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Abstract

Volatile organic compounds (VOC)(Fuchs et al., 2017) are ubiquitous in the atmosphere with
an estimated atmospheric VOC species of 104-105. Natural and anthropogenic activities emit
VOCs into the atmosphere, with about 90% of the global VOC emissions originating from
land vegetation. VOCs play a vital role in the global carbon budget and in the regional for-
mation of ozone in the troposphere. They can also serve as a source of secondary organic
aerosol (SOA). Atmospheric lifetime of VOCs varies from minutes to years and is predom-
inantly determined by the reactions with hydroxyl radical (OH), nitrate radical (NO3), or
ozone (O3). By atmospheric VOCs oxidation intermediate products are formed. The detailed
chemical mechanisms involved are insufficiently known to date and need to be understood
for air quality management and climate change predictions.

OH radical as the primary oxidant in the troposphere, initiates the degradation of nearly
all types of VOCs. The total OH reactivity is the first-order loss rate of OH in reaction with
compounds present in ambient air, which provides an insight of the total loading of reactive
compounds in the atmosphere. Previous studies comparing directly measured OH reactiv-
ity with that calculated from VOC measurements often reported a "missing OH reactivity"
in the calculated one, suggesting the existence of unquantified OH sink terms.

This work presents the emission of Biogenic VOCs (BVOCs) from 7 sets of trees and the
oxidation of VOCs in a chamber system. The focus of this work is to investigate the atmo-
spheric degradation of VOCs and to improve the knowledge of the sum of reactive trace
gases involved in atmospheric processes by using the OH reactivity parameter.

A Proton-Transfer-Reaction Time-of-Flight Mass Spectrometer (PTR-TOF-MS) was used for
real-time measurements of VOCs. Monoterpene and sesquiterpene speciations from an of-
fline gas-chromatograph (GC) measurements were adopted for OH reactivity calculation due
to the reaction rate coefficient difference among different monoterpenes and sesquiterpenes.
The intercomparison between PTR and online GC during the selected campaigns exhibited
that the measured concentrations of the main reactants used in this study (isoprene, monoter-
penes and benzene-D6) were linearly correlated and differed within 15%.

The newly built plant chamber SAPHIR-PLUS was characterized with the average BVOCs
transfer efficiency of 0.85 from inlet to outlet, and 0.8 from PLUS to the atmosphere simula-
tion chamber SAPHIR.

The BVOCs emission pattern from Quercus ilex trees has been determined by the use of
SAPHIR-PLUS. The detected BVOCs emissions were dominated by monoterpenes, with mi-
nor emissions of isoprene and methanol, consistent with the overall emission pattern typical
for Quercus ilex trees in the growing season. Monoterpenes and isoprene emissions showed
to be triggered by light rather than temperature, because these two compounds have no stor-
age pools in Quercus ilex, their release are thus directly connected with the photosynthesis
processes in the plant. Additionally, their emissions showed clear exponential temperature
dependence under constant light condition, with a slope of 0.11 ± 0.02 ◦C−1 for monoter-
penes emission. As a tracer for leaf growth, methanol emission exhibited an abrupt increase
at the beginning of illumination. This was explained as instantaneous release from stomata
of leaves, that stored produced methanol during the night and opened upon light exposure.
Emission of methanol increased linearly with temperature.



iv

The ozonolysis of β-pinene, limonene, two monoterpenes mixtures, and four plant-emitted
BVOCs were conducted individually in the atmosphere simulation chamber SAPHIR, as well
as photo-oxidations of injected and tree-emitted isoprene, to examine the gas-phase oxida-
tion product yields from these reactions. Oxidation products such as formic and acetic acids
and acetone were detected, with particular products for different oxidations. The nopinone
molar yield was determined to be 0.41 ± 0.04 from the reaction of β-pinene with O3. No
significant oxidation products from the reaction of limonene with O3 were observed. In the
presence of nitric oxide (NO), isoprene in reaction with OH lead to the formation of methyl
vinyl ketone (MVK) and methacrolein (MACR). In this study, the MVK + MACR yields un-
der high- and mid- NO conditions were 0.79± 0.15 and 0.83± 0.16, respectively. When NO is
low, isoprene photooxidation is expected to yield the hydroxy hydroperoxides (ISOPOOHs).
ISOPOOHs identified as the major products from low-NO isoprene photo-oxidation, had a
yield of 0.8 ± 0.15. MVK + MACR yield from photo-oxidation of tree-emitted isoprene was
0.57 ± 0.11 and was in agreement with the literature.

The total OH reactivity was determined with VOCs measurements from the PTR, and di-
rectly measured by laser flash photolysis-laser induced fluorescence (LP-LIF) at the same
time. Comparison of these two OH reactivity measurements showed an increase of missing
OH reactivity in the presence of oxidation products of VOCs, indicating a strong contribu-
tion to missing OH reactivity from uncharacterized oxidation products. The biggest missing
OH reactivity was observed during the limonene ozonolysis, presumably due to undetected
oxidation products by using the PTR technique. The oxidation of plant emissions containing
sesquiterpenes showed higher missing OH reactivity than emissions containing monoter-
penes, indicating the existence of highly reactive sesquiterpenes oxidation products, that
were generated rapidly and were not measured by the PTR. Overall the missing OH re-
activities were smaller in photochemical degradation of air masses containing AVOCs, in
accordance with previous studies, where less missing OH reactivity was observed in urban
areas.

For all selected 36 experiments, the missing OH reactivity emerged a upward tendency with
the atomic oxygen-to-carbon (O/C) ratio of the VOC mixture, suggesting again that the more
oxidized the system, the more unknown OH sinks. Furthermore, the sum of unidentified
compounds measured by the PTR was tentatively used to explain the observed missing OH
reactivity. An averaged reaction rate constant k∗, of about 1× 10−11 cm3 molecule−1 s−1 was
obtained, and therefore is recommended for VOCs without reported rate constants in further
OH reactivity studies.
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Chapter 1

Introduction

1.1 Volatile Organic Compounds (VOCs)

Tens of thousands of organic compounds have been detected in the air we breath, lots of them
have been found to be relevant to atmospheric chemistry. The concentrations of Volatile or-
ganic compound (VOCs) detected in the atmosphere are very low and in the range of parts
per trillion by volume (pptv) to parts per million by volume (ppmv). Despite the insignif-
icant fraction of VOCs in the atmosphere (< 1%), they are numerous and ubiquitous in the
global atmosphere, most scents or odors are of VOCs. Goldstein et al., 2007 have conjec-
tured that 104-105 different atmospheric VOCs have been measured, and it might be much
smaller than the number of compounds which is actually present. VOCs play a vital role in
the global carbon budget and in the regional formation of ozone in the troposphere; they can
also serve as a source of secondary organic aerosol (SOA). There is no general quantitative
definition of what VOCs are. Often VOCs are also named NMVOCs (non-methane volatile
organic compounds). This notation excludes methane because it differs from the other VOCs
by its high abundance and slow reaction with OH. CO and CO2 are not regarded as VOC
for the same reason. The term "VOC" was defined by the Environment Protection Agency
(EPA) in the United States as any compound that participate in atmospheric photochemical
reaction (Koppmann, 2008). More quantified definitions have been made, the term "VOCs"
being referred later is regarded as organic compounds having 15 or less carbon atoms, a va-
por pressure higher than 10 Pa at 25◦C, and a boiling point of up to 260◦C at atmospheric
pressure. This definition excluded the semi-volatile organic compounds (SVOCs) which un-
dergo different transport chemistry and partition to the aerosol phase. Recently, the research
on oxygenated volatile organic compounds (OVOCs) has come into the focus of research,
OVOCs are generally more reactive in the atmosphere than the alkanes from which they
are derived (Mellouki et al., 2015). In this study, the term VOCs include all trace amount
hydrocarbons (HCs) and OVOCs.

1.1.1 Sources of atmospheric VOCs

The sources of atmospheric VOCs are essentially associated with life and are found in remote
oceans, tropical forests as well as urban environments. Biogenic VOCs (BVOCs) account for
more than 90% of the global VOC emissions (Guenther et al., 1995; Koppmann, 2008). The
BVOCs are emitted into the atmosphere mainly from oceans and land vegetation. The ocean
(5 Tg yr−1) is considered a source of VOC since it is supersaturated with VOC with respect to
the atmosphere. Vegetation is found to be the dominant source of the atmospheric BVOCs.
Total BVOC emissions have been estimated at 1007 Tg for the year 2000 (Guenther et al.,
2012) (Table 1.1), although quantification and attribution of sources can vary considerably
depending on the approach of estimation.
The terpenoids are the most important class of emitted BVOCs, whose carbon skeletons are
composed of characteristic C5 units including hemiterpenes (C5, e.g., isoprene), monoter-
penes (C10, e.g., pinenes, myrcene, limonene), and sesquiterpenes (C15, e.g., caryophyllene,
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isoprene α-pinene β-pinene 3-carene

myrcene limonene α-humulene β-caryophyllene

FIGURE 1.1: Structure of some terpenoids.

humulene), up to polyterpenes with more than C45 units. Figure 1.1 shows the chemical
structure of a number of different terpenoids. Isoprene is the most emitted (∼53%, Ta-
ble 1.1) in the global BVOC emissions. It is emitted from a large variety of plants when
photosynthetic activity is present, isoprene is never stored in plants after its production, but
is rapidly lost by volatilization, thus its emission ceases within minutes under dark condi-
tions. Isoprene-emitting plants are more often found in woody plant species than in herbs
and crops (Kesselmeier et al., 1999). Over 1000 monoterpenes found in various plants emis-
sions account for ∼15% of the total BVOC emission (Guenther, 2002). Global monoterpene
emissions are dominated by α-pinene, β-pinene, ∆3-carene, limonene, camphene, myrcene,
sabinene, and β-phellandrene, yet others can be regionally important (Geron et al., 2000).
Biogenic emissions of isoprene and monoterpenes are essentially influenced by temperature
and light, on the other hand, relative air humidity is not an important factor for their emis-
sions. Although BVOC emissions are influenced by many factors, different plant species
are found to emit their characteristics BVOCs. Two oak species Quercus robur and Quercus
ilex are respectively characterized as an isoprene and a monoterpenes emitter (Rapparini et
al., 2004; Sabillón et al., 2001; Schnitzler et al., 2015). The species-dependent emission adds
additional challenge for understanding the interaction between plants and the atmosphere.
Sesquiterpenes appear to be of minor importance in the global BVOC budget, and are emit-
ted in higher rates by stressed trees. About 3% of the global BVOC emission is contributed
by sesquiterpenes, and only a few (e.g., β-caryophyllene, farnescenes) out of roughly 3000
sesquiterpenes are responsible for almost all sesquiterpene emissions (Geron et al., 2000;
Nölscher et al., 2012). None of the approximately 2000 diterpenes is found to have a signifi-
cant emission.
In addition to terpenoids, there are many other oxygenated VOCs that are emitted by plants
into the atmosphere, including alcohols, aldehydes, ketones, organic acids, etc. Methanol,
the simplest alcohol, is the largest oxygenated VOC emission, which contributes about 10%
of the total global BVOC emission (Table 1.1). Contrary to highly volatile compounds such
as isoprene and monoterpenes, which cannot be controlled by stomata, the more soluble
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TABLE 1.1: Global annual total BVOCs emissions for the year 2000 (adapted
from Guenther et al., 2012.

Class Compounds
Emission
(Tg yr−1)

isoprene isoprene 535

monoterpene α-pinene 66.1
trans-β-ocimene 19.4
β-pinene 18.9
limonene 11.4
sabinene 9.0
myrcene 8.7
3-carene 7.1
camphene 4.0
β-phellandrene 1.5
terpinolene 1.3
additional 31 monoterpenes 14.9

sesquiterpene β-caryophellene 7.4
α-farnescene 7.1
β-farnescene 4.0
α-humulene 2.1
additional 28 sesquiterpenes 8.4

alcohol methanol 99.6
ethanol 20.7

ketone acetone 43.7

aldehyde formaldehyde 5.0
acetaldehyde 20.7

organic acid formic acid 3.7
acetic acid 3.7

other VOC propene 15.8
ethene 26.9
butene 8.0

total sum of 146 VOC 1007

compound methanol is controlled by stomatal conductance and is in particular highly emit-
ted in young growing leaves (Niinemets et al., 2003). Methanol is also used as an additive
to gasoline, emissions from anthropogenic sources are of minor importance for the global
methanol budget (Mellouki et al., 2015). Acetone, the most abundant ketone and the ubiqui-
tous component of the atmosphere, accounts for about 4% of the total global BVOC emission.
Acetone is notably emitted from evergreen tree species, the diurnal pattern and the response
to temperature of acetone emission is similar to that of monoterpenes. However, acetone
released from anthropogenic activities, directly or indirectly, is seen to be the largest source
on the global emission (Janson et al., 2001). Formaldehyde and acetaldehyde are the most
abundant aldehydes, together comprise less than 3% of the total BVOC emission. The main
contribution to the atmospheric aldehydes budget is the secondary production from oxida-
tions of biogenic/anthropogenic VOCs such as isoprene, monoterpenes, and methanol. Even
though higher concentrations are found in large cities, considerable direct emission of both
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aldehydes from trees (e.g., Quercus ilex and Pinus pinea) has been reported (J. Kesselmeier
et al., 1997). Acetaldehyde released from trees is also known as stress-induced emission.
Formic and acetic acids from anthropogenic sources are not substantial for the global organic
acids budget, the oxidation of ethene and propene, as well as automobile exhaust, industrial
combustion, and biomass burning could lead to their production. However, the emission
of formic and acetic acids from trees is prominent in the tropospheric organic acids budget
(Keene et al., 1986). Both acids are significantly emitted from several plant species and are
indirectly produced at a minute quantity from photo-oxidations of other VOCs. Despite the
small amount of plant emitted formic and acetic acids in comparison to other BVOCs, they
are the main influence of the acidification in boreal forests (Kesselmeier et al., 1999).
The importance of BVOCs in atmospheric chemistry is becoming more and more clear due
to their predominance in the global VOCs emission and their high reactivity in reaction with
atmospheric oxidants. BVOCs affect both gas-phase and heterogeneous chemistry in the at-
mosphere. Therefore, the sources, sinks and atmospheric residence time of BVOCs are the
subject of many current researches.
The anthropogenic contribution to the atmospheric VOCs is dominated by solvent using,
gasoline evaporation and biomass combustion. On a global scale, the emissions of AVOC
including alkanes, alkenes, and aromatic compounds, are estimated to be approximately
100 Tg yr−1 (Kansal, 2009; Von Schneidemesser et al., 2015). However, on regional scales
AVOC can exceed BVOC emission, especially in urban environment. 1-pentene, toluene,
and o-xylene are widely used in petrol productions (direct emissions) and released from
combustion processes as well. Certain AVOCs such as benzene, are potentially carcinogenic
for human health. Benzene emitted mainly from cigarette smoke and exhaust from cars, is
10 times higher in smokers than in nonsmokers (Dales et al., 2008). Figure 1.2 shows the
chemical structure of several AVOCs.

1-pentene toluene o-xylene benzene

OH

phenol

FIGURE 1.2: Structure of some AVOCs and oxygenated AVOCs.

1.1.2 Sinks of atmospheric VOCs

VOCs from both biogenic and anthropogenic sources undergo numerous physical and chem-
ical processes leading to their transformation in the atmosphere or removal from the atmo-
sphere. The possible atmospheric fates of the emitted VOC are chemical oxidation, photoly-
sis, and deposition. A sketch of atmospheric VOC removal processes is shown in Figure 1.3.
Overall, the predominant VOC removal process is the reaction with hydroxyl radical (OH),
nitrate radical (NO3), or ozone (O3), VOC is then transformed into lower-vapor-pressure
or more soluble OVOCs products that subsequently transform into SOA, or ultimately into
CO2. It is estimated that most (>75%) of the VOCs in the atmosphere are degraded into CO2.
About 80% of emitted isoprene, was found to be completely oxidized to CO2 (Guenther,
2002). Some VOCs can absorb the sunlight at wavelengths > 290 nm and their photolysis is
an important radical source, photolysis of VOC lead to smaller fragments and promote pho-
tochemical ozone formation (Chapter 1.2.2). For most VOCs, deposition is probably of minor
importance, deposition can occur on surfaces such as vegetation or aerosols (dry deposition)
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or in rain (wet deposition). The deposited amount of VOCs without any chemical reactions
is more than 10% for methanol and about 5% for more reactive compounds such as isoprene
(Cleveland et al., 1997).

FIGURE 1.3: Sketch of various processes affecting the atmospheric fate of
VOCs, ranging from oxidation, particle formation, advection and deposition.

(Adapted from Jäger, 2014).

The atmospheric lifetime of VOCs varies from minutes to years and is determined by the
respective rate coefficients of the reactions with OH, O3, and NO3 as well as the respective
deposition velocities. The lifetimes listed in Table 1.2 are calculated by using the follow-
ing: [OH] = 2.0 × 106 molecule cm3, [O3] = 7 × 1011 molecule cm3 and [NO3] = 2.5 × 108

molecule cm3. The lifetimes listed here provide simply a perspective on the rank of reactivity
of atmospheric VOCs. Bare in mind that many other factors can impact such reactions, for
example, meteorological condition, season, latitude, even the chemical composition of the
air mass containing other VOCs. Isoprene lifetime in reaction with OH is estimated to be
only 1.4 hours, whereas for the more stable methanol the lifetime with OH is about 12 days.
α-pinene has a longer lifetime with OH comparing to β-pinene, yet it is more reactive than β-
pinene towards O3 and NO3. Some sesquiterpenes are very reactive in the atmosphere, both
β-caryophyllene and α-humulene have only 2 mins lifetime with O3, consequently sesquiter-
pene measurement in the atmosphere can be very difficult due to their low volatility and high
reactivity. In contrast, because of the lower atmospheric reactivity of most AVOCs compared
to many BVOCs, the atmospheric lifetime of AVOCs is more variable and usually longer
than that of BVOCs. Calculated lifetimes of AVOCs are typically days or years compared to
a few hours or less for most BVOCs (see Table 1.2). Therefore, BVOCs are reckoned to play a
dominant role in the chemistry of the lower troposphere and atmospheric boundary layer.
In general, the chemical degradation/transformation of VOCs in the troposphere can be
sketched by Figure 1.4 (Atkinson et al., 2003a). The OH, O3 and NO3 initiated reactions
of a VOC (RH) in the presence of nitric oxide (NO) lead to the formation of intermediate rad-
icals such as alkyl (R•), alkyl peroxy (RO2

•), and alkoxy (RO•) radicals. The reactions with
OH radicals are the main sink for VOCs during the daytime, whereas the reactions with O3
and NO3 are important VOCs sink at nighttime.
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TABLE 1.2: List of calculated atmospheric lifetimes of some atmospheric VOCs
(adapted from Atkinson, 2000; Atkinson et al., 2003b)

VOCs
Lifetime for reaction with

OHa O3
b NO3

c

isoprene 1.4 h 1.3 day 1.6 h
α-pinene 2.6 h 4.6 h 11 min
β-pinene 1.8 h 1.1 day 27 min
3-carene 1.6 h 11 h 7 min
limonene 49 min 2.0 h 5 min
myrcene 39 min 50 min 6 min

β-caryophyllene 42 min 2 min 3 min
α-humulene 28 min 2 min 2 min

acetoned 61 day > 4.5 year > 8 year
methanol 12 day > 4.5 year 2.0 year

formaldehyded 1.2 day > 4.5 year 166 day
acetaldehyde 8.8 h > 4.5 year 34 day

toluene 2.1 day > 4.5 year 3.6 year
benzene 9.5 day > 4.5 year > 8 year
phenol 5.3 h 18 min

aAssumed OH radical concentration: 2.0×106 molecule cm3,
12-h daytime average.

bAssumed O3 concentration: 7×1011 molecule cm3, 24-h av-
erage

cAssumed NO3 radical concentration: 2.5×108 molecule
cm3, 12-h nighttime average.

dWill also undergo photolysis. Calculated photolysis lifetime
is ∼60 day for acetone and ∼4 h for formaldehyde.

The reaction starts by addition of the OH radicals, NO3 radicals and O3 to a C –– C bond, or ab-
straction of a H-atom from a C – H bond by OH and NO3 radicals. O3 reacts only by addition
to C –– C bonds. VOCs having C –– C double bonds usually react by addition of the oxidants to
the double bonds, while the H-atom abstraction occurs from various C-H bonds in alkanes,
ethers, alcohols, carbonyls and esters. The latter is also important for aldehydes containing
C –– C bonds (e.g., methacrolein), but is of minor importance for isoprene, monoterpenes and
sesquiterpenes. Both pathways lead to the formation of alkyl radicals,

RH + OH −−→ R• + H2O (1.1)

forming an R• and water. The alkyl radical R• will typically react rapidly with O2,

R• + O2 −−→ RO2
• (1.2)

leading to the formation of a peroxy radical RO2
• which reacts with NO when present,

RO2
• + NO −−→ RO• + NO2 (1.3)

and is readily converted to a alkoxy radical RO• via the oxidation of NO to NO2, the RO•

reacts with O2 and produces stable organic nitrates products and hydroperoxy radicals HO2.

RO• + O2 −−→ carbonyls + HO2 (1.4)
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FIGURE 1.4: Schematic of the OH initiated degradation of VOCs in the pres-
ence of NO Adapted from (Atkinson et al., 2003a).

At low NO conditions, the RO2
• reacts with HO2 to form a peroxide (ROOH), or with another

RO2
• to form RO•, or products such as carbonyls and alcohol.

RO2
• + HO2 −−→ peroxide + O2 (1.5)

RO2
• + RO2

• −−→ carbonyls, alcohol (1.6)

Reactions with HO2 dominate the fate of RO2
• under pristine conditions. RO2

• radicals
formed from OH-initiated isoprene oxidation, generally undergo two distinct pathways (Fig-
ure 1.5): a) reaction with NO to form methyl vinyl ketone (MVK) / methacrolein (MACR),
formaldehyde, and HO2; or b) reaction with HO2 to form hydroperoxides (ISOPOOHs). The
low-NO products ISOPOOHs can subsequently transform to isoprene epoxides (IEPOXs)
and regenerate OH radicals, IEPOXs are potentially important precursors for atmospheric
aerosols.

OH RO2
•

NO
MVK/MACR + HCHO + HO2

HO2

ISOPOOHs
OH

IEPOX + OH
isoprene

FIGURE 1.5: Schematic of the OH initiated degradation of isoprene under high-
and low-NO level. (Adapted from Fuchs et al., 2013; Rivera-Rios et al., 2014;

St. Clair et al., 2015).
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1.2 Atmospheric oxidants

As outlined in the preceding sections, VOCs are removed from the atmosphere mainly by
reactions with atmospheric oxidants such as OH, O3 and NO3. Reaction with chlorine (Cl)
atoms may also be important in some regions. The processes leading to the formation of OH
radicals, O3, and NO3 radicals in the troposphere are briefly discussed below.

1.2.1 Tropospheric OH radicals formation

The predominent source of tropospheric OH radicals is the photolysis of O3 in the presence
of water vapor (Atkinson et al., 2003b):

O3 + hv
λ≤350nm−−−−−−→ O2 + O (1D) (1.7)

O (1D) + H2O −−→ 2 OH (1.8)

This requires sufficient sunlight irradiation and water, therefore higher OH concentrations
are encountered in areas exposed to strong actinic fluxes and having higher humidity (i.e.,
the tropics).
Additionally, the intermediate HO2 radicals formed during VOCs degradation reacts with
NO, converting NO to NO2 and recycling OH (Atkinson, 2000; Winiberg et al., 2016):

HO2 + NO −−→ OH + NO2 (1.9)

However, unexpectedly large OH concentrations were recently revealed from measurements
in some low-NO forest regions, OH regeneration without the involvement of NO was pro-
posed to explain the observed high levels of OH radicals in isoprene-rich environments
(Fuchs et al., 2014, 2013).
There are some other sources of OH radicals in the troposphere, such as the photolysis of
nitrous acid (Rohrer et al., 2005):

HONO + hv
λ<400nm−−−−−−→ OH + NO (1.10)

and the photolysis of formaldehyde and other carbonyls in the presence of NO, and ozonol-
ysis of alkenes.

1.2.2 Tropospheric O3 formation

Stratospheric O3 absorbs most of the ultraviolet (UV) radiation and protects life on Earth. To
the contrary, O3 in the troposphere is a secondary air pollutant acting as a greenhouse gas
and a potent respiratory hazard to animals and plants. Because of the high O3 mixing ratios
of several ppm (parts-per-million) in the stratosphere, a net O3 transport by eddy diffusion
from the stratosphere into troposphere accounts for 10% of the annual tropospheric O3 pro-
duction (Mellouki et al., 2015). A large part of tropospheric O3 is formed photochemically
from the photolysis of NO2 (Atkinson, 2000; Pitts et al., 2000):

NO2 + hv
λ<430 nm−−−−−−→ NO + O (3P) (1.11)

O(3P) + O2 + M −−→ O3 + M (M = N2,O2) (1.12)
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the O3 quickly oxidizes NO back to NO2,

O3 + NO −−→ NO2 + O2 (1.13)

Reactions 1.11, 1.12 and 1.13 result in a balance among O3, NO2 and NO, hence a steady
concentration of O3 is obtained in the troposphere, 10-40 ppb (parts-per-billion) in remote
areas but often exceeding 100 ppb in polluted urban regions.
However, in the presence of nitrogen oxides (NO, NO2, collectively called NOx), the degra-
dation reactions of VOCs lead to the production of intermediate peroxy radicals, which re-
place O3 in the reaction converting NO to NO2 (Reaction 1.3). Besides that, photolysis of
VOCs produce smaller fragments and HO2, for example, the photolysis of formaldehyde
(Von Schneidemesser et al., 2015):

HCHO + hv
O2−−→ +HO2 + CO (1.14)

HO2 also competes with O3 in the oxidizing reaction of NO to NO2 as demonstrated in
Reaction 1.9. The produced NO2 then photolyzes to form O3 as shown in Reaction 1.11, 1.12.
This results in a net production of tropospheric O3, therefore VOCs play an important role
in the tropospheric ozone formation. Under certain environmental conditions, reaction of
peroxy radicals with NO (Reaction 1.3) produces organic nitrates, in particular peroxyacetyl
nitrate (PAN). The formation of PAN involves consumption of RO2

• and NO, thereby lowers
the potential of O3 formation in the source region (Chapleski et al., 2016). PAN represents a
reservoir and a transportation for NOx, because it is chemically more stable than NOx and
can be transported to clean, remote environments, in where PAN eventually decomposes
into NOx and promote the O3 formation in the new region.

1.2.3 Tropospheric NO3 radicals formation

Another important atmospheric oxidant is NO3. In the troposphere, the main source of NO3
is the chain reactions in the presence of NO:

NO + O3 −−→ NO2 + O2 (1.15)

NO2 + O3 −−→ NO3 + O2 (1.16)

NO3 reacts with certain VOCs through addition or hydrogen abstraction reactions, yielding
the temporary NOx reservoir PAN, hence alters the O3 formation in such way (Chapleski
et al., 2016).
NO3-initiated oxidation can be important at night because the rapid photolysis of NO3 radi-
cal under sunlight results in a NO3 lifetime of∼5 s and a negligible concentration at daytime
(Atkinson, 2000).

NO3 + hv −−→ NO + O2 (∼ 10%) (1.17)

NO3 + hv −−→ NO2 + O(3P) (∼ 90%) (1.18)
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1.3 Total OH reactivity

1.3.1 Introduction to total OH reactivity

The hydroxyl radical OH is the primary oxidant in the troposphere, initiating the degrada-
tion of nearly all VOCs and thereby, controls the oxidizing efficiency of the global atmo-
sphere. OH exhibits a high reactivity towards many VOCs, and some inorganic compounds
like carbon monoxide (CO), NOx. Atmospheric OH lifetime is very short (< 1 s), the OH
concentration in the atmosphere is in a steady-state between production and destruction of
OH radicals (Lou et al., 2010). A globally averaged OH concentration of 1.0 × 106 molecule
cm−3 has been reported by Prinn et al., 2001. The production of OH is elaborated above
(see Chapter 1.2.1). The destruction of OH is the first-order loss rate of reaction with com-
pounds present in ambient air, also called as the total OH reactivity, kOH , which represents
the reciprocal atmospheric OH lifetime, τ−1

OH . Thus the overall OH sink term is estimated by
calculating OH loss frequencies (concentration and rate constant) for all individually mea-
sured species and summing them.

kOH =
∑
i

kOH+Xi × [Xi] = τ−1
OH (1.19)

Here, [Xi] represents the measured concentration of a reactive component (CO, NOx, VOCs,
etc.) in ambient air, kOH+Xi denotes the corresponding bimolecular reaction rate constant,
and kOH+Xi × [Xi] is the OH reactivity of Xi.
The OH reactivity serves as an estimate of the total loading of reactive compounds in the
troposphere, a high kOH implies the high potential of ozone and SOA formation and there-
fore interesting. To date, the total OH reactivity can be measured directly by two main ap-
proaches. In the first method, artificially generated OH radicals are added into a flow tube
with sampled ambient air, OH is added into the flow tube either by laser flash photolysis of
ozone (Lou et al., 2010; Sadanaga et al., 2004) or by a moveable OH injector (Ingham et al.,
2009; Kovacs et al., 2003), and the OH loss rate is monitored via a FAGE apparatus (Fluores-
cence Assay by Gas Expansion, Dusanter et al., 2009) or a LIF (Laser-Induced Fluorescence,
Lou et al., 2010). Thus the OH reactivity is retrieved from the measured decay of OH radicals
due to the reaction with trace gases in the sampling flow. A detailed description of the LIF
method can be found in the Chapter 2.3. In the second method, the OH reactivity is measured
directly with the Comparative Reactivity Method (CRM). The principle of this technique is
the competitive reaction of a reactive molecule, which is not present in the atmosphere and
competes for the artificially produced OH radicals when ambient air is sampled (Sinha et al.,
2008). The selected reactive molecule, whose reactivity with OH is well known, so far always
pyrrole, is passed through a glass reactor and its concentration is monitored with a detector
such as Proton Transfer Reaction Mass Spectrometer (PTR-MS) or a Gas Chromatography
Photo Ionization Detector (GC-PID).
In less than 20 years development since the first measurements of OH reactivity, numerous
studies have reported OH reactivity in various environments: from branch enclosures/plant
cuvettes (Kim et al., 2011; Nölscher et al., 2013) to flow tubes and environmental chambers
(Nakashima et al., 2012; Nölscher et al., 2014); from ground-based ambient measurements at
field sites (Edwards et al., 2013; Lee et al., 2009; Ren et al., 2003) to airborne measurements
with airplanes or Zeppelins (Jäger, 2014; Mao et al., 2009). An accurate OH sink term can
constrain models and thus interpret the potential reasons for discrepancies between models
and measurements (Sinha et al., 2008). However, the total OH reactivity is not well compre-
hended currently, as the OH reaction involving a multitude of species, all of which compete
for the available OH. The comprehension of the relatively few important inorganic com-
pounds (NOx, O3, CO) has become better in the last years thanks to accessible instruments
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and accurate rate coefficients. Nevertheless, measurements of VOCs are still challenging due
to the large variety of VOCs (104-105 different species). In most field campaigns only a lim-
ited number of VOCs (< 100 species) are analyzed due to the knowledge of existing VOCs
and the limit of instrument, this results in great uncertainties in the quantification (Goldstein
et al., 2007).

1.3.2 Missing kOH in the world

Previous studies have reported the measured OH reactivity ranging from 4 s−1 in an airplane
measured above the Pacific Ocean (Mao et al., 2009) and 200 s−1 in Mexico City (Shirley et
al., 2006). Figure 1.6 shows the different sites in the world where the OH reactivity was
reported. Green, grey and dark blue frames indicate the type of environment where the
measures were performed: forests, urban and coastal areas, respectively, light blue frames
are airborne measurements. Red font highlights the site where a kOH > 50 s−1 is reported,
which is mostly found in megacities and tropical forests. Maximum OH reactivity observed
in polluted megacities are remarkable: 200 s−1 in Mexico City (Shirley et al., 2006), 130 s−1

in Paris (Dolgorouky et al., 2012), 100 s−1 in Tokyo (Yoshino et al., 2006), New York City
(Ren et al., 2006), and Beijing (Lu et al., 2013). kOH of more than 70 s−1 were observed in the
tropical rainforest of Suriname (Sinha et al., 2008) and Borneo (Edwards et al., 2013), where
natural emissions of isoprene and other BVOCs dominated the OH reactivity. The coastal
site El Arenosillo was found to have a kOH < 3.5 s−1 in clean marine air masses but a kOH
up to 85 s−1 when the air masses were transported from polluted big cities as Madrid and
Sevilla (Sinha et al., 2012). High kOH of up to 120 s−1 was also observed in the subtropical
rural site in Pearl River Delta with the highest kOH correlated with anthropogenically emis-
sion (Lou et al., 2010). A measured maximum kOH of 76 s−1 from heat-stressed tree emission
was reported in a boreal forest in Hyytiälä (Nölscher et al., 2012).
Considerably lower calculated OH reactivity derived from equation 1.19 have been reported,
the gap between measured and calculated OH reactivity is usually regarded as "missing OH
reactivity". An unexplained fraction of up to 89% was reported in the Hyytiälä boreal forest,
this missing OH reactivity was speculated to be from stressed tree emissions (e.g., sesquiter-
penes, aldehydes) which were not successfully detected by their instruments (Nölscher et al.,
2012). About 30% of missing OH reactivity was found in the rural site in Michigan, which
is due to unmeasured temperature dependent monoterpenes emission (Di Carlo et al., 2004).
At the Suriname tropical rainforest, more than 60% of measured kOH could not be clarified
by calculating the kOH with all detected reactants, this was hypothesized to be from unmea-
sured biogenic compounds (Sinha et al., 2008). More than 30% missing OH reactivity was
found in New York City in the winter of 2004, most likely from primary emitted OVOCs
like aldehyde and ketone (Ren et al., 2006). Only 1.6 −1 OH reactivity was calculated from
all the OH reactants measurements during the airborne pacific ocean measurements, lead to
60% of missing OH reactivity, possibly related to some unmeasured highly reactive VOCs
(Mao et al., 2009). Results from the campaign in Paris demonstrated a missing OH reac-
tivity up to 75%, which was presumed to be caused by highly oxidized compounds from
photochemically processed anthropogenic air masses (Dolgorouky et al., 2012). As for the
other tropical rainforest in Borneo, approximately 40% of missing OH reactivity was ob-
served, correspond to unmeasured photochemically produced isoprene oxidation products
(Edwards et al., 2013). About 50% of missing OH reactivity was found in the rural site in
Pearl River Delta, resulting from photochemically formed unmeasured OVOCs (Lou et al.,
2010).
Less missing OH reactivities were found in urban sites. The Zeppelin flew over Netherlands
and Italy in 2012 reported no significant missing OH reactivity (Jäger, 2014). Model calcu-
lated kOH had a good agreement with the measured kOH on most days during the campaign
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in Beijing (Lu et al., 2013). In Nashville, the calculated OH reactivity agreed to within a
10% of measured OH reactivity when including measured short-lived VOCs (Kovacs et al.,
2003). No missing OH reactivity was found in New York City during another campaign in
the summer of 2001, where the maximum kOH was only 25 s−1 (Ren et al., 2003). Moreover,
no remarkable missing OH reactivity was observed in Houston during the campaign in sum-
mer 2006 (Mao et al., 2010).
The introduced previous field studies of OH reactivity indicate that primary emitted anthro-
pogenic species are better characterized than primary biogenic species. It also seems like
that unknown species contributing to the missing OH reactivity, are from both primary and
secondary origin. Furthermore, because of unknown existence of some secondary products
and the lack of analytical means to measure them, the secondary products formed from oxi-
dations of VOCs are more difficult to characterized. Finally, uncertainties in reaction rates of
BVOCs with OH that propagate to calculated OH reactivity uncertainties, could also lead to
the observed missing OH reactivity. In many studies, the rate coefficients are only estimated
as there is no experimental data exists for many reactions between OH and VOC. Mogensen
et al., 2011 have reported that the rate coefficient could differ by a factor of 2 or more for the
same reaction evaluated by different groups. They multiplied the rate constants by a factor
of 2 for several important compounds (e.g., isoprene, monoterpenes, acetone) observed in
the Hyytiälä measurements, and achieved an increase of 40% of the calculated OH reactivity.

1.4 Focus of this thesis

This work analyzes experiments performed in a chamber system (SAPHIR and SAPHIR-
PLUS, see Chapter 3.1) to explore the plant emission pattern, the VOC oxidation mechanism,
and the OH reactivity under simulated atmospheric conditions.
A number of instruments measuring from VOCs to the total OH reactivity enable the cross
validation of VOC data and also the comparison of the OH reactivity parameter. The instru-
mentation is described in details in Chapter 2. Experiment procedures of selected 36 experi-
ments are displayed in Chapter 3, the benefits of using our chamber system in Forschungszen-
trum Jülich, Germany, is outlined as well.
Chapter 4 explains how the data from our chamber experiments is evaluated, illustrating the
data analysis of VOC measurements and the calculation of kOH with all trace gas measure-
ments. Moreover, other parameters derived from VOC measurements are shown.
Chapter 5 presents the VOC emissions in the plant chamber SAPHIR-PLUS. Results of plant
emission patterns under different light and temperature conditions is compared to the liter-
ature. To test if the product yields from complex VOC mixture are comprehensible based on
known product yields from single compound, product yields of VOC oxidations are com-
pared in the Chapter 6. An increased complexity of the simulated atmosphere system is
explored: from single BVOC to BVOC mixtures and eventually to the real plant emissions.
Chapter 7 exhibits the total OH reactivity results, in order to i) test the ability of measuring
kOH in controlled experiments; and to ii) examine if the kOH in compound specific single
VOC oxidation is in accordance with kOH in oxidation of a more complicated atmosphere
system. This chapter discusses the total OH reactivity, and the comparison between the
measured OH reactivity and that calculated from the trace gas measurements. The com-
parison enables the analysis of the integrity of the VOC measurements, with respect to the
OH reactivity. Missing OH reactivity is investigated in biogenic and anthropogenic VOC
oxidations, again, with increasing complexity of the atmosphere system. The measured OH
reactivity and thus the major OH sinks can be determined for the different atmosphere sys-
tems. Throughout the selected 36 different oxidation scenarios, the results from this thesis
can help to interpret OH reactivity measurements and to predict the potential missing OH
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sink terms in field studies, therefore to better constrain the total atmospheric constituents
and understand VOCs degradation processes.
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Chapter 2

Methods and Instruments

2.1 Proton Transfer Reaction-Time Of Flight-Mass Spectrometry (PTR-
TOF-MS)

vapor
The instrument used for measuring VOCs in this study is a commercially available high

sensitivity PTR-TOF-MS built by Ionicon Analytik (Jordan et al., 2009; Lindinger et al., 1998).
As shown in the schematic drawing of the PTR-TOF-MS instrument (Figure 2.1), the set-up
consists of 1) a hollow cathode discharge ion source to produce the H3O+ reagent ions, 2) the
drift tube reaction chamber, in which the proton-transfer reactions between H3O+ and VOCs
take place, and 3) the transfer lens system together with the Tofwerk orthogonal acceleration
reflectron time-of-flight mass spectrometer. Additionally the two modes of operation of the
TOF are outlined, namely the V-and the W-mode.

FIGURE 2.1: Schema of the PTR-TOF-MS instrument (Jordan et al., 2009).

The ion source is made up of a hollow cathode discharge which generates high energy (hun-
dreds of electron-volts) electrons, the electrons generate ions in collision with water vapor
introduced from a liquid water reservoir:

e– + H2O −−→ H2O+ + 2 e–

−−→ H2
+ + · · ·

−−→ H+ + · · ·
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−−→ O+ + · · ·

In a small intermediate chamber, ions from the hollow-cathode are further converted into
H3O+ ions while being continuously transported towards the drift tube. The most relevant
reactions are listed below (Hansel et al., 1995).

H2
+ + H2O −−→ H2O+ + H2

H+ + H2O −−→ H2O+ + H
O+ + H2O −−→ H2O+ + O
H2O+ + H2O −−→ H2O ·H+ + OH

The ion source usually provides H3O+ ions with a purity of about 99% or higher, leading
to high count rates of primary H3O+ ions typically at several 106 cps (counts per second).
The most significant impurity observed is constituted by O2

+ and NO+ ions, which are in-
troduced from the air streaming back from the drift tube into the ion source. The O2

+ and
NO+ ions go through charge-transfer reactions with most VOCs including species like alka-
nes that are normally not detectable by using H3O+ as a chemical ionization agent (De Gouw
et al., 2007). Higher impurity could cause false peak identification in mass spectra analysis.

2.1.1 Ion-molecule reactions

The drift tube consists of a number of stainless steel rings, separated by Teflon rings which
seal the vacuum and isolate the drift rings electrically. Primary ions produced in the ion
source are extracted by a voltage gradient into the drift tube, where the analyte gas sample
is also injected via a gas inlet system. The proton transfer reactions take place as the mixture
proceeds along the drift tube. Protons transfer from primary H3O+ ions to the trace gases R,
that have higher proton affinity than water:

H3O+ + R −−⇀↽−− RH+ + H2O

For PTR-MS using H3O+ as reagent ions, molecules with a proton affinity smaller than water
(165.2 kcal/mol) cannot be detected. This helps to exclude reactions with any of the major
components present in air (i.e., O2, N2, CO2, H2O), and also allows the air sample to be ana-
lyzed and used directly as buffer gas to maintain the pressure conditions (typical pressures
are between 2.2 and 2.4 mbar) in the drift tube. Most VOCs have proton affinities larger than
water, Table 2.1 shows the proton affinities of some common components present in clean air
and of various organic components. Atmospheric trace gases which undergo proton transfer
reactions include unsaturated and aromatic hydrocarbons, and also most of the oxygenated
VOCs (aldehydes, ketones, alcohols, acids, etc.) (De Gouw et al., 2007). However, although
the proton transfer is favourable in reaction with formaldehyde (HCHO), the proton affinity
of formaldehyde is not sufficiently larger than that of water. Therefore, the back reaction of
protonated HCHO with water is substantial and reduces the sensitivity of detection:

H ·HCHO+ + H2O −−→ HCHO + H3O+

Significant underestimations (a factor of 3 to 5) of HCHO concentrations measured by PTR-
TOF-MS were reported (Vlasenko et al., 2010). In addition, low accuracy of HCHO measure-
ment caused by the humidity dependence was observed. In this study formaldehyde data
were preferably taken from the Hantzsch measurements if available (Kelly et al., 1994).
The collision energy in the drift tube is controlled by the parameterE/N used in ion mobility
studies, where E denotes the applied electric field and N the number density of the gas in



2.1. Proton Transfer Reaction-Time Of Flight-Mass Spectrometry (PTR-TOF-MS) 17

TABLE 2.1: Proton Affinities of common components in clean air and of vari-
ous organic components (adapted from Lindinger et al., 1998).

Substance Formula Mass Detected mass Proton Affinity
(kcal.mol−1)

Hydrogen H2 2 - 100.9
Helium He 4 - 42.5
Neon Ne 20 - 48.6
Argon Ar 40 - 88.2
Oxygen O2 32 - 100.6
Krypton Kr 84 - 101.5
Nitrogen N2 28 - 118.0
Xenon Xe 132 - 118.6
Carbon monoxide CO 28 - 141.7
Carbon dioxide CO2 44 - 129.2
Water H2O 18 - 165.2
Hydrogen sulphide H2S 34 35 168.5
Formaldehyde CH2O 30 31 170.4
Methanol CH4O 32 33 180.3
Propene C3H6 42 43 179.6
Acetaldehyde C2H4O 44 45 183.8
Formic acid CH2O2 46 47 177.3
Ethanol C2H6O 46 47 185.6
Acetonitrile C2H3N 41 42 186.2
Acetone C3H6O 58 59 194.1
Acetic acid CH4O2 60 61 190.2
Isoprene C5H8 68 69 198.9
Butanal C4H8O 72 73 189.5
Benzene C6H6 78 79 179.3
Toluene C7H8 92 93 187.4
Phenol C6H6O 94 95 195.0
Xylene C8H10 106 107 190.0

the drift tube. De Gouw et al., 2003 reported that the effect of humidity on the cluster ion
distribution becomes very minor at an E/N of 120 Td (1 Td=10−17 V cm2). Consequently,
in this study the E/N parameter in the PTR-TOF-MS was kept at about 130 Td with a drift
tube voltage of 560 V. The pressure in the drift tube was set at 2.3 mbar to obtain a good sen-
sitivity, as the proton reaction frequency increases with drift tube pressure under constant
E/N value (De Gouw et al., 2007). The average reaction time of the ions in the drift tube is
usually ∼ 1.0× 10−4 s. Investigations show that exothermic proton transfer reactions are al-
ways proceeding at a reaction rate close to the collision rate. Reaction rate constants kPTR for
many proton transfer reactions are reported in the literature and are typically in the order of
10−9 cm3 molecule−1sec−1 (Hansel et al., 1995; Wisthaler et al., 2001). The energy transferred
during a reaction, given as the difference of the proton affinities plus the collision energy, is
usually lower than the bond energies of volatile organic molecules, leading to a low amount
of fragmentation. On the other hand, the electric field along the drift tube maintains a suffi-
ciently high ion collision energy to reduce clustering of the H3O+ and RH+ ions with water
molecules (Holzinger et al., 2000) (see in reactions below).

H3O+ + n H2O −−⇀↽−− H3O+(H2O)n

RH+ + n H2O −−⇀↽−− RH+(H2O)n
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However, the signal of H3O+ and H3O+(H2O) cluster cannot remain constant during ex-
periments due to a varying intensity of the ion source and also due to the humidity of the
sampled air, which regulates the H3O+ to H3O+(H2O) ratio (De Gouw et al., 2003). To account
for the varying reagent ion signals, the measured product ion signals in cps are normalized
to a drift tube pressure of 2.3 mbar and a total of 1 million parent ion signal by using the
following equation:

[m]ncps = [m]cps ×
2.3

Pd
× 106

[H3O
+]cps + [H3O

+(H2O)]cps + [H3O
+(H2O)2]cps

(2.1)

where [m]ncps expresses the product ion signal in units of ncps (normalized counts per sec-
ond); Pd is the drift tube pressure in mbar; [m]cps is the ion signals of product ions in
cps; [H3O

+]cps, [H3O
+(H2O)]cps, and [H3O

+(H2O)2]cps are that of H3O+, H3O+(H2O), and
H3O+(H2O)2, respectively. The isotope H18

3O+ and H18
3O+(H2O) at m/z 21 and m/z 39 were

used in our case since H3O+, H3O+(H2O) signals were usually saturated. The use of nor-
malized signal ensures reliable comparison between datasets where the primary ion number
and the drift tube pressure may alter slightly, which is often the case.

2.1.2 Mass separation and ion detection

PTR-MS instruments were originally equipped with a quadrupole mass analyzer (QMS) for
the ion detection. This has the limit of not providing much analytical information besides
the nominal mass of the detected ions, because of the unit mass resolution. The identification
problem is more crucial when qualitatively unknown mixtures of compounds are to be inves-
tigated (Lindinger et al., 1998). A few years later a Time-Of-Flight (TOF) mass analyzer was
also used in the ion detection systems. It is built upon the simple relation between the ion
time-of-flight t and the ion mass-to-charge ratio (m/z), as lighter ions fly through a vacuum
faster than heavier ions having the same kinetic energy (Blake et al., 2004). In principles, in
TOF spectra, the ion time-of-flight t is proportional to the square root of the ionm/z (Eq. 2.2):

t = A

√
m

z
+ t0 (2.2)

where t0 and A are constants determined via mass calibration with accurately known mass
peaks. Typical peaks at m/z 21.022 (H18

3O+), m/z 29.997 (NO+), m/z 59.049 (protonated
acetone) that are usually present in PTR-TOF-MS spectra are used for mass calibration for
the instrument in order to reach a good mass accuracy. A high molecule mass compound
m/z 180.937 (protonated 1,2,4-trichlorobenzene) was added into the drift tube for calibrating
the higher m/z scale. Temperature shifts during experiments can cause a slow change in
the length of the ions flight path over time, hence a regular calibration of the mass axis
during data post-processing is indispensable. Ion signals are detected by a multi-channel
plate (MCP) detector (PHOTONIS, Sturbridge, USA). The PTR-TOF-MS is able to generate
an entire mass spectra of complex VOC mixtures on a time response shorter than 100 µs
(35 µs in our case) in a chosen mass range. Theoretically TOF-MS has a mass range beyond
10000 amu (mass range of 0-340 amu in our case) and a mass resolution of m/∆m = 7000
(∆m is defined as the full width at half maximum (FWHM)) for an ion signal in V-mode,
and even higher resolutions but lower sensitivity in W-mode (Jordan et al., 2009). This high
mass resolution makes identification of most nominal isobaric masses possible. Figure 2.2
shows the possibility of separating the contribution of C4H7O+ (m/z 71.050) signals from the
C5H11

+ (m/z 71.087) signals.
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FIGURE 2.2: An example of the separation of isobaric molecules at the high
mass resolution of the PTR-TOF-MS. Figure adapted from Fabris et al., 2010.

2.1.3 Mass spectra analysis

A PTR-TOF-MS mass spectrum typically contains hundreds of mass peaks and several iso-
baric peaks per unit m/z that need to be automatically identified and quantified. The PTR-
TOF Data Analyzer software (Müller et al., 2013) was used for data analysis in this study.
Prior to a baseline correction applied at each unit m/z interval, the raw mass spectra pro-
duced by the PTR-TOF-MS instrument was corrected for Poisson counting statistics and in-
strumental dead times. These two effects normally cause an underestimation of ion signals
for high count rates. A non-extending dead time (induced by the amplifier-discriminator
time response) of 12 ns and an extending dead time (induced by the MCP time response)
of 1.2 ns were used. In the analyzer software, three mass peaks—two water signals at m/z
21.022 and m/z 39.033, and the externally added compound at m/z 180.937—were used for
mass axis calibration and reference peak shape determination. A discriminator level of 0.01
cps was set to filter analysis only for unit m/z peaks above this threshold. An upper m/z
threshold of 250 amu defined the mass range of interest with mass peaks above this value
being analyzed only at unit mass resolution.
Measured ion signals from the PTR-TOF-MS provide information of both mass peak position
and peak area. The peak position is governed by the the protonated VOC m/z value while
the peak area is proportional to the number of ions that reach the MCP detector in the set
acquisition time. Every detected mass peak can be assigned with an empirical chemical for-
mula (i.e., CxHyOz). A complete mass list of combinations (C, H, O, and N if present) sorted
by increasing m/z that represent ions in the mass range of 21 to 250 amu was used in the
mass peak identification. Individual signal intensity of compounds in the mass spectra can
be then derived from respective peak area under the curve fitted by the PTR-TOF-MS data
analyzer.
Different compounds can have the same chemical formula thus can be detected by the PTR-
TOF-MS at the same mass peak. For that reason, compound attribution to defined VOC was
done in combination of the empirical PTR-TOF-MS mass peak analysis and the literature
of VOC oxidation mechanisms (Atkinson et al., 2003b; Rivera-Rios et al., 2014; Volkamer et
al., 2002). For example, the oxidation of isoprene by OH radical leads to formation of sev-
eral isomers due to different NOx levels. MVK (C4H6O) and MACR (C4H6O) are the most
well-known high-NO isoprene oxidation products. By contrast, under low-NO condition,
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isoprene hydroxy hydroperoxides (ISOPOOHs, C5H10O3) are the dominant first-generation
oxidation products. Furthermore, Rivera-Rios et al., 2014 have demonstrated that ISOPOOH
readily decomposes to MVK and MACR on heated metal surface, and both GC and PTR
methods observe ISOPOOHs as MVK and MACR. Our calibrations show that 4,3-ISOPOOH
detected as a product ion at m/z 71, has an efficiency of 36% of the sensitivity of MVK (see
AppendixA), an efficiency of 44% was reported by Rivera-Rios et al., 2014. In addition, they
showed that under 50 ppt of NO, the product ratio of ISOPOOHs/(MVK+MACR) is more
than 90%, therefore in experiments where NO was less than 50 ppt, the first-generation prod-
ucts from isoprene photo-oxidation were considered as only ISOPOOHs. Besides that, in
the low-NO experiments, the product fragment detected at the m/z 71 might be the sum of
ISOPOOHs and the isobaric IEPOX, as IEPOX is the major oxidation product (yield of∼79%)
observed from both ISOPOOH isomers (Paulot et al., 2009b). unfortunately no IEPOX sen-
sitivity available in this study, so the ISOPOOHs concentration was obtained by treating the
signal detected at m/z 71 with the sensitivity of 4,3-ISOPOOH, then roughly divided the re-
sulted concentration by 2.
The PTR-TOF-MS cannot distinguish isomeric compounds, only the sum of monoterpenes
and sesquiterpenes can be detected, hence in this study the compounds attribution for m/z
137 and m/z 205 were done with the compositions provided by an offline GC-FID/MS mea-
surements (see Chapter 2.2).

2.1.4 Quantification of VOCs concentrations

There are two approaches for quantifying VOCs concentration with PTR-MS: via calculation
based on the known proton transfer rate coefficients or via calibration. The equation below
(Eq. 2.3) illustrates the formula for calculating the volume mixing ratio (VMR) of a compound
m.

[m]VMR =
1

k · t
[m]cps
[PI]cps

Td
T0

22400

NA

p0
pd

Tr(PI)

Tr(m)
(2.3)

T - Temperature [K] (Td - drift temperature, T0 - standard temperature)
p - pressure [mbar] (Pd - drift pressure of 2.3 mbar, p0 - standard pressure)
[PI] - cps on Primary Ions at m/z 21 ([H3

18O+]cps× 500)
[m] - cps on product ions
Tr(PI) - transmission factor for Primary Ions (m/z 21)
Tr(m) - transmission factor for mass of product ion
t - reaction time ∼ 10−4 s
k - reaction rate [cm3s−1]

Here, the transmission factor Tr is ruled by (i) the extraction efficiency of ions from the drift
tube into the TOF-MS, (ii) the transmission efficiency of the TOF-MS, and (iii) the detection
efficiency of the electron multiplier for each mass (De Gouw et al., 2007). The transmission
factors correct the mass dependent discrimination of a system. The transmission curve was
determined experimentally (Acir, in prep) and showed a 2-degree polynomial increase of
transmission factor when going from mass 21 to larger masses. The accuracy of the calcu-
lated VOC concentration is limited by uncertainties such as the reaction time, which depends
on the drift tube voltages, drift tube pressure, drift tube length, and ion mobility; addition-
ally the accuracy is limited by the transmission factor and the reaction rate leading to an
accuracy often less than 50%.
For atmospheric measurements a higher accuracy is generally required, and the accuracy



2.1. Proton Transfer Reaction-Time Of Flight-Mass Spectrometry (PTR-TOF-MS) 21

can be improved by calibrating the instrument using standard mixtures of VOCs in syn-
thetic air or nitrogen. Three types of calibration were used in this study: (i) a self-built
diffusion source; (ii) a Liquid Calibration Unit (LCU) for water soluble substances; and (iii)
a multi-component gas standard together with the LCU, for regular calibrations to check the
instrument performance.
Figure 2.3 shows the calibration ofα-pinene at 60% relative humidity done by using the diffu-
sion source (Gautrois et al., 1999). This diffusion source consists of 4 individual thermostated
vials, in which pure liquid volatile chemicals can be added and diluted by a dynamic dilu-
tion system under a set temperature of 30◦C (Julabo, F25-MP, Germany). The liquid or solid
phase chemical is volatilized and diffused into a carrier gas of pure nitrogen (Linde, purity
> 99.9999%). The diffusion resistance is constrained by the length and inner diameter of the
neck of the glass vial. Gas phase compounds can be transported via a valve system into a
mixing chamber where a dilution flux of ultra-pure zero air (Linde, purity > 99.9999%) is
introduced. Concentrations of the chemical compounds released from the diffusion source
can be thus determined from the mass loss rate of the individual compound and the dilu-
tion flux. Additionally, the zero air can be humidified through a thermostatic Milli-Q water
bubbler before it enters the mixing chamber, thereby the relative humidity of the zero air
is regulated with the ambient temperature and the Milli-Q water temperature (Julabo, F32-
MC, Germany). As shown in Figure 2.3, the measured signal in ncps (normalized counts per
second) as a function of known concentration in ppb (part per billion) gives the calibration
curve. In this way the slope of the linear curve fit gives a sensitivity of 9.58 expressed in units
of ncps/ppb. Combined error of the α-pinene concentration and error associated with the
dilution procedure determine the accuracy (± 1.8%) of calibration, which is shown together
with other calibration results in AppendixA. The standard deviation (σ) of the zero air back-
ground measurements provides the limit of detection (LOD), which is defined as the lowest
signal that can be distinguished from the background noise with statistical significance, a
signal-to-noise ratio of 3 (3σ) is recommended in the PTR-MS community. The typical LOD
of the instrument was ∼60 ppt for dry α-pinene calibration and was ∼110 ppt for calibration
at 60% relative humidity.

FIGURE 2.3: Example of one α-pinene calibration at 60% relative humidity.
y-axis is the averaged signal at protonated α-pinene mass (m/z 137) in ncps
and the x-axis is the averaged known concentration in ppb. The sensitivity of
9.58 ncps/ppb is obtained by the slope of the curve fit. Error bars show one

standard deviation (1 σ).
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For some water soluble VOCs such as acetic acid, calibrations as aqueous diluted standard
were performed by using an advanced Liquid Calibration Unit (LCU-a, Ionicon Analytik,
Austria). The LCU contains 2 liquid ports (0-50 µl/min) which can be connected to aqueous
standard or pure water for calibration or humidified air supply measurements. In addition,
the LCU contains two ports for the gas flow, one in the range of 500-1000 ml/min for the
dilution carrier gas, and one additional gas input (0-20 ml/min) to admix a controlled flow
of various gases (i.e., CO2 or a standard gas) to the carrier gas in the evaporation chamber. In
the LCU the liquid standard is pulled through the liquid port and then mixed with a carrier
gas flow in a nebulizer producing a fine mist. These micro-droplets are ejected into a heated
(100◦C) evaporation chamber. At the end, a gas flow containing compounds at defined trace
concentrations and humidity are introduced in PTR-MS through the gas inlet system. Con-
centrations were determined from the concentration in the aqueous standard and the flows
introduced in the evaporation chamber.
A multi-component gas standard together with the LCU was also used for calibration on a
regular time base. The self-made gas standard contains 16 VOCs in the mass range of 33 to
139 amu from 632.6 to 685.2 ppb. Calibrations with the gas standard were routinely done
under dry/wet conditions in order to check the performance of the instrument. VOCs con-
centrations in the range of a few ppb to hundreds ppb under variable humidity conditions
can be achieved by setting the flow rates in LCU. The sensitivities and the accuracies ob-
tained by all 3 calibration methods are shown in AppendixA, together with a comparison of
α-pinene sensitivity obtained by two calibration methods.
PTR-TOF-MS can monitor hundreds of VOCs at the same time. It is very time consuming
and expensive to calibrate each single compound for the instrument. In principle, when the
instrumental conditions change the calibration factors may change, hence a separate cali-
bration should be preformed for every new instrumental condition. Moreover, a gas stan-
dard for every VOC is not always available and even some VOCs can interact with others,
synthesizing suitable gas standards is difficult for many VOCs. As a consequence, an esti-
mated sensitivity of 10 ncps/ppb was used for determining concentrations of un-calibrated
VOCs. The sensitivity assumption of 10 was based on the general calibration result —with
calibrated α-pinene, methanol, and acetone sensitivities being ∼6, ∼10, and ∼20 ncps/ppb,
respectively. These three compounds represent some of the most common VOCs in the at-
mosphere with various masses. An accuracy of approximately 25% was used in further error
propagation. This value is selected from the upper-limit of accuracies in all calibrations in
the whole study. More sensitivities used in this study can be found in AppendixA.

2.2 Gas-Chromatograph (GC)

Measurements of VOCs in the atmospheric simulation chamber SAPHIR (Chapter 3.1) were
simultaneously performed by an online gas-chromatograph 7890N (Agilent, Santa Clara,
USA) equipped with a flame ionization detector and a mass spectrometer detector in par-
allel (GC-FID/MS). The gas chromatograph uses a capillary column (Agilent J&W DB 624)
selected mostly by the column’s dimensions (30m of length, 0.25 mm of diameter and 1.4
µm of film thickness) as well as phase properties. Different VOCs compounds are separated
based on their chemical and physical properties as the sample mixture travels the length
of the chromatographic column. The two-detector system allows better mass peak identifi-
cation (done by the MS) and substance quantification (done by the FID). The GC-FID/MS
system has a ∼30min time resolution consisting of 10 mins sampling time and ∼20 mins ab-
sorption/desorption time.
Calibrations for the GC-FID/MS system were performed with two gas standard mixtures,
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one containing 57 hydrocarbons and oxygenated VOCs (OVOCs) with concentrations in the
range of 100 ppb-1 ppm and the other one containing 74 hydrocarbon species with concen-
trations from 1 ppb to 3 ppb. The accuracies for the GC-FID/MS system were within 13%.
Offline analysis of absorbent tubes (stainless steel) from the plant chamber SAPHIR-PLUS
(Chapter 3.1) was also conducted with a GC-FID/MS, which has the same characteristics as
the online one described above. Monoterpene and sesquiterpene compositions provided by
the offline GC-FID/MS measurements (Table 5.1, Chapter 5) were then used in PTR-TOF-MS
measurements for the quantification of these two terpenes.

FIGURE 2.4: Overall monoterpenes in SAPHIR measured by the online GC-
FID/MS vs. PTR-TOF-MS. The 1:1 ratio line is plotted in black. Slopes of

linear fit for each experiment are also shown in the right box.

To cross validate the concentrations obtained by PTR-TOF-MS measurements, concentra-
tions of most abundant compounds were compared to the online GC-FID/MS measure-
ments. Monoterpenes are the major emitted compounds by selected sets of trees, and the
mainly used BVOC reactants in this study (see experimental section in Chapter 3.2 and Chap-
ter 3.3), thereby one example of measured monoterpenes concentrations in SAPHIR from
both instruments is shown in Figure 2.4. Although, overall the GC-FID/MS measured lower
mixing ratio than the PTR-TOF-MS, the correlation between the two instruments shows a
good agreement (0.95) of only ∼5% of discrepancy, which is within the accuracy of both in-
struments (13% and 6%, respectively, see Table 3.1). The largest discrepancy happened in
the Exp.BP10 (2015/07/27 s=0.71) when the measured VOC was dominated by tree-emitted
monoterpenes. In this case, a low agreement of 0.71 was obtained, possibly due to losses
from sampling prior to the GC analysis or due to the uncertainty of the PTR-TOF-MS mea-
surements. Furthermore, a less accurate monoterpene speciation could lead to a bias on the
quantification of monoterpenes in the PTR-TOF-MS measurements since different sensitivi-
ties were obtained for different monoterpenes.
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2.3 Laser Flash Photolysis-Laser Induced Fluorescence (LP-LIF)

The total OH reactivity, kOH , was determined as the inverse of the chemical OH lifetime by
a laser flash photolysis/laser-induced fluorescence method (LP-LIF) (Lou et al., 2010). This
technique introduces artificially generated OH into sampled ambient air and measure di-
rectly the total OH reactivity. Laser flash photolysis (LP) of O3 is used to produce OH and
laser-induced fluorescence (LIF) is applied to monitor the first-order decay of OH. Ambient
air is drawn continuously through a laminar flow tube at atmospheric pressure, with a flow
rate of 18 slm (standard litre per minute). The flow tube has a length of 8 m and an internal
diameter of 40 mm. Short UV laser pulses (266 nm, 10 ns) from a frequency-quadrupled
Nd:YAG laser (Big Sky, CFR200) pass through the flow tube and generate OH radicals (∼109

cm−3) by laser-flash photolysis of O3 in humid air (Reaction 1.7 and 1.8). Since the OH rad-
icals react subsequently with the trace gases in the ambient air, change in concentrations of
OH radicals in the sampled air is then probed by using a low pressure (3.5 mbar) florescence
detection cell.The probe laser radiation (308 nm) comes from a tuneable, frequency-doubled
8.5 kHz pulsed UV laser (New Laser Generation, Tintura). The time-dependent OH decay is
determined as:

[OH] = [OH]0 × exp(−kOHt) (2.4)

where kOH is the total pseudo-first-order decay rate of OH, and [OH]0 is the OH concen-
trations when t=0. The total OH reactivity kOH for ambient air is finally retrieved from a
numerical curve fit to the observed OH decay after subtraction of the zero air decay (Fig-
ure 2.5).

FIGURE 2.5: Example of an OH decay curve in synthetic air in presence of
ozone and water vapor from one experiment in SAPHIR. Crosses represent
the recorded raw time-dependent OH fluorescence signal at a time resolution
of 1 ms. The line is the exponential fit to the data and corresponds to an OH
reactivity as reciprocal 1/e lifetime (1.5 s−1). Data from the first 10 ms are not

considered in the fit because the signal is not stable in this interval.

The OH fluorescence signal is collected in a time-resolved mode by a multichannel plate
(MCP) photo-detector. The limit of detection of the LP-LIF instrument is 0.3 s−1 and the
integration time for the kOH measurements was typically 1 min for all experiments shown
in this study. This LP-LIF system was found to have a good linearity for reactivities up to
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60 s−1 with an accuracy in the range of 5-10%. At kOH higher than 60 s−1 an increasing
negative bias appeared in the data, due to the non-exponential curvature of the OH decay
curves (Hofzumahaus et al., 2009). Therefore, in experiments with kOH higher than 60 s−1, a
dilution of the air sample at the inlet of the LP-LIF was applied and the kOH was determined
by taking into account this dilution factor, note that this dilution cause further uncertainty
on the measured kOH .
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Chapter 3

Experimental section

3.1 Chamber svaporystem

Experiments were performed in the atmosphere simulation chamber SAPHIR (Simulation of
Atmospheric PHotochemistry in a large Reaction chamber) located in Forschungszentrum
Jülich, Germany (Figure 3.1). A detailed description of the chamber and its properties was
reported by Rohrer et al., 2005. The cylindrical shape SAPHIR chamber consists of a double-
wall Teflon (FEP) film with 5 m diameter, 20 m length, and 270 m3 volume, which is attached
to a steel frame. The large chamber volume and the inertness of Teflon film minimize reac-
tant and product loss to the chamber walls. The Teflon film used has a transmittance of about
85% for visible light, UV-A and UV-B. A louvre shading system allows changes between dark
and fully illuminated chamber within 60 s and protects the chamber from dangerous weather
conditions.

FIGURE 3.1: The atmosphere simulation chamber SAPHIR in Forschungszen-
trum Jülich

During experiment time, the space between the inner and the outer Teflon wall is flushed
with ultra purity air and SAPHIR is kept at a slight overpressure of about 50 Pa to prevent
leakages of outside air into the chamber. Ultra-pure synthetic air (Linde, purity > 99.9999%)
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mixed from evaporated liquid nitrogen and oxygen can go through the chamber via two
flow controllers. The large one with a flow rate up to 500 m3 h−1 is used to flush the cham-
ber to reach clean starting conditions. The smaller one with a flow up to 15 m3 h−1 (normally
7-9 m3 h−1) is used in experiments to refill the chamber from losses due to the sampling of
various instruments and leaks. To this clean and dry air, trace gases can be added according
to experiment purpose. Humidity in the chamber can be introduced by evaporating Milli-Q
water, which is added together with a large flow of synthetic air.
O3 is provided by an ozonizator (Ozat CFS-1A, Ozonia, Switzerland) which generates O3
in a silent discharge in ultra pure O2. In the photo-oxidation experiments, chamber roof
was opened in order to produce OH radicals i) by photolysis of O3 to yield O(1D) which
subsequently reacts with water vapor to form OH (Eq. 1.7 and Eq. 1.8); ii) additionally by
photolysis of HONO (Eq. 1.10), which is released from the chamber walls of SAPHIR under
illumination (Rohrer et al., 2005). The latter reaction constitutes the dominant source of OH
radicals in the AVOC photo-oxidation experiments when no O3 was added.

FIGURE 3.2: Schematic of the chambers experimental setup

Hohaus et al., 2016 have described the environmentally controlled flow-through plant cham-
ber SAPHIR-PLUS, which can be coupled to the SAPHIR chamber. It has a volume of about
9.32 m3 with outer dimensions of 2.39 m × 3.84 m × 2.84 m, also a double-wall Teflon film
and a slight overpressure of about 50 Pa to prevent leakages of outside air into the chamber.
Maximum 6 potted trees can be installed in the chamber, with the pots being isolated by
Teflon films in a hermetically sealed interspace. Each pot is mounted with a soil moisture
sensor (UMS GmbH München, EC-5) and a water drip which waters automatically if the
soil moisture falls below a defined threshold and stops until the soil moisture reaches the
threshold again. Illumination for photosynthetic activities of plants is controlled by a light
control unit. 15 LED panels (5×3) are installed on a movable frame beneath the ceiling of the
chamber. Each LED panel can be controlled individually by the process control unit. The in-
tensity of photosynthetically active radiation (PAR) is in the range of 0 to 800 µmol m−2 s−1,
as measured by a quantum sensor (LI-190SZ-50, LI-COR GmbH, Germany) at a distance of 1
m. A gas exchange unit with adjustable flow rate from 0 to 42 m3 h−1 flushes purge air and
sustains CO2 for photosynthesis of plants through the plant chamber. Water vapor can be
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added to the purge air by vaporising Milli-Q water to reach a relative humidity in the cham-
ber between 0 and 100 %. Temperature inside the chamber is controlled by heating/cooling
the water-based thermofluid (0 to 50 ◦C) with an externally installed unit.
Plant emitted BVOCs mixed with synthetic air in SAPHIR-PLUS can be transferred to the
SAPHIR simulation chamber via a 1.89 m long transfer line tube with an inner diameter of
80 mm. This perfluoroalkoxy (PFA) tube is temperature-controlled and the typical tempera-
ture is set to 60◦C. Figure 3.2 shows a schematic of the chambers experimental setup.
A quantitative transfer of plant emitted BVOCs to SAPHIR is required for investigations in
SAPHIR. To explore if a significant leakage of the mixed BVOCs, or a compound-dependent
loss occurs during the transfer, the transfer efficiency —fraction of measured VOC concen-
tration to that of calculated —was studied with a VOC mixture of 5 VOCs with various
molar masses and polarities (acetone, isoprene, α-pinene, nopinone, and methyl salicylate
(MESA)). A reference gas (CO2) was used as a chemically inert tracer not interacting with
wall surfaces, and was expected to be transferred without loss. Transfer efficiency exper-
iments were done under different relative humidity conditions to explore the influence of
water content. Transfer efficiencies of SAPHIR-PLUS inlet to outlet (upper panel) and of
SAPHIR-PLUS outlet to SAPHIR (lower panel) were averaged and showed in Figure 3.3 as a
function of relative humidity.

FIGURE 3.3: Transfer efficiency (upper panel between SAPHIR-PLUS inlet and
outlet, lower panel between SAPHIR-PLUS outlet and SAPHIR) as a function
of relative humidity levels, error bars shown are the standard deviation (1σ)

(Hohaus et al., 2016).

An average BVOCs transfer efficiency of 0.85 (lowest of 0.81) between the SAPHIR-PLUS in-
let and the outlet is obtained. However, it is slightly lower between the SAPHIR-PLUS outlet
and the SAPHIR chamber at an average of 0.8, with the lowest of 0.59 found at 60% relative
humidity. There is no remarkable difference in the transfer efficiency for different VOCs,
ensuring the emission pattern remain unaltered. Additionally no systematic dependence
on relative humidity is observed. The VOC mixture is shown to be effectively transferred
from the plant chamber to SAPHIR, therefore SAPHIR-PLUS can be used as a representative
source of BVOC emissions.
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TABLE 3.1: List of instruments used in the experiments and the respective time
resolution and characteristic error.

Parameter Measurement method Time Accuracy
& Model resolution (s) 1σ

VOCs PTR-TOF-MSa 60 6%
PTR-TOF-MS 8000 IONICON

VOCs GC-FID/MSb 1800 13%
Agilent 7890N

HCHO Hantzsch-Reactionc 10s 15%
AERO Laser al4001

HONO LOng Path Absorption Photometry (LOPAP)d 300 10%
QUMA Elektronik

CO Reductive Gas Analyzer (RGA)e 60 5%
Trace Analytical RGA-3

NO
Chemiluminescences(CL)f 180 5%

NO2 Eco Physics TR780 180 7.5%
O3 180 5%

OH Laser Induced Fluorescence (LIF)g 60 10%
HO2 Jülich ROx-LIF-SystemRO2

OH reactivity LP-LIFh 60 10%
Jülich ROx-LIF-System

Photolysis frequency SpectroRadiometry (SR)i 60 13%
(jNO2) Bentham 300
CH4, CO2, H2O Cavity Ring-Down Spectroscopy (CRDS)j

Picarro G2301
Aerosol size distribution Scanning Mobility Particle Sizer (SMPS)k

TSI 3080
Temperature UltraSonic Anemometer (USA) 60

Metek USA-1
Pressure Pressure valve 60

Setra Systems 270
Flow rate Mass Flow Controller 60

Brooks

aSee Chapter 2.1
bSee Chapter 2.2
cKelly et al., 1994
dHeland et al., 2001
eWegener et al., 2007
fRohrer et al., 1992
gFuchs et al., 2008
hSee Chapter 2.3
iBohn et al., 2005
jCrosson, 2008
kSioutas, 1999

The biogenic emissions from SAPHIR-PLUS are sampled by the PTR-TOF-MS through a
heated (normally 60◦C) perfluoroalkoxy (PFA) tube (Figure 3.2), having a length of ∼14 m
and an inner diameter of 4 mm. VOCs in SAPHIR are sampled via a PFA tube less than
2 m of length with 1.65 mm of inner diameter, heated up to 60◦C. Air is sampled at a rate
of 600 sccm (standard cm3min−1), thus the time for air to pass the SAPHIR-PLUS sampling
line to the PTR-TOF-MS is ∼18 s and ∼0.4 s for the SAPHIR sampling line. A valve system
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allows switching within one second among measurements from chambers and the synthetic
air. The synthetic air measurements are then used in data analysis for the subtraction of
instrumental-background.
In addition to the described PTR-TOF-MS, the online GC-FID/MS and the LP-LIF, the SAPIHR
chamber is equipped with a comprehensive set of instruments locating in containers under
the chamber or being installed directly in the chamber. In this study, several inorganic com-
pounds (i.e., CO, NO, NO2, O3) were monitored, as well as temperature, pressure and rela-
tive humidity. Photolysis frequencies were provided from measurements with a spectral ra-
diometer (SR). Laser induced fluorescence (LIF) was applied to measure OH concentrations,
as well as HO2 and RO2 radicals. The chemical composition of formed SOA was monitored
with a high-resolution time-of-flight aerosol mass spectrometer (AMS). The particle number
concentration and number size distributions of aerosols were detected by a condensation
particle counter (CPC) and a scanning mobility particle sizer (SMPS). A detailed summary
of instruments used in the campaigns during 2014 and 2015 are listed in Table 3.1, as well as
errors and time resolutions of measured parameters for the evaluation of the experiments.

3.2 Experiments characterizing plant emission intensity and pat-
terns

In order to evaluate whether plants in the SAPHIR-PLUS chamber emit BVOC concentra-
tions and patterns as expected from known physiological processes, BVOC emissions from
six 1-year-old potted Quercus ilex (Holm oak) trees under variable light and temperature con-
ditions were monitored (see Hohaus et al., 2016).
Quercus ilex is reported to emit large amount of monoterpenes and small quantity of isoprene
with emissions being light and temperature dependent (Kesselmeier et al., 1999; Staudt et al.,
1998, 1995). Methanol has the largest contribution to biogenic OVOC emitted by trees, es-
pecially for young, growing trees (Folkers et al., 2008; Mellouki et al., 2015). Hence VOC
emissions of methanol, isoprene, and monoterpenes were analyzed in this study as a func-
tion of light intensity and of temperature.
For every single experiment day a diurnal light cycle was preset in SAPHIR-PLUS with a 12 h
day/night period. The light intensity increased gradually from 0 and reached the maximum
of 1100 µmol m−2 s−1 in 6 hours, followed by a 6 hours gradual decrease to dark condition
and stay in dark for 12 h before another daytime cycle.
Plant emission dependence on temperature in a range from 13 to 31◦C was investigated.
Temperature was kept constant for each experiment day despite the influence of ∼1.5 ◦C
due to LED lamps, at least two consecutive days at one temperature step were conducted.
For each experiment day, 4 hours data of emissions at the highest illumination were averaged
and normalized to the concentrations at 30◦C (also 4 hours averaged data at peak illumina-
tion). The same set of experiments was used to study the light response of the Quercus ilex
emissions. For the light dependence study, concentrations of plant emitted compounds were
normalized with concentrations at maximum light intensity CI,max.
Note that these six young Quercus ilex used in the set of experiments were kept in the plant
chamber SAPHIR-PLUS for 109 consecutive days, during that time period the plants showed
no signs of stress effects, that is to say, no sesquiterpenes were detected and the plant emis-
sion pattern was stable during the whole set of experiments. Results are shown and dis-
cussed in Chapter 5.1.
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3.3 VOCs oxidation experiments

Experiments in SAPHIR during the summer of 2014 and 2015 were performed in several
campaigns including: 1) kOH measurements of BVOCs from plant emissions, which inves-
tigates the change in OH reactivity of tree-emitted BVOCs under O3 and OH oxidations; 2)
"Isoprene degradation" experiments, which focuses on the isoprene oxidation mechanism;
3) "Anthropogenic enhancement", exploring the anthropogenic influence on biogenic SOA
formation; and 4) kOH inter-comparison of a variety of kOH measurement technics.
Various campaign purposes provided a broad suite of complementary measurements with
abundant atmosphere oxidation scenarios. PTR-TOF-MS data was taken from these cam-
paigns and analyzed to investigate oxidation processes of VOCs under different atmospheric
oxidation conditions. To better structure the findings, experiments are classified into BVOC
and AVOC parts and presented with increasing complexity of the system. Table 3.2 and Ta-
ble 3.3 present the summary of experiments chosen in this study. Relative humidities shown
in the tables are initial conditions which declined during the experiment due to the replen-
ishment flow.
While the experiments are performed under specific campaign purposes, the common ex-
perimental procedure for VOC oxidation experiments in SAPHIR is the following: I) before
starting each experiment, the SAPHIR simulation chamber is purged overnight with a clean
synthetic air at a flow rate of 150 m3h−1, in order to reduce concentrations of any contami-
nations below the detection limit of measuring instruments (e.g., ppt levels of nitrogen ox-
ides, O3, and hydrocarbons in the chamber); II) a typical experiment starts at early morning
with addition of water vapor along with the synthetic air flow of ∼150 m3h−1 to reach the
defined relative humidity, the humidification is completed after approximately 45 min; III)
afterwards, the VOC of interest is added with a liquid injection system along with the exper-
imental air flow (∼9 m3h−1); IV) the oxidant of choice is added after quantifying the initial
concentration of VOCs.
All experiments are conducted under atmospheric pressure at ambient temperature. In ex-
periments using plant emitted BVOCs, SAPHIR is connected to SAPHIR-PLUS for several
hours for transport of plant emission, afterwards is the addition of other VOCs of interest
or the addition of oxidants. Ozonolysis experiments are performed in the dark chamber. In
the photo-oxidation experiments, the chamber is exposed to sunlight by opening the louvre
shading roof. Experimental operations can be seen (vertical colored lines) in the figures of
time series of OH reactivity (AppendixB). For some experiments in the campaign "Anthro-
pogenic enhancement", after the initial formation of particles, aerosols undergo both physi-
cal and chemical processes with time, for these SOA ageing experiments, the chamber roof is
typically closed in the evening and opened again in the next morning. In the NO3 oxidation
experiment (Exp.BS2 in Table 3.2), NO is injected to form NO3 radical in the presence of O3
in the dark chamber by the reaction 1.15 and 1.16. In some experiments, a VOC-OH tracer
containing 2-methylfuran (C5H6O) or a mixture of 2-methylfuran and mesitylene (C9H12) is
added along with the experiment. The standard serves as a VOC-OH tracer gas for the de-
termination of OH concentration which is not a topic in this study. However, their addition
influences the OH reactivity measurement as shown later in Chapter 7.

3.3.1 BVOCs Oxidation

In a first series of experiments (Exp.BS1-BS9 in Table 3.2), single BVOC oxidation processes
were studied in the SAPHIR chamber. β-Pinene (C10H16), limonene (C10H16), isoprene (C5H8)
and their oxidation products from O3 and OH oxidation were monitored with PTR-TOF-MS.
Isoprene is the most abundantly emitted biogenic hydrocarbon in the atmosphere. β-pinene
and limonene are also of interest as representative BVOCs due to their high emission rate
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TABLE 3.2: A summary of BVOCs oxidation experiments and the initial con-
ditions. MT=monoterpene, SQT=sesquiterpene, and ISOP=isoprene.

Experiments RH VOCa O3 NOx

(%) (ppb) (ppb) (ppb)
BS1 β-pinene + O3 60 120 740 -
BS2 Limonene + O3 60 25 150 30 (NO)
BS3 Limonene + OHb 70 10, 10, 10 - 20 (NO)
BS4 Isoprene + OH, high NO 60 4.3, 4, 4.2 - 1 (NO)
BS5 Isoprene + OH, medium NO 60 4.7, 4, 4 - 0.6c

BS6 Isoprene + OH, low NO 60 3.8, 4, 4 110 0.05c

BS7 Isoprene + OH, mid NOb 75 5, 5, 5 150 0.08c

BS8 Isoprene + OH, low NOb 60 5, 5.2, 4.3 150 0.05c

BS9 [CO + Isoprene] + O3
d 80 2.4, 1.9, 4.4 80 -

BM1 [β-pinene + limonene] + O3 60 60 + 12 400 -
BM2 Forest mixture Ie + O3 80 1, 2, 3, 4, 5 50 -
BM3 Forest mixture IIf + O3 80 32, 12, 0.4, 0.3, 0.8 50 -
BP1 Quercus ilex emissions + O3 60 12 MT 50 -
BP2 Picea abies emissions + O3 60 1.2 MT + 1.6 SQT 50 -
BP3 Picea abies emissions + OH 60 1.2 MT + 2 SQT 50 -
BP4 Betula pendula emissions + O3 60 1 MT + 1.6 SQT 50 -
BP5 Betula pendula emissions + OH 60 0.6 MT + 0.6 SQT 50 -
BP6 Quercus robur emissions + OH 60 9 ISOP 90 0.05c

BP7 Quercus robur emissions + OH 60 1.7, 2.4 ISOP 120 0.1c

BP8 Pinus sylvestris emissions + O3 60 50 MT 300 -
BP9 Pinus sylvestris emissions + OH 60 12 MT - -
BP10 Fagus sylvatica emissions + O3 60 3.8 MT 50 -
BP11 Fagus sylvatica emissions + O3

b 60 4 MT 50 -
BP12 Fagus sylvatica emissions + OH 60 3.6 MT 50 -
BP13 Pinus sylvestris & Fagus sylvatica emissions + O3 80 5 MT 70 -

a Concentration in BP1-BP13 is the measured concentration of the major tree-emitted BVOCs in SAPHIR at the
time before addition of oxidants or before SAPHIR decoupling from SAPHIR-PLUS. MT= monoterpenes, SQT=
sesquiterpenes, and ISOP= isoprene.

b A VOC-OH tracer containing 2-methylfuran was added.
c Measured maximum concentration of NO in the chamber.
d A VOC-OH tracer containing 2-methylfuran and mesitylene was added.
e Forest mixtureI consists of α-pinene, myrcene and limonene (68% : 10.5% : 21.5%).
f Forest mixtureII consists of acetaldehyde and MVK / MACR mixture (1 : 1), with β-caryophyllene.

among monoterpenes (Mellouki et al., 2015).
The β-pinene ozonolysis experiment (Exp.BS1) was performed in the dark chamber follow-
ing the typical experimental procedure as explained above. The time series of observed
concentration of β-pinene and of major oxidation products are shown in Chapter 6.1 (Fig-
ure 6.1). In the limonene ozonolysis case (Exp.BS2), NO was added several hours after
the ozonolysis in order to explore the NO3 oxidation over night. In the limonene photo-
oxidation experiment (Exp.BS3), NO was added to serve as an anthropogenic compound
prior to the limonene injection and a VOC-OH tracer was added along with the experiment,
two limonene injections were repeated afterwards. The amount of VOCs in each injection
is listed in Table 3.2, different injections are separated by commas. Kim et al., 2011 suggest
that the contribution of unmeasured OVOC to the total OH reactivity should be carefully



34 Chapter 3. Experimental section

evaluated for appropriate NO conditions to constrain the source of missing OH reactivity.
Additionally, as mentioned in the Chapter 1, isoprene oxidation mechanisms under different
NO concentrations lead to distinct products. In the isoprene photo-oxidation study, differ-
ent NO regimes from tens ppt to 1 ppb were investigated (Exp.BS4-BS9). 1 ppb of NO was
added in the chamber to reach a high NO level while more than 100 ppb of O3 were injected
to achieve low NO concentration. In experiments BS7-BS9, a VOC-OH tracer was added. In
Exp.BS9, even though the chamber roof was opened to produce OH radicals, the added large
amount of CO (1 ppm) served as an OH scavenger leading to isoprene oxidation mainly by
ozone, therefore this experiment will be referred later as isoprene ozonolysis.
In the second set of experiments (Exp.BM1-BM3 in Table 3.2), synthetic BVOC mixtures
were used to present more complex systems. The same experiment procedures as described
above were performed in SAPHIR, with exception of VOCs being added in several steps. In
Exp.BM1 60 ppb of β-pinene plus 12 ppb of limonene were injected in the SAPHIR chamber
to investigate the monoterpene mixture ozonolysis. The Forest mixtureI in Exp.BM2 con-
sists of 3 monoterpenes, including α-pinene (68%), myrcene (10.5%) and limonene (21.5%).
This monoterpene mixture was added in 5 steps before the O3 addition in order to test the
sensitivity of calculated and measured OH reactivity at different OH reactivity levels. The
Forest mixtureII in Exp.BM3 simulates a more complicated atmospheric environment, with
OVOCs and β-caryophyllene presenting stressed tree emissions: acetaldehyde was injected
first, about one hour later the MVK/MACR (1 : 1) mixture was added, then 3 times of β-
caryophyllene injections were implemented followed by the addition of O3.
With increasing complexity of the simulated atmosphere system, finally the oxidation of real
plant emission provided from SAPHIR-PLUS were studied (Exp.BP1-BP13 in Table 3.2). Sev-
eral different species of trees representing some of the most widely distributed monoterpene-
emitting plants were used in the experiments, including: Quercus ilex (Holm oak, Exp.BP1),
Picea abies (Norway spruce, Exp.BP2-3), Betula pendula (European birch, Exp.BP4-5), Pinus
sylvestris (Scots pine, Exp.BP8-9), and Fagus sylvatica (European beech, Exp.BP10-12). At the
end the emission from a mix of 3 Pinus sylvestris and 3 Fagus sylvatica (Exp.BP13) was trans-
ferred into SAPHIR to investigate its reaction with O3. A set of 6 Quercus robur (English oak,
Exp.BP6-7), representing an isoprene emitter was also used in the experiment. All exper-
iments with plant emissions were implemented at humid condition as the humid air was
transferred from the plant chamber to SAPHIR. Initial concentrations of the mainly emit-
ted BVOCs in SAPHIR are listed in Table 3.2. The plant chamber was connected twice to
SAPHIR in the Exp. BP7. Monoterpene concentrations were determined with the help of the
monoterpene composition provided by offline GC-FID/MS measurements.

3.3.2 AVOCs Oxidation

The total global AVOCs emissions have been estimated to be 129 Tg for the year 2000 (Von
Schneidemesser et al., 2015). Anthropogenic air pollution poses an increasingly serious con-
cern for public health, agriculture, and global climate change. Reactive AVOCs produce
much larger amounts of SOA than predicted from models (Volkamer et al., 2006). The chem-
ical transformation of AVOCs and the relative importance of oxidation products remained
unknown. Therefore, atmospheric oxidation processes of AVOCs need to be studied in de-
tail. Experiments from the campaign of "Anthropogenic enhancement" and of kOH inter-
comparison in 2015 were taken and presented, again with increasing complexity of the at-
mosphere system.
Typical AVOCs are aromatic hydrocarbons. Benzene (C6H6) is one of the most important AV-
OCs, which is known as a natural constituent of crude oil and an important component of
petrol. In the "Anthropogenic enhancement" campaign, deuterated benzene (C6D6, benzene-
D6 in Table 3.3) was used as an anthropogenic marker substance for identification reasons in
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the AMS measurements. As it is highly common that anthropogenic activities come along
with high NOx concentrations, experiments under different NOx regimes were performed.
The first two AVOC oxidation experiments explore single benzene-D6 photo-oxidations at
low- and high-NOx levels (Table 3.3, Exp.AS1-AS2). In the high NOx experiment, 40 ppb of

TABLE 3.3: A summary of AVOCs oxidation experiments and the initial con-
ditions. Brackets indicate the order of addition.

Experiments RH VOCa O3 NOx

(%) (ppb) (ppb) (ppb)
AS1 benzene-D6 + OH, low NOx 75 290 - 0.3b

AS2 benzene-D6 + OH, high NOx 75 290 - 40 (NO)
AM1 Urban mixture + OHc 85 54, 18 90 10, 15, 20, 20 (NO2)
AM2 CO + Urban mixture + O3

c 85 22, 14, 14, 14 90 10, 10 (NO2)

AB1 Photo-oxidation of [benzene-D6] + [BVOCsd] 75 8 - 0.3b

AB2 Photo-oxidation of [BVOCse] + [benzene-D6] 75 9 - 0.5b

AB3 Photo-oxidation of [BVOCse + benzene-D6] 75 11 - 0.3b

AB4 Photo-oxidation of [BVOCse] + [benzene-D6 + NO] 75 10 - 40 (NO)
AB5 Photo-oxidation of [BVOCse + NO + benzene-D6] 75 8 - 40 (NO)
AB6 Photo-oxidation of [benzene-D6] + [BVOCse] 75 3 - 0.3b

AB7 Photo-oxidation of [benzene-D6 + NO] + [BVOCse] 75 1.2 - 40 (NO)

aConcentration in AB1-AB7 is the measured monoterpenes concentration in SAPHIR at the time before addition
of oxidants or before SAPHIR decoupling from SAPHIR-PLUS. Benzene-D6 was added at the same amount of 290
ppb.

b Measured maximum concentration of NO in the chamber.
cAdding along a VOC-OH tracer containing 2-methylfuran and mesitylene.
dBVOCs from a monoterpenes mixture canister.
eBVOCs from 6 Pinus sylvestris trees emission.

NO were added prior to the addition of benzene-D6. 290 ppb of benzene-D6 were injected in
each experiment in order to reach an OH reactivity of ∼10 s−1. OH radicals were produced
by photolysis of HONO coming from SAPHIR walls by opening the roof, .
In order to increase the complexity of the simulated atmosphere system, synthetic AVOC
mixtures were also used. 1-pentene (C5H10), toluene (C7H8) and o-xylene (C8H10) are all
used in industrial productions and released from combustion processes. Those three com-
mon anthropogenic pollutants were therefore used for simulating an urban environment.
Two urban mixture oxidation experiments under different NOx variations were studied (Ta-
ble 3.3, Exp.AM1-AM2). In Exp.AM1, first 90 ppb of O3 were added in order to produce OH
radicals from photolysis of O3 in humid air. Then the injection of the urban mixture together
with the continuous addition of a VOC-OH tracer was accomplished and the mixture was
exposed to sunlight. One hour later 10 ppb of NO2 were added in the chamber, followed by
3 consecutive NO2 injections with 1 h interval. After another 1 hour a second injection of
the urban mixture was made and the VOC-OH tracer addition was stopped. In Exp.AM2,
an addition of O3, NO2 and CO was accomplished prior to the continuous addition of the
VOC-OH tracer and two injections of the urban mixture. After that the chamber was exposed
to sunlight followed by another injection of NO2. Two more additions of the urban mixture
were implemented later in 1 h intervals to test the sensitivity of calculated and measured OH
reactivity to different OH reactivity levels.
Previous studies revealed that SOA originate from both biogenic and anthropogenic sources
(Kulmala et al., 2011; Mellouki et al., 2015; Von Schneidemesser et al., 2015). Even though
globally the production of biogenic SOA dominates over the anthropogenic SOA, however,
locally AVOC oxidations found to enhance biogenic SOA production (Emanuelsson et al.,



36 Chapter 3. Experimental section

2013). As shown in Table 4.1, benzene-D6 reacts slower with OH radicals than most BVOCs.
In the atmosphere, the mixtures of AVOC and BVOC have drawn special interest because of
the high complexity of the degradation mechanisms, and the influence of one to the other.
In order to study the importance of the chemistry of AVOC and BVOC and their interac-
tions, experiments from "Anthropogenic enhancement" campaign simulating mixed airmass
conditions were chose and presented in this study. Photo-oxidation was achieved by OH rad-
icals formed by the photolysis of HONO. The mixed A/BVOC systems use benzene-D6 as
an anthropogenic marker substance together with BVOCs from a canister or BVOCs emitted
from 6 Pinus sylvestris trees (Table 3.3, Exp.AB1-AB7). The canister contained a monoterpene
mixture of α-pinene, 3-carene, β-pinene, limonene and myrcene (60% : 36% : 12% : 6% :
3%). 290 ppb of benzene-D6 equivalent to an OH reactivity of ∼10 s−1 were injected in each
experiment. In Exp.AB1 (Figure B.6.a), the AVOC (benzene-D6) was added initially and ex-
posed to sunlight for 4 h before the BVOC mixture from a canister was added, afterwards
the mixture was further photo-oxidized in sunlight. In Exp.AB2 the BVOC from SAPHIR-
PLUS was transferred in SAPHIR first and photo-oxidized for about 5 h, then the AVOC was
injected and the mixture was kept in dark overnight. On the subsequent second day the mix-
ture was exposed to sunlight for another 7 h. In the Exp.AB3 the BVOC from SAPHIR-PLUS
and the AVOC were added together, then the mixture was exposed to sunlight for about 7
h. In the Exp.AB4, BVOC from SAPHIR-PLUS was photo-oxidized for 5 hours before the
injection of AVOC and 40 ppb of NO. The Exp.AB5 was under the same procedure as the
Exp.AB3, except 40 ppb of NO were added before the photo-oxidation started in order to
simulate a high NOx system. The Exp.AB6 was the same as the Exp.AB1, only with BVOC
from SAPHIR-PLUS. In the Exp.AB7, NO together with the AVOC were added initially and
exposed to sunlight for 3 h before the BVOC mixture from SAPHIR-PLUS was added, then
the mixture was further photo-oxidized in sunlight.
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Chapter 4

Data evaluation

4.1 Product yields determination

Further insight on the oxidation products of VOCs under atmospheric conditions is impor-
tant to investigate their oxidation mechanism and to assess their overall reactivity. This is
also important as input to atmosphere models that try to elucidate the atmospheric removal
of VOCs (Grosjean et al., 1993; Lou et al., 2010; Lu et al., 2013; Zannoni et al., 2015). Yield de-
termination experiments in this study include single monoterpene ( β-pinene and limonene)
ozonolysis, and the single isoprene photo-oxidation; the monoterpenes mixture and even-
tually the tree-emitted BVOCs oxidation. Some oxidation products have been reported in a
number of previous reaction chamber studies. Nopinone has long been identified as a major
product in the ozonolysis of β-pinene (Atkinson et al., 2003b; Yu et al., 1999), whereas MVK
and MACR are well-known first generation products of OH-isoprene reaction in the pres-
ence of high NO (Atkinson et al., 2003b; Rivera-Rios et al., 2014; Sprengnether et al., 2002).
Acetone was found in the terpene oxidations to be formed promptly via a series of highly
unstable radical intermediates or slowly via the degradation of stable non-radical products
(Wisthaler et al., 2001).
The PTR-TOF-MS can monitor reactants and products at the same time with a high time res-
olution, thus it was used in the SAPHIR chamber experiments for online measuring of VOCs
at levels down to a few ppt. The gas-phase product molar yield was determined from the
reactant-product time series with a time resolution of 1 minute. The VOC concentrations
measured by the PTR-TOF-MS were corrected for losses through dilution and leakage (see
more chamber description in Chapter 3.1). Different initial reactant/product concentrations
were used along with different flushing rates by taking into account the replenishment flow
and the chamber volume by the following equation describing the dilution in a well stirred
reactor (Apel et al., 2008):

C(t) = C0 × exp
(
− 1

V

∫ t

0
F (t

′
)dt
′
)

(4.1)

Here, F (t) is the replenishment flow rate [m3 h−1], C0 is the initial concentration [ppb] after
injection and mixing (at t = 0); V is the SAPHIR volume [m3]. The dilution rate of all species
in the chamber under a typical replenishment flow of 9 m3 h−1 was calculated to be ∼3%
h−1.
For OH-initiated oxidation experiments, the chamber roof was opened in order to produce
OH radicals. The instantaneous formation of some trace gases (e.g., HONO, acetaldehyde,
acetone, formic acid and acetic acid) was previously observed when the SAPHIR chamber
was exposed to sunlight and these substances are considered to be released from the chamber
walls (Acir, in prep; Rohrer et al., 2005). As a consequence, the measured photo-oxidation
products concentrations must be corrected for this chamber source by using the following
equation:
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Si = ai × jNO2 × (0.21 + 2.6× 10−2 ×RH)× exp[−2880/T ] (4.2)

Si - source of analyte i in SAPHIR [molecule · cm−3s−1]
ai - scaling factor of analyte i
jNO2 - photolysis frequency of NO2 [s−1]
RH - relative humidity in SAPHIR [%]
T - temperature in SAPHIR [K]

The chamber source depends on the temperature (T ), the intensity of light (taken into ac-
count as the photolysis frequency of NO2) and the relative humidity (RH) in SAPHIR. The
compound-specific scaling factor a was investigated in reference experiments (e.g. aacetone
= ∼0.1×1013 cm−3, Acir, in prep). By using this equation, about 300 ppt h−1 of acetone

FIGURE 4.1: Plot of the nopinone produced vs.the amount of reacted β-pinene.
A nopinone yield of 41.1 ± 4.2% is obtained from the slope of the linear fit.
(Note that the error of slope b in the figure does not represent the error of yield

determined with error propagation.)

coming from the chamber walls was calculated for a typical experiment condition (T=298 K,
jNO2=0.004 s−1, RH=50%). As a consequence, in photo-oxidation yield determinations, the
concentration corrections determined above were then subtracted from the experimentally
observed VOC concentration at time t.
The amount of reactant consumed was calculated from the different concentrations between
t0 and t (Ct - C0, both after correction), the product yield was hence calculated from the
slope of the corrected concentration plotted as a function of the amount of consumed reac-
tant (Atkinson et al., 1989; Volkamer et al., 2002). The average of 10 minutes data points
before oxidant addition was used as the initial concentration of the reactant (C0). For the
isoprene oxidation experiments where OH radicals were produced before the addition of
reactant, the measured first data point after isoprene injection was used as C0. Ct was took
when 90% of the reactant was consumed. Figure 4.1 illustrates the product yield determina-
tion of nopinone from β-pinene ozonolysis. Concentrations of β-pinene and nopinone were
corrected according to equation 4.1. No chamber source correction was needed since the
experiment was performed in dark condition. The slope of the linear fit gives a nopinone
yield of 41.1 ± 4.2%. Note that errors of yields reported in this study were calculated by tak-
ing into account of the accuracy of both reactant and product, the standard deviation of the
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initial stage, the error of dilution correction, and if applied, the error of the chamber source
correction.

4.2 Missing OH reactivity investigation

Besides the direct measured OH reactivity kmeasOH by the LP-LIF instrument, the OH reactiv-
ity calculated from the VOC and inorganic measurements kcalOH , was also determined in this
study (equation 1.19), in order to further elucidate the number and abundance of reactive
components that react with OH. Figure 4.2 explicates the approach of using PTR-TOF-MS
data in the comparison of the total OH reactivity. As explained in Chapter 2.1.2, measured
ion signals from the PTR-TOF-MS provide information of mass peak position and peak area.
Each mass peak is assigned with an empirical chemical formula by using a mass list of com-
binations (C, H, O, and N if present) in the mass range of 21 up to 250 amu. The respective
peak area provides information on the signal intensity of the compound. The compound
concentration is obtained either by using a determined sensitivity from calibration, or by ap-
plying an estimated sensitivity of 10 ncps/ppb when no calibration was performed for the
compound.

FIGURE 4.2: Schematic of how missing kOH was determined by comparing OH
reactivity calculated from PTR-TOF-MS data (kOH,PTR) and inorganic com-
pounds (kOH,inorg) to the OH reactivity measured from LIF data (kOH,LIF ).
k∗ is the weighted average rate constant derived from the concentration of

unidentified compounds in the PTR data in order to close the kOH budget.

The concentration of all the compounds that cannot be identified in the PTR-TOF-MS mea-
surements (not included in Table 4.1) was summed. For instance in the β-pinene ozonolysis
experiment, the sum of unidentified compounds resulted in a maximum concentration of
∼60 ppb whereas that of the total identified compounds was ∼80 ppb (Figure 4.3). This is
one of the cases with the highest relative contribution of unidentified compounds. In all
experiments the amount of unidentified compounds is always much less than that of iden-
tified compounds, except for the limonene ozonolysis where the maximum concentration of
unidentified compounds (∼16 ppb) was almost the same as the sum of all identified com-
pounds (∼18 ppb).
For all identified substances, their concentrations and the respective rate constants were then
used in the calculation of the OH reactivity kOH,PTR (see Figure 4.2). The rate constants for
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FIGURE 4.3: Time series of concentrations of identified compounds (red dots)
and unidentified compounds (black dots) from PTR-TOF-MS measurements.
Green vertical line indicates the injection time of VOC, red vertical line the

injection time of O3.

1,2-and 4,3-ISOPOOHs reported by St. Clair et al., 2015 with an efficiency of 20% were used
for the calculation of OH reactivity, as the reaction between ISOPOOHs and OH reforms OH
immediately. Monoterpene identification and quantification were done with the help of the
offline GC-FID/MS as mentioned previously and corresponding rate constants were then
used in the OH reactivity calculation. As for sesquiterpene signal at m/z 205, quantification
was done with the calibrated sensitivity of β-caryophyllene, and the OH reactivity was cal-
culated by taking into account additionally the contribution of α-humulene. Rate constants
used for all identified compounds can be found in Table 4.1 and sensitivities in AppendixA.
By combining kOH,PTR with kOH,inorg, the OH reactivity from inorganic compounds as CO,
NO, NO2, and O3 (measurements from a RGA and CL, more details see Chapter 3.1), the
calculated total OH reactivity kcalOH , was obtained.
The missing OH reactivity is the difference between kcalOH and kmeasOH in case the calculated
one is smaller than the measured one. In some cases with a higher calculated kOH in this
study (within the uncertainty), the reactive components in the atmosphere were considered
as fully identified and quantified by the reactants measurements.
Previous field studies speculated that the missing OH reactivities resulted from unknown /
unmeasured compounds (Lou et al., 2010; Nölscher et al., 2012; Zannoni et al., 2015). To in-
vestigate whether the unidentified substances from the PTR-TOF-MS measurements can be
used in explaining the observed missing OH reactivity (kOH,meas - kOH,cal), the concentration
of all unidentified compounds (

∑
i

[Xi]un−id) was used. As a result an average rate constant

k∗ was derived:

k∗ =
kOH,meas − kOH,cal∑

i
[Xi]un−id

(4.3)

This derived k∗ quantifies the reaction rate of all unidentified compounds in reaction with
OH radicals, which gives in terms of chemical kinetics a further insight at each stage of an
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TABLE 4.1: The OH rate constants k used in calculation of the OH reactivity
(at room temperature and its temperature dependence).

Compound a k (298 K) k (T) Reference(cm3molecule−1s−1)

NO 1.0× 10−11 7.4× 10−31(T/300)−2.4[N2] IUPAC (Jun 2012)
NO2 9.97× 10−12 3.3× 10−30(T/300)−4.5[N2] IUPAC (Jun 2012)
CO 2.41× 10−13 - NIST (1997)
O3 7.3× 10−14 1.7× 10−12 exp(940/T ) IUPAC (Oct 2001)
acetaldehydeb 1.5× 10−11 4.4× 10−12 exp(365/T ) Atkinson et al., 2003a
acetoneb 1.7× 10−13 - Atkinson et al., 2003a
acetic acid 6.9× 10−13 4.0× 10−14 exp(850/T ) IUPAC (May 2009)
α-humulene 2.93× 10−10 - Atkinson et al., 2003a
α-pinenec 5.23× 10−11 1.21× 10−11 exp(436/T ) Atkinson et al., 2003a
β-caryophyllene 2.0× 10−10 - IUPAC (Jun 2014)
benzene-D6 1.14× 10−12 - NIST (1986)
β-pinenec 7.43× 10−11 1.55× 10−11 exp(401/T ) Atkinson et al., 2003a
butanoneb 1.22× 10−12 2.53× 10−18T 2 exp(503/T ) Atkinson et al., 2003a
cyclohexanone 6.39× 10−12 NIST (1998)
ethanol 3.2× 10−12 6.1× 10−18T 2 exp(530/T ) Atkinson et al., 2003a
formaldehyded 9.37× 10−12 1.2× 10−14T exp(287/T ) Atkinson et al., 2003a
formic acid 4.5× 10−13 - IUPAC (Dec 2007)
hydroxyacetone 3.0× 10−12 - NIST (2001)
isopreneb 1.01× 10−10 2.56× 10−11 exp(410/T ) NIST (2002)
limonenec 1.64× 10−10 4.28× 10−11 exp(401/T ) Atkinson et al., 2003a
mesityleneb 5.83× 10−11 - NIST (1998)
methanolb 9.4× 10−13 6.0× 10−18T 2 exp(170/T ) Atkinson et al., 2003a
methyl vinyl ketoneb 2.0× 10−11 2.6× 10−12 exp(610/T ) Atkinson et al., 2003a
methacrolein 2.9× 10−11 8.0× 10−12 exp(380/T ) Atkinson et al., 2003a
methylglyoxal 1.5× 10−11 - Atkinson et al., 2003a
myrcenec 2.15× 10−10 - Atkinson et al., 2003a
nopinoneb 1.5× 10−11 - Atkinson et al., 2003a
o-xyleneb 1.36× 10−11 - Atkinson et al., 2003a
phenol 3.27× 10−11 - NIST (2002)
pinonaldehyde 4.4× 10−11 - Atkinson et al., 2003a
tolueneb 5.63× 10−12 1.18× 10−12 exp(338/T ) Atkinson et al., 2003a
1-penteneb 3.14× 10−11 - Atkinson et al., 2003a
1-butanol 8.5× 10−12 5.3× 10−12 exp(140/T ) IUPAC (Aug 2007)
1,2-ISOPOOH 7.5× 10−11 − St. Clair et al., 2015
4,3-ISOPOOH 1.18× 10−10 − St. Clair et al., 2015
2-methylbut-3-en-2ol 5.6× 10−11 - NIST (2007)
2-methylfuran 6.18× 10−11 - NIST (1992)
2,3-dimethyl-2-butene 1.1× 10−10 - Atkinson et al., 2003a
2,5-dimethylfuran 1.32× 10−10 - NIST (1992)
3-carenec 8.8× 10−11 - Atkinson et al., 2003a

aCompounds in bold are VOCs used as reactants in experiments.
b Sensitivity used in PTR-TOF-MS measurements is listed in A.2.
c Sensitivity used in PTR-TOF-MS measurements is listed in A.1
dConcentration taken from Hantzsch measurements if available, otherwise, a sensitivity of 10

[ncps/ppb] was used in PTR-TOF-MS measurements.

integral chemical reaction.
Overall uncertainties of the calculated total OH reactivity include random and systematic er-
rors. Random errors from measurements precision dominated only in the low range of OH
reactivity, and were not taken into account in this study as they were relatively small (< 2%
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when the concentration was > 1 ppb). Systematic errors include the accuracy of each single
measurement [Xi], as well as the error of the respective rate constant kOH+Xi . Only the most
abundant VOC species making the largest contributions to the kcalOH (> 30%) and inorganic
compounds were included in the uncertainty calculation. For all the other identified com-
pounds making minor contributions to the kcalOH , an uncertainty of 25% was assumed.

TABLE 4.2: The error of rate constants k at 298K.

Substance k_err at 298K [%] Source

NO 10 IUPAC (Jun 2012)
NO2 15 IUPAC (Jun 2012)
O3 15 IUPAC (Oct 2001)
α-pinene 25 Atkinson et al., 2003a
acetaldehyde 20 Atkinson et al., 2003a
β-caryophyllene 15 IUPAC (Jun 2014)
β-pinene 25 Atkinson et al., 2003a
benzene-D6 30 NIST (1986)
isoprene 20 NIST (2002)
ISOPOOH 16 St. Clair et al., 2015
formaldehyde 15 Atkinson et al., 2003a
limonene 20 Atkinson et al., 2003a
methacrolein 25 Atkinson et al., 2003a
methyl vinyl ketone 30 Atkinson et al., 2003a
phenol 10 NIST (2002)

Moreover, for experiments with SOA formation during VOC oxidations, the particulate sur-
face act as an OH sink. In order to examine whether the contribution of aerosol can explain
the observed missing OH reactivity, the OH reactivity of aerosol particles (kp) was estimated
by using the formula from IUPAC heterogeneous processes:

d[X]g
dt

= −kp[X]g = −γ c̄
4

[SS]g[X]g (4.4)

[X]g = concentration of X in the gas phase (molecules cm−3)
c = mean thermal velocity of [X]g (m s−1)
[SS]g = specific surface area of the condensed phase (cm−1)
γ = reactive uptake coefficient, probability of a gas-phase molecule that collides with the
surface will react with the surface (0-1).

where c is calculated from the gas kinetic theory and a mean value of 630 m s−1 was used
for [OH]; γ for OH radicals on aerosol is difficult to measure, a γ value of 0.5 was used in the
calculation (Chapleski et al., 2016). Note that a γ value of 1 could double the calculated OH
reactivity of aerosols.

4.3 O/C ratio calculation

The atomic oxygen-to-carbon (O/C) ratio characterizes the oxidation state of VOCs, which
increases along the oxidation process (t) and results to a ratio of 2 (O:C=2 as in CO2) in a
complete oxidation. The O/C ratio can be derived by elemental analysis of mass spectra ob-
tained in the PTR-TOF-MS measurement, with the assigned empirical formula (which gives
the corresponding atomic O/C ratio of compound i, (O/C)i) for a mixture of compounds
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and the respective concentration [Xi]:

(O/C)t =
∑
i

(O/C)i × [Xi]t (4.5)

In the atmosphere, aged air masses have a higher O/C ratio than air masses containing
fresh released VOCs because of oxidation processes, thus by calculating the O/C ratio in one
oxidation experiment, the variation of oxidation as a function of time can be tracked.
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Chapter 5

Plant emitted BVOC measurements

The newly-built plant chamber SAPHIR-PLUS provides an environment in which param-
eters can be chosen for plant physiology investigation. Sufficient transfer efficiency from
PLUS to SAPHIR ensures the use of the plant chamber as a source of BVOC emissions from
real plants in atmospheric simulation experiments in SAPHIR. Seven sets of plants were used
in this study, including isoprene-emitting trees, monoterpene-emitting trees, stressed trees
and mixed tree species. The BVOC emissions measured in SAPHIR-PLUS are presented in
this chapter.

5.1 Overall plant emissions

The overall monoterpene and sesquiterpene speciation for the seven sets of trees determined
from the offline GC-FID/MS data is shown in Table 5.1. Emissions of each plant set were
sampled in SAPHIR-PLUS with absorbent tubes at the highest light intensity. Numbers in
brackets indicate the measured mixing ratios, note that the concentrations of isoprene were
obtained with the PTR data.
Five most abundant monoterpenes (α-pinene, β-pinene, ∆3-carene, limonene, myrcene) were
calibrated with the PTR-TOF-MS, their sensitivities can be found in AppendixA. The other
monoterpenes detected by the offline GC-FID/MS were grouped into these 5 compounds,
according to their rate constants in reaction with OH radicals (see Table 4.1). Only two
sesquiterpenes( β-caryophyllene andα-humulene) having considerable proportions are listed
in Table 5.1, other sesquiterpenes were also grouped into these 2 compounds with their rate
constants in reaction with OH.
Comparisons with reported emission of different tree species are also laid out in Table 5.1.
The emission of Quercus ilex was mainly monoterpenes but only a small amount of isoprene,
which was in accordance with the findings from Staudt et al., 1995 and Kesselmeier et al.,
1999. The highest emitted monoterpene was α-pinene as expected. No sesquiterpenes were
detected by the offline GC-FID/MS, suggested that the status of the six Quercus ilex was "nor-
mal". By contrast, more sesquiterpenes than monoterpenes were detected in the Picea abies
emission, indicating a "stressed" status of these six trees. For this tree species, no β-pinene
was detected, but the β-pinene/sabinene accounted for 20% in the study of Grabmer et al.,
2006, the rest monoterpene composition was similar to their findings. The six Betula pendula
were also considered as "stressed" as high sesquiterpenes emissions were detected. Quercus
robur as an isoprene emitter, showed low concentrations of monoterpenes and sesquiterpenes
during the peak emission. The set of six Pinus sylvestris was used for two campaigns through
a long period, therefore its emission was sampled in three times with one-week interval. The
emissions of isoprene and sesquiterpenes were fairly small comparing to the large amount
of monoterpenes emitted by our Pinus sylvestris. A big quantity of ∆3-carene but a few α-
pinene were found for the six Fagus sylvatica, this did not match the observation from Kim
et al., 2011, where the major monoterpene emission was α-pinene. The mix trees comprised
three Pinus sylvestris and three Fagus sylvatica emitted unexpectedly higher quantity of β-
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pinene but lower proportion of ∆3-carene comparing to the emissions from these two trees
species.

5.2 Light- and temperature-dependent plant emissions

The evergreen Quercus ilex (Holm oak) is reported to be an important mediterranean monoter-
penes emitter with small quantity of methanol and isoprene emissions. BVOC emissions
monitored in this study were dominated by monoterpenes, minor emissions of isoprene and
methanol were also observed with the overall emission pattern typical for Quercus ilex trees
in the growing season (Kesselmeier et al., 1999; Staudt et al., 1998). One example of the
Quercus ilex emission of monoterpenes (red circles) and isoprene (blue triangles) is shown in
Figure 5.1. Monoterpenes emission was close to zero when the lights were off in SAPHIR-
PLUS and gradually escalated with light intensity. The highest concentration (∼ 13 ppb) in
that day was observed shortly after the light maximum, then dropped rapidly with light in-
tensity. Same diurnal emission behavior for isoprene despite its small emitted amount (< 0.5
ppb).

FIGURE 5.1: Observed monoterpenes (red circles, scale on the left) and iso-
prene (blue triangles, scale on the right) emissions from Quercus ilex. Light

condition is shown in yellow background.

VOCs are produced in plant leaves and released into the atmosphere by passing through the
stomata. Some VOCs can be stored after synthesis in special cells or organs and their release
is regarded as a volatilization out of storage organs. Other VOCs do not have storage pools
in the plant organs so their synthesis and emissions are directly interrelated (Kesselmeier
et al., 1999).
Monoterpenes and methanol are reported to be stored in plant secretory tissues whereas iso-
prene is reported to have no storage pool found in any plants (Kesselmeier et al., 1999; Ni-
inemets et al., 2003; Rapparini et al., 2004). For these three compounds, Figure 5.2 shows the
dependence of their relative emissions on light intensity at three different air temperatures.
Emissions were normalized with the emission at the maximum illumination (C/CI,max). As
already acknowledged, monoterpenes and isoprene relative emissions by Quercus ilex re-
sponded strongly to the diurnal cycle of light intensity (Figure 5.2, upper and middle panel).
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Their relative emissions were close to 0 under dark conditions and reached the maximum
slightly after the highest light intensity. The normalized isoprene and monoterpenes emis-
sion responses to light in all temperature regimes exhibited similar patterns. Isoprene emis-
sion was found to be triggered by illumination and is never stored in plants after its pro-
duction as no isoprene storage exists (Kesselmeier et al., 1999). Monoterpenes emission in
our study seemed to be directly linked to a photosynthesis-dependent process as well. Pre-
vious studies regarding Quercus ilex also pointed out that for this tree species, monoterpenes
emission responses to light are similar to isoprene, as no monoterpenes storage pools exist,
hence the emissions are more related to actual photosynthetic activity than to temperature
(Kesselmeier et al., 1999; Staudt et al., 1995, 1993).

FIGURE 5.2: Response of emissions to light intensity for Quercus ilex under dif-
ferent temperature conditions. Concentrations of monoterpenes, isoprene and
methanol were normalized with observed concentrations at maximum light

intensity (CI,max)
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Methanol relative emission emerged an abrupt escalation shortly after the beginning of il-
lumination. This was more pronounced at lower temperature regimes after normalization,
since CI,max was smaller under lower temperature conditions (Figure 5.2, lower panel). This
phenomenon has been observed previously for different plant species both in field and labo-
ratory experiments under controlled conditions (Folkers et al., 2008; Kesselmeier et al., 1999;
Niinemets et al., 2003). The reason of the large burst of VOC emission in the morning was
described by physic-chemical processes: during darkness when stomata are nearly closed,
the plant produced soluble VOCs (i.e., carboxylic acid, aldehydes, alcohols) are accumulated
in aqueous phase in the plant leaves; in the morning, when stomata open, VOCs are released
as a pulse in gas phase into the atmosphere. The observed morning eruption were the most
evident for methanol in our study due to its high emission rate from Quercus ilex and its high
solubility in water (Folkers et al., 2008; Niinemets et al., 2003).
For the temperature dependence study, 4 hours averaged peak emissions around simulated
noon time were normalized to the peak emissions at 30 ◦C (also 4 hours averaged data at
peak illumination), results are shown in Figure 5.3. The monoterpenes relative emissions (red
circles) responses to temperature followed an exponential escalation from 13 to 31◦C, con-
firming the well-known strong temperature dependency of monoterpenes emissions from
Quercus ilex. In previous emission studies, a formula described by Tingey et al., 1980 is usu-
ally used to simulate the temperature dependence of monoterpenes emission:

E = Es × exp[β × (T − Ts)] (5.1)

E is the emission at temperature T , Es is the emission at standard temperature Ts of 30 ◦C,
the slope β found in the literature ranges between 0.057 and 0.144 ◦C−1. A generally ac-
cepted average slope value of 0.09 ◦C−1 (Guenther, 1993) was plotted in Figure 5.3. In this
study, monoterpenes emissions increased with a slope of 0.11 ± 0.02 ◦C−1 which is in good
agreement with the literature.

FIGURE 5.3: Response of emissions to increases in temperature for Quercus ilex.
Error bars were calculated by using error propagation based on the standard
deviation for the concentration at 30 ◦C and the measured temperatures. An

empirical slope of 0.09 (Guenther, 1993) is shown as the red dotted line.
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Isoprene relative emission (blue triangles) also exhibited an exponential increase with tem-
perature, this can be explained by an enzyme activation: the enzyme isoprene synthase is
activated with rising temperature, leading to increased emissions. It is worth mention that
an enzyme denaturation was also found at high temperatures (i.e., > 33 ◦C) reducing emis-
sions (Guenther, 1993).
Methanol relative emission (black squares) on the other hand escalated linearly with tem-
perature, with a 10% increase in peak emissions every ∼4 ◦C in the temperature range from
13 to 31 ◦C. Results of characteristics of plant emissions were published on Atmospheric
Measurement Techniques as Hohaus et al., 2016.
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Chapter 6

Product yields from BVOCs oxidations

Product yields give insight on the atmospheric fate of VOCs, yet few studies of product
yields from plant emitted BVOCs oxidation have been reported. In this chapter, product
yields determined from BVOC oxidations with different complexity of the BVOC systems
are listed and compared to the literature: from single monoterpene ( β-pinene and limonene)
ozonolysis and the single isoprene photo-oxidation, to the monoterpenes mixture ozonolysis,
and at last to the tree-emitted BVOCs oxidation.

6.1 Single BVOCs

The first set of experiments includes oxidation of three single BVOCs: isoprene, β-pinene
and limonene, which are among the most abundant tree-emitteded BVOCs in ambient air
(Grosjean et al., 1993; Guenther et al., 2012).
An example of the monitored VOCs variations is demonstrated (Figure 6.1) for the ozonoly-
sis of β-pinene, with a time resolution of 1 min. Gaps are measurements in the plant chamber
SAPHIR-PLUS, that are not discussed here. At the beginning of the experiment, overnight

FIGURE 6.1: Time series of observed concentration (ppb) of the injected β-
pinene and its major products. Vertical lines show the times of addition of

VOCs (green), O3 (red), and the time when roof was opened (blue).

purged SAPHIR was humidified to the set humidity of 60%, background measurements were
made after the completion of humidification. Afterwards, β-pinene (m/z 137, green dots in
the figure) was injected into the chamber to achieve a proposed mixing ratio of 120 ppb,
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the adding time is marked with the green vertical line. Yet approximately 100 ppb were
detected by the PTR-TOF-MS, resulting in a recovery of 0.83. After quantifying the initial
concentration of β-pinene, O3 was added about one hour later (red vertical line) and the
mixture was kept in the dark overnight. The initial conditions of relative humidity and the
concentrations of all additives can be seen in Table 3.2. The chamber roof was opened the
next morning (blue vertical line) in order to produce OH radicals from photolysis of O3 and
HONO. During the initial phase of the ozonolysis, concentrations of nopinone (m/z 139, yel-
low dots) and acetone (m/z 59, dark blue dots) were found to raise proportionally to the
consumption of β-pinene, less than 10% of β-pinene was left in the chamber after 2 hours. A
large production of nopinone of over 30 ppb in concentration was observed the first 90 min
after O3 injection, the acetone formed was about 9 ppb. Concentrations seen here were all
before dilution corrections (Chapter 4.1). The molar yield of formed nopinone and acetone
were 0.41±0.04 and 0.1±0.09, respectively.
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FIGURE 6.2: Structure of high mass products from β-pinene ozonolysis.

Table 6.1 lists detected products with their molar yields from the reaction of β-pinene ozonol-
ysis, together with yields reported in the literature (in italic). Nopinone is long known as the
major product from the reaction of β-pinene with OH and O3, its structure together with
that of other high-molecular products are shown in Figure 6.2. Previous studies reported
nopinone molar yields vary from 0.158-0.17 to 0.51 ± 0.09 for the β-pinene/O3 reaction. A
nopinone molar yield of 0.41 ± 0.04 was determined in our study. Considering that the re-
action of β-pinene with O3 produces hydroxyl radicals (Atkinson et al., 2003b), our high
nopinone yield could be influenced by nopinone formed in the β-pinene/OH reaction. Our
nopinone yield is in agreement with that determined by Hatakeyama et al., 1989, where no
OH scavenger was used as well. Further, H2O has shown to affect the yields of nopinone
regarding experiments performed in the presence of cyclohexane as OH scavenger (Winter-
halter et al., 2000). Hakola et al., 1994 and Lee et al., 2006 conducted their experiment at
relative humidities of ∼5%. The H2O concentrations were not reported in other studies in
the presence of cyclohexane (Grosjean et al., 1993; Yu et al., 1999), these experiments were
assumed to be performed under dry conditions. In fact, in the study of Winterhalter et al.,
2000, a higher nopinone yield of 0.51 ± 0.09 was found at high relative humidity (∼ 50%),



6.1. Single BVOCs 53

comparing to the low nopinone yield of 0.16 ± 0.04 under dry condition (∼ 5% of relative
humidity). Note that our experiment was conducted under high humidity (60%) condition
in order to better compare the result to plant emitted β-pinene ozonolysis in a natural envi-
ronment.

TABLE 6.1: Products formed, and their yields, from the reactions of β-pinene
with O3.

m/z Chemical Substance Yield Referencedetected formula

139 C9H14O nopinone 0.41±0.04 This work
0.4±0.02 Hatakeyama et al., 1989
0.22a Grosjean et al., 1993
0.23±0.05a Hakola et al., 1994
0.158-0.17a Yu et al., 1999
0.16±0.04a Winterhalter et al., 2000
0.51±0.09ab Winterhalter et al., 2000
˜0.4a Atkinson et al., 2003b
0.17±0.02a Lee et al., 2006

59 C3H6O acetone 0.1±0.09 This work
0.07±0.05a Reissell et al., 1999
0.04a Atkinson et al., 2003b
0.009±0.009a Atkinson et al., 2003b
0.036±0.003a Lee et al., 2006

47 CH2O2 formic acid 0.15±0.05 This work
0.02-0.05a Atkinson et al., 2003b
0.04±0.004a Lee et al., 2006

141 C8H12O2 2,2-dimethyl-cyclobutane- 0.02±0.01 This work
1,3-dicarboxaldehyde 0.0029-0.0035a Yu et al., 1999

153 C9H12O2 3-oxo-pina-ketone 0.14±0.04 This work
0.018-0.076a Yu et al., 1999
0.061±0.01a Lee et al., 2006

155 C9H14O2 hydroxy pine ketone 0.14±0.04c This work
0.15±0.05 Winterhalter et al., 2000
0.066-0.079a Yu et al., 1999
0.047±0.01a Lee et al., 2006

157 C8H12O3 2,2-dimethyl-3-formyl- 0.01±0.003c This work
cyclobutyl-methanoic acid

171 C9H14O3 norpinonic acid 0.01±0.002c This work
0.046-0.143a Yu et al., 1999
0.001±0.0003a Lee et al., 2006

185 C10H16O3 pinonic acid 0.02±0.004c This work
0.0041-0.0056a Yu et al., 1999
0.011±0.003a Lee et al., 2006

187 C9H14O4 pinic acid 0.001±0.001c This work
0.017-0.025a Yu et al., 1999
0.02±0.01a Winterhalter et al., 2000

aIn the presence of an OH scavenger.
bAt higher relative humidity.
cConsidered as a secondary product.
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As for acetone, a molar yield of 0.1 ± 0.09 was observed, slightly higher (yet within the un-
certainty) than in other studies where an OH scavenger was added. Figure 6.3.a shows the
correlation between concentrations of consumed β-pinene and formed acetone in ppb. As
explained in Chapter 4.1, both concentrations were corrected for the dilution loss and the
Ct was chosen when 90% of the reactant was consumed. Figure 6.3.b lays out variations of
consumed β-pinene and acetone yield as a function of time. To get a more comprehensive
picture, a longer period is plotted, which starts 10 mins before the O3 injection and ends sev-
eral hours after the oxidation. At the first 60 mins of the oxidation, a higher acetone yield of
up to 0.19 was observed. This high yield could be due to the β-pinene/OH reaction, since the
β-pinene/O3 reaction also produces OH radicals as reported in previous studies (0.35+0.18

−0.12 in
yield, Atkinson et al., 2003b). Additionally, acetone yields of 0.13 and 0.27 from OH-initiated
oxidation of β-pinene were found by Wisthaler et al., 2001 and by Kaminski, 2014, respec-
tively, both were higher than the reported acetone yields of reaction between β-pinene with
O3.

a) Acetone yield from β-pinene ozonolysis.

b) Acetone yield and consumed β-pinene as a function of time.

FIGURE 6.3: Measured yield of acetone from the β-pinene/O3 reaction.
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The highest reported formic acid yield from β-pinene ozonolysis was 0.04 ± 0.004 (Lee et al.,
2006), where experiments were conducted at < 10% relative humidity. Our humid experi-
mental condition could be the cause of the large disagreement (0.15 ± 0.05 in this study) on
the formic acid yield.
Hydroxy pine ketone detected at m/z 155 in the PTR-TOF-MS spectra was quantified with
an assumed sensitivity of 10 ncps/ppb and had a yield of 0.14 ± 0.04 from the β-pinene
ozonolysis, whereas a yield in the range between 0.047 and 0.15 was found in the literature.
The produced hydroxy pine ketone was not linear to the consumed β-pinene. It revealed a
suppressed increase along the amount of reacted β-pinene, and a higher value after the to-
tal consumption of β-pinene (see Figure C.1 in AppendixC). Potential losses on the chamber
walls at the beginning of the experiment may result in the suppressed increase. Nevertheless,
this behavior fit the conjecture of Winterhalter et al., 2000, where the hydroxy pine ketone
was reckoned a secondary product.
The 3-oxo-pina-ketone yield was 0.14 ± 0.04, much higher compared to 0.018-0.076 reported
in previous studies. 3-oxo-pina-ketone at m/z 153 was also quantified with the assumed
sensitivity, more, the signal detected at m/z 153 was only tentatively assigned as 3-oxo-pina-
ketone according to the reported productm/z from β-pinene ozonolysis. PTR measurements
cannot determine if one particular compound completely represents an observed oxidation
product mass. Signals at m/z 153 could be interfered by other substances/fragments as the
PTR cannot separate isomeric compounds, plus the 3-oxo-pina-ketone could itself, fragment
onto otherm/z. Consequently, the mixing ratio of 3-oxo-pina-ketone might be possibly over-
estimated or underestimated. This study gives a reference of observed product yields and
compares them to the literature, products might even be named differently but were pro-
posed the same structure in different studies. We try to explain the disagreement between
our observation and other studies. The yields in the previous studies have been determined
under different conditions (e.g., the reactant concentration level, the temperature and the
relative humidity). It is very difficult to distinguish whether a measurement error or the
measurement conditions are the reason for differences among the reported yields.
The other high mass product yields were low and exhibited slight disagreement with pre-
vious studies, their structures could be seen in Figure 6.2. 2,2-dimethyl-cyclobutane-1,3-
dicarboxaldehyde yield was 0.02± 0.01 in this study, yet an even lower yield of 0.0029-0.0035
was reported by Yu et al., 1999. They also identified the product 2,2-dimethyl-3-formyl-
cyclobutyl-methanoic acid, unfortunately no yield was reported there, whereas a yield of
0.01 ± 0.003 was observed in our experiments. The rest high mass acids: norpinonic acid,
pinonic acid, and pinic acid, having nominal reported yields (< 0.02) were observed with low
yields in this study as well. All correlations between the formed product and the consumed
reactant, together with time series of the consumed reactant and the product yield could be
found in AppendixC.
Limonene, a monoterpene with two double bounds, one endo- and one terminal, is reported
to have a very high potential to be an important source of biogenic SOA (Maksymiuk et
al., 2009; Zhang et al., 2006), yet its gas-phase oxidation products were not well character-
ized. Ozone reacts with limonene via addition to the two unsaturated carbon-carbon dou-
ble bonds. Grosjean et al., 1993 found that the observed product limona ketone (4-acetyl-
1-methylcyclohexene) were consistent with ozone addition on the terminal C –– C bond and
no carbonyl products were directly formed by the addition of ozone on the endo- double
bond. However, Zhang et al., 2006 reported that the terminal double bond was oxidized
simultaneously with the endo- double bond. Nørgaard et al., 2006 also observed that the
product limonene endo-ozonide at the high mass of 185 amu was formed secondarily by
ozone addition on the endo- double bond in the gas-phase ozonolysis of limonene. The pro-
posed structure of the secondary endo-limonene ozonides and the isomeric limononic acid
are shown in Figure 6.4, together with structures of some other high mass products from
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limonene ozonolysis.
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FIGURE 6.4: Structure of high mass products from limonene ozoznolysis.

No significant oxidation products from the reaction of limonene with O3 were reported by
previous studies (see Table 6.2). Reissell et al., 1999 investigated the acetone formation in
the limonene ozonolysis and found an acetone yield smaller than 0.02. Hakola et al., 1994
detected limona ketone (4-acetyl-1-methylcyclohexene) as the only gas-phase product from
dark limonene ozonolysis with a molar yield less than 0.04. Grosjean et al., 1993 found the
formation of both formaldehyde (0.1) and limona ketone (0.02). Atkinson et al., 2003b iden-

TABLE 6.2: Products formed, and their yields, from the reactions of limonene
with O3.

m/z Chemical Substance Yield Referencedetected formula

47 CH2O2 formic acid 0.16±0.04 This work
0.03-0.1a Atkinson et al., 2003b

59 C3H6O acetone 0.02±0.002 This work
< 0.02a Reissell et al., 1999
∼0.02a Atkinson et al., 2003b

61 C2H4O2 acetic acid 0.16±0.02 This work

139 C9H14O limona ketone 0.01±0.003 This work
≤0.04a Hakola et al., 1994
0.02a Grosjean et al., 1993
˜0.01a Atkinson et al., 2003b
0.0076±0.0008 Ham et al., 2016
0.0081±0.0009a Ham et al., 2016

169 C10H16O2 endolim 0.008±0.003 This work
˜0.01a Atkinson et al., 2003b
0.16±0.005 Ham et al., 2016
0.05±0.008a Ham et al., 2016

171 C9H14O3 3-acetyl-6-oxoheptanal 0.003±0.001 This work
0.015±0.002 Ham et al., 2016

185 C10H16O3 limononic acid 0.006±0.002 This work
0.021±0.001 Ham et al., 2016
0.019±0.003a Ham et al., 2016

aIn the presence of an OH radical scavenger.
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tified the two mentioned products with yields of 0.19 and ∼0.01, respectively, as well as the
formation of endolim (3-isopropenyl-6-oxo-heptanal, 0.01), acetone (0.02), and formic acid
(0.03-0.1).
Ham et al., 2016 studied the limonene ozonolysis in both the presence/absence of an OH
scavenger and observed 5 major products, the 2-acetyl-5-oxohexanal (m/z 156) reported in
their study could not be attributed to detected masses here.
Acetone yield in our experiment was 0.02 ± 0.002 in accordance with the previous yield re-
ports. The most common products limona ketone and endolim molar yields observed here
were 0.01 ± 0.003 and 0.008 ± 0.003, respectively, both were in agreement with reported
yields. The product 3-acetyl-6-oxoheptanal observed at m/z 171 had a yield of 0.003± 0.001,
Ham et al., 2016 reported a 3-acetyl-6-oxoheptanal yield of 0.015 ± 0.002 from the limonene
+ O3 reaction but this product was not observed when cyclohexane was added as an OH
scavenger. Limononic acid at m/z 185 having a yield of 0.006± 0.002 is also smaller than the
two values reported by Ham et al., 2016, with or without an OH scavenger. Note that their
experiments were also conducted in a humid chamber (50% of relative humidity), though no
humidity influence on the limonene ozonolysis product has been reported. A high formic
acid yield of 0.16 ± 0.04 was observed, comparing to that of 0.03-01 reported by Atkinson
et al., 2003b. The acetic acid yield determined in this study was 0.16 ± 0.06 yet its yield has
not been reported from the limonene ozonolysis.
The dominant loss mechanism for isoprene in the atmosphere is reaction with OH radicals
(Guenther, 1993; Sprengnether et al., 2002). The organic peroxy radicals (RO2) formed from
the OH-initiated isoprene oxidation primarily reacts with either HO2 or with NO, the latter
is well-known anthropogenic in origin. Under pristine low NO conditions, reactions with
HO2 dominate the fate of RO2, to form hydroperoxides (ISOPOOHs). On the other hand
under polluted urban conditions, reactions with NO lead to the formation of formaldehyde
and MVK/MACR and HO2 radicals that react in turn with NO to regenerate OH and form
NO2 (Fuchs et al., 2013; Peeters et al., 2014; Rivera-Rios et al., 2014; St. Clair et al., 2015). The
chemical structure of the four major products are shown in Figure 6.5.
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FIGURE 6.5: Structure of products from isoprene photo-oxidation.

Isoprene photo-oxidation products presented here were all corrected for both dilution loss
and chamber source, since experiments were conducted under sunlight irradiation. Previous
studies reported the major oxidation products MVK + MACR yields range from 0.52 ± 0.02
to 0.72 ± 0.07 under high NO conditions, a yield of 0.68 was calculated by Galloway et al.,
2011 with the Leeds Master Chemical Mechanism (MCM) v. 3.2. In this study, MVK + MACR
yields of 0.79± 0.15 at high NO level (> 1 ppb) and of 0.83± 0.16 under middle NO condition
(∼0.5 ppb) were observed (Table 6.3), this was slightly higher than reported yields but were
consistent within experimental uncertainties. A few studies reported ISOPOOHs yield from
isoprene photo-oxidation at low NO level. The molar yield of ISOPOOHs was 0.8 ± 0.15
in our experiment, in reasonable agreement with yields obtained by Paulot et al., 2009b (>
0.7). The time series of products yields under different NO conditions exhibited interesting
differences (Figure 6.6). Under high- and mid- NO conditions (Figure 6.6.a and b), MVK +
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TABLE 6.3: Products formed, and their yields, from the reactions of isoprene
with OH radicals at different NO levels

m/z Formula Substance Yield Yield Yield Referencedetected (high NO) (mid NO) (low NO)a

71 C4H6O MVK+MACR 0.79±0.15 0.83±0.16 This work
0.54±0.12b Tuazon et al., 1990
0.61±0.06 Atkinson et al., 2003b
0.54±0.07 Atkinson et al., 2003b
0.72±0.07 Sprengnether et al., 2002
0.68±0.04 Karl et al., 2006
0.66 Paulot et al., 2009a
0.52±0.02 Galloway et al., 2011
0.68c Galloway et al., 2011
0.7±0.03 Liu et al., 2013

71 C5H10O3 ISOPOOH 0.8±0.15 This work
> 0.7 Paulot et al., 2009b

73 C3H4O2 methylglyoxal 0.12±0.02d 0.17±0.05d 0.19±0.06d This work
0.042e Galloway et al., 2011

aAdded O3 as a NO scavenger.
bCorrected by Atkinson, 1997 to take into account O(3P) atom reactions.
cCalculated with MCM v.3.2 for high NOx conditions.
dConsidered as a secondary product.
eInferred from the mechanism presented by Paulot et al., 2009a.

MACR yields revealed a prompt increase to more than 1 at the beginning of the oxidation.
As the chamber source has been corrected, this abnormal high yield could be from bias on
the MVK + MACR concentration. Signals at m/z 71 in the PTR measurements were evalu-
ated with only MVK sensitivity, the PTR might be more sensible for monitoring MACR, lead
to a slight overestimation on the concentration, and this could affect the momentary yield
determination since small amount of isoprene (∼2.4) was used in the experiments. How-
ever, the PTR measurements provided an insight on the MVK + MACR yield variation over
the time, it decreased along the whole experiment, indicating the instant reaction of both
compounds to form higher generation products. On the other hand, ISOPOOHs yield un-
der low-NO conditions (Figure 6.6.c) emerged a gradual increase after the photo-oxidation
started, its yield also dropped during the photo-oxidation, yet the decrease was much slower
than that of MVK + MACR. The IEPOX formed from the reaction of ISOPOOHs oxidation,
having fragments also at m/z 71, could affect the observed ISOPOOHs yield and cause this
lingering decrease. As mentioned in Chapter 2.1.3, signals at m/z 71 were treated with only
ISOPOOH sensitivity and roughly divided by 2 to get the ISOPOOHs concentration.
Theoretical work of Dibble, 2004 suggested a mechanism for methylglyoxal formation as a
first-generation product from isoprene oxidation under high NOx conditions. Paulot et al.,
2009a sketched a mechanism of OH-initiated oxidation of isoprene under high NOx condi-
tions, revealing the formation of methylglyoxal in several first steps of the oxidation. Gal-
loway et al., 2011 inferred a methylglyoxal yield of 0.042 from the mechanism presented
by Paulot et al., 2009a, and developed a new isoprene oxidation scheme laying out that the
methylglyoxal production can be first-generation production from isoprene, and secondary
production via MVK, MACR. They have also reported the methylglyoxal yield from OH re-
actions with MVK and MACR being 0.24 ± 0.001 and 0.08 ± 0.005, respectively. Time series
of methylglyoxal yields in this study revealed continuous increase during the whole oxida-
tion (AppendixC, Figure C.3, Figure C.4, and Figure C.5), implying its secondary production
from the isoprene oxidation products. The methylglyoxal yields were from 0.12± 0.02 to 0.19
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± 0.06 at different NO levels, with the highest yield being observed surprisingly in low-NO
experiment. Methylglyoxal was indeed reported as higher-generation product in the reac-
tion scheme of low-NO isoprene photo-oxidation (Peeters et al., 2014), yet no molar yield
was given. Jacobs et al., 2013 reported a yield of 0.12 of methylglyoxal from IEPOX—the
well-known high-generation isoprene photo-oxidation product at low-NO level.
We also observed the formation of formic and acetic acids, however, the correlations between
produced acids and consumed isoprene manifested poor linearity (< 0.3), so their yields were
not discussed in this study.

a) At high-NO level, MVK + MACR yield and consumed isoprene as a function of time.

b) At mid-NO level, MVK + MACR yield and consumed isoprene as a function of time.



60 Chapter 6. Product yields from BVOCs oxidations

c) At low-NO level, ISOPOOHs yield and consumed isoprene as a function of time.

FIGURE 6.6: First-generation products yields from isoprene photo-oxidations.

6.2 BVOC mixture

Product yields from the ozonolysis of two monoterpene mixtures (Exp.BM1 and BM2) are
listed in Table 6.4, together with yields calculated (in italic) from the literature, and from the
single BVOC ozonolysis yields reported above. The formic acid yield was 0.2± 0.05 in the β-
pinene and limonene mixture (Exp.BM1), higher than the yields obtained in both ozonolysis
of single β-pinene (0.15 ± 0.05) and single limonene (0.16 ± 0.04). However, this value was
considered in consistence with the calculated yield (0.15 ± 0.04) from the two single BVOC
ozonolysis by taking into account the uncertainty. The observed acetic acid yield (0.08± 0.02)
from the BM1 ozonolysis was higher than the calculated one (0.03 ± 0.003) as no acetic acid
yield was obtained in the β-pinene ozonolysis. The rest product yields found in the BM1
ozonolysis were in accordance with that in the two single BVOC ozonolysis regarding the
uncertainties. Note that signals detected at m/z 139 were treated with nopinone sensitivity
in the PTR measurements.
Higher acids yields were observed in the ozonolysis of monoterpene mixture Exp.BM2 com-
paring to the Exp.BM1, especially in acetic acid yields, suggested higher acetic yields from
α-pinene and myrcene comparing to that from limonene. Acetone yields from myrcene was
the highest (0.21±0.03-0.29, Atkinson et al., 2003b) among reported monoterpenes ozonoly-
sis. Hence the myrcene-containing mixture BM2 was expected to have a higher acetone yield
than BM1. An acetone yield of 0.14 ± 0.04 was obtained in the BM2 ozonolysis, that calcu-
lated with the yields reported by Reissell et al., 1999 was 0.09± 0.02. Higher acetone yield in
this study was reasonable since no OH scavenger was used in our ozonolysis experiments.
As explained above, acetone yields from monoterpene reaction with OH were usually higher
than reaction with O3. The product at m/z 75 having a yield of 0.07 ± 0.06 was identified
as hydroxyacetone from the myrcene ozonolysis, as myrcene is the only monoterpene with
reported hydroxyacetone yield (Atkinson et al., 2003b). The observed yield was higher than
the calculated one (0.02) after taking into account of the myrcene proportion in the BVOC
mixture, yet commensurable with the calculated result regarding the large uncertainty. The
pinonaldehyde yield of 0.06 ± 0.03 was much lower than that calculated (0.35 ± 0.04) with
yield reported by Hatakeyama et al., 1989 where no OH scavenger was used as well. Never-
theless, the pinonaldehyde yield was in minor differences with other studies.
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TABLE 6.4: Observed products, and their yields, from the ozonolysis of BVOC
mixture. Yields shown in italic are calculated from yields reported in the liter-

ature, or from the single BVOC ozonolysis yields shown above.

m/z Chemical Substance Yield Yield Reference
detected formula BM1a + O3 BM2b + O3

47 CH2O2 formic acid 0.20±0.05 0.22±0.09 This work
0.15±0.04 This work**

59 C3H6O acetone 0.10±0.03 0.14±0.04 This work
0.09±0.08 This work**

0.09±0.02c Reissell et al., 1999

61 C2H4O2 acetic acid 0.08±0.02 0.21±0.03 This work
0.03±0.003 This work**

75 C3H6O2 hydroxyacetone - 0.07±0.06 This work
0.02c Atkinson et al., 2003b

139 C9H14O nopinone/limona ketone 0.35±0.09 - This work
0.34±0.04 This work**

141 C8H12O2 2,2-dimethyl-cyclobutane- 0.03± 0.004 - This work
1,3-dicarboxaldehyde 0.02±0.01 This work**

151 C10H14O pinonaldehyde - 0.06±0.03 This work
0.13±0.03c Hakola et al., 1994
0.35±0.04 Hatakeyama et al., 1989
0.04-0.13c Yu et al., 1999
0.11±0.02c Atkinson et al., 2003b
0.10±0.02c Atkinson et al., 2003b

153 C9H12O2 3-oxo-pina-ketone 0.16±0.06 - This work
0.12±0.04 This work**

155 C9H14O2 hydroxy pine ketone 0.14±0.01 - This work
0.12±0.03 This work**

157 C8H12O3 2,2-dimethyl-3-formyl- 0.01±0.002 - This work
cyclobutyl-methanoic acid 0.01±0.002 This work**

171 C9H14O3 norpinonic acid 0.01±0.001 - This work
0.01±0.002 This work**

185 C10H16O3 pinonic acid 0.01±0.002 - This work
0.02±0.004 This work**

aA monoterpene mixture of β-pinene (83%) and limonene (17%).
bA forest mixture I consists of α-pinene (68%), limonene (21.5%) and myrcene (10.5%).

** Yield calculated with the obtained β-pinene and limonene yields shown above.
cIn the presence of an OH radical scavenger.

6.3 BVOCs from plant emission

In the final set of experiments, oxidation product yields from emissions of five sets of plants
were monitored and listed in Table 6.5 for monoterpene-dominant and isoprene-dominant
emissions. Over 98% of the six Quercus ilex trees emission were monoterpenes, they were
also the major emitted by six Pinus sylvestris trees, more than 97% in comparison with iso-
prene and sesquiterpenes. Monoterpenes accounted for > 92% in the six Fagus sylvatica trees
emission. Mix tree (three Pinus sylvestris and three Picea abies) emission consisted of over
97% of monoterpenes. As for the the six Quercus robur trees, isoprene was > 99% of the to-
tal emitted BVOCs. Yields were also inferred with reported values and the corresponding
monoterpene proportion for different tree emission oxidations (shown in italic in Table 6.5),
depending on their availabilities. For the reason that no important products at mass 138 amu
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were reported in monoterpenes oxidations other than nopinone from β-pinene oxidations,
the oxidation product detected at m/z 139 in the PTR-TOF-MS was reckoned as nopinone
in the yield determinations of tree emissions. Same reason for the product at m/z 151 being
identified as pinonaldehyde.
Formic acid and acetic acid have been found to be the mainly released organic acids by
land vegetation, and are blamed for up to 60% of the acidity in precipitation in remote areas
(J. Kesselmeier et al., 1997; Kesselmeier et al., 1999). Formic acid yields listed here were al-
ways higher than the inferred yields, which were calculated with the monoterpene speciation
and yields reported by Atkinson et al., 2003b. Note that here the inferred result presented
an upper-limit yield for each plant emission oxidation. Unfortunately, no reported formic
acid yield available for ∆3-carene ozonolysis, this would affect its calculated yield especially
from the oxidation of Pinus sylvestris emission, where 61% of the emitted monoterpenes were
∆3-carene. No formic acid yield was successfully determined for the oxidation of Fagus syl-
vatica emission, because of the poor linear regression between the formed formic acid and
the consumed monoterpenes. The notable high formic acid yield in the ozonolysis of mix
tree emission could be affected by re-evaporation of water vapor that condensed on the sam-
pling line at night, since formic acid is highly soluble in water. Note that this experiment was
performed in October with low outside temperature, condensation might happen when the
sample air passed through the outdoor valve system. Possibly the same reason for the ob-
served high yields of acetic acid and acetone, that have high water solubility. Acetone yields

TABLE 6.5: Products formed, and their yields, from the reactions of plant emit-
ted monoterpenes with O3 and of plant emitted isoprene with OH radicals.
Yields shown in italic are calculated from yields reported in the literature, or

from the single BVOC ozonolysis yields shown above.

m/z Substance Quercus Pinus Fagus Mix trees Quercus
detected ilex sylvestris sylvatica robur

47 formic acid 0.28±0.08 0.15±0.04 - 0.57±0.22
0.11a 0.1a 0.09a 0.11a

59 acetone 0.13±0.06 0.17±0.02 0.15±0.01 0.2±0.01
0.12±0.02b 0.19±0.03b 0.14±0.02b 0.13±0.02b

61 acetic acid 0.23±0.2 0.13±0.03 - 0.35±0.03

139 nopinone 0.07±0.01 0.03±0.01 0.42±0.08 0.07±0.02
0.08±0.008* 0.02±0.003* 0.01±0.002* 0.09±0.009*

151 pinonaldehyde 0.03±0.01 0.11±0.03 - -
0.05c 0.03c 0c 0.06c

71 MVK+MACR 0.57±0.11

73 methylglyoxal 0.14±0.04

a Yield calculated based on the monoterpene speciation and the upper-limit formic acid yields reported
by Atkinson et al., 2003b.

b Yield calculated based on the monoterpene speciation and the acetone yields reported by Reissell et al.,
1999.

* Yield calculated based on the monoterpene speciation and the nopinone yield reported in the β-pinene
ozonolysis.

c Yield calculated based on the monoterpene speciation and the upper-limit of pinonaldehyde yield
reported by Yu et al., 1999.

calculated with the monoterpene speciation and yields reported by Reissell et al., 1999 are
shown in the table. A slightly higher acetone yield was observed in the mix tree emission ox-
idation, possible explanations were discussed above. The rest acetone yields were consistent
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with the inferred results regarding the uncertainties. No acetic acid yields available for any
of the monoterpenes, so its yields determined here could not be compared to the literature.
Nopinone yields calculated with the β-pinene proportion and the yield reported in earlier
β-pinene ozonolysis were in good agreement with the measured yields, except the anomaly
in the Fagus sylvatica emission ozonolysis, only 1.1% of the emitted monoterpene is β-pinene,
yet a nopinone yield of 0.42 ± 0.08 was observed.
For the shown photo-oxidation of Quercus robur tree emissions, the main oxidation products
atm/z 71 were identified as MVK and MACR as the monitored NO level was over 0.1 ppb in
the system. Both the MVK + MACR yield (0.57 ± 0.11) and the methylglyoxal yield (0.14 ±
0.04) from the photo-oxidation of Quercus robur tree emission were in accordance with yields
presented above (single isoprene photo-oxidation at high-NO, Table 6.3), within the uncer-
tainty range. The slight lower MVK + MACR yield agreed even better with yields reported
in the literature.
It is well known that BVOC emissions significantly exceed AVOC emissions on the global
scale, with emission rate of the diverse BVOCs dependent on plant species, vegetation period
and temperature (Guenther et al., 2012; Kesselmeier et al., 1999; Koppmann, 2008). BVOCs
emitted by plants, in particular isoprene and monoterpenes, as well as their oxidation prod-
ucts are involved in the atmospheric chemistry. For example, the long lifetime of acetone (See
Table 1.2) allows for transport to the upper-troposphere, where its photolysis becomes an im-
portant source for PAN (peroxyacetyl nitrate). PAN acts as a temporary reservoir for NOx

and has a potential to form aerosols (Arnold et al., 1986; Janson et al., 2001). Atmospheric
formic and acetic acids, could be both primary emitted or secondary formed from VOC ox-
idations. They could increase the acidity of rainwater and have the potential to modify the
hygroscopic properties of SOA since they are highly water-soluble (Wang et al., 2007). As it
shown above, the reactions of O3 with biogenic emitted terpenes are also important sources
of OH radicals in the atmosphere (Atkinson et al., 2003b). Information on VOCs oxidation
products is important to better understand the mechanism of oxidation and the formation
of SOA. Moreover, the atmospheric SOA has been found to be largely affected by products
from VOC ozonolysis (Donahue et al., 2007; Lee et al., 2006). Therefore, knowledge on the
nature and the yields of products from different tree-emitted BVOC oxidation is crucial for
comprehending the impact of the biogenic SOA formation. To date, no studies have been car-
ried out to determine product yields from oxidations of real tree-emitted terpenes. Our study
provides product yields from different tree emissions which are comparable with yields from
single BVOC oxidation found in previous studies. Therefore, this product study can help to
precise regional chemical transport models and to develop global climate models.
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Chapter 7

Results and discussion of the OH
reactivity

This chapter discusses the comparison between measured OH reactivity from the LP-LIF
measurements (kmeasOH ) and calculated OH reactivity from the PTR-TOF-MS and the inorganic
measurements (kcalOH ), with the equation demonstrated in Chapter 1.1 (Eqn 1.19). Note that
from the PTR measurements, only identified substances with respective rate constant were
included in kcalOH (Table 4.1). Results are presented here in BVOC and AVOC parts with
increased complexity of the system, to examine if there is a trend of missing OH reactivity
with more complex atmospheric system.

7.1 Missing OH reactivity for BVOCs oxidations

Figure 7.1 displays the limonene ozonolysis experiment (Exp.BS2), where NO was added to
explore the night time NO3 oxidation. At the injection of 25 ppb of limonene (green vertical
line), the kcalOH was larger than the kmeasOH , probably due to the large uncertainties for the LP-
LIF instrument above 60 s−1 of OH reactivity (as explained in Chapter 2.3). After the injection
of O3 (red vertical line), the OH reactivity decreased rapidly and was less than 3 s−1 after 2
hours (lower panel), no discernible major product was observed. At this stage the measured
OH reactivity was ∼13 s−1 with a missing fraction of 75% compared to the calculated one
(mid-panel). As a matter of fact, the biggest missing OH reactivity in the whole study was
found in the limonene ozonolysis period (see Figure 7.8 for the overview of the whole set
of experiments). For all the unidentified compounds, a higher k∗ value was obtained at the
beginning of the oxidation to close the observed large missing OH reactivity (upper panel).
Note that at this stage of experiment, the sum of unidentified compounds manifested a rapid
increase, indicating the existence of some reactive oxidation products, which was generated
rapidly and was not included in the kOH calculation. The derived k∗ decreased gradually
with the oxidation process to about 1× 10−11 cm3 molecule−1 s−1 by the end of the day. The
added NO lead to the formation of NO3 radicals with O3 present in the dark chamber. By
the time the NO was added (grey vertical line), compounds left in the chamber returned an
OH reactivity of about 2 s−1 whereas the kmeasOH was ∼9 s−1, resulting in a missing fraction
of more than 70%. After the addition of NO, the ratio of kcalOH over kmeasOH increased but not
the absolute missing OH reactivity, this is reflected also in the smooth decay of the k∗. No
increase of the missing OH reactivity during the night, implying that nitrate chemistry is not
an important source of the unmeasured oxidized products.
No important oxidation products with high molar yield were reported for the limonene
ozonolysis as discussed above. The only two products (formic acid and acetic acid) hav-
ing yields of more than 10% are much less reactive than the other products (see Chapter 6.1
for more details on the product yield). Gas-phase reaction of O3 and limonene cannot explain
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FIGURE 7.1: Exp.BS2: Limonene ozonolysis and night time nitrate oxidation.
Lower panel shows the kcalOH with respect to the contribution of species in dif-
ferent colors, together with the kmeas

OH (black dots). The calculation uncertainty
of kcalOH is shown in grey shadow, black error bars are one σ of the kmeas

OH . Col-
ored vertical lines indicate the injection time of VOC (green line), O3 (red), and
NO (grey line). Middle panel shows the ratio of kcalOH over kmeas

OH (black line)
with the upper and lower limit of the uncertainty (grey shadow). Upper panel
is the rate constant (k∗) derived from the unidentified compounds to explain

the missing kOH .

alone the observed large missing OH reactivity. Grosjean et al., 1993 found that aerosol prod-
ucts account for 22% of total carbon of the reacted limonene in the reaction with ozone, addi-
tionally, the unsaturated carbonyl products also react with ozone and lead to low-volatility
OVOCs. Zhang et al., 2006 confirmed the potential of limonene to be a very important source
of biogenic SOA. In our limonene ozonolysis experiment, a SOA mass concentration of about
40 µg/m3 was found, with a high total surface concentration of 2.5 × 109 nm2 cm−3. How-
ever, the calculated OH reactivity on aerosol particles was only 0.2 s−1 by using the proposed
reactive uptake coefficient of 0.5 (see Eqn 4.4), which is not able to explain the large missing
fraction of OH reactivity. Mogensen et al., 2011 analyzed the particles formation events oc-
curred during a field campaign with the measured data set of OH reactivity and observed
that the missing OH reactivity increased during the particle formation event. They found
that the missing OH reactivity could not be explained by OH loss on particles surface, but
rather by OH oxidation with VOCs to form higher oxidized semi-volatile compounds. In our
case with the PTR measurements, those higher oxidized, possibly highly reactive products
might be excluded in the OH reactivity calculation since only identified compounds were
considered.
Experiment BM3 (Figure 7.2) simulated a more complicated atmospheric environment with
OVOCs and β-caryophyllene presenting stressed tree emissions. No significant missing OH
reactivity was observed during the injections of acetaldehyde and MVK/MACR mixture.
Nevertheless, a missing fraction of about 10% appeared after the injection of β-caryophyllene.
As there was no oxidation during this period, the missing OH reactivity is likely to be caused
by the weak accuracy of the PTR measurements, since the lowest accuracy (> 20%, see Ap-
pendix.A) was obtained for β-caryophyllene among all compounds in this study.
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FIGURE 7.2: Exp.BM3: Forest mixture II ozonolysis. Lower panel shows the
kcalOH with respect to the contribution of species in different colors, together
with the kmeas

OH (black dots). The calculation uncertainty of kcalOH is shown in
grey shadow, black error bars are one σ of the kmeas

OH . Colored vertical lines
indicate the injection time of VOCs (green line) and O3 (red). Middle panel
shows the ratio of kcalOH over kmeas

OH (black line) with the upper and lower limit
of the uncertainty (grey shadow). Upper panel is the rate constant (k∗) derived

from the unidentified compounds to explain the missing kOH .

After the addition of O3, a prompt depletion of β-caryophyllene within minutes was ob-
served. The missing OH reactivity revealed a drastic increase, probably due to the signifi-
cant secondary organic aerosol formation from the ozonolysis of β-caryophyllene. Aerosol
mass yield from 12% to almost 100% have been observed for β-caryophyllene oxidations
(Helmig et al., 2006). Unfortunately there was no aerosol measurements in our experiment
to calculate the OH reactivity on aerosol particles. Grosjean et al., 1993 investigated gas-
phase products from the dark ozonolysis of β-caryophyllene and observed the only product
was formaldehyde (80% yield). Whereas Calogirou et al., 1997 identified the formation of
formaldehyde (14% yield) and several semi-volatile ketoaldehydes (β-caryophyllone alde-
hyde, β-nocaryophyllone aldehyde, etc.) as the main gas-phase reaction products. Jaoui et
al., 2003 reported higher yields of β-caryophyllone aldehyde and β-nocaryophyllone alde-
hyde than those reported by Calogirou et al., 1997, together with other products resulted a
total carbon mass yield of 24.5% in the gas-phase. Lee et al., 2006 used PTR-MS to study
the gas-phase products of reaction between O3 and β-caryophyllene, and reported product
yields as: formaldehyde (76 ± 20)%, acetaldehyde (0.9 ± 0.3)%, acetone (1.1 ± 0.3)%, formic
acid (3.9 ± 1)%, acetic acid (20 ± 5)%, with a total carbon mass yield of (39 ± 2)%. The
measured kOH remained high even if almost no β-caryophyllene ozonolysis products were
detected in this study. This was likely to infer that some reactive products contributing to the
missing OH reactivity were not included in the calculation due to their unsuccessful identi-
fication in the PTR measurements.
The sum of the unidentified compounds in the PTR measurements was less than 5 ppb, and
remained nearly constant during the whole oxidation process. A k∗ value of about 5× 10−11

cm3 molecule−1 s−1 was derived at the first stage of the β-caryophyllene ozonolysis. After
∼2 hours oxidation, the k∗ value decreased gradually to about 1×10−11 cm3 molecule−1 s−1.
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Considering that there was no significant deviation on the unidentified oxidation products,
these results implicated the existence of some very reactive products that were generated im-
mediately in the β-caryophyllene ozonolysis and were transformed into less reactive second
order products.
Finally a more complex system with real plant emission was studied with the help of the
plant chamber. SAPHIR was coupled to SAPHIR-PLUS for several hours till the transferred
plant emission reached the desired concentration in SAPHIR. Figure 7.3 exhibits the ozonol-
ysis of emissions from 6 Quercus ilex trees (Exp.BP1). Monoterpene dominated the emissions
(> 97%) and its speciation was determined by the offline GC-FID/MS (see Table 5.1). The
kOH from monoterpenes was calculated by using their respective rate constants.

FIGURE 7.3: Exp.BP1: Ozonolysis of Quercus ilex tree emissions. Lower panel
shows the kcalOH with respect to the contribution of species in different colors, to-
gether with the kmeas

OH (black dots). The calculation uncertainty of kcalOH is shown
in grey shadow, black error bars are one σ of the kmeas

OH . Colored vertical lines
indicate the start/end time of coupling with the plant chamber (green line),
and the injection of O3 (red). Middle panel shows the ratio of kcalOH over kmeas

OH

(black line) with the upper and lower limit of the uncertainty (grey shadow).
Upper panel is the rate constant (k∗) derived from the unidentified compounds

to explain the missing kOH .

No missing OH reactivity was observed during the transfer period when no oxidation was
occurring, a missing fraction was observed after the injection of O3. The kcalOH over kmeasOH ratio
dropped from ∼1 to ∼0.8 after the ozonolysis. In addition, the derived k∗ value showed the
same pattern as observed in the two previous examples, a mildly higher value at the begin-
ning of the oxidation period and then decreased slowly to about 1 × 10−11 cm3 molecule−1

s−1. A rapid increase of the unidentified product at the first minutes of the ozonolysis was
detected. This was possibly consisted of unmeasured high-amount reactive compounds that
could be the explanation for the abrupt increase of the missing OH reactivity at the begin-
ning of the oxidation.
The pattern is slightly different in the photo-oxidation of Quercus robur tree emissions (Fig-
ure 7.4, Exp.BP6). OH radicals were generated from photolysis of O3 and HONO by oper-
ating the chamber roof (blue vertical lines). A missing OH reactivity already emerged at the
transfer stage where the dominant compound in the system was emitted isoprene (> 99%).
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The main oxidation products at m/z 71 were identified as ISOPOOHs since the injected O3
lead to a very low NO level (< 50 ppt) in the system. The generated acetaldehyde was from
both the isoprene photo-oxidation and the chamber source (Rohrer et al., 2005). As observed
in previous examples, the missing OH reactivity revealed an increase during the oxidation
period compared to the reactant period (transfer stage), and the derived k∗ value decreased
again to about 1 × 10−11 cm3 molecule−1 s−1 at the end of the experiment. The missing
OH reactivity at the transfer stage might be caused by an underestimation of the isoprene
concentration from the PTR measurements. In fact, about 10% underestimation of the iso-
prene concentration was constantly observed in the whole set of experiments comparing to
the online GC-FID/MS data (see Figure A.2 in Appendix.A). For comparison, the total OH
reactivity calculated with the GC measurements was also plotted in the figure in red crosses.
It did close the OH reactivity gap during the transfer period. However, after the oxidation,
an even bigger discrepancy between measured and calculated OH reactivity was observed
for the GC measurements. These results implied the existence of some reactive products that
were not detected by both methods.

FIGURE 7.4: Exp.BP6: photo-oxidation of Quercus robur emissions. Lower
panel shows the kcalOH with respect to the contribution of species in different
colors, together with the kmeas

OH (black dots). The calculation uncertainty of
kcalOH is shown in grey shadow, black error bars are one σ of the kmeas

OH . kOH

calculated with GC data is shown in red crosses with error bars showing the
calculation uncertainty. Colored vertical lines indicate the start/end time of
coupling with the plant chamber (green line), the injection of O3 (red), and the
roof operation (blue). Middle panel shows the ratio of kcalOH over kmeas

OH (black
line) with the upper and lower limit of the uncertainty (grey shadow). Up-
per panel is the rate constant (k∗) derived from the unidentified compounds to

explain the missing kOH .

7.2 Missing OH reactivity for AVOCs oxidations

In the single AVOC photo-oxidation experiment AS1 (Figure 7.5), the calculated and mea-
sured OH reactivity were very close when there was only benzene-D6 in the system. Small
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fraction (∼10%, within the uncertainty) of missing OH reactivity was observed. Both kcalOH

and kmeasOH demonstrated an increase after the roof was opened, indicating that the benzene-
D6 photo-oxidation products were more reactive than the reactant (Volkamer et al., 2002).
The major oxidation product identified was phenol-D6 and its concentration measured by
the PTR-TOF-MS was only∼3 ppb at the end of the experiment, while the GC-FID/MS mea-
sured 18 ppb. Total OH reactivity calculated with the GC data was thus plotted in Figure 7.5
in red crosses. Yet the GC data displayed much higher OH reactivity than the measured one
(black dots in the Figure) during the photo-oxidation phase. However, the discrepancy be-
tween measured OH reactivity and calculated from PTR measurements was within the error
range. The bias on the phenol-D6 concentration measured by PTR was probably caused by
the deuteration of the phenol-D6 as the calibration factor of phenol was used.

FIGURE 7.5: Exp.AS1: Photo-oxidation of benzene-D6 (low NOx). Lower
panel shows the kcalOH with respect to the contribution of species in different
colors, together with the kmeas

OH (black dots). The calculation uncertainty of
kcalOH is shown in grey shadow, black error bars are one σ of the kmeas

OH . Colored
vertical lines indicate the injection of VOC (green line) and the roof opera-
tion (blue). Middle panel shows the ratio of kcalOH over kmeas

OH (black line) with
the upper and lower limit of the uncertainty (grey shadow). Upper panel is
the rate constant (k∗) derived from the unidentified compounds to explain the

missing kOH .

The kcalOH/kmeasOH ratio showed a slight decrease along the photo-oxidation process. A stable
k∗ value of about 2× 10−11 cm3 molecule−1 s−1 was derived for all unidentified compounds
to close the observed missing OH reactivity. As the sum of the unidentified compounds were
increasing during the whole experiment (< 7 ppb), this seemed to imply that the unidentified
products were becoming less reactive with OH. Furthermore, the SOA mass concentration
measured in the experiment was small (∼ 4 µg/m3), with a low total surface concentration
of about 2×108 nm2 cm3. By using the Eqn 4.4, this returned an OH reactivity on aerosol
particles of 0.02 s−1, yet together with measured gas-phase VOCs, this is not able to close
the missing OH reactivity. These results suggested that there were some gas-phase reactive
products which were not identified and included in the OH reactivity calculation by the PTR
measurements.
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The calculated and measured OH reactivity exhibited no discrepancy for the two urban mix-
ture oxidation experiments (Exp.AM1 and Exp.AM2). Figure 7.6 elucidates the second urban
mixture oxidation experiment. The experiment was conducted in October where the over-
head sunlight was not strong (the recorded photolysis frequency jNO2 was more than 2
times higher in June). 1 ppm of CO was added (the second grey vertical line) to cleanse OH
radicals produced from the photolysis of O3 and HONO. This lead to the reaction of AVOC
only with the added O3. The oxidation of AVOCs was more slowly comparing to BVOCs,
only 20% of AVOCs were consumed at the end of the experiment. No evident reactive oxida-
tion products were detected. Furthermore no evident missing OH reactivity was observed
during the whole experiment, leading to a derived k∗ value close to 0. This result proved the
good agreement between the PTR-TOF-MS and the LP-LIF instruments, as well as the high
sensitivity of both methods to the atmosphere system changes.

FIGURE 7.6: Exp.AM2: Ozonolysis of Urban mixture 1. Lower panel shows
the kcalOH with respect to the contribution of species in different colors, together
with the kmeas

OH (black dots). The calculation uncertainty of kcalOH is shown in
grey shadow, black error bars are one σ of the kmeas

OH . Colored vertical lines
indicate the injection of VOCs (green line), injection of O3 (red), injection of
NO2/CO (grey), and the roof operation (blue). Middle panel shows the ratio
of kcalOH over kmeas

OH (black line) with the upper and lower limit of the uncer-
tainty (grey shadow). Upper panel is the rate constant (k∗) derived from the

unidentified compounds to explain the missing kOH .

In the more complex system, mixed air masses containing AVOC and tree-emitted BVOC
were simulated. Again in the Exp.AB3 (Figure 7.7), the total OH reactivity calculated with the
online GC-FID/MS data (red crosses) showed higher values than the measured one during
the oxidation period due to measured high phenol-D6 concentration (in comparison to that
measured by the PTR). The OH reactivity calculated with the PTR measurements demon-
strated an overestimation of the kcalOH for the A/BVOC mixture. This could be caused by
the overestimated monoterpene concentration in the PTR measurements or the uncertainty
of monoterpene speciation from the offline GC data. The kcalOH/kmeasOH ratio continuously de-
clined during the photo-oxidation stage, the missing fraction was more than 20% at the end

1Adding along a VOC-OH trace standard containing 2-methylfuran and mesitylene.
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of the experiment. This returned a k∗ value of about 1.5 × 10−11 cm3 molecule−1 s−1 for all
unidentified compounds (< 14 ppb). In addition, the SOA total surface concentration was
about 3.5×108 nm2 cm3, thus the OH reactivity on aerosol particles was calculated to be 0.03
s−1, again not able to explain the missing OH reactivity. These results implicated once more
the presence of gas-phase reactive products, which have slightly lower reaction rate con-
stant than phenol (3.27× 10−11 cm3 molecule−1 s−1) but are more reactive than benzene-D6

(1.14× 10−12 cm3 molecule−1 s−1).

FIGURE 7.7: Exp.AB3: Photo-oxidation of the BVOC 2and benzene-D6 mix-
ture. Lower panel shows the kcalOH with respect to the contribution of species
in different colors, together with the kmeas

OH (black dots). The calculation uncer-
tainty of kcalOH is shown in grey shadow, black error bars are one σ of the kmeas

OH .
Colored vertical lines indicate the roof operation (blue). Middle panel shows
the ratio of kcalOH over kmeas

OH (black line) with the upper and lower limit of the
uncertainty (grey shadow). Upper panel is the rate constant (k∗) derived from

the unidentified compounds to explain the missing kOH .

7.3 Discussion of missing OH reactivity

An overview of the OH reactivity comparison is demonstrated in bars (Figure 7.8) for the
whole set of experiments (Exp.AS2 was not included in the overview due to the lack of mea-
surements during the reactant stage). Bars present the mean kcalOH over kmeasOH ratio of selected
2 stages of each experiment—reactant phase (in black) and product phase (in red). Error bars
show respective uncertainties determined via error propagation. The reactant phase was se-
lected i) several hours before the injection of oxidants when there was only reactant in the
chamber; or ii) only the first five-minute data points for experiments where reactants were
added after opening the chamber roof. The product phase was defined as period starting
from 50% loss of the major reactant during the oxidation. However, due to the slow reaction
of AVCOs with OH radicals, in the oxidation experiments containing AVOCs, the selected
product phase started when only 20% of AVOC reactant was consumed. Due to the high un-

2BVOCs from 6 Pinus sylvestris trees emission.
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FIGURE 7.8: Overview of mean kcalOH/kmeas
OH ratio for reactant phase (in black)

and product phase (in red), error bars showing respective uncertainties deter-
mined via error propagation. MT= monoterpenes, SQT= sesquiterpenes, and

ISOP= isoprene.
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certainty for the LP-LIF instrument above 60 s−1 of OH reactivity, plus no dilution performed
for the sampled air, there was no data for the reactant phase in the β-pinene ozonolysis ex-
periment (Exp.BS1, time series is shown in Appendix.A).
In general, the discrepancy (missing fraction of the OH reactivity) was larger in the oxida-
tion phase than in the reactant phase (except for Exp.BS7-9 and Exp.AM2), indicating that
more oxidation products from reactive primary biogenic/anthropogenic precursors were
not included in our OH reactivity calculation. The exceptional cases of the three isoprene
photo-oxidation experiments BS7-9, and the urban mixture oxidation experiment AM2 will
be discussed below.
The biggest missing OH reactivity was observed in the limonene ozonolysis period (Exp.BS2
in Figure 7.9, blue box), where only less than 25% of OH reactivity could be explained by the
VOCs measurements. Note that more than 100% of OH reactivity was calculated than the
measured one when there was only limonene in the system (within error range). On the other
hand, the ozonolysis of β-pinene (Exp.BS1) had a smaller missing OH reactivity with about
∼65% recovered by the VOCs measurements since the main oxidation product nopinone was
well characterized. Nopinone molar yield is comparable with literature (41.1%, see Chap-
ter 6.1 for more details). Formaldehyde was also identified as an important product from
reaction of β-pinene and O3, yields ranged from 42 to 76% were reported (Atkinson et al.,
2003b; Grosjean et al., 1993; Hatakeyama et al., 1989; Winterhalter et al., 2000). Unfortu-
nately no formaldehyde data available from the Hantzsch measurements in this experiment.
The high instability of the PTR-TOF-MS for quantifying formaldehyde (underestimation by
a factor of 3 to 5, see Chapter 2.1.1) might be a reason for the underestimation of the OH
reactivity. The ozonolysis of β-pinene/limonene mixture (Exp.BM1) had a kcalOH over kmeasOH

ratio of ∼55% in the product phase, which is, as expected, in between of ∼25% and ∼65%
for the two single BVOC oxidations discussed above. The reason that a notable missing
fraction was already revealed at the reactant phase is due to the high OH reactivity (> 170
s−1) measured at this stage. The photo-oxidation of limonene under high NOx condition
(Exp.BS3) revealed less unknown oxidation products than in the limonene ozonolysis exper-
iment. About 63% of OH reactivity could be explained by the VOCs measurements in the
product phase. Formaldehyde data from the Hantzsch measurements was used in the kcalOH ,
as a matter of fact, the mixing ratio was ∼4 times higher than what measured by the PTR-
TOF-MS.

FIGURE 7.9: Mean kcalOH/kmeas
OH ratio of reactant phase (in black) and product

phase (in red) for single BVOC and BVOC mixtures, error bars showing re-
spective uncertainties determined via error propagation. MT= monoterpenes.
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When the system complexity was increased in the forest mixture simulation experiments,
calculated OH reactivity of two BVOC mixture oxidation experiments—BM2 and BM3 (Fig-
ure 7.9, pink box)—showed better agreement with measured ones. The less missing OH
reactivity in the monoterpene mixture ozonolysis (Exp.BM2) than in the single limonene
ozonolysis (Exp.BS2) confirmed again the poor understanding in the limonene oxidation. In
the oxidation period, Exp.BM3 (sesquiterpenes and OVOCs mixture) had a smaller kcalOH over
kmeasOH ratio of 83% compared to 96% in Exp.BM2. However, the observed missing OH reac-
tivities were not significant when considering the relative uncertainties. The highly reactive
oxidation products of sesquiterpenes are most likely the source of the observed missing OH
reactivity, since those products were not successfully identified and included in the PTR data
calculation. On the other side the higher gas-particle portioning of sesquiterpenes (from 12
to almost 100%, Helmig et al., 2006) compered to monoterpenes (18-32%, Emanuelsson et al.,
2013) could be another reason for the difference in the missing OH reactivity.

FIGURE 7.10: Mean kcalOH/kmeas
OH ratio of reactant phase (in black) and product

phase (in red) for isoprene experiments, error bars showing respective uncer-
tainties determined via error propagation. ISOP= isoprene.

Light green box encloses all results from injected or plant emitted isoprene oxidation exper-
iments (Figure 7.10). For the first time, higher kcalOH/kmeasOH ratios were found in the oxida-
tion phase for the experiments BS7-9. In addition, notable missing OH reactivities already
emerged during the injection of isoprene except for the isoprene ozonolysis experiment BS9.
It is worth mention that, for the Exp.BS9, in addition to the fact that CO was added as an OH
scavenger, this experiment was conducted in October when the photolysis frequency was
low, therefore one hour data after only 30% of isoprene loss was averaged as the product
phase. No missing OH reactivity was observed for the Exp.BS9. For the rest isoprene photo-
oxidation experiments, the missing OH reactivity at the reactant phase suggests an underes-
timation of the isoprene concentration from the PTR-TOF-MS measurements. kOH calculated
from GC-FID/MS measurements confirmed the presence of unmeasured OVOCs since it re-
vealed even more missing OH reactivity than the PTR data during the oxidation period.
Different product identification from distinct isoprene oxidation pathways—MVK/MACR
under high- and mid-NO conditions and ISOPOOHs in low-NO isoprene oxidations—did
not show any tendency in the missing OH reactivity, identified different products could be
seen in AppendixB.
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Dark green box in Figure 7.11 encloses plant emitted monoterpenes oxidation experiments.
Considering the uncertainties, almost all measured OH reactivity could be explained by mea-
sured monoterpenes at the reactant stage. The only exception happened in the Exp.BP8 (18%
missing OH reactivity) where the highest OH reactivity was measured during the whole set
of experiments (> 200 s−1). This extreme high value could cause large measurements bias
in the LP-LIF instrument as explained before (see Chapter 2.3). Additionally, higher missing
OH reactivity (5-48%) was always found in the oxidation phase and no systematic differ-
ences between the photo-oxidation and ozonolysis of plant emitted monoterpenes.

FIGURE 7.11: Mean kcalOH/kmeas
OH ratio of reactant phase (in black) and product

phase (in red) for tree emitted MT (monoterpenes) or SQT (sesquiterpenes)
experiments, error bars showing respective uncertainties determined via error

propagation.

For oxidations of sesquiterpene-abundant plant emissions (red box in Figure 7.11), bigger
missing OH reactivity (44-55%) in the product phase than in the reactant phase (0-25%) was
again observed, suggesting unmeasured high reactive products from sesquiterpenes oxida-
tion. In general, discrepancy in both phases was higher than when the plant emission mainly
consisted of monoterpenes. The bigger discrepancy in the reactant phase might be a result
from the low measurement accuracy for sesquiterpenes in the PTR-TOF-MS measurements
(see sensitivity table in AppendixA). The discrepancy in the product phase might be caused
by unmeasured high reactive products or by the higher gas-particle portioning of sesquiter-
penes as mentioned before. Nölscher et al., 2012 used the Comparative Reactivity Method
(CRM) to measure the total OH reactivity in a Finnish boreal forest, they quantified VOCs
mixing ratio with a GC-MS and obtained an averaged kcalOH over kmeasOH ratio of 42% under
normal boreal conditions. However, their biggest discrepancy of only 11% of the total OH
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reactivity recovered by VOCs measurements was observed when sesquiterpenes dominated
in the heat stress emissions.
Overall the discrepancy was not significant for all photo-oxidation experiments containing
AVOCs (Figure 7.12, brown box). Same rise in missing OH reactivity from reactant to oxida-
tion period was observed again, suggesting more unmeasured oxidation products resulting
from reactive primary biogenic/anthropogenic precursors. Nevertheless, in the Exp.AM2, a
slightly better closure was found in the oxidation phase. The largest discrepancy happened
in the product phase of the Exp.AB3 when the heterogenous system consisted of both bio-
genic and anthropogenic VOC reactants. An overestimation of 22% of OH reactivity was
calculated for the A/BVOC mixture, possibly caused by the overestimated monoterpene
concentration from the PTR measurements or the uncertainty of monoterpene speciation
from the offline GC data. Not likely to be caused from bias on the AVOC measurements
since the same amount of 290 ppb of benzene-D6 was injected in all experiments, and no
remarkable inconsistency of the benzene-D6 concentration was discovered in the Exp.AB3.
Nevertheless, only ∼67% of the measured OH reactivity was recovered by VOCs monitored
in the photo-oxidation phase. The missing OH reactivity did not show any tendency when
the complexity of the AVOC system increased, nor when the NOx level changed.

FIGURE 7.12: Mean kcalOH/kmeas
OH ratio of reactant phase (in black) and product

phase (in red) for experiments containing AVOCs, error bars showing respec-
tive uncertainties determined via error propagation. MT= monoterpenes.

Globally, the biggest missing OH reactivity in our study was found in the limonene ozonol-
ysis, not much oxidation products were found for the reaction between limonene and O3.
This resulted also missing OH reactivity for oxidations of mixtures containing limonene.
Poor agreement between measured and calculated OH reactivity found in the isoprene ox-
idation experiments might be improved with improvement of the PTR-TOF-MS calibration
on quantifying isoprene. Distinct oxidation pathways of the isoprene oxidation did not show
a systematic difference on the missing OH reactivity. The oxidation of sesquiterpenes mix-
ture had a bigger missing OH reactivity than that of monoterpenes mixture. The same pat-
tern was also observed in oxidations of these two compounds from tree emissions: in general
when the BVOC system was dominated by sesquiterpenes the missing OH reactivity is larger
than that in the system containing mainly monoterpenes. Single AVOC oxidation revealed
a smaller missing OH reactivity than the two single BVOC oxidations. The oxidations of
AVOC mixtures had less missing OH reactivity than that of BVOC mixtures as well. Addi-
tionally no trend was observed when the AVOC system became more complex.
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The atomic oxygen-to-carbon (O/C) ratio, which characterizes the oxidation state of the at-
mosphere system, was derived from the PTR measurements for each experiment. In order
to get a further insight on the correlation between missing OH reactivity and the oxidation
progress, the kcalOH over kmeasOH ratio was plotted against the O/C ratio in Figure 7.13. Same
reactant (in black) and product (in red) phase as discussed above was used but the error bars
indicate standard deviation of the kcalOH/kmeasOH ratio for the averaged phase.
O/C ratio ranged from 0.003 to 0.807 in the whole set of experiments. The smallest ratio was
found in the Exp.AS1 when 290 ppb of benzene-D6 (O/C=0) were injected, a small amount
of other common compounds such as acetone, which is always present in the ambient air,
might be the cause of the small value of the O/C ratio. The biggest O/C ratio lied in the prod-
uct phase of Exp.BS7 where formaldehyde (O/C=1) was added prior to the isoprene photo-
oxidation. In each experiment O/C ratio always increased from reactant phase to product
phase (more details see Table B.1 and Table B.2). The kcalOH/kmeasOH ratio showed a downward
tendency when the O/C ratio increased. Considering that the O/C ratio was calculated with
all VOCs measured (identified and unidentified) from the PTR data, this correlation between
the kcalOH/kmeasOH and the O/C ratio suggests an unknown OH sink of oxygenated compounds
which were not included in our OH reactivity calculation.

FIGURE 7.13: An overview of kcalOH/kmeas
OH ratio vs the O/C ratio. Reactant

phase is shown in black and product phase in red, with distinction between
AVOC (round dot) and BVOC (triangle) systems. Error bar is one σ of the

averaged period.

k∗ value derived from the missing OH reactivity and the unidentified compounds was aver-
aged for the same reactant (in black) and product (in red) phase as shown in Figure 7.14. No
systematic difference was noted for derived k∗ between AVOC and BVOC reactions nor be-
tween reactant and product phases. In case there was an overestimation of the calculated OH
reactivity, the k∗ value was negative therefore was excluded from discussion. The averaged
k∗ value ranged from 1.1 × 10−12 to 159.4 × 10−12 cm3 molecule−1 s−1. The extreme high k∗

values happened when the measured OH reactivities were higher than 60 s−1 (Exp.BM1 and
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FIGURE 7.14: An overview of averaged k∗ values for reactant and product
period.
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Exp.BM8). But the highest derived k∗=159.4 × 10−12 cm3 molecule−1 s−1, is still in a reason-
able order, smaller than the rate constant of β-caryophyllene (200.0 × 10−12 cm3 molecule−1

s−1). In general, the k∗ was in the vicinity of 1 × 10−11 cm3 molecule−1 s−1, this number is
slightly lower than the reaction rate constant of two common atmospheric oxidation prod-
ucts nopinone and methylglyoxal (1.5 × 10−11 cm3 molecule−1 s−1), it is also lower than the
isoprene oxidation products MVK and MACR (2.0 × 10−11 and 2.9 × 10−11 cm3 molecule−1

s−1, respectively). It is only mildly higher than the reported median rate constant for ketones
(0.57 × 10−11 cm3 molecule−1 s−1, Atkinson et al., 2003a). Furthermore, an even higher rate
constant of 5×10−11 cm3 molecule−1 s−1 was assumed by Nölscher et al., 2012 in their total
OH reactivity measurements from a boreal forest field campaign. More rate constant range
for reactions of different VOC species with OH radicals reported by Atkinson et al., 2003a
can be found in Figure 7.15. Our study on the rate constant for unidentified compounds
measured by PTR-TOF-MS suggests the possibility of closing the missing OH reactivity as
long as the mixing ratio and the rate constant of those unidentified compounds are well char-
acterized. The large uncertainty on rate constants was also speculated by Mogensen et al.,
2011 as one cause for the missing OH reactivity observed in their model results in a field
campaign. For further OH reactivity studies, a value of at least 1 × 10−11 cm3 molecule−1

s−1 is needed for VOCs without reported rate constants.

FIGURE 7.15: Room-temperature (298 K) rate constants for the gas-phase re-
actions of OH radicals with different VOC species reported by Atkinson et al.,
2003a. The bottom and top of the box show the 25th and 75th percentiles with
the band inside the box showing the median, the ends of the whiskers repre-

sent the minimum and the maximum of the reported rate constant.
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Chapter 8

Summary and conclusion

This thesis presented results from: 1) characterisation of the newly built plant chamber
SAPHIR-PLUS; 2) light- and temperature-dependence of plant emissions; 3) yields deter-
mination of different atmosphere system; and 4) OH reactivity comparison in a number of
atmospheric scenarios.
The average BVOCs transfer efficiency from PLUS inlet to outlet was 0.85, and was 0.8 from
PLUS to the atmosphere simulation chamber SAPHIR. Transfer efficiencies did not demon-
strate any significant difference for different VOCs, and no systematic dependence on rela-
tive humidity as well. The plant chamber proved to be an excellent facility for use as a source
of direct plant emissions in atmospheric simulation experiments.
36 experiments from campaigns in 2014 and 2015 were selected and analyzed. By using the
online PTR-TOF-MS, real time change in the measured VOCs was monitored. The iden-
tification of VOCs was completed with empirical PTR mass peak analysis and previously
reported VOC oxidation products under different conditions (Atkinson et al., 2003b; Rivera-
Rios et al., 2014; Volkamer et al., 2002). Monoterpene and sesquiterpene mixtures were bet-
ter characterized with the help of the GC-FID/MS. The intercomparison between these two
VOC-instruments during the selected campaigns exhibited that the measured concentrations
of the main reactants used in this study (isoprene, monoterpenes and benzene-D6) were lin-
early correlated and differed within 15%.
The newly built plant chamber SAPHIR-PLUS, was implemented to study emissions of
BVOCs from 7 sets of plants, from mono-species to mixed trees, from isoprene-emitting trees
to monoterpene-emitters. The BVOC emission from six Quercus ilex (Holm oak) showed
indeed a diurnal profile. Emissions of different compounds under temperature and light in-
fluence were in agreement with observations from laboratory plant enclosure and field stud-
ies. Isoprene and monoterpenes emission responses to light were strongly photosynthesis-
dependent as no storage pools exist for these two compounds in Quercus ilex (Guenther, 1993;
Kesselmeier et al., 1999; Staudt et al., 1998). Methanol emission emerged a morning burst as
observed in previous studies, this phenomenon was explained by its high emission rate from
Quercus ilex and its high solubility in water (Folkers et al., 2008; Niinemets et al., 2003). Iso-
prene and monoterpenes emission showed an exponential increase with temperature, with a
slope β of 0.11 ± 0.02 ◦C−1 for the monoterpenes emission, in good agreement with the liter-
ature. Methanol emission also escalated with temperature but showed a linear dependence.
Oxidation product studies using real plant emitted BVOCs have not been reported to date.
Product yields from ozonolysis of monoterpene—from single injected β-pinene, limonene,
to the monoterpene mixture, and finally to the tree-emitted monoterpenes—were investi-
gated in the atmosphere simulation chamber SAPHIR. Isoprene photo-oxidations from sin-
gle injected to tree-emitted were also simulated. As reported in previous studies, the most
important oxidation product from β-pinene ozonolysis in this work was nopinone with a
yield of 0.41 ± 0.04. No major products were observed in the limonene ozonolysis, yet the
reported common products were successfully identified with commensurable minute yields.



82 Chapter 8. Summary and conclusion

Product yields in ozonolysis of two BVOC mixtures exhibited good agreement with the lit-
erature, also with the single BVOC ozonolysis. 5 sets of trees were used in the yield study.
The notably high formic (0.57 ± 0.22) and acetic acids (0.35 ± 0.03) yields, as well as the
high acetone yield (0.2 ± 0.01) from the ozonolysis of mix trees emission could be explained
by experimental flaw, possibly from water condensation in the sampling tube. Apart from
that, product yields observed in ozonolysis of tree-emitted monoterpenes were admissibly
consistent with the literature or with our single BVOC ozonolysis (one anomaly is the high
nopinone yield (0.42 ± 0.08) from Fagus sylvatica emission, since only 1.1% of the emission
is β-pinene). Acetone is the common product from monoterpene ozonolysis, its yields from
our ozonolysis experiments were in accordance with yields found in the literature, except
for the mix trees emission as explained above. Different products were identified for photo-
oxidations of isoprene at different NO levels, all product yields (from 0.79 to 0.83) showed
higher values than the reported yields yet within the uncertainties. MVK + MACR yields
(0.57 ± 0.11) from the isoprene-emitting trees were in the expected range as well.
The individual contribution of the VOCs together with inorganic compounds (O3, NOx and
CO) to the total OH reactivity was calculated and compared to the OH reactivity measured
by the LP-LIF instrument. The missing OH reactivity, representing the difference between
calculated and measured OH reactivity, was generally bigger in the oxidation phases, im-
plying the production of some reactive compounds which were not included in the OH
reactivity calculation. The missing OH reactivity was the largest (75%) in the ozonolysis
of limonene due to the lack of detection of limonene oxidation products. OH reactivity at-
tributed to aerosol particles (0.2 s−1) also cannot ameliorate the observed large missing OH
reactivity in the ozonolysis of limonene. Our understanding of atmospheric limonene chem-
istry is still limited and this should be taken into account for future OH reactivity studies
involving limonene emissions. As discussed in Chapter 6, no important oxidation prod-
ucts from limonene ozonolysis were observed in other studies as well. For isoprene photo-
oxidation experiments, the reported two distinct oxidation pathways under different NO
conditions did not demonstrate a remarkable difference on the missing OH reactivity. More-
over, the missing OH reactivity found in the isoprene oxidation experiments can be possi-
bly improved with improvement of the PTR-MS calibration on quantifying isoprene, since
the PTR was speculated to measured 10% less of isoprene in the whole study, likely from
the bias of isoprene concentration in our gas standard used in calibrations. The oxidations
of sesquiterpene-dominating system showed a bigger missing OH reactivity (44-55%) than
that in the oxidations of monoterpene-dominating system (5-48%). Sesquiterpene is known
as stress-induced emission, highly reactive oxidation products of sesquiterpenes are specu-
lated to cause the observed large missing OH reactivity, those products were probably not
identified in the PTR therefore not included in the OH reactivity calculation. Moreover the
reported higher gas-particle portioning of sesquiterpenes (12-100%, Helmig et al., 2006) com-
pering to monoterpenes (18-32%, Emanuelsson et al., 2013) could cause higher missing OH
reactivity as well. Our results were consistent with Nölscher et al., 2012, where in a Finnish
boreal forest a missing OH reactivity of 89% under heat-stressed conditions, and 58% un-
der normal tree emission was reported. Overall the missing OH reactivities were smaller in
oxidation experiments containing AVOCs, previous studies reported less missing OH reac-
tivities in rural sites than in the tropical forest sites as well. These results suggested that the
OH sink terms in aged BVOCs air masses were poorly constrained, particularly in air mass
containing limonene or sesquiterpenes, while the AVOCs in reaction with OH was better un-
derstand.
The atomic oxygen-to-carbon (O/C) ratio calculated with all VOCs measured (identified and
unidentified) from the PTR measurements, showed a positive correlation with the missing
OH reactivity, and confirmed again unknown OH sinks of oxygenated compounds.
Furthermore, the observed missing OH reactivity speculated to be unmeasured/unknown
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VOCs, could be interpreted by the PTR measurements. By including all the masses in the
PTR mass spectra, with a roughly assumed sensitivity of 10 ppb/ncps, the gap between cal-
culated and measured OH reactivity could be closed with an averaged reaction rate constant
k∗, of about 1 × 10−11 cm3 molecule−1 s−1. This k∗ value obtained in our work, is slightly
lower than the reaction rate constant of some common atmospheric oxidation products (e.g.,
nopinone, methylglyoxal, MVK and MACR), and is only higher than the reported median
rate constant for ketones. For further OH reactivity studies, a value of at least 1 × 10−11 cm3

molecule−1 s−1 is suggested for VOCs without reported rate constants.
This work highlighted the use of OH reactivity as a tool to better evaluate the completeness
of measured VOC budget. Deploying the OH reactivity method in future chamber stud-
ies and at field sites would be of great benefit to better understand atmospheric processes,
especially focusing on plants emissions and photochemical transformation.
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Appendix A

Sensitivity table

TABLE A.1: Sensitivities used in this work for the VOCs calibrated with the
diffusion source or the LCU.

Substance m/z
detected

Calibration
date
(Year.Month)

relative
humidity
(%)

Sensitivity
(ncps/ppb)

Accuracy
(%)

α-pinene 137

2014.09

0 10.0 1.9
30 8.8 3.2
50 8.2 3.9
80 8.5 3.0

2015.05

0 9.8 1.9
30 8.7 1.0
50 8.1 1.0
80 7.7 1.3

2015.06 0 6.0 1.9
60 6.1 2.6

2015.07 0 7.6 1.5
60 6.4 1.8

2015.09 0 12.6 1.0
60 9.6 1.8

β-pinene 137

2014.10

0 10.5 2.3
30 9.8 4.8
50 9.8 4.7
80 9.2 4.0

2015.05

0 10.6 2.0
30 9.5 1.2
50 9.0 2.8
80 7.4 1.7

2015.06 60 7.3 1.9

limonene 137

2014.10

0 10.4 9.6
30 9.0 7.3
50 8.9 8.7
80 8.7 6.7

2015.07 0 5.9 6.4
30 6.0 5.2

2015.09 0 9.4 3.8
30 7.4 3.3

∆3-carene 137

2014.09

0 12.4 3.8
30 10.6 4.9
50 10.1 3.1
80 10.2 4.9

2015.05

0 11.9 3.1
30 10.6 1.6
50 10.9 3.9
80 9.3 2.1
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TABLE A.1: (continued)

Substance m/z
detected

Calibration
date
(Year.Month)

relative
humidity
(%)

Sensitivity
(ncps/ppb)

Accuracy
(%)

2015.06 0 8.5 1.3
60 7.5 1.2

2015.09 0 12.8 1.9
60 10.0 2.8

myrcene 137 2015.09 0 8.7 4.8
30 7.5 2.8

β-caryophellene 205
2015.05

0 4.5 24
30 4.5 24
50 4.5 24
80 4.4 24

2015.06 0 4.8 23
60 5.9 21

acetic acid 61 2015.041 60 7.8 5.3
ISOPOOH 71 2015.081 60 5.3 5.4

1-pentene 71 2015.09 0 10.4 1.7
60 10.0 3.7

o-xylene 107 2015.10 0 19.5 3.0
60 15.2 1.8

phenol 101 2015.031 60 13.3 5.3

1 Calibrated with the LCU.
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TABLE A.2: Sensitivities used in this work for the VOCs calibrated with the
gas standard at relative humidity of ˜60%. Calibration accuracy in % is given

in brackets.

Substance m/z Calibration time
detected 2014.09 2015.05 2015.07 2015.08 2015.09

methanola 33 10.4 (±6.4) 9.8 (±6.2) 11.0 (±6.1) 8.2 (±6.6) 8.9 (±6.9)
acetaldehydeb 45 20.2 (±5.9) 19.6 (±5.8) 18.1(±5.8) 17.9 (±5.8) 17.9 (±5.9)

acetonec 59 23.8 (±6.0) 22.3 (±5.9) 20.0 (±5.9) 19.9 (±5.9) 20.3 (±6.1)
isoprened 69 15.2 (±5.8) 14.1 (±5.8) 12.2 (±5.8) 12.3 (±5.9) 12.7 (±6.1)

MVKe 71 17.9 (±5.9) 16.1 (±5.9) 14.6 (±5.9) 13.9 (±5.9) 14.8 (±6.3)
2-butanonef 73 23.8 (±5.8) 21.0 (±5.8) 18.6 (±5.9) 18.5 (±5.9) 19.4 (±6.3)

benzeneg 79 13.5 (±5.8) 11.8 (±5.8) 10.3 (±5.9) 10.1 (±5.9) 10.7 (±5.9)
3-pentanoneh 87 22.6 (±6.0) 19.5 (±6.1) 17.2 (±6.3) 17.5 (±6.0) 18.1 (±6.3)

toluenei 93 16.5 (±5.8) 13.3 (±6.0) 12.1 (±6.0) 12.1 (±6.0) 16.5 (±6.5)
o-xylenej 107 18.2 (±5.8) 15.3 (±6.2) 12.8 (±6.0) 12.8 (±6.1) 13.6 (±6.1)

chlorobenzenek 113 14.5 (±5.8) 11.7 (±5.9) 10.4 (±5.9) 10.5 (±5.9) 11.0 (±6.0)
mesitylenel 121 19.7 (±6.0) 15.2 (±6.0) 12.9 (±6.1) 13.1 (±6.2) 14.2 (±6.3)
α-pinenem 137 8.2 (±5.9) 6.3 (±5.8) 5.3 (±5.8) 5.3 (±5.9) 6.0 (±5.9)
nopinonen 139 25.7 (±6.1) 16.6 (±6.2) 18.0 (±5.8) 14.9 (±6.3) 18.5 (±6.5)

a99.9% pure, Sigma-Aldrich.
b99.5% pure, Fluka Analytical.
c99.8% pure, Merck.
d99.5% pure, Fluka Analytical.
e99% pure, Fluka Analytical.
f99.5% pure, Fluka Analytical.
g99.5% pure, Merck.
h99.5% pure, Fluka Analytical.
i99.5% pure, Sigma-Aldrich.
j99.5% pure, Fluka Analytical.
k99.8% pure, Sigma-Aldrich.
l99% pure, Fluka Analytical.

m98.5% pure, Fluka Analytical.
n98% pure, Sigma-Aldrich.
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FIGURE A.1: comparison of α-pinene sensitivity obtained by diffusion source
(black) and gas standard (red) calibrations at 60% of relative humidity.

FIGURE A.2: Overall comparison between GC and PTR measurements for
some abundant compounds in this study.
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Appendix B

kOH comparison time series

The common experimental procedure for VOC oxidation experiments in SAPHIR is: I) overnight pu-
rification with a clean synthetic air to reduce contaminations in the SAPHIR simulation chamber ;
II) a typical experiment starts at early morning with addition of water vapor to reach the defined
relative humidity, the humidification is completed after approximately 45 min; III) addition of the
VOC of interest (time point shown as green vertical line); IV) addition of the oxidant. All experi-
ments are conducted under atmospheric pressure at ambient temperature. Ozonolysis experiments
are performed in the dark chamber. In the photo-oxidation experiments, the chamber is exposed to
sunlight by opening the roof. Experimental operation time point is marked with vertical colored lines
in the following figures: green line the start/stop injection of VOC, red the injection of O3, grey the
injection of NO/NO2/CO, and blue the roof operation. Lower panel shows the kcalOH with respect to
the contribution of species in different colors, together with the kmeas

OH (black dots). The calculation
uncertainty of kcalOH is shown in grey shadow, black error bars are one σ of the kmeas

OH . Middle panel
shows the ratio of kcalOH over kmeas

OH (black line) with the upper and lower limit of the uncertainty (grey
shadow). Upper panel is the rate constant (k∗) derived from the unidentified compounds to explain
the missing kOH .

a) BS1: β-Pinene ozonolysis
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b) BS2: Limonene ozonolysis

c) BS3: Limonene photooxidation
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d) BS4: Isoprene photooxidation (high NO)

e) BS5: Isoprene photooxidation (medium NO)
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f) BS6: Isoprene photooxidation (low NO)

g) BS7: Isoprene photooxidation (medium NO)
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h) BS8: Isoprene photooxidation (low NO)

i) BS9: Linear CO/isoprene ozoznolysis

FIGURE B.1: Time series of kcalOH and kmeas
OH for oxidations of single BVOC.

Lower panel shows the kcalOH with respect to the contribution of species in dif-
ferent colors, together with the kmeas

OH (black dots). The calculation uncertainty
of kcalOH is shown in grey shadow, black error bars are one σ of the kmeas

OH . Col-
ored vertical lines indicate the start/stop injection of VOC (green line), injec-
tion of O3 (red), injection of NO/NO2/CO (grey line), and the roof operation
(blue line). Middle panel shows the ratio of kcalOH over kmeas

OH (black line) with
the upper and lower limit of the uncertainty (grey shadow). Upper panel is
the rate constant (k∗) derived from the unidentified compounds to explain the

missing kOH .
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a) BM1: Ozonolysis of β-pinene and limonene.

b) BM2: Forest mixture I Ozonolysis
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c) BM3: Forest mixture II Ozonolysis

FIGURE B.2: Time series of kcalOH and kmeas
OH for ozonolysis of BVOC mixtures.

Lower panel shows the kcalOH with respect to the contribution of species in dif-
ferent colors, together with the kmeas

OH (black dots). The calculation uncertainty
of kcalOH is shown in grey shadow, black error bars are one σ of the kmeas

OH . Col-
ored vertical lines indicate the injection time of VOCs (green line) and O3 (red).
Middle panel shows the ratio of kcalOH over kmeas

OH (black line) with the upper and
lower limit of the uncertainty (grey shadow). Upper panel is the rate constant

(k∗) derived from the unidentified compounds to explain the missing kOH .

a) BP1.Ozonolysis of BVOC from Quercus ilex tree emissions
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b) BP2.Ozonolysis of BVOC from Picea abies tree emissions

c) BP3.Photooxidation of BVOC from Picea abies tree emissions
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d) BP4.Ozonolysis of BVOC from Betula pendula tree emissions

e) BP5.Photooxidation of BVOC from Betula pendula tree emissions
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f) BP6.Photooxidation of BVOC from Quercus robur tree emissions

g) BP7.Photooxidation of BVOC from Quercus robur tree emissions
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h) BP8.Ozonolysis of BVOC from Pinus sylvestris tree emissions

i) BP9.Photooxidation of BVOC from Pinus sylvestris tree emissions
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j) BP10.Ozonolysis of BVOC from Fagus sylvatica tree emissions

k) BP11.Ozonolysis of BVOC from Fagus sylvatica tree emissions
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l) BP12.Photooxidation of BVOC from Fagus sylvatica tree emissions

m) BP13.Ozonolysis of BVOC from Pinus sylvestris and Fagus sylvatica tree emissions

FIGURE B.3: Time series of kcalOH and kmeas
OH for the oxidation of BVOC from

plant emissions. Lower panel shows the kcalOH with respect to the contribution
of species in different colors, together with the kmeas

OH (black dots). The calcula-
tion uncertainty of kcalOH is shown in grey shadow, black error bars are one σ of
the kmeas

OH . Colored vertical lines indicate the start/end time of coupling with
the plant chamber (green line), the injection of O3 (red), and the roof operation
(blue line). Middle panel shows the ratio of kcalOH over kmeas

OH (black line) with
the upper and lower limit of the uncertainty (grey shadow). Upper panel is
the rate constant (k∗) derived from the unidentified compounds to explain the

missing kOH .
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AS1: Photo-oxidation of benzene-D6 (low NOx)

AS2: Photo-oxidation of benzene-D6 (high NOx)

FIGURE B.4: Time series of kcalOH and kmeas
OH for the oxidation of benzene-D6.

Lower panel shows the kcalOH with respect to the contribution of species in dif-
ferent colors, together with the kmeas

OH (black dots). The calculation uncertainty
of kcalOH is shown in grey shadow, black error bars are one σ of the kmeas

OH . Col-
ored vertical lines indicate the injection of VOC (green line) and the roof oper-
ation (blue). Middle panel shows the ratio of kcalOH over kmeas

OH (black line) with
the upper and lower limit of the uncertainty (grey shadow). Upper panel is
the rate constant (k∗) derived from the unidentified compounds to explain the

missing kOH .
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a) AM1: Photo-oxidation of Urban mixture

b) AM2: Photo-oxidation of Urban mixture and CO

FIGURE B.5: Time series of kcalOH and kmeas
OH for oxidations of the urban mixture.

Lower panel shows the kcalOH with respect to the contribution of species in dif-
ferent colors, together with the kmeas

OH (black dots). The calculation uncertainty
of kcalOH is shown in grey shadow, black error bars are one σ of the kmeas

OH . Col-
ored vertical lines indicate the injection of VOCs (green line), injection of O3
(red), injection of NO2/CO (grey), and the roof operation (blue). Middle panel
shows the ratio of kcalOH over kmeas

OH (black line) with the upper and lower limit
of the uncertainty (grey shadow). Upper panel is the rate constant (k∗) derived

from the unidentified compounds to explain the missing kOH .
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a) AB1: Photooxidation of [benzene-D6] + [BVOC]

b) AB2: Photooxidation of [BVOC] + [benzene-D6]
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c) AB3: Photooxidation of [BVOC + benzene-D6]

d) AB4: Photooxidation of [BVOC] + [benzene-D6 + NO]
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e) AB5: Photooxidation of [BVOC + NO + benzene-D6]

f) AB6: Photooxidation of [benzene-D6] + [BVOC]
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g) AB7: Photooxidation of [benzene-D6 + NO] + [BVOC]

FIGURE B.6: Time series of kcalOH and kmeas
OH for oxidations of the mixture of

AVOC and BVOC from tree emission. Lower panel shows the kcalOH with respect
to the contribution of species in different colors, together with the kmeas

OH (black
dots). The calculation uncertainty of kcalOH is shown in grey shadow, black error
bars are one σ of the kmeas

OH . Colored vertical lines indicate the start/end time of
coupling with the plant chamber (green line), the injection of NO (grey), and
the roof operation (blue).. Middle panel shows the ratio of kcalOH over kmeas

OH

(black line) with the upper and lower limit of the uncertainty (grey shadow).
Upper panel is the rate constant (k∗) derived from the unidentified compounds

to explain the missing kOH .
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TABLE B.1: A summary of experiments of BVOCs oxidation.

Experiments reactant phase/product phase
kcalOH /kmeas

OH O/C k∗a

BS1 β-pinene + O3 - 0.01±0.01 -
0.66±0.16 0.34±0.06 10.6±2.7

BS2 Limonene + O3 1.15±0.23 0.09±0.03 -
0.25±0.06 0.55±0.07 23.2±6.4

BS3 Limonene + OHb 1.25±0.26 0.2±0.01 -
0.6±0.13 0.49±0.08 16.3±4.0

BS4 Isoprene + OH, high NO 0.82±0.18 0.63±0.01 15.1±6.7
0.68±0.18 0.66±0.02 11.8±3.0

BS5 Isoprene + OH, medium NO 0.71±0.16 0.49±0.01 14.2±7.7
0.56±0.15 0.64±0.04 13.6±2.6

BS6 Isoprene + OH, low NO 0.67±0.15 0.56±0.03 3.4±5.2
0.67±0.18 0.64±0.03 9.6±2.1

BS7 Isoprene + OH, mid NOb 0.73±0.17 0.78±0.01 30.0±23.7
0.81±0.2 0.81±0.01 12.9±3.0

BS8 Isoprene + OH, low NOb 0.74±0.16 0.49±0.01 28.0±18.1
0.81±0.21 0.62±0.03 8.6±4.0

BS9 [CO + Isoprene] + OHc 1.02±0.21 0.25±0.01 -
1.06±0.24 0.48±0.01 -

BM1 [β-pinene + limonene] + O3 0.79±0.16 0.03±0.01 159.4±60.2
0.56±0.15 0.4±0.05 11.1±1.6

BM2 Forest mixture I + OH 1.13±0.25 0.16±0.01 1.1±9.2
0.96±0.22 0.4±0.01 4.4±2.3

BM3 Forest mixture II + OH 0.88±0.24 0.42±0.05 4.6±7.8
0.83±0.23 0.5±0.01 3.6±6.5

BP1 Quercus ilex emissions + O3 1.02±0.21 0.08±0.01 -
0.75±0.16 0.3±0.04 17±4.2

BP2 Picea abies emissions + O3 0.81±0.23 0.34±0.01 14.4±8.9
0.47±0.13 0.53±0.02 16.3±6.8

BP3 Picea abies emissions + OH 0.79±0.21 0.31±0.02 22.4±5.9
0.5±0.14 0.55±0.01 16.0±4.1

BP4 Betula pendula emissions + O3 0.75±0.18 0.61±0.01 14.3±2.3
0.45±0.11 0.7±0.01 14.5±3.1

BP5 Betula pendula emissions + OH 1.01±0.25 0.57±0.07 -
0.56±0.04 0.73±0.04 9.5±2.3

BP6 Quercus robur emissions + OH 0.81±0.17 0.67±0.01 43.9±11.0
0.8±0.21 0.72±0.05 8.1±2.3

BP7 Quercus robur emissions + OH 0.66±0.15 0.69±0.01 34.8±2.2
0.58±0.15 0.72±0.07 21.0±3.0

BP8 Pinus sylvestris emissions + O3 0.82±0.17 0.07±0.01 118.4±56.9
0.52±0.13 0.44±0.06 20.6±19.2

BP9 Pinus sylvestris emissions + OH 1.08±0.28 0.38±0.54 -
0.95±0.26 0.54±0.04 0.9±1.2

BP10 Fagus sylvatica emissions + O3 0.96±0.22 0.29±0.06 7.0±10.4
0.85±0.2 0.6±0.06 6.6±3.8

BP11 Fagus sylvatica emissions + O3
b 0.97±0.21 0.23±0.03 8.3±10.1

0.85±0.19 0.49±0.04 11.0±3.1
BP12 Fagus sylvatica emissions + OH 0.86±0.19 0.18±0.02 35.2±14.3

0.61±0.15 0.69±0.06 11.2±3.2
BP13 mixed tree emissions + O3 0.95±0.2 0.19±0.01 9.5±5.9

0.84±0.18 0.4±0.01 14.5±3.3

a(10−12 cm3 molecule−1 s−1)
bA VOC-OH trace standard containing 2-methylfuran.
cA VOC-OH trace standard containing 2-methylfuran (C5H6O) and mesitylene (C9H12).
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TABLE B.2: A summary of experiments of AVOCs oxidation.

Experiments reactant phase/product phase
kcalOH /kmeas

OH O/C k∗a

AS1 benzene-D6 + OH, low NOx 0.89±0.27 0.01±0.01 20.5±5.7
0.7±0.19 0.03±0.01 19.7±2.6

AM1 Urban mixture + OHb 1.0±0.3 0.03±0.01 1.1±9.2
0.94±0.23 0.27±0.01 4.4±2.3

AM2 Urban mixture + OHb 0.97±0.23 0.07±0.01 4.6±7.8
0.97±0.22 0.15±0.01 3.6±6.5

AB1 Photo-oxidation of [benzene-D6] + [BVOCsc] 0.87±0.27 0.01±0.01 20.6±6.2
0.81±0.21 0.03±0.01 16.3±4.3

AB2 Photo-oxidation of [BVOCsd] + [benzene-D6] 0.96±0.21 0.17±0.01 10.9±8.0
0.77±0.19 0.58±0.09 6.6±4.2

AB3 Photo-oxidation of [BVOCsd + benzene-D6] 1.22±0.29 0.01±0.01 -
0.67±0.18 0.08±0.01 13.9±2.1

AB4 Photo-oxidation of [BVOCsd] + [benzene-D6 + NO] 1.07±0.23 0.13±0.01 -
0.74±0.17 0.56±0.07 7.3±2.3

AB5 Photo-oxidation of [BVOCsd + NO + benzene-D6] 1.01±0.23 0.02±0.01 -
0.82±0.19 0.09±0.01 8.5±2.0

AB6 Photo-oxidation of [benzene-D6] + [BVOCsd ] 0.79±0.24 0.01±0.01 48.6±8.7
0.72±0.19 0.04±0.01 21.2±2.8

AB7 Photo-oxidation of [benzene-D6 + NO] + [BVOCsd ] 1.11±0.25 0.01±0.01 -
0.74±0.17 0.04±0.01 21.8±3.9

a(10−12 cm3 molecule−1 s−1)
bAdding along a VOC-OH trace standard containing 2-methylfuran and mesitylene.
cBVOCs from a monoterpenes mixture canister.
dBVOCs from 6 Pinus sylvestris trees emission
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Yield plot

Yields of oxidation products observed for all oxidation experiments are presented here. Left side
figure shows the time series of consumed reactant and product yield for the whole experiment,

starting from 10 mins before the O3 injection, or in photo-oxidation experiment, from the moment
when the reactant is added. Right side figure is the correlation between product and reactant,

selected data points end when 90% of the reactant is consumed. All concentrations were corrected
for dilution loss, and in photo-oxidation experiments, were also corrected for the chamber source.
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FIGURE C.1: Products formed, and their yields, from the reactions of β-pinene
with O3. Left is the product yield and the consumed amount of β-pinene as a

function of time, right is the correlation between product and the reactant.
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FIGURE C.2: Products formed, and their yields, from the reactions of limonene
with O3. Left is the product yield and the consumed amount of limonene as a

function of time, right is the correlation between product and the reactant.

FIGURE C.3: Products formed, and their yields, from the reactions of isoprene
with OH radicals at high NO level. Left is the product yield and the con-
sumed amount of limonene as a function of time, right is the correlation be-

tween product and the reactant.
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FIGURE C.4: Products formed, and their yields, from the reactions of isoprene
with OH radicals at middle NO level. Left is the product yield and the con-
sumed amount of limonene as a function of time, right is the correlation be-

tween product and the reactant.

FIGURE C.5: Products formed, and their yields, from the reactions of isoprene
with OH radicals at low NO level. Left is the product yield and the consumed
amount of limonene as a function of time, right is the correlation between

product and the reactant.
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FIGURE C.6: Products formed, and their yields, from the ozonolysis of BM1
(β-pinene and limonene mixture). Left is the product yield and the consumed
amount of monoterpenes as a function of time, right is the correlation between

product and the reactant.
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FIGURE C.7: Products formed, and their yields, from the ozonolysis of BM2 (α-
pinene, myrcene and limonene). Left is the product yield and the consumed
amount of monoterpenes as a function of time, right is the correlation between

product and the reactant.
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FIGURE C.8: Products formed, and their yields, from the ozonolysis of Quer-
cus ilex tree emission. Left is the product yield and the consumed amount of
monoterpenes as a function of time, right is the correlation between product

and the reactant.
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FIGURE C.9: Products formed, and their yields, from the ozonolysis of Pinus
sylvestris tree emission. Left is the product yield and the consumed amount of
monoterpenes as a function of time, right is the correlation between product

and the reactant.

FIGURE C.10: Products formed, and their yields, from the ozonolysis of Fagus
sylvatica tree emission. Left is the product yield and the consumed amount of
monoterpenes as a function of time, right is the correlation between product

and the reactant.
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FIGURE C.11: Products formed, and their yields, from the ozonolysis of mix
tree (three Pinus sylvestris and three Picea abies) emission. Left is the product
yield and the consumed amount of monoterpenes as a function of time, right

is the correlation between product and the reactant.

FIGURE C.12: Products formed, and their yields, from the photo-oxidation of
six Quercus robur tree emission. Left is the product yield and the consumed
amount of isoprene as a function of time, gaps indicate measurements in the
plant chamber SAPHIR-PLUS; right is the correlation between product and the

reactant.
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