
lable at ScienceDirect

Atmospheric Environment 97 (2014) 54e67
Contents lists avai
Atmospheric Environment

journal homepage: www.elsevier .com/locate/atmosenv
Proton Transfer Reaction Time-of-Flight Mass Spectrometric (PTR-TOF-
MS) determination of volatile organic compounds (VOCs) emitted
from a biomass fire developed under stable nocturnal conditions

Federico Brilli a, b, *, Beniamino Gioli c, Paolo Ciccioli d, Donatella Zona e,
Francesco Loreto f, Ivan A. Janssens a, Reinhart Ceulemans a

a Department of Biology, University of Antwerp, Research Group of Plant and Vegetation Ecology, Universiteitsplein 1, B-2610 Wilrijk, Belgium
b National Research Council, Institute of Agro-Environmental and Forest Biology (IBAF-CNR), Via Salaria Km 29,300, 00016 Monetrotondo Scalo, Roma, Italy
c National Research Council, Biometeorology Institute (IBIMET-CNR), Via G. Caproni 8, 50145 Firenze, Italy
d National Research Council, Institute of Chemical Methodologies (IMC-CNR), Via Salaria Km 29.300, 00016 Monetrotondo Scalo, Roma, Italy
e Department of Animal and Plant Sciences, University of Sheffield, Western Bank, S10 2TN Sheffield, UK
f National Research Council, Department of Biology, Agriculture and Food Sciences (DISBA-CNR), Piazzale Aldo Moro 7, 00185 Roma, Italy
h i g h l i g h t s
� PTR-TOF-MS was used for real-time full detection of VOCs released from a biomass fire.
� 132 different organic ions were attributable to VOCs emitted from the fire.
� Methanol and other 24 VOCs represented ~85% of the whole pyrogenic VOC mixture.
� A strong linear relationship was found between the concentrations of VOCs and CO.
� Values of ER (and EF) resulted overestimated due to the stable (nocturnal) conditions.
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a b s t r a c t

Combustion of solid and liquid fuels is the largest source of potentially toxic volatile organic compounds
(VOCs), which can strongly affect health and the physical and chemical properties of the atmosphere.
Among combustion processes, biomass burning is one of the largest at global scale. We used a Proton
Transfer Reaction “Time-of-Flight” Mass Spectrometer (PTR-TOF-MS), which couples high sensitivity
with high mass resolution, for real-time detection of multiple VOCs emitted by burned hay and straw in a
barn located near our measuring station. We detected 132 different organic ions directly attributable to
VOCs emitted from the fire. Methanol, acetaldehyde, acetone, methyl vinyl ether (MVE), acetic acid and
glycolaldehyde dominated the VOC mixture composition. The time-course of the 25 most abundant
VOCs, representing ~85% of the whole mixture of VOCs, was associated with that of carbon monoxide
(CO), carbon dioxide (CO2) and methane (CH4) emissions. The strong linear relationship between the
concentrations of pyrogenic VOC and of a reference species (i.e. CO) allowed us to compile a list of
emission ratios (ERs) and emission factors (EFs), but values of ER (and EF) were overestimated due to the
limited mixing of the gases under the stable (non-turbulent) nocturnal conditions. In addition to the 25
most abundant VOCs, chemical formula and concentrations of the residual, less abundant VOCs in the
emitted mixture were also estimated by PTR-TOF-MS. Furthermore, the evolution of the complex com-
bustion process was described on the basis of the diverse types of pyrogenic gases recorded.
© 2014 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND

license (http://creativecommons.org/licenses/by-nc-nd/3.0/).
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1. Introduction

Combustion of solid and liquid fuels is the most abundant global
source of volatiles organic compounds (VOCs) on earth (Seiler and
Crutzen, 1980). In particular, emission of pyrogenic VOCs, such as
olefins and aldehydes represents a considerable source of
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photochemically reactive gases, which directly influence the
chemical composition of the atmosphere at a global scale (Crutzen
and Andreae, 1990). Moreover, other VOCs, such as benzene, 1,3-
butadiene, styrene and formaldehyde, are potentially toxic and
can affect the health of the human population (EPA, 2002). Pyro-
genic VOCs are among the most complex mixtures of trace gases
when generated by open-air biomass burning events because these
processes occur suddenly under uncontrolled conditions of the
airefuel ratio. Moreover, projected global warming will likely
intensify risks and frequencies of such uncontrolled burning events
over enlarged areas (Miranda et al., 1994; Stocks et al., 1998; Field
et al., 2009).

During the last decades, VOCs produced by combustion pro-
cesses have been identified and quantified in laboratory experi-
ments (Yokelson et al., 1996; Christian et al., 2003), as well as in
field studies (Lacaux et al., 1995; Andreae et al., 1996; Fishman et al.,
1996; Kaufman et al., 1998) by high-resolution capillary column gas
chromatography combined with mass spectrometry (HRGC-MS).
The HRGC-MS method is typically used for air samples that have
been enriched on adsorption traps in which VOCs are concentrated
before being injected into the capillary column by thermal
desorption (Radke et al., 1978; Crutzen et al., 1979; Ciccioli et al.,
2002). Although this laborious analytical method has been useful
to compile lists of VOCs emitted from various sources of biomass
burning (Ciccioli et al., 2001), it is time-consuming and does not
allow real-time detection, thus being unable to always follow the
complex dynamics of VOC emissions during fires.

Real-time detection of VOCs through Proton Transfer Reaction
Mass Spectrometry (PTR-MS) has been developed to analyze VOCs
released from various sources (Lindinger et al., 1998), including
combustion of biomass (Holzinger et al., 1999; de Gouw et al., 2006;
Karl et al., 2007; Yuan et al., 2010; Yokelson et al., 2013a). PTR-MS
analysis performed with a quadrupole mass detector (PTR-QMS)
offers an excellent time resolution, but does not allow to distin-
guish isobaric compounds and has a poor sensitivity for semi-
volatile compounds (Müller et al., 2010).

Very recently, a new PTR-“Time-of-Flight”- mass spectrometer
(PTR-TOF-MS) has enhanced complete and instantaneous detection
of highly resolved mass spectra of VOCs, also allowing unambigu-
ous identification of isobaric compounds through sum formula
information (Graus et al., 2010; Brilli et al., 2011). For these reasons,
PTR-TOF-MS has been successfully applied to standstill eddy
covariance measurements of VOC fluxes from various ecosystems
(Ruuskanen et al., 2010; Fares et al., 2013; Kaser et al., 2013; Brilli
et al., 2014).

During the night of 13e14 June 2012, an accidental fire burnt a
barn located 200 m far from the study site. The presence of a fire in
the vicinity of a measuring station equipped to monitor atmo-
spheric turbulence conditions together with concentrations of key
combustion products released during a fire, such as CO2, CO, CH4,
water vapor and VOCs offered an unprecedented case study to test
performances of the PTR-TOF-MS system for a novel type of
application.

We present here the first PTR-TOF-MS identification of pyro-
genic VOC released during the combustion of biomass material. In
particular, this study is one of the very few measurements of
nighttime smoke chemistry developing under (non-turbulent)
slow mixing conditions.

2. Materials and methods

2.1. Experimental site description

The PopFull experimental bio-energy poplar plantation (http://
webh01.ua.ac.be/popfull/) is located in Lochristi (51�0404400N,
3�5100200E) (Belgium) at an elevation of 6 m a.s.l. in a complete flat
terrain. The barn where the fire sprang contained only drying hay
and straw, and was located just next to the plantation, about 200 m
South of our measuring station (Appendix A).

The site was equipped with two complete and independent
monitoring systems for eddy covariance: one for greenhouse gases
(GHG) and another for VOC fluxmeasurements (Brilli et al., 2014). A
PTR-TOF-MS (Ionicon, Innsbruck, Austria) was deployed tomeasure
ambient concentrations of VOCs, and different analyzers were
installed to monitor the ambient concentrations of the most
important GHG (CO2, CH4, water vapor) as shown below. Simulta-
neously, the three wind components and temperature were
recorded with a three-axial sonic anemometer (Model CSAT3,
Campbell Scientific, Logan, UT, USA). More details about this study
site are given by Zona et al. (2013a, 2013b).

2.2. Methane (CH4), carbon monoxide (CO), carbon dioxide (CO2)
and water vapor (H2O) measurements

CH4 concentration was measured by a methane analyzer (Los
Gatos Research, CA, USA). CO2 and H2O concentrations were
measured with a closed-path infrared analyzer (LI-7000, LI-COR,
Lincoln, NE, USA). CO concentration was measured with a closed-
path fast response CO analyzer (model 908-0014, Los Gatos
Research, Mountain View, CA, USA).

2.3. PTR-TOF-MS instrumental setup

Proton Transfer Reaction “Time-of-Flight” Mass Spectrometer
(PTR-TOF-MS) (Ionicon, Innsbruck, Austria) is composed of an ion
source coupled with a drift tube and a high mass resolution,
orthogonal acceleration, reflectron time-of-flight mass spectrom-
eter TOF-MS (Tofwerk AG, Switzerland) (Graus et al., 2010; Jordan
et al., 2009). VOCs are detected in real-time through proton
transfer reactions occurring between the H3Oþ ions produced
within the ion source and the sample gas inserted into the drift
tube. The drift tube is kept under controlled conditions of pressure
(2.3 mbar), temperature (50 �C) and voltage (600 V) resulting in a
field density ratio (E/N) of z130 Td (E being the electric field
strength and N the gas number density; 1 Td¼ 10�17 V cm2). After a
performed proton transfer reaction, protonated ions are extracted
from the drift tube and pulsed every 30 ms to the orthogonal time-
of-flight region to be separated according to their m/z ratio in the
time-of-flight before being detected in conjunction with a multi-
channel-plate (MCP) and a time-to-digital converter (TDC) (Burle
Industries Inc., Lancaster, PA, USA). Ambient air was drawn with an
external pump at a constant flow rate of ~20 sl min�1 (standard liter
per minute; air volume normalized to standard temperature and
pressure conditions: 273 K, 101.3 kPa) through a 40 �C heated PFA
Teflon sampling line placed 2.5 m above the soil surface (Zona et al.,
2013a) and injected into the PTR-TOF-MS (Brilli et al., 2014).

2.3.1. PTR-TOF-MS data analysis and data reduction
Raw 10 Hz time series of high resolved full mass spectra ranging

between 1 and 315 m/z were continuously acquired by the TofDaq
software (Tofwerk AG, Switzerland) and stored in hdf5 file format
in 6-min time periods (http://www.hdfgroup.org/). After acquisi-
tion, each file was post-processed by the routine programs of a
software designated for PTR-TOF-MS data analysis (Titzmann et al.,
2010; Müller et al., 2013). This allowed an accurate mass scale
calibration and peak detection through peak shape analysis, itera-
tive residual peak analysis to detect multiple isobaric peaks per unit
m/z, and quantification of the fitted peak areas corresponding to ion
signal intensities based on the 6-min sum spectra. In addition, this
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software performs post-analysis quality assurance checks of the
whole outcome produced.

The mass scale accuracy of all the recorded spectra was cali-
brated both by exploiting two well-defined PTR-TOF-MS back-
ground ion peaks (m/z¼ 21.022 andm/z¼ 39.033 corresponding to
H3O18þ and H2OeH3O18þ, respectively), and by inserting 1,2,3 tri-
chlorobenzene (m/z ¼ 180.937) continuously into the sample inlet
system through a diffusive cell (Müller et al., 2010, 2012). The sum
formula of the detected ion signals was derived from the exactmass
to charge ratio (m/z) in the PTR-TOF-MS post-processed data by
making use of a molecular formula calculator (Patiny and Borel,
2013). All the post-processed 10-Hz ion signal intensities were
further reduced to 1-min time resolution through the Matlab
R2012b block averaging function (The MathWorks Inc., Natick, MA,
USA).

A total of 335 significant mass peaks were identified by the
analytical software of Müller et al. (2013). These include primary
ions (e.g. H3Oþ, H2OeH3Oþ, (H2O)2eH3Oþ), their natural isotopes,
and impurities produced by the PTR-TOF-MS itself (e.g. O2

þ, NOþ,
NH3

þ). Methanol is the most abundant VOC ubiquitously released in
biomass burning (Andreae and Merlet, 2001; Akagi et al., 2011;
Yokelson et al., 2013a). Thus, we distinguished the pyrogenic VOC
(i.e. those released by the same source as methanol) among the
total significant mass peaks detected by estimating the coefficient
of determination (R2) between the (1-min resolution) time-series
intensities of each mass peak and those of methanol (m/z 33.033)
recorded during the fire. As a result, we found 134 mass peaks with
a relatively poor coefficient of determination (R2) with methanol
<0.5, 49 mass peaks with intermediate correlation (0.5 < R2 < 0.8),
Fig. 1. Meteorological data recorded at the field site before-, during- and after- the fire wh
speed, (b) friction velocity (u*), (c) temperature and vapor pressure deficit (VPD), (d) CO, CO2

(solid) arrows indicate the three disturbance events (T1, T2 and T3) coming from ca 22:00
and 132 mass peaks with a high correlation (R2 > 0.8). Therefore,
only the 132 mass peaks exhibiting a high value of R2 (>0.8) were
identified as having a pyrogenic origin and considered for further
analysis.

2.3.2. Determination of VOC concentrations
Theoretical absolute concentrations of VOCs were determined

from PTR-TOF-MSmeasurements via the first order kinetic reaction
(Lindinger et al., 1998) after applying the correction for the effect of
the duty cycle as proposed by Cappellin et al. (2012).
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where [VOC_Hþ] and [H3Oþ] are signal ion rates corresponding to
the protonated VOC-ions and the primary ion, respectively; t is the
reaction time of [H3Oþ] in the drift tube (de Gouw et al., 2003; Tani
et al., 2003); k is the reaction rate coefficient between VOC and
H3Oþ according to the tabulation provided by Cappellin et al.
(2012). When a k for a specific VOC was not available, a standard
value of 2*10�9 cm3 s�1 was used. The [H3O16 þ] concentration atm/
z ¼ 19.018 was calculated from the natural isotope [H3O18 þ]
measured at m/z ¼ 21.022.

The background signal of the PTR-TOF-MS was quantified via an
automated system of switching valves that introduced VOC-free air,
generated by a commercially available gas calibration unit (Ionicon,
Innsbruck, Austria) for 6 min every 6 h and the resulting average
value was subtracted from all the previously recorded data. Limits
ich occurred on the night between June 13 and June 14. The time course of: (a) wind
, CH4 and H2O volume mixing ratio (ppmv) in ambient air are shown. In panel (b), black
h (June 13) to 04:00 h (June 14).



Fig. 2. Excess mixing ratios (DX) of: (a) CO2, (b) CH4, (c) CO and (d) methanol at the
field site before-, during- and after- the accidental fire which occurred on the night
between June 13 and June 14.
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of detection (LOD) were calculated according to LOD ¼ 2 * standard
deviationbackground/sensitivity (Karl et al., 2007).

2.3.3. VOC calibration
Direct calibration of VOC was performed by measuring the

signal intensities of a multi-component gas standard containing:
methanol, acetaldehyde, acetone, isoprene, methyl vinyl ketone,
benzene and toluene (Apel Riemer, USA). All these VOC were
diluted through a commercially available gas calibration unit
(Ionicon, Innsbruck, Austria) by adding VOC-free air having the
same relative humidity than the ambient air. This mixture was
accurately prepared bymeans of mass flow controllers (Bronkhorst,
Ruurlo, Netherlands) to reach concentration levels in the low
(1e20) ppbv range (Brilli et al., 2014). Good agreement was ach-
ieved between VOC concentrations estimated from direct PTR-TOF-
MSmeasurements and the theoretical absolute VOC concentrations
of the standard gases determined as described above in 2.3.2
(Appendix B).

2.4. Excess mixing ratios (DX), emission ratios (ER) and emission
factors (EF)

Background values (Bkgd) for both a trace gas X and a reference
gas (CO) were calculated as the average of their respective ambient
concentrations measured at a similar time (from 01:30 h to
04:00 h) from three days prior- to three days after- the occurrence
of the accidental fire.

Excess mixing ratios (DX) were calculated as the difference be-
tween the actual mixing ratio of a gas X in the plume and the
respective background value of the same gas X (Yokelson et al.,
1999).

Emission ratios (ER) were determined by subtracting the back-
ground average value from the excess mixing ratio of both a trace
gas X and a simultaneously measured reference gas (i.e. CO), then
calculating a slope by forcing the fit of the resulting excess mixing
values to zero (Yokelson et al., 1999).

Emission factors (EF) for a trace gas X were calculated using the
carbon mass balance method (Ward and Radke, 1993) described in
details by Yokelson et al. (1999).

EFxðg=kgÞ ¼ Fc*ðMMx=MMcÞ*ðCx=CTÞ

where Fc is the mass fraction of carbon in the fuel (assumed to be
500 g C kg�1 fuel; Susott et al., 1996; Yokelson et al., 1999), MMx is
the molecular mass of the trace gas [x], MMc is the molecular mass
of carbon (12.011 g mol�1), and Cx is the number of emitted moles
for a trace gas [x], divided by (CT) the total number of moles of
carbon emitted.

3. Results and discussion

3.1. Meteorological conditions and dispersion of biomass burning
emissions

According to the information provided by a local newspaper
(http://www.nieuwsblad.be/article/detail.aspx?
articleid¼DMF20120614_010&pid¼1750687), the fire started at ca
22:00 h in the night between 13 and 14 June, 2012 in a barn where
only drying hay and straw were stored.

Turbulence data collected at the measuring station indicated
that during the night advection remained very small, with weak
horizontal winds of ~0.2e0.4 m s�1, never exceeding 1 m s�1

(Fig. 1a). Moreover, the low values of friction velocity (u*
<0.3 m s�1) indicated that stable layers developed over the
experimental site (Fig. 1b). Turbulence data also showed that the
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Fig. 3. Relationships between the volume mixing ratio (ppbv) of methanol (m/
z ¼ 33.033) and the volume mixing ratio (ppmv) of: CO (a), CH4 (b), CO2 (c), recorded
on June 14 from 1:30 AM to 4:00 AM. In every single superimposed panel, R2 repre-
sents the correlation coefficient (p < 0.01).
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heat released by the fire only slightly affected the stability condi-
tions existing at the experimental site. Indeed at ca 23:00 h, u*
values increased only from ca. 0 to ~0.03 m s�1 (T1 e Fig. 1b) and
while changes in CO2 and CH4 concentrations were detected, only
an increase in acrolein excess mixing ratio was measured
(Figs. 1d; 4h). This small turbulence event (T1 e Fig. 1b) was un-
doubtedly associated with the fire because the excess mixing ratio
of CO2 (DCO2) and methane CH4 (DCH4) (Fig. 2a, b), three gases that
are always very abundant in biomass burning (Andreae and Merlet,
2001), increased. Two subsequent turbulence events (T2 and T3 e

Fig. 1b) disturbed the stable nighttime meteorological conditions,
as indicated by the u* values, which first quickly spiked from ~0.02
to ~0.05 m s�1 at ca 02:00 h (T2 e Fig. 1b), and then increased
continuously from ~0.03 to ~0.12 m s�1 between 03:00 h and
04:00 h (T3e Fig. 1b). In both these turbulence events (T2 and T3e

Fig. 1b), pyrogenic VOC originating from the fire reached the
measuring station, together with CO, CO2 and CH4 (Figs. 2c, d and
3). After 04:00 h, temperature, turbulence and gas concentrations
slowly approached to the pre-fire values (Fig. 1).

Since the flame was certainly extinguished by the firefighters
at the time when VOCs reached the measuring station, VOCs
dispersion mainly reflected the way the fire affected the stable
nocturnal boundary layers over the burning barn and the
experimental site. During the early flaming phase, high temper-
ature gradients produced by the fire generated a strong turbu-
lence above the burning barn. As a consequence, the stratified
boundary layers were disrupted by the turbulent regime near the
flame, developing a plume that transported the bulk of emission
far above the measuring station through the so-called chimney
(or stack effect) described by Slawson and Csanady (1971).
Because of the low mixing occurring between the developing fire
plume and the bottom layers, only the fraction of pyrogenic gases
emitted at the base of the fire reached the measuring station,
mainly by diffusion-advection within the bottom layer through
three weak and sporadic turbulent events (T1, T2 and T3 e Fig
1b). Moreover, since the emission of pyrogenic gases continued
long after the flame was extinguished, VOC concentration and
arrival at the measuring station mainly were determined by the
height of the mixing layers over the burning area and the
measuring station, by the level of turbulence and by the volatility
of pyrogenic VOC.

The bulk of the fire emission was detected after the flaming had
ceased (Figs. 1 and 2). These pyrogenic gases were released during
the late smoldering phase of combustion, characterized by a high
CO content (Fig.1c, d). Theywere also associatedwith a high release
of water vapor mostly coming from the evaporation of the water
used to extinguish the flame (Fig. 1d). This finding was indirectly
confirmed by both lack of changes in temperature (Fig. 1c) and
water vapor increases in the air (Fig. 1c, d), which typically occur
during early distillation and flaming phases of combustion
(Greenberg et al., 2006).

3.2. PTR-TOF-MS analysis of VOC from combustion

The development of the plume above the measuring station
avoided both saturation of PTR-TOF-MS detection and heavy soot
deposition within the sampling line, thus allowing simultaneous
monitoring of the variation of a multitude of protonated organic
ions originating from the combustion of biomass (T1, T2, and T3 e

Fig. 1b).
Among the 132 protonated organic ions selected from a total of

335 mass peaks found after post-processing of the full time series
between 22:00 h (June, 13) and 04:00 h (June, 14), 25 ions were
unambiguously related to the biomass burning (Andreae and
Merlet, 2001; Koppmann et al., 2005). These 25 VOCs represented
the vast majority (~85%) of the whole mixture of VOC emitted
during the accidental fire (Table 1). Consistent with previous
studies (Goode et al., 2000; Christian et al., 2003; Yokelson et al.,
2003), oxygenated VOC, such as methanol (m/z ¼ 33.033), acetal-
dehyde (m/z ¼ 45.033), acetone and MVE (m/z ¼ 59.049), acetic
acid and glycolaldehyde (m/z ¼ 61.028), hydroxyl-2-propanone
(acetol) (m/z ¼ 75.043) and 2-butanone (MEK) (m/z ¼ 73.063),
dominated the pyrogenic VOC emissions (Table 1). In addition, real-
time detection of the entiremass spectrum by PTR-TOF-MS enabled
us to analyze the complex mixture of less abundant pyrogenic
VOCs, comprising 107 different protonated organic ions (Table 2).
As shown in previous PTR-TOF-MS analysis (Holzinger et al., 2010;



Fig. 4. Excess mixing ratios (DX) of the 24 most abundant pyrogenic VOC (listed in Tables 1 and 3) recorded at the field site before-, during- and after- the accidental fire which
occurred on the night between June 13 and June 14.
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Table 1
Measured mass weight, difference between measured and exact ion mass, empirical formula and VOC assignment of emissions representing ~85% of the whole mixture of
pyrogenic VOC detected on June 14, from 01:30 h to 04:00 h. Measurements statistics (R2 representing the coefficient of determination of the linear relationship between the
volume mixing ratio of methanol and the one of a selected VOC), mean concentration (ppbv), values of 95th- and 5th- percentile and limit of detection (LOD) of each VOC are
also shown.

R2 Measured
mass (Da)

Difference between measured
and exact ion mass (mDa)

Empirical formula Assigned compound Mean
(ppbv)

95%
(ppbv)

5%
(ppbv)

LOD
(ppbv)

*1.000 33.034 0.04 CH4OeHþ Methanol1,2,4 15.213 79.04 2.734 0.216
0.988 45.033 �0.30 C2H4OeHþ Acetaldehyde1,2,4 4.773 26.985 0.261 0.106
0.994 59.049 0.69 C3H6OeHþ Acetone (propanal)1 and/or methyl vinyl ether (MVE)2,4 3.69 18.887 0.848 0.047
0.863 61.028 0.95 C2H4O2eHþ Acetic acid1,2,4 and glycolaldehyde2 2.143 14.94 �1.143 0.956
0.989 43.054 0.77 C3H6eHþ Propylene1,2,4 2.039 10.836 0.381 0.021
0.957 43.018 0.39 C2H2OeHþ Hexyl acetate fragment5 1.844 11.897 �0.392 0.451
0.991 41.039 e C3H4eHþ Propadiene1,2,4 1.164 6.438 0.125 0.039
0.965 75.043 1.60 C3H6O2eHþ Hydroxy-2-propanone (acetol)2 1.052 7.89 �0.355 0.347
0.991 73.063 2.34 C4H8OeHþ 2-Butanone (MEK)4 and propanal 2-methyl-1,2,4 1.036 6.011 0.049 0.02
0.986 42.034 0.07 C2H3NeHþ Acetonitrile1,2,4 0.943 5.993 �0.009 0.075
0.995 83.048 1.69 C5H6OeHþ Furans methyl-1,2,4 0.878 5.656 �0.003 0.027
0.987 87.043 1.60 CcH6O2eHþ 2,3-Butadione1,4 0.861 6.095 �0.166 0.215
0.988 57.071 �0.57 C4H8eHþ Butene1,2,4 and hexyl acetate fragment5 0.684 3.01 0.156 0.001
0.987 93.068 1.42 C7H8eHþ Toluene1,2,4 0.606 2.515 0.204 0.001
0.982 31.018 0.39 CHOeHþ Formaldehyde1,2,4 0.509 2.166 0.06 0.081
0.993 69.034 0.04 C4H4OeHþ Furan1,2,4 0.498 3.113 0.003 0.014
0.998 85.065 0.34 C5H8OeHþ Cyclopentanone3,4 0.485 3.178 �0.001 0.02
0.984 97.066 0.48 C6H8OeHþ Dimethyl furan1,4 and ethyl furan1,4 0.465 3.284 �0.05 0
0.994 69.069 1.42 C5H8eHþ 1,4-Pentadiene (isoprene)1,2,4 0.452 2.453 0.058 0.008
0.990 97.027 1.95 C5H4O2eHþ Furfural1 0.432 2.919 �0.04 0.031
0.936 57.042 �7.96 C3H4OeHþ 2-Propenal (acrolein)1,2,4 0.387 2.116 �0.028 0.029
0.998 71.048 1.69 C4H6OeHþ Methyl vinyl ketone (MVK) and methacrolein (MAC)2,4 0.373 2.446 �0.019 0.012
0.995 87.079 1.99 C5H10OeHþ Butanal 2-methyl-1,2,4 or pentanone1,2,4 0.321 1.87 0.026 0.005
0.983 28.021 �2.28 CHNeHþ Hydrogen cyanide1,2,4 0.313 1.245 0.075 0.006

Footnotes (*) refer to: 1Adreae and Merlet (2001); 2Akagi et al. (2011); 3Friedli et al. (2001); 4Yokelson et al. (2013a); 5Fall et al. (1999).
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Park et al., 2013), identification of VOCs is possible only through the
exact mass weight up to a value of ±0.001 mDa. For this reason,
determination of few compounds remained uncertain (Table 2).
However, the PTR-TOF-MS high mass resolution overall improved
the detection of pyrogenic VOCs with respect to previous in-
vestigations with traditional quadrupole PTR-MS (Holzinger et al.,
2005; Karl et al., 2007; Yokelson et al., 2013a). An alcohol frag-
ment (C2H2OeHþ, m/z ¼ 43.054), acrolein (C3H4OeHþ, m/
z ¼ 57.042), furan (C4H4OeHþ; m/z ¼ 69.034), 2-methyl furan
(C5H6OeHþ;m/z ¼ 83.048), phenol (C6H6OeHþ,m/z ¼ 95.049) and
benzaldehyde (C7H8OeHþ; m/z ¼ 107.041) were successfully dis-
cerned from the protonated pure hydrocarbons having the same
nominal, but different exact mass weight, namely propylene
(C3H6eHþ, m/z ¼ 43.018), butene and hexyl acetate fragment
(C4H8eHþ,m/z ¼ 57.071), 1,4 pentadiene (C5H8eHþ,m/z ¼ 69.069),
an hexenol fragment (C6H10eHþ, m/z ¼ 83.084), pyrydinamines
(C5H6N2eHþ, m/z ¼ 95.085) and p-xylene or ethylbenzene
(C8H10eHþ m/z ¼ 107.084) (Tables 1 and 2). Moreover, three
important oxygenated VOC having the same nominal mass unit:
furanone (C4H4O2eHþ; m/z ¼ 85.029), cyclopentanone
(C5H8OeHþ; m/z ¼ 85.065) and 1-hexene or C6-alkenes
(C6H12eHþ; m/z ¼ 85.102) were unambiguously separated by the
PTR-TOF-MS (Tables 1 and 2).

3.3. Excess mixing ratios (DX)

The 1-min resolved time-course of methanol (the most abun-
dant VOC detected by PTR-TOF-MS) had a strong linear relationship
with that of both CO (R2 ¼ 0.95) (Fig. 3a) and CH4 (R2 ¼ 0.43)
(Fig. 3b), two gases that are also produced in a large amount during
fires (Andreae and Merlet, 2001; Koppmann et al., 2005). Consis-
tent with Friedli et al. (2001), correlation analysis clearly indicated
that pyrogenic VOCs (together with CO and CH4) were released
from a common source during the smoldering phase of combustion
(Appendix C), when most of the CO, CH4 and VOC are produced
(Akagi et al., 2011). In particular, the enhanced excess mixing ratios
of both acetonitrile (m/z ¼ 42.034) (Fig. 4d) and hydrogen cyanide
(m/z¼ 28.021) (Fig. 4a) unambiguously demonstrated the source of
VOC in this study to be a biomass fire (Li et al., 2000; de Gouw et al.,
2003; Yuan et al., 2010).

The strong linear relationship between the concentrations of
methanol and that of CO validated the concurrent emission of other
pyrogenic VOC (Tables 1 and 2). However, the excess mixing ratios
(DX) of the 25 most abundant VOCs (Table 1) varied significantly
during the three turbulent events (T1, T2 and T3 e Fig. 4). Acrolein
was the only VOC showing an enhanced excess mixing ratio (DX)
during the T1 event (Fig. 4h), which was associated with the in-
crease in DCO2 and in DCH4 (Fig. 2a, b). Indeed, acrolein is the
simplest (and lightest) unsaturated aldehyde formed during the
early flaming stages of combustion of organic materials, and,
together with formaldehyde, is involved in the acute toxicity of
smoke, being a powerful mucosal irritant (Dost, 1991).

The following turbulence event, occurring at ca 02:00 h (T2 e

Fig. 1b), increased the excess mixing ratio (DX) of the three major
oxygenated compounds: methanol (Fig. 1d), acetaldehyde
(Fig. 4g) and acetone (Fig. 4j). Propadiene (Fig. 4c), acetonitrile
(Fig. 4d), formaldehyde (Fig. 4b), acetol (Fig. 4q), furfural (Fig. 4w),
toluene (Fig. 4v) and hydrogen cyanide (Fig. 4a) also increased
with these three major pyrogenic VOC. The impact of the last
turbulence event (T3 e Fig. 1b) was greater e more severe and
more prolonged e than that in the previous event (T2 e Fig. 1b).
Moreover, the last turbulence event (T3 e Fig. 1b) induced an
increase in the excess mixing ratio of certain pyrogenic VOC which
was not observed in the previous events (T1 and T2 e Fig. 1b),
including an alcohol fragment (Fig. 4e), 1.3 pentadiene (Fig. 4u),
methyl furans (Fig. 4s), butane (Fig. 4i), cyclopentanone (Fig. 4t)
and benzene (Fig. 4r). However, the excess mixing ratio (DX) of 2,3
butanedione (Fig. 4u), acetamide (Fig. 4k), MEK (Fig. 4p) and p-
xylene (Fig. 4z), acetic acid and glycolaldehyde (Fig. 4l), furan
(Fig. 4m), MVE (Fig. 4o), and propylene (Fig. 4f) were similarly



Table 2
Measured mass weight, difference between measured and exact ion mass, empirical formula and VOC assignment of emissions representing the residual ~15% of the whole mixture of pyrogenic VOC detected on June 14, from
01:30 h to 04:00 h. Measurements statistics (R2 representing the coefficient of determination of the linear relationship between the volume mixing ratio of methanol and the one of a selected VOC), mean concentration (ppbv),
values of 95th- and 5th- percentile and limit of detection (LOD) of each VOC are also shown.

R2 Measured
mass (Da)

Difference between
measured and
exact ion mass
(mDa)

Empirical formula Likely compound Mean (ppbv) 95% (ppbv) 5% (ppbv) LOD (ppbv)

0.968 60.048 �3.06 C2H5NOeHþ Acetamide or formamide N-methyl- or nitrosoethano1 0.306 1.373 0.04 0.022
0.926 46.030 �0.71 CH3NOeHþ Formamide1 0.290 1.147 0.03 0.066
0.982 56.047 3.02 C3H5NeHþ Propanenitrile2,3,12 0.289 1.739 �0.036 0.026
0.823 95.049 0.69 C6H6OeHþ Phenol, 2vinyl-furan4,5.6,12 0.278 1.727 �0.006 0
0.988 107.084 2.07 C8H10eHþ p-Xylene or ethylbenzene2,4,12 0.274 1.119 0.086 0.001
0.822 109.066 �0.66 C7H8OeHþ Benzyl alcohol or benzene methoxy-5,12 0.272 1.455 0.018 0.002
0.973 79.046 �2.66 C2H5FNOeHþ n.i.12 0.271 1.475 �0.013 0.061
0.981 68.050 0.02 C4H5NeHþ Pyrrole7,12 0.270 1.822 �0.004 0.004
0.985 57.024 �2.54 C2H2NOeHþ n.i.12 0.253 1.48 �0.005 0.008
0.940 81.034 0.04 C5H4OeHþ 2,4-Cyclopentadiene-1-one1,12 0.233 1.583 �0.007 0.019
0.931 89.059 1.25 C4H8O2eHþ Acetoin1 0.223 1.412 �0.04 0.049
0.983 71.084 2.07 C5H10eHþ cis-(trans)-1,2-Dimethyl cyclopropane, ethyl8,12 0.221 1.125 0.036 0.015
0.978 49.011 17.54 CH4O2eHþ Hydroxylamine, ethyl1 0.217 1.167 0.007 0.007
0.933 111.079 3.00 C7H10OeHþ Furan trimethyl-5,12 0.198 1.483 �0.045 0.001
0.942 111.043 0.26 C4H4N3OeHþ n.i.12 0.192 1.458 �0.042 0.058
0.975 79.060 �0.22 C6H6eHþ Benzene2,12 0.184 1.038 0.025 0.002
0.987 83.084 2.07 C6H10eHþ Hexenol fragmnet8 or cyclohexene or hexenes or 1,3-hexadiene12 0.183 0.799 0.044 0.002
0.941 81.067 3.42 C6H8eHþ Hexenyne or methyl cyclopentadiene12 0.181 0.872 0.028 0.004
0.971 121.101 0.72 C9H12eHþ Ethyl-methyl-benzene (n-propylbenzene)9,12 0.174 0.604 0.072 0
0.989 82.065 0.67 C5H7NeHþ 1H-pyrrole methyl-12 0.166 1.091 �0.002 0.002
0.829 125.059 1.25 C7H8O2eHþ Phenol 2-methoxy- (guaiacol) or 4H-pyran-one-dimethyl-1 0.141 0.991 �0.022 0.019
0.954 99.044 �17.00 C5H6SeHþ Thiophene 2-methyl-1 0.129 0.919 �0.032 0.005
0.992 67.054 0.77 C5H6eHþ 1,3-Cyclopentadiene2,12 0.128 0.79 �0.001 0.003
0.980 70.068 �2.33 C4H7NeHþ Butanenitrile1 0.124 0.702 0.012 0.005
0.980 74.066 �5.41 C3H7NOeHþ Formamide N,N-dimethyl- or propanamide 2, ethyl or acetamide, N-methyl- … 1 0.116 0.569 0.015 0
0.860 62.029 �4.80 CH3NO2eHþ Methyl nitrite1 0.102 0.454 0.001 0.016
0.974 84.081 0.32 C5H9NeHþ Pentanenitrile or butanenitrile methyl-1 0.098 0.601 0.002 0.002
0.921 85.029 �0.05 C4H4O2eHþ 2(5H)-furanone or hydroxyfuran or 2-propynoic acid methyl ester- … 1,12 0.095 0.658 �0.048 0.044
0.981 54.035 �0.63 C3H3NeHþ 2-Propenenitrile2,3 0.092 0.466 0.011 0.007
0.982 105.069 1.42 C8H8eHþ Olefin5,12 0.092 0.47 0.016 0
0.881 125.101 7.00 C7H12N2eHþ 1-Piperidineacetonitrile or n-butyl pirazole or butylimidazole1,12 0.089 0.593 �0.012 0.019
0.981 101.059 1.25 C5H8O2eHþ 2,3-Pentanedione or acetyl acetone or 2-butenoic acid methyl ester1,12 0.088 0.589 �0.015 0
0.857 58.034 �4.71 C2H3NOeHþ Methyl isocyanate6,12 0.084 0.382 �0.007 0.027
0.954 95.085 �24 C5H6N2eHþ Pyrydinamine2, methyl diazina12 0.08 0.408 0.011 0.003
0.875 58.07 �4.33 C3H7NeHþ 2-Propen-1-amine or 2-propanimine10,12 0.076 0.266 0.014 0.001
0.978 85.102 �0.27 C6H12eHþ 1-Hexene, C6-alkenes2,12 0.075 0.343 0.019 0.002
0.961 91.053 5.00 C4H10SeHþ n-Butanethiol2,12 0.074 0.31 0.018 0.001
0.953 94.069 �2.18 C7H8eHþ Pyridine methyl- or aniline2,12 0.071 0.291 0.011 0.01
0.996 99.081 �0.01 C6H10OeHþ Hexanals8 0.071 0.435 0.004 0.011
0.887 113.059 1.05 C6H8O2eHþ Cyclohexanone methyl- or cyclohexanedione or furanone dimethyl-, … 1 0.070 0.49 �0.025 0.003
0.902 44.054 �3.98 C2H5NeHþ Ethylenimine or ethenamine or acetaldimine2,9 0.062 0.324 �0.009 0.01
0.959 97.112 �10.00 C7H12eHþ Cyclopentene dimethyl-1, methylcyclohexene12 0.062 0.252 0.007 0.007
0.925 121.064 1.34 C8H8OeHþ Acetophenone1,12 0.06 0.264 0.003 0.014
0.929 135.119 �1.62 C10H14eHþ n-Butylbenzene or benzene diethyl-/methylpropyl or verbenene5,12 0.060 0.203 0.018 0
0.981 84.050 6.17 C3H5N3eHþ 3-aminopyrazole or 4-NH2-pyrazole1 0.055 0.384 �0.015 0.009
0.954 42.010 18.52 C2HOeHþ n.i. 0.054 0.271 �0.011 0.02
0.969 98.096 0.97 C6H11NeHþ Hexanenitrile or 2-propen-1-amine N-2-propenyl-1 0.054 0.359 �0.004 0.036
0.908 108.078 3.00 C7H9NeHþ Pyridine, dimethyl1 0.052 0.233 0.008 0.004
0.950 119.082 �1.00 C9H10eHþ Indane or benzene 2-propenyl- or methylstyrene11,12 0.052 0.227 0.003 0.008
0.976 98.029 6 C3H3N3OeHþ 1H-Pyrazole, 4-nitro-1 0.051 0.366 �0.016 0.005
0.977 72.050 70.25 C3H5NOeHþ Methoxyacetonitrile or acrylamide1 0.050 0.301 �0.004 0.011
0.993 101.096 0.64 C6H12OeHþ Hexanals8,12 0.050 0.246 0.012 0.007
0.979 113.098 �1.36 C7H12OeHþ Heptenal1 0.050 0.321 �0.005 0.008

(continued on next page)
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Table 2 (continued )

R2 Measured
mass (Da)

Difference between
measured and
exact ion mass
(mDa)

Empirical formula Likely compound Mean (ppbv) 95% (ppbv) 5% (ppbv) LOD (ppbv)

0.995 77.061 �0.74 C3H8O2eHþ Ethanol 2-methoxy- or propylene glycol or 1,3-propanediol1 0.049 0.291 0.001 0.001
0.926 115.073 14.00 C5H10N2OeHþ n.i.12 0.049 0.269 �0.005 0.001
0.834 129.066 4.00 C10H8eHþ Naphthalene5,12 0.049 0.26 0 0.007
0.954 104.050 0.02 C7H5NeHþ Benzonitrile5,12 0.047 0.295 �0.006 0.002
0.971 107.041 �3.89 C7H6OeHþ Benzaldehyde2,12 0.047 0.234 0.005 0.003
0.954 103.069 7.00 C5H10O2eHþ Hydroxy pentanone5, methyl butanoate12 0.045 0.253 �0.005 0.002
0.900 95.011 0.01 C2H6S2eHþ Disulfide, dimethyl-9 0.044 0.181 0.006 0.033
0.969 82.034 �4.71 C4H3NOeHþ n.i.12 0.043 0.276 �0.008 0.001
0.957 76.045 �5.15 C2H5NO2eHþ Ethane nitro- or acetamide N-hydroxy or ethyl-nitrite-1 0.042 0.341 �0.025 0.006
0.978 88.046 5.09 C2H5N3OeHþ n.i.12 0.042 0.296 �0.011 0.017
0.948 111.113 19.00 C6H10N2eHþ Pyrazole, trimethyl-1 0.041 0.144 0.013 0.006
0.836 139.117 6.00 C8H14N2eHþ Butylpyrazole methyl-1 0.041 0.229 0.001 0.001
0.979 70.036 4.52 C2H3N3eHþ Acrylic acid12 0.040 0.196 0.001 0.004
0.846 73.028 0.95 C3H4O2eHþ 2-Propenoic acid or Formic acid2,5 0.040 0.627 �0.177 0.118
0.981 86.066 �5.41 C4H7NOeHþ 2-Pyrrolidinone or methacrylamide or acetonitrile ethoxy-, … 1 0.040 0.228 0 0.001
0.939 96.064 �19.00 C5H5NOeHþ Pyridine-N-oxide2 0.039 0.258 �0.007 0
0.915 92.062 0.6 C7H7eHþ n.i.12 0.037 0.131 0.015 0.01
0.941 96.09 �9.00 C6H9NeHþ 2,4-dimethylpyrrole 0.037 0.254 0 0.076
0.887 131.084 2.08 C10H10eHþ Naphthalene dihydro-, 2-methylindene12 0.036 0.253 �0.005 0.003
0.894 133.063 13.00 C8H8N2eHþ Methylpyrrolo[1,2-a]pyrazine, 1-methylindazole, benzimidazole methyl-, … 1 0.036 0.214 �0.001 0.001
0.964 96.023 �1.87 C5H3O2eHþ n.i.12 0.035 0.207 �0.008 0.001
0.828 127.040 �0.48 C6H6O3eHþ Maltol or 1,2,3-benzenetriol or methyl 2-furoate, … 1 0.035 0.15 0.003 0.002
0.967 88.080 �3.27 C4H9NOeHþ Propanamide 2-methyl- or butanamide or acetamide N-ethyl-1 0.033 0.165 0.001 0
0.974 98.064 8.00 C4H7N3eHþ Aminopyrazole methyl- or triazole 1-Ethyl-1,2,4-1 0.033 0.25 �0.01 0.001
0.816 127.078 �2.09 C7H10O2eHþ 2(3H)-Furanone, 2-propenoic acid 2-methyl- 2-propenyl ester,

pentynoic acid ethyl ester-, … 1
0.033 0.281 �0.024 0.012

0.914 133.101 0.72 C10H12eHþ Ethylstyrene, 1-methyl-1-propenylbenzene12 0.030 0.158 0.002 0
0.978 115.110 2.00 C6N2H14eHþ n.i. 0.029 0.139 0.004 0
0.936 81.080 �1.02 C2H10NO2eHþ n i. 0.028 0.158 0 0
0.869 103.035 20.00 C8H6eHþ Ethynyl benzene12 0.028 0.145 �0.013 0.003
0.955 119.038 12.00 C8H7OeHþ Benzofuran12, hydroxy e phenyl acetylene2,7 0.027 0.161 0 0.001
0.830 135.092 9.00 C9H10OeHþ Benzyl methyl ketone or prpopanone phenyl- orethanone methyl-phenyl-1 0.026 0.142 �0.002 0.002
0.839 118.065 0.67 C8H7NeHþ Indole, benzeneacotonitrile2 0.025 0.147 �0.002 0.001
0.939 117.095 �3.44 C6H12O2eHþ Hexanoic acid5 0.024 0.124 0.001 0.006
0.968 68.018 �4.36 C3HNOeHþ Cyanochetene1 0.023 0.118 0.001 0
0.828 110.063 �2.41 C6H7NOeHþ Pyridine 2-methoxy-1 0.023 0.165 �0.008 0
0.908 94.029 0.29 C5H3NOeHþ 2-Furancarbonitrile5 0.022 0.104 0.001 0.001
0.911 112.083 1.78 C5H9N3eNþ n.i.12 0.022 0.141 �0.002 0
0.853 129.115 13.00 C8H16OeHþ Octanal or octanone or 1-octen-3-ol, … 1 0.021 0.09 �0.005 0.003
0.946 106.073 7.00 C7H7NeHþ Pyridine, 4-ethenyl1 0.020 0.095 0.002 0.003
0.907 123.110 8.00 C7H10N2eHþ Pyrazine ethyl-methyl- or N,N-dimethyl-2-pyridinamine1 0.020 0.102 �0.002 0
0.881 112.043 8.00 C4H5N3OeHþ 2(1H)-Pyrimidone 4-amino1 0.019 0.123 �0.006 0.001
0.946 68.994 14.89 C2N2OeHþ Cyanogen isocyanate1 0.018 0.099 �0.002 0.003
0.917 72.087 �5.68 C4H9NeHþ Pyrrolidine or ethanamine N-ethylidene1 0.017 0.07 0 0
0.900 120.088 �7.00 C8H9NeHþ Pyridina dihydro-1 0.016 0.074 0.002 0
0.905 110.096 0.78 C7H11NeHþ 1H-pyrrole1 0.015 0.11 �0.003 0.067
0.927 127.119 3.00 C8H14OeHþ Cylcooctanone5 0.014 0.098 �0.006 0.001
0.886 105.030 25.00 C4H8O3eHþ Acetic acid, methoxy- or acetic acid, ethoxy- or acetic acid, ethoxy- … 1 0.013 0.084 �0.006 0.001
0.858 86.026 �1.8 C3H3NO2eHþ Carbocyanic acid methyl ester-1 0.010 0.054 �0.006 0.008
0.843 86.101 �4.03 C5H11NeHþ Piperidine or pyrrolidine 1-methyl- or cyclopentanamine, … 1 0.007 0.031 0 0
0.858 112.121 �9.00 C7H13NeHþ Heptanenitrile10, 0.007 0.036 0 0.032
0.832 67.024 5.62 C3H2N2eHþ Propanedinitrile or malononitrile1 0.006 0.071 �0.006 0.005
0.850 74.036 �0.56 CH3N3OeHþ n.i.12 �0.005 0.084 �0.034 0.014

Footnotes (*) refer to: 1NIST library; 2Friedli et al. (2001); 3Urbanski et al. (2009); 4Yokelson et al. (2003); 5Ciccioli et al. (2001); 6 Friedli et al. (2001); 7Koppmann et al. (2005); 8Fall et al. (1999); 9Akagi et al. (2011); 10http://www.
rjlg.com/; 11 Warneke et al. (2007); 12Yokelson et al. (2013a); n.i. ¼ not identified. When more than one likely compounds was found for the same empirical formula, only three results were considered (followed by suspension
points).
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Table 3
Background average (±standard deviation) (Bkgd. Avg), emission ratios relative to CO (ER) (±ER uncertainty) and emission factors (EF) of the 25 identified VOC representing
~85% of the whole pyrogenic emission.

Compound (formula) Bkgd. Avg. (ppbv) ER to CO (Dppbv Dppmv�1) EF (g Kg�1)

Carbon dioxide (CO2) (448.90 ± 29.3) � 103 4527.69 (� 103) ± 1369.12 (�103) 1818.64
Methane (CH4) (2.08 ± 0.19) � 103 32.43 (�103) ± 6.42 (�103) 4.75
Carbon monoxide (CO) (0.09 ± 0.02) � 103 e 0.26
Methanol (CH4O) 6.14 ± 1.7 90.24 ± 4.20 26.38
Acetaldehyde (C2H4O) 0.77 ± 0.23 37.31 ± 1.36 14.99
Acetone (propanal) and methyl vinyl ether (MVE) (C3H6O) 1.72 ± 0.81 23.73 ± 1.06 12.57
Acetic acid and glycolaldehyde (C2H4O2) 0.73 ± 0.40 17.64 ± 1.58 9.66
Hexyl acetate fragment (C2H2O) 0.58 ± 0.27 15.01 ± 0.94 5.76
Propene (C3H6) 0.48 ± 0.25 13.91 ± 0.48 5.34
1-Propyne (C3H4) 0.19 ± 0.10 8.73 ± 0.28 3.19
Acetonitrile (C2H3N) 0.09 ± 0.01 7.98 ± 0.32 2.99
2,3-Butanedione (C2H6O2) 0.05 ± 0.03 7.86 ± 0.38 6.17
Furans, methyl- (C5H6O) 0.02 ± 0.005 7.57 ± 0.30 5.67
Cyclopentanone, pentenal, pentenone (C5H8O) 0.04 ± 0.01 4.25 ± 0.16 3.26
Furan (C4H4O) 0.02 ± 0.01 4.22 ± 0.16 2.62
Butene and hexyl acetate fragment (C4H8) 0.186 ± 0.109 3.92 ± 0.14 2.01
Furfural (C5H4O2) 0.012 ± 0.010 3.89 ± 0.18 3.41
1,4-Pentadiene (isoprene) (C5H8) 0.08 ± 0.06 3.31 ± 0.12 2.06
Toluene (C7H8) 0.21 ± 0.14 3.14 ± 0.12 2.64
2-Propenal (acrolein) (C3H4O) 0.02 ± 0.01 3.14 ± 0.12 1.61
Formaldehyde (CHO) 0.36 ± 0.13 2.60 ± 0.16 0.71
Phenol, 2 vinyl-furan (C6H6O) 0.010 ± 0.004 2.01 ± 0.02 1.73
Hydrogen cyanide (HCN) 0.094 ± 0.041 1.67 ± 0.05 0.41
p-Xylene (C8H10) 0.100 ± 0.064 1.39 ± 0.06 1.35
Benzene (C6H6) 0.40 ± 0.03 1.28 ± 0.06 0.91
Hydroxy-2-propanone (acetol) (C3H6O2) 0.02 ± 0.009 0.61 ± 0.02 0.41
Methyl vinyl ketone (MVK) and methacrolein (MAC) (C4H6O) 0.010 ± 0.007 0.54 ± 0.02 0.35
2-Butanone (MEK) or propanal 2-methyl- (C4H8O) 0.101 ± 0.035 0.52 ± 0.12 0.34
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enhanced by the two late turbulence events (T2 and T3 e Fig. 1b).
In conclusion, the evolution of the complex combustion process
could be elucidated by the diverse type of pyrogenic- gases
emitted during the three consecutive turbulence events recorded
(T1, T2, and T3 e Figs. 1b, d and 4).

Our data showed that in T1 only pyrogenic gases mainly
released at the base of the fire during the flaming phase (such as
CO2 and CH4 together with acrolein) were detected (Figs. 1b, d and
4h). However, the bulk of pyrogenic-VOC emission was likely
transported away from the measuring station by the turbulent
regime that disrupted the stratified boundary layers near the flame.
Among the pyrogenic-VOCs detected in T2 and T3 after the fire was
extinguished, the more volatile compounds such as hydrogen cy-
anide (Fig. 4a) and formaldehyde (Fig. 4b), as well as the low mo-
lecular weight (light) oxygenated-VOC (methanol, acetaldehyde,
acetone e Figs. 2d and 4g, j, respectively) arrived earlier at the
measuring station. Higher concentrations of those pyrogenic-VOC
were recorded in T2 at ~02:00 h than in T3 from 03:00 h to
04:00 h. Differently, high molecular weight (heavy) pyrogenic-
VOCs such as furans (i.e. furans, methyl furans), aromatics (i.e.
benzene, xylene), cyclic compounds (i.e. cyclopentanone) and ke-
tones (i.e. MVE, MEK) moved more slowly, either reaching the
station with higher concentrations in T3 than in T2 (Fig. 4l, m, o, z)
or being detected only in T3 (Fig. 4i, r, s, t) Finally, two protonated
organic ions with low molecular weight (m/z ¼ 43.018 and m/z
57.071) were only detected in T3 (Fig. 4e, i), being fragments of the
heavy pyrogenic-VOC hexyl acetate (m/z ¼ 143.107) (Fall et al.,
1999).

3.4. Emission ratios (ERs) and emission factors (EFs)

Emission ratios (ERs) and emission factors (EFs) were also
calculated for the 25 unambiguously identified pyrogenic VOCs
(Table 3; Appendix C). CO was selected as a reference gas because it
is emitted predominantly during smoldering combustion (Andreae
and Merlet, 2001; Akagi et al., 2011) and therefore allowed a more
reliable estimation of ER. Moreover in this specific fire event, CO2
was not a good tracer of the fire (Fig. 3c) because its emission
occurredmostly during the early flaming phase and small increases
in concentrations associated with the emission of pyrogenic VOCs
were masked by the high CO2 background (449 ± 29 ppmv)
(Table 3). Indeed, CO2 was abundantly released from the actively
growing vegetation through nighttime respiration (Zona et al.,
2013b; Brilli et al., 2014) and from the soil (Verlinden et al.,
2013). The CO2 emission rates, together with the shallow stable
nighttime inversion layer, contributed to the very high nighttime
concentrations of CO2 (Fig 1d).

Consistent with numerous previous experiments (Andreae
and Merlet, 2001; Akagi et al., 2011), this study reports the
highest ER to the reference CO gas for CO2
(4527 103 ppbv ppmv�1) and CH4 (32.43 103 ppbv ppmv�1)
(Table 3). However, almost all the ER (and EF) values estimated
for the pyrogenic VOC listed in Table 3 were higher than those
reported in literature (Christian et al., 2003; Greenberg et al.,
2006; Akagi et al., 2011). Although high ER for the main
oxygenated VOC have already been reported in aged plumes
where secondary oxidation processes dominated over primary
emission (Holzinger et al., 2005; Jost et al., 2003), this explana-
tion does not apply to our case due to the lack of eOH radicals
and ozone at night. Possibly, the high emission of oxygenated
VOC in our study was the result of the large amount of water
added by the firefighters when attempting to extinguish the fire,
which partially cooled the biomass and thereby may have limited
the emission of semi-volatiles from the fire.

Another reason for such differences could be that previous ER
(and EF) estimates from biomass burning typically relied on
airborne sampling of emissions lofted by convection under good
(well-mixed) conditions of turbulence, which are very different
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from the ground-based low mixing conditions of the boundary
layer where the measuring station was located in our experiment
(Bertschi et al., 2003). Although a strong linear relationship was
found between concentrations of CO and VOCs (Table 1; Fig. 3a),
this was not sufficient to overcome the distortion of ERs (and EFs)
associated with the limiting mixing of the gases in our study
(Yokelson et al., 2013b). In fact, as the plume developed in turbulent
conditions above the boundary layer, the air entrapped within the
stable boundary layer became enriched with pyrogenic gases that
were not immediately lifted by convection. Because of this effect,
the excess mixing ratios (DX) detected at the measuring station
were different from those existing over the source generating the
pyrogenic emissions. This explains why in our case the ER (and EF)
values were higher with respect to those obtained by measuring
the gas concentrations inside turbulent fire plumes (Yokelson et al.,
2013b). Indeed, changes in the composition of background air,
associated either to a pyrogenic gas (i.e. VOC) or to a reference
species (i.e. CO), may have caused the very high ER (and EF)
observed in our study, with respect to those reported in literature
(Yokelson et al., 2013b).
4. Conclusions

The occurrence of a fire in a barn near our measuring station
allowed us to apply for the first time the novel PTR-TOF-MS tech-
nology for the detection of pyrogenic VOC released from combus-
tion of biomass. PTR-TOF-MS accurate and real-time mass weight
identification allowed us to separate isobaric compounds having
the same nominal mass but different exact mass weight. We were
Appendices

Appendix A. Picture map representing the position of our measur
higher (b) zoom level. Distance and point reference are indicated.
also able to confirm and precisely estimate the prevailing contri-
bution (~85%) of methanol and other oxygenated VOCs (acetalde-
hyde, acetone and MVE, acetic acid and glycoaldehyde) to the
whole pyrogenic VOC mixture, as well as to detect the residual
minor fraction of pyrogenic VOCs comprising potentially toxic
compounds (i.e. styrene). However, we could not overcome
completely uncertainties associated with the identification of
different VOC based only on their exact mass weight. Therefore,
analysis of fire plumes by coupling PTR-TOF-MS with other
analytical techniques, such as gas chromatography (GC) is still
needed.

In addition, this study demonstrated that values of ER (and
EF) may be overestimated because of the limited mixing of the
gases occurring under stable (nocturnal) conditions, despite a
strong linear relationship being measured between the con-
centrations of pyrogenic VOCs and of a reference species (i.e.
CO).
Acknowledgments

This study was financially supported by the European Com-
mission's Seventh Framework Programme (FP7/2007-2013) as a
European Research Council Advanced Grant (no. 233366, POPFULL)
as well as by the Flemish Hercules Foundation as Research Infra-
structure Grant (no. ZW09-06). Joris Cools is greatly acknowledged
for his help with set-up installation and maintenance. We also
thank Alessandro Zaldei for his contribution during the set-up
installation and Eugen Hartungen for PTR-TOF-MS assistance dur-
ing the field campaign.
ing station with respect to the burnt barn in a lower (a) and



Appendix C. Excess mixing ratios of the most abundant VOC (D ppbv) versus CO (D ppmv) on 14th of June, 2012 from 1:30 AM to
4:00 AM. Linear fits to the excess mixing ratio plots were forced through zero to give the emission ratios (ERs) reported in Table 3.

Appendix B. Comparison between VOC concentrations measured in the standard gas and the respective predicted VOC
concentration estimated from PTR-TOF-MS measurements.

Compound Protonated ion (m/z) Expected (ppbv) Measured (ppbv) Ratio (measured/expected)

Methanol 33.033 22.42 ± 22% 23.06 ± 5% 1.03
Acetaldehyde 45.034 18.59 ± 17% 19.26 ± 5% 1.04
Acetone 59.049 19.20 ± 10% 19.72 ± 5% 1.03
Isoprene 69.069 15.81 ± 20% 18.16 ± 5% 1.15
Methyl Vinyl Ketone 71.049 13.89 ± 16% 18.36 ± 5% 1.32
Benzene 79.054 14.50 ± 20% 19.58 ± 5% 1.35
Toluene 93.069 12.05 ± 14% 16.46 ± 5% 1.37
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