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Eucalypt contributions to biogenic sources of volatile organic compounds (VOCs) in Australia are estimated
at teragram (Tg =102 g) amounts each year. Biogenic VOCs include plant-specific isoprenoids (isoprene
and a range of terpenes) and other reactive organic compounds (i.e., acids, aldehydes and ketones). Atmo-
spheric reactions of VOCs are numerous and many have significant environmental impact. Wildfires
increase both the amounts of VOCs released and the complexity of their reactions. Proton-transfer reac-
tion mass spectrometry (PTR-MS), gas chromatography mass spectrometry (GCMS) and direct analysis in
real time (DART) mass spectrometry were applied to analyze release of VOCs as a function of tempera-
tures ranging from ambient to combustion. PTR-MS enabled trace level analysis of VOCs from a complex
forest atmosphere and revealed the release of terpenes associated with leaf damage during a storm.
Temperature profile studies revealed ion abundances (i.e., emissions of VOCs) could be correlated with
boiling points and vapor pressures of specific compounds. PTR-MS analysis of VOCs resulting from heating
fresh leaf (E. grandis) material suggested that emissions of protonated methanol (m/z 33) and protonated
acetaldehyde (m/z 45) were greatest at ~60 °C while m/z 137 and 153 (associated with a series of terpenes)
showed monotonic increases in ion abundance over a wide temperature range from ambient to 200°C.
GCMS analysis of fresh and senescent leaves of E. grandis showed that a series of VOCs (ethylvinylke-
tone, diethylketone, 2-ethylfuran, hexanal and hexenals) are present only in fresh leaves while several
terpenes (o and 3 pinenes, a-phellandrene, eucalyptol, y-terpinene) were common in both. DART anal-
ysis of fresh leaf and stem of E. sideroxylon identified tissue-specific VOCs (e.g., methanol and ethanol
were more abundant in stems). PTR-MS combustion studies of senescent leaves (E. grandis) identified two
distinct, temperature-dependent VOC compositions. Before the appearance of smoke, the composition of
VOCs remained consistent and correlated well with various naturally occurring isoprenoids, as observed
in temperature profile studies. Sampling of eucalypt smoke suggested ions (m/z 75, 85, 87,99, 111 and 125)
correlated with protonated mass of oxygenated aldehydes, ketones, furans and substituted benzenes, and
were due to pyrolysis of polycarbohydrates (cellulose and lignin) that are common in many types of wood.

© 2008 Elsevier B.V. All rights reserved.
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1. Introduction

Volatile organic compounds (VOCs) are continually emitted
from all types of vegetation and have substantial impact on
the global atmosphere. Plants contain a wide range of organic
compounds but only a limited set of these compounds are
released at rates that could significantly influence the chemi-
cal and physical composition of the atmosphere [1-5]. Eucalypts
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grow widely in Australia and are increasingly grown elsewhere
[6]. In Australia, their annual release of VOCs into the envi-
ronment is estimated at teragram (Tg=10'2g) amounts [7].
Biogenic VOCs of eucalypt include plant-specific isoprenoids (iso-
prene (CsHg), monoterpenes (CioHig), sesquiterpenes (CisHz4))
and other reactive compounds (organic acids, aldehydes, ketones
and alcohols). The type of compounds emitted and their emis-
sion rates depend in complex ways upon the type of ecosystem,
health of vegetation, time of year, ambient temperature, amount
of sunlight, and a range of other environmental factors. Fur-
thermore, atmospheric reactions of VOCs lead to secondary
products often containing more functional groups than their parent
compounds [8-11].
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Wildfires and prescribed burns could significantly affect the
complexity of atmospheric reactions of VOCs and contribute to pro-
duction of a variety of toxic compounds resulting from pyrolysis of
plant oils and fibers [12-15]. Condensable products may be formed
from atmospheric reactions of VOCs. These compounds partition
between the gas and particle phases appearing in a haze above
many forest (such as the Blue Mountains in NSW, Australia) and can
influence the flux of solar radiation either by direct absorbance and
scattering or indirectly as aerosol and cloud condensation nuclei
[16-20].

Considerable recent attention has been directed worldwide
toward potential health effects of biogenic VOCs, including those
produced during fires (i.e., prescribed burns, wildfires) [15,21-23].
Identification and quantification of biogenic VOCs from various
landscapes and during fires are crucial to evaluating their envi-
ronmental impacts, and are also invaluable for informing and
protecting the public and improving protective equipment for fire-
fighters.

Direct analysis and real-time monitoring of VOCs (i.e., without
a pre-concentration step) emitted from Australian vegetation, par-
ticularly native trees in the genus Eucalyptus are a major focus of
our research [24]. Measurements of VOCs can be made at a vari-
ety of scales, from leaf, branch, canopy, to landscapes. Biogenic
VOC species are numerous and their analysis requires the applica-
tion of several analytical techniques for their accurate identification
and sampling. We are utilizing advanced mass spectrometry tech-
niques for real-time monitoring of VOCs from Australian forests at
trace concentrations, measuring emissions of VOCs for a variety
of plant tissues as a function of temperature, and identifying the
composition of smoke from combustion studies under controlled
atmospheric conditions.

We applied gas chromatography mass spectrometry (GC-MS),
proton-transfer reaction mass spectrometry (PTR-MS) [25,26] and
direct analysis in real-time (DART) mass spectrometry [27] to study
emissions of VOCs from a series of eucalypts at temperatures
ranging from ambient to combustion. Advantages and limita-
tions of each technique for the identification and quantification
of plant-derived volatiles are described. This study identified that
temperature-dependent emissions of VOCs could be correlated
with three major classes of compounds released as a function of
increasing temperatures (i.e., from ambient to wildfires). The first
class of compounds include acids, aldehydes, ketones, isoprene and
low boiling point terpenes that were detected from ambient to
~100°C. Terpenes with relatively greater boiling points were the
second class and were detected before the onset of pyrolysis. Above
300°C, pyrolysis of plant fibers (i.e., cellulose and lignin) released
the third class of compounds that include a range of substituted
furans and benzenes.

2. Materials and methods
2.1. Proton transfer reaction mass spectrometry (PTR-MS)

A high sensitivity PTR-MS (Ionicon Analytik, Innsbruck, Aus-
tria) with an upper mass range of 512u [25,26] was operated
in standard mode with inlet tubing and chamber temperatures
ranging from 30 to 60°C. PTR-MS comprises of a hollow cathode
discharge ion source producing the reactant/reagent ions (H3O*
and (H,0),H*), a drift tube reactor where VOCs are introduced for
proton-transfer reactions and a quadrupole mass analyzer. A mass
flow controller supplies a flow of water vapor (8-10 ml/min) from
the headspace of a water reservoir to supply a constant flow of
reagent ions. A voltage (~600V) applied to a drift tube (~9.2 cm)
consisting of a series of stainless steel rings provides a homogenous
electric field for transporting ions out to the analyzer. A reduced

drift tube voltage of 500V was used in some experiments to limit
fragmentation [24]. The standard operating mode refers to condi-
tions that satisfy E/N~120 Td (Townsend) where E is the electric
field and N is the number density of the drift tube buffer gas
molecules [25,26]. Mass spectra were collected via PTR-MS control
software and were processed utilizing Microsoft Excel (Microsoft
Inc.) and Origin (Microcal Software, Inc.). A standard mixture of
VOCs (Apel-Riemer Environmental, Inc. Denver, CO, USA) was used
for calibrating and converting mass spectral data (ion counts per
second (c/s) to concentrations. Conversion of PTR-MS mass spec-
tral data to concentrations has been well documented since 1995
[25,26] including methodologies and calibration procedures for
measurements of biogenic VOC in forests [28]. The calibration gas
mixture included methanol, acetone, acetonitrile, acetaldehyde,
isoprene, benzene, toluene and camphene. PTR-MS was calibrated
by serial dilution of the calibration gas. Background signal (VOC
free) was determined with a supply of ultrapure nitrogen (Linde
Gas). Data were recorded in scanning or multiple ion detection
(MID) modes with dwell times of 5 ms to 1 s resulting in acquisition
times of several seconds (MID) to ~200 s (scan mode).

Proton-transfer reactions of H30* (typical count rates of 106
counts/s) enable ionization of trace levels of VOCs in air. VOCs with
a higher proton affinity than water (166.5 kcal/mol) are detected in
trace levels (parts per billion by volume (ppbv: 10~?) according to
Equation (1):

H30" +VOC — [(VOC)+ H]* +H,0 (1)

Concentrations of VOCs are calculated by applying pseudo first-
order kinetics (i.e., high ratio of [H30*] to trace levels of [(VOC)+H]")
according to Equation (2):

[(VOC) + H]*)] = [H30%]o{1-exp(—k[VOC]DL)}
[H30* Jok[VOC]Dt 2)

Ihs

where [H30%]y represents the concentration of primary reagent
ions in the absence of VOCs, k corresponds to rate constants for
proton transfer reactions and Dt is the time H3O" ions require
to traverse the drift tube (~0.1 ms with standard instrumental
parameters and determined by the length of the drift tube and
the drift tube voltage). Trace level concentrations of VOCs justify
the approximation in Equation (2). Reaction rate constants (k) are
reported for many proton transfer processes [25,26] and a value of
2 x 1079 cm3/s was applied for all masses. Measured rate constants
for monoterpenes were detected using PTR-MS range from 2.2 to
2.5 x 1079 cm3/s [29]. Uncertainties in measured concentrations of
VOCs are estimated to be +20% based on differences in theoreti-
cal versus measured k values or errors associated with calibration
curves.

2.2. Gas chromatography mass spectrometry (GCMS)

GCMS was performed on a TRACE GC Ultra™ (Thermo Scien-
tific, Inc. San Jose, CA, USA) gas chromatograph equipped with an
autosampler and a headspace gas-tight syringe. A 15m x 0.25 mm
i.d. capillary column (factorFour™ VF-1ms (1 wm film thickness);
Varian Inc. Palo Alto, CA, USA) was used. Mass spectra were col-
lected on a single quadrupole mass spectrometer (TRACE DSQ™)
operated in electron ionization (EI) mode. GCMS library (NIST 2.0)
search was utlilized for the identification of compounds.

2.3. Direct analysis in real time (DART) time-of-flight mass
spectrometry (TOF-MS)

DART experiments were performed at the University of Pacifica
(Stockton, CA, USA) on an AccuTOF-DART™ (JEOL, Peabody, MA,
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USA) time-of-flight mass spectrometer providing highly accurate
mass measurements and isotope abundance measurements with a
resolving power of ~7 k.

DART ionization [27] is facilitated by a flow of gas (typically
helium) through an electrode with a high potential that gener-
ates high-energy species (metastable gaseous atoms or molecules).
These react with atmospheric water and produce H30* and water
cluster according to Equations (3) to (5).

He(23S) + H,0 — H,0"* + He(1'S) + e~ (3)
H20+° + Hzo — H30++'OH (4)
H30++1'1H20 — [(HzO)HH]+ (5)

A gap (a few centimeters) is used for placing samples between
the DART ionization source and the capillary inlet of the mass
spectrometer. Plant tissues were held via tweezers in DART ion-
ization path and VOCs emitted from plant tissues were ionized
through proton transfer reactions similar to those described earlier
for PTR-MS. Gas heaters were used for adjusting the temperature
of the helium gas, which in turn enabled the heating of the plant
material.

2.4. Mass loss calorimeter

Combustion studies were performed utilizing a mass loss
calorimeter (Fire Testing Technology, West Sussex, UK) consist-
ing of a cone heater mounted in a sealed chamber. Cone heaters
(comprised of a set of coiled copper tubing 6.5 cm in height) pro-
vide uniform heating up to 1000°C. Use of a sealed chamber
enables combustion under controlled conditions. An integrated
balance is used for recording mass loss as materials burn. VOCs
and smoke were carried via a heated transfer line to PTR-MS for
analysis.

2.5. Materials source & sample preparation

The focus of this study was to identify the utility of different ana-
lytical techniques for characterizing the temperature dependence
(up to combustion temperatures) of emissions of VOC from euca-
lypts, rather than a species by species comparison. We thus selected
eucalypts for study based on availability in New South Wales and
California. Eucalypt leaves were collected from living trees grow-
ing on campus at the University of New South Wales or from Mount
Annan Botanic Gardens, NSW, with senescent leaves collected from
fallen branches. For DART experiments, small branches were pro-
vided as a gift from a local nursery (Green Tumb, Ventura, CA, USA).
For temperature-profile experiments, leaves were excised (2-5 mm
pieces) and placed in sealed vials. For PTR-MS analysis, vials were
heated in a beaker containing sand and VOCs were extracted via
PEEK™ tubing (Upchurch Scientific, Oak Harbor, WA, USA) con-
necting the vials to the heated transfer line of PTR-MS. For GCMS
analysis, vials were incubated in a temperature-controlled sam-
ple block and VOCs were drawn via a heated gas-tight syringe.
Measurements of VOCs at Bago State Forest (NSW) were achieved
by pumping forest air from a canopy height of 45m through
sampling lines (Teflon thin-walled 1/4 inch OD) at approximately
10-15 1/min. The flow rate of forest air into the PTR-MS was between
50 and 250 ml/min. The overall delay time through the sampling
line was about 11s and was measured by spiking VOCs into the
sampling inlet. Temperature, wind speed, and rainfall were contin-
uously recorded.

3. Results and discussion
3.1. Real-time monitoring of VOCs from Australian forest

We measured changes in concentration of differing VOCs as a
function of time as part of a study to investigate the impact of
VOCs on ecosystems and climates. Emissions of VOCs from plants
are highly affected by diurnal and seasonal temperature variations
[2,3,6,30-34]. While a range of reactive hydrocarbons are released
by plants into the atmosphere, isoprene and monoterpenes are
amongst the most characterized compounds due to their important
reactions leading to atmospheric pollutants.

Isoprene and monoterpenes are commonly emitted from a
variety of eucalypts and their emission rates are highly depen-
dent on temperature, light intensity as well as the age of
trees. Biological precursors of isoprene and monoterpenes are
isopentenyl pyrophosphate (IPP) and its isomer dimethylal-
lyl diphosphate (DMAPP). Isoprene, a five carbon hydrocarbon
(2-methyl-1,3-butadiene) is produced in plants by enzymatic
(catalyzed by isoprene synthase) conversion of dimethylallyl
diphosphate (DMAPP). Monoterpenes (10 carbons) are synthe-
sized by the addition of IPP and DMAPP [1,35]. Isoprene and
monoterpenes are actively involved in the chemistry of the lower
atmosphere and both react with ozone and hydroxyl radicals
generating highly reactive oxygen species (ROS). In other reac-
tion pathways, atmospheric reactions of NO (from natural and
anthropogenic sources) with ozone lead to the formation of NO3
radicals. Concentrations of nitrate radicals remain low during day-
light due to photolysis and increase at night. Isoprene reacts
with NOj radicals generating Cs-hydroxynitrates, methylvinylke-
tone and methacrolein. Monoterpene reactions with NO3 radicals
generate hydroxynitrates and di-hydroxycarbonyls as well as ace-
tone [8,9].

Mass spectrometric analyses are ideal for studies of the complex
atmospheric chemistry described above. In recent years, proton
transfer reaction mass spectrometry (PTR-MS) has enabled the
analysis of VOCs in real-time [25,26]. Trace level detection of atmo-
spheric VOCs by PTR-MS is facilitated by selective proton transfer
reactions with H3O* (proton affinity of 166.5 kcal/mol) since pro-
ton affinities of major components of air (N, and O;) are less than
those of water. This unique process enables direct sampling of for-
est air from various elevations without pre-concentration steps
that could bias specific compounds. PTR-MS is ideal for real-time
monitoring of VOCs at low concentrations (ppbv to pptv). While
the unit mass resolving power of quadrupole mass analyzers can
sometimes result in ambiguous identification of some compounds,
recent incorporation of time-of-flight analyzers (PTR-TOFMS) has
substantially improved capabilities of PTR mass spectrometers and
their applications in environmental sciences [36]. Even so, some
isobaric compound cannot be distinguished by PTR-TOFMS analy-
sis.

Fig. 1 shows PTR-MS analysis of VOCs performed in Bago State
Forest, NSW during November (late spring season in southern
hemisphere). Dominant species of this tall open eucalypt forest
with average tree height of 40 m are E. delagatensis (Alpine Ash) and
E. dalympleana (Mountain Gum). Concentrations of isoprene (m/z
69) and total terpenes (m/z 137) were monitored with respect to
temperature changes. It should be noted that while major sources
of these ions (i.e., m/z 69 and 137) are considered to be isoprene
and terpenes, other isobaric compounds and their fragments could
also contribute to these ions. For example sesquiterpenes share a
common fragment ion at m/z 137 with monoterpenes. During the
first 36 h of this study, isoprene concentrations varied in accor-
dance with daily temperatures with a maximum range of 1 ppbv
(at ~18°C), while concentrations of monoterpenes was steady at
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Fig. 1. Concentrations of isoprene (m/z 69) and total terpenes (m/z 137) measured
by PTR-MS analysis of forest air at Bago State Forest in November 2006.

<0.5 ppbv levels. A storm during the latter part of this study resulted
in a substantial damage to trees. During this storm, concentrations
of monoterpenes increased by four-fold (up to 2 ppbv) due to leaf
damage that resulted in the release of VOCs into the atmosphere.
In contrast, isoprene levels remained at low (at 0.5 ppbv) concen-
trations in response to cold temperatures (~8 °C). It is important to
note that baseline concentrations of VOCs were calculated based on
PTR-MS background measurements when ultrapure nitrogen was
analyzed. These results highlight the power of PTR-MS for moni-
toring low levels of VOCs within complex forest atmospheres and
reveal that forest storms [37] could increase the concentration of
VOCs even during cold seasons when it is presumed that emissions
of VOCs remain low.

3.2. Temperature dependent emissions of VOCs

Emissions of VOCs from plants are highly dependent on diurnal
temperature variations, and concentrations of VOCs in the atmo-
sphere increase directly in response to increasing temperatures.

129

We are applying several methods to identify the range of com-
pounds that could be emitted from various species as a function
of temperature (from ambient to combustion temperatures).

3.2.1. Proton transfer reaction mass spectrometry (PTR-MS)

Our initial studies identified that a range of VOCs are emit-
ted from eucalypt leaf tissue at ambient to elevated temperatures
[24]. These compounds included acetaldehyde (MH* 45), acetone
(MH* 59), acetic acid (MH* 61), isoprene (MH* 69) and terpenes
(MH™* 135 and 137), oxygen-containing terpenes (MH* 153 and 155)
and sesquiterpenes (MH* 205). Fragment ions at m/z 81, 93, 95,
137, 149 are common to many monoterpenes and sesquiterpenes.
Fig. 2A shows PTR-MS of VOCs emitted from heating E. grandis leaf
at 160°C. Relative abundances for several compounds identified
from a temperature profile study are presented in Fig. 2B. These
results show emissions of VOCs are least at ambient temperatures
and increase with heating. As temperature rises, rates of emission
of each compound reach a maximum at temperature close to their
boiling points and vapor pressures. As heating continues, a differ-
ent class of compounds is emitted from leaves, via a process similar
to distillation. For example, ion abundances (Fig. 2B) corresponding
to protonated mass of methanol (m/z 33) and acetaldehyde (m/z 45)
showed maximums at 60 °C. In comparison, m/z 137 showed mono-
tonic ion abundance increases over a wide temperature range. This
pattern is expected since several monoterpenes CigHyg (such as
pinene, limonene, myrcene, terpinene, etc) and oxygen-containing
terpenes C1gH1gO produce m/z 137 and have similar boiling points.
Fragment ions from oxygen-containing terpenes (C;oH;gO and
C10H180) and sequiterpenes (C15H24) contribute to m/z 137 [24,29].

3.2.2. Gas chromatography mass spectrometry (GCMS)

Chemical compositions of a variety of eucalypts have been
well studied by GCMS mainly due to their potential value in per-
fumes and medicines [38-42]. These studies provide a basis for
suggestion as to the types of compounds present in various euca-
lypts. Our studies are focused on the effects of temperature on the
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Fig. 2. PTR-MS of VOCs emitted from heating E. grandis leaf (A) at 160 °C and (B) temperature profiles of m/z 33 (methanol) and m/z 137 (monoterpenes and sesquiterpenes).
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Fig. 3. GCMS chromatograms of VOCs after 5 min incubation of leaves of E. gran-
dis in sealed headspace vials at 40°C (A) fresh (green) leaf and (B) senescent
(brown) leaf. (1) ethylvinylketone, (2) diethylketone, (3) 2-ethylfuran, (4) 1,1-
diethylcyclopropane, (5) hexanal, (6) 2-hexenal, (7) 3-hexene-1-ol, (8) 1-hexenol,
(9) a-pinene, (10) B-pinene, (11) a-phellandrene, (12) eucalyptol, (13) y-terpinene.

release of various VOCs from eucalypts rather than analyzing spe-
cific terpenes for each species. Since the types of terpenes and their
concentrations vary in response to seasonal changes and environ-
mental factors, cross comparisons of VOCs emitted from different
eucalypts from different sites tend to be confounded.

Since numerous isobaric compounds (such as various CigHyg)
are emitted from eucalypts, it becomes essential to incorpo-
rate a chromatography step when seeking to accurately quantify
many VOCs. Gas chromatography has been successfully interfaced
with PTR-MS [43]. Databases of electron ionization mass spectral
facilitate compound identification with the availability of well-
established libraries.

We applied GCMS for analysis of VOCs of a variety of plant tis-
sues. GCMS analyses of VOCs emitted from fresh and senescent
leaves of E. grandis when heated at 40°C for 5 min are compared in
Fig. 3. A series of compounds with lower retention times (i.e., lower
boiling points and/or weaker binding to GC column) were only
present in fresh leaves. These compounds were identified through
library searches and in order of increasing retention times (from
1.3 to 4.1 min) are ethylvinylketone, diethylketone, 2-ethylfuran,
1,1-diethylcyclopropane, hexanal, 2-hexenal, 3-hexene-1-ol, and 1-
hexenol. Several isoprenoids with retention times of 5.2-7.2 min
(i.e., a-pinene, B-pinene, a-phellandrene, eucalyptol (cineole) and
v-terpinene) were found common in both types of leaves (i.e., fresh
and senescent). These results suggest that variation in fuel sources
is a significant influence on the composition of smoke from forest
fires. These results also show that even senescent leaves contain
high concentrations of terpenes, and that these can be released into
the environment during the normal process of decomposition and
consumption by soil organisms.

In another experiment, we studied the effects of heating on
release of VOCs from fresh leaves of Eucalyptus Ficifolia. GCMS anal-
yses of fresh leaves incubated for 5 min in sealed headspace vials
at 18 and 80°C are compared in Fig. 4. VOCs identified by library
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Fig. 4. GCMS chromatograms of VOCs after 5 min incubation of fresh leaves of E.
Corymbia Ficifolia in sealed headspace vials at (A) 80°C and (B) 18 °C. (1) CgH100, (2)
CeH120, (3-8, 10) CsHio, C1oH1s0 (9, 11-16) and C1oH160 (17).

searches are reported with their retention times and molecular
formulas (i.e., CgH19O at 1.4 min; CgHy0 at 2.1 min; CgHyg at 3.2,
3.9, 4.3, 45, 5.0, 5.2 and 5.6 min; CygH130 at 4.7, 5.7 6.0, 6.8, 7.0,
7.1, 7.3 min; and C19Hyg0 at 7.7 min). Concentrations of most VOCs
increased dramatically in response to increasing temperatures from
18 to 80°C. The intensity for the peak with a retention time of
4.7 (identified as eucalyptol) increased five-fold while compounds
with greater boiling points (i.e., peak with retention time of 7.3 min)
showed a more dramatic increase of peak intensity (about 20-fold).
These results suggest that compounds with high boiling points can
easily be released into the atmosphere during even relatively ‘cool’
fires and these VOCs could serve as new sources of fuels in fires and
contribute to air pollution.

3.2.3. Direct analysis in real time (DART) time-of-flight mass
spectrometry (TOF-MS)

Analysis of VOCs from eucalypt tissues in open air can be facil-
itated by DART technology [27]. DART mass spectra obtained from
plant tissues (an intact leaf and a stem cut in the middle) of
E. sideroxylon are shown in Fig. 5. These spectra were collected
with a helium temperature of 100°C. DART mass spectra iden-
tify several VOCs (i.e., methanol, ethanol, acetone, terpenes, and
sesquiterpenes), however, structurally informative fragments are
not available to fully distinguish each terpene. For example, m/z
137, 155 and 205 are associated with protonated C;oH;g, C1oH130
and Cy5Hy4. DART mass spectrum of the cut stem (Fig. 5A) shows
abundant ions at m/z 47.04, 65.05 and 93.08 that are absent in the
DART mass spectrum of the leaf (Fig. 5B). These ions could be related
to alcohols (ethanol and methanol) and suggest stem tissues con-
tain higher concentrations of these alcohols. Protonated ethanol is
assigned to m/z 47.04 and proton-bound dimer of ethanol could
be associated with m/z 93.08. Additionally, m/z 65.05 is associated
with proton-bound dimers of methanol. Mass spectra for these
experiments were recorded above m/z 40 to eliminate abundant
background ions (i.e., water clusters, etc.) and methanol is iden-
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Fig. 5. DART TOF-MS of VOCs emitted at 100 °C from E. sideroxylon (A) stem cut in
the middle and (B) intact leaf.

tified through its proton-bound dimer at m/z 65. Proton-bound
dimers could be generated in the small sample gap of the DART
ionization source. Proton-bound dimers of alcohols and their frag-
ments corresponding to the loss of water have been reported in
PTR-MS analysis of alcohols [24]. With increasing temperatures
>100°C (i.e., raising the temperature of the helium gas), concentra-
tions of terpenes increased dramatically leading to the formation
of proton-bound terpene dimers. These studies suggest that DART
mass spectrometry would be ideal for monitoring emissions of
VOCs from various tissues (i.e., root, leaf, stem and flower) of living
plants, although high concentrations of VOCs could contribute to
artifact ions (i.e., proton-bound dimers).

3.3. Combustion studies and composition of smoke

Earlier studies in smoke analysis were often the part of efforts
to optimize combustion of wood, biomass and wastes into fuels,
or were conducted to identify toxic chemicals in relation to public
health [21-23]. Smoke is a complex mixture of numerous chem-
icals including carbon monoxide, carbon dioxide, nitrogen oxides,
hydrocarbons, water vapor and particles. Smoke composition varies
depending on the types of wood or other vegetative material, the
temperature of fire, and the wind conditions as they affect the oxy-
gen available for combustion.

Australian studies of wildfires report flame tip temperatures
could range widely from 300 to over 900 °C depending on three
major variables of wind speed, fuel type and topography of a region.
At any point in time, flames contain unburnt fuel, air and com-
bustion products [44]. Wildfires generate high levels of smoke
containing various VOCs and particulates with potential health

hazards [45-48]. Our studies are aimed at identifying the range
of compounds that could be emitted from eucalypts at elevated
temperatures including combustion studies to mimic the effects of
bushfires. This information is important when evaluating the envi-
ronmental impacts of smoke-related compounds. Additionally, this
data would be valuable in informing and protecting the public and
in improving protective equipment for firefighters.

Eucalypt emits a wide range of VOCs at ambient temperature
and our studies (described above) have shown that the range of
compounds and their concentrations could change dramatically
with increasing temperatures. Aside from the volatile compounds,
eucalypts contain a range of biopolymers such as cellulose and
lignin that are common to many types of wood. Pyrolysis stud-
ies of wood have shown that initially water and low molecular
weight volatile compounds are released and then, with increas-
ing temperature, compounds arising from pyrolysis of biopolymers
are formed. The predominant components of celluloses in soft-
wood and hard wood are galactoglucomannan and glucuronxylan.
Pyrolysis of these polycarbohydrates in the initial stages involves
dehydration, decarboxylation and decarbonylation reactions lead-
ing to the release of water, CO and CO,. At temperatures above
300°C, depolymerization reactions involving glycosidic linkages
generate the monosaccharide levoglucosan, which decomposes
further to low molecular weight VOC's (i.e., furfurals and 2,3-
butanedione). In addition, oxygen-containing furan structures (i.e.,
dibenzofuranols, benzonaphthofuran) can be formed. In compar-
ison, lignin is pyrolyzed over a wide temperature range. Below
300°C, formaldehyde is produced and with increasing tempera-
tures, substituted phenols (i.e., guaiacols) are generated [49-55].
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PTR-MS analyses of VOCs emitted from senescent leaves of euca-
lypts at cone heater temperatures of 450 and 600 °C are shown in
Fig. 6. In this experiment, samples were placed 10 cm away from
the bottom coil of the cone heater (i.e., the temperature of the
cone heater does not reflect the temperature of the sample). VOCs
and smoke were sampled at a height of 2 cm from the top of the
cone heater (i.e., 12 cm from the leaves). Appearance of smoke was
observed with increasing temperatures (cone heater >530°C). Ions
at m/z 137 and 205 correspond to (M+H)* of monoterpenes and
sesquiterpenes. Oxygen-containing monoterpenes could also con-
tribute to m/z 137 through loss of water. Another fragment ion that
is common to sesquiterpenes and monoterpenes is observed at m/z
81, and similarly m/z 137 and 149 could be assigned to fragmentions
of sesquiterpenes. These spectra were recorded at a reduced drift
voltage (500v) to minimize fragmentation as previously reported
[24]. Note the intensity of terpene-related fragment ions at m/z
93, 95, 107 and 121 remains relatively low in Fig. 6B (before the
appearance of smoke).

The composition of VOCs up to the point before the appear-
ance of smoke (cone heater <530°C) remained consistent and
correlated well with various compounds identified in temperature
profile studies (i.e., heating eucalypt leaf to 200°C). Correlating
PTR-MS data (Fig. 2A) with compounds previously identified from
pyrolysis studies of wood [49] provided the list (Table 1) of possi-
ble compounds related to eucalypt smoke. Relative abundances of
smoke related ions (Fig. 6) increased dramatically in comparison to
compounds associated with terpenes (i.e., m/z 137, 149, 205). For
example, abundances of ions m/z 61, 97 and 111 increased 10-fold.

Table 1
Smoke related VOCs [50] correlated with their protonated mass from PTR-MS'.

(M+H)* Possible compounds

42 acetonitrile

43 propene

45 ethanol, acetaldehyde, dimethylamine

47 formic acid

57 acrolein

59 acetone, glyoxal

61 acetic acid, hydroxyacetaldehyde, methyl formate

69 furan

75 propionic acid, 1-hydroxy-2-propanone (acetol),
2-hydroxypropanal

79 benzene

81 pyrazine

83 methylfuran, hexanal

85 cyclopentanone, 2-methyl-2butenal, 2(5H)-furanone

87 2,3-butanedione, 2-butenoic acid (crotonic acid),
1,4-butyrolactone

93 toluene

95 phenol

97 furfural, 2-methyl-2-cyclopentene-1-one,
dimethylcyclopentene

99 furfuryl alcohol, 3-methyl-2(5H)-furanone

107 benzaldehyde

111 5-methylfurfural, dihydroxybenzenes (catechol, hydroquinone,
resorcinol)

113 dimethylcyclopentanone,
2-hydroxy-3-methyl-2-cyclopentene-1 -one

115 3-hydroxy-2-penten-1,5-lactone

117 hexanoic acid, 1-acetyloxy-2-propanone, indene

121 vinylphenol

123 dimethylphenols, ethyl phenol, benzoic acid

125 2-methoxyphenol (guaiacol), dihydroxytoluene,
trimethylcyclopentenone

127 levoglucosenone, 5-hydroxymethyl-2-furaldehyde,
2-methyl-3-hydroxy-2-pyrone

129 naphthalene

" Some ions (eg. m/z 81, 93, 95, 107, 121) could be fragment ions associated with
terpenes [24].

While these results identify several key and smoke-related com-
pounds, the identity of these compounds needs to be further
verified by incorporating gas chromatography and high-resolution
mass spectrometry. For example, m/z 59 could be attributed to
protonated acetone (C3H;0* 59.05 u) or glyoxal (1,2-ethanedione,
CyH30,* 59.01 u). Acetone is well classified within the list of bio-
genic VOCs while glyoxal is a smoke-related compound and has
also been identified in cigarette smoke [56,57], and a mass spec-
trometer with a resolving power of 1500 (i.e., PTR-TOFMS) would
be required to differentiate these compounds.

These combustion studies are being expanded to distinguish
smoke-related compounds for a variety of eucalypts with different
contents of cellulose and lignin (i.e., hardwood versus softwood).
A combustion chamber is ideal for generating smoke in a range of
atmospheric conditions (i.e., air with 21% oxygen versus lower oxy-
gen content), and will enable elucidation of conditions that could
promote specific reaction pathways and products. For example,
combustion studies have reported that while oxygen was required
for the production of dioxins from carbon from fly ash, reduced
oxygen concentration (between 5 and 10%) maximized their rates
of formation [58].

4. Conclusions

Mass spectrometry and chromatography enabled identification
of VOCs emitted from Australian eucalypts. Emissions of VOCs were
classified in three major classes. The first class of compounds (acids,
aldehydes, ketones, isoprene and low boiling point terpenes) were
detected from ambient to ~100°C, followed by the second class
containing plant-specific terpenes. The third major class of VOCs
was released at high temperatures (>300 °C) upon pyrolysis of plant
fibers (i.e., cellulose and lignin). GCMS was a reliable approach
for the identification of VOCs by providing retention times that
could be matched with reference compounds and structurally infor-
mative fragmentation patterns that uniquely identify the majority
of compounds. Some terpenes have indistinguishable mass spec-
tra and require additional information (i.e., GC retention times)
for further identification. PTR-MS enabled trace level detection
of VOCs from a complex forest atmosphere, and DART TOF-MS
provided high mass accuracy and was unique in analyzing plant
tissues in open air. Identification of smoke-related compounds
will require further analysis incorporating gas chromatography and
high-resolution mass spectrometry. Combining these techniques
may well be required in many studies where the aims is to quan-
tify VOCs at ambient to high temperatures across diverse plant
materials.
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