary organic aerosol (SOA) particles in the atmosphere. Moreover, the degradation of
isoprene by OH radicals has been discussed recently to contribute significantly to the SOA
formation in tropical environments (Claeys et al. 2004).

In combination with anthropogenic NOy emissions, volatile organics have a major influence
on the formation of photochemical air pollution which can be found in many urban areas
around the world. In these regions the primary pollutants (NOx and VOCs) undergo several
photochemical reactions leading to the formation of several secondary pollutants, the most
prominent of which is Os;. In general, the net photochemical formation of O3 depends on the
actual NO mixing ratio of the atmosphere and occurs at concentrations of > 10-30 ppt. Lower
NO concentrations will lead to a net destruction of the tropospheric Os. As shown by Figure
1.4. A, the sole NO-NO,-O; system results in a photoequilibrium state that does not
promote the net formation of tropospheric O3z molecules. If volatile organics are introduced
into the system (see Figure 1.4. B) their photochemical degradation will lead to the formation
of hydroperoxide radicals (HO;") and alkyl peroxy radicals (RO;", see also Figure 1.3.).

Since these radicals will react with NO to form NO, as well as hydroxyl radicals (OH") and
alkoxy radicals (RO"), the common sink of Oz molecules is missing from the photoequilibrium
state, leading to a net formation of tropospheric O;. However, at low NO concentrations HO,
radicals will react either with themselves or with O3 molecules, leading to a net destruction of
tropospheric Os.

As outlined by Atkinson and Arey (2003), the volatile organics that are derived from
biogenic sources are much more reactive than volatile organics that are emitted by
anthropogenic activities. Moreover, on a global scale, the emission of BVOCs exceeds the
emission of volatiles derived from anthropogenic sources by a factor of 10 (World
meteorological organisation 1995). Therefore biogenic volatiles play a dominant role in the

chemistry of the lower troposphere (Fuentes et al. 2000).

EXCHANGE OF NONMETHANE ORGANIC CARBON COM-
POUNDS BY TERRESTRIAL PLANTS

Terrestrial vegetation was shown to be the dominant source of atmospheric volatile organic
compounds. On a global scale about 1150 Tg of carbon are emitted in form of volatile
organics (Guenther ef al. 1995; 1999). In general these biogenic VOCs include a variety of
different compounds like alkanes, alkenes, carbonyls, alcohols, esters, ethers, acids, and
isoprenoids. Table 1.1. gives an overview of some different NMOC species that are released

from natural and anthropogenic sources. As shown by the table, NMOC emissions that are

9



MEASUREMENT OF NONMETHANE ORGANIC CARBON

derived from the canopy foliage of the terrestrial vegetation represent the predominant
contribution to the total amount of emitted NMOC compounds. Isoprene and monoterpenes,
both belonging to the class of isoprenoids, were specified as prevalent compounds that are
released by these biogenic sources. Moreover, besides their emission, volatile organics can
also be deposited on the terrestrial vegetation as reported by several authors (e.g. Giese ef al.
1994; Kondo et al. 1995; 1996a; 1996b; 1998; Staudt et al. 2000; Kesselmeier 2001, Kuhn et
al. 2002; Rottenberger et al. 2004, 2005). A detailed overview on the emission and deposition
processes of volatile organics can be obtained from the reviews of Kesselmeier and Staudt
1999, Fall 2003, Lerdau and Grey 2003, and Sharkey and Yeh 2001. The following
paragraphs will give only a short overview of the present state of knowledge considering the
emission and deposition of volatile organics by terrestrial plants, with special emphasis on

isoprenoid compounds.

Table 1.1. Estimates of global VOC emission rates in terms of carbon [Tg a™']. Adapted from Guenther et al.
(1999) and Finlayson-Pitts and Pitts (2000).

Source Isoprene Monoterpenes Other VOCs
Canopy foliage 460 115 500
Terrestrial ground cover and soils 40 13 50
Flowers 0 2 2
Ocean and freshwater 1 <0.001 10
Animals, humans, insects 0.003 <0.001 0.003
Anthropogenic emissions 0.01 1 93
Total ~500 ~130 ~650

EMISSION OF ISOPRENOIDS FROM TERRESTRIAL PLANTS

As formulated by the “biogenetic isoprene rule”, all isoprenoid compounds are derived by
repetitive fusion of single five carbon units (Leopold Ruzicka 1945). According to the number
of these Cs units, the isoprenoids are subdivided into hemiterpenes, monoterpenes,
sesquiterpenes, diterpenes, triterpenes, tetraterpenes, and polyterpenes. Table 1.2. gives a
small overview of the different isoprenoid classes that can be found in the metabolism of
higher plants. A detailed description of the isoprenoid metabolism and biosynthesis is given
by Croteau et al. (2000). As shown by Table 1.2., the smallest isoprenoid compounds — the

hemiterpenes- comprise only one of these five carbon units. Isoprene is probably the best

10
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known compound of the latter isoprenoid class. On a global scale, the estimated annual foliar
isoprene emission that is released from the world’s forest canopies accounts up to 460 Tg
carbon per year (Guenther ef al. 1999). Monoterpenes on the other hand, consist of two five
carbon units and are best known as components of the volatile essences of flowers and
essential oils. Monoterpenes can be found in cyclic (e.g. o pinene, B-pinene) and acyclic (e.g.
myrcene, ocimene) forms. On a global scale, the emission of monoterpenes that are released
by the canopy foliage of terrestrial plants are estimated up to 115 Tg carbon per year and
therefore lags behind the global emissions of isoprene (Guenther ef al. 1999). As shown by
Table 1.2., sesquiterpenes consist from a total of three five carbon units. Like monoterpenes,
sesquiterpenes can be found in essential oils of various plant species. Although they are
emitted only in small amounts to the atmospheric system, several authors reported their
release from the terrestrial biosphere (Winer et al. 1992; Konig et al. 1995; Schuh et al. 1997;
Ciccioli et al. 1999; Hakola et al. 2001, Tholl et al. 2005). Finally diterpenes, triterpenes,
tetraterpenes, and polyterpenes are important products of plant’s metabolism (e.g. they act as
phytoalexins, preformed chemical defence compounds, gibberellin hormones, accessory
pigments, or electron carrier molecules). However, since these isoprenoids are non volatile,

they have no impact on the chemistry of the atmosphere.

Table 1.2. Isoprenoid compounds of plant’s metabolism.

Isoprenoid class Compound Number of carbon atoms
Hemiterpenes Isoprene, 2-Methy-3-butene-2-ol Cs
Monoterpenes e.g. a-pinene, B-pinene Cio
Sesquiterpenes e.g. B-caryophyllene Cis

Diterpenes e.g. Phytol C

Triterpenes e.g. Phytosterole Cso
Tetraterpenes e.g. B-carotene Cyo
Polyterpenes Rubber, plastoquinone > Cyo

Biosynthesis of isopentenyldiphosphate

As reviewed in detail by Croteau et al. (2000), an important characteristic of the isoprenoid
biosynthesis is its location at different sub cellular compartments. While sesquiterpenes,
triterpenes, and polyterpenes are produced in the cytosol and endoplasmatic reticulum,
isoprene, monoterpenes, diterpenes, and tetraterpenes are produced within plant’s

chloroplasts. Mitochondria on the other hand may generate the prenyl group of ubiquinone.
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Figure 1.5. Biosynthesis of isopentenylpyrophosphate (IPP) and Dimethylallyldiphosphate (DMAPP) via the

classical acetate/mevalonate pathway (left panel) and by the MEP pathway (right panel). Adapted from
Lichtenthaler (1999), Croteau et al. (2000), and Sharkey and Yeh (2001).
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Abbreviations to Figure 1.5.: [ADP] adenosine-diphosphate, [ATP] adenosine-triphosphate, [CDP] cytidine-
diphosphate, [CTP] cytidine-triphosphate, [CoA] coenzyme A, [NADPH,/NADP] redox pair of nicotinamid-
adenin-dinucleotide-phosphate, [P] phosphate moiety, [TTP] thiamine-pyrophosphate, [1] thiolase, [2] HMG-
CoA synthase, [3] HMG-CoA reductase, [4] MA kinase, [5] MAP kinase, [6] MAPP decarboxylase, [7] IPP
isomerase, [a] DOXP synthase, [b] DOXP reductoisomerase, [c] MEP cytidyltransferase, [d] CDP-ME kinase,
[e] MEcDP synthase.

Likewise its organisation at these different sub cellular compartments, the biosynthesis of the
universal precursor compound isopentenyldiphosphate (IPP) proceeds by different metabolic
pathways, i.e. by the classical acetate/mevalonate pathway in the cytosol and by the 2-deoxy-
xylulose-5-phosphate/2-methylerythritol-4-phosphate (MEP) pathway in plant’s plastids (see
e.g. Rohmer 1993; 1996; Lichtenthaler 1999; Eisenreich et al. 2004). As shown by Figure
1.5., IPP biosynthesis performed by the acetate/mevalonate pathway involves the two step
condensation of three molecules acetyl-coenzyme A (acetyl-CoA) and proceeds via 3-
hydroxy-3-methyl-glutaryl-CoA (HMG-CoA) and mevalonic acid (MA). Regulation of the
latter biosynthesis may be controlled by the enzyme HMG-CoA reductase which is located in
the membrane of the endoplasmatic reticulum (Bach et al. 1999). Specific HMG-CoA
reductase genes can be induced by wounding or pathogen infection. Moreover, the
enzymatic activity may be controlled by posttranslational regulation (e.g. phosphorylation)
and allosteric modulation. IPP synthesis in plant’s plastids involves the condensation of
pyruvate with glyceraldehyde-3-phosphate (GAP) to form 1-deoxy-D-xylulose-5-phosphate
(DOXP) which is then rearranged and reduced to 2-C-methyl-erythritol-4-phosphate (MEP).
After addition of cytidine-triphosphate (CTP), phosphorylation, and cyclisation, IPP is finally
formed. Although several intermediate steps of the MEP pathway have not been fully
elucidated yet, it seems much more efficient than the classical acetate/mevalonate pathway.
According to Sharkey and Yeh (2001) isoprene production via the MEP pathway involves 6
carbon atoms, 20 ATP and 14 NADPH,. Isoprene production via the classical
acetate/mevalonate pathway would involve 9 carbon atoms, 24 ATP, and 14 NADPH,.
However, even though there are distinct pathways to produce IPP in different compartments,
Bartram et al. (2006), demonstrated that IPP may be exchanged between the plastidic and
cytosolic compartment.

As shown by Figure 1.6., the formation of the various terpene compounds proceeds from
condensation of IPP and its reactive isomer dimethylallyl-diphosphate (DMAPP).

Electrophilic elongation reactions that yield the respective Cjo, C;s, and Cyo prenyldiphos-
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Croteau et al. (2000). Abbreviation: [P] phosphate moiety, [1] IPP isomerase, [2] GPP synthase, [3] FPP
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phates are catalysed by specific prenyltransferases named for their products (e.g.
farnesyldiphosphate synthase). Enzymes that are responsible for the formation of the
respective isoprenoids from geranyldiphosphate (GPP), farnesyldiphosphate (FPP), and
geranylgeranyldiphosphate (GGPP) are known as monoterpene-, sesquiterpene, and diterpene

synthases.

Biosynthesis of isoprene

The biosynthesis of isoprene proceeds in plants plastids in a light dependent way. A detailed
overview of isoprene biosynthesis and emission is given by Sharkey and Yeh (2001). In
general isoprene synthesis proceeds from the reactive DMAPP by isoprene synthase (Silver
and Fall 1994). The latter enzyme has a pH optimum at ~8 and a requirement for Mg*" (Silver
and Fall 1995; Schnitzler et al. 1996). Its molecular weight varies between 95 kDa for
Quercus robur (Schnitzler et al. 1996) and 58 + 62 kDa for a doublet enzyme that has been
found in aspen and kudzu (Silver and Fall 1995; Sharkey and Yeh 2001). Regulation of the
enzyme may be achieved by guaninetriphosphate (GTP) or palmitoyl-CoA (Sharkey and Yeh
2001). As discussed in detail by Wolfertz et al. (2003), the basal isoprene emission seems to

Figure 1.7. Model of isoprene
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be directly controlled by the activity of isoprene synthase. An interesting characteristic of the
isoprene synthesis is its linkage to ambient light conditions and plants photosynthesis. Both
effects may partly be a product of the general features of isoprene synthase. As shown by
Figure 1.7., under non-light conditions, the proton concentration of the outer thylakoid space
that is present in plant’s plastids ranges around neutrality (pH ~7). Solely under the influence
of light, an increase of protons in the thylakoid lumen is induced by the cleavage of water and
the photosynthetic electron transport chain located in the thylakoid membrane. Due to these
activities the proton concentration in the stroma decreases to a pH of ~8, which coincides with
the pH optimum of isoprene synthase. Therefore adequate ambient light conditions and plants
photosynthesis may promote the biosynthesis of isoprene. However, isoprene cessation under
non-light conditions can not be explained only by the latter model, since enzymatic activity is

also measurable at pH ~7 (non-light conditions).

Biosynthesis of monoterpenes

The biosynthesis of monoterpene compounds proceeds by catalysis of monoterpene synthase
from the Cy precursor molecule GPP (see e.g. Croteau et al. 2000). Up to now, a diversity of
different monoterpene synthases has been isolated from a variety of angio- and gymnosperm
species. In general these enzymes exhibit a molecular mass of 50 to 100 kDa (either
monomers or homodimers) and have a requirement for divalent metal ions (Mn”>" or Mg”").
As described in detail by the review of Bohlmann et al. (1998), all monoterpene synthases are
operationally soluble proteins with a pH optimum within the range of neutrality. In general,
the synthases of gymnosperms are distinguishable from their angiosperm counterparts by the
requirement for a monovalent cation and a preference for Mn*" over Mg”" as a cofactor.

Moreover gymnosperm synthases exhibit a higher pH optimum than angiosperm synthases

e® ®®
) 0/@@ OO
‘ ‘ M* ‘ -PPi
+ @@

LPP LPP . . .
GPP (transoid rotamer) (cisoid rotamer) o-Terpinyl cation  (-)-Limonene

Figure 1.8. Limonene biosynthesis by limonene synthase. Abbreviation: [GPP] geranyldiphosphate, [LPP]
linalyldiphosphate, [PP] phosphate moiety, [M*] divalent metal ion. Adapted from Croteau et al. (2000).
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(Bohlmann et al. 1998; Phillips et al. 1999; Croteau et al. 2000; Fischbach et al. 2000; Lucker
et al. 2002). As described in detail by Croteau et al. (2000), an interesting characteristic of
monoterpene synthases is their ability to produce more than only one enzymatic product (e.g.
pinene synthase may produce either a- or B-pinene). However, all monoterpene synthases use
a similar reaction mechanism. As shown by Figure 1.8., the simplest monoterpene synthase
reaction is catalysed by limonene synthase, were limonene biosynthesis proceeds via the
initial ionisation of GPP by divalent metal ions. The latter ionisation leads to the formation of
several rotameric forms of linalyldiphosphate which are then transformed via an a-terpinyl-

cation to limonene.

EXCHANGE OF OTHER VOLATILE ORGANICS BY TERRESTRIAL
PLANTS

Besides the predominant group of isoprenoid compounds, a variety of other volatile organics
can be emitted or deposited by plants, including alkanes, alkenes, organic acids, carbonyls, as
well as alcohols and esters. According to several studies, the emission of alkanes by terrestrial
vegetation is only low, but biogenic alkene emissions were specified to be significant (Owen
et al. 1997; Hakola et al. 1998; Kirstine et al. 1998). Within this context ethene is probably
the most important biogenic alkene compound, since it is produced (and emitted) by terrestrial
plants e.g. in response to several stress effects like injury or in response to the impact of
extreme temperatures (see Kimmerer and Kozlowski 1982; Yang and Hoffman 1984).
Moreover several organic acids were shown to be exchanged in a bidirectional fashion
(emission and/or deposition) demonstrating the plant’s potential to produce and metabolize
these compounds (e.g. Talbot et al. 1990; Kesselmeier et al. 1997; 1998b; Gabriel et al. 1999;
Kesselmeier 2001; Kuhn ef al. 2002a). Likewise short chain carbonyl compounds were shown
to be exchanged in a bidirectional way, and several authors discussed this inconsistency as a
function of the ambient carbonyl mixing ratios (e.g. Jork 1996; Dindorf 2000; Kesselmeier
2001; Rottenberger 2004; 2005). Moreover, acetaldehyde was discussed to be released in
response to stress effects like flooding of the root system (Kimmerer and Kozlowski 1982;
Kreuzwieser et al. 1999; Holzinger et al. 2000; Rottenberger 2003). C¢ aldehydes like
hexanal, cis-3-hexenal, and trans-2-hexenal are responsible for the characteristic flavour of
fresh leaves (e.g. Hatanaka and Harada 1973; Hatanaka ef al. 1987; Hatanaka 1996). Likewise
a high number of alcohol and ester compounds are assigned to be an essential part of flower
odour. According to Arey ef al. (1991) and Winer et al. (1992), leaf alcohol and leaf ester (i.e.
(Z2)-3-hexene-1-o0l and (Z)-3-hexenylacetate) accounted up to 50-100% of the VOC emission
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of several plant species. Moreover methanol was reported to be emitted from various plant
species at emission rates similar to those of isoprene and monoterpenes (MacDonald and Fall
1993). A first estimate of the global methanol emission has been reported by Galbally and

Kirstine (2002), who calculated an annual methanol release of about 100 Tga™.

REGULATION OF NMOC EMISSION

According to Kesselmeier and Staudt (1999), one can distinguish two different groups of trace
gases: while the first group is stored in specialised cells or organs (e.g. the resign ducts of
conifers) after its production, the second group comprises trace gases that are directly emitted
after their synthesis. As a result, the emission of volatiles that belong to the second group of
trace gases will be much more sensitive with regard to changes of physiological control
mechanisms. For a long time period isoprene has been regarded as a prime example of a non-
storing volatile organic, while monoterpenes were regarded to be always emitted from storage
pools. This concept has been improved only recently, since several authors reported a direct
(and light dependent, see below) emission of monoterpenes without significant intermediate
storage (Kesselmeier et al. 1996; 1997; 1998a; Bertin et al. 1997; Ciccioli et al. 1997; Schuh
et al. 1997; Staudt and Seufert 1997; Kuhn et al. 2002b; Rinne et al. 2002; Pio et al. 2005).
Considering abiotic factors that may influence the emission of volatile organics from plants,
ambient light and temperature conditions seem to be the most important environmental
parameters. On a short term basis, ambient temperature (and as a consequence leaf
temperature) seem to influence the emission of both isoprene and monoterpenes. For non-
stored volatile organics the dependency of VOC emission on leaf temperature was shown to
follow an optimum curve (generated by the temperature dependence of the participating
enzymes, Guenther ef al. 1993). VOC emission from storage pools followed instead a clear
exponential temperature function which is described by Tingey (1981) and Guenther et al.
(1993). Moreover, long term temperature effects may influence the emission strength of a
plant individual, and may therefore lead to seasonality effects as observed by several authors
(Penuelas and Llusia 1999a; Llusia and Penuelas 2000; Sabillon and Cremades 2001; Staudt
et al. 2003; Kuhn et al. 2004a). In addition, several non-stored volatile organics like isoprene
are regulated by ambient light conditions, reflecting the close link between emission and their
production from photosynthetic products. Consistently their emission is regarded as a function
of light and followed a saturation curve (Guenther et al. 1993). Moreover, other
environmental parameters (e.g. drought, flooding of the root system) may influence the

emission strength of volatile organics as well. The probably most important physiological
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mechanism controlling the short term release of volatile organics is the regulation of the
stomatal aperture, since several trace gases were reported to be emitted as a function of the
latter (e.g. Fall and Benson 1996; Kesselmeier et al. 1997). However, isoprene and
monoterpene compounds seem to be emitted indeed by the way of the stomata, but were not
controlled by the stomatal aperture due to their high production rates (Loreto et al. 1996;
Niinemets and Reichstein 2003). Other control mechanisms may involve different
physiological controls leading e.g. to a clear dependency of VOC emission on the present
developmental stage of the respective plant organism (e.g. Hakola et al. 2001; Kuhn et al.
2004b).

A detailed investigation of these environmental and physiological regulation mechanisms
provides the opportunity to simulate the emission of volatile organics from various plant
species and ecosystems. Therefore, several algorithms have been developed that describe the
emission of volatile organics as a function of a basic emission strength (i.e. a standard
emission factor or basal emission rate) combined with environmental parameters like ambient
light and temperature conditions (Tingey et al. 1981; Guenther ef al. 1993; 1995; 1997; Schuh
et al. 1997). To incorporate moreover physiological regulation mechanisms, several complex

model approaches have been developed recently (Zimmer et al. 2003; Simon et al. 2005).

ECOPHYSIOLOGICAL AND METABOLIC FUNCTION OF NMOC EMIS-
SION

Considering the plant organism, the emission of volatile organics represents a loss of carbon
and energy that were previously gained in photosynthetic processes. According to Fehsenfeld
et al. (1992) the loss of assimilated carbon in form of VOC emissions ranges between a few
thousandths and some percent, but can reach losses of up to 50% in extreme cases (Sharkey
and Loreto 1993; Staudt et al. 1997; Staudt and Bertin 1998). Therefore, it is still a matter of
debate whether these losses should be discussed as leakage and waste products of the plant’s
metabolism, or if they serve as physiological and ecophysiological reactions that yield
advances for the respective organism. Considering the enormous amounts of terpenes that are
emitted every year from the terrestrial vegetation, their physiological and metabolic functions
have still not been fully elucidated yet.

According to Fischer (1991), several monoterpenes are known to have allelopathic
functions, i.e. they limit the growth of other plant species and some authors discussed
monoterpenes as defence compounds against pathogens and herbivores (Cheniclet 1987;

Lewinsohn et al. 1991a; 1991b; Gershenzon and Croteau 1991; Funk ef al. 1994). Isoprene on
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the other hand may protect the photosynthetic apparatus of leaves by dissipating excessive
energy and serving as a reactant to regenerate NADP". Moreover, membrane protection
against heat stress has been discussed as a potential function of isoprene (Sharkey and
Singsaas 1995; Singsaas et al. 1997) and monoterpene production (Loreto et al. 1998).

Recent studies that focussed on plant-plant and plant-insect interactions revealed that a
variety of volatile organics may be used also as communication signals- a fact that led to a
concept known as “talking and listening trees” (for an overview see e.g. Baldwin and Preston
1999; Baldwin et al. 2001; 2002; Farmer 2001; Pickett and Poppy 2001; Arimura et al. 2005).
As outlined by Baldwin et al. 2002, plants are able to release a complex mixture of volatile
organics after being attacked by herbivores. Although some emissions seem to be only a
passive consequence resulting from the damage of some compartments in which these VOCs
are stored, other compounds have been demonstrated to result from the de novo synthesis of
these molecules. According to Bleecker and Kende (2000) ethylene, a compound implicated
in development and defence, was the first gaseous hormone discovered in nature. Recently a
variety of other phytopherhormones has been characterised as well.

Within this context the volatile methyl esters of jasmonate and salicylate seem to play an
important role. According to Preston ef al. (2001), methyl jasmonate was shown to be
synthesised and released in response to mechanical damage from Artemisia tridentata. Also
Karban et al. 2000 reported the production of volatile methyl-jasmonate in damaged
sagebrush plants that caused neighbouring tobacco plants to be more resistant to herbivores.
Methyl salicylate was shown to deter aphids from colonising plants (Pettersson et al. 1994)
and many insects seem to be effected by the latter compound on a neurophysiological level
(see Pickett and Poppy 2001 and references therein). Ozawa et al. 2000 demonstrated that
also exogenous jasmonic acid treatments were able to trigger a VOC release. Conjugates of
fatty-acids and amino-acids like volicitin (i.e. N-17-hydroxylinolenoyl-L-glutamine), a
compound that can be found in the saliva of herbivores, have been shown to elicit endogenous
jasmonic acid as well as a herbivore-induced VOC release in native tobacco plants
(Halitschke et al. 2001). Application of gaseous cis-jasmone was shown to induce (E)-f3-
ocimene and also the expression of a-tubulin genes (Birkett ez al. 2000). However, the mole-
cular and physiological control over the herbivore-induced release of volatiles is still only
poor understood. Within this context an interesting question is, whether these volatile signals
act directly as phytopherhormones which are detected by a particular receptor or whether
these compounds are simply adsorbed and then circulated within the plant organism. To date,

receptors have only been detected for the low molecular weight compound ethylene.
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OBJECTIVES AND THESIS STRUCTURE

One of the major limitations in advancing the understanding of tropospheric ozone formation,
aerosol generation, and biosphere-atmosphere exchange processes of volatile organics, is the
technical ability to accurately measure these compounds. Therefore, a great variety of analy-
tical techniques has been developed in the past but the analysis of biogenic volatiles is still a
challenging task in terms of qualitative and quantitative aspects.

Highly accurate concentration measurements are particular crucial for the evaluation of
biosphere-atmosphere exchange processes. To access the accuracy, precision, and reproduce-
bility of conventional VOC analysis that was performed in here by two different techniques, a
series of two intensive intercomparison experiments were carried out during the present study.
Chapter 2 will give an overview of the respective experiments and will discuss the results
obtained for various VOC species to evaluate the performance of the applied analytical
methods.

As outlined previously, vegetation represents the dominant source of volatile organic
carbon in the atmosphere. Conventional estimates of the global VOC budget consider carbon
emission factors based only on an ecosystem level and thus high uncertainties may be
associated with these calculations. Application of species specific emission factors may lead
to an improvement, in particular in environments with high biodiversity. Moreover, disregard-
ding physiological and environmental regulation processes of VOC emissions may lead to
incorrect results. Within this context, Chapter 3 will present the results obtained from plant
enclosure studies performed on two predominant European deciduous tree species under
natural conditions. The measurements were conducted during two consecutive field
experiments in the summers of 2002 and 2003. The obtained basal emission rates of these tree
species will be discussed with respect to environmental and physiological regulation
processes and will present a model estimate considering their impact on the European VOC
budget.

In general, the emission of organic volatiles represents a substantial loss of organic carbon
for the biosphere but previous studies focussed only on the detection of a limited number of
NMOC compounds. Measurements of the total NMOC exchange between vegetation and the
atmosphere are not reported hitherto and only very few studies reported on total NMOC
concentration measurements in ambient air. Even though summation of reported single-VOC
measurements results in carbon concentrations of up to hundreds of ppb, additional unidenti-
fied organic compounds may represent a substantial share of total NMOC concentrations.

Chapter 4 will describe the setup of a total NMOC analyser designed to investigate the bio-
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sphere-atmosphere exchange of total organic carbon. The instruments performance was
characterised during laboratory tests and evaluated versus an independent conventional
method performing branch enclosure studies in the field. The results will be discussed in
terms of qualitative and quantitative aspects and may help to quantify the exchange of total

carbon between terrestrial plants and the atmosphere.
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ABSTRACT

Within the framework of the ECHO project (Emission and CHemical transformation of
biogenic volatile Organic compounds, AFO 2000) two intercomparison experiments were
carried out for quality inspection of VOC analysis. The following chapter will present the
results of the GC-FID and HPLC analysis that was performed by the Max Planck Institute for
Chemistry during both intercomparison experiments. All experiments were conducted in a
“non-blind” fashion, with each participant using his own calibration methodology. VOC
mixing ratios were set by utilisation of a permeation device and ranged between 0.2 and 31
ppb during both experiments. The data quality was assessed by its accuracy, precision, and
reproducibility.

Regarding the analysis of short chain carbonyl compounds by HPLC analysis, best
agreement with the reference concentration was obtained for acetaldehyde and acetone by
utilisation of commercially available solid phase extraction silica cartridges. Utilisation of
these cartridges resulted in an overestimation of the reference mixing ratio by 7% for
acetaldehyde and in an underestimation of the reference mixing ratio by 3% for acetone.

The application of syringe injections of liquid VOC standards for GC-FID measurements
was shown to cause major problems for an accurate VOC quantification and improved
accuracy was obtained by utilisation of a gaseous calibration standard containing several n-
alkanes. With the latter standard best agreement with the reference concentration was
obtained for a-pinene, resulting in an underestimation of 0 to 12% and for 3-carene, resulting
in an underestimation of 3 to 20%. In comparison to these monoterpene measurements, the
accuracy of isoprene measurements showed a higher variability ranging between an
underestimation of the reference by 35% and an overestimation of the reference by 32%.
However, the reproducibility of the isoprene measurements was + 2 to £ 6% and with
exception of a-pinene (reproducibility of + 1 to £ 4%), better than for monoterpenes. The
accuracy of the aromatic compound benzene ranged between an underestimation of the
reference concentration by 15% and an overestimation of 37%. Toluene measurements ranged
between an underestimation of the reference mixing ratio by 13% and an overestimation of
the reference mixing ratio 13%.

No dependency between the specified mixing ratio and the measured accuracy was
observed within the range of evaluated VOC concentrations. Highest blank values were
observed for the aromatic compounds benzene and toluene. Moreover, for benzene, 3-carene,

and a-pinene blank values of intercomparison I exceeded the blanks of intercomparison II
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significantly. Tests, evaluating the performance of a particular ozone scrubber assembly
consisting of MnO, covered copper nets showed, that neither adsorption nor desorption

effects were detectable for isoprene and B-pinene using dry air conditions.

INTRODUCTION

Various intercomparison experiments have been performed in the past. However, most of
them addressed primarily the analysis of non-oxygenated and anthropogenic volatile organic
compounds (VOC, De Saeger and Tsani-Bazaca 1992; Hahn 1994; Apel et al. 1999; 2003a;
2003b; Slemr et al. 2002; Volz-Thomas et al. 2002; Kuster et al. 2004) and only few
experiments were focussed on the intercomparison of biogenic VOCs so far (e.g. Larsen et al.
1997; Komenda et al. 2003; Ammann ef al. 2004). In general, intercomparison experiments

can be performed in two different ways:

(1) a "blind” fashion (i.e. compounds and/or concentration ranges of the test gas

mixture are unknown by the participants) and

(i1) a “non-blind” fashion (i.e. compounds and/or concentration ranges are published

to the participants).

Since prediction of coelution from chromatographic columns and breakthrough of compounds
during the preconcentration step is much more difficult if the composition of volatiles and the
concentration ranges are unknown, most of the previous intercomparison experiments were
carried out in a “blind” fashion. Moreover, some of these previous intercomparison
experiments comprised several tasks of increasing complexity for the participating
laboratories.

Within this context two large intercomparison experiments including several of these tasks
were carried out in Europe (AMOHA, Accurate Measurements Of Hydrocarbons in the
Atmosphere, Slemr et al. 2002) and in the USA (NOMHICE, NOnMethane Hydrocarbon
InterComparison Experiment, Apel et al. 1994; 1999; 2003a; 2003b). Both experiments
started with the analysis of a synthetic mixture of few hydrocarbon compounds and nitrogen.
In a second and/or third task the participating laboratories were asked to analyse a more
complex synthetic test gas mixture comprising up to 60 different compounds. The final, most

challenging task is, however, the analysis of ambient air samples that was carried out during

25



MEASUREMENT OF NONMETHANE ORGANIC CARBON

the latest published experiments of AMOHA (Slemr et al. 2002) and NOMHICE (Apel ef al.
2003a; 2003b). Here, major problems were caused by interference of CO,, water vapour, and
also by the coelution of various other volatile organic compounds.

Another problem that especially occurs by utilisation of ambient air samples for
intercomparison experiments is furthermore the specification of the accurate reference
concentration. However, also for synthetic test gas mixtures different references were set by
various authors, and so some authors rely on the pure calculation of mixing ratios by
gravimetric approaches (Komenda et al. 2003), others refer to different reference laboratories
(Apel et al. 1994; 1999; 2003a; 2003b) and some refer to the average that was measured by
all participating groups (ambient air measurements, Slemr et al. 2002). Moreover, another
difficult question is which calibration standards should be used for the intercomparison
experiments. While during NOMHICE each participating laboratory utilized its own
calibration standard, general synthetic standard mixtures were used during AMOHA for all
participants. As was shown by several experiments, the use of the appropriate calibration
standard is a critical issue that might generate major discrepancies to the specified reference.
As outlined by Larsen ef al. (1997), the preparation of calibration standards is the most
common error source in the analysis of organic trace gases. Utilisation of a general standard
mixture will prevent errors derived from the use of individual calibration standards and will
lead to better agreement with the reference value. On the other hand, individual calibrations
are used during the routine laboratory work of the participating laboratories, and neglecting
the uncertainty of different calibrations, will lead to artificially improved results.

Another issue in performing intercomparison studies is also the evaluation of the
discrepancies discovered during the experiments. While some authors identified measure-
ments with more than 30% deviation from the reference as outliers from the overall
performance of the participating laboratories (Slemr et al. 2002), other authors defined
specific data quality objectives (DQO) to prove the quality of their measurements (Volz-
Thomas et al. 2002).

Since most of the previous intercomparison experiments were focused on the analysis of
stable anthropogenic compounds, test gas mixtures were sent in special canisters to the
participating laboratories. Mixing ratios of these canisters were usually tested by the reference
laboratories before shipment and after return from the participating groups (Apel ef al. 1994;
1999; 2003a; 2003b; Slemr et al. 2002; Volz-Thomas et al. 2002). However, for the less
stable biogenic or oxygenated compounds this procedure is not recommended. While the

distribution of isoprene canister samples during AMOHA and NOMHICE provided good
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results, the distribution of a-pinene samples generated major discrepancies to the reference
value due to compound losses in the parent cylinder and the canister samples (Apel et al.
1999). Since storage of biogenic volatiles is a critical issue, better results have been obtained
by non-storing techniques as performed by permeation and diffusion systems for the
generation of VOC mixing ratios (Larsen et al. 1997; Komenda et al. 2003). However, if the
reference values are derived only by gravimetric calculations, major discrepancies to the
reference concentrations might be obtained due to adsorption effects on the walls of the
permeation/diffusion system.

Within the framework of the ECHO project (Emission and CHemical transformation of
biogenic volatile Organic compounds, AFO 2000, see http://www.fz-juelich.de/icg/icg-
ii/echo) two intercomparison experiments were carried out for quality inspection of VOC
analysis. During both experiments 21 different chemical compounds were analysed by 11
analytical systems that were applied by 7 participating institutes. The following chapter will
present the results and respective intercomparison of the GC-FID measurements (i.e. Gas
Chromatography coupled to a Flame Ionisation Detector) and HPLC analysis (i.e. High
Pressure Liquid Chromatography) that was performed by the Max Planck Institute (MPI) for
Chemistry.

METHODS
SAMPLING AND ANALYSIS OF VOLATILE ORGANIC COMPOUNDS

Construction of the permeation system

For the intercomparison experiments I and II sampling of volatile organics was performed on
permeation devices that were built up by the Research Centre Jiilich. As outlined by Volz-
Thomas et al. (2002) the latter technique provided more reliable results for compounds with
higher boiling points than synthetic canister samples. The configuration of the permeation
source was similar to the system described by Schuh et al. (1997) and is specified in detail by
Komenda et al. (2003) and Ammann et al. (2004). In principle, the volatile organics were
stored as liquid substances in small glass vials in a temperature controlled permeation
chamber (temperature 25°C). Each vial contained a small punctured Teflon membrane
through that the relevant compound was permeating/diffusing. The respective component was
mixed with high purity nitrogen to mixing rations at a level of parts per million (ppm). By use

of a capillary restrictor flow split, part of the calibration gas was diluted with humidified
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synthetic air to mixing ratios at the level of parts per billion (ppb) or parts per trillion (ppt).
Mixing ratios were calculated gravimetrically by the mass loss of the relevant permeation vial
and from the flow of dilution gas. For the sampling and measurement of volatile organics all
gas flows were mixed and conducted to a distribution device. To enable the differentiation of
isobaric compounds (i.e. compounds owing the same molecular mass) for some measurement
techniques, utilisation of different permeation chambers was crucial and was applied during
intercomparison II. Overall 21 different volatile organic compounds were investigated during
the experiments of intercomparison I to II by 7 different institutes, including online and
offline analysis. The following chapter will focus on the measurement of non-oxygenated

compounds and short chain carbony]s.

Sampling of VOCs on solid adsorbents as performed by the MPI for Chemistry

The sampling of volatile organics was conducted offline by utilisation of an automatic
cartridge sampling device that was built by the MPI for Chemistry and is described in detail
by Kuhn et al. (2005). As shown by Figure 2.1. A and B, the system consisted of a cartridge
magazine as well as a control unit that could easily be mounted on a scaffold tower. The
cartridge magazine comprised two independent sampling loops with 10 cartridge positions
and one bypass each. Thus the setup allowed either the sampling from two different sources in
parallel or simultaneous sampling of two different cartridge types. Moreover, if both loops
were connected to a single source, sequential sampling of up to 20 cartridges was possible. To
prevent contamination and/or the loss of volatiles, most surfaces prior to the adsorbent
cartridges were made from perflouroalkoxy (PFA) Teflon. Each cartridge was guarded by two
miniaturized sampling valves (at the inlet and outlet) that were operated by a microprocessor.
The processor was part of the control unit and operated also the sampling flow, sampling time
and the sampling volume. In the standard mode, the control unit contained two flow controller
[size 500 sccm, MKS Instruments, USA] and a conventional membrane pump [KNF
Neuberger, Germany] that generated the required air flow for sampling. Typical sampling
flows were adapted to the actual cartridge type used and ranged between 80 and 300 ml min.
The cartridge magazine was connected via a heated PFA Teflon tubing [Metron Technology
N.V., USA] to the distribution device of the permeation system. As outlined by Larsen ef al.
(1997) the retention of volatiles by condensing humidity in sampling systems might be a
seroius problem for some volatile compounds. Therefore, the application of a heated inlet
tubing was essential for the measurements, to prevent a condensation of water vapour. Thus,

the tubing was heated slightly above ambient temperatures by the use of an anti-condensation

28



CHAPTER 2

heating tape [RS-Components GmbH, Germany] that was fixed together with the inlet tubing
in a conventional isolation hose.

Sampling of isoprene, monoterpenes, benzene, and toluene was performed by the use of
graphitised carbon blacks (GCB). As reported in detail by Bruner et al. (1990) and Matisova
and Skrabakova (1995), these materials are characterised by their excellent chemical inertness
as well as their high thermal stability. In general, the retention of volatile organics is
performed by London dispersion forces on the external homogenous surface of these
adsorbent materials and is a function of temperature, the molecular size, and the shape of the
adsorbed molecule. Since surface-to-surface interactions increase with an increasing
adsorbent surface and an increasing length of the adsorbed molecules, higher specific reten-
tion volumes can be obtained for larger compounds. Furthermore most adsorption sites are
nonpolar and the materials can be characterised as hydrophobic. Thus interferences from the
co-trapping of water vapour are prevented. The adsorption cartridges that were used for VOC
measurements during the present study were prepared in the late 1990s by the MPI for
Chemistry and were utilised for various experiments in advance of intercomparison I and II
(e.g. see Kesselmeier ef al. 2002a; Kuhn et al. 2004a). As shown by Figure 2.2. A and B the
cartridges consisted from two adsorbent types: 130 mg Carbograph 1 (90 m* g, 20-40 mesh)
and 130 mg Carbograph 5 (560 m* g, 20-40 mesh) [LARA, Italy] that were packed into
tubes made from Silicosteel®™ [/4” OD, 89 mm length, RESTEK, USA] and were separated
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Figure 2.1. Automated cartridge sampling device. (A) Cartridge magazine and control unit mounted on a
scaffold. (B) Schematic drawing of basic components of the cartridge magazine and control unit (electrical

connection and microprocessor control not shown).
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Figure 2.2.: Adsorbent cartridge for sampling of volatile organic compounds. (A) Assembly of adsorbent
cartridge, inlet tubing and filter as used in the automatic sampling device. (B) Schematic drawing of the
adsorbent cartridge mounted in the cartridge magazine of the automatic sampling device. When sampling

volatile organic compounds the airflow sequentially passes Carbograph 1 and Carbograph 5.

from each other by silanized glass wool. As reported by Brancaleoni et al. (1999), both
adsorbents are classified as class I adsorbent materials (i.e. they interact non-specifically with
all groups of adsorbates). Moreover, they demonstrated that Carbograph 5 was much more
effective in retaining small volatile organics than other GCB materials (see also Sampaolo et
al. 1999; Mastrogiacomo and Pierini 2000). As reported by Mastrogiacomo et al. (2002) this
effect was caused by the contribution of micropores (pore size < 6 nm) that increased the
adsorbent surface to even more than 560 m™~ g (the manufacturers specification refers to the
non-graphitised material). Moreover these authors reported that the standard free energy of
adsorption is extraordinary low for Carbograph 5 and decreases constantly with the number of
carbon atoms in the adsorbate. The latter effect is indicative of the adsorption of volatiles in a
plane position in parallel to the adsorbent surface (Troube’s effect), and explains the higher
retention volumes that are obtained for larger adsorbates. To protect the high surface area of
Carbograph 5 from irreversibly adsorbed molecules during the sampling of volatile organics,
the adsorbent tube was arranged in the automatic sampling device in a way that the air flow
first passed the weakest adsorbent (i.e. Carbograph 1). According to the results of various
laboratory tests that were performed by the Max Planck Institute for Chemistry and in

agreement with the safe sampling volumes reported by Brancaleoni et al. (1999), the
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sampling of volatile organics was performed at room temperature at a flow rate adjusted to
80 and 150 ml min™. With sampling times of 60 and 30 min, typical sampling volumes ranged

at 4800 and 4500 ml.

Sampling of VOCs on solid phase extraction cartridges as performed by the MPI
for Chemistry

Sampling of short chain carbonyl compounds (i.e. formaldehyde, acetaldehyde or acetone)
was performed by the use of solid adsorbents that were coated with 2,4-
dinitrophenylhydrazine (C¢HgN4O4, DNPH). As shown by Figure 2.3 and reported in detail by
Vairavamurthy et al. (1992), the short chain carbonyl compounds were trapped by
nucleophilic addition of DNPH to the carbonyl C-atom resulting in the formation of the
relevant hydrazone and water. In general, the reaction for carbonyl compounds is preferred if
the organic residuals R1 and/or R2 are small. Moreover, the reaction times for ketones are
slower than for aldehydes (Staudinger et al. 1968). In liquid solutions protonation of the
carbonyl group promotes the nucleophilic addition and a maximum yield of the hydrazone-
derivative is obtained at a characteristic pH level. Also ambient temperature and DNPH
concentration play a crucial role for the reaction yields. By utilisation of DNPH impregnated
solid sorbents, the formation of hydrazones can take place in the remaining liquid-phase film
as well as by gas-solid phase reaction. Due to higher loadings of DNPH on the solid sorbent,
the derivatisation may proceed faster than in liquid solution. Furthermore, the low water

availability on solid sorbents facilitates the equilibrium reaction towards the hydrazone for-

O,N NH—NH, + RI\C:O Figure 2.3. Reaction of carbonyls
/ . .. .
2,4-dinitrophenyl- R2 carbonyl with  2,4-dinitrophenylhydrazine

: O,N compound
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and ketones react with DNPH by
OIH nucleophilic addition of the hy-
O,N NH—NH—C—RI drazine to the carbonyl C-atom to
| intermediate . .
ON R2 compound form an intermediate product. In

a second step, the intermediate

decomposes by 1,2-elimination of

water to form the 2.4 dinitro-

R1
OZNQNH—N=c< phenylhydrazone-derivative
R2 (Schwetlik 2004).

2 2,4-dinitrophenyl-
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mation, yielding lower derivatisation times. For sampling of short chain carbonyl compounds
during the experiments of intercomparison I and II, two different solid phase materials were
investigated. During intercomparison I the sampling of carbonyls was achieved by the use of
solid phase extraction (SPE) cartridges that were filled with 500 mg (~3 ml) octadecylsilane
(ODS, Cig) bonded silica [Bakerbond spe™ columns, borosilicatglass with PTFE filter,
packed with ODS, endcapped, see Figure 2.5. C and D, J.T. Baker, USA]. In contrast to the
pure silica matrix that contains a multitude of hydroxyl groups, C;s cartridges are
characterised by their hydrophobic, nonpolar, and inert surface. For sampling of volatiles the
cartridges were coated with 60 ug DNPH. Sample preparation was accomplished in analogy
to the method described by Zhou and Mopper (1990) and Kesselmeier et al. (1997).

As shown by Figure 2.4., sample preparation comprised several steps starting with the
purification of commercially available DNPH [MERCK, Germany] by recrystallisation in
acetonitrile [ACN, Rathburn, Great Britain] and the preparation of an acidified DNPH stock-
solution. This stock solution, mixed with ACN and Milli-Q water, was utilised for the
preparation of the final coating solution that was prepared on a day to day basis. To eliminate
potential contaminations only clean and inert materials (e.g. glassware, Teflon) were used.
Moreover, all solutions were analysed for impurities before their use. New C;g cartridges
bought from the manufacturer had to be purged from contaminations prior to their utilisation
for VOC sampling. Therefore, new cartridges were flushed with ACN and were coated with
DNPH. Preconditioning was achieved by storage for at least 24 h. For the sampling of short
chain carbonyls, the preconditioned C;g cartridges were flushed again with ACN and were
covered with DNPH coating solution. After drying with high purity nitrogen, the cartridges
were closed by Teflon caps and were wrapped with aluminium foil to grant a sufficient
protection from sunlight. The cartridges were stable for at least 2 weeks when stored at 4°C
(Schifer 1997). According to Kesselmeier et al. (2002a) the sampling efficiency for form-
and acetaldehyde was better than 95%. In contrast, the commercially available cartridge type
used for the intercomparison II experiment was packed with 349 mg pure silica adsorbent
material that was coated by the manufacturer with ~1 mg DNPH (particle size 500-1000 pm,
18/35 mesh) [XPoSure™ Aldehyde Sampler, see Figure 2.5. A and B, WATERS, USA].
According to the manual that was supplied by the manufacturer, no protection of the silica
cartridges from sunlight was necessary.

As shown by Figure 2.5. A and B, silica cartridges were inserted in 