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(pptv-range)

Real-time applications of PTR-MS:
environmental research
food & flavor science
cleanroom air analysis
dangerous substance detection
indoor air - "sick building syndrome" control

NEW AUTO - PERFORMANCE - CONTROL unit 
available in 2007:

Automatic transmission measurement
Software integrated 

ion source and SEM check
Calibration with different 

gas standards available
 

U l t r a - S e n s i t i v e  R e a l - T i m e  V O C  D e t e c t o r

Mass range: 1 - 512 amu (up to 2048 amu on request)
Detection limit: 5 pptv
Heatable inlet and reaction chamber
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Real-time applications of PTR-MS:
incineration process monitoring
chemical production plant surveillance 
selected/total VOC concentration monitoring
offices, planes, cars, trains - VOC pollution quantification
quality control without sample pretreatment 

NEW customized VOC monitoring solution 
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Customized user interface
Automated calibration 

and performance checks
Alarm levels for selected compounds
Reliable monitoring of production plants
 

Au t o m a t e d  Cu s t o m i z e d  R e a l - T i m e  M o n i t o r i n g

Mass range: 1 - 300 amu
Detection limit: 500 pptv
Heatable inlet and reaction chamber
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>  Calibration range:  0.3-75 ppbv 

>  Humidity range:  25-95 % rH (at ambient temperature) 

>  Zero-air flow:  0.25-1.50 l min-1

>  VOC-free (zero-air) generation 
>  portable, standalone device 
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Foreword 

PTR-MS (Proton Transfer Reaction - Mass Spectrometry) is a relatively new technology 
developed at the Institute of Ion Physics and Applied Physics at the University of Innsbruck in the 
1990’s. PTR-MS has been found to be an extremely powerful and promising technology for the 
detection of volatile organic compounds (VOC) at ultra low concentrations (pptv) in gaseous 
media, such as air. PTR-MS has been successfully employed in many fields of research, including 
atmospheric chemistry, environmental research, food and flavour technology. In 1998 the spin-
off company Ionicon Analytik GmbH (www.ptrms.com) was founded to provide this technique to 
a growing user community. In 2004 Ionimed Analytik GmbH (www.ionimed.com) was founded 
to provide trace gas solutions for biotechnology and medicine. Today more than 100 instruments 
are in use throughout the world, including noted multinational companies and renowned research 
institutions working in the field of environmental science, food technology and medicine.
  
The intent in initiating and to organize the 1st International PTR-MS Conference in January 2003 
in Igls, Austria was to bring together active scientists and technologists involved in real-world 
mass spectrometric measurements of VOC from both academia and industry. The 3rd PTR-MS 
conference continues this biennial series to provide a forum for researchers dedicated to the 
further development of PTR-MS with particular focus on the implementation of new sophisticated 
mass spectrometric techniques. To promote the development and application of chemical 
ionization for on-line gas-phase and particulate-phase analysis that go beyond PTR-MS. To foster 
the application of PTR-MS to various scientific disciplines with particular focus on environmental 
sciences, biology and food science.   
The conference aims to bring together an outstanding group of scientists from Academia and 
Industry to enhance communication and discussion within the PTR-MS community and to 
stimulate the exchange of ideas and expertise with other chemical ionization mass spectrometry 
communities.  
We would like to thank Jürgen Dunkl, Jens Herbig, Manuela Löffler, Ralf Schnitzhofer and 
Armin Wisthaler who worked very hard to organise this conference. Special thanks go to 
IONIMED ANALYTIK, IONICON ANALYTIK, PFEIFFER VACUUM AUSTRIA and WINN 
(West Austrian Initiative for Nano Networking) who financially supported the Conference. 
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Abstract 
The application of chemical ionization mass spectrometry to atmospheric studies has led to its use 
over a large dynamic range of reaction times and incorporates a wide variety of different types of 
chemical reactions. In some cases, the atmosphere itself is used as a chemical ionization source 
and reaction vessel, while in others the ionization and ion chemistry are fully constrained. In 
many cases, the compound of interest can be directly ionized while in others, it most be converted 
into a compound that will form a stable ion. In some cases the formation of stable terminal ions is 
both desirable and enhanced through ion molecule reactions while still other studies require the 
separation of successive ion assisted growth reactions from single step proton exchange reactions. 
All of the above scenarios are encountered in investigations of the composition of the earth’s 
atmosphere. A representative subset of these different techniques will be discussed along with a 
brief history and a perspective of how they relate to PTR-MS.      

Introduction 
Chemical ionization (CI) and the ion molecule reactions that result can provide a powerful tool 
for identifying and quantifying neutral atmospheric species and, in some extreme cases, possibly 
controlling their concentration. The uses of chemical ionization mass spectrometry (CIMS) span a 
broad range of operating conditions, making the technique quite versatile.  It can be applied over 
a wide range of parameter space where reaction times range from less than 10-3 to 103 seconds, at 
pressures of less than a torr up to or above an atmosphere, and with a wide range of reactant ions. 
Different applications of CI are required to address different types of questions, which in turn will 
lead to quite different instrument designs and measurement approaches. Several of these 
techniques will be compared with a focus on the use of CIMS for the study of difficult to measure 
trace atmospheric compounds and for the study of aerosol nucleation.  

Experimental Methods and Discussion  

Nature’s CI experiments 
Cosmic rays cause ionization throughout the atmosphere, with photo-ionization contributing 
greatly in the ionosphere, and radioactive compounds such as radon adding significantly to the 
ionization of the lower troposphere. Once formed, ions can react for time scales of 103 seconds 
before being lost to particle surfaces or by ion-ion recombination. During this time, ions typically 
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react to successively form more and more energetically stable complexes. Since in the lower 
atmosphere ions can undergo tens of trillions of collisions during their lifetime, their final identity 
can be determined by a single collision with a trace compound in the low parts per quadrillion by 
volume (ppqv) concentration range. Thus, the identification of natural terminal ion species 
provides an extremely sensitive detection method for compounds such as strong acids and bases, 
which form very stable ions in the negative and positive ion spectra, respectively. Interestingly 
some of the first mass spectrometric measurements of atmospheric ions were carried out in the 
ionosphere, which was difficult to reach but where ions make up a much larger fraction of the 
total gas [1]. By the later 1970s measurements moved down to the stratosphere where ion 
concentration dropped substantially but the complexity of the ion chemistry increased [2]. Finally, 
by the early 1980s measurements of mass spectra were possible in the troposphere even at ground 
level where ions made up only about one part in 1017 air molecules [3] and the ion chemistry 
becomes more complex and variable. Initially, such measurements were focused on understanding 
the local ion chemistry, but soon such observations also became a tool for determining neutral 
concentrations. In some cases neutral concentrations were derived from models that used 
measured ambient ion concentration as an input [4]. New more precise and portable measurement 
techniques that constrained the ion chemistry and reaction time were also developed [5]. 

Negative ions and CIMS measurement of sulfuric acid 
Measurements of sulfuric acid are a good example of one of these new techniques. Sulfuric acid is 
typically only present in the atmosphere at concentrations below 1 part per trillion by volume 
(pptv) and condenses on surfaces on contact. It is therefore best measured at ambient pressure 
where diffusion can limit wall contact and the number of ion-molecule collisions is large. The use 
of a highly selective ion molecule reaction to form a very stable ion product results in little to no 
chemical background signal. A proton exchange reaction between the reactant ion NO3- and gas 
phase H2SO4, where sulfuric acid is one of a small number of acids in the atmosphere (higher 
acidity than HNO3) that will transfer a proton to NO3-, is ideally suited to this measurement. 
Once formed the HSO4

- core ion will not react further except to form clusters. Using the reaction 
geometry shown in figure 1, the product to reactant ion ratio along with a well defined reaction 
time, in this case about 0.1 s, provides a measure of sulfuric acid concentrations. 

Figure 1: Geometry used to separate primary and secondary ionization for sulfuric acid and OH 
(SO2 addition) measurements. Green and black arrows show neutral and ion motion respectively. 
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Chemical conversion followed by 2 stage CIMS to measure OH 
A modification of the sulfuric acid measurement can then make possible a sensitive measure of 
the atmospheric OH radical. Sampling this radical involves some of the same difficulties 
encountered in the measurement of sulfuric acid, including concentrations only in the 1-10 ppqv 
range and rapid OH loss to sample tube walls, but in the case of OH the loss is by reaction rather 
than condensation. The OH measurement has the added problems that OH does not directly form 
an ion that is stable in sampled air and also OH can be formed at concentrations above ambient by 
the direct application of chemical ionization to an air sample. Chemically converting each OH 
molecule into one isotopically labeled sulfuric acid molecule as shown in equation 1 solves the 
first problem. The H2SO4 concentration, which is equal to the initial OH concentration, is then 
subsequently measured as described above. The latter problem of OH production by the CI 
process itself is largely solved by geometrically separating the neutral gas flow where the initial 
ionization takes place, i.e. where both NO3

- and OH are formed, and the second ionization region 
where NO3

- reacts with the sampled air containing H2
34SO4. Once NO3

- is formed in the 
outermost gas flow as shown in figure 1, these ions, but not the neutral gas flow, are moved by 
electric fields to the central sampled air flow where OH is converted into H2SO4 and subsequently 
reacts with NO3- to form HSO4

-. By adding additional steps (not shown) to this technique the 
measurement of HO2 and RO2 are also made possible.       

(1) OH +34SO2+M  multi-step  H2
34SO4 +M  

Multi-step ion chemistry to measure SO2 

Sulfur dioxide, a precursor of sulfuric acid, can be measured by several techniques, but one 
interesting method involves an O- exchange from a compound such as CO3

- to convert SO2 into 
SO3

-. A second stabilizing ion-molecule reaction between SO3
- and O2 then leads to the SO5

- ion 
which is less likely to react further in sampled air prior to mass analyzes [6,7].   

Positive ions and PTR-MS  
PTR-MS is a powerful new tool which is capable of measuring a wide variety of organics and 
other compounds [8]. Water typically forms fairly stable ion clusters in the positive spectrum that 
can increase the proton affinity of a reactant ion sufficiently to prevent its reaction with most 
organics. The PTR-MS technique is unique in that it makes use of reduced pressure combined 
with ion drift/collisions in strong electric fields to minimize the attachment of water molecules to 
the reactant ion. This makes possible direct proton exchange between reactant ions such as H3O+ 
and a variety of organic compounds that have proton affinities above water but below that of 
water clusters. The sensitivity of PTR-MS is typically limited to the mid to high pptv range, and 
very low volatility/polar/sticky compounds are difficult to get into the instrument.  

Proton-plus-water cluster transfer for low concentration/polar compounds 
While PTR-MS largely avoids the problems caused by water clusters, there are many compounds 
including a number of organics that will react with a hydrated ion even though their proton 
affinity is below that of the ion cluster. For a number of fairly polar organics these reactions 
appear to proceed at atmospheric pressure by transferring a proton plus several water molecules to 
the polar organic. Presumably the proton affinity of the resulting organic/water cluster is higher 
than the initial water cluster alone. While more limited in application, this technique could offer 
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more sensitivity and less wall losses for the measurement of, for example, aerosol nucleation and 
growth precursors.     

Ion cluster measurements and ion induced nucleation  
While HSO4

- appears to be a terminal ion species in the atmosphere, in the sense that it does not 
lose its charge to other compounds, it can continue to react by clustering, particularly with other 
acids. Under controlled conditions, this cluster formation processes can be used as a measurement 
technique where the concentration of a compound of interest which forms a cluster is determined 
from the concentration ratio of the ion cluster/reactant ion [9,10]. The atmosphere may carry this 
cluster growth one step further. It might use an ion’s ability to stabilize molecular clusters to 
allow serial cluster growth resulting in clusters sufficiently large to form critical nuclei, i.e. 
clusters that even after they are neutralized, are sufficiently large/stable to grow into particles. The 
problems associated with studying this process are largely caused by the difficulty of mass 
identifying weakly bound ion clusters at ambient concentrations during short nucleation events.    

Measurement of prenucleation neutral molecular clusters 

The opposite problem exists for studying neutral clusters by CIMS.  To measure neutral clusters 
using CIMS, ion induced clustering must be minimized and clearly separated from the process of 
neutral cluster charging. This can be accomplished by designing a measurement scheme where 
the interaction time between reactant ions and pre-existing neutral clusters can be varied over a 
wide range. This means that while the time available for charging any individual pre-existing 
neutral cluster varies, it varies in the same manner for all such clusters, thus the ratio of any two 
clusters charged by this technique should be time independent. This is not true for the serial 
growth of ion induced clusters, allowing their contribution to be separated out [11].   
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Abstract 
Aerosol particles affect climate in several direct and indirect manners. The direct climatic effect is 
via scattering and absorption of radiation and the indirect effect is mostly by affecting the 
properties of clouds and precipitation. These climatic effects impose one of the largest 
uncertainties in our understanding of the climate system. Recent studies have shown that organic 
matter, natural and anthropogenic, is dominating the tropospheric aerosol mass and affects its 
properties. We will discuss laboratory studies that focus on studying the properties and processes 
of organic aerosols especially their interaction with vapor pressure, physical properties, optical 
properties and density. We will emphasize the experimental approach and highlight the increased 
complexity of the studied systems. 

Introduction 
Atmospheric aerosols influence climate and human health on regional and global scales.1-3 The 
climatic effect of aerosols is among the largest uncertainties in understanding Earth's climate and 
in predictions of future climatic changes.4 Aerosols are also implicated in serious health 
consequences; however, the role of aerosol chemical composition in those health effects remains 
uncertain. Some aerosols are directly emitted from various stationary and mobile sources 
(primary aerosols) such as combustion and biomass burning,5 vegetation,6 ocean surfaces7 and 
deserts.8 Aerosol mass also forms in the atmosphere (secondary aerosols, SOA) through reactions 
that transform volatile organic and inorganic species into low vapor pressure compounds that can 
condense on existing particles. Organic particulate matter can also be directly emitted to the 
atmosphere, such as from the ocean surface or in biogenic aerosols.7,11 In many environments, a 
major fraction of the particulate mass is composed of organic compounds.12,13 These organics 
significantly influence aerosol properties; therefore they directly modulate the role aerosols play 
in the environment.   

More then 4 decades ago, Went 14 suggested that photochemical oxidation of primary volatile and 
semivolatile organic compounds can produce secondary polymers of high carbon content that 
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may be involved in cloud droplet and haze particle formation. Recent studies of rural and urban 
particles 15,16, fogwater 17, marine particulate samples 18, and biomass burning aerosols 19 
concluded that 20 to 70 wt% of the WSOC fraction consists of high molecular weight 
polycarboxylic acids 20. These compounds, consisting of a heterogeneous mixture of structures 
containing aromatic, phenolic and acidic functional groups 16,21-23, have certain similarities to 
humic substances (HS) from terrestrial and aquatic sources.  Therefore, these aerosol-associated 
compounds are referred to in the atmospheric chemistry literature as HUmic-LIke Substances 
(HULIS). Accumulating evidence shows that HULIS may form in atmospheric particulate matter 
via photooxidation of primary biogenic and anthropogenic precursors, or may be directly emitted 
from soils, vegetation, biomass burning and soot automotive exhaust 24-26. 

In this talk we will describe laboratory experiments with aerosols that contain significant amounts 
of complex organic matter. The goal of these experiments is to better understand the physical and 
chemical properties of these aerosols and their processes, aiming at getting a better model of the 
atmospheric system. Specifically we will describe experiments which contain actual atmospheric 
HULIS as well ad biogenic aerosols. 

Experimental Methods 

We will describe several experiments with humidity tandem DMA (HTDMS), with cloud 
simulation chamber and with cavity ring down spectrometer aiming at measuring the CCN 
activity, hygroscopic growth and optical properties of organic aerosols.27-29 In addition we will 
describe recent experiments in plant simulation chambers. We have used several different aerosol 
types in these experiments: 

1. Aerosols containing HULIS extracts from collected aerosol particles. The samples are 
composed of HULIS from fresh and aged smoke particles a swell as those extracted 
from pollution aerosols. The aerosols were compared to the behavior of aerosols 
composed of molecular weight fractionated Suwanee River Fuulvic Acid (SRFA).  

2. Single component organic aerosol generated by nebulizing aqueous solutions of the 
studied compounds. 

3. Mixtures of organic and inorganic aerosols. 

4. Organic aerosols that formed by photochemical oxidation of biogenic organic 
compounds emitted from plants in a simulation chamber. 

Results and Discussion 
We studied the activation to cloud droplets and hygroscopic growth of aerosols containing 
atmospheric HULIS extracted from fresh, aged and pollution particles and compared their 
activation to size fractionated Suwannee River fulvic acid, and correlated it to the estimated 
molecular weight and measured surface tension. A correlation was found between CCN-
activation diameter of SRFA fractions and number average molecular weight of the fraction. The 
lower molecular weight fractions activated at lower critical diameters, which is explained by the 
greater number of solute species in the droplet with decreasing molecular weight. The three 
aerosol-extracted HULIS samples activated at lower diameters than any of the size-fractionated or 
bulk SRFA. By considering number average molecular weight (MN), measured surface tension 
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(ST) and activation diameters, the Köhler model was found to account for activation diameters, 
provided that accurate physico-chemical parameters are known. 

Cavity ring down (CRD) spectrometry was used for measuring the optical properties of pure and 
mixed laboratory-generated aerosols. The extinction coefficient (αext), extinction cross section 
(σext) and extinction efficiency (Qext) were measured for polystyrene spheres (PSS), ammonium 
sulphate ((NH4)2(SO4)), sodium chloride (NaCl), glutaric acid (GA), and Rhodamine-590 
aerosols. The refractive indices of the different aerosols were retrieved by comparing the 
measured extinction efficiency of each aerosol type to the extinction predicted by Mie theory. 
Aerosols composed of sodium chloride and glutaric acid in different mixing ratios were used as 
model for mixed aerosols of two non-absorbing materials, and their extinction and complex 
refractive index were derived. Aerosols composed of Rhodamine-590 and ammonium sulphate in 
different mixing ratios were used as model for mixing of absorbing and non-absorbing species, 
and their optical properties were derived. The refractive indices of the mixed aerosols were also 
calculated by various optical mixing rules and a core plus shell Mie model. We found that for 
non-absorbing mixtures, the mixing rules calculations give comparable results, with the linear 
mixing rule giving a slightly better fit than the others. For absorbing mixtures, the differences 
between the refractive indices calculated using the mixing rules and those retrieved by CRD are 
generally higher. 
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Figure 1: Activation experiments with extracted HULIS under super saturation conditions of 0.2 
and 1.03%. Experiments were carried out by atomizing solution of HULIS extracted from 
collected wood burning smoke particles.  
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Figure 2: Extinction efficiency (Qext) as a function of size parameter (x) obtained for sodium 
chloride, glutaric acid, and their mixtures. The solid curves are the result of the Mie fit to the 
experimental points. 
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Abstract 
A modified atmospheric pressure chemical ionisation ion source is applied for direct analysis of 
volatile or low volatile organic compounds in air. The method is based on the direct introduction 
of the analytes in the gas phase and/or particle phase into the ion source of an commercial ion-trap 
mass spectrometer. Using corona discharge for the production of primary ions we demonstrate the 
analytical potential of on-line atmospheric pressure chemical ionisation mass spectrometry for  
reaction monitoring experiments. To do so, atmospherically relevant gas phase reaction are 
carried out in a 500 L reaction chamber and gaseous and particulate compounds are monitored in 
the positive and negative ion mode of the mass spectrometer. MS/MS experiments are used to 
identify the organic products. The technique was applied to several reaction system, e.g. for the 
identification of oligomeric products formed in secondary organic aerosol systems.  

Introduction 
Gaseous and particulate organic compounds represent key species for the understanding and 
control of a variety of technical and environmental processes. Areas such as industrial process 
analysis, medical or environmental research rely on development of analytical techniques to 
monitor trace amounts of organic species in  complex matrices with a high time resolution. In this 
context, environmental chemistry is an especially challenging field, since not only hundreds of 
different organic compounds are emitted into the atmosphere by anthropogenic or natural sources, 
which directly effect air quality and impact the tropospheric oxidation capacity, but these 
compounds also go through several oxidation processes - which enhances the complexity of the 
analytical problem. For example, the reaction of volatile organic compounds (VOCs) with 
atmospheric oxidising species (ozone, OH-radicals) leads to the formation of less volatile 
products that can undergo phase transition (gas-to-particle conversion). Since often the individual 
concentrations of the analytes have to be known in both phases, e.g. for toxicologic or climate 
related studies, the necessity to differentiate between gas and particle phase further adds to the 
analytical challenge.  

Often off-line techniques are applied for the identification and quantification of organic 
compounds in the gas or particle phase. However, the main drawbacks of applying off-line 
techniques are the high time consumption per analysis and an enhanced risk of positive or 
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negative artefacts during the multistep analytical procedure. Therefore, several alternative 
analytical approaches have been applied to improve the analysis of airborne organic compounds.  

The analytical technique presented here is based on the application of a benchtop MS instrument 
with an atmospheric pressure inlet equipped with a modified ion source. Atmospheric pressure 
ionisation techniques (API) are used to enable the analysis of compounds in the gas and particle 
phase. Corona discharge is a widely used technique for the production of primary ions at 
atmospheric pressure when liquid chromatography is coupled with mass spectrometry and a 
number of  atmospheric pressure chemical ionisation (APCI) interfaces for different mass 
analysers are commercially available. The technique represents a soft ionisation method, where 
fragmention of the analyte molecules plays a minor role and mostly intents molecular are 
observed. For LC-APCI-MS applications, an electrical potential (1.5 – 5 kV) is applied between a 
metal tip (corona discharge needle) and a metal plate, in which the inlet to the mass spectrometer 
is located. The extremely inhomogeneous electrical field that is formed between the needle and 
the plate induces a discharge current, which finally leads to the formation of primary ions, such as 
N2

+, O2
+ or, if traces of water are present, H3O+. Similarly, also negative primary ions, e.g. O2

-, 
are formed in the discharge region. These primary ions finally react with the analyte molecules, 
often by proton-exchange reactions (proton-transfer or proton abstraction), and finally produce 
quasimolecular analyte ions, such as [M+H]+ or [M-H]-, in the atmospheric pressure region of the 
ion source.   
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Figure 1: Schematic diagram of the experimental setup used for the on-line APCI (Atmospheric 
Pressure Chemical Ionisation) measurements employing corona discharge as a source for 
primary ions. 
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Experimental Methods 
All experiments were performed using a Finnigan LCQ ion-trap mass spectrometer (”LCQ 
classic”, Thermo Finnigan, San Jose, CA) with a commercial ion transfer system for atmospheric 
pressure applications. For on-line APCI-MS the mass spectrometer was operated in the positive or 
negative ion mode. The sheath flow inlet and regulation system is part of the standard ion source 
for LC/MS-coupling, usually used for nebulisation of the LC-eluent. To adapt the ion source to 
the sample inlet system, the original APCI-source was modified by changing gas and analyte inlet 
lines. A sketch of the adapted APCI-source used is shown in Figure 1. Details on the ion source 
construction are given in Ref. [1] and [2]. The following APCI-source parameters were adjusted 
to ensure optimal vaporisation and ionisation conditions for analytes in air: vaporiser temperature 
450°C, corona discharge voltage 3 kV, plasma current 3 μA. Capillary voltage and capillary 
temperature were adjusted to 6 V and 200°C, respectively.  

Results and Discussions 
An important advantage of APCI-MS applied as an on-line technique is its high time resolution of 
about 1 s. This analytical technique can therefore serve as an important tool to receive reliable 
information on the product distribution under rapidly changing reaction conditions. In addition, 
certain physico-chemical properties of compounds in air, e.g. their distribution between the gas 
and aerosol phase can promptly be investigated by using on-line APCI-ITMS. To demonstrate the 
analytical potential of APCI-MS, the formation of a C10-keto-aldehyde from the gas phase 
ozonolysis of a biogenic VOC (alpha-pinene) is investigated here by on-line APCI-MS. 

 

0 5 10
time (min)

0

10

20

30

40

50

60

70

80

90

100

rel
ati
ve 

sig
nal

int
en
sit
y

(M+H)+ = 137

(M+H)+ = 169

educt 

product

 
Figure 2: Positive ion traces of educt (m/z 137) and product ions (m/z 169) after starting gas 
phase ozonolysis by mixing ozone into the hydrocarbon filled reaction chamber at t = 2. 

Figure 2 shows traces of both [M+H]+ ions of the educt alpha-pinene (m/z 137) and the product 
pinonaldehyde (m/z 169). As can be seen in the figure, after the introduction of ozone into the 
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chamber an instantaneous decrease of the signal intensity of the educt as well as the of the 
reaction product is clearly visible. After about 3 min the product pinonaldehyde was observed. 

The example discussed above demonstrate that a modified atmospheric pressure chemical 
ionisation source can be utilised to perform real-time measurements of gaseous organic 
compounds. However, using an activated charcoal diffusion denuder (efficiency > 0.99) in front 
of the ion source to remove gas phase hydrocarbons, also the chemical composition of organic 
aerosol particles can be investigated by the mass spectrometric on-line system. The consecutive 
measurement with and without the denuder enables the investigation of gas/particle partitioning 
of the individual compounds. 
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Figure 3: Positive ion traces of educt (m/z 137) and product ions (m/z 139) after starting gas 
phase ozonolysis by mixing ozone into the hydrocarbon filled reaction chamber at t = 2. 

As an example, Figure 3 shows the mass traces of selected m/z-ratios from the alpha-pinene-
ozone-reaction system. The mass traces shown were recorded in the negative ion mode. The 
measurements were performed in a dynamic reaction chamber when the reaction reached steady-
state conditions. To illustrate the relative distribution of the individual compounds between gas 
and particle phase, the intensity of the 4 mass-to-charge ratios were normalisied to the same value 
when the denuder was installed. After removing the denuder, the intensity of the organic acids 
with a lower molecular weight (m/z 171, 183, 185) immediately increased, demonstrating that an 
additional amount of these compounds reach the MS when also the gas phase was allowed to 
enter the ion source. M/z 183 is a keto-carboxylic acid, m/z 171 and m/z 185 are diacids, thus 
explaining the relative behaviour of these 3 acids. The exact structure of m/z 357 is still not 
completely understood, however, it is obviously a very low volatile compounds (dimerisation 
product) that is only present in the particle phase.  
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Abstract 
A new instrument that utilizes the PTR-MS technique to probe the organic composition of 
atmospheric aerosols has been developed.  Aerosols are collected by impaction and then 
thermally desorbed into a carrier gas that transports the organic analyte molecules into the drift 
tube.  Ions are detected using an ion trap mass spectrometer.  The instrument was deployed for the 
first time during summer 2006 in the Texas Air Quality Study aboard R.V. Ronald H. Brown. 

Introduction 
Organic material has been observed to comprise a significant fraction of aerosol mass in many 
regions of the troposphere [1,2], but detailed measurements of the individual species that 
comprise the organic fraction have been limited in spatial extent and temporal resolution [3].  The 
organic compounds that make up the organic fraction of atmospheric aerosol have the potential to 
affect the radiative and microphysical properties of the aerosol, with concomitant impacts on the 
role of the aerosol in climate forcing through direct and indirect effects [4,5].  Knowledge of the 
organic species present in atmospheric aerosols is needed to understand their effect on aerosol 
properties as well as to resolve outstanding questions about important organic aerosol sources and 
formation mechanisms [6-8], and to elucidate the role of aerosols in the chemistry of the 
atmosphere through their interaction with gas-phase compounds [9,10].  The measurement of 
aerosol organic compounds poses a significant experimental challenge due to the complexity and 
large number of organic species, and the low concentration at which individual species are 
present.  The PTR-MS technique has proved to be a useful tool in the study of atmospherically 
important volatile organic compounds (VOCs).  Its ability to sensitively detect and quantify the 
concentrations of many common VOCs has led to an increased understanding of the sources, 
transport, chemical transformations, and losses processes of these compounds through both 
laboratory and field experiments [11].  A logical extension of the technique is application to semi-
volatile and condensed-phase organic species in the atmosphere.  This has previously been 
implemented in laboratory and smog chamber settings [12,13], but has not generally had 
sufficient sensitivity for ambient measurements. 



2. Advanced Aerosol Characterization 21 

Experimental Methods 
This work describes the development of a new instrument that uses the PTR-MS method to 
attempt to speciate the organic compounds present in ambient atmospheric aerosol.  A schematic 
of the instrument as it was recently deployed is shown in Figure 1. 

 
Figure 1: Schematic of the AOS-PTR-ITMS instrument showing the aerosol collection/desorption 
chamber and the PTR-ITMS with resistive glass drift tube. 

Aerosol Collection/Desorption 
In order to reach a desired sensitivity for individual organic species in the low ng m-3 range, 
aerosol collection was used to concentrate aerosol mass for analysis.  Aerosol collection was 
accomplished by direct impaction of aerosols in a ~1.5 standard liter per minute (slpm) sample 
flow onto a cooled target.  The aerosol inlet chamber, transfer line, and drift tube were all heated 
to > 135°C to reduce adsorption of desorbed compounds.  The aerosol target was cooled to 
ambient/sub-ambient temperature by flowing nitrogen gas that had been passed through a 
thermoelectric cooler against the reverse side of the target.  To desorb the organic material, the 
temperature of the aerosol target was rapidly raised (~ 10 sec) to 150-160°C by heating the 
nitrogen stream resistively with a tungsten coil.  The efficiency of the aerosol collection as a 
function of aerosol diameter is dependent on the nozzle geometry.  During the TexAQS study, the 
nozzle used was circular with a diameter of 0.5 mm.  This led to a small size cut-point near 500 
nm. The presence of an upstream 1 µm cut-point impactor meant that the sampled aerosol size 
range was only 0.5-1 µm. 
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PTR-ITMS 
The PTR-ITMS instrument developed here is similar to the ion trap based PTR-MS instrument 
previously reported by Warneke et al. [14] with several modifications.  The drift tube used was a 
single piece resistive lead glass tube (Burle Electro-Optics, Inc., Sturbridge, MA, USA), 25 cm 
long with an ID of 2.35 cm.  The increased length required a higher voltage be applied to the inlet 
end of the drift tube in order to achieve declustering, however the increase required was 
significantly reduced when the drift tube was heated.  The use of an ion trap as the mass 
spectrometric analyzer was dictated by the goal of continuously measuring the entire mass 
spectrum while desorbing the analytes rapidly in order to maximize the concentration in the 
carrier gas and shorten the sampling/analysis cycle time.  The upper limit of the ion trap mass 
scan was 367 Thomsons. 

Operation During TexAQS 
During the recent deployment on board R.V. Ronald H. Brown, the instrument was operated on an 
alternating cycle of one ten-minute ambient sample and one five-minute background sample with 
the sample valve closed.  The need for the frequent background determinations was motivated by 
high instrumental background signals arising from the presence of rubber seals in the heated inlet 
chamber, transfer line, and drift tube.  The difference between sample and background conditions 
resulted in some masses having negative baselines. 

Results and Summary 
Much of the time during the TexAQS campaign a combination of low sub-micron particle number 
(often ~ 300 cm-3) or a small size distribution (aerosol mass mode ~100 nm) resulted in 
undetectably low levels of aerosol organics in the particle size range sampled.  Signals 
significantly above detection limit were observed during several periods when aerosol loading 
increased in the 0.5-1 µm size range and AMS measurements indicated appreciable organic mass.  
One interval was an extended period from August 30 – September 4 with a high photochemistry 
episode occurring on September 2.  Time series for several different masses are shown in Figure 2  

for this period.  The different masses are seen to exhibit significantly different temporal behaviors 
indicating varying composition of the aerosol organic fraction.  These results and instrument 
performance will be presented. 
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Figure 2: Time series of several masses observed by the AOS-PTR-ITMS during its initial 
deployment aboard R.V. Ronald. H. Brown during the summer 2006 TexAQS campaign. 
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Abstract 
For a long time it was thought that isoprene, which is emitted in large amounts by the terrestrial 
vegetation (estimated at about 500 Tg/year on a global scale) does not give rise to secondary 
organic aerosol (SOA) formation. However, recent field observations of certain aerosol 
compounds, i.e., diastereoisomeric 2-methyltetrols and 2-methylglyceric acid, attributable to 
isoprene oxidation, and the experimental observation that isoprene under highly acidic conditions 
can lead to the formation of oligomeric, humic-like substances through heterogeneous reactions, 
re-opened the issue of SOA formation from isoprene. In this lecture, results will be presented 
from recent laboratory chamber studies that were performed in collaboration with the groups of J. 
Seinfeld (California Institute of Technology, Pasadena, CA, USA) and E. Edney and T. 
Kleindienst (US Environmental Protection Agency, Research Triangle Park, NC, USA).  

In a first study [1], the chemical composition of SOA from the photooxidation of isoprene under 
different NOx conditions was studied using a wide range of mass spectral techniques. 
Oligomerization was observed to be an important SOA formation pathway in all cases; however, 
the nature of the oligomers depends strongly on the NOx level, with acidic products formed under 
high NOx conditions only. Evidence is presented of particle-phase esterification reactions in SOA, 
where the further oxidation of the isoprene gas-phase oxidation product methacrolein under high-
NOx conditions produces oligoesters containing 2-methylglyceric acid as a key monomeric unit. 
Under low-NOx conditions hemiacetal dimers are formed from C5 alkene triols and 
2-methyltetrols; these compounds are also found in Amazonian wet season aerosol, demonstrating 
the atmospheric relevance of these low-NOx chamber experiments. 

In a second study [2], the chemical composition of SOA from the photooxidation of isoprene, in 
the presence or absence of sulfate seed aerosol, is investigated using electrospray-mass 
spectrometry techniques. Evidence is presented for the formation of sulfate esters of 
2-methyltetrols, 2-methyltetrol nitrate derivatives, and 2-methylglyceric acid. These compounds 
are also found in ambient aerosol collected at several locations in the southeastern U.S. and at 
K-puszta, Hungary. It is likely that this pathway is important in the formation of humic-like 
substances in ambient aerosol.  
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Abstract 
Mass spectrometry has evolved as a strong tool for the characterization of atmospheric aerosols. 
Smog chamber experiments are often used to test new instrumentation and investigate aerosol 
formation under controlled conditions. Several different mass spectrometric techniques were 
operated at the PSI smog chamber to measure the gas and particle phase of photooxidation 
reaction systems with different precursors. We present here the measurement capabilities of 
various mass spectrometers used to measure the particle phase and compare the results obtained. 
For higher mass peaks the off-line laser desorption/ionization MS and the on-line TSI single 
particle Aerosol Time of Flight MS matched up quite well. With a modified version of the 
IONICON PTR-MS semi-volatile species from the particle phase were measured. Aerosols were 
also trapped directly on a pre-concentration trap of a GC and then measured with a GC-PTR-MS. 
This allowed to differentiate between isobaric masses and observe their partitioning behavior.  

Introduction 
Ambient aerosol particles have a variety of important impacts; visibility reduction, impacts on 
climate and adverse health effects. These effects are governed by their chemical composition and 
physical properties. Organic compounds account for 20-90 % of the total fine particle mass 
concentration in a wide variety of atmospheric environments [1]. The formation of secondary 
organic aerosol (SOA) has recently received much attention. It has been estimated that the major 
SOA precursors are biogenic origin but anthropogenic contribution to SOA formation can be 
important in polluted regions [1]. Isoprene, monoterpenes and sesquiterpenes, are believed to 
have an important role in SOA formation in rural and remote areas [2, 3, 4], but in urban areas 
aromatic hydrocarbons play a significant or even dominant role [5]. SOA is formed from 
reactions of volatile organic compounds with hydroxyl radicals, ozone and nitrate radicals where 
the resultant low vapor pressure oxidation products partition between gas and aerosol phase.  

Compounds identified so far from the organic fraction of the particles are mainly oxygenated 
compounds like aldehydes, ketones and organic acids, e.g. [6, 7]. Recent studies have shown that 
a substantial fraction of organic aerosol mass is composed of oligomers [8, 9]. The heterogeneous 
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reactions of relatively volatile carbonyls in the aerosol phase are estimated to have great 
importance on the formation of high molecular weight products via oligomerization [8, 10]. 
Surratt et al. [9] proposed that under high-NOx conditions particle phase esterification is a key 
process in oligomerization while under low-NOx conditions organic peroxides may contribute 
significantly. However, this fraction of organic aerosol mass and the process of oligomerization is 
not well understood. It is expected that oligomerization reactions affect a number of other aerosol 
properties such as optical parameters, hygroscopic growth, and cloud condensation nuclei 
potential, which is crucial for the role of aerosol in the global climate change. The composition of 
SOA on the molecular level is difficult to analyze, and traditional studies are only able to resolve 
a small fraction of the entire organic particle mass. Chemical mechanisms associated with SOA 
formation are also still poorly understood. One of the main reasons for this is that traditional 
methods for organic particle analysis, such as filter or impactor sampling with subsequent solvent 
extraction and gas chromatography/mass spectrometry for compound separation and 
identification, are very time-consuming and are unable to provide sensitivity and time resolution 
needed to study aerosol formation in detail.  

Recently, fast online methods for VOC determinations in particles by mass spectrometric methods 
have been developed. At the PSI smog chamber several research groups gathered to perform joint 
experiments with such new instruments. The goal of this effort was to test the potential of various 
mass spectrometric techniques for the investigation of the chemical composition of SOA and the 
formation of oligomers therein. 

The presentation will give an overview of some measurements and present first results. The focus 
will lie on a comparison of the different techniques. 

Experimental Methods 
The following instruments/systems were involved: 

(MA)LDI-MS 
SOA particles were sampled on impactor plates for 1-4 h. After sampling, the SOA was directly 
measured without further preparation using a TOF-MS (Axima-CFR, Kratos/Shimadzu, 
Manchester, U.K.) in the positive ion mode. Laser desorption was carried out with a nitrogen 
laser, operating at 337 nm. 

TSI Single particle Aerosol Time of Flight Mass Spectrometer (ATOFMS, TSI 3800) 
The aerosol time-of-flight mass spectrometer is a single particle mass spectrometer designed to 
sample individual aerosol particles in real time. Particle-laden air is sampled into the source of the 
bipolar time-of-flight mass spectrometer where a pulse of a Nd:YAG laser is used for desorption 
and ionization of the particles. The interaction of the particle with the laser beam generates both 
positive and negative ions, which are accelerated into the respective flight tubes of the instrument. 
Thus, from each particle that successfully interacts with the desorption/ ionization laser, complete 
positive and negative ion mass spectra are generated.  

Aerodyne Aerosol Mass Spectrometer  
The instrument utilises an aerodynamic lens to produce a collimated particle beam that impacts on 
a porous tungsten surface heated typically to 550oC under high vacuum (~ 10-8 Torr), causing the 
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non-refractory fraction of the particles to flash vaporise. The vapour plume is immediately ionised 
using a 70 eV electron impact (EI) ionisation source, and a quadrupole mass spectrometer (QMA 
410, Balzers, Liechtenstein) is used to analyse the resultant ions with unit mass-to-charge (m/z) 
resolution.  

Proton-transfer-reaction MS (PTR-MS) and GC-PTR-MS 
A commercial PTR-MS instrument (IONICON Analytik GmbH, Innsbruck, Austria) was used to 
measure molecular constituents of particles in an aerosol. The inlet system of the instrument was 
modified to make the lines as short as possible to minimize losses of organic compounds. First, 
the gas phase is stripped off by a charcoal denuder. Then the aerosols are thermally evaporated in 
a coiled stainless steel tube heated to 200 °C.  
For a better identification of the masses detected by PTR-MS, measurements with gas-
chromatographic methods were performed. GC-MS analyses were performed on aerosol samples 
taken onto Tenax/Carbopak B cartridges and a second PTR-MS was coupled to a GC-FID system. 
Details about the GC methods are presented by Davidson et al. [11]. 

Ion Chromatography-MS  
The sampling system is a wet effluent diffusion denuder/ aerosol collector (WEDD/AC). It 
consists of a glass denuder rinsed with water to strip the gas phase while the particles are grown 
in heated water vapor under supersaturated conditions and impacted in a maze impactor. The gas 
or particle containing liquid sample is collected and concentrated before chromatographic 
analysis. The analysis of the concentrated ions on an IonPac AS11-HC column switched between 
the two-concentrator columns. Detection was done with a conductivity detector and a single 
quadrupole mass detector (Dionex, MSQTM) in series.  

Results 
Chamber studies by Laser desorption ionization MS (LDI-MS) have shown that a substantial 
fraction of the organic aerosol mass is composed of oligomers [8]. This off-line method needs 
relatively large amounts of aerosol mass and time resolution is thus restricted. A real-time 
detection of oligomers in secondary organic aerosols has been carried out with an aerosol time-of-
flight mass spectrometer (ATOFMS) [12]. In SOA particles from α-pinene photooxidation ions 
were observed in the single-particle mass spectra up to 750 Da. These high-mass ions occur with 
a characteristic spacing of 14 and 16 Da, indicative of oligomeric species. A comparison between 
the (matrix-assisted) laser desorption/ ionization mass spectra and those of the ATOFMS was 
done. We cannot compare the peak positions directly since ionization procedures of the two 
methods are different. However, after reconstruction of the spectra the peaks of the two mass 
spectrometric techniques match up well.  

A modified version of the IONICON PTR-MS was used to measure volatile organic species in the 
aerosol phase. Several mass peaks could be observed which appeared when the particles started to 
grow. For a further identification of these peaks we used a GC-PTRMS to separate isobaric 
species. To do that, particles were directly sampled on the pre-concentration trap of the GC 
interface. In SOA from trimethylbenzene photooxidation several compounds could be separated 
for the m/z 113 peak which partition differently between gas and particle phase.  
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Abstract 
The Thermal Desorption Chemical Ionization Mass Spectrometer is a unique instrument for 
determining the chemical composition of atmospheric particles as small as 6 nm in diameter.  
This is made possible in large part to an ion source that operates at atmospheric pressure, thus 
eliminating the source of signal loss in conventional aerosol mass spectrometers that require that 
particles enter the vacuum chamber before analysis.  Atmospheric pressure chemical ionization 
within the TDCIMS ion source involves cluster formation with water, however laboratory studies 
show that it can be a highly sensitive and soft ionization technique.  A demonstration of the 
instrument performance of the TDCIMS is presented from a recent study of aerosol formation in 
Mexico City, where 8-10 nm particles were observed to contain methyl ammonium.   

Introduction 
The application of mass spectrometry to the study of the chemical composition of aerosol has 
brought about a revolution in atmospheric chemistry [1].  For example, the ability to study, in 
real-time, the composition of individual particles has allowed for the identification of chemical 
tracers that can be used for studying the formation and transport of pollutants.  Most aerosol mass 
spectrometers require that particles are transferred into vacuum, where a subsequent desorption 
step leads to gas phase species that are ionized using convention mass spectrometer ion sources 
such as electron impact. The strength of this arrangement lies in its ability to apply very mature 
ion chemistry theory to the interpretation of the resulting mass spectra.  A significant weakness, 
however, is encountered when these techniques are applied to the study of nanoparticles, which 
we define as particles smaller than 50 nm in diameter. The cubic relationship of particle mass to 
size, combined with high diffusive losses in transferring nanoparticles into vacuum, leads to 
minute sample sizes and a lack of sensitivity to particles smaller than 20 nm. 

Seven years ago, we developed a instrument that overcomes the challenges of measuring 
nanoparticle composition by collecting and analyzing particles at atmospheric pressure.  The 
Thermal Desorption Chemical Ionization Mass Spectrometer (TDCIMS), uses recently developed 
techniques for charging, size separating, and collecting nanoparticles together with a unique 
atmospheric pressure thermal desorption/chemical ionization technique that allows for the study 
of ambient particles as small as 6 nm in diameter.  The ionization scheme used in TDCIMS is 
closely related to the highly sensitive chemical ionization schemes that are currently used to 
measure gas phase species such as sulfuric acid [2].   



32  2. Advanced Aerosol Characterization  

The purpose of this document is to summarize the current TDCIMS instrument and to summarize 
ongoing research aimed at understanding the unique chemistry that occurs within the ion source 
region.  An example of the application of the technique is provided from a recent study of particle 
formation in Mexico City. 

Experimental Method 
A brief description of the TDCIMS instrument is presented here, whereas a detailed description 
can be found in recent publications (see [3] and references cited therein).  Ambient particles are 
first charged using a unipolar charger [4].  Next, charged particles are size-selected using a 
nanometer Differential Mobility Analyzer (nano-DMA; model 3085, TSI, Inc.) located directly 
downstream of the charger.  Up to 3 sets of charger/nano-DMA pairs can be combined in parallel 
in order to increase delivered particle mass. Charged particles are then introduced into the 
electrostatic precipitator: a cylindrical chamber that contains a collection wire that is biased to a 
high voltage (usually 4000 V) and located on the axis of the chamber (figure 1).  Charged 
particles cross flow streamlines, through a clean N2 buffer gas that isolates the collection wire 
from contamination from the ambient gas, and are collected on the tip of the wire.  Once a 
sufficient amount of particles are collected, usually 10-100 pg over a period of 5-10 min, the wire 
is transferred into the ion source region of the chemical ionization mass spectrometer.  A current 
pulse or ramp is applied to the wire to resistively heat it in order to thermally desorb the 
compounds in the collected particles.  The ion source consists of an Am241 radioactive foil at 
atmospheric pressure, which emits α-particles that ionize the buffer gas mixture to form H3O+, O2

- 
and CO3

-, and clusters of these with H2O, as the primary stable ions. These ions react with the 
compounds evaporated from the aerosol to ionize the compounds, and electrostatic lenses direct 
these ions into the collision cell where the ions are de-clustered. The ions are finally detected 
using a triple quadrupole mass spectrometer (Extrel CMS). 

mass 
spec

drift cell
ion source

collection filament

particle flow

mass 
spec

drift cell
ion source

collection filament

particle flow
 

Figure 1:  Diagram of particle collection and ionization regions of the TDCIMS.  
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Results and Discussion 

Ion Source Chemistry 
As mentioned previously, a unique feature of the atmospheric pressure thermal desorption scheme 
employed in the TDCIMS is the participation of molecular clusters, most specifically water, in the 
ion source chemistry.  The presence of these clusters is unavoidable, and would normally lead to a 
limited set of compounds that could be successfully ionized by proton transfer from water 
because of the increase in proton affinity of the H3O+(H2O)n cluster.  Figure 2a demonstrates this 
increase in the endothermicity of the proton transfer reaction for the case of acetone ionization, 
and suggests that the protonation reaction likely occurs by an initial association step, which is 
followed by a declustering step that removes the excess water molecules from the newly formed 
adduct. Note that at ambient pressure and room temperature, the cluster size is estimated to be in 
the range of 3-5 water molecules. Figure 2b shows the instrument response to a calibration gas 
consisting of 3 ketones.  The H3O+ ion is also plotted, representing the total reagent ion since it 
declustered just prior to measurement.  As the plot shows, when [H3O+] is comparable to that of 
the analyte, the instrument response to the analyte is determined by the competition between all 
other compounds present in the gas: species with higher proton affinity such as 2-heptanone will 
exhibit more of an ideal linear response compared with acetone, which has a proton affinity that is 
about 8 kcal/mol lower.  However when [H3O+] is greater than the total reagent compound 
concentration, the response appears to be linear as shown in the lower plot of figure 2b where the 
concentration of the protonated acetone appears to be linear over the lowest gas concentrations.  
These results and others using aldehydes, amines, and organic acids show that (a) in most cases 
the atmospheric ion chemistry employed by the TDCIMS is both sensitive and non-destructive 
and (b) instrument response can be linear under conditions where the reagent gas concentration is 
greater than that of the analytes.  

Representative Ambient Aerosol Measurements 
An example of measurements of ambient nanoparticles will be provided from a recent campaign 
in Mexico City.  On 18 March we monitored 15 – 200 amu positive ions in 8 – 10 nm diameter 
particles during a new particle formation event that began at ~17:00 GMT (13:00 local time). 
During this experiment we applied a linear current ramp to the wire containing collected particles, 
thus providing a means for isolating species contained in particles from those that have 
partitioned to the walls of the ion source.  Figure 3a shows the resulting ion signal for ammonium 
(18 amu), where no significant difference is seen between the ion signal obtained during particle 
collection (dashed trace) and that obtained when no particles were collected (solid trace).  By 
contrast, dimethyl ammonium (46 amu) shows a sharp well-defined peak during particle 
collection that is absent when particles were not collected (figure 3b). The background levels of 
ammonium and dimethyl ammonium seen in figure 3 are background signals that develop over 
time as the desorbed gases deposit to surfaces. As figure 3b shows, the use of a temperature ramp 
is effective in separating the signal for gases desorbed from particles from that desorbed by walls, 
etc. This observation of dimethylamine in particles formed from nucleation is similar to some of 
the earliest measurements of the composition of particles formed by nucleation in the Finnish 
boreal forest [5], where dimethyl amine was the only species that could be positively identified as 
being enriched in newly formed particles.  
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Figure 2: (a) Reaction energies (in kcal/mol) for the acetone- H3O+(H2O)n system, calculated using 
HF/6-31G** geometries with MP2/6-31G** single point energies. (b) Instrument response for a 
mixture of 3 ketones.   

 
 

15x103

10

5

io
n 

ab
un

da
nc

e/
pg

17:40 17:45 17:50 17:55 18:00 18:05
time (UTC)

4
3
2
1
0

filam
ent current (A

)

 signal
 background

 

12x103

8

4

io
n 

ab
un

da
nc

e/
pg

17:40 17:45 17:50 17:55 18:00 18:05
time (UTC)

4
3
2
1
0

filam
ent current (A)

 signal
 background

 
Figure 3: (a) (top) current ramp applied to wire. (bottom) TDCIMS ion signal for ammonium (18 
amu). (b) same as (a) for dimethyl ammonium (46 amu). 
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Abstract 
During the last seven years our research group has developed chemical ionization mass 
spectrometric (CIMS) techniques for the measurement of a wide range of atmospheric species. In 
this presentation, I will discuss CIMS data from five field campaigns: eddy flux measurements of 
PANs in Duke Forest; HOx and sulfuric acid observations from both Mexico City and Houston, 
Texas; gas-phase ammonia measurements from the Atlanta Nucleation Experiment; and pernitric 
acid (HO2NO2), HCl, and SO2 measurements from the NASA DC-8 during INTEX A and B. 
These data highlight the unique selectivity, sensitivity, and fast time response of CIMS. The PAN 
measurements were performed with an integration period of 0.25 s (4 Hz) to allow us to measure 
fluxes by eddy covariance. The fast time response of the Atlanta ammonia measurements (1 min) 
allowed us to examine its role in particle nucleation as well as test our understanding of urban 
ammonia sources. Finally, the sensitivity of the CIMS is crucial for the high time and spatial 
resolution measurements of species found in low concentrations (< 100 pptv) such as HOx, 
H2SO4, HCl and HO2NO2. 

Introduction  
The focus of this presentation is to demonstrate the versatility of chemical ionization mass 
spectrometry (CIMS) as an analytical tool for the measurement of trace atmospheric gases. Four 
different CIMS methods (PANs and N2O5; NH3; OH, RO2, and H2SO4; and SO2, HO2NO2, and 
HCl) will be described and representative field data for each will be presented.  

Experimental Methods 
All of the chemical ionization measurement techniques employ the same differentially pumped 
quadrupole mass spectrometer. Important common features include an actively pumped 
collisional dissociation chamber (CDC) and octopole ion guides. Different ion molecule reactors 
can be attached to this assembly. The PANs, NH3, and SO2 measurements are carried out with 
low pressure (10-30 torr) ion molecule reactors while the H2SO4 measurements utilize an ambient 
pressure reactor. Examples of the low and ambient pressure systems are shown in Figures 1 and 2, 
respectively. Each of the methods has been described in recent publications [1-6].  
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Results and Discussion 
Results from a variety of field campaigns at various stage of analysis will be shown. For example, 
ammonia data from the 2002 ANARCHE campaign in Atlanta strongly indicates that current air 
quality models may under predict gas phase ammonia levels during the day. More recent HOx data 
from the 2006 Texas Air Quality and MILAGRO studies will be examined to contrast ozone 
production in these environments.  

 

 
Figure 1: CIMS instrument with a low pressure flow tube  used  to measure PANs and N2O5. 

 

 
Figure 2: CIMS instrument with an atmospheric pressure flow tube used to measure OH, RO2, 
and H2SO4. Figure taken from S. Sjostedt thesis.  
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Abstract 
The technique of Chemical Ionisation Reaction (CIR) ionisation has been successfully coupled 
for the first time to Time-of-Flight Mass Spectrometry (TOF-MS) and has been applied to the 
measurement of a range of trace atmospheric volatile organic compounds (VOCs) and oxygenated 
volatile organic compounds (OVOCs) (Blake et al., 2003 and Wyche et al., 2005).  Initial results 
have demonstrated the instrument to be capable of recording the entire mass spectrum in “real-
time” (ca. 1 minute) with sensitivities in the order of 0.1 counts ppbV-1 s-1.  

Introduction 
The use of chemical ionisation reaction mass spectrometry utilising the hydronium ion as the 
primary chemical ionisation (CI) reagent, for fast real time measurement of trace volatile organic 
compounds and oxygenated volatile organic compounds has a wide array of applications.  
Examples include the monitoring of atmospheric species and pollution episodes (e.g. Hewitt et 
al., 2003), medical diagnostics via breath analysis (e.g. Lirk et al., 2004) and forensic 
investigations.   

Standard PTR-MS instruments employ quadrupole mass spectrometers (e.g. Hansel et al., 1995) 
which suffer from several drawbacks such as relatively low mass resolution (m/∆m = 100), 
limited mass range (generally poor transmission above 1000 Da) and since they essentially act as 
mass filters, the inability to capture the entire mass spectrum in a given instant.  In an attempt to 
avoid these problems a PTR system has been successfully coupled to a Time-of-Flight (TOF) 
mass spectrometer, which benefits from a mass resolution (m/∆m) in excess of 1000 Da, a 
theoretically limitless mass range and most significantly is able to observe all mass channels 
simultaneously (Blake et al., 2003).  However, as the system has the ability to function just as 
successfully with chemical ionisation reagents other than proton donating species, we term this 
technique Chemical Ionisation Reaction Time-of-Flight Mass Spectrometry (CIR-TOF-MS).  
Other reagent ions typically employed include NO+, O2

+ and NH4
+ (Blake et al., 2006).    

The new University of Leicester CIR-TOF-MS has been applied to the monitoring of atmospheric 
volatile organics in the contemporary urban boundary layer and has recently taken part in several 
key environment chamber studies.  The CIR-TOF-MS has also been applied to the monitoring of 
VOC emissions from drying paint films in the indoor environment and accelerant traces at arson 
scenes as well being developed as a medical diagnostic tool for human breath analysis. 
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Experimental Methods 
The University of Leicester CIR-TOF-MS instrument (shown schematically in Figure 1) is 
described in detail elsewhere (Blake et al., 2003).  In brief, the ion source/drift tube assembly 
(constructed in house) consists of a series of seven stainless steel electrodes separated by 
insulating spacers.  The drift region is operated at a relatively high pressure (~8 - 10 mbar) in 
order to optimise the ion yield. Hence under standard operating drift tube voltages, an E/N ratio 
(where E = electric field strength and N = gas number density) of around 150 Td is achieved (1 
Townsend (Td) = 10-17 V cm2).  Unlike in conventional PTR–MS, our system employs a 
radioactive ion source to generate the CI reagent (241Am which emits α particles with energy of 
the order 5 MeV).  The benefits of using a radioactive ion source include the lack of settling time 
required after a change in internal conditions, including a change in the supply of reagent gas.  
The time-of-flight mass spectrometer, supplied by Kore technology (Ely, UK), is orthogonal in 
design with a duty cycle of approximately 3% for a mass scan of 0-100 Daltons. The instrument 
has a mass resolution in excess of 1000. 

 
Reagent gas

Sample gas
Am strip241 

Drift tube

Pulsed
extractor

Einzel
lens

X & Y
steering

Flight Tube

MCP detector Reflectron

Transfer
chamber

Time-to-digital
convertor  

Figure 1:  Schematic diagram of the Chemical Ionisation Reaction Time-of-Flight Mass 
Spectrometer (CIR-TOF-MS) showing the major components 

 

Results 
4.1    Chemical Ionisation Reaction-Mass Spectrometry (CIR-MS) 
Figure 2 displays the raw CIR-MS mass spectrum recorded in the absence of sample, when NO+ 
was employed as the primary reagent ion as an alternative to hydronium. The data presented in 
figure 2 clearly demonstrates that the CIR-MS instrument is capable of generating a clean source 
of primary ions other than proton transfer species.  Similar spectra are obtained for the other CI 
reagents (see Wyche et al., 2005 and Blake et al., 2006). 
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Figure 2: Raw mass spectrum taken using NO+ as the primary reagent ion in the absence of an 
analyte.  

Inspection of Figure 3 reveals that the mass spectra for acetone and propanal generated with the 
hydronium ion as the CI reagent are virtually identical, both dominated with large [MH]+ peaks.  
This epitomises the problem of isobaric compound identification in a PTR-MS instrument, it is 
near impossible to identify which spectrum belongs to the aldehyde and which the ketone.  In 
dramatic contrast to this, when NO+ is employed as the CI reagent, the mass spectra for these test 
compounds change markedly.  As is common with ketones (and similar to the results of the SIFT-
MS of Smith and Španěl), acetone was observed to form an ion/molecule association complex 
(m/z = 88), whereas its aldehyde counterpart did not.  In contrast propanal appears to occupy mass 
channels at the opposite end of the spectrum, with small M+ and [M-H]+ mass peaks as well as 
large peaks at m/z = 29 and 27.  Typically it was found that saturated ketones generally react with 
NO+ reagent ions to form ion/molecule association complexes, with a number of fragment ions 
observed in lighter mass channels, whose abundance increase with increasing chain length.  
Conversely aldehydes generally fragment more extensively, typically producing formyl, alkyl and 
acylium ions.   
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Figure 3: Processed mass spectra for acetone and propanal, generated with either H3O+ or 
NO+ ions as the CI reagent.  Stared peak are present as a consequence of residual water 
contamination. 

Because of the unique and compound specific spectral differences or "fingerprints" which can be 
derived from the use of two or more different reagent ions, it becomes possible to discriminate 
between isobaric compounds during on-line measurement. This observation was found to apply 
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even to structural isomers (Wyche et al., 2005).  In more recent work by our group, we have been 
able to demonstrate the benefits of using an expanded range of reagent ions for VOC detection in 
the CIR-MS technique (Blake et al., 2006). 

4.2    Atmospheric Monitoring 

During January 2005 the CIR-TOF-MS took part in the ACCENT sponsored OVOC 
measurement intercomparison held at the SAPHIR atmospheric simulation chamber (Jülich, 
Germany) (for details regarding the chamber itself see Karl et al., 2004).  The intercomparison 
campaign comprised 5 separate experiments during which a series of 14 different atmospherically 
significant OVOCs were monitored at three distinct concentrations levels under various 
humidities and ozone content.   

Figure 4 displays the “real-time” data obtained from the chamber by the CIR-TOF-MS for the 
OVOC acetaldehyde (circles) plot along side theoretical chamber acetaldehyde concentrations 
(blue line). The theoretical concentrations were derived from the knowledge of the amount of 
OVOC initially injected into SAPHIR.  Inspection of figure 4 reveals the high quality of CIR-
TOF-MS measurement, with all three measuring periods and both dilution phases clearly 
captured, with the instrument tracking theoretical values throughout.  CIR-TOF-MS average 1 
minute accuracy, precision and signal to noise ratio in this instance were as good as 12.5%, 15.4% 
and 8:1 respectively.  Full details regarding the performance and validation of the CIR-TOF-MS 
technique during the SAPHIR OVOC intercomparison can be found in Wyche et al., 2006. 
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Figure 4:  Real-time monitoring of acetaldehyde (circle points) along with theoretically derived 
mixing ratios (blue line) obtained during the Jülich OVOC intercomparison 

In order to demonstrate the quality of CIR-TOF-MS data acquisition and to further exemplify the 
sensitivity of the instrument to trace compounds during real-time measurement, example VOC 
data recorded during urban air sampling is presented in Figure 5.  Air from outside of the 
University was extracted into the CIR-TOF-MS via a Teflon sampling tube over a one week 
period.  Leicester is a typical moderate U.K. city with a population of around 300,000 people and 
the sample site is located approximately 1 mile from the city centre, hence substantial quantities 
of volatile organic species are expected.  Figure 5 shows the temporal profile recorded over a 
week period for acetone. 
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Figure 5:  Monitoring the urban atmosphere, the temporal trace for acetone (a) over a one week 
period. 

Conclusions 
The CIR-TOF-MS technique is highly versatile, providing ppbV detection sensitivities on minute 
time scales.  The potential benefits of employing the TOF-MS are considerable, with the sample 
matrix being probed in more depth and detail than has been possible previously.   

Methods are described for advancements in the CIR-TOF-MS technique utilising ion beam 
multiplexing in a Hadamard Transform instrument.  Encoding the ion beam in this manner in the 
TOF-MS system will improve the instrument sensitivity by an order of magnitude.   
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Abstract 
The Direct Analysis in Real Time (DARTtm) ion source was constructed and tested in early 2003 
and introduced as a commercial product in 2005.   DART is now in use for a wide range of small-
molecule applications in industrial, academic and government laboratories around the world.  The 
source permits near instantaneous analysis of gases, liquids, solids, and materials on surfaces in 
open air at ground potential. Although the DART ionization mechanism is based upon 
atmospheric pressure reactions of metastable atoms and molecules, one of the most important 
modes of operation involves proton transfer reactions. The majority of DART applications have 
been in the analysis of liquids, solids and materials on surfaces, making DART a complementary 
technique to traditional PTRMS. An overview of the DART ion source and its applications will 
be presented in this talk. 
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Abstract 
The NOAA chemical ionization mass spectrometer (CIMS) onboard the NASA WB-57F high-
altitude research aircraft measures HNO3 with two independent channels of detection that allow a 
determination of the amount of HNO3 in the condensed phase. This instrument has been used to 
demonstrate the heterogeneous production of HNO3 in the plume of a solid-fuel rocket motor and 
to quantify the uptake of HNO3 by subtropical cirrus cloud particles.  More recent measurements 
over the eastern Pacific Ocean in January of 2004 have revealed a new category of HNO3-
containing particles in the tropical lower stratosphere.  These particles are most likely composed 
of nitric acid trihydrate (NAT).  The small number density of these NAT particles implies a slow 
or highly selective nucleation process, and microphysical trajectory models suggest the particles 
grow over a 6-14 day period in air that remains close to the tropical tropopause. Understanding 
the formation of NAT particles in the tropics could improve our understanding of stratospheric 
nucleation processes in polar regions and, therefore, dehydration and denitrification. A 
preliminary analysis of HNO3 uptake in subvisual cirrrus clouds near the tropical tropopause will 
also be presented. 

Introduction 
Particles affect chemical composition and climate forcing in the upper troposphere and lower 
stratosphere1-4. For example, ice formation in the tropopause region regulates stratospheric 
humidity through particle sedimentation and controls the radiative properties of high clouds5. 
Polar stratospheric clouds, when composed of nitric acid trihydrate (NAT; HNO3·3H2O), 
sediment and denitrify the lower stratosphere in winter and thereby enhance photochemical ozone 
destruction6-8. Theoretical efforts have had limited success in identifying and quantifying 
atmospheric nucleation processes, in part, because of incomplete knowledge of aerosol 
composition and how composition affects nucleation. This in turn limits our current 
understanding of how global change might alter future cloudiness, stratospheric dehydration, and 
ozone amounts. 

Observations of ambient aerosol from ground-based, airborne, and space-borne platforms under a 
wide range of conditions are providing key guidance in completing our understanding of 
microphysical processes. In situ observations made on airborne platforms are particularly 
effective because they offer high spatial resolution with quantitative detail.  By induction, in situ 
observations can be used to reveal features of atmospheric aerosol processes that would otherwise 
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be inaccessible. An important example of the guiding role of observations is the discovery of 
large NAT particles in the Arctic winter stratosphere using airborne instruments9,10. Proof of 
their existence has led to a refined and more comprehensive view of how NAT particles denitrify 
the stratosphere and how atmospheric conditions can affect denitrification6,11. However, the 
nucleation process for these large particles remains an unsolved microphysical puzzle. 

Here we present evidence for a new category of nitric acid-containing particles that nucleate and 
grow in the tropical lower stratosphere. In contrast to the background liquid sulfate aerosol, these 
particles are solid, much larger (1.7-4.7 µm vs. 0.1 µm), and significantly less abundant (<10-4 
cm-3 vs. 10 cm-3).  The particles are assumed to be composed of NAT, although they grow under 
substantially different conditions than NAT particles found in polar regions.  First, gas-phase 
HNO3 values observed in the tropical lower stratosphere were typically 0.1 ppbv or lower, which 
is 10 to 100 times less than that available for particle growth in the polar stratosphere.  Second, 
the particles grow at temperatures much closer to the frost point.  In the tropics, NAT saturation 
conditions occur within +1.5 K of the frost point while the difference can exceed +6 K in the 
polar lower stratosphere.  Third, the new particles grow in a narrow layer (a few hundred meters) 
near the tropopause where NAT saturation conditions are favorable.  In the polar vortex, NAT 
growth occurs over a 5-10 km vertical extent in the low temperature region of the polar 
stratosphere. 

Experimental Methods 
The tropical NAT particles were detected in situ with a chemical ionization mass spectrometer 
(CIMS) onboard the NASA WB-57F high-altitude research aircraft.  The CIMS instrument 
measures HNO3 with two independent channels of detection connected to separate forward- and 
downward-facing inlets12.  The forward-facing inlet samples both gas- and particle-phase HNO3.  
Particles are inertially stripped from the airstream sampled by the downward-facing inlet, 
effectively yielding a measure of only gas-phase HNO3.  Thus, the difference in the signal 
between the two channels allows a determination of the amount of HNO3 in the particle 
phase12,13. When particle concentrations are low enough (< ~10-3 cm-3), individual HNO3-
containing particles can be detected as peaks above the background gas-phase value in the time 
series of HNO3 measurements.  The frequency of these peaks in the time series and the known 
sampling volume of the CIMS instrument directly yield the ambient particle concentration9. 

Results and Discussion 
HNO3-containing particles were observed on two flights over the eastern tropical Pacific Ocean 
in January 2004.  The flights originated and ended in San Jose, Costa Rica, (10° N) while 
reaching the Galapagos Islands (1° S) or as far as 3° south of the equator.  The most intense 
period of particle observations occurred on 29 January over a 300 km (30 min.) flight segment 
(marked by X in Fig. 1).  Individual HNO3-containing particles are identified in Fig. 1A as peaks 
throughout the segment.  The detection of several individual particles is shown in Fig. 1E.  During 
the 30 min. interval, a total of 59 particles were observed, yielding an average particle 
concentration of 6·10-5 cm-3.  Overall, particles were found over a narrow range of flight altitudes 
(18 ± 0.1 km) and temperatures (190 ± 2 K), and over a broad geographic extent (1100 km) 
between 3° S and 7° N latitude.  Microwave temperature profiles show that the cold-point 
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tropopause was typically 0.5 to 1 km below the observed particles (Fig. 1C).  The two halves of 
the time series in Fig. 1 contrast the flight segment where particles are detected with one of 
similar length at lower altitude.  The latter shows no evidence of particles and further shows the  
agreement between the two CIMS detection channels in the absence of HNO3-containing 
particles.  
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Figure 1: Time series measurements of the HNO3 mixing ratios observed from the forward- and 
downward-facing CIMS channels (blue and red lines in (A), respectively) during the flight of 29 
January 2004.  The purple bar in (A) represents a 300 km flight segment in which HNO3-
containing particles were observed.  Also shown are calculated values of SNAT and measured 
sulfate mass mixing ratios (panel B); ambient temperature, flight altitude and cold-point 
tropopause height (panel C); and measured water vapor and calculated values of relative 
humidity with respect to ice (RHi) (panel D).  Panel (E) is a 35-s flight segment expanded from 
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panel A that shows HNO3-containing particles as peaks in forward-facing CIMS channel (blue 
line) and the absence of peaks in the downward-facing CIMS channel (red line). 

NAT is the most reasonable assumption for the composition of the sampled particles.  NAT is the 
most stable HNO3 condensate at the observed levels of HNO3 and water vapor, and is known to 
form at low temperatures in the polar winter stratosphere.  Because of their low number density 
and thermodynamic considerations, the observed particles are unlikely to be supercooled ternary 
solution (STS) composed of H2SO4, HNO3, and water.  Ice particles with HNO3 on the surface or 
in the bulk are also unlikely due to the large particle sizes (50-200 µm or greater) required.  With 
NAT composition assumed, particle diameters are shown with the right hand axes in Figs. 1A,E.  
When all particles are examined from both flights, sizes range from 1.7 to 4.7 µm in diameter. 

Several important implications follow from the observations of tropical NAT particles and 
inferred formation conditions.  First, it seems reasonable to speculate that the tropical and polar 
NAT particles nucleate with a common process since low NAT particle concentrations are 
observed in both regions.  Second, ice particles might form via a similar nucleation process and 
with the same nuclei as tropical NAT particles.  Third, the observations and trajectory analysis of 
tropical NAT particles imply that these particles might be a common feature of the tropical 
tropopause region.  Fourth, at the number concentrations and sizes observed, tropical NAT 
particles will not be observable in satellite extinction measurements. 
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Abstract 
The development and use of PTR-MS has led to significant new insights into the emissions, 
chemistry and loss processes of volatile organic compounds (VOCs) in the atmosphere. It is the 
aim of this work to review our most recent results from airborne and ship-based VOC 
measurements, with a particular focus on VOCs in urban air. 

Introduction 
In the summers of 2002, 2004 and 2006 we deployed a PTR-MS instrument onboard the NOAA 
research vessel Ronald H. Brown and onboard the NOAA WP-3D research aircraft. In 2002, we 
studied the long-range transport of air masses across the Pacific Ocean towards the U.S. West 
coast using the NOAA WP-3D [1,2]. Later that summer, we did measurements in the framework 
of the New England Air Quality Study from the Ronald H. Brown [3-5]. In 2004, we returned to 
the northeastern U.S. with the NOAA WP-3D aircraft, and studied the air quality in the region, 
and the onset of trans-Atlantic transport [6-8]. Finally, in 2006, we studied ozone chemistry in 
Houston, Texas, as part of the Texas Air Quality Study and sampled the emissions of numerous 
industrial sources from the NOAA WP-3D. 

Over the course of these studies, much has been learned about the sources, chemistry and loss 
processes of atmospheric VOCs. The sampled air masses varied from (1) fresh and aged biomass 
burning plumes, (2) fresh and aged urban plumes, and (3) fresh and aged industrial plumes, to (4) 
air masses impacted by biogenic emissions. In this work, we will review our findings, and focus 
in particular on the sources and chemical evolution of oxygenated VOCs in urban air. 

Experimental Methods 
The VOC measurements in this work were mostly made by proton-transfer-reaction mass 
spectrometry (PTR-MS). Additional data were obtained by gas chromatographic methods, both 
on-line and from canister sampling, and detailed inter-comparisons with the PTR-MS results have 
been made with generally favorable results [3,6]. Also, we have developed a PTR-MS with an ion 
trap mass spectrometer for on-line quantification and identification of atmospheric VOCs [9,10]. 
Much of our research on the sensitivity and selectivity of PTR-MS for different atmospheric 
VOCs will be reviewed in a forthcoming issue of Mass Spectrometry Reviews [11]. 
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Results and Discussion 
Over the course of the 3 summers, the NOAA WP-3D sampled numerous urban plumes, and two 
examples are given in Fig. 1. A nighttime flight was conducted on August 7-8, 2004, which 
allowed urban air to be sampled with a minimum of processing during the transport. Fig. 1 shows 
part of the flight track with the gray scale indicating the measured mixing ratio of CO. Enhanced 
CO was observed southeast of New York City, and a back-trajectory leads back to the city and 
shows that the transport time was ~4 hours. The plume was observed at 2:15 am UTC or 10:15 
pm local time, and thus the observed pollutants were emitted around 6:15 pm, and transported at a 
time when the atmospheric oxidation by OH and NO3 is at a minimum [4]. On August 14, 2004, a 
plume from New York City was intercepted to the east during a daytime flight. The back-
trajectory in Fig. 1 shows that the plume had been transported for ~24 hours. 

 

 
Figure 1: Sampling locations of two urban plumes from New York City. The plumes were 
observed on August 8 and 14, 2004, at night and day, respectively. The map shows part of the 
flight tracks of the NOAA WP-3D with the gray scale indicating the measured mixing ratio of CO. 
The black curves show back-trajectories with 1 symbol per 4 hr. (CO data are courtesy of John 
Holloway). 

 

Figure 2 shows the results from the PTR-MS measurements in the two urban plumes. The urban 
plumes are readily discerned from forest fire plumes by the absence of acetonitrile (Fig. 2C). In 
addition, the ratios between the aromatic VOCs are quite distinct: toluene is dominant in the 
unprocessed urban plume (Fig. 2A). 

The night- and daytime plumes from New York City show some striking chemical differences. 
The highest enhancement ratios of aromatic VOCs are observed in the nighttime plume. For 
toluene and in particular the higher aromatics, much lower values are seen in the daytime plume, 
explained by reactions with OH during the transport. In contrast, the enhancement ratios of the 
oxygenated VOCs are much lower in the nighttime plume than in the daytime plume. This is 
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particularly the case for acetone, acetic acid and MEK, and to a lesser extent for acetaldehyde 
(Fig. 2B+C). These observations are largely consistent with the evolution of aromatic and 
oxygenated VOCs in urban plumes inferred from ship-based measurements in 2002 [5]: aromatics 
are removed from the atmosphere in reactions with OH, whereas oxygenated VOCs are also 
photo-chemically produced. 

 

 
Figure 2: PTR-MS measurement results from a relatively unprocessed, nighttime plume (left 
panels) and a well-processed, daytime plume (right panels) from New York City. (CO data are 
courtesy of John Holloway). 

 

The levels of biogenic VOCs were low but not zero in the urban plumes (Fig. 2D). This could be 
due to emissions from urban vegetation. Biogenic emissions are not limited to city boundaries, 
and as a result, the correlation with CO is not as good as for the anthropogenic VOCs. During the 
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nighttime flight, the levels of MVK + MACR were much higher than those of their precursor, 
isoprene. This indicates a high degree of photochemical processing of the biogenic emissions, as 
expected for emissions that take place mainly during the day and are measured during the night. 
The levels of biogenic VOCs were even lower in the daytime plume, which was exposed to much 
higher concentrations of OH radicals during the transport. 

In this work, our observations in urban plumes will be described in more detail. Direct emissions 
of oxygenated VOCs as well as photochemical formation have been quantified and our 
observations compared with emissions inventories, and with detailed photochemical box models, 
respectively. Direct emissions of most oxygenated VOCs are much higher than emissions 
inventories indicate. On the other hand, box models are capable of reproducing the observed 
secondary formation of oxygenated VOCs with the exception of acetic acid. 

Results obtained in fresh and aged forest fire plumes, industrial plumes, and air masses impacted 
by biogenic emissions will be presented and compared with the urban plumes in Figs. 1 and 2. 
Finally, we will discuss our observations of VOCs in the clean atmosphere, including the free 
troposphere, and the marine boundary layer, where ocean uptake of several VOCs was inferred 
from the data. 
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Abstract 
The distribution or ratio of benzene and toluene measured in an air sample is a commonly 
reported quantity. In vehicle exhaust it is an important indicator of the quality of the vehicle’s 
emission control system.  In atmospheric science it can be used to derive the photochemical age 
of the air mass providing that the starting distribution of these two compounds is known. While 
the ratio of these compounds in an urban environment might be expected to be controlled 
predominately by vehicular emissions there is emerging evidence that this may not be the case.  
During the 2003 and 2006 Mexico City Metropolitan Area (MCMA) field campaigns, a PTR-MS 
was deployed on-board the Aerodyne mobile laboratory and made continuous measurements as it 
traveled throughout the region. It was consistently noted that the benzene to toluene ratio was 
observed to be higher on-road where the measurements are dominated by vehicle emissions, than 
at stationary urban sampling sites. Is this counterintuitive result real or simply a measurement 
artifact?  Inter-comparison of the on-road PTR-MS measurements with other vehicle tail pipe 
emission and tunnel studies suggest that the PTR-MS results are robust. This implies that vehicle 
emissions alone do not define the distribution of benzene and toluene in the MCMA urban 
environment. Examination of the data reported in other studies suggests that this result is not 
unique to Mexico City.  One possible explanation is solvent based toluene emissions, but is there 
really enough solvent borne toluene to alter the ambient concentration distribution in the urban 
airshed? Mobile PTR-MS measurements from the US and Mexico will be presented and discussed 
in an attempt to address this important question.    

Introduction 
Vehicle exhaust emissions are typically thought to be the dominant source of aromatic 
hydrocarbons in polluted urban environments.  It would then be expected that the distribution of 
these aromatic compounds in an unprocessed urban air mass should closely resemble that being 
emitted from vehicle tailpipes.  A very different result was obtained from the results of the 2003-
MCMA field campaign, where it was observed that fleet averaged benzene to toluene ratio was 
0.48 [1] while a ratio of 0.23 was obtained by measurements made at stationary sites within the 
urban core [2]. The result seems counterintuitive. How can on-road measurements be so different 
from measurements made at stationary sites that are located only meters from major roadways?  A 
problem with the PTR-MS measurements used to make the fleet averaged measurement in 2003 
might explain the apparent discrepancy.  The urban ratio of 0.23 is similar to that expected for 
gasoline vehicles operating without any exhaust emission control system, suggesting that older 
model vehicles are responsible for most of the pollution.  Emissions dominated by heavily 
polluting older vehicles however, are not supported by tunnel studies conducted in Mexico City 
where benzene to toluene ratios of 0.42 and 0.35 were observed [3]. The tunnel study results are 
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similar to the PTR-MS derived fleet average value and provide some support for the PTR-MS 
measurement. US measurements show a similar disparity between the vehicle emission and urban 
airshed benzene to toluene ratio.  The average urban US ambient measurements [4] indicate a 
ratio of 0.44 while US tunnel studies [5] provide ratios of 0.61 and 0.78. Collectively these 
measurements suggest that the ambient concentrations of benzene, toluene or both are not 
controlled solely by vehicle emissions.  In this presentation evidence is provided that suggests that 
solvent sources of toluene are significantly influencing the distribution of benzene and toluene in 
urban ambient atmospheres.   

Experimental Methods 
The PTR-MS used in this study has been modified to operate on board the Aerodyne mobile 
laboratory [2]. Different data acquisition modes were used for on-road and stationary site 
sampling. On-road measurements required high resolution and 9 ion masses were monitored at 
0.1 sec per mass resulting in an a measurement cycle of approximately 1.5 seconds.  Stationary 
monitoring employed an alternating acquisition mode.  The instrument was programmed to switch 
between a selected set of 10 ion masses (1 sec per mass) for 24 cycles followed by full mass scans 
from 20–160 amu (0.1 sec per mass) for 12 cycles. In both on-road and stationary sampling 
modes, ions corresponding to methanol (m/z 33), acetaldehyde (m/z 45), acetone (m/z59), 
benzene (m/z 79), toluene (m/z 93), C2-benzenes (m/z 107), C3-benzenes (121) were measured 
and concentrations are calculated using calibration factors. The final benzene concentration has 
been corrected for contributions from the fragmentation of ethylbenzene and propylbenzene [2].  

Carbon monoxide was measured by tunable infrared laser differential absorption spectroscopy.  
Concentrations are determined by fitting the measured rotational-vibrational transmission 
spectrum to a Voight line shape model using known line strength parameters.   

Results 
Figure 1 shows time series trends and correlation scatter plots for benzene and CO observed 
during on-road and fixed site sampling. The signals are highly correlated in both sampling modes, 
although there is more scatter in the on-road data due to the variations in vehicle engine type and 
extent of emission control. The similarity in slopes infers that vehicular emissions are a 
dominating source of CO and benzene. Solvent sources of benzene including evaporative 
emissions from gasoline are observed, but these emissions appear to be relatively unimportant in 
comparison to vehicle exhaust emissions. The fixed site correlation scatter plot shows a few 
gasoline evaporative emission events as small vertical rays in the correlation scatter plot where 
the benzene concentration increases without any change in the CO concentration. 

A correlation scatter plot comparing the benzene and toluene concentrations measured on-road 
versus that observed at the fixed sampling sites is shown in Figure 2. The magnitude and correlation 
of the signals indicates that the on-road concentrations of benzene and toluene are dominated by 
vehicular emissions. The linear regression line for the on-road data has been fit to all of the data, but 
assumes a zero intercept and is biased downward because of toluene solvent plumes (which are 
obscured by the fixed site data).  The correct on-road benzene to toluene ratio will be higher than the 
slope (0.42) and is similar to the 0.48 value observed in 2003 [1]. The benzene to toluene ratio 
observed at the fixed sites is substantially lower, a result which is thought to be from the enrichment 
in ambient toluene concentration from solvent sources. The circled region in Figure 2 highlights the 
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section of the scatter plot where solvent related sources of toluene are clearly evident. The line 
shown for the fixed site data was given a slope of 0.23 on the basis of a previous study [2] and is 
included to further illustrate the influence of solvent borne toluene.   

 
Figure 1: Time series trends and correlation scatter plots for benzene and CO observed 
during on-road and fixed site sampling.    

 

 
Figure 2: Comparison of the benzene to toluene concentrations observed on-road 
versus at fixed sampling sites.    
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Discussion 
While Figure 2 clearly shows the influence on solvent based toluene on the measurements made 
during the 2006 Mexico City field campaign, how representative is this data set and where are the 
solvent sources of toluene? This data appears to be quite representative of Mexico City as similar 
results were observed in field campaigns conducted there in 2002 and 2003. Mobile exploration of 
toluene sources reveals that the bulk of these sources appear to be related to painting.  Evaporative 
emissions from gasoline are not as important as expected and only appear to be significant in the 
immediate vicinity of gasoline fueling stations. Also, because gasoline contains other aromatic 
components, like benzene, solvents emissions for this source are not recognized as solvent toluene in 
this study. Street line painting and autobody repair facilities are major toluene sources while 
residential house painting also contributes but is more minor. Unidentified sources are also important 
as it is not unusual to pull up to an intersection and note unusually high levels of toluene with no 
apparent source nearby.  My experience in the US has been more limited, but in the few studies that 
I have participated in toluene plumes have also been observed. While the data implicating the 
importance solvent sources of toluene may not be overwhelming, the evidence for a missing source 
of toluene is more persuasive. The disparity between the distribution of benzene and toluene in the 
ambient urban environment and that observed in vehicle emission studies and tunnel studies 
provides a compelling argument for a missing source of toluene. As vehicle emissions get cleaner 
their importance to urban air pollution should diminish and so non-combustion emission sources 
may start to have a more important contribution to the hydrocarbon burden in urban atmospheres.       

References  
[1] M. Zavala, S. C. Herndon, R. S. Slott, E. J. Dunlea, L. C. Marr, J. H. Shorter, M. Zahniser, 

W. B. Knighton, T. M. Rogers, C. E. Kolb, L. T. Molina, M. J. Molina, Characterization of 
on-road vehicle emissions in the Mexico City Metropolitan Area using a mobile laboratory 
in chase and fleet average modes during the MCMA-2003 field campaign, Atmospheric 
Chemistry and Physics Discussions. 6, 4689-4725 (2006). 

[2] T. M. Rogers, E. P. Grimsrud, S. C. Herndon, J. T. Jayne, C. E. Kolb, E. Allwine, H. 
Westberg, B. K. Lamb, M. Zavala, L. T. Molina, M. J. Molina, W. B. Knighton, On-road 
measurements of volatile organic compounds in the Mexico City metropolitan area using 
proton transfer reaction mass spectrometry, International Journal of Mass Spectrometry, 
218, 26-37, (2006). 

[3] V. Mujica,  J. Watson, E. Vega, E. Reyes, M. E. Ruiz, J. Chow, Receptor model source 
apportionment of nonmethane hydrocarbons in Mexico City, The Scientific World Journal. 
2, 844-860, (2002). 

[4] D. D. Parish, M. Trainer, V. Young, P. D. Goldan, W. C. Kuster, B. T. Jobson, F. C. 
Feshenfeld, W. A. Lonneman, R. D. Zika, C. T. Farmer, D. D. Reimer, M. O. Rogers, 
Internal consistency tests for evaluation of measurements of anthropogenic hydrocarbons in 
the troposphere, Journal of Geophysical Research 103, 22339-22359, (1998). 

[5] W. R. Pierson, A. W. Gertler, N. F. Robinson, J. C. Sagebiel, B. Zielinska, G. A. Bishop, D. 
H. Stedman, R. B. Zweidinger, W. D. Ray, Real-world automotive emissions - Summary of 
studies in the Fort McHenry and Tuscarora Mountain Tunnels, Atmospheric Environment, 
30, 2233-2256, (1996).   



 

Operational Optimization of CFC destruction facility by 
means of PTR-MS and its modified method  

Akio Shimono1, Toshihide Hikida and Makoto Naganuma1 

1Sanyu Plant Service Co., Ltd., 1-8-21 Hashmotodai, Sagamihara-shi, Kanagawa-ken, 
229-1132 Japan (a.shimono@g-sanyu.co.jp) 

 

Abstract 
We have applied the conventional PTR-MS technology via proton transfer reaction to on-line 
monitoring of various volatile organic compounds emitted from incinerators including the 
approved facilities for the destruction of discarded chlorofluorocarbon (CFC) compounds. For the 
purpose of real-time monitoring of the CFC destruction efficiency, the modified method by using 
O2

+ as the primary ion was proposed. The improved sensitivities for CFCs was successfully 
demonstrated at an approved CFC destruction facility employing a rotary kiln incinerator 
designed for hazardous waste incineration. The advantages and the limitations of this modified 
method were also discussed.  

Introduction  
Certain CFCs are recognized as Ozone Depleting Substances (ODS) as well as they show strong 
greenhouse effects. The release of chemically stable CFCs to ambient air has significantly 
contributed on stratospheric ozone depletion which still continues. The practice of proper 
collection, recovery, and destruction is a crucial nationwide task. Based on the report prepared by 
UNEP Ad hoc Technical Advisory Committee on ODS destruction facilities [1], several CFC 
destruction technologies were proposed and are put in practical use in Japan, including rotary kiln 
incinerators, cement kilns, gaseous/fume oxidation, liquid injection incineration, plasma 
pyrolysis, catalytic dehydrohalogenation. Among these, the destruction by rotary kiln incinerators 
has important advantages of cost-effectiveness and popularity, because existing waste incinerators 
are available and no specific maintenance technology is required. The rotary kiln incinerators in 
service which Japanese Government approves as the CFC destruction facilities are originally 
designed for the incineration of various types of industrial wastes including such wastes as 
containing halogenated compounds.   

We reported the first attempt to apply PTR-MS instruments to on-line monitoring of volatile 
organic compounds (VOCs) occurred in incinerator flue gases [2]. We have demonstrated that the 
concentration of m/z 129 which is detected by PTR-MS and corresponds to the mixture of 
naphthalene and chlorophenol is an appropriate index of dioxins formed in waste incineration in 
the significant presence of chlorine containing species. We have laid importance on the 
simultaneous monitoring of benzene and other alkylbenzenes. Villinger et al [3] reported that the 
toluene-to- benzene ratio varied with the transient engine states in their automobile exhaust 
measurements, and that the toluene-to-xylene ratio was almost stable. They concluded that 
benzene was formed in combustion process, whereas toluene and xylene originated from unburnt 
fuel. Though they considered that benzene was formed from demethylation of other 
alkylbenzenes existing in supplied fuel, we observed benzene spikes in incinerator flue gases 
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without any relation to the feeding of aromatic species. Those benzene spikes may indicate that 
the benzene formation from the reaction of acetylene with C4, and C5 radicals [4], or the self-
recombination of propargyl radicals [5], which many combustion chemists have ever been 
interested in. Such benzene spikes were also observed in automobile exhausts employing a course 
of chasis dynamo experiments. Our findings will be discussed elsewhere in detail. We have also 
observed the characteristic naphthalene formation based on the similar mechanism both in 
incinerator flue gases and in automobile exhausts. These facts shows the feasibility of combustion 
diagnostics via on-line monitoring by using PTR-MS as well as it is a powerful tool for emission 
monitoring of undesired toxic trace species.  

In the meanwhile, some rotary kiln incinerators in service for hazardous waste management have 
played significant roles on the activity of discarded CFC destruction. The requirement of real-
time monitoring of residual CFC concentrations which are converted to the destruction 
efficiencies have been emerged because those incinerators also burn various types of other wastes 
under the condition that the collected and thus feed quantities of wastes could hardly be 
maintained constant. In our preliminary results, CFCs escaped from decomposition and remained 
in flue gases could be detected by PTR-MS. However it was certain that the sensitivity for CFC 
species is 2 orders of magnitude lower compared with that for ordinary oxygenated organics. 
Japanese Government specifies the regulatory standard for the destruction efficiency for CFCs of 
99% or 99.9% according to the destroyed amount at approved CFC destruction facilities. It was 
still hard to assess the destruction efficiency especially by using the compact version of PTR-MS 
instrument, in view of the compliance with the higher goal at 99.99% which the report of the 
Fourth Meeting of the Parties to the Montreal Protocol suggested, and which corresponds to the 
residual CFCs in flue gases at several tens ppb under typical conditions. Thus the limitation to the 
detection of CFCs remained in flue gases was an issue on the application of PTR-MS instruments 
to CFC destruction facilities. The proton affinities for such halogen-substituted saturated 
hydrocarbons are much less than that for water. Their chemical ionization seems to be driven by 
halogen subtraction. 

Experimental 
The sensitivities for CFCs, halons, and other chlorine-substituted saturated hydrocarbons by 
means of a high sensitivity version of PTR-MS instrument and a compact version of PTR-MS 
instrument were investigated by comparison with known concentrations of their standard gases in 
terms of estimated reaction rate constants. The typical figures at 10-11 cm3/s level suggested the 
possibility that these species reacted with a few % of O2

+ existing as an impurity of primary ions. 
Then we examined the use of pure oxygen as the primary ion source. In order to supply slightly 
pressurized oxygen with 99.99% purity from cylinders to the existing ion source section, an 
additional line equipped with a mass flow controller was connected to the inlet to the ion source 
section through a tee connector for switching between the proton transfer reaction ionization and 
the chemical ionization by using O2

+. The O2
+ formation was stable and the sensitivities by means 

of this modified method were also investigated in a similar manner.  

The modified method using O2
+ was implemented on the compact version of PTR-MS instrument 

working as an on-line flue gas monitor at a rotary kiln incinerator facility approved as the CFC 
destruction facility depicted before [2]. The main CFC species discarded and thus destroyed in the 
rotary incinerator was HCFC-22 (chlorodifluoromethane). The typical feed rate for HCFC-22 was 
20 kg/h corresponding to approximately 2% of the total waste loading. The temperature at the exit 
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of rotary kiln was kept above 950˚C by the operational control. This temperature above 950˚C 
corresponds to the temperature in the flame zone higher than 1200˚C, where the gases of CFC 
species are directly injected. A series of long-term continuous measurements of HCFC-22 
concentration remained in flue gases were performed at the CFC destruction facility with the 
simultaneous monitoring of possible byproducts including CHCl3, CCl4 and other several species. 
The experimental destruction of halon-1311 was also conducted and the residual halon-1311 in 
flue gases was monitored by the modified method. The flue gas was sampled just before the stack 
and passed through a cyclone separator coupled with an auto-balancing trap for the only removal 
of supersaturated and then condensed water particles. Then the sampling line was heated up to 
105 ˚C and the sampled gas was introduced into the instrument without any further pretreatment. 
The effect of the additional humidity reduction by a thermoelectric cooling unit down to 5 ˚C was 
also investigated.  

Results and Discussion 
The conditions of the ion source section for the modified method was similar to the conditions for 
the conventional PTR-MS except that oxygen is supplied at 2.0 sccm. The O2

+ production by the 
modified method was typically 2 x 10-7 A at drift voltage of 500V for the compact version of 
PTR-MS instrument. For most of hydrocarbons (described as M) such as butene, acetone, 
acetonitrile, methylethylketone and benzene, the chemical ionization by O2

+ mainly produced M+ 
ions through charge transfer reaction, where as the main products from these species by the 
conventional PTR-MS were (M+H)+ ions. It also applied to the case of halogen-substituted 
unsaturated hydrocarbons including dichlorobenzene, vinyl chloride, and trichloroethylene. In the 
case of halogen-substituted saturated hydrocarbons including chloroform, carbon chloride, 1,2-
dichloroethane, 1,1,1-trichloroethane, CFC-11 (trichlorofluoromethane), CFC-12 (dichloro-
difluoromethane), CFC-113 (trichlorotrifluoroethane), HCFC-22 (chlorodifluoromethane), halon-
1301 (bromotrifluoromethane), halon-1211 (bromochlorodifluoromethane), the main products for 
both methods were (M-X)+, where X denotes one halogen atom. On the other hand, the 
sensitivities for these species by the conventional PTR-MS were 2 orders of magnitude lower than 
that by the chemical ionization by O2

+.  The preliminary results showed that the reaction rate 
constants for these species with the chemical ionization by O2

+ were roughly within the order of 
10-9 cm3/s. The O2

+ concentration in the conventional PTR-MS was maintained at around 2%.  
Thus it is considered that the signal intensity for these species are simply contributed by O2

+ 
concentration. By employing the chemical ionization by O2

+, the nominal masses of the product 
ions for halogen-substituted saturated hydrocarbons appeared in odd numbers, which could be 
conveniently separated from most of other hydrocarbons.  

When we applied the chemical ionization by O2
+ to actual incinerator flue gases, the significant 

numbers of H3O+ and H3O+·H2O ions were generated because the water content in flue gases 
amounted to 20 to 30% under the water vapor saturated conditions at around 70˚C. Typically the 
O2

+ production dropped to 7 x 10-8 A and the almost same amount of H3O+ was generated. From 
other experiments, it was clear that the O2

+ strongly correlated with absolute humidity. This may 
implies that water vapor goes backward into the source drift region of the ion source section and 
then competes with O2 for the ionization. However, the ratio of product ions to O2

+ ions were not 
affected by water vapor at least in the case of CFC-11, CFC-12, CFC-113, HCFC-22, halon1211, 
and halon1301. Additionally these ratios had linear relationship with the concentration of these 
species. Thus the quantitative analysis for halogen-substituted saturated hydrocarbons by the 
chemical ionization by O2

+ was possible. The first result of long-term on-line continuous 
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monitoring of the residual HCFC-22 for longer than 2 months was shown in Fig. 1. The 
measurement was conducted without any further treatment of water vapor. The measured 
concentration approximately below 30 ppb corresponds to the destruction efficiency higher than 
99.99%. Therefore the result indicates that the complete destruction of CFCs by rotary kiln 
incinerators are quite feasible. 

For better signal-to-noise ratio, when the chemical ionization by O2
+ is employed for such 

applications, the suppression of O2
+ reduction and H3O+ production is significant. The effect of 

the additional humidity reduction by a thermoelectric cooling unit down to 5 ˚C was tested on-
line. O2

+ production became twice as much as H3O+ production. Still, this may lead to the adverse 
effect that some part of the object species for measurements is removed by condensation if the 
boiling point of the species is low. Further work is required in order to improve the modified 
method as the unique on-line monitoring tool for CFC destruction facilities. 

Conclusions 
The modified ionization method by using O2

+ coupled with PTR-MS instruments were proposed 
and tested for on-line monitoring of CFCs in flue gases at a rotary kiln incinerator where 
discarded CFCs were destroyed. The improved sensitivities for CFCs compared with the 
conventional PTR-MS technology were observed and the control of destruction efficiency for 
CFCs above 99.99% was demonstrated. 
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Figure 1:  Time trend of the concentrations of HCFC-22 and possible its destruction 
byproduct, CCl4 
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Abstract 
Volatile Organic Compounds (VOCs) naturally produced and emitted by plants play important 
roles in the chemistry of the atmosphere, with terpenes and isoprene affecting regional air quality, 
atmospheric radiation, and global climate through secondary organic aerosol formation. We have 
conducted extensive field measurements of biogenic VOCs, and their oxidation products, in a 
California pine forest at the Blodgett Forest Research Station. Measurements of concentrations 
and forest-atmosphere interactions have been made using automated in-situ chromatography 
techniques as well as a fast response Proton-Transfer-Reaction Mass Spectrometer (PTR-MS) 
coupled to micrometeorological flux techniques. Field measurements of vertical concentration 
profiles through the forest canopy and fluxes above the canopy reveal the secondary production of 
large amounts of previously unreported compounds. We also performed terpene oxidation 
experiments in smog chambers to show that the products of these reactions are consistent with 
those compounds detected in and above the forest. In addition, we can show that about half the 
ecosystem scale ozone flux in summer is actually due to chemical reactions occurring between 
terpenoid compounds and ozone within the forest canopy. Taken together, this information 
suggests that the flux of terpenes leaving the forest canopy represents only a fraction of the 
terpenoid compounds actually emitted, and the rest is chemically processed within the forest 
canopy. Branch enclosure measurements confirm many BVOCs are emitted that are not typically 
observed above the forest, presumably due to their high reactivity and thus very short atmospheric 
residence times. The implication of our research is that the source of secondary aerosols from 
biogenic terpene oxidation is likely much larger than previously estimated, and much larger than 
all anthropogenic sources combined. We have also observed fine aerosol growth events which we 
believe are related to the terpene oxidation occurring in the forest canopy. Similar observations of 
aerosol growth events, non-stomatal ozone deposition, and missing OH reactivity at forested sites 
around the world suggest unmeasured highly reactive BVOC emission is common and not unique 
to our measurement site. These highly reactive BVOCs represent a previously unquantified 
carbon loss from ecosystems and a major source of secondary organic aerosols, oxidized gas 
phase organics, and OH radicals to the atmosphere.  
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Introduction 
The Blodgett forest site on the western slope of the Sierra Nevada Mountains of California 
(38.90O N, 120.63O W, 1315m elevation) is located 75 km downwind (northeast) of Sacramento 
where it receives anthropogenically impacted air masses rising from the valley below during the 
day[Lamanna and Goldstein, 1999]. At night the wind usually shifts towards the west and air 
masses descending from the sparsely populated Sierra Nevada are advected to the site. The 
plantation is owned and operated by Sierra Pacific Industries (SPI) and was planted with Pinus 
ponderosa L. in 1990, interspersed with a few individuals of Douglas fir, white fir, California 
black oak, and incense cedar. Average tree height was 4.8 (median) in 2003 and the canopy height 
was defined to be 6.4m, a height exceeded by 20% of the trees. The understory was composed 
primarily of manzanita (Arctostaphylos spp.) and whitethorn (Ceonothus cordulatus) shrubs. A 
sketch of the experimental setup is given in Figure 1. Air was sampled through 6 individual gas 
inlets. Inlet A was used to sample air from 12.5m for eddy-covariance flux measurements of total 
monoterpenes, methylbutenol, and selected terpene oxidation products. This inlet was located at 
the top of the tower, adjacent to the sonic anemometer. Air was pulled at 10 L min-1 through a 2 
μm Teflon particulate filter, and brought down, using ¼ inch ID Teflon tubing, to the instruments 
in a temperature controlled container. Inlets B-F were used to sample vertical gradients at height-
levels within (1.1, 3.1, 4.9m) and above (8.75, 12.5m) the canopy. The 5 gradient inlets each 
consisted of 30m PFA tubing (ID ~4mm) protected by a Teflon filter (PFA holder, PTFE 
membrane, pore size 2µm); a sample flow of 1 liter per minute was maintained at all times 
through each sample tube. 

 

Figure 1: Experimental Setup: high flow inlet A was used for flux measurements; VOC-gradients 
were measured by sampling from 5 individual inlets (B-F) positioned at 1.1, 3.1, 4.9, 8.75, and 
12.5m above ground. Canopy height was 6.4 m. (from [Holzinger et al., 2005]) 
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In addition to the canopy scale flux and gradient measurements, branch enclosures were used to 
observe the BVOC emissions directly before any atmospheric oxidation could occur. Sampling 
from the branch enclosure included 3 methods: PTRMS, in-situ GC-FID, and Solid Phase Micro 
Extraction (SPME) fibers which were later analyzed by GC-Ion Trap-MS.  

Controlled smog chamber reaction studies were performed at the California Institute of 
Technology in collaboration with Professor John Seinfeld and his research group ([Lee et al., 
2006a; Lee et al., 2006b; Ng et al., 2006; Varutbangkul et al., 2006]). The ozone oxidation of 10 
terpenes, and the photooxidation of 16 terpenoid compounds were conducted individually at the 
Caltech Indoor Chamber Facility under atmospherically relevant HC:NOx ratios to monitor the 
time evolution and yields of SOA and gas-phase oxidation products using PTR-MS. Several 
oxidation products were calibrated in the PTR-MS, including formaldehyde, acetaldehyde, formic 
acid, acetone, acetic acid, nopinone, methacrolein + methyl vinyl ketone; other oxidation products 
were inferred from known fragmentation patterns, such as pinonaldehyde; and other products 
were identified according to their mass to charge (m/z) ratio. 

Results & Discussion 
Vertical gradients of mixing ratios of volatile organic compounds at Blodgett Forest revealed 
large quantities of previously unreported oxidation products of short lived biogenic precursors. 
The emission of biogenic precursors must be in the range of 13–66µmolm−2 h−1 to produce the 
observed oxidation products. That is 6–30 times the emissions of total monoterpenes observed 
above the forest canopy on a molar basis. These reactive precursors constitute a large fraction of 
biogenic emissions at this site, and are not included in current emission inventories. When 
oxidized by ozone they should efficiently produce secondary aerosol and hydroxyl radicals 
[Holzinger et al., 2005]. 
 
During the controlled smog chamber reaction studies of terpenoid compound oxidation, numerous 
unidentified products were formed, and the evolution of first- and second-generation products was 
clearly observed. SOA yields from the different terpenes ranged from 1 to 68%, and the total gas- 
plus particle-phase products accounted for 50–100% of the reacted carbon (Figure 2).  The carbon 
mass balance was poorest for the sesquiterpenes, suggesting that the observed products were 
underestimated or that additional products were formed but not detected by PTR-MS. Several 
second-generation products from isoprene photooxidation, including m/z 113, and ions 
corresponding to glycolaldehyde, hydroxyacetone, methylglyoxal, and hydroxycarbonyls, were 
detected. The detailed time series and relative yields of identified and unidentified products aid in 
elucidating reaction pathways and structures for the unidentified products. Many of the 
unidentified products from these experiments were also observed within and above the canopy of 
the Ponderosa pine plantation at Blodgett Forest, confirming that many products of terpene 
oxidation can be detected in ambient air using PTR-MS, and are indicative of concurrent SOA 
formation[Lee et al., 2006b]. 

During an intensive field campaign in summer 2005 we measured ecosystem fluxes of the sum of 
methyl-butenol (MBO), total monoterpenes, and an oxidation product with our eddy-covariance 
system. The compounds were detected by PTR-MS at molecular weights of 69, 137, and 113 
amu; typical fluxes were 4-18, 2-6, 0.4-1.5 μmol m2 h-1 for MBO, monoterpenes, and the 
oxidation product, respectively. These are the first canopy scale fluxes of any terpene oxidation 
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products, and they show that even this one oxidation product (113 amu) has a flux equivalent to 
approximately 25% of the total terpenes observed to escape from the forest canopy. 

 

 
Figure 2: Carbon mass balance of terpene oxidation products. Other 1 = nopinone and MACR + 
MVK from b-pinene and isoprene, respectively, and limononaldehyde, caronaldehyde, 
pinonaldehyde, terpinaldehyde, and a-terpinaldehyde, from limonene, 3-carene, a-pinene, g-
terpinene, and a-terpinene, respectively. Other 2 = limonaketone from limonene and 3-methyl 
furan from isoprene (from [Lee et al., 2006b]). 
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Abstract 
The emission of biogenic volatile organic compounds (VOC) is recognized as the largest 
terrestrial source of reactive carbon to the atmosphere [Guenther et al., 2000]. Predicting the role 
of the biosphere in the behavior of the earth system and understanding the interaction between 
ecosystems and the atmosphere is becoming an increasingly important part of atmospheric 
science. It is suggested that landuse change will have a profound impact on the distribution of 
biogenic VOC emissions. In addition, recent reports ([Kurpius and Goldstein, 2003], [Holzinger 
et al., 2004],[Di Carlo et al., 2004]) hypothesize large biogenic emissions, that could offset the 
HOx balance and the ozone flux budget above various ecosystems. These studies suggest large 
hitherto unknown sources of reactive organic compounds that have yet to be identified. This 
presentation will summarize results obtained recently from PTR-MS flux measurements  during 
CELTIC (Chemical Emission, Loss and Transport within Canopies) field experiments 
(DukeForest, NC, 2003, Amazon, BR, 

2004 and Prophet Tower, MI, 2005, Niwot Ridge, 2006) and address uncertainties that will have 
to be considered in future field campaigns and modeling exercises. 
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Abstract 
The disjunct eddy covariance (DEC) method has during the past few years been applied for 
volatile organic compound (VOC) flux measurements above vegetation canopies. The variants of 
this technique are shortly reviewed together with their characteristics. The disjunct eddy sampling 
causes uncertainty to the measured flux which can be estimated using various methods. Results of 
the recent method intercomparison experiments show good correspondence between DEC and 
conventional continuously sampling eddy covariance method.  

Introduction 
During the past decade proton transfer reaction – mass spectrometry has been applied to measure 
ecosystem scale VOC emissions using micrometeorological eddy covariance techniques [1]-[5]. 
These techniques are based on the measurement of rapid variations in VOC concentrations and 
vertical wind velocity. As these techniques rely in resolving the variations in time-scales of one 
second or less, the fast response PTR-MS is particularly suitable for these measurements. 

Experimental Methods 
In the traditional, continuously sampling eddy covariance method both vertical wind velocity and 
trace gas concentration are measured continuously with fast response instruments. As a large part 
of the flux is carried by high frequency eddies, instruments with response times higher than one 
second are utilized. The flux, F, is calculated as the covariance between vertical wind speed, w, 
and VOC concentration, c, 
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where the primes denote difference from time average. This method is in wide use to measure 
fluxes of carbon dioxide, water vapor and ozone between surface and the atmosphere. It has also 
been used to measure fluxes of VOCs, especially isoprene.  

Disjunct eddy covariance technique was first applied to VOC flux measurements in order to 
overcome the requirement of fast response VOC analyzer. This technique utilizes grab samplers, 
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which take in an air sample in less than a second. This air sample is then analyzed before next 
sample is taken, usually in 10-30 seconds. The flux is then calculated as a covariance of the 
disjunct time series, 
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where wi is the vertical wind velocity recorded at the moment the air sample was taken into the 
sampler [2].  

The fast response PTR-MS is capable for flux measurements using the traditional continuously 
sampling eddy covariance method. However, as the PTR-MS measures only one mass at the time, 
only a flux of one compound at a time could be measured. Using the basic idea of disjunct eddy 
covariance this limitation can be overcome. In this variant of the disjunct eddy covariance method 
different masses are measured sequentially with a short dwell time [3]. Therefore, even when the 
air is sampled continuously, disjunct time series is created for the concentration of each mass, and 
Equation (2) can be used to calculate the flux.  

In spectral space the flux of a compound equals to the integral of the co-spectra of the vertical 
wind speed and the concentration of the compound. The disjunct eddy covariance techniques rely 
on the aliasing of the co-spectra from the frequencies between the Nyquist frequency and the cut-
off frequency due to the sensor response time to the lower frequencies (Figure 1). Thus the 
integral of the aliased co-spectra yields the same result as the non-aliased spectra of the 
continuous time series. The highest resolved frequency is defined by the response time of the 
instruments. 

 
Figure 1: Effect of disjunct eddy sampling on the co-spectrum of vertical wind and 
concentration of the trace gas. f0 is the Nyquist frequency, Δt sampling interval, fmax 
highest frequency contributing to the measured flux, and ts the response time of the 
analyzer. 
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Results 
The DEC method has been successfully used for VOC flux measurements above vegetation 
canopies. Recent intercomparison campaigns show in general good correlation with the fluxes 
measured by disjunct eddy covariance and conventional continuously sampling eddy covariance 
techniques [6]-[7]. The fluxes measured by the DEC-PTR-MS technique often show the 
vegetation to emit significant amounts of non-terpenoid compounds, in addition to terpenoids [3]-
[5], [8].  

 
Figure 2: Result of a field intercomparison of latent heat fluxes measured by a disjunct 
eddy covariance system with grab samplers and an infra red gas analyzer (LEDEC), and 
by conventional eddy covariance system with krypton hygrometer (LEEC) [6].    

Discussion 
The DEC methods shortly reviewed provide a powerful tool for measurements of ecosystem – 
atmosphere trace gas exchange. However, there still remain issues affecting the data quality 
which need to be further examined. These include the flux uncertainty and biases due to the 
disjunct eddy sampling and data processing methods. Also the effect of chemical degradation on 
the measured fluxes needs to be further studied. As the results of the recent method 
intercomparison experiments which will be reviewed show, the DEC method with PTR-MS can 
be used to obtain reliable data on VOC emission fluxes. Finally, some aspects of the data 
interpretation and future prospects will be discussed.  
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Abstract 
The development of the PTR-MS technique greatly enhanced the possibilities to measure VOC 
exchange over biological systems, from the small scale using dynamic chambers up to the 
ecosystem level using a variety of eddy covariance techniques. We present an intercomparison of 
different approaches for the measurement of VOC fluxes above a managed grassland site. 
Dynamic chambers and several variants of the eddy correlation technique were applied in 
combination with PTR-MS measurements to determine the VOC exchange both during growing 
phases and after cuts of the grassland. Methanol was continuously emitted during the undisturbed 
growing phases, whereas emissions of acetaldehyde, acetone and a whole suite of other carbonyls 
and alcohols could only be observed after cutting or during hay drying. The combination of PTR-
MS and gas chromatographic techniques allowed the identification of various compounds that 
could only ambiguously be detected by PTR-MS alone. While all flux measurement methods 
proved suitable for detecting VOC fluxes at this site, there are advantages and drawbacks of the 
different methods that will be discussed. 

Introduction 

The application of the proton transfer reaction – mass spectrometry in field and laboratory studies 
during the past decade yielded many very successful results and enlarged our knowledge of VOC 
exchange fluxes between the biosphere and the atmosphere. On the ecosystem scale, VOC 
exchange has been measured by application of various eddy covariance techniqeues [1-6].  

There are two independent limitations to the applicability of PTR-MS for flux measurements. 
First there are instrumental limitations like sensitivity, time resolution and fragmentation of 
product ions. Secondly, limitations of the flux measurement technique need to be considered. In 
the case of eddy covariance approaches for measurements on the ecosystem scale, micrometeoro-
logical difficulties due to topography and intermediate or missing turbulence may exist. For 
measurements with chambers, potential influences of the chambers on the enclosed system and 
resulting artifacts in the VOC exchange need to be considered. On the other hand, chambers may 
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be advantageous in terms of detection limits for very small VOC fluxes, since they allow 
relatively long integration times. 

The application of different flux measurement approaches in parallel is a promising way to 
overcome the limitations of the single methods and to study the advantages and drawbacks of 
different techniques. We therefore conducted a flux measurement intercomparison above a 
grassland field using both dynamic chambers and different eddy covariance techniques. The 
measurements were done in several phases, covering both grass cut events and undisturbed 
growing phases. 

Experimental Methods 

Site 
Measurements were performed at the Swiss CarboEurope grassland site in Oensingen during 
summer 2005. The field has a size of 104 m x 146 m and had been split into two different 
regimes: an intensively managed part (intensive, INT) and an extensively managed part 
(extensive, EXT). The intensive part is cut four times a year and is fertilised after each cut, the 
extensively managed field is cut three times a year and is not treated with any fertilizer. The 
intensive field is composed mainly of three species (two graminoids, one legume), the extensive 
part has a higher diversity (six graminoids, four forbs, two legumes).  

VOC Analysis 
The PTR-MS used here corresponds to the PTR-MS-HS type, featuring three turbo pumps for 
increased sensitivity and a drift tube (equipped with Teflon rings) optimized for fast time 
response and minimal interactions with polar compounds . The air was sampled in the middle of 
the field, close to the sonic anemometer. A pump pulled the air through a 30 m long Teflon tube 
to the inlet of the PTR-MS. The PTR-MS was running under the following conditions: pressure 
drift tube: 2.1 mbar, pressure detection: 2.4x10-5 mbar, E/N: 122Td, drift tube temperature: 45°C. 

The VOC fluxes were calculated using the eddy covariance method (EC). Details of the 
measurement system and flux calculations can be found in Ammann et al.[3] and Rinne et al. [7]. 
A mass scan before and during a test cut indicated the relative abundance of the ion masses. 
Based on these results, six masses were selected and measured continuously for the flux 
calculation with the EC method. The integration time for a single compound was 50 (for m21 and 
m37) to 200 ms (for all other compounds), resulting in a measurement of each compound every 
0.7 to 1.3 s. In addition to EC measurements, an automated dynamic chamber system was used to 
determine VOC fluxes. The lower demands of the chamber system with respect to time resolution 
allowed the continuous monitoring of roughly 20 ion masses. 

For a better identification of the masses detected by PTR-MS, occasional measurements with gas-
chromatographic methods were performed. GC-MS analyses were performed on samples taken 
onto Tenax/Carbopak B cartridges and a second PTR-MS was coupled to a GC-FID system. 
Details about the GC methods are presented by Davidson et al. [8]. 
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Results 

Flux measurements 
Figure 1 shows VOC fluxes measured after the cut of the extensive field on 1 June 2005 (11:30 
LT): methanol, acetaldehyde, and acetone. The daytime average over the four days after the cut 
are 0.50 μg m-2 s-1, 0.17 μg m-2 s-1, and 0.10 μg m-2 s-1, respectively, for the three clearly 
identified compounds. Because of weak turbulence and small fluxes during the night, no valid 
flux data could be obtained for these periods.  
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Figure 1: VOC fluxes after a cut on the extensive field on June 1 2005. 

 

Several daily maxima of the fluxes were associated with hay turning to support the drying 
process. After the hay was removed, the emissions of acetaldehyde, acetone, m81 and m83 
declined to very low values. In the following only methanol and m73 fluxes showed values 
significantly different from zero.  
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Figure 2 shows the methanol fluxes obtained with different variants of the eddy covariance 
technique in combination with the PTR-MS. These fluxes were observed on the intensive field 
during a non-disturbed growing phase, three weeks before the next cut. All methods agreed within 
the typical uncertainties of this type of measurement. Again, no consistent fluxes could be 
detected during the nights. 

 

Figure 2: Methanol fluxes measured with different eddy covariance techniques: DSEC 
= disjunct sampling eddy covariance, VDEC= virtual disjunct eddy covariance, LPF-
VDEC = low pass filtering virtual disjunct eddy covariance. 

 

Figure 3 shows a third period of flux measurements, comparing the dynamic chamber results with 
those of the EC method. It demonstrates that the chambers used here are a viable alternative for 
flux measurements over a grassland system. Note that the chambers detected slight deposition of 
methanol during the night. 

 

Figure 3: Diurnal exchange of methanol over a grassland as obtained from chambers 
and eddy correlation measurements.. 
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Discussion 
The grassland site investigated here provided very favorable conditions to compare the different 
flux measurement approaches that essentially turned out to be equivalent. Whenever a flux of a 
specific mass can be measured with either one of the approaches it can also be measured with the 
others. Deposition fluxes could only be traced with the dynamic chambers but are prone to be 
influenced by the chambers themselves mainly due to dew formation on the chamber walls.  
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Summary 
Plants emit in the atmosphere volatile hydrocarbons of different metabolic origin. Volatile 
isoprenoids (isoprene and monoterpenes) are emitted in large quantities and at a very large 
metabolic cost for plants. They also influence the chemistry of the troposphere. In perturbed 
environments with substantial loads of anthropogenic compounds, volatile isoprenoids can power 
the formation of ozone, photochemical smog, and particulate. Crucial to improve models and 
algorithms of isoprenoid emission and to predict their contribution to chemical reaction in the 
atmosphere, is the knowledge of the biochemical and ecological bases of  isoprenoid formation. It 
is shown how interdisciplinary studies and technological progresses, including the use of PTR-
MS technology,  have driven to a) the preparation of detailed inventories of isoprenoid emitters,  
b) the discovery of a novel biochemical pathway from which volatile isoprenoids are formed, c) 
the understanding of environmental control on  isoprenoid biosynthesis and emission,  in turn 
leading to the preparation of an emission algorithm based on the response to light and 
temperature, d) the comprehension of functional roles of isoprenoids in plants. It is suggested that 
these new scientific finding could lead to improved models for predicting isoprenoid emissions 
and their impact on biosphere-atmosphere interactions.   
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Abstract 
Trees produce a wide spectrum of volatile organic compounds (VOCs) such as isoprene and 
monoterpenes. Recently much progress was made to elucidate the metabolic pathway leading to 
isoprene, to get insight in the regulation of its formation and to understand the biological function 
of this highly volatile and reactive compound. For all these facets of research, PTR-MS have been 
shown to be an excellent analytical technique. 

The presentation will summarize actual work using PTR-MS as tool for fast functional screening 
of transgenic plants manipulated in isoprene biosynthesis and the analysis of metabolic 
intermediates such as DMADP and enzyme activities. Furthermore, labelling experiments with 
13C will demonstrate the flexible utilisation of different carbon sources for isoprene formation 
when plants experience environmental stress. Finally, data with transgenic plants will be present 
giving proof that isoprene emission can be involved in the thermal protection of leaves. 

Introduction 
Numerous plants emit volatile organic compounds (VOCs) in response to light and temperature 
changes or other abiotic stresses (Kreuzwieser et al. 1999). Low molecular weight terpenes such 
as isoprene (C5) and monoterpenes (C10) are released in substantial amounts from woody plants 
in a light- and temperature-dependent manner and have significant impact on atmospheric 
chemistry since they contribute to ozone and secondary organic aerosol formation in the presence 
of anthropogenic pollutants (Atkinson 2000). Furthermore, isoprenoid emissions contribute to the 
regulation of atmospheric hydroxyl radical (⋅OH) concentration and influence the atmospheric 
residence time of methane, an important greenhouse gas (Thompson 1992). The physiological 
role of such terpene emissions is still not completely understood. Terpene emissions are believed 
to improve the thermotolerance of photosynthetic tissues since they are likely to intercalate in 
thylakoid membranes of chloroplasts and may stabilize them at high temperatures (Loreto et al. 
1998, Sharkey et al. 2001). Moreover, there is increasing evidence showing that terpene volatiles 
exhibit antioxidant activities in planta by quenching reactive oxygen species (Loreto and 
Velikova 2001, Loreto et al. 2001, Loreto et al. 2004). The increasing scientific interest in plant 
VOC biochemistry, physiology, and ecology has led to a considerable interest in real time 
measurement of VOCs like PTR-MS (Tholl et al. 2006). 

PTR-MS can be combined with additional equipment for parallel measurements of other stress 
physiological parameters such as photosynthetic activity (e.g. Schnitzler et al. 2004, Graus et al. 
2004). Sensitive, fast and fully automated VOC analysis systems are also of increasing 
importance in biochemical studies to elucidate plant VOC biosynthesis and metabolic 
intermediates (Nogués et al. 2006). In addition, molecular functional genomics approaches for 
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dissecting plant VOC biosynthesis pathways demand time efficient techniques for volatile product 
analysis of recombinant enzymes or high throughput volatile metabolite profiling of mutant and 
transgenic plant lines. 

Experimental Methods 

Functional screening of transgenic plants with a head space analysis system and 
PTR-MS 
Single leaves or leaf discs were placed in 2 ml vials filled with 200 µl mineral water, allowed to 
stabilise for 30 min, sealed gastight and incubated under controlled light and temperature for a 
certain time period. For transfer of sample into the PTR-MS, the head space was transferred into a 
10 ml injection loop by flushing the vials with 10 ml N2. Subsequently, the samples were injected 
into the MS with a high flow rate of 250 ml min-1. Isoprene or monoterpenes were detected at 
m69 and m137, respectively. System calibration was performed using vials containing calibration 
gas. For data analysis, count readings were exported, processed, and imported into 
chromatography software for classical peak analysis. 

Determination of isoprene emission from Grey poplar (Populus x canescens) 
shoots 
The measurement of isoprene emission from shoot culture containers was performed with an 
adapted head space analysis system using PTR-MS (for details see Loivamäki et al. 2006). The 
measurements were performed on two gas-tight culture containers in parallel, each containing 6-7 
cell cultured shoots aged 6 - 8 weeks partially with a developed root system. Clean air adjusted to 
a dew point of 28 °C was flushed at 500 ml min-1 into the containers and from the outlet air 100 
ml min-1 was pumped into the PTR-MS to analyze volatiles. Measurements were performed on 
each container alternatively (automatically switched each 3 min with 60 s stabilization time). To 
avoid drying of the plants used to a confine environment, H2O was added carefully on the surface 
of the solid medium at the beginning and once during the experiment. The first 24 - 48 hours of 
the experiments were used to flush excess of isoprene previously accumulated in the containers 
during the development of the plants and to let the plants adapt to the constant gas stream. After 
the isoprene level appears stable, isoprene emission was measured over a LD day-night cycle. At 
22:00 of the following day one container was placed in continuous light and the other in 
continuous darkness and emissions were measured during three virtual day-night cycles. For 
calibration of the PTR-MS a gas standard (11 compounds with 1.05 ppmv each, Apel-Riemer, 
Denver, USA) with a continuous flow (20 ml min-1) was diluted into the cuvette gas stream and 
flushed through an empty container for half an hour at the beginning and at the end of each 
experiment. 

Results and Discussion 

Circadian rhythm of isoprene emission in Grey poplar 
Emission of isoprene from the poplar shoot cultures followed a clear diurnal pattern under light-
dark (LD) conditions (Fig.  1A), being low overnight and high and stable over the day. When the 
shoots were placed in continuous darkness (Figure 1B) isoprene emission dropped down very fast 
after switching off the light and subsequently declined with a slower rate over the following three 
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days. Remarkably, isoprene emission of the shoot cultures does occur, even if at low rate, under 
darkness. Under continuous light (Fig. 1A) we detected fluctuating isoprene emission rates with a 
24 hours period between two peaks, therefore defining a circadian rhythm. Under light-light (LL) 
conditions isoprene emission displayed clear daily changes at the third and forth day after onset of 
continuous illumination (Fig. 3C). At these days, emission was as its strongest (around time 86 h) 
approx. 20 % higher than the emission as its lowest  (around time 78 h) during the previous 24 h 
cycle and approx. 30 % higher (at around 114 h) than the lowest (at around 100h) emission in the 
last 24 h cycle. The highest rate of emission occurred always in the subjective afternoon showing 
switched circadian rhythm phase of isoprene emission under continuous illumination. 

 
Figure 1: Circadian rhythm of isoprene emission in Grey poplar (A) continuous light, 
(B) continuous dark ness, (C) relative isoprene emission (n = 3 cultures +/s SD) 

 

In “field” conditions, isoprene emission from poplars was known to present daily variations, 
linked to temperature and light intensity (Mayrhofer et al. 2005). Our results on poplar shoot 
cultures grown under controlled conditions confirm this by showing that during night isoprene 
emission of the shoots is indeed dramatically reduced but not zero. As in darkness no new carbon 
is fixed, this continuous emission of isoprene testifies for another carbon source than 
photosynthesis (see Schnitzler et al. 2004). The plants were grown on medium, which contains 
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sucrose. These artificial growing conditions (compared to soil) could therefore explain this 
unusual nightly emission of isoprene, the sucrose being a potential carbon source. 

Functional screening of isoprene emitting Arabidopsis 
There has been growing research focusing on isoprene. It is known that volatile isoprenoids 
emitted by vegetation have various meanings, i.e. in plant defence, but also in atmospheric 
chemistry. However, the physiological function of isoprene for the plant itself is still unknown. 
Aim of the presented work is therefore to study proposed biological functions of isoprene 
formation in transgenic Arabidopsis thaliana, a species which is per se a non emitter of isoprene. 
Plants have been transformed with different constructs of the isoprene synthase gene (PcISPS) 
from Grey poplar in order to introduce isoprene emission into this model plant species. The 
presented data (Fig. 2) show our selection of transgenic lines using functional emission screening 
with PTR-MS. 

 

 
Figure 2: Fast functional emission screening of transgenic Arabidopsis leaves using 
PTR-MS of head space.  

 

This head space analysis was found to allow a high throughput screening of transformants e.g. 
Arabidopsis with a minimal expense of time. In addition, this technique was found also to be a 
versatile tool for the analysis of isoprene and monoterpene synthase activities as well as the 
quantification of metabolic intermediates. 
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Abstract 
A proton transfer reaction – time-of-flight mass spectrometer (PTR-TOFMS) has been developed 
for real-time measurements of volatile organic compounds in air. The instrument is designed to be 
operated with a hollow cathode discharge ion source and an ion drift tube at relatively high 
pressures. Each component of the system, the ion source, the drift tube, the ion transfer region, 
and the time-of-flight mass spectrometer were characterized in detail by a number of laboratory 
experiments. The optimized instrumental configuration enables us to gain hydronium (H3O+) ions 
intensities of ~7 ×105 counts for 1-min integration at a drift tube pressure of ~5 torr. It also 
suppresses background signals and interferences from sample air (NO+ and O2

+), which undergo 
reactions with volatile organic compounds. The detection limits for propene, acetaldehyde, 
acetone, isoprene, benzene, toluene, and p-xylene are calculated to be in the range of sub-ppbv for 
a 1-min integration time. A good linear response at trace levels was confirmed, but a slight 
sensitivity dependence on water vapor content was revealed. We find that the instrument can be 
used for on-line monitoring to detect large variations from emission sources in real-time. 

Introduction 
The proton transfer reaction (PTR) ionization is one of chemical ionization (CI), which enables 
soft ionization of chemical species that have a proton affinity higher than that of the reagent 
species (i.e., water in many cases). The PTR from hydronium ions (H3O+) occurs with many 
VOCs except low-molecular weight nonmethane hydrocarbons (NMHCs), and produces 
predominantly protonated ions with less fragmentation than electron-impact ionization (EI). The 
PTR-MS instrument was first reported by the group at Innsbruck University [1] who coupled a 
hollow cathode discharge ion source and a drift tube with a quadrupole mass spectrometer 
(QMS). This development allows on-line measurements of VOCs at parts per trillion by volume 
(pptv) levels without any pre-concentration; such instruments are now used to identify the 
speciation of VOCs and quantify their mixing ratios in environmental, medical, and food 
applications [2].  

Recently, applications of the PTR ionization method to other mass spectrometric detection 
techniques, including time-of-flight mass spectrometers (TOFMS), have been reported. The 
TOFMS has the advantage of high mass resolution, leading to explicit identification of 
compounds of interest. Proton transfer reaction – time-of-flight mass spectrometer (PTR-TOFMS) 
instruments with a high mass resolution (m/Δm >1000) have been reported, coupled with 
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radioactive and hollow cathode ion sources [3,4]. However, the sensitivity of this discharge-based 
instrument was less than that of current PTR-QMS instruments. Also, a large amount of NO+ and 
O2

+ ions were produced, likely due to the back-diffusion of air from the drift tube to the hollow 
cathode ion source [4].  

Experimental Methods 
We have developed a PTR-TOFMS instrument for simultaneous and real-time detection of VOCs 
that play important roles in the formation of ozone and secondary organic aerosols in air. These 
species include unsaturated (alkene, diene), oxygenated (aldehyde, ketone, alcohol), and aromatic 
hydrocarbons. Our PTR-TOFMS instrument is a combination of a custom-built ion source/drift 
tube and an orthogonal time-of-flight mass spectrometer, consisting of four components: (1) the 
ion source, (2) the drift tube, (3) the ion transfer chamber, and (4) the time-of-flight mass 
spectrometer (Figure 1). The hollow cathode discharge ion source was designed and built in our 
laboratory to be coupled with an ion drift tube operated at a pressure of ~5 torr, which is higher 
than typical conditions. More details on the instrument are described in our recent papers [5,6]. 

 

 
Figure 1: Schematic diagram of the NIES PTR-TOFMS instrument. The discharge ion 
source, drift tube, ion transfer region, pulse extraction region, and flight region are 
illustrated.   
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Results and Discussion 
Figure 2 shows distributions of the hydronium ions and its cluster ions as a function of the E/N 
ratio in the drift tube. The E/N ratio acts as an indicator of the collision energy of the ion – 
molecule reactions in the drift cell. The H3O+ ions constitute more than 90% of the total 
hydronium ions above 100 Td, and reach 98% at 160 Td. In contrast, the concentration of 
H3O+•H2O ions gradually decreases from 8% at 100 Td to 2% at 160 Td. The H3O+•(H2O)2 ions 
constitute only less than 0.2% of the total intensity in the range of 100–160 Td. The absolute 
signal of H3O+ ions increases from 5×105 to 7×105 counts with the increase in the E/N value in 
the range from 100 to 160 Td by 1-min integration at a repetition rate of 10 kHz. The signals of 
the protonated ions (VOC•H+) for benzene, toluene, and p-xylene produced by PTR ionization are 
also displayed as a function of the E/N ratio. The ion intensity for benzene, toluene, and p-xylene 
substantially increases with E/N values from 100 to 140 Td, reaching the maximum around 130 – 
140 Td, very likely because of the increase in the absolute amount of H3O+ ions [5]. The intensity 
of these species gradually decreases above 140 Td, suggesting that fragmentations occur at high 
E/N ratios. The ion intensity for isoprene drastically decreases with the increase in E/N values 
from 100 to 160 Td, implying that fragmentation reactions take place with isoprene more 
effectively (not shown in the figure). 

  

 
Figure 2: Dependence of the H3O+•(H2O)n (n=0, 1, 2) cluster ion distributions on the E/N 
ratio in the drift tube (left axis). The dependence of the protonated ions for benzene, 
toluene, and p-xylene is also shown (right axis). The drift tube pressure is 5 torr, and E 
inlet is 400 V/cm. [Tanimoto et al., 2006] 

 

Figure 3 shows a mass spectrum of the standard gas containing propene, acetaldehyde, acetone, 
isoprene, benzene, toluene, and p-xylene at the mixing ratios of 10 ppbv. Corresponding to 
VOC·H+ ions, peaks at m/z = 69, 79, 93, and 107 appear and their intensities are enhanced at m/z 
= 43, 45, and 59 by proton transfer reactions. Figure 3 also shows the difference between the mass 
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spectra of sample and background measurements. The ion intensities around m/z = 19, 37, and 55 
showed negative values due to losses of H3O+ and H3O+·(H2O)1-2 by proton transfer reactions. 
Also, the signals around m/z = 30 (NO+) and m/z = 32 (O2

+) showed slight negative values due to 
the ion-molecule reactions of these ions with VOCs sampled. The ion counts obtained for 
propene, acetaldehyde, acetone, isoprene, benzene, toluene, and p-xylene at 10 ppbv are 260, 
1520, 2290, 520, 810, 1010, and 1020 counts, respectively, over 6×105 scans (10 kHz repetition, 
1-min integration). A linear response in the range from 10 to 200 ppbv was confirmed, and the 
sensitivity (counts/ppbv) was determined for each species. The detection limits for these VOCs 
with our PTR-TOFMS instrument are estimated to be at the sub-ppbv levels for 1-min integration, 
depending on speciation of VOCs [5,6]. 

 

 
Figure 3: (upper panel) Sample mass spectrum obtained from standard gas 
measurements. The standard gases measured were seven VOCs at 10-ppbv mixing 
ratios. The spectrum was integrated during 1-min at a repetition rate of 10 kHz. (lower 
panel) Difference between the sample and the background mass spectra. [Inomata et 
al., 2006] 
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Abstract 
A PTR type ionisation chamber was coupled to a high resolution time of flight mass spectrometer 
(TOF-MS) resulting in a powerful analytical device for on-line trace gas analysis. The instrument 
was optimised and characterised using a dynamically diluted VOC gas mixture. A mass resolving 
power of 4000 (FWHM) can be achieved allowing for mass peak separation of isobaric ions. At 
one minute integration time a typical detection limit of a few tens to a few hundreds of pptv was 
reached. 

In this paper the performance of the recently developed high resolution PTR-TOFMS will be 
presented and discussed. In addition first application results will be shown. 

Introduction 
Proton transfer reactions (PTR) for chemical ionisation are well studied and using them in a drift 
tube reaction cell as employed in PTR-MS technology is a well established ionisation method. 
Conventional PTR-MS uses quadrupole mass spectrometry (q-MS) and has been available for 
more than ten years [1]. Sensitivity, detection limit, gas sampling method and time resolution of 
PTR-MS have improved significantly since its early days [2]. PTR-MS has found manifold 
applications in atmospheric chemistry [3, 4, 5, 6], biology [7, 8, 9] and other scientific fields 
where the monitoring of organic trace compounds is desired [10]. Ever increasing requirements 
for more and more complex applications, however, have revealed limitations originating from the 
mode of operation of the q-MS, such as duty cycle and poor compound identification.  

The ability of PTR-MS equipped with a q-MS to separate two ion species is usually limited to 
Δm≅1. The identification capability with such a poor mass resolving power is very much 
restricted. Monitoring of VOCs in complex air matrices often results in a mass spectrum with ion 
signals on almost every single mass. Such a spectrum consists of a superposition of MH+ mother 
ions, fragment ions and their isotopes. Identification and also quantification of specific trace gases 
from such a mass spectrum becomes increasingly difficult. 

Several groups have reported the coupling of a chemical ionisation cell to a TOF-MS [11, 12, 13]. 
PTR-TOFMS is a promising approach to overcome the limitations addressed above having the 
following advantages:  

• TOF-MS has virtually no limitation of the mass range.  

• With TOF-MS full mass spectra are recorded within a fraction of a second. This 
substantially improves the duty cycle of a PTR-TOFMS in comparison to conventional 
PTR-MS technology.  
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• TOF-MS technology in compact designs is becoming available with a mass resolving 
power that allows the separation of isobaric species. 

Here we present a PTR-TOFMS system that provides for all three advantages. A prototype was 
developed at the University of Innsbruck in a cooperation project with Ionicon Analytik 
Ges.m.b.H.  

System Description 
The PTR-TOFMS combines the well established PTR ionisation method with a novel TOF-MS 
system. The continuous ion beam from the reaction chamber (drift tube) is transferred through a 
differentially pumped ion optic towards the pulser. Ions are extracted from the continuous beam 
orthogonally with short pulses at a typical rate of 33 kHz into the flight region. All ions gain the 
same kinetic energy 

2

2vmqUE ionacckin
⋅=⋅=  

resulting in a mass dependent velocity  

m
mv 1)( ∝  

and thus the time of flight of the ions correspond to their respective masses 

mToFm ∝ . 

The ions are reversed in the reflectron which allows for the correction of peak broadening in the 
time of flight spectrum due to unfavourable starting conditions and enables a longer flight path in 
a compact design. Single ions are detected upon their impact on the multi-channel plates and 
counted by a time to digital converter (TDC). The time of flight spectra of a number of single 
extraction are added up to enable reasonable statistics on the resulting spectrum. Assuming an 
extraction rate of 33 kHz a spectrum comprise over 48.000 entries that are stored on a computer 
for further evaluation and data treatment. Figure 1 shows the principal building blocks of our 
PTR-TOFMS. 

The data acquisition software controls the pulser timing, handles the incoming data and allows for 
data displaying and some online data manipulation such as averaging, zooming, single peak fit, 
extraction and displaying of time series of mass signals. Further data evaluation is done off-line 
using home build procedures coded in IGOR Pro® (WaveMetrics). 
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Figure 1: Schematic representation of the Innsbruck PTR-TOFMS: (1) Ionisation 
chamber (drift tube), (2) Mass analyser (TOF-MS), and (3) ion detection, timing, and data 
acquisition. 

System Performance 
The performance of the PTR-TOFMS was assessed by applying a calibrated VOC gas mixture 
containing a suite of carbonyls, alcohols and terpenes dynamically diluted to a range of 3 to 30 
ppbv. In several steps sensitivity, limit of detection, mass resolution and mass accuracy were 
improved significantly by doing both, optimisation of the geometry of the hardware and tuning all 
voltages of the ionisation chamber and the TOF-MS system. An overview of the mentioned 
performance parameters will be given in the conference presentation as well as in the conference 
contribution by Müller et al. Data examples from first applications will be presented. 
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Abstract 
In recent years, it has become apparent that there is a need to overcome the disability of 
conventional PTR-MS to identify the volatile organic compounds (VOCs) under analysis, without 
compromising its sensitivity or time resolution. A successful approach to do so is to replace the 
quadrupole mass filter with a quadrupole ion trap mass spectrometer [1]. Here we present a new 
Proton-transfer reaction Ion Trap Mass Spectrometer (PIT-MS) (figure 1; [2]), which has been 
developed from a commercially available ion trap system. Most of the advantages of the PIT-MS 
have been shown in literature [1-4]. We explore the capabilities of this system and its advantages 
over the conventional PTR-MS system. We find the optimal kinetic energy parameter E/N (95 
Td) for the proton-transfer reaction to be significantly lower than for the conventional Proton-
Transfer Reaction Mass Spectrometer (PTR-MS) (120 Td). The lower degree of fragmentation 
upon proton-transfer is identified as an additional advantage of the use of an ion trap mass 
spectrometer. The PIT-MS system is tested in a comparison with our PTR-MS on measurements 
of VOCs emitted from an Elstar apple. In this example, we show the advantages and the problems 
related to the use of Collision Induced Dissociation (CID) analysis for the identification of VOCs.  

Furthermore, we present the measurement of VOC breath profiles as an indicator for the lung 
disease COPD. Chronic obstructive pulmonary disease is a non-curable disease for which the risk 
groups are well defined. Screening could allow early-stage identification of the disease. Breath 
analysis using PTR-MS is fast, easy, non-invasive and involves no risk to the patient. The goal of 
this project is to explore the capability of measuring exhaled VOCs to replace or complement 
pulmonary function tests in the detection of severe and especially mild emphysema found on 
high-resolution computed tomography in (recently quitted) heavy smokers. Current and former 
male smokers participated in a population based lung cancer screening trial. Computed 
tomography scans, pulmonary function tests and breath sample collection were performed on 431 
subjects. This is the first attempt to discriminate between patients with and without disease, 
without prior selection of a control group of healthy subjects and under “uncontrolled” conditions 
(no restrictions on food, diet, exercise etc). In contrast, our control group consists of “healthy 
smokers” with the same background. Using bootstrapped stepwise forward logistic regression, we 
identified specific breath profiles as a potential tool for diagnosis of emphysema, airflow 
limitation and/or gas-exchange impairment. The exhaled breath profile provides comparable 
results to pulmonary function tests in detecting emphysema and the combination of both leads to 
an improved diagnostic quality. 
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Figure 1: Nijmegen PIT-MS with 1) H3O+ ion source, 2) drift tube, 3) buffer chamber, 
4) ion trap chamber and (5) detector chamber.  
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Abstract 
Oxygen (O2) was used as a source gas in a conventional PTR-MS instrument to produce O2

+ as 
chemical ionization (CI) reagent instead of H3O+. The use of O2

+ as CI reagent allows for fast, 
highly sensitive and specific measurements of ammonia (NH3) via the electron transfer reaction 
O2

+ + NH3 → NH3
+ + O2. Instrument linearity was tested in the in the 2-to-2000 ppbv range. The 

2σ detection limit was found to be ~90 pptv for a 1s signal integration time at dry conditions, 
slightly deteriorating with increasing humidity. The time response, defined by a 1/e2 decay in the 
calibration signal, ranged from 30s to 45s. Excellent agreement was obtained in intercomparison 
measurements of atmospheric NH3 with two other NH3 sensors based on liquid chemistry. The 
PTR-MS instrument was capable of detecting fast changes (<30 s) in ambient NH3 
concentrations. 

Introduction 
Ammonia (NH3) is the most abundant alkaline gas in the atmosphere. It plays an important role in 
neutralizing acidic gases and particles and it influences formation and composition of particles. 
Anthropogenic sources like livestock waste, application of fertilizers and biomass burning are 
estimated to be larger than natural sources from soils and oceans [1]. It is anticipated that the 
increased use of three-way catalysts in automobiles will lead to increased NH3 emissions in urban 
areas [2]. There are, however, large uncertainties in the atmospheric NH3 budget mainly due to 
the lack of highly sensitive, accurate and fast analytical techniques. Chemical ionization mass 
spectrometry (CIMS) has the potential for fast and highly sensitive NH3 measurements. Selected 
ion flow tube mass spectrometry (SIFT-MS) has been used for on-line NH3 detection [3], but the 
low sensitivity of this technique limits its applicability for atmospheric measurements. More 
sensitive CIMS techniques were recently developed by two groups: the NOAA-CDS atmospheric 
pressure ionization instrument [4] and the Georgia Tech low pressure flow tube reactor [5]. 
Previous NH3 measurements by PTR-MS were compromised by a large instrumental background 
caused by intrinsic NH3 formation. NH3 is believed to be produced from H2O and N2 in the 
plasma ion source. Herein we propose the use of a PTR-MS instrument that uses O2

+ as precursor 
ions for fast and accurate measurements of atmospheric NH3. 
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Experimental Methods 
The instrument used in this study was a standard PTR-MS instrument build at the University of 
Innsbruck [6,7]. Pure oxygen (O2, purity 5.2) was fed to the ion source instead of water vapor, 
forming O2

+ primary reagent ions. Relative abundances of H3O+, H3O+(H2O), NO+ and NO2
+ ions 

were below 5 %, respectively. O2
+ (recombination energy: 12.07 eV) reacts at collision rate with 

NH3 (ionization energy: 10.07 eV) via electron transfer: 

   O2
+ + NH3 → NH3

+ + O2    

This reaction scheme has been proposed earlier for the detection of NH3 via SIFT-MS [4]. The 
only product ion observed here was NH3

+, detected at m/e=17. In a drift tube, the formation of 
NH3

+(H2O)n=1,2 cluster ions -as observed in SIFT-MS flow tubes [8]- is effectively prevented by 
the application of an electric field. In the absence of water in the ion source (which partially leaks 
into drift tube) the drift voltage necessary to prevent hydration can be reduced to 450 V (E/N 
~110 Td) leading to an increased ion residence time and thus an increased sensitivity. Potential 
interferences from OH+ and CH5

+ ions (both would also be detected at m/e=17) can be excluded. 
Both OH+ and CH5

+ ions rapidly react with H2O (present at % levels in ambient air) and are thus 
not expected to be present in the drift tube. NH3

+
 ions do not react with any of the major 

components of air and secondary reactions do not need to be considered [9]. The applicability of 
O2

+ ions for the detection of other trace gases than NH3 (e.g. benzene, toluene, xylene) is 
currently under investigation.  

Results and discussion 

Calibration 
Two methods for generating NH3-free air were used. One was the use of a mixed 
platinum/palladium (Pt/Pd) catalyst operated at 350 ºC to convert NH3 into NO, N2O and NO 
[10]. The removal efficiency was found to be ≥ 99 %. The other was the use of Whatman-41 
cellulose filters coated with oxalic acid. The NH3 collection efficiency of two scrubber filters 
placed in series has been reported to be 98 % [11]. Gas-phase concentrations of NH3 were created 
using a permeation device with an estimated permeation rate of 51-55 ng NH3 min-1 at 30 ºC. The 
permeation tube was kept in a temperature controlled (30 ºC) oven and was continuously flushed 
with NH3-free air. NH3 concentrations in the 2-to-2000 ppbv range were generated via one or two 
stage dilution with NH3-free air. The instrument was observed to have a linear response to NH3 
concentrations over the whole tested range with a normalized sensitivity of 3.6 cps per ppbv NH3 
(normalized to 1·106 cps O2

+ ions).  The relatively low sensitivity may be partly explained by the 
fact that ion extraction from the drift tube and ion injection into the quadrupole MS were not 
optimized for ions with low m/e values. An exemplary calibration curve is shown in Figure 1. 

Instrumental background and detection limit 
The instrumental background was determined by monitoring the signal at m/e = 17 when 
sampling air from the Pt/Pd catalyst. The observed background signal was slightly humidity-
dependent increasing from ~300pptv at dry conditions to ~900 pptv at humid conditions. The 2σ 
detection limit at dry conditions was 90 pptv for a 1s signal integrations time and deteriorated 
slightly with humidity. The detection limit of the modified PTR-MS instrument is comparable to 
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numbers reported for other CIMS instruments [4]; it is greatly improved compared to SIFT-MS 
instruments. 
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Figure 1: Calibration curve of the PTR-MS instrument for NH3 using O2

+ as precursor ion. The 
signal is normalized to an O2

+ signal of 1·106 cps. The vertical bars represent the observed 
variability of the m/e=17 signal at each concentration and the horizontal bars represent the 
uncertainty in the permeation rate of the NH3 source.  

Response time 

The time response, defined by a 1/e2 decay in the calibration signal, ranged from ~30s (@ ~1.2 
ppmv NH3) to ~45s (@ ~20 ppb NH3). The observed time response is on the same order as 
observed for other CIMS instruments [4]. 

Field test 
The instrument was tested at the Oensingen (CH) field site within the framework of the 
NitroEurope project. The modified PTR-MS instrument sampled air via a capillary inlet from a 17 
m long, ½” OD PFA tube flushed with ~ 15 SLPM of air from an intensely treated grass field. 
Fast changes in NH3 concentrations were observed due to turbulent transport of NH3-rich air from 
the soil surface. The obtained data indicate that the modified PTR-MS instrument can monitor fast 
changes (<30 s) in gas phase NH3 concentrations and that it even might be used for eddy 
covariant NH3 flux measurements. NH3 time series were in excellent agreement with data from 
liquid-chemistry based NH3 instruments, i.e. the GRAEGOR (Gradient analyzer for gases and 
aerosols) and the AiRRmonia (Automated ammonia analyzer). 
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Conclusion 
We have shown that the conventional PTR-MS instrument can be easily modified to use O2

+ as 
precursor ions which allows for fast and accurate measurements of atmospheric NH3.  
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Applications of PTR-MS in food science and technology have been proposed and investigated 
since the very beginning of its history together with environmental and medical applications [1]. 
They cover roughly one fourth of the total PTR-MS activity (apparatus and papers).  

Almost every process that takes place in food affects the emission of organic volatile compounds 
(VOCs) that often play a key role in the perception of food characteristics. Thus, the capability of 
PTR-MS to monitor VOCs in real time, with high sensitivity and quantitatively, provides a tool 
for product and process characterization in food research.  

With my contribution I hope to start a discussion on the potential of PTR-MS in the 
overabundance of traditional or innovative competitive methods rapidly increasing in their 
performances. As literature suggests, PTR-MS applications in food science and technology can be 
grouped in the following classes shortly introduced below: i) rapid product characterization, ii) 
real time monitoring of VOCs for process characterization and, in particular, iii) during food 
consumption, and iv) measurements of fundamental parameters like fragmentation patterns and 
partition coefficients for food relevant compounds. 

“While identification of compounds in many cases can be done unambiguously, it should be 
emphasized that PTR-MS primarily has its strength in monitoring fast concentration changes of 
compounds rather than in compound analysis”.  On this note of Lindinger et al. [2] relies the 
success of PTR-MS in environmental science, where spectrometric peaks can often be related to 
single compounds [3]. This is not the case for food because a single product can emit hundreds of 
different VOCs. Nevertheless PTR-MS static or semi-static headspace characterization has been 
used in several studies both to classify products according to their VOCs fingerprint [4, 5] or to 
relate this fingerprint to other parameters: cultivar of fruit [6] and thus genetic information [7, 8], 
sensory attributes both in real [9-12] and model [13, 14] systems, presence of defects or 
degradation [15-18], ageing and post harvest storage [19, 20]. Here the interesting properties of 
PTR-MS are: the direct inlet of the headspace mixtures that warrants a genuine measurement 
without altering the sample, the rapidity that allows the collection of several data and thus of a 
robust statistics [6] and the detection of trace compound that could be difficult with other methods 
[21].  The methods described in [2] to increase the dimensionality of  PTR-MS spectra 
(comparison of fragmentation patterns and their dependence on energy, isotopic ratios or partition 
coefficients) have been exploited, e.g., for coffee by Yeretzian et al. [ 22] but it turned out that 
separation methods are often necessary [23, 24]. Application of data mining techniques to PTR-
MS spectra, alongside introducing to the PTR-MS community standard methods as principal 
component analysis, partial least squares regression and classification, random forest, support 
vector machines, etc. [5, 9, 12, 25, 26], brought also fundamental results concerning the optimum 
way to use the anonymous PTR-MS fingerprinting [27]. 
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After the direct monitoring of coffee roasting [28] it was clear that monitoring of processes, even 
in difficult situations where relatively high humidity or temperature can not be avoided, is 
probably the application that better fits PTR-MS potential. The problem of compound 
identification as been partly overcame by the comparison as, e.g., in the works of van Ruth and 
coworkers [21, 24] or by the coupling, as proposed by Nestlè research centre [29], of PTR-MS  
with GC. This allowed the relatively safe identification of compounds while preserving the salient 
and unique features of PTR-MS. By this latter approach it was possible to monitor important 
reactions taking place during food processing as Maillard reactions or acrylamide and furan 
formation [30-32]. Metabolic or catabolic pathways in plants, fruits, meat can be considered as 
further examples of processes relevant for food science successfully monitored by PTR-MS [2, 
18, 33-35].  

In vivo release of flavor compounds during food consumption attracted a lot of attention to 
investigate the mechanisms underlying flavor perception and PTR-MS is particularly suited for 
this application where VOCs of interest are often known and at high concentrations [36, 37]. This 
is usually used to measure the effect of texture or oral processing on the dynamic of flavor release 
[38-44]. Other virtuosities include the sampling of the air “in” the nose, the coupling with other 
techniques and the simulation of mastication by artificial mouths [13, 45-50]. In-vivo 
measurements provide also information on single consumers. This allows, on one hand, the 
control of the high variability in oral processing protocols [38] and, on the other, it opens the way 
to a “consumer-centric” investigation of flavour perception [51]. 

With the exception of the coupling with GC [32], food science community seems, in my opinion, 
more oriented to applications of commercial PTR-MS than to the implementation of new 
instrumental developments. Waiting for the availability of hyphenated systems (e.g. time-of-
flight, ion trap), studies on PTR-MS fundamentals concentrates on the measurement of relevant 
parameters like, e.g., fragmentation patterns  and their dependence on instrumental settings [52, 
55] or partition coefficients and Henry law constants [56]. 

In conclusion, PTR-MS has widened the possibility of a food research laboratory. By itself, 
without the coupling with GC or other spectrometric methods, it provides a rapid and non-
invasive fingerprint that can be used to classify products and to correlate VOCs profile with other 
important characterisation of food. The time evolution of this profile allows the monitoring of 
rapid changes in concentration occurring during food processing or during food consumption. The 
coupling of PTR-MS with GC separation allows in few cases the unambiguous interpretation of 
spectrometric peaks and as been successfully applied in few cases. Hyphenating PTR-MS with 
other spectrometric techniques, further developments in automatic sampling and data analysis and 
visualization, and the availability of data on parameters relevant for food applications (e.g. 
fragmentation patterns and partition coefficients) will further extend its potential and eventually 
make it suited for industry applications.  
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Abstract 
Since our first application of PTR-MS in 2001 multiple improvements in sensitivity, accuracy, 
automated measurements and software tools can be reported. Diverse developments and 
implementations of versatile interface systems allow using the PTR-MS in applications like: 

• Monitoring the kinetics of aroma compound release from diverse food matrices 

• On-line measurements of nose-space concentration during consumption of food (aroma 
compounds released into the nasal cavity) 

• Unambiguous chemical characterization of on-line PTR-MS spectra by coupling GC-
MS with PTR-MS  

The rate of aroma release in time and intensity varies strongly from case to case. As an example, 
measuring the head-space of coffee obtained by pouring hot water on soluble coffee powder, the 
concentration of several aroma compounds and the relative humidity of the sample gas are 
exceeding the limits of PTR-MS specifications. Furthermore, the observed release kinetic is very 
quick and has therefore to be analyzed with a high time resolution. An interface providing a 
defined dilution, a quick gas exchange and an adaptation of the humidity of the sample gas is 
indispensable for such analysis. In many cases, the range in concentration of different compounds 
varies over several orders of magnitude. Aroma compounds of interest might often be present in 
traces of a few ppt while other dominating compounds exceed the tenth of ppm level. Therefore 
the dilution of the sample gas has to be adapted carefully. Fortunately PTR-MS shows 
outstanding advantages covering a linear range nearly over five orders of magnitude and broad 
acceptance of humidity of the sample gas. Nevertheless a strong influence of molecular 
fragmentation patterns depending on the humidity of the sample gas can be observed, and has to 
be controlled in order to obtain reproducible data. An automatic standardization of the PTR-MS 
settings influencing the compound fragmentation has been implemented for better comparison of 
datasets obtained by different PTR-MS. This novel approach was presented at the last PTR-MS 
conference in 2005. Since this time several improvements in reproducibility and automation are 
achieved and discussed in detail.  

Due to the lack of identification using PTR-MS, a simultaneous trapping of sample gas on Tenax 
traps during the on-line release measurements and the trap-desorption on a GC-column coupled to 
MS and PTR-MS simultaneously, overcomes this deficit. This development was shown at the 
second PTR-MS conference. Recent improvements in coupling the GC-column outlet directly to a 
second drift-tube inlet show advantages in:  

• Better controlling of the dilution of the column effluent introduced to the PTR-MS drift 
tube with nitrogen or air (necessary because of using He as carrier gas) 
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• Capability of controlling the humidity content of the GC separated analyte to obtain 
similar results in fragmentation pattern as observed during the on-line release 
measurements 

• Defined pressure conditions at the column outlet of the GC 

A further improvement is achieved by using a TOF-MS as GC detector. A time resolution of up to 
50 spectra per second allows for a de-convolution of multiple overlapping GC-peaks and 
therefore a better identification of very complex mixtures.  

Many applications benefits directly from this versatile infrastructure as the 2 following ones: 

(1) Aroma perception during consumption event is changing upon time. Psychophysics study such 
as time-intensity are very time consuming and difficult. Moreover, psychophysics study does not 
always allow understanding the physico-chemical phenomenon behind. We used recently PTR-
MS to investigate the kinetic of release of various encapsulated system. PTR-MS allow a rapid 
and direct comparison in aroma release of the different systems. 

(2) To obtain a deeper understanding of the interpretation of aroma and flavor profiles by human 
brain, the cortical representation of gustatory or olfactory stimuli are studied by 
electroencephalographic (EEG) studies. Simultaneous recordings of swallowing, breathing, aroma 
release and brain response are performed using electromyographic sub mental electrodes, a flow 
transducer, PTR-MS and electroencephalography (EEG); respectively. By hyphenating these 
techniques, this method offers great opportunities in the field of flavor research by giving a rich 
picture of the processing of information, from the sensory input to brain integration and 
perception. PTR-MS ensure a perfect control of the aroma released upon time. 
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Abstract 
The temporal dynamics and qualitative and quantitative aspects of retronasal aroma perception 
were investigated to elucidate the relationship between the molecular and the perceptive level 
during and after administration of chemical stimuli. The basic principle was to apply precisely 
defined odorous and taste stimuli, while measuring the temporal release characteristics of the 
odorants using proton-transfer reaction mass spectrometry (PTR-MS). In parallel, the sensory 
response to the stimuli was investigated. Subjects indicated the time course of their sensations, 
while specifically rating the qualitative and quantitative aspects of their sensations. Cross-linking 
of the analytical data with time-resolved sensory evaluation revealed not only drastic differences 
in sensory intensity rating but also extensive variation in the corresponding sensory temporal 
resolution as a function of tastant addition. 

Introduction 
One of the driving forces for consumer preference is the perception of aroma and taste attributes 
during consumption of foods. Tastants are released within the oral cavity during mastication 
while odorants need to travel along the retronasal path via the pharynx into the nasal cavity. There 
they elicit the characteristic chemosensory impressions associated with a certain food product. 

The temporal aspect of these processes has soon been regarded in flavor research (1). To seize the 
perception of individuals in a time-resolved manner, sensory descriptive approaches such as Time 
Intensity Profiling and theoretical models for the prediction of temporal sensory perception have 
been developed (2, 3, 4).The Time Intensity Profiling technique evolved to be a useful tool for the 
rating of subjective food flavor perception, being further developed until today by a broad range 
of scientists both in academy and industry. It has also become evident that interactions between 
different modalities such as taste and aroma, but also specific consumption patterns can 
considerably influence subjective sensory ratings (5, 6, 7, 8, 9, 10).  

The aim of the present study was to cross-link individual perception both with chemoanalytical 
studies to elucidate interaction phenomena between different sensory modalities. This involves a 
specified time-resolved sensory analysis together with on-line observation of the respective aroma 
release patterns in vivo. The key goal of the study was to cross-link the analytical and sensory 
findings in a highly indiviualized approach. 
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Experimental Methods 

Preparation of Gels 
Gels with 4 %, and 10 % protein concentration, respectively, were freshly prepared and flavoured 
with ethyl butanoate according to the procedure described in (11). Gels contained either no 
tastants, or 2.5 %salt or 10 % sugar, respectively. Gelling was allowed for 15 hours at room 
temperature in open-ended syringes with a inner diameter of 18 mm. Prior to analysis they were 
freshly cut into cylinder-shaped samples of 2 mL. Samples were then applied immediately for 
analysis and were kept at 4 °C between sessions. The samples were singly presented to the 
sensory panel for retronasal evaluation.  

Sensory analysis 
Sensory analyses were performed in a sensory panel room at 21±1 °C at three different sessions. 
The samples (2 mL) were taken into the oral cavity and chewed for 30 sec with closed lips and 
without swallowing. Then, panelists were instructed to swallow the entire bolus and, after that, to 
continue chewing for 60 sec. The different gels were presented in triplicates to the panelists 3 
samples of each type of gel). The order of the gels was randomised with a 15 min break between 
samples and, after each evaluation, the panelists rinsed the oral cavity with tap water. No 
information about the purpose of the experiment or the exact composition of the samples was 
given to the panelists. 

Panelists were not specifically trained to produce TI curves but should indicate during the whole 
chewing procedure the moments of intense aroma perception (ethyl butanoate) by raising their 
thumbs. End of subjective aroma perception should be indicated by raising the whole hand. 
Intensity rating was performed on a seven-point scale from 0 (not perceivable) to 3 (highly 
intense aroma impression). In addition, taste intensity was rated for each sample. 

Breath sampling 
In parallels to sensory evaluation, nosespace air was sampled with two glass tubes fitted into the 
nostrils (10). The transfer line was a heated silo steel capillary with an inner diameter of 0.5 mm. 
A small fraction of 15 sccm was introduced into the drift tube of the PTR-MS (Compact PTR-
MS, Ionicon, Innsbruck, Austria). The tubes were heated at 50 °C, to prevent condensation along 
the sampling line. 

During the whole gel chewing sequence, as described above, the nosespace volatile concentration 
was measured simultaneously by using real-time PTR-MS. By resting the nostrils at the glass 
tubes, the tidal breath flow from the nostril was directly sampled without disturbance of the 
normal breathing or gel consumption pattern. PTR-MS data was always recorded together with 
the sensory evaluation by the panelists and their respective manual aroma indications as described 
above. Panelists were not allowed to look at any time at the data recording system and had no 
visual, acustical or other indication on when odor signals were detected by the MS system. 
Acetone, isoprene (both as indicators for the panelists' breathing patterns) and ethyl butanoate 
were analyzed in the selected ion mode (masses 49, 69 and 117, respectively). Peak counting was 
performed on the basis of 10% of the maximum peak intensity level as related to I max. 
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Results and Discussion 
When comparing the sensory rating for the soft (4 % protein content) and hard (10 % protein 
content) gel, the perception of both taste attributes, sweet and salty, was considerably reduced in 
the hard gels (Fig. 1a), which is well in line with numerous other reports relevant to the field. 

Rating of the aroma impression of ethyl butanoate reached the highest intensity score (intensity 3) 
for the soft gel without sugar or salt addition, but was significantly reduced in the hard non-tastant 
gel (Fig. 1b). Characteristic differences in the release profiles between the soft and hard gels 
without tastant addition can be quoted to be responsible for the observed differences in aroma 
intensity perception as described elsewhere (10). 

However, when comparing the hard gel without and with sugar addition, no distinct differences in 
ethyl butanoate release were observable by means of PTR-MS for these gels (data not shown). 
This can be attributed to the fact, that both gels were chewed in similar ways due to their 
similarity in texture (data not shown), so that release profiles were consistent. Nevertheless, 
aroma rating was higher for the sweet gel, and, consequently, seemed to be influenced by the 
sensory perception of the sweet taste on a purely perceptive level. The same effect might be true 
under different conditions also for soft gel system, but could not be documented in this case as 
ethyl butanoate intensity rating was already at maximum for the non-sweetened gel. On the other 
hand, saltiness drastically decreased ethyl butanoate perception in both the soft and the hard gel. 
Again, this sensory decrease could not be correlated with any difference in the respective release 
patterns. These findings support the idea of congruent and incongruent sensory modalities as 
discussed previously. That means sweetness perception enhances fruity aroma notes while the 
“incongruent” salty taste leads to reduction of the fruit aroma perception. 

 

 

Figure 1: a) Perception of salt (2.5 %) and sugar (10 %) in gels of different gel 
hardness and b) aroma intensity rating for gels with and without tastant addition.  
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Apart from these purely qualitative and quantitative findings, this study predominantly focused on 
the aspect of temporal resolution. By utilizing a time-resolved concept in direct coupling with 
PTR-MS monitoring for each single panelist, it was possible to document that subjects were 
highly effective in sensorically indicating even singular ethyl butanoate aroma pulse events (as 
monitored by means of PTR-MS) during the course of gel consumption (cf. 10). However, this 
ability was significantly reduced in combination with salty taste. Interestingly, this partial loss in 
temporal resolution for the ethyl butanoate perception also occurred when sweet gels were 
consumed. It might be that the continuous tastant stimulation (following the classical time-
intensity shape) reduces our ability to differentiate between individual retronasal aroma pulses. 

 

 

Figure 1: a) Characteristic PTR-MS release profile of ethyl butanoate, and respective 
sensory aroma pulse indication by hand sign; b) Correct sensory retronasal 
identification of ethyl butanoate aroma pulse for non-tasting and tasting gels. 
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Abstract 
The aim of the present investigation was to develop of an automated taste-aroma delivery system 
for simultaneous real-time measurements of swallowing, nasal airflow, aroma release and 
chemosensory cortical responses. The system was developed in order to investigate taste-aroma 
integration under “pseudo-natural” conditions with consequent amount of liquid, whole-mouth 
stimulation and in-mouth retronasal stimulation after swallowing. 

Introduction 
Flavor perception is a complex combination of peripherally distinct sensory inputs including 
markedly taste and smell. During eating or drinking of food, tastants directly activate taste 
receptors on the tongue whereas volatiles are released into the oral cavity and transported to the 
olfactory receptors in the nasal cavity. This transport of volatiles, or retronasal olfaction, occurs 
with the airflows associated with chewing, swallowing and breathing. In the timing of flavor 
integration, complete flavor perception may occur after retronasal stimulation. 

Previous electroencephalographic (EEG) studies of the cortical representation of gustatory or 
olfactory stimuli have delivered tastants to the mouth in very small quantities or stimulated 
olfaction orthonasally (measured by PTR-MS).  

Experimental Methods 
Schematic of the experimental procedure.  
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Results 
 

 
Figure 1: On-line nose-space PTR-MS measurement and simultaneous event time line. Upper 
part: PTR-MS isoamyl acetate (IAA) volatile channel and PTR-MS endogenous breathing acetone 
channel. The main volatile peak appears after delivery of the solution, once the solution has been 
swallowed and during exhalation. Lower part: Diagram of the experimental paradigm, with the 
swallow cued immediately before and after solution delivery. 
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Figure 2: Raw EEG data and triggers - Left: Topographic location of EEG electrodes. Right: 6-s 
(taste) and 3-s (aroma) artifact-free digitized epochs were extracted through a hanning window 
and transformed into the frequency domain in 1-Hz bins by FFT. The 1-Hz bins were combined 
into the following relative spectral magnitude bands: theta (4-7 Hz), lower alpha (8-9 Hz), upper 
alpha (10-12 Hz), beta (13-29 Hz) and gamma (30-150 Hz). Epochs with artifacts and 
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frequencies below 4 Hz were eliminated. Swallowing signals were collected from submental 
electromyographic (EMG) electrodes. 

Discussion 
• The present study aimed to develop a method for studying the integration and cortical 

representation of complex stimuli containing both taste and aroma, by using conditions 
closer to the common consumption of liquid beverages. 

• The method comprises an automated taste-aroma delivery system with an operating 
software controlling simultaneously stimulus delivery, in-mouth aroma release and 
physiological recordings. 

• The operating system allows the precise control of taste-aroma stimulations (timing, 
amount, concentration) as well as the monitoring of physiological parameters 
(breathing, swallowing) triggering retronasal aroma onsets. 

• By combining classical analytical, sensory and EEG techniques, this method offers 
great opportunities in the field of flavor research by giving a full picture of the 
processing of information, from the stimuli to the brain integration and perception.  
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Abstract 
The ion/molecule reactions of H3O+ ions with a series of sesquiterpenes have been studied in view 
of their detection by CIMS. For all sesquiterpenes multiple product ions have been observed, but 
the protonated molecular parent ion is always the major ion species with yields ranging from 30 
to 94 %. All reactions proceed at the collision rate, which is calculated to be close to 3×10-9 cm3 
molecule-1 s-1. Preliminary studies indicate that NO+ may also be a potential reagent ion for 
sesquiterpene detection.    

Introduction 
It is well-established that large amounts of volatile organic compounds (VOC) are emitted by 
terrestrial vegetation. Isoprene (C5H8) and the monoterpenes (C10H16) are generally found to be 
the biogenic VOCs (BVOCs) with the highest emission rates, but oxygenated BVOCs and 
sesquiterpenes (C15H24) are also known to be emitted directly by vegetation. Quantification of 
sesquiterpene emissions is an experimental challenge because of their low vapor pressure and 
their ability to react very rapidly with atmospheric oxidants (mainly O3), resulting in atmospheric 
lifetimes of only a few tens of seconds for some compounds. Important efforts have been carried 
out lately to develop and improve analytical techniques for sesquiterpene detection and 
quantification [1]. PTR-MS instrumentation has also been used recently to measure sesquiterpene 
concentrations, e.g. in smog chamber studies of sesquiterpene ozonolysis [2] and in VOC 
emission studies from herbivore infested branches [3]. In principle a PTR-MS instrument can be 
used to derive sesquiterpene concentrations from ion/molecule reaction rate constants, reaction 
time and product ion distributions, provided these are accurately known. In this paper we report 
preliminary results from a selected ion flow tube (SIFT) study of H3O+/sesquiterpene reactions, as 
well as calculated collision rate constants for these reactions. The latter are based upon density 
functional theory calculations of polarizabilities and electric dipole moments. 

Methods 

Selected ion flow tube studies 
The ion/molecule reactions were studied in a selected ion flow tube reactor at room temperature 
and at 150 Pa. A schematic representation of the instrument is given in Figure 1. H3O+ precursor 
ions (and others) are produced in a microwave discharge in a mixture of air and water vapor, mass 
selected in a first quadrupole filter and injected in a flow tube reactor. The ions in the flow tube 
are convectively transported by a helium buffer gas flow towards the mass spectrometer inlet, 
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where they are sampled, mass-analyzed by a second quadrupole filter and detected by a secondary 
electron multiplier which is operated in the pulse counting mode. More detailed information about 
the instrument can be found in [4]. To avoid differential diffusion of the product ions when 
performing product ion distributions, sesquiterpenes were introduced right in front of the mass 
spectrometer inlet. Introduction of stable sesquiterpene flows was accomplished by sending a 
helium flow over a reservoir containing liquid sesquiterpene which was kept at a constant 
temperature (usually 298 K). The tubing between the reservoir and the flow tube was made of 
stainless steel and kept at 373 K. Mass discrimination measurements of the spectrometer were 
carried out regularly to account for detector deteriorations.     

 

 

Density functional theory calculations 
Collision rate constants kC of the H3O+/sesquiterpene reactions were obtained with the 
parameterized equation of Su and Chesnavich [5,6]. Polarizabilities and electric dipole moments 
were calculated using density functional theory (DFT). The hybrid B3LYP functional was 
employed, which has a good performance in combination with the aug-cc-pVDZ basis set. The 
sesquiterpenes were subjected to a thorough conformational analysis (MMFF random search in 
combination with an MM3/MM4 stochastic search) to find all possible conformations within an 
energy barrier of 4 kcal/mol from the lowest energy configuration. All these conformations were 
taken into account when calculating an average collision rate constant. All DFT calculations were 
carried out with the Gaussian’03 software [7] in a distributed computer environment.  

Results and discussion 
An overview of the product ion distribution of the reactions of H3O+ precursor ions with β-
caryophyllene, α-humulene, longifolene and α-cedrene, obtained at thermal conditions with the 
SIFT instrument is given in Table 1. The reactions of H3O+ with α-cedrene and longifolene 
mainly result in the protonated parent molecule (>80 %). Non-dissociative proton transfer is less 
efficient for the reactions with β-caryophyllene and α-humulene. Multiple fragment ions are 
observed and these can be divided in 2 groups of which all elements are separated by a CH2 unit 
(14 u). One group contains ions with masses 81, 95, 109, 123 and 137 u. The other group contains 

 
Fig. 1: schematic representation of the SIFT apparatus 
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ions with masses 121, 135 and 149 u. It should be noted that the ions with mass 81 and 137 u 
from the first group are also characteristic for the reactions of H3O+ with monoterpenes.  

 

β-caryophyllene   α-humulene 

m/z Product ion %   m/z Product ion % 

81 C6H9
+ 4   81 C6H9

+ 2 
95 C7H11

+ 9   95 C7H11
+ 7 

109 C8H13
+ 10   109 C8H13

+ 7 
121 C9H13

+ 3   121 C9H13
+ 2 

123 C9H15
+ 7   123 C9H15

+ 7 
135 C10H15

+ 8   135 C10H15
+ 4 

137 C10H17
+ 7   137 C10H17

+ 2 
149 C11H17

+ 16   149 C11H17
+ 9 

205 C15H25
+ 30   205 C15H25

+ 54 
others  6   others  6 

longifolene   α-cedrene 

m/z Product ion %   m/z Product ion % 

95 C7H11
+ 3   109 C8H13

+ 2 
109 C8H13

+ 3   205 C15H25
+ 94 

149 C11H17
+ 5   others  4 

205 C15H25
+ 83      

others  6      

Table 1: Product ion distributions of H3O+/sesquiterpene reactions. Only products with 
yields ≥ 2 % are listed. The m/z value refers to the first isotope of the product ions, but 
all isotopes are included in the yields. 

From Table 1 it is clear that H3O+ precursor ions are certainly useful for sesquiterpene detection, 
but they cannot be used to distinguish between different isomers. Therefore, as is frequently done 
in SIFT-MS studies, the potential of NO+ and O2

+ precursor ions for sesquiterpene detection will 
be studied in detail in the near future. Preliminary results already indicate that NO+ also seems to 
be a suitable CIMS reagent, but O2

+/sesquiterpene reactions are less useful due to extensive 
fragmentation. 

Because of the low vapor pressure and the stickiness of the sesquiterpenes, absolute rate constant 
measurements are difficult to perform. However, by simultaneously introducing H3O+, NO+ and 
O2

+ precursor ions in the flow tube reactor and by monitoring the count rates of the these three 
ions at controlled (but not measured) sesquiterpene concentrations in the reactor, the rate constant 
ratios of the NO+/sesquiterpene and O2

+/sesquiterpene reactions with respect to the 
H3O+/sesquiterpene reaction could be obtained. For all sesquiterpenes and within experimental 
error, the relative rate constant ratios thus obtained were found to scale linearly with the 
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reciprocal of the square root of the reduced mass of the ion/sesquiterpene system, which is a good 
indication that all reactions proceed at the collision limit.    

The collision rate constants kC of the H3O+/sesquiterpene reactions were subsequently obtained 
with the parameterized theory of Su and Chesnavich. Polarizabilities (α) and electric dipole 
moments (μD) of the sesquiterpenes, required for calculating these collision rate constants, were 
determined using B3LYP/aug-cc-pVDZ and are shown in Table 2. The second column of this 
table refers to the number of rotamers that were found and taken into account when averaging the 
molecular parameters and the collision rate constants. Previous experiments by the authors have 
shown that collision rate constants, calculated in this way for a large variety of chemical species, 
generally agree quite well with experimentally derived absolute rate constants obtained with the 
SIFT apparatus.  

 

compound # config. μD (D) α (Å3) kC (10-9 cm3 

molecule-1 s-1) 

β-caryophyllene 9 0.65 26.6 3.1 
α-humulene 4 0.24 27.4 3.0 
longifolene 2 0.94 25.9 3.2 
α-cedrene 2 0.21 25.3 2.9 

Table 2: averaged polarizabilies and electric dipole moments (from B3LYP/aug-cc-
pVDZ calculations) and thermal averaged Su-Chesnavich collision rate constants. 

 

From the data presented above it can be concluded that H3O+ precursor ions are useful for the 
sensitive detection of sesquiterpenes, due to the high reaction rate constants and the fact that 
reactions (at least at thermal energies) mainly result in a non-dissociative proton transfer product. 
We are well aware that the SIFT-MS method is not sufficiently sensitive for ambient 
sesquiterpene detection, but the method could be used in experimental set-ups (e.g. smog 
chambers or fast flow reactors) for dedicated experiments, where sesquiterpene concentrations 
can be much larger. Because of the higher ion energies in drift tube experiments compared to 
SIFT conditions, H3O+/sesquiterpene product ions in a PTR-MS instrument will be subjected to 
even more fragmentation. However, product ion distributions at thermal conditions in a SIFT will 
already give an indication about some of the fragments that can be expected in PTR-MS 
experiments.  Because of the rather small electric dipole moments, the collision rate constants of 
H3O+/sesquiterpene reactions are not expected to be much affected by the electric fields which are 
typically applied in a PTR-MS drift tube.  
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Abstract 
PTR-MS spectra of the headspace of white truffles were used as fingerprint to evaluate the 
possibility to discriminate the samples according to their origin. PTR-MS analysis allows a rapid 
and simple measurement of the headspace of whole truffle, avoiding sample alteration or damage, 
in this way the sample is available for further uses (more analysis, consume, commerce). 
Furthermore, the comparison with GC-MS for the identification of volatile compounds allows the 
exploiting of the analytical information embedded in the PTR-MS spectra. 

Introduction 
White truffle (Tuber magnatum Pico) is a subterranean fungus belonging to the order Tuberales 
and is highly appreciated for its unique and characteristic aroma, if is found mainly in Italy [1] 
and in some regions of southern France. As truffles are considered delicacy, their prices can be 
very high and it is interesting to develop methods that allow an objective evaluation of their 
aroma and to ascertain their origin. 

We investigate the feasibility of a simple, rapid and non destructive analysis of truffles volatiles 
by means PTR-MS comparing headspace of white truffles coming from different Italian regions. 
The analysis of PTR-MS spectra by data mining techniques has been tested in several works [2-8] 
showing the usefulness and robustness of this approach. PTR-MS fingerprint is not completely 
anonymous but contains useful analytical information because the single masses recorded can 
often be related to specific compounds and the intensity of the signals are proportional to their 
concentrations [9]. Even if, PTR-MS is not a separation technique, the comparison with GC-MS 
allows the identification of several peaks [10]. 
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Experimental Methods 

Samples 
Eighteen white truffles (T. magnatum Pico) from 6 different Italian regions (Langhe, Lazio, 
Marche, Molise, Toscana, Umbria) were collected in 2006 by “Centro Nazionale Studi Tartufo” 
in Alba. All the samples were checked by microscopy to ascertain the specie and the homogeneity 
of ripening degree. 

Headspace analysis 
A whole truffle (weight: 8.2 - 22.0 g, average 13.3 g) was introduced in a cap closed glass vessel. 
After 45 min of equilibrium at 25 °C the volatiles compounds were measured by a commercial 
version of the High-Sensitivity PTR-MS (IONICON Analytik GmbH). The headspace mixture 
was continuously extracted for less than 5 min at about 10 cm3/min (corresponding to the 
acquisition of five complete spectra ranging from m/z 20 to m/z 240). To avoid possible 
systematic memory effects from one measurement to the next, the apparatus was flushed with 
outdoor air for 10-11 min between measurements.  

The means of the last three of the five spectra acquired were used as fingerprints of the truffles. 
The spectra were subjected to the Principal Component Analysis (PCA) computed by means the 
software The Unscrambler 8.5 (CAMO PROCESS AS, OSLO, Norway). 

The same vessels and the same equilibrium conditions, above reported, were employed for 
SPME/GC-MS headspace determination. After 20 min of the fiber enrichment (50/30 μm 
DBV/CAR/PDMS; SUPELCO), the volatiles were desorbed and injected in a Perkin-Elmer 
AutoSystem XL gas chromatography coupled with a TurboMass Gold (Perkin-Elmer, Norwalk 
CT) mass spectrometer operated in electronic ionization mode (m/z 30-300). Separation was 
achieved on an HP-Innowax fused-silica capillary column (30 m, 0.2 mm ID, 0.2 mm film 
thickness Agilent Technologies). Time of analysis for each samples was of 128 min. 

Fragmentation patterns 
In order to obtain PTR-MS fragmentation patterns, the main compounds identified by GC-MS 
were measured following the procedure described in Aprea et al. [11]. Dimethyl sulfide (99%), 
dimethyl sulfoxide (≥99.5%), dimethyl disulfide (99+%), p-cymene (99%), 2-acetyl-5-
methylfuran (98%), benzothiazole (95%), bis(methylthio)methane (99%), tris(methylthio) 
methane (98%) with the purity reported in parentheses, were purchased from Sigma-Aldrich.  

Results and discussion 

Fingerprinting 
Figure 1 reports the plot of first 3 PCA scores of PTR-MS data. It is shown that the samples are 
partly separated according their origin. Truffles from Langhe, Marche, Umbria and Toscana are 
well separated from the others, those from Lazio and Molise are more scattered and partly 
overlapped. Even if the reduced number of samples, the possibility to use the PTR-MS 
fingerprinting to ascertain the origin of truffles is promising, providing a non destructive method 
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that does not alter the sample in any way preserving the truffles for further analysis or for the 
consume. 

 
Figure 1: Plot of the first three PCA scores for the analysis of the six truffle 
proveniences. Samples from Langhe, Lazio, Umbria and Toscana appear separated 
according the place of origin. In parentheses the explained variance. 

 

Headspace composition 

The fragmentation pattern of pure standards and the comparison of gas-chromatograms allowed 
the identification of the most important compounds present in the headspace of truffles. The PTR-
MS spectrum is dominated by the signal at m/z 63 ranging from 76 % to 84 % of the total ion 
counts (average values of three samples belonging to the same origin group) and was attributed to 
protonated dimethyl sulfide. The second most intense signal was recorded at m/z 61, attributed to 
the protonated bis(methylthio)methane, it ranges from 2 % to 6 % (average values of three 
samples belonging to the same origin group). Many other signals are relevant for the spectra, even 
if their relative contribution to the total headspace composition is lower. One-way ANOVA 
analysis on PTR-MS data indicates that there are significant differences (95%), among origin 
classes, for m/z 49 (methanethiol), m/z 63 (dimethyl sulfide), m/z 61 (bis(methylthio)methane), 
m/z 115 (dihydro-3,5-dimethyl-2(3H)-furanone), m/z 143 (2,4-octanedione), m/z 93 (p-cymene), 
m/z 79 and m/z 95 (sum of dimethyl disulfide, dimethyl sulfoxide, dimethyl sulfone). 

Conclusions 
A rapid, simple and not destructive measurement of the headspace of truffles can be archived by 
PTR-MS. The acquired spectra were used as fingerprint of the samples showing a partial 
discrimination of analyzed samples according their origin. The comparison of GC-MS for the 
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identification of headspace components allows the attribution of single compounds to the PTR-
MS signals, so that time consuming GC analysis can be restricted to a preliminary phase and the 
fast and cheaper PTR-MS measurements can be used for extensive sampling campaigns. 
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Abstract 
The main aim of this work was to improve the capabilities of PTR-MS for fast and sensitive 
screening of wine headspace in order to categorize different wines according to grape variety, 
growing location, harvesting time and enological practices. Multivariate statistics were applied to 
discriminate between different wine varieties. A direct correlation between aroma and genetic 
profile confirmed that the study of VOCs is a useful tool to distinguish between different wines in 
variety characterization.  

Introduction 
The aroma profile of wines depends on grape variety, ripening conditions and wine making 
procedures. In the literature more than 800 aroma compounds have been reported in wines, 
including higher alcohols, aldehydes, ketones, esters, acids and monoterpenes [1]. Such complex 
aromas are difficult to standardise because of the influence of different factors affecting the 
volatile composition of wine; these include fruit genotype, environmental influence on the 
vineyard (soil, climate), fruit maturity and enology procedure conditions during fermentation until 
refinement of the final product through barrel and bottle-aging [2,3]. Fast, low-cost methods for 
on-site assessment of quality, origin and history of raw and final products are therefore of great 
interest to the wine industry. 

Experimental Methods 
A previous study using PTR-MS for analyses of alcoholic beverages [4] has been improved for 
direct headspace analyses of wine. The new set-up exhibited satisfactory time stability and 
reproducibility. The wine used in this study was produced from two different varieties of grapes – 
Pinot Noir and Cabernet Sauvignon – with different growing locations, harvesting times, 
enological practices and aging processes. Principal components analysis (PCA) was used to 
discriminate investigated wine samples 

For evaluation purposes relative signal intensities of protonated ethanol on m/z 47+ (the second 
most abundant ion) was kept at 10% of the hydronium (H3O+) primary ion, which was constant 
for all measured samples in keeping with standard experimental practice. To achieve this primary 
ion signal ratio a higher dilution of wine sample headspace air to dilution air was chosen (1:40) 
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whereby compounds at lower mixing ratios could potentially fall under the PTR-MS detection 
threshold. However, a high sensitivity PTR-MS instrument with a very low limit of detection [1] 
was used in these measurements and provided reasonable results in this respect. 

PTR-MS analyses of Cabernet Sauvignon (CS) and Pinot Noir (PN) samples produced the same 
qualitative pattern of signals. For each wine sample analyzed the total ion counts were calculated 
as the sum of intensities of all signals contained in the absolute quantification matrix. This matrix 
was subjected to one-way ANOVA (α=0.05) analysis in order to detect whether any significant 
differences existed between the different analyzed samples. Following the procedure outlined in 
[5] a second data matrix was produced, subsequently referred to as the "relative quantification 
matrix", in which every variable of the absolute quantification matrix was represented as a 
percentage of the respective total ion count.  

Principal component analyses (PCA) were performed with the absolute as well as with the 
relative quantification data matrices. Only factors with eigenvalues ≥ 1 were extracted. From the 
absolute quantification matrix, four factors were extracted. 

Results 
PCA was applied to those masses selected from the absolute quantification matrix showing 
significant variance with ANOVA. The analysis of the complete absolute quantification matrix 
resulted in a good discrimination of Pinot Noir from Cabernet Sauvignon samples. The plot of the 
PCA factor 2 versus factor 3 resulted in two well-separated, whereas the plot of factor 1 versus 
factor 3 did not allow differentiation of the two wine varieties (figure not shown). 

PCA was performed with the complete set of 22 variables. The scatter plot of the first versus the 
second principal component factors allowed for discrimination of the two wine varieties (Figure 
2a). Similarly, the scores for the second and the third principle component factors form two well-
separated clusters for both varieties (Figure 2b). In Figure 2a, those samples containing the 
highest volatile contents (PN22, CS41, CS42) are clustered separately from the other samples. 
This is an indication of the impact of ecological factors on the chemical composition of wine like 
growing location (which, in the present case, is mainly due to the different altitudes of the 
growing sites) and the harvesting date. In both wine varieties the highest amounts of volatiles 
were observed in the wines collected at the higher altitude on the later harvesting date. 
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Figure 1:  Scatter plot of the scores for the first versus the second principal component 
obtained from the absolute quantification matrix. Lower growing sites are represented 
by squares and circles, higher growing sites by triangles. The last digits of the sample 
acronyms indicate the harvesting date: 1 = earlier, 2 = later harvest. 

 

 
Figure 2a (left): Scatter plot of the scores for the first versus the second principal 
components obtained from the relative quantification matrix.  

Figure 2b (right): Scatter plot of the scores for the second versus the third principal 
component obtained from the relative quantification data matrix.  

Lower growing sites are represented by squares and circles, higher growing sites by 
triangles. The last digits of the sample acronyms indicate the harvesting date: 1 = earlier, 
2 = later harvest. 
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Discussion 
These results are in good agreement with the ratings by members of a tasting panel who examined 
samples of the same wines. According to this panel the Pinot Noir wine from the higher growing 
site, as well as the Cabernet Sauvignon wines from both locations, exhibited a higher aroma 
complexity when grapes were collected on a later date, probably due to the extended period of 
grape maturation [6].  

The presented data show that volatile component patterns in South Tyrolean (North Italian) Pinot 
Noir and Cabernet Sauvignon wines are similar. Wine sample discrimination by means of PCA 
based on absolute quantification data was successful when applied to a selection of variables 
showing significant variance according to one-way ANOVA. In contrast, PCA based on relative 
quantification results allowed a good delimitation of the two investigated wine varieties even 
when the complete set of variables was evaluated. Furthermore, evaluation of the relative data set 
emphasized the distinction of samples showing extreme characteristics.  
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Abstract 
Several plant species re-emit a fraction of their assimilated carbon into the atmosphere in the form 
of a wide range of biogenic volatile organic compounds (BVOCs). Oxygenated BVOCs such as 
methanol, acetaldehyde, and C-6 aldehydes and alcohols are emitted in large quantities, especially 
under environmental stress conditions. The emission of C-6 oxygenated BVOCs is thought to 
depend on the breakdown of membrane unsaturated fatty acids, but there is no conclusive 
evidence of a straight correlation between emission and damage. The suitability of biochemical, 
destructive, assays to assess stress-induced membrane damages in plants is discussed and the 
development of a suitable, non-destructive, marker is needed. We have studied  whether online, 
proton transfer mass spectrometry (PTR-MS) measurements of C-6 oxygenated BVOCs reflect 
stress induced membrane-alteration status of plant cells, being a good, non-invasive indicators of 
oxidative stress. Under various stress conditions, such as photoinhibition,  heat stress or the 
combination of the above, large and sustained bursts of  C-6 oxygenated BVOCs were observed. 
These emissions were associated to stress induced membrane damage, measured by thiobarbituric 
acid reactive substances (TBARS) accumulation. However, different stress conditions induced 
different BVOC emission patterns.  The compound mostly associated with membrane damage 
was E-(2)-hexenal. E-(2) hexanal emission in all cases anticipated membrane damage detected by 
biochemical methods.  Therefore E-(2) hexanal emission may be considered as an early signal of 
oxidative membrane  cleavage. BVOC analysis by PTR-MS may be a tool to characterize plant  
response to environmental stresses and to assist in selection of stress-resistant germoplasm.  
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Introduction 
One of the major challenges in tropospheric chemistry is the summer smog. It is characterized by 
high ozone mixing ratios during hot summer days. The ozone in the troposphere is an outcome of 
the reactions of nitrogen oxides and volatile organic compounds (VOC) under the influence of 
sunlight. High ozone levels can be toxic for men and cause damage to plants. Since 1996 the 
UNECE ICP-Vegetation [1] conducts a bio-monitoring of pollutant impacts on plants with the 
participation of most European countries. Two white clover clones (trifolium repens L. cv. Regal), 
which have different ozone sensitivities, are grown and harvested according to a standard 
protocol. The influence of ozone on the plants is evaluated by comparing the biomass and the 
visible leaf injuries of the two clover clones. In this study we performed ozone fumigation 
experiments in climate chambers using these two white clover clones. The environmental 
conditions in the climate chambers mostly resembled summer conditions in central Switzerland. 
The aim of this experiment was to investigate whether high ozone mixing ratios lead to enhanced 
VOC emissions of the plants. 

Experimental Methods 

Plant material 
The ozone fumigation experiments were conducted with two white clover clones (trifolium repens 
L. cv. Regal), an ozone-sensitive (NC-S) and an ozone-resistant (NC-R) one [2], which were 
kindly provided by the ICP-Vegetation Coordination Centre at the CEH Bangor, UK. 50 clover 
cuttings (25 NC-R and 25 NC-S) were plant in 1.1 L pots filled with peat soil and they were well 
watered. After 3 weeks of growing in the greenhouse, the plants were repotted in groups of five 
into 40 L pots, resulting in 5 pots with 5 NC-S and 5 NC-R plants, respectively. One week later 
they were cut down to 7 cm above ground level and left to regrow for another 4 weeks in the 
greenhouse. The greenhouse growing conditions during these 8 weeks were (day/night): 22/18°C 
air temperature, 40/70% relative humidity. During 16 h of the day (06:00-22:00) lights were on 
(Philips Son T plus 400W). After eight weeks the pots (3 of each clone) were moved from the 
greenhouse to the climate chambers where the ozone fumigation experiment took place. During 
the experiment each pot was watered with 1 L per day. After each experiment the plants were cut 
down to 7 cm above ground. The total leaf area was determined by means of a portable area meter 
in combination with a transparent belt conveyor accessory (LI-3000C and LI-3050C, Li-COR, 
Lincoln NE, USA). The dry matter yield was determined. Two batches of each clone were grown 
with an interval of 2 weeks. 

Experimental set-up 
The ozone fumigation experiments were performed in two identical computer controlled climate 
chambers (Phytokammer, YORK, D), one of which was fumigated with ozone. Each chamber has 
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a volume of 27.7 m3 (2.8 m x 4.5 m x 2.2 m). Air temperature, relative humidity (RH) and photo 
synthetically radiation (PAR, up to 1000 μE m-2 s-1) can be prescribed and adapted every minute. 
The climate conditions in the chambers were set to resemble summer conditions in central 
Switzerland. Therefore a mean diurnal cycle of air temperature, relative humidity, and radiation 
values of a fair weather period of summer 2005 (19.-29.06.2005) of the CarboEurope site 
Oensingen [3] was simulated (see Fig.1). 

A computer controlled ozone fumigation setup was installed in one of the two climate chambers. 
The ozone was produced by an ozone generator (model 500, Fischer GmbH, Bonn, D). The ozone 
mixing ratios follow a diurnal cycle (Fig. 1). The first fumigation experiment (EX1) lasted 12 
days with daily ozone maximum values of 70 ppbv (1 d), 100 ppbv (2 d), 120 ppbv (3 d), and 150 
ppbv (3 d). The second experiment (EX2) lasted 15 days with daily ozone maximum values of 70 
ppbv (1 d), 100 ppbv (1 d), and 150 ppbv (7 d). 

 

 
Figure 1: Diurnal cycles of air temperature, relative humidity (RH), photosynthetically 
active radiation (PAR) and ozone mixing ratios applied in the climate chambers.  

 

An automatic system of six dynamic chambers, one on each 40 L pot, was used for the VOC flux 
measurements in the climate chambers. For detailed information about this dynamic chamber 
system see Pape et al. [4]. Two chamber units were operated in the climate chamber with ambient 
air and four of them in the ozone fumigated climate chamber. Sample air for trace gas analysis 
was pulled through PTFE tubes from each chamber to the analysers. 

Measurements 
Volatile organic compounds (VOC) were measured continuously by a proton transfer reaction 
mass spectrometer (PTR-MS, Ionicon GmbH, Austria) and occasionally by the combination of a 
GC-FID and PTR-MS. The PTR-MS technique is well described in Lindinger et al. [5]. The PTR-
MS used in these experiments corresponds to the PTR-MS-HS type, featuring three turbo pumps 
for increased sensitivity and a drift tube (equipped with Teflon rings) optimised for fast time 
response and minimal interactions with polar compounds [6]. Details about the combination of 
PTR-MS and GC-FID are described by Davison et al. [7]. 
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Water vapour (H2O) and carbon dioxide (CO2) were measured continuously by a LI 6262 (Li-Cor 
environmental, Lincoln NE, USA). Ozone (O3) in the dynamic chamber system was measured 
continuously by a UV photometric analyser (Dasibi, Series 1008, Environmental Corp., Glendale 
CA, USA). 

The stomatal conductance of the clover was measured by AP4 porometer (AT Delta-T Devices 
Ltd, Cambridge, U.K.). The measurements were usually conducted between 12:00 and 14:00 LT. 

Results and discussion 

Methanol fluxes 
Out of more than 20 ion masses we were measuring continuously with PTR-MS, methanol 
(protonated ion mass 33) showed the most interesting emission pattern. Figure 2 shows the 
methanol flux of a resistant (re oz, NC-R) and a sensitive (se oz, NC-S) clover clone in the ozone 
fumigated climate chamber during the first experiment. On the first day of the experiment (no 
ozone fumigation) the ozone sensitive clone shows a higher methanol emission than the ozone 
resistant clone. On the second day this difference in the emission of the two clones is equalized. 
With on-going fumigation the NC-S clone emits permanently more methanol. In contrast the NC-
R clone emits only slightly more methanol with increasing ozone mixing ratios. The emission 
pattern of both plants shows a diurnal cycle with a maximum in the early morning. 

Figure 3 shows the methanol fluxes of a NC-R and a NC-S clover clone in the ozone fumigated 
climate chamber during the second fumigation experiment. On the first day of the fumigation 
(28.03.05), methanol emissions of the sensitive and resistant clone are quite similar. They follow 
a diurnal cycle with a maximum emission in the morning. From the second day of ozone 
fumigation on, the two clones show a different methanol emission. The methanol emission of the 
sensitive clone increases each day and night. In addition a second maximum around midday 
appear. After six days the emission declines. The methanol emissions of the resistant clone don’t 
show a change until the fifth day of fumigation where an additional emission peak around midday 
appear. 

 
Figure 2: Methanol fluxes (fme) of an ozone-sensitive (se oz, NC-S) and an ozone-
resistant (re oz, NC-R) clover clone in the ozone fumigated climate chamber during the 
first fumigation experiment. The dashed line indicates the daily ozone maximum. 
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Figure 3: Methanol fluxes (fme) of an ozone-sensitive (se oz, NC-S) and an ozone-
resistant (re oz, NC-R) clover clone in the ozone fumigated climate chamber during the 
second fumigation experiment. The dashed line indicates the daily ozone maximum. 

 

The comparison of the methanol emissions during these two different fumigation experiments 
shows the different response of the plants. In EX1 the daily maximum of the ozone mixing ratio 
was increase from zero to 150 ppbv over a period of six days, whereas in EX2 the daily ozone 
maximum of 150 ppbv was reached already on the third day. The weaker reaction of the clover to 
the treatment in EX1 (the softer one) indicates some sort of plant adaptation to high ozone levels. 

More results will be presented and discussed at the conference. 
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Abstract 
In this work PTR-MS was used to analyse the specific volatile organic compounds (VOCs) 
emitted by retinal epithelium cells in vitro. For that purpose, these cells were cultured in a specific 
growth medium. Subsequently, the VOCs in the headspace of the cell culture were analysed using 
an online PTR-MS technique, so that the VOCs emitted (metabolic end products) or consumed 
(essential compound for metabolism) by the cells could be determined as a function of time. The 
VOC concentrations were calculated using the measured transmission function of the PTR-MS. 
Several emitted and consumed VOCs were detected for human retinal ephithelium cells. 

Introduction 
PTR-MS is widely used to detect volatile organic compounds in several different applications. 
Besides environmental measurements and breath gas analysis, it is also applied to study various 
biological samples, like in vitro cell cultures. In vitro headspace analysis of various cell lines has 
already been done by some research groups, for e.g. acetaldehyde was found as a marker for lung 
cancer cells using selected ion flow tube mass spectrometry [1].  

In the frame of a larger study, human retinal ephithelium cells turned out to be useful to 
investigate potential effects of radiation on metabolic processes as being reflected by the VOCs in 
the headspace of the cells. Therefore the aim of this work was to investigate the specific organic 
compounds (VOCs), either produced or consumed, in the headspace of the cell culture with PTR-
MS. 

Experimental Methods 
Retinal epithelium cells were bred in cell culture flasks of 175 cm² breeding area. This type of 
adherent cells is relatively easy to handle due to their low sensitivity to temperature, air 
conditioning and nutrition. For the breeding, fetal calf serum was added to the culture medium. 
However, after the cells were completely covering the ground, the culture medium with calf 
serum was replaced by the same medium without fetal calf serum in order to reduce the 
background signal. 

The flasks had an inlet and an outlet at opposite ends. Synthetic air entered at the inlet of the flask 
and the outlet was connected to the PTR-MS.  The flow rate of synthetic air through flasks was 
maintained at around 50 ml/min.  

During the measurement the number of cells in the flask was in the range of 107. For the data 
evaluation the signals of the medium without cells were subtracted from the signals of the 
medium with cells. 
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The transmission measurements were performed with well defined concentrations of selected 
VOCs at ppm levels in Teflon gas sampling bags. The concentrations were obtained by injecting a 
defined amount of pure liquid into nitrogen as carrier gas.  

Results and Discussion 
To calculate the concentration of VOCs from the ion counts rates of the secondary electron 
multiplier, the transmission function of quadrupole mass spectrometer was determined and the 
result is shown in Fig. 1. The transmission function featured, somewhat unusual, a pronounced 
maximum in the range of mass 30 to mass 60.  For the calculation of concentration only the 
pressure due to the sample in the drift tube was considered, i.e. the pressure due to the ion source 
of ~ 0.7 mbar was subtracted from the total pressure of ~2.1 mbar.   

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1: Transmission curve of the PTR-MS by using nitrogen as carrier gas. 

 

The concentrations, calculated from the transmission function shown above, are displayed in Fig. 
2. The concentrations refer to the changes attributed to the cells, i.e. the difference between 
concentrations for the medium with cells and the medium without cells. The change of 
concentration was found to be positive for the masses 33, 47, 59, 73 and 105 and was found to be 
negative for the mass mass 45. The positive differences, referring to molecules produced by the 
cells, could correspond to methanol (mass 33), ethanol (mass 47) and acetone (mass 59). Lacking 
plausible substances, mass 73 and mass 105 are not attributed to any specific molecules. The 
concentrations of the masses mass 43 and mass 61 in the medium with cells were slightly higher 
than in the medium without cells but more experiments will be necessary to obtain a better 
statistical significance. Mass 45 may correspond to acetaldehyde which seems to be consumed by 
the cells from the medium. 
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Figure 2: VOC markers produced or consumed by retinal epithelium cells. 

 

Conclusions  
Several VOC markers for human epithelium cells could be identified. The most significant 
markers for this cell line were m/z 33, 47, 59, 73 and 105 and some signals were tentatively 
attributed to specific substances. However, to identify the substances properly, measurements by 
gas chromatography will be necessary. 

At present state only one cell line has been examined. Further experiments for various cell lines 
may result in the identification of other characteristic markers and eventually it might be possible 
to distinguish between different types of cells using headspace analysis with PTR-MS. Moreover, 
headspace analysis by PTR-MS could be used as a new simple method to determine whether cell 
cultures are dead or alive. 
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Abstract 
While lactones are important aroma compounds contributing to numerous food flavors such as 
fruit and dairy products, their behavior in Proton Transfer Reaction - Mass Spectrometry (PTR-
MS) has not been elucidated yet. As an example for lactones in general, the present study is 
looking into fragmentation patterns, sensitivity and detection limits of C8- and C9-lactones in 
Proton Transfer Reaction - Mass Spectrometry. 

Introduction 
Lactones present an important group of flavor compounds and are found in numerous foodstuffs 
such as fruit, dairy products and wine. For example, with their coconut-like smell, δ-octa- and δ-
decalactone are character impact compounds in coconut flavor. On the other hand, γ-decalactone 
displays peachy odor qualities and contributes to numerous fruit flavors [1-4]. 

While Proton Transfer Reaction - Mass Spectrometry has proven its capacity for flavor analysis in 
numerous publications [4-7], the behavior of lactones has not been studied yet. In the present 
study, δ/γ-octalactone and δ/γ-nonalactone were chosen as representatives for the group of 
lactones. Their fragmentation patterns, sensitivity and detection limits at varying drift voltages 
were determined and implications for analysis of lactones are discussed. 

Experimental Methods 
Lactones were commercially obtained at p.a. grade from Aldrich, Steinheim, Germany. Aqueous 
solutions of individual lactones were prepared at concentrations from 0.0002, 0.002, 0.02, 0.2 and 
2 mg/ml. Lactone solutions (30ml) were placed into a 300 ml Erlenmeyer flask and closed with a 
septum. Prior to analysis, flasks were left for 60 min at ambient temperature for equilibration. 

For headspace analysis by PTR-MS (Ionicon Analytik Ges.mbH, Innsbruck, Austria), the heated 
nose of the instrument was pierced through the septum into the headspace of the flask. 
Additionally, a disposable needle was pierced through the septum in order to allow for 
replacement of the air continuously sampled by the instrument at 185 ml/min. 

Samples were scanned for m/z 20 to m/z 220 at a constant dwell time of 0.1s while employing 
drift voltages of 400, 500 and 600V. Working temperatures are 130°C for the inlet system and 
110°C for the drift tube.  

Transmission of the ions through the quadrupole MS was considered according to the 
specification of the instrument. Background and transmission corrected spectra were averaged 
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over five measurement cycles. Presented PTR-MS spectra were obtained by normalizing the most 
abundant mass fragment to an intensity of 100. 

Results and Discussion 
Major PTR-MS fragments for the four lactones are shown in table 1. All compounds show 
massive fragmentation. Major ions are found at m/z 39 (C3H3

+) and m/z 55 (C4H7
+), while the 

molecular ion MH+ show relative abundances of 23% and less compared to the major ion. As 
H3O+ is used as ionising agent in PTR-MS, the identity of the most abundant ions at m/z 39 and 
m/z 55 can be complicated by the presence of water clusters at m/z 37 (H2O)2⋅H+ and m/z 55 
(H2O)3⋅H+. In the present case, the identity of both mass fragments was confirmed by the presence 
of the isotopic ions resulting from the presence of 1.1% 13C for each carbon atom (δ-octalactone 
m/z 56(4.8); γ-octalactone m/z 56 (4.6), δ-nonalactone m/z 40 (3.1); γ-nonalactone m/z 40 (3.6)). 

 

Compound MW Relative abundancea of majorb ions [m/z (relative abundance)] 

55 (100) 39 (67) 125 (26) 59 (26) 43 (24) 143 (23) 41 (20) 81 (13) 
δ-octalactone 142 

67 (12) 79 (12) 97 (11) 107 (10)     

55 (100) 39 (77) 43 (39) 125 (23) 41 (21) 143 (18) 53 (15) 83 (13) 
γ-octalactone 142 

67 (13) 79 (13) 81 (11) 97 (11) 107 (10)    

39 (100) 43 (68) 105 (60) 41 (60) 139 (50) 81 (39) 59 (35) 55 (26) 
δ-nonalactone 156 

121 (24) 157 (22) 97 (20) 93 (19) 69 (17) 95 (16) 79 (14) 83 (12) 

39 (100) 43 (88) 139 (60) 41 (60) 81 (48) 121 (29) 55 (29) 93 (22) 
γ-nonalactone 156 

97 (21) 157 (21) 59 (20) 67 (20) 95 (17) 69 (16) 79 (14) 83 (14) 
a data is presented by normalising the background and transmission corrected counts per second of the most 
abundant mass fragment to a value of 100. All other intensities are calculated relative to the most abundant 
mass fragment 
b data on mass fragments with intensities below 10 not shown 

Table 1: Lactones, their molecular weight (MW) and intensities of their major ions determined by 
Proton Transfer Reaction - Mass Spectrometry 
 

The present settings allowed for analysing C8 and C9 lactones at aqueous concentrations of 0.02 to 
2.0 mg/ml. Rather than instrumental parameters, upper detection limits for analysing headspace 
concentrations above aqueous solutions of lactones are given by their solubility in water, which is 
just above 2 mg/ml for the C8 and C9-lactones [8]. For all of the four lactones, an aqueous 
solution of 0.02 mg/ml produced a signal sufficiently different from the background noise as 
shown for γ-nonalactone in Figure 1. Furthermore, lower detection limits are also dependent on 
the analyte's volatility, which decreases with increasing molecular weight. Consequently lower 
vapour pressures and lower solubility of C10 - C12 lactones lead to narrower concentration ranges 
for analysis of these lactones (data not shown). However, sensitivity for lactones can be 
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substantially increased by implementing lower drift voltages. When decreasing the drift voltages 
from 600V to 400V, the abundance of the molecular ion was increased by a factor of eight in the 
case of δ-octalactone and up to a factor of 28 in the case of γ-octalactone (Figure 2). A formation 
of water clusters MH+⋅(H2O) was not observed. 
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Figure 1: Sensitivity of PTR-MS for γ-Nonalactone. Abundance of molecular ion m/z 157 and 
fragments resulting from loss of water at m/z 139 and m/z 121 dependent on concentration of 
aqueous solution of γ-Nonalactone. 
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Figure 2: Analysis of Lactones by PTR-MS. Abundance of the Protonated Molecular Ion at 
Varying Drift Voltages. Concentration of Aqueous Lactone Solutions at 0.2 mg/ml. 

 

The present results show first insights into behaviour of lactones in Proton Transfer Reaction - 
Mass Spectrometry and provide a basis for analysis of lactones in real food systems. Decrease of 
drift voltages present a promising approach to increase sensitivity by reducing fragmentation and 
thus leading to a higher abundance of the molecular ion. 
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Abstract 
The potential of  Proton-Transfer Reaction Mass Spectrometry (PTR-MS) has been shown in 
many different fields, including atmospheric chemistry [1], medical science [2], and many 
biological and plant physiological fields [3]. Its high sensitivity, lack of sample preconcentration, 
its high time resolution, relatively low degree of fragmentation and the fact that it cannot measure 
the normal constituents of air, make it an excellent technique to monitor trace gas compounds in 
real-time. Those advantages, however, are accompanied by one disadvantage: compounds cannot 
be identified based on their mass only.  

 

 
Figure 1: Nijmegen PIT-MS with 1) H3O+ ion source, 2) drift tube, 3) buffer 
chamber, 4) ion trap chamber and 5) detector chamber 

 



8. Contributed Papers (Posters) 155 

A novel way of approaching this problem is the development of a PTR mass spectrometer based 
on an ion trap mass spectrometer (Figure 1; [4]). The use of an ion trap has several advantages, 
among which the possibility to perform collision induced dissociation (CID) is the most 
interesting one. CID patterns of isolated ions can be obtained that are compound-specific, which 
helps to identify the underlying compound. The viability of such a system and the usefulness of 
CID have been proven before [5]. However, the compounds for which this is shown have still 
fairly simple structure.  Monoterpenes are very interesting biological compounds, which are 
similar in structure and of which many different isomers exist. Here we study the fragmentation 
patterns of different monoterpene species, after dissociative proton-transfer and after collision 
induced dissociation (CID) in our newly developed Proton-transfer reaction Ion Trap Mass 
Spectrometer (PIT-MS).The CID patterns of all the monoterpenes studied are found to be 
distinguishable, making it possible to positively identify a monoterpene solely on the basis of its 
CID pattern [6]. 
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Abstract 
A compact FTICR mass spectrometer is used for real time chemical ionization analysis of 
complex mixtures, as exemplified by PTRMS analysis of the output of a plasma discharge 
developed for depollution. To complement proton transfer ionization, chemical ionization 
reactions targeted towards the detection of organic sulphides are presented.   

Introduction 
Real-time monitoring of complex mixtures is a crucial need for environmental and industrial 
analysis. When associated with a smooth and selective ionization technique, the transportable 
FTICR mass spectrometers based on permanent magnet recently developed in the LCP group are 
a promising tool in this respect. 

Use of FTICR brings specific advantages for mass detection: (i) mass resolution allowing isobaric 
separation, (ii) broad band detection: the whole mass range (10-400) can be monitored 
simultaneously. Since the ions are trapped in the ICR cell, this technique is very convenient for 
the use of chemical ionization: successive steps including mass selections, ion-molecule reactions 
can be performed inside the cell, allowing the use of a wide variety of reactant ions. Ion trapping 
also allows to perform kinetic studies so as to adjust the reaction time for chemical ionization.  

Two applications are presented here: (i) real time analysis of volatile organic compounds in air at 
the output of a plasma discharge reactor, using proton transfer reaction from H3O+, (ii) selective 
detection of sulfur organic compounds using reactant ions prepared from dimethylether.   

Real Time monitoring of a plasma reactor output 
Our small FTICR apparatus has been applied to real time monitoring of pollutants present in air at 
trace levels and to follow their degradation after passing through a depollution system developed 
in the LPGP laboratory in Orsay, using a cold plasma discharge (Figure 1). This plasma reactor 
has been developed because of its potential as an air cleaner system, degrading toxic VOCs 
whenever present. The chemical reactions occurring in the plasma result in the oxidation of VOC 
pollutants. We are able to follow the products formed and the extent of reaction in real time. 

The advantage of the plasma discharge method is its efficiency for treatment of dilute pollutants 
in air. To follow the degradation of a given organic molecule, this molecule is vaporised in air and 
carried to the discharge with controlled concentration and air flow.  
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Figure 1: view of the plasma reactor.  
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Figure 2:  Acetone yield as a function of energy deposited in the discharge for different 
values of the gas flow. Comparison with GC measurements.  
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The effluent gases are transferred to the FTICR cell where they react with H3O+ ions. PTRMS 
analysis of the effluent gases allows to identify reaction products at concentrations of a few ppm 
and to follow the dependence of product amount and distribution with discharge power and gas 
flow. Owing to mass resolution, molecular formulae of the protonated species are determined 
without ambiguity. Results obtained with different organic compounds as a function of the plasma 
reactor parameters will be presented. Two representative molecules were chosen : 2-propanol and 
2-heptanone. 
The degradation scheme of 2-propanol is simple and leads to acetone as the main product. Mass 
spectrometric determination of the acetone yield shows a good agreement with GC measurements 
(Figure 2). 
2-heptanone is representative of a class of odorous molecules contained in various foods. A more 
complex degradation scheme is observed, leading to carbonyl compounds with 1 to 4 carbon 
atoms. The vector gas composition has a determining influence on the nature of the products: in 
nitrogen, the detected ions are C3H7O+, C4H9

+ and C2H5O+. The reaction mechanisms in the 
discharge are under investigation. 

Investigation of chemical ionization reactant ions for detection of 
sulfur compounds  
A drawback of FTICR is its low dynamic range. Use of PTRMS in FTICR instruments is 
therefore difficult when the molecule of interest is present in very minor amount compared to 
other species undergoing proton transfer. For real-time monitoring of molecules in such cases, 
new specific chemical ionization reagents are being investigated.  

Organic sulphides are present at trace levels in many mixtures of natural or industrial origin such 
as petroleum derivatives. Since they are toxic and poison catalysts, they are undesirable and their 
presence needs to be carefully monitored. Sulphides are basic and very nucleophilic compounds, 
these properties can be used for their selective detection by chemical ionization.  

Electron ionization of dimethylether followed by ion-molecule reactions in the gas yields three 
major cations:  methoxymethylene A, dimethyloxonium B and trimethyloxonium C. 

CH3

O
CH2

+
CH3

O
CH3

CH3+
CH3

O
CH3

H
+

A B C  

These cations are easily obtained and mass-selected in the FTICR cell. Each of them was tested 
for its ability to transfer a proton or a methyl group to representative organic sulphides such as 
dimethylsulphide, dimethyldisulphide, thiophene, and carbon disulphide.  

Trimethyloxonium was unreactive towards sulphides, although it is an efficient methylating agent 
in solution. Dimethyloxonium effects fast proton transfer on all the sulphur derivatives tested, 
except carbon disulphide. As expected from its proton affinity it is more selective than H3O+. The 
reactivity of methoxymethylene consists mainly in methyl cation transfer. Although slightly 
slower than the preceding one, this reaction leading to (M+15) ion may be useful for sulphide 
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detection and identification. In the case of thiophene, methoxymethylene reacts through raw CH+ 
transfer (Figure 3). This reaction likely involves electrophilic substitution followed by methanol 
elimination.  
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Figure 3: Kinetic study of the reaction of methoxymethylene cation with thiophene at a 
9×10–7 torr pressure. The lines are fits according to pseudo-first order kinetics. 

 

The different reactions follow a clean first-order kinetics, as seen on Figure 3. This is a necessary 
condition for using them as chemical ionization reactions for quantitative measurements. The 
analytical potentialities of mass-selected ions from dimethylether are further studied.  

Conclusion 
Compact FTICR instruments associated with proton transfer ionization are well suited for 
quantitative analysis of mixtures of differently volatile compounds, for instance plasma 
degradation products of 2-heptanone. As shown with 2-propanol, this method gives quantitative 
results consistent with GC analysis. In addition it allows continuous sampling.  

Chemical ionization reactants complementing H3O+ are needed for detection of molecules which 
either are not protonated by  H3O+ or are present in very minor amount against other protonable 
compounds. In this respect, mass-selected ions from dimethylether show interesting reactivity 
towards organic sulfides.  



160  8. Contributed Papers (Posters)  

References 
[1] G. Mauclaire, J. Lemaire, P. Boissel, G. Bellec, M. Heninger, MICRA: a compact 

permanent magnet Fourier transform ion cyclotron resonance mass spectrometer, European 
Journal of Mass Spectrometry, 10, 155-162, (2004).  

[2] N. Blin-Simiand, P. Tardiveau, A. Risacher, F. Jorand, S. Pasquiers, Removal of 2-
heptanone by dielectric barrier discharges - The effect of a catalyst support, Plasma 
Processes and Polymers, 2, 256-262 (2005). 

[3] C. P. Burrows, Dimethyl ether chemical ionization, Mass Spectrometry Reviews, 14, 107-
115 (1995)  

 

 



 

Predicting Consumer Freshness Perceptions of Cakes 
by Using Descriptive Sensory Analysis and Headspace 
Volatile Composition 

Samuel Heenan1, Jean-Pierre Dufour1, Conor Delahunty1, Winna Harvey2 

1 Sensory Science Research Centre, Department of Food Science, University of Otago, 
Dunedin, New Zealand, jean-pierre.dufour@stonebow.otago.ac.nz   
 2 New Zealand Institute for Crop and Food Research Limited, Christchurch, New 
Zealand   

Abstract 
Different cake (n=13) types were assessed by descriptive sensory analysis and analysed for 
headspace composition by Proton Transfer Reaction Mass Spectroscopy (PTR-MS). Regular 
consumers (n=102) of baked products rated perceived freshness of six of the 13 cake products by 
evaluating sample odour. Freshness ratings were quantified using a Labeled Magnitude Scale 
(LMS), labeled with “not at all fresh” and “greatest freshness imaginable”. Partial Least Squares 
Regression (PLSR) was used to determine relationships between sensory attributes, volatile 
composition and consumer freshness perceptions. Five descriptive sensory attributes and six 
volatile compounds were positively correlated with the consumer freshness perceptions of cake 
odour. Using these PLSR models, consumer freshness judgments for the remaining seven cake 
samples assessed by descriptive sensory analysis and PTR-MS but not evaluated by the 
consumers, were predicted. 

Introduction 
The perceived freshness of baked products is one of the key determinants of acceptance. 
Consumers have a definite appreciation of what constitutes this freshness, based upon their 
individual experiences involving complex physiological and psychological processes. This 
perception is not easily described, particularly as it is likely to vary between different product 
types. Multivariate calibration can be applied to determine relationships between sensory 
characteristics defined and measured by a trained sensory panel and consumer perceptions, 
allowing the sensory characteristics associated with consumers’ perceptions of products to be 
identified [1, 2].  Moreover, linking trained sensory panel data and data from a rapid sensitive 
instrumental technique such as PTR-MS by PLSR has enabled relationships between sensory 
attributes and volatile composition to be determined [3-5]. By correlating sensory attributes and 
volatile composition with consumer freshness assessments, an objective understanding could be 
used to explain the freshness as perceived by consumers. PLSR models that relate sensory 
character and volatile composition to consumer freshness assessments may be used to determine 
consumer freshness measurements of products not assessed by consumers but analysed by 
descriptive sensory and headspace PTR-MS analysis.   

Experimental Methods 
Cake products were selected from local bakeries (n=13).  Six of the 13 cake products were 
presented in sealed brown glass bottles to regular cake consumers (n=102) balanced by age and 
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gender. Consumers removed the lid of these bottles, smelled the odour and rated freshness on a 
150 mm labeled magnitude scale (LMS) labeled from “not at all fresh” to “greatest freshness 
imaginable”. This scale was used to maintain the uniformity of the freshness measurement [6]. 
Prior to rating freshness a text was read aloud to create a context for assessment, which intended 
to evoke a more affective response. A trained sensory panel carried out descriptive sensory 
analysis of all products (n=13) in duplicate using a defined vocabulary of 22 attributes. The 
headspace volatile composition of each product (n=13) was measured using PTR-MS. Cake 
products in triplicate were weighed (100 g) into 1 L Schott Duran bottles and allowed to 
equilibrate at room temperature for 1 h. Bottles were connected to the PTR-MS inlet flow via 
Teflon 1/16 ” tubing. The headspace was sampled at a flow rate of 50 ml/min. Data was collected 
over a mass range of m/z 20 to 180 using a dwell time of 0.2 s per mass. This cycle was repeated 
5 times per sample. Mass ion intensities were recorded in concentration (ppb). Analysis of 
variance (ANOVA) was carried out on cake products’ (n=6) mean freshness ratings from 
consumer testing. With data from the six cakes evaluated by consumers, PLSR1 was applied to 
create three different models relating sensory attributes from descriptive analysis to consumer 
ratings of freshness [Model 1], volatile composition to consumer rating of freshness [Model 2] 
and simultaneously sensory attributes and volatile composition to consumer rating of freshness 
[Model 3]. Attributes and mass ions that contribute little information were removed from the 
models. Optimum models were selected based on root mean square error of prediction (RMSEP), 
which showed average uncertainty expected when predicting consumer freshness. These models 
were used to predict freshness of seven additional products.                
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Predicted [Model 2] 

Freshness Butter Angel Semolina Madeira Wholemeal Shortbread 1 2 3 4 5 6 7
Measured consumer 39.1 23.2 24.8 42.8 29.5 40.7 - - - - - - -
Predicted [Model 1] 39.1 21.5 27.5 38.6 30.3 42.9 38.4 42.7 45.3 46.9 25.3 43.7 44.9

40.2 23.4 24.0 41.3 30.1 40.9 29.4 27.6 29.7 30.5 30.6 31.4 34.1

Calibration = 0.95
Validation = 0.71 
RMSEP = 6.18 

Calibration = 0.99
Validation = 0.94 
RMSEP = 2.75 

 
Figure 1:PLS1  positive and negative loadings between sensory attributes (a) and 
volatile compounds (b) associated with consumer freshness ratings and PLS1 models 
(c) indicating measured consumer freshness ratings and predicted consumer freshness 
ratings    
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Freshness Butter Angel Semolina Madeira Wholemeal Shortbread 1 2 3 4 5 6 7
Measured consumer 39.1 23.2 24.8 42.8 29.5 40.7 - - - - - - - 
Predicted [Model 3] 39.6 23.3 24.6 42.6 29.5 40.3 31.2 35.5 35.7 40.6 29.2 32.4 37.5
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Figure 2: PLS1 analysis showing a biplot of the correlation between sensory data, 
compound mass concentration and consumer freshness ratings for 6 cakes. Shown are 
predicted versus measured freshness using PLS models with calibration, validation 
coefficients and RMSEP   

Results & Discussion  
Consumers significantly (F(5,464) = 16.661; p<0.05) discriminated freshness differences between 
cake (n=6) types by odour evaluation.  

Eleven sensory attributes [Model 1] and thirteen mass compounds [Model 2] were correlated with 
consumer freshness ratings. Calibration coefficients (strength of the current models) were ≥ 0.95, 
while the validation coefficients (ability to predict new products) were ≥ 0.71 and RMSEP values 
range from 2.75 - 6.18 for both sensory and volatile composition data indicating models all had 
good predictive power (Figure 1). Fresh cake could be described as having a vanilla, caramel, 
sweet, buttery, fat odour, whilst least fresh cake was depicted as having coconut, toasted, grain, 
bitter, burnt odour (Figure 1a). PTR-MS analysis distinguished cake differences by their volatile 
composition and enabled correlations of specific mass ions associated with cake freshness. Fresh 
cake odour was associated with mass ions tentatively attributed to 3-methylbutanal, diacetyl, 2,3-
methylbutanal, furfural, 2-furanmethanol, heptadienal, 2-acetylfuran, ethylbutyrate [7-9]. By 
simultaneously relating sample volatile composition and sensory character (X variables) to 
consumer freshness (Y variables) [Model 3] a biplot could be created to visually represent relative 

Calibration = 0.99 
Validation = 0.92 
RMSEP = 3.27

X-expl:52 %, 14 % Y-expl: 93 %, 5 % 
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differences between cake freshness. Freshest cakes were Madeira, butter and shortbread. Sensory 
attributes and volatile compounds associated with freshness is shown in Figure 2.   

Predicted freshness appeared valid for 3 of the 7 additional baked cakes when comparing sensory 
[Model 1] and volatile composition [Model 2]. Additional cakes 2, 3, 4 and 6 displayed a high 
level of variation in predicted freshness when comparing [Model 1] and [Model 2], which may be 
the result of different sensory character or volatile composition unaccounted for in the original 6 
cakes evaluated by the consumer. Less variation in predicted freshness was observed between 
[Model 2] and [Model 3].  

Conclusion  
Relating consumer freshness judgments to sensory descriptive analysis and volatile composition 
enabled an objective understanding of cake freshness. This approach clearly showed specific 
sensory characteristics and volatile compounds that were associated with the freshest cake’s 
odour. PTR-MS headspace analysis displayed less variation in the predicted freshness when 
comparing with predictions made simultaneously with sensory attributes and volatile 
composition.  
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Abstract 
Continuous one-year-long PTR-MS measurements of benzene and toluene (and other volatile 
organic compounds; VOCs) were carried out alongside the alpine Inn valley A12 motorway in 
Tirol, Austria. Due to the measurement site’s close proximity to the motorway, VOCs in the 
surrounding air are predominantly of anthropogenic origin, i.e from traffic-related emissions. 

Data collected provided varied information about the VOC content of the local air at different 
times of the year, including details of annual variations in the toluene/benzene ratio. The 
toluene/benzene ratio here was observed to sink from 2:1 in the summer to 1:1 during wintertime. 
This changing ratio correlates well with the local ambient temperature and suggests that the 
summertime toluene source is stronger than that of benzene, which may be explained by 
temperature-dependent differences in evaporative losses of these two compounds. Such a result 
could have strong implications for atmospheric chemistry where the age of an air mass could be 
falsely determined if only a fixed fresh-emission toluene/benzene ratio of 2:1 is assumed.  

Introduction 
The ongoing discussions in Tirol about local air quality are especially fuelled by the abundant and 
ever increasing number of vehicles using the main motorway (the A12) through this region. Due 
to the mountainous landscape dilution of polluted air is restricted, resulting in especially high 
concentrations from traffic-related emissions on days with stable weather conditions (i.e. when 
there is restricted vertical dilution). In order to monitor and assess the air quality in Tirol a 
number of measurement sites have been established by the Tirolean government to routinely 
monitor certain compounds, including CO and NOx (NO+NO2), and meteorological parameters, 
e.g. ambient temperature. One of these sites is located directly alongside the A12 motorway in 
Vomp, where this study took place between February 2004 and May 2005.  

The aim of this investigation was to study the annual variations of several VOCs and to determine 
the relationships between their source strengths (e.g. traffic numbers) and sinks (e.g. OH radicals, 
driven by meteorology). The results presented herein build on previous interpretations and 
discussions of seasonal VOC fluctuations studied at this location [1, 3, 10, 11].  

Experimental Methods 
This investigation took place within the Inn valley near the small town of Vomp (Tirol, Austria). 
The monitoring site is situated only a few metres from the A12 carriageway, making it ideal for 
immediate vehicle emission detection.  
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A PTR-MS instrument [5] was set up at this location for continuous detection of key organic 
compounds (including benzene and toluene) in the air near the motorway. The heated inlet, which 
was elevated approximately 4 m above ground level, was capped by a particulate filter and set up 
with a constant ambient air flow of 2 l min-1 to the PTR-MS. Measurements were carried out with 
continuous mass scans from m/z 20+ to 200+ amu, with each cycle lasting ca. 6 min. Routine 
measurements of CO were made using a Horiba APMA 360 Ambient CO Monitor (these 
measurements were discontinued at the end of 2004). NOx was measured with a Horiba APNA 
360 Ambient NOx Monitor (using cross flow modulation type, reduced pressure 
chemiluminescence [CLD]).  

Results & Discussion 
A comparison between VOC levels on working days and on Sundays and public holidays showed 
that NOx levels are lower on days when heavy duty vehicles (HDVs) are banned from the 
motorway. In contrast, concentrations of CO and aromatic compounds (e.g. benzene and toluene) 
remain constant throughout the week. Since most HDVs run on diesel fuel this suggests that NOx 
is primarily emitted by diesel engines whereas the aromatics and CO come mainly from petrol 
engines associated with light duty vehicles (LDVs), which is in agreement with the results of an 
earlier study at this location [1]. Furthermore, comparison of benzene volume mixing ratios 
(VMRs) with those of CO reveal a linear relationship (see figure 1a), indicating that both 
compounds at this location must arise from the same source, again principally from LDV traffic. 

 
Figure 1: Correlation of a) CO vs. benzene and b) toluene vs. benzene (daily mean values, 
with linear data fits). 

 

The aromatic compounds toluene and benzene are often observed to have a ratio of 2:1 
(toluene/benzene) for fresh emissions [e.g. 6, 7]. This is clearly seen in these data (see figure 1b) 
but is only true during summertime, when the ratio is twice as high as that in winter (1:1) (as has 
also seen in other studies [7]). This varying ratio may arise for several reasons. Firstly, it is very 
unlikely to result from a change in petrol composition from summer to winter fuel, since the 
maximum amount of benzene and other aromatics in the fuel are both regulated and restricted [4] 
and generally have a liquid fuel toluene/benzene ratio of 5:1 [e.g. 6]. Increased benzene levels 
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arising from catalytic processes in the vehicle exhaust system are likely to be partly responsible 
for the ratio discrepancy between liquid fuel and gas-phase emissions of toluene and benzene: A 
new study on 3-way automobile catalysts [2] has shown that these devices induce benzene 
formation, i.e. by cracking higher aromatics, meaning that benzene is the predominant aromatic 
compound emitted from modern exhaust pipes. However, this fails to explain the summer-winter 
shift in the gas-phase toluene/benzene ratio and suggests that toluene must have another strong, 
temperature-dependent source in the summer. A previous study has shown that several 
components of fuel permeate through and evaporate out of the fuel-tank-to-engine lines 
differently with varying temperature [9]. Indeed, even though benzene is more volatile than 
toluene, the proportion of benzene coming from evaporative losses should remain fixed because 
the toluene/benzene ratio in the fuel itself remains approximately constant at 5:1 [6, 7].  

A comparison of the toluene/benzene ratio with ambient temperature during nighttime (when the 
lifetime for toluene is increased due to reduced OH radical concentrations) (see figure 2a) reveals 
a relationship that is very similar to the vapour pessure curve of toluene (see figure 2b). This leads 
to the conclusion that toluene is most likely strongly emitted as temperature-dependent 
evaporative losses, resulting in higher levels with respect to benzene during summertime 
compared to winter. 

 
Figure 2: The toluene/benzene ratio (daily mean values from 23:00 to 05:00 CET for the 
whole year) vs. ambient temperature (2a) bears a strong resemblance to the calculated 
vapour pressure curve of toluene (2b). 
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Abstract 
Plants are exposed to increasing levels of atmospheric ozone [1]. Trees, in particular in urban 
areas, are able to capture ozone from the air [2], and BVOC (Isoprene and monoterpenes) 
produced by plants should have a protecting role against oxidative stress [3]. We have 
investigated  weather ozone uptake by plants emitting monoterpenes or isoprene enclosed in a 
tank reactor, and exposed to 45-210 ppb ozone, is associated to stomatal opening, and to ozone 
detoxification mechanisms, namely to the scavenging activity of BVOC. Isoprene-ozone reaction 
products (methacrolein and methyl-vinyl-ketone) were also measured.  Light, temperature and 
CO2 were controlled to modulate stomatal opening, ozone uptake, and emission of BVOC. In all 
plant species the stomatal flux of ozone was directly proportional to the stomatal conductance. 
However, ozone uptake was higher than expected on the basis of stomatal uptake in the 
monoterpene-emitting species (e.g. Quercus ilex), indicating that monoterpenes may effectively 
remove ozone in gas phase reactions in the leaf mesophyll.  
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Abstract 
Field observations of certain aerosol compounds, i.e., diastereoisomeric 2-methyltetrols and 
2-methylglyceric acid, attributable to isoprene oxidation, and the experimental observation that 
isoprene under highly acidic conditions can lead to the formation of oligomeric, humic-like 
substances through heterogeneous reactions, re-opened the issue of secondary organic aerosol 
(SOA) formation from isoprene. In this context, a recent laboratory chamber study demonstrated 
that oligomeric, humic-like substances, i.e., organosulfates, are formed from the photooxidation 
of isoprene in the presence of sulfate seed aerosol [1]. In the present study, liquid 
chromatography/electrospray ionization-mass spectrometry (LC/ESI-MS) was used to examine 
the presence of organosulfates from the photooxidation of isoprene in PM2.5 aerosol samples 
collected at K-puszta, Hungary, a mixed deciduous/coniferous forest site, during a 2003 summer 
field campaign. A motivation for examining these samples was that relatively high atmospheric 
concentrations of isoprene SOA compounds, i.e., 2-methyltetrols and 2-methylglyceric acid, were 
measured in a previous study [2]. 

For LC/ESI-MS analysis, an LXQ linear ion trap instrument (ThermoElectron) was used in the 
negative ion mode. Aerosol samples collected on quartz fiber filters were extracted with 
methanol. The extract residues were analysed without prior sample purification. LC separation 
was achieved with a Waters dC18 Atlantis column. 

Organosulfates were identified on the basis of a m/z 97 ion [HSO4
–] in their [M – H]– product ion 

spectra. Organosulfates from the following isoprene SOA products could be characterized: 
2-methyltetrols, 2-methylglyceric acid, and 2-methyltetrol mono-nitrates. The 2-methyltetrols and 
2-methyglyceric acid show one early eluting, tailing peak, while the 2-methyltetrol mono-nitrates, 
which are more hydrophobic, reveal five later-eluting resolved peaks. Experiments are in progress 
to improve the LC separation of the very hydrophilic organosulfate isoprene SOA compounds.  

In addition to organosulfates from the photooxidation of isoprene, organosulfates of 
hydroxycarboxylic acids could also be identified, i.e., malic and tartaric acid sulfates, which have 
similar hydrophilic properties as the organosulfates of 2-methyltetrols and 2-methylglyceric acid. 
The atmospheric volatile organic compound precursor of malic and tartaric acid organosulfates in 
ambient PM2.5 aerosol is at present unclear.   
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Abstract 
The goal of this project was the development of a monitoring solution for dimethylsulfate in a 
chemical plant. This is the first approach to a new market for PTR-MS applications as a real-time 
continuous monitoring instrument. To achieve the customer’s needs it was necessary to develop a 
customized solution that included hardware and software modifications. 

The three key features of this solution were as follows: 

1. Automatic set-up and optimization of the compact PTR-MS instrument 

2. Calibration of the instrument for the VOC of interest (in this case dimethylsulfate) 

3. Real-time sampling at twelve different points in the chemical plant 

To meet these needs an extra rack was added to the compact PTR-MS instrument to house the 
additional valves and the calibration gas bottle. The long distance between the twelve sampling 
points (five to 50 meters) required the use of an additional membrane pump to keep the response 
time of the PTR-MS fast enough to meet the customer’s requirements. To sample the different 
positions twelve 3-way valves are controlled by separate digital outputs that have been added to 
the RS232 server built-in to the PTR-MS. Additional three valves are used to allow for an 
automatic set-up and calibration procedure, which are also controlled by the extra digital outputs.  

At the current development stage the system is only being used to monitor the dimethylsulfate 
level within certain ranges. A lower alarm level for the dimethylsulfate concentration is set to 5 
ppbv, and an upper level is at 50 ppbv. Although the actual solution is tailored for this compound 
it would be easily possible to extend the solution to monitor up to 60 compounds continuously.  

Currently the following procedures are foreseen: 

Start-up of the instrument followed by an optimization and calibration check using the built-in 
calibration gas bottle. Previous calibrations are compared to the current for any significant 
changes in the performance that could lead to inaccurate monitoring results. After a successful 
performance check the instrument switches to sampling mode. In this mode all twelve different 
points are sampled for a preset sampling time, which is currently set to five seconds. The main 
monitoring screen shows a separate graph for each of the twelve sampling lines. The two alarm 
levels are also shown in the graph. A dimethylsulfate level higher than 5 ppbv gives a yellow 
colored alarm on the control screen. The 50 ppbv level displays a red colored alarm on the screen, 
which is coupled to an acoustic alarm via a digital output on the instrument.  

The software package to monitor this system is specifically tailored to make the operation as 
simple as possible. Instrument-specific adjustments can only be done via a password protected 
service mode in the software. For experienced users and for error checking all other PTR-MS 
control and the Quadstar software features are still available. 
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Abstract 
We present first results of fluxes of biogenic VOC emitted from the vegetation at a sub-arctic 
wetland in northern Sweden, measured using the disjunct eddy covariance (DEC) technique with  
a Proton Transfer Reaction-Mass Spectrometer (PTR-MS) as scalar sensor.  

Introduction 
The quantity and environmental regulation of biosphere-atmosphere exchange of biogenic volatile 
organic compounds (BVOC) is still virtually unknown on ecosystem level, particularly in the high 
northern latitudes – systems that are likely to experience warming, permafrost melting and 
changes in vegetation distribution in the coming decades. We analyse the seasonal variation of 
BVOC  (e.g., isoprene, acetone) fluxes from a sub-arctic wetland in northern Sweden (68°21’ N, 
18°49’ E), using the disjunct eddy-covariance technique (DEC). DEC combines fast 
measurements of a range of BVOC by proton transfer reaction mass spectrometry and high-
frequency data from a sonic anemometer. The flux derived from this method represents net 
emission of BVOC for a homogeneous footprint area of usually about 200 m². The initial analysis 
concentrates on the short but intense growing season; the ecosystem data can be compared with 
chamber measurements and modelling approaches for VOC emissions to investigate the processes 
underlying the observed emission flux. 

Experimental Methods 

Field site 
The Stordalen field site is a typical sub-arctic mire located in northern Sweden, c. 10 km east of 
Abisko, and about 200 km north of the Arctic Circle. The annual mean temperature in Abisko 
(1913-2003) is –0.7°C,  annual precipitation is about 300 mm. The warmest month is July with a 
mean temperature of +11°C. The vegetation period at Stordalen is very short and begins after 
snowmelt in June, senescence of the vegetation starts in September with first snow falls usually 
experienced by the end of this month. 

The site at Stordalen is a homogeneous flat terrain with a sufficient fetch (>200 m) for flux 
measurements using Eddy Covariance (EC) methods. The mire is surrounded by birch forests and 
lakes. Close to the measurement tower the vegetation was dominated by Eriophorum 
angustifolium and Carex rostrata that reached a maximum height of 0.5 m.  
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Instruments 
A sonic anemometer (Metek USA-1; Metek, Elmshorn, Germany) was mounted on a mast on the 
mire at a measuring height of 2.95 m above ground level. The tube inlet for the VOC 
concentration measurements was located directly under the scanning volume of the anemometer, 
air passed through a Teflon tube to a PTR-MS (Ionicon, Innsbruck, Austria) that was operated in 
a small trailer, located 12 m from the tower; air flow from the heated inlet was set to 20 l/min. A 
sub-sample of 0.3 l/min was taken from the inlet flow and analysed by the PTR-MS. A time lag of 
4.6 s between anemometer and PTR-MS data was determined by cross correlation of vertical 
wind (w) and VOC concentrations, and has been considered during data analysis. 

The drift tube pressure (pdrift) of the PTR-MS was kept at 2.2 mb and the drift tube was heated to 
Tdrift=60°C, this led to a kinetic energy of E/N=130 Td inside the drift tube. During the vegetation 
period, the PTR-MS was operated with several different measurement sequences scanning for 
different sets of VOC components, among others Methanol (m33), Acetaldehyde (m45), Acetone 
(m59) and Isoprene (m69), with dwell times up to a maximum of 0.5 s each. 

Flux calculations 
To calculate fluxes of VOCs based on the quasi-continuous high frequency (20 Hz) vertical wind 
speed and the relatively slow, discontinuous measurements of VOC concentration, disjunct eddy 
covariance (DEC) techniques were used. For each VOC included in the measurement sequence, 
only at N discrete, short time intervals i of length τ (dwell time), measurements of the VOC 
concentration c are available. For this disjunct data set, a synchronized sub-sample of the 
continuous vertical wind data w was used and the resulting flux Fc was calculated according to  

( ) ( )iciw
N

F
N

c ′⋅′= ∑
1

1
, 

 where w’ and c’ are the instantaneous deviations from the mean values of w and c of the sub-
sample [1].  

Results 
To characterize the footprint area of the VOC fluxes measured, the distance of the maximum 
contribution of the measured fluxes was calculated according to Schuepp et al. ([2], Fig. 1a) for 
stable and instable conditions. In Fig. 1b, the maximum distance that contributes to the measured 
flux is given [3]. At the Stordalen site, this distance lies within the homogeneous fetch even under 
stable conditions. 

Fig. 2 shows a comparison of the sensible heat flux H, calculated from the full set of high-
frequency data (20 Hz; Hfull) and the disjunct sensible heat flux Hdisjunct, derived from the sub-
sample of disjunct data from measurements of Acetaldehyde (m45), Acetone (m59) and Isoprene 
(m69). The regression analysis gave high coefficients of determination (R² about 0.9), but Hdisjunct 
based on the limited data set was about 10% less than Hfull. This was caused by neglecting 
smaller, high-frequency eddies due to the longer integration times of the PTR-MS measurements 
compared to the sonic anemometer.  
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A typical episode (20/8-27/8/2006) of measured fluxes of sensible heat H and Isoprene from the 
sub-arctic mire at Stordalen is presented in Fig. 3. During day time, the fluxes of sensible heat H 
and Isoprene were highest, but not well correlated, with isoprene reaching it's daily maximum 
about 3 h after H. During night time, as can be expected, isoprene fluxes were zero. 

 
Figure 1: Footprint of the site at Stordalen according to (a) Schuepp et al. (distance of maximum 
contribution of measured flux) and (b) Wilson & Swaters (maximum distance that contributes to 
the flux) for stable and unstable conditions, calculated using data from 20/08 to 30/08/2006.  
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Figure 2: Comparison of the sensible heat flux H, calculated from the full data set and from the 
disjunct data sets of the measurement of Acetaldehyde (m45), Acetone (m59) and Isoprene (m69) 
in the period 20/08 to 31/08/2006 at the Stordalen site.  
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Figure 3: Measured fluxes of Isoprene (m69) and sensible heat H at a sub-arctic wetland site in 
northern Sweden during an episode in August 2006 (20/8, 12 utc to 27/8, 12 utc).  

Discussion 
First data of VOC fluxes measured at a sub-arctic wetland in northern Sweden using disjunct eddy 
covariance methods have been presented. The footprint area of the flux tower was found to be 
relatively small even under stable conditions and a comparison of high-frequency heat fluxes with 
disjunct heat fluxes showed only little underestimation of fluxes due to neglecting small eddies. 
The fluxes of BVOC measured at Stordalen will be compared to BVOC leaf-scale and chamber 
measurements, and they will provide an extensive data set for the development and validation of 
VOC emission models.  
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Abstract 
The goal of the study is to develop a method to qualitatively and quantitatively detect 
Deoxynivalenol, Aflatoxin, Zearaleon, Ochratoxin A and Toxin T2 in cereals using a Proton 
Transfer Reaction Mass Spectrometer (PTR-MS) as a tool for fast quality control. 

The first part of the study comprises the investigation of seven maize samples and one rye sample 
of different qualities (in terms of containing different amount of toxins). Six samples with 
Deoxynivalenol only, one with Deoxynivalenol, Zearaleon and Ochratoxin A and one containing 
all five toxins were used to check the ability to measure the Mycotoxin markers and to verify the 
correlation with HPLC measurements. For the measurements 6g of each sample were prepared in 
a 20 ml vial and heated up to a temperature of 80°C. After equilibration zero air was used to flush 
the vial with a flow of 60 ml/min. In between each sample zero air was used to monitor the 
background of the instrument.  

First results show that it is possible to detect Deoxynivalenol in cereals at pptv levels. Other 
Mycotoxin markers could not be detected due to the extremely low concentrations and/or possible 
breakups. Results correlate with the previous HPLC measurements. Quantitative measurements 
and classification of the samples in “good” or “bad” needs a detailed study of all pure compounds 
and measurements of “good” and “bad” samples with known contamination of Mycotoxins. 
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Future plans: 

• Determination of breakup patterns and sensitivity of the PTR-MS for all relevant 
Mycotoxins.  

• Determination of the best experimental setup conditions for the measurements of 
cereals.  

• Exact correlation of the head space concentration with the contamination of the cereals 
determined by HPLC analysis.  

• Verification of the ability to analyze the contamination of cereals directly at the 
transport containers. 
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Abstract 
Two types of ion sources based on hollow-cathode discharge were newly developed for soft and 
selective ionization of VOCs to couple with a proton transfer reaction time-of-flight mass 
spectrometer (PTR-TOFMS). By using an H2O/[rare gas] discharge ion source, an ion drift tube 
can be operated at the field strength (E/N) of 33–46 Td at normal operating condition of reagent 
ions (H3O+) density. We found that the low E/N ratios in the drift tube greatly suppressed 
fragmentation for methyl nitrate. Possibility of a two-stage PTR ionization source to generate 
different reagent ions from H3O+ was examined using acetone, which was used as a reagent VOC1 
for the first-stage PTR. A single peak of protonated acetone, (CH3)2CO•H+, was observed at the 
intensity comparable to that of the protonated water clusters (i.e., H3O+•(H2O)n=0,1,2). The second-
stage PTR from (CH3)2CO•H+ took place in the presence of VOC2, proton affinity of which was 
larger than that of acetone in sample air.  

Introduction 
Proton transfer reaction mass spectrometry (PTR-MS) is a technique that enables us to perform 

rapid analyses of volatile organic compounds (VOCs) with low detection limits [1,2]. PTR 
ionization is known as a soft ionization method that predominantly produces protonated 
molecules, however, fragment ions are sometimes observed. The PTR-MS technique provides 
only information on the mass-to-charge ratio, m/z, of ions produced by PTR ionization. This 
sometimes complicates the assignment of the ion signals, and requires a careful identification of 
the chemical species involved [3]. The fragmentation is caused mainly by the large kinetic 
energies for the protonation reactions, and in some cases by large excess energies of the 
protonation reactions. Commercial PTR-MS instruments are typically operated at field strength, 
E/N, of the ion drift tube of between 120 and 140 Td in order to minimize H3O+•(H2O)n clusters 
[1]. In particular, the primary ion, H3O+, is expected not to exist in the drift tube under the E/N 
condition with less than 80 Td [4].  

In the present work, two types of ion sources based on hollow-cathode discharge were newly 
build and characterized for the soft and selective ionization of VOCs to couple with a proton 
transfer reaction time-of-flight mass spectrometry (PTR-TOFMS), recently developed in our 
laboratory [5,6].  One is an H2O/[rare gas] discharge ion source that made it possible to operate at 
E/N of the drift tube in the range 33-46 Td and to keep amounts of H3O+ in the drift tube 
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predominant [7]. The other is a two-stage PTR ion source that selectively produces reagent ions, 
VOC1•H+, at the first stage by the proton transfer reaction of primary ions, H3O+ with VOC1. If 
VOC2 that has a larger proton affinity (PA) than that of VOC1 is contained in a sample, the 
second PTR ionization occurs to produce VOC2▪H+ ions with smaller excess energies of the 
protonation reaction than those of the protonation reaction of H3O+ with VOC2 [8]. 

Experimental Methods 
The instrument used in the present work has a hollow-cathode ion source coupled with a drift 

tube and an orthogonal time-of-flight mass spectrometer. The detailed instrumental setup has been 
described elsewhere [5,6]. Briefly, the combination of an ion source and drift tube consists of 
seven stainless-steel electrodes (ED1–ED7), an inlet lens (IL), and an orifice plate (OP) separated 
by static dissipative Teflon cylinders. Adjoining electrodes are connected by resistances, and high 
positive voltages are applied to the electrodes from ED1 to ED7 by a common direct current 
power supply. The voltages of the IL and the OP are controlled independently. The region from 
ED1 to ED3 acts as the ion source. 

At normal operation, H2O taken from the vapor pressure over distilled water was directed into 
the ion source as a reagent gas. Reagent ions (H3O+) and a small amount of H3O+•(H2O)n=1,2 
clusters, generated in the ion source, were introduced into the drift tube and react with VOCs in 
sample gases that were introduced from a sampling port located beneath the ion-source region. 
The pressure of the drift tube was maintained at 5 Torr. The product ions from the proton transfer 
reaction, together with residual reagent ions, were ejected into an orthogonal time-of-flight mass 
spectrometer and then analyzed.  

At the operation with an H2O/[rare gas] discharge ion source, water vapor was introduced into 
the drift tube by bubbling with a carrier of rare gas. On the other hand, a new sampling port was 
attached between ED4 and ED5 at the operation with a two-stage PTR ion source. Sample was 
introduced from this second port and a reagent VOC was introduced from a port between ED3 
and ED4. All mass spectra shown here were accumulated during 60 s at a repetition of 10 kHz 
(i.e. 6×105 scans). 

Results and Discussion 

H2O/[rare gas] discharge ion source 
Figure 1 shows the comparison of the results obtained at the operation using an H2O/[rare gas] 

discharge ion source with those at the normal operation. Results using Argon as a carrier gas were 
shown. First of all, the intensity of H3O+ at E/N = 40 Td was comparable to that at E/N = 100 Td 
and the difference in the distributions of H3O+ and H3O+•(H2O)n=1,2 was not significant. Mass 
spectra of methyl nitrate obtained at each condition were shown in Figs. 1b and 1d. Signals of 
protonated methyl nitrate (M•H+, m/z 78) were quite small compared with those of fragment ions, 
NO2

+ (m/z 46) at the normal operation [9]. Using this new ion source, the peak of protonated 
methyl nitrate become significantly intense compared with that of NO2

+. Although total product 
ion counts become one eighth less than those at the normal operation, ion counts at protonated 
methyl nitrate become seven times larger than those at the normal operation. This will provide the 
selective detection of methyl nitrate. In addition, the detection sensitivity of acetone improved 



182  8. Contributed Papers (Posters)  

approximately twice likely because the reaction time becomes longer. Similar results were also 
obtained using other carrier rare gases such as He, Ne, and Kr [7]. 

 

 
Figure 1: (a) Background and (b) sample mass spectra of methyl nitrate at normal 
operation with H2O discharge ion source. (c) Background and (d) sample mass spectra of 
methyl nitrate at operation with H2O/Ar discharge ion source.   

 

 
Figure 1: (a) Background and (b) sample mass spectra of methyl nitrate at normal 
operation with H2O discharge ion source. (c) Background and (d) sample mass spectra 
of methyl nitrate at operation with H2O/Ar discharge ion source.   
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Figure 2: (a) Background and (b) sample mass spectra of ethyl acetate at normal 
operation. (c) Background and (d) sample mass spectra of ethyl acetate at operation with 
two-stage PTR ion source using acetone as a reagent VOC. (e) Background and (f) 
sample mass spectra of toluene at normal operation. (g) Background and (h) sample 
mass spectra of toluene at operation with two-stage PTR ion source using acetone as a 
reagent VOC.   

 

Two-stage PTR ion source 
The mass spectra obtained at the operation with a two-stage PTR ion source using acetone (PA = 
812 kJ/mol [10]) as a reagent VOC1 are shown in Figure 2. A single peak of (CH3)2CO•H+ was 
observed at m/z 59 by the first-stage PTR ionization as shown in Figs. 2c and 2g. The intensities 
of (CH3)2CO•H+ were as much as those of H3O+•(H2O)n=0,1,2. Two VOCs, ethyl acetate and 
toluene, PAs of which are 836 and 784 kJ/mol, respectively [10], were introduced as a sample 
VOC2. The second PTR ionization occurred for ethyl acetate to produce ptotonated molecules  
(M•H+, m/z 89) with fragment ions at m/z 61. Intensities of these ions were the same as those 
obtained at the normal operation (Fig. 2b vs. Fig. 2d), suggesting that the fragmentation is caused 
not by excess energies of the protonation reactions in this case. On the other hand, the second 
protonation did not occur in the case of toluene because the PA of toluene is less than that of 
acetone. Other reagent VOCs besides acetone were also examined [8]. By choosing an 
appropriate reagent VOC1, this technique can distinguish VOCs having same molecular weight 
but different PA. 
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Introduction 
There are two main advantages of PTR-MS measurements for atmospheric species. (1) High 
frequency measurement. (2) Oxygenated VOC (OVOC) can be detected. OVOCs (alcohol, 
aldehyde, ketone etc.) have high polarity and are difficult to be measured by GC method. 
Aldehyde is an important species in both urban and rural atmospheric chemistry. It is emitted 
directly from sources (car exhaust etc.) to the atmosphere, especially in urban area. Also aldehyde 
is produced by photochemical reactions. Aldehyde is usually trapped by DNPH cartridge and 
analyzed by HPLC. It is hard work to analyze large amount of samples for short time resolution. 
Now PTR-MS can measure aldehyde automatically in high time resolution and large data set of 
aldehyde is available. It will be interesting to know the contribution of direct emission and 
photochemical production of aldehyde in urban atmosphere.  

Experimental Methods 
Urban atmospheric measurement were conducted during 2004 in the campus of Tokyo 
Metropolitan University, where is about 30km west of Tokyo city center. For each season, 
intensive measurements were conducted for about 5 days. VOC were measured by PTR-MS, and 
GC-FID method (sampled one hour interval during daytime). CO, O3, SO2, NOx/NO, and RO2 
radical were also measured. The results obtained by PTR-MS were calibrated by the results of 
GC-FID method for the species detectable by GC-FID [1]. Other species like OVOCs including 
acetaldehyde were calibrated using standard gas. Formaldehyde can be detected by PTR-MS, but 
the influence of water in the atmosphere will be large [2]. For rough estimation, the relative signal 
variation of formaldehyde (m/z=31) was trusted and the concentration was calibrated by the 
typical formaldehyde/acetaldehyde ratio in Tokyo area.  

Results and Discussion 
The typical anthropogenicaly emitted species like toluene showed higher concentration during 
nighttime and lower concentration during daytime because of the stability of the surface air. On 
the other hand, aldehyde showed higher concentration during daytime and lower concentration 
during nighttime. Also aldehyde concentration was higher during summertime and lower during 
wintertime.   

The contribution from anthropogenic and photochemical production of acetaldehyde 
concentration was estimated. CO was used as the indicator of the anthropogenic emission and O3 
was used as the indicator of photochemical production. From the correlation plot of acetaldehyde 
and CO during nighttime, direct emission factor (α) was determined for each season. Then 
Δacetaldehyde ([observed acetaldehyde] – α ·[CO]) and O3 was plotted for daytime and the 
photochemical production factor (β) was determined for each season. In this way, estimated 
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acetaldehyde can be deduced by CO and O3 concentration ([Acetaldehyde]estimated = α·[CO] 
+β·[O3]). In figure 1, CO, O3, observed acetaldehyde, and estimated acetaldehyde during 
summertime are shown. The observed and estimated acetaldehyde concentrations show good 
agreement.  

Using the CO and O3 data, the contribution of acetaldehyde anthropogenic emission and 
photochemical production were estimated for each season. The contributions of photochemical 
production during daytime are 32% (spring), 29% (summer), 26% (fall), 16% (winter). It is 
reasonable trend that higher photochemical production during spring and summer and lower in 
winter. In similar way, the contribution of photochemical production of formaldehyde was 
estimated.  

 
Figure 1: CO and O3 concentrations in summer (Top). Observed acetoaldehyde concentration is 
compared with estimated acetaldehyde concentration from CO and O3concentrations.  
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Abstract 
The accepted relation for the concentrations of trace gases in the drift tube of a PTR-MS, [R], is 
not correct since it does not account for the different drift velocities of primary ions and 
protonated trace gases. The correct relation must include the ratio of the drift velocity of primary 
ions and the drift velocity of protonated trace gas, which can be significantly different from unity. 
The ratio of drift velocities disappears when expressing [R] in terms of the current densities. The 
noticed error might be just a formal one as long as the ratio of ion currents into the quadrupol 
mass spectrometer (QMS) of the PTR-MS equals the ratio of ion current densities near the end of 
the drift tube. If, however, the ratio of ion currents into the QMS is partly determined by the ratio 
of concentrations near the end of the drift tube, the error affects the established method for 
determining the transmission of the QMS and the calculation of concentrations from the measured 
count rates. Here we show the correct relation for the concentrations in the drift tube and discuss 
potential implications.  

Introduction 
Trace gas concentrations can be calculated from PTR-MS signals using measured count rates and 
the measured transmission of the QMS. These calculations are based on the well established 
formula for the concentrations in the drift tube [1], [2] 
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where [Ri] and [RiH+] and are the concentrations of the non-protonated and protonated trace 
gases, [H3O+] the concentration of the primary ions, ki the reaction rate constant and t the reaction 
time. Unfortunately, the derivation of eq. (1) is apparently based on the equation  
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where the concentrations refer to a gas parcel which is moving through the drift tube. Eq. (2) 
would be correct if H3O+ and RiH+ were at rest or if they were moving with the same drift 
velocity. However, the drift velocities of RiH+ are actually much lower than the drift velocity of 
H3O+. Hence, the increase of ∑[RiH+] is higher than the decrease of [H3O+]. Thus, eq. (2) and  
(1) are not correct.  
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Correct relation for the concentrations in the drift tube 
A one dimensional coordinate system fixed to the drift tube is used, x = 0 corresponds to the inlet 
and x = L (L ≈ 10 cm) to the outlet of the drift tube. The concentrations are generally determined 
by advection [3] and the sinks or sources due to the chemical reaction. We neglect the effect of 
diffusion for the ion concentrations due to their short residence time in the drift tube. For 
example, the correct equation for the concentrations of RiH+ is: 
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with vRiH being the drift velocity of RiH+. Then, with further mathematical steps similar to the 
calculation shown in the PTR-MS manual we get  
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where the index “L” denotes the concentrations at the end of the drift tube. The additional factor 
of the ratio of drift velocities in eq. (6) as compared to eq. (1) will significantly decrease the 
values of [Ri] and one may wonder why the error was not recognised from experimental evidence.  

 

Potential implications for the calculation of concentrations 
The ratio of drift velocities disappears when expressing [Ri] in terms of current densities of RiH+ 
and H3O+. Thus, if the ratio of ion currents out of the drift tube into the QMS equals the ratio of 
current densities of the ions near the end of the drift tube, there’s no need to consider the drift 
velocities. However, if the ratio of ion currents into the QMS would be equal to the ratio of 
concentrations of ions near the end of the drift tube, there would be practical consequences of the 
above discussion. In this case we may define the transmission TRiH for the protonated component 
RiH+ as  

LHRHR RHTI
ii
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where IRiH is the count rate measured by the secondary electron multiplier (SEM) at the mass of 
RH+. A similar expression holds for [H3O+]. With eq. (7), eq. (6) becomes  
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Hence there is, as usual, the need to determine the ratio of transmissions for H3O+ and RiH+,  
accomplished with samples containing a single trace gas Rk in high concentrations so that a 
decrease of the primary signal occurs. However, the additional factor in eq. (6) has the 
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consequence that a ratio of drift velocities must also be included in the relation between the 
transmissions and measured changes of the count rates: 
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The measured ratios of transmissions are then interpolated as a function of the mass, indicated by 
the index int.  

Using eq. (9) with (8) yields the final result for the concentrations in the drift tube: 
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Thus, if the analyte Ri and the trace gases used to determine the ratio of transmission Rk at the 
mass of Ri have equal drift velocities, the two additional ratios of drift velocities in eq. (10) almost 
cancel out each other and eq. (10) can again be approximated by an established relation 
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However in general, vRiH and vRkH can be significantly different even when the two components 
have the nearly the same mass and the established relation (11) might be no good approximation 
for the correct relation (10).  

Conclusions 
A corrected formula for the concentrations in the drift tube of a PTR-MS was presented. The 
correction would affect the concentrations calculated from the count rates if the ratio of ion 
currents into the QMS would partly reflect the ratio of concentrations near the end of the drift 
tube rather than the ratio of current densities. The authors intend to design experiments to clarify 
this issue. 
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Abstract  
A small FTICR mass spectrometer featuring an cylindrical permanent magnet assembly 
producing in its center a magnetic field coaxial to the cylinder axis is developed in our laboratory. 
Its coupling with an external Proton Transfer Reaction ion source is described here. A sensitivity 
increase of several order of magnitude is expected compared to the previous version where ions 
are formed by ionization in the cell. 

Introduction 
Compact FTICR mass spectrometers show great promise as rugged gas analyzers well suited for 
the  analysis of complex mixtures since good resolving powers can be reached and they provide 
for MSn capability which can help in structure identification. In the simplest configuration 
primary ion formation and reaction with the gas to analyze and detection in mass is performed in 
the FTICR cell. This operating mode allows the use of a wide variety of reactant ions . However 
the sensitivity is limited to the ppm range. One way to go to a higher sensitivity is to do in line 
concentration through a permeable membrane. The other way, described in this contribution, is to 
separate the ion formation by chemical ionization from the mass analysis. A dedicated permanent 
magnet has been designed for this purpose and the first tests of ion injection in the magnetic field 
are underway. 

Compact FTICR-MS 
Our first apparatus, nicknamed MICRA, and based on a permanent magnet of cylindrical shape 
producing in its center a magnetic field perpendicular  to the cylinder main axis has already 
shown many of the advantages of small FTICR-MS1. Its open cell configuration is well adapted 
for spectroscopy experiments and it has been widely used for ion structure determination by 
infrared multiple photons dissociation experiments at the free electron laser facility CLIO in 
Orsay2-4. It has been used with a wide variety of ionization modes: electron impact,  chemical 
ionization from different precursors, laser ablation ionization, matrix assisted laser desorption 
ionization,.. Proton transfer reaction from H3O+ ions with air can be done in cell and after 
pumping out of the air gas pulse the resulting product ions can be detected . However this simple 
approach is limited to the detection of traces in the ppm range because of the maximum number 
of collisions that can be experienced by an ion without diffusing out of the cell. 

This triggered the development of a new instrument where the protonating reaction is done 
externally to the FTICR cell. Differential pumping is implemented so that the background 
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pressure is always very low in the FTICR cell while the proton transfer reaction is done in a drift 
cell with air in the mbar range. This configuration is favorable for FTICR detection with a high 
mass resolving power and will also allow the use of several  different ion sources such as 
electrospray ionization or laser ablation. 

Permanent magnet configuration 
The main challenge for doing FTICR-MS with a permanent magnet is to generate a high and 
homogeneous magnetic field while remaining compact enough for a transportable apparatus.  Our 
first apparatus MICRA was based on the association of two Hallbach cylinders. With  this design 
we  obtained a radial field of 1.25 Tesla in the center of a 5 cm diameter bore with an 
homogeneity of 0.5 %  in a 1cm3  volume.  

In the new experiment presented here a permanent magnet assembly has been specially designed 
in order to produce a magnetic field coaxial with the magnet cylinder  main axis. In this way ions 
can be moved in and out of the magnet assembly,  by moving the ions along the magnetic field 
lines. The magnet is made of rare earth alloy segments whose shape and direction of 
magnetization are chosen so as to produce a homogeneous field inside the cylinder. The material 
is Neodyme Iron Boron, selected for its high coercivity and remanence. 

The field produced in the middle of the 60 mm diameter bore has a magnitude of 1 Tesla, an 
homogeneity better than 0.2% over the whole ICR cell volume and its weight is 80 kg. The field 
has a circular  symmetry  which is favourable for FTICR detection. 

Open Cylindrical cell 

 
Figure 1: cylindrical ICR cell with the filament attached on the left side 

The ICR cell is cylindrical, with a 20 mm inner diameter. The central section is divided in four 
segments corresponding to the excitation and detection plates. The lateral trapping sections are 
also divided in four so that the RF excitation signal can also be applied on two of the plates so 
that the ions see a more linear excitation.  The cell is fitted on one side with a filament which can 
be used for in cell ionisation. The other side can be used to bring ions in the cell from an external 
ion source. 
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Real time analysis with an FTICR 
In FCTICR-MS the whole mass spectrum is obtained for each mass detection event and there is 
no time advantage in detecting a smaller mass range. The detection duration  depends only on the 
targeted resolution. High resolution detection is typically done with 1 second transients and 10 ms 
to 100ms transients can be used for lower resolution   mass detection with a faster time response.  

When ion production and reaction is done in cell the main time limitation comes from the 
pumping out time of the gas pulse. With the external ion production faster time resolution 
becomes accessible. However the main limitations will now come from the gas sampling and 
reaction chamber gas renewal.  A fast FTICR detection sequence is nevertheless useful since 
signal from several sequences can be averaged to get a higher signal to noise ratio. 

Results 
First characterization of the new FTICR-MS has been done using in cell ionization either by 
electron impact or by in cell chemical ionization. Good performances have been obtained as 
shown on the spectra in Figure 2.  The installation of the ion guides to drive the ions into the 
magnetic field is currently under way.  

 

 
Figure 2 : mass spectrum obtained for the Krypton isotopes. The insert is a zoom on the 
more abundant istope 84Kr+ showing a mass resolv ing power of 380000. 
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Conclusion 
We have already shown that small FTICR-MS based on permanent magnets have great potential 
as rugged mass detectors giving access to a high resolution for small masses.  They are very 
versatile tools since various ionization modes can be used, and ions can be mass selected and 
reacted with neutrals inside the cell. However in cell PTRMS detection has a sensitivity limit of 
about 1ppm.  

With the axial field magnet currently under development it will be possible to produce the 
primary ions and to react them with air before injecting them in the FTICR spectrometer for mass 
analysis. In this way the proton transfer reaction can be done in a drift tube and then analyzed in 
mass with high resolution. The instrument has already been tested using electron impact 
ionisation on neutral gases and the resolving power obtained in these conditions is very 
satisfactory.  
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Abstract 
Accurate modelling of aroma release kinetics is often difficult due to the lack of highly time-
resolved measurements of process dynamics. PTR-MS overcomes this hurdle, but the 
identification of each species and its contribution to a given ion trace intensity may be necessary 
for accurate prediction of single compound kinetics within complex mixtures.  

The feasibility of modelling the release kinetics of aroma compounds from dry roast and ground 
coffee using PTR-MS was investigated. First, the effect of superposition of isobaric species 
contributing to a specific m/z intensity on release kinetics was studied. Samples of coffee were 
purged with nitrogen and on-line release kinetics were compared with kinetics reconstituted from 
purge and trap samplings. Secondly, the release curves from both methods were fitted with the 
model of Weibull.  

Concluding, the results showed that variations in the contribution of compounds to a specific m/z 
intensity can affect the modelling of the kinetics. However, these variations may remain lower 
compared to variations inherent in biological products. The accurate modelling of aroma release 
kinetics from coffee allowed discriminating fine variations in aroma release and determining the 
release mechanisms involved. 

Background 
Accurate modelling of aroma release kinetics is often difficult due to the lack of time-resolved 
measurements of process dynamics. PTR-MS permits on-line measurements. However, the 
identification of each species and its contribution to a given ion trace intensity may be necessary 
for accurate prediction of single compound kinetics. The objective of this project was to 
investigate the feasibility of modelling the release kinetics of aroma compounds in complex food 
systems using PTR-MS. 

Methodology used 

Experimental set-up 
5g of roast and ground Colombia coffee were placed on a mesh inside a glass stripping cell 
(Figure 1). The sample was stripped for ~1 hour with 740 sccm of nitrogen at 90°C.  

The effect of isobaric species on the determination of single compounds release kinetics was 
studied. Release kinetics obtained by PTR-MS were compared with reconstituted kinetics from 
Tenax trapping.  
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Figure 1: Stripping system for the study of aroma 
release kinetics from roast and ground coffee  

 

Modelling of the release kinetics 
Time intensity profiles were transformed into cumulated released amount (Figure 2), and fitted 
with the model of Weibull [2]: 

Released amount [g]=  

with: M∞: amount released at t=∞ [g]; k: scale parameter [s-1]; n: shape parameter [-] 
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Figure 2: Intensity and cumulated amount curves of VOCs from roast and ground coffee 

  

Validation of the Method 
VOCs velocity profiles 

Measuring the transfer function of the cell, compounds were spiked at the cell periphery or 
centre of the cell, as shown in Figure 3. In our study, the response time is much faster than the 

( )( )[ ]ntkM *exp1* −−∞
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expected and measured release kinetics (peak tail did not significantly alter the shape of the 
aroma release kinetics).  

 

 

Figure 3: Response of the stripping system to an impulse of aroma 
compounds, at the centre and at the periphery of the cell  

Identification of the isobaric compounds  

The different compounds yielding to a specific m/z intensity were identified by collecting the 
coffee headspace on Tenax traps at several points of the release kinetics. The Tenax traps were 
analysed using a GC-PTR-MS coupling as presented in [1]. For each chromatogram, the intensity 
of the different contributing compounds was determined. 
Significant variations of the Weibull’s model parameters “k” and “n” were observed bet-ween 
PTR-MS and Tenax kinetics. An example is shown in Figure 4. 

Small variations in contribution of different compounds to a specific m/z intensity (lower than 
15%) were not taken into account to correct the parameters k and n (RSD < 5%). 
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Figure 4: Effect of variation of the contribution to a specific m/z intensity on the shape 
of the compound kinetics. Examples for release kinetics of furfuryl alcohol and furfural. 

 

Application: effect of coffee particles size on aroma release 
An example for the release kinetics of pyridine from roast and ground coffee at defined 
particles size is presented in Figure 5. 

 

Figure 5: Effect of particles size on the cumulated released 
amount of VOCs from coffee 
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Results using the model of Weibull are presented in Figure 6. They indicate that: 

1) Aroma release kinetics is faster at lower particles size (higher “k” value), which is not 
evident because of possible coffee bed packing effect 

2) Diffusion may be the limiting mass transport mechanism: a value of the shape parameter 
“n”∼0.6-0.7 has been assigned to diffusion mechanisms in various biological systems [2, 3] 
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Figure 6: Effect of particles size on the rate constants “k” and “n” of the model of Weibull for 
acetaldehyde (m/z 45), methanethiol (m/z 49), acetic acid (m/z 61), pyridine (m/z 80) and methyl 
furfural (m/z 111). 

 

General conclusions 
The feasibility of modelling the release kinetics of aroma compounds from roast and ground 
coffee using PTR-MS was investigated. Variations in the contribution of different compounds to a 
specific m/z intensity can affect the modelling of the kinetics. However, these variations may 
remain lower compared to variations inherent in biological products. The accurate modelling of 
aroma release curves from coffee allowed discriminating fine variations in aroma release and 
determining the release mechanisms involved. 
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Abstract 
Proton-transfer-reaction mass spectrometry (PTRMS) has emerged as a useful tool to study the 
atmospheric chemistry of volatile organic compounds (VOC). Although limitations occur as a 
certain compound is only characterized by its mass which is not unique. Therefore we performed 
smog chamber studies running a proton-transfer-reaction mass spectrometer (PTRMS) in parallel 
to a combination of gas chromatography and PTRMS (GC-PTRMS) which allows the different 
OVOCs detected at the same mass, to be separated based on their different retention times in the 
GC column. Studies of several precursors have been conducted including isoprene. Isobaric 
products of the isoprene photooxidation like methacrolein and methyl vinyl ketone have been 
tracked down and their concentrations were determined using the FID detection of the GC. 

Introduction 
Proton-transfer-reaction mass spectrometry (PTRMS) ability to measure many important 
oxygenated VOC (OVOC) and their oxidation products makes it a useful tool for smog chamber 
(SC) experiments. But in PTRMS, only the mass of the ionized trace gases is determined, which 
is not a unique indicator of the trace gas identity. Despite the ionization technique is rather soft 
fragmentation for certain compounds occurs. Therefore, it might be difficult to identify most of 
the individual oxidation products, because it is likely that many mass signals are produced from 
several substances being the parent peak or a fragment of it. A combination of gas 
chromatography and PTRMS (GC-PTRMS) in parallel to a second PTRMS was used in smog 
chamber experiments of several different VOC including isoprene. Isoprene is one of the most 
abundant non-methane hydrocarbons emitted into the troposphere with source strength of ~500 
Tg/year [Guenther, Hewitt et al. 1995]. Recently special attention has been paid to isoprene as it 
could contribute largely to secondary organic aerosol formation due to its large source strength 
globally [Dommen, Metzger et al. 2006]. The main oxidation products of isoprene have been 
identified and their yields determined. Among them, the two most important isobaric products 
methacrolein (MACR) and methyl vinyl ketone (MVK). Concerning SOA formation the 
oxidation pathway via MACR seems to be more important [Kroll, Ng et al. 2005; Kroll Jesse H. 
2006; Surratt, Murphy et al. 2006]. Therefore it is important to resolve their concentration in 
order to better understand the SOA formation from isoprene. We conducted smog chamber 
experiments applying the GC-PTRMS method to gain further insight into the isoprene 
photooxidation chemistry. 
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Experimental Methods 
Photooxidation experiments were carried out in a 27-m3 Teflon chamber. Experimental protocols 
are previously described [Paulsen, Dommen et al. 2005; Dommen, Metzger et al. 2006]. A suit of 
different experimental techniques is used to investigate gas phase chemistry and aerosol 
properties including proton-transfer-reaction mass spectrometry (PTR-MS) [Steinbacher, 
Dommen et al. 2003; Dommen, Metzger et al. 2006] and GC-PTRMS. The setup of the GC-
PTRMS is described elsewhere [Brunner A. 2006]. GC-PTRMS allows the different VOC 
detected at the same mass, to be separated based on their different retention times in the GC 
column. A flame ionization detector (FID) was used in parallel to the PTRMS for an independent 
measurement of the OVOC.  

Results and Discussion 
In Figure 1 a counter plot of the PTRMS m/z vs. time is shown. The shading indicates the signal 
intensity. With time concentrations of the isoprene fragments (m/z: 69, 67, 41, 39) decrease and 
the build up of primary products MVK and MACR (m/z: 71, 45, 43) can be observed. Secondary 
and tertiary products arrive with a certain time delay (for example m/z 73, methylglyoxal). 
Products up to an m/z of 117 are observed. 

In the upper panel of Figure 2 GC-PTRMS chromatograms are shown. Chromatograms are taken 
after 60 and 515 minutes of irradiation in the smog chamber. While after 60 min isoprene is still 
dominating and only the primary products start to appear, isoprene is almost completely reacted 
after 500 minutes and the primary products MACR and MVK as well as compounds at a m/z of 
61, 75 87 and 113 dominate the gas phase. 

In the lower panel of Figure 2 concentration time profiles of the PTRMS at m/z 69 (isoprene) and 
71 (MVK+MACR) are shown as well as the concentrations of the primary products MVK and 
MACR. The two isobaric products are nicely separated in the GC and the sum of MVK+MACR 
(determined with GC-PTRMS) correlates excellent with the PTRMS m/z71 trace.  
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Figure 1: Illustration of the ion counts in all mass channels plotted vs. the course of the 
experiment. Colors indicate signal intensity of the respective compound/fragment. 
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Figure 2: (upper panel) Chromatogram as measured with the PTRMS after 60 and 515 
min of irradiation. (lower panel) The concentration time profile of isoprene, methyl vinyl 
ketone (MVK) and methacrolein (MACR) measured with GC-FID coupled to a PTRMS. In 
addition the concentration time profile of m/z 69, 71 which corresponds to the sum of both 
compounds measured with a second PTRMS is shown. Data were collected during a 
isoprene + NOx photo-oxidation experiment.  
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Conclusions 
The performance of a GC-PTRMS was demonstrated by the means of isoprene smog chamber 
experiments. The ability to resolve isobaric compounds and the additional information about 
fragmentation pattern makes it an indispensable tool in smog chamber studies and for the analysis 
of PTRMS mass spectra.  
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Abstract 
We have optimised the experimental set-up for PTR-MS measurements of volatile organic 
compounds (VOCs) emitted by bacterial cultures. Dynamic headspace measurements were carried 
out under controlled conditions for five types of medically relevant microorganisms (Escherichia 
coli, Shigella flexneri, Salmonella flexneri, Helicobacter pylori, Candida tropicalis). Quantitative 
and qualitative differences were found in the PTR-MS mass spectra obtained from the headspace 
of different bacterial cultures; strong temporal changes were observed in the headspace mass 
spectra when individual bacterial cultures were grown over 48 hours. The preliminary results 
indicate that PTR-MS can be used to discriminate between samples inoculated with different 
bacterial cultures and to monitor temporal changes in the inoculated medium. 

Introduction 
The identification of VOCs produced by medically relevant microorganisms using mass 
spectrometric methods is considered to be a relevant and important addition to conventional 
microbiological techniques [1, 2, 3]. Rapid detection of patterns associated with pathogenic 
organisms has the potential to decrease the amount of fatal cases of contracting certain diseases, 
such as the diagnosis of infectious diarrhoea [1]. The complexity of this problem means that 
currently only tentative identification of produced VOCs are possible. Metabolic profiles of 
cultivated bacteria, for example, differentiate the bacteria and may be used for bacterial 
fingerprinting [1,2]. However, only a limited amount of bacteria have been studied and reliability 
of this approach has so far not been proven. 

In contrast to the methods used in [1,2] (solid phase microextraction, and agar plate culturing, 
respectively) liquid media have also been chosen for bacteria cultivation to obtain VOC patterns 
related to household biowaste [4]. Liquid media have the advantage of providing additional 
information of cell numbers and are easily homogenized with respect to standardized 
measurement procedures. As in many cases of PTR-MS measurements only tentative 
identification of VOCs are provided here. 

To improve the measurements of VOCs emitted from bacterial cultures a condition-stabilized set-
up has been built and tested on a variety of specific conditions that are generally used for selected 
bacteria stains. Here, the bacterial patterns obtained have been standardized for complex sample 
measurements. 
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Experimental Methods 
VOC emissions from the following bacterial cultures were investigated: Escherechia Coli, 
Shigella flexneri, Salmonella enterica, Candida tropicalis, Helicobacter pylori. 

The experimental set-up for the measurement of VOC emissions from bacterial cultures is 
schematically shown in Figure 1. 

 

 
Figure 1: Schematic of the experimental set-up optimised for bacteria measurements 
(FC – flow controller, CC – Pt/Pd catalyst, T1 – oven temperature, T2 – water bath 
temperature, 25°C and 37°C, respectively)  

 

40 ml of inoculated medium were placed in a 100 ml glass vial capped with a three-port Teflon® 
cap. One port was closed with a septum; this port was used for syringe sampling of the inoculated 
medium to determine bacterial numbers. The two other ports were used as inlet and outlet for a 
carrier gas flushed over the sample for dynamic headspace measurements.  Synthetic air (80% N2, 
20% O2) was usually used as a carrier gas; the Helicobacter pylori experiments were carried out 
using a special gas mixture (85% N2, 5% O2, 10% CO2). Four vials (replicates) were prepared and 
placed in a water bath maintained at 37°C (25°C for Candida tropicalis). The carrier gas was first 
humidified and then passed over a Pt/Pd catalyst operated at 350°C to destroy any organic or 
microbiological contaminants. A total carrier gas flow of 800 ml/min was used with the total flow 
being equally divided between the four vials, i.e. the headspace of each vial was flushed at 200 
ml/min. 50 ml/min from each vial were alternately fed to the PTR-MS instrument via a Teflon® 
solenoid valve. The overflow was discarded through a second Pt/Pd catalyst.  

The PTR-MS operating parameters were as follows: drift tube voltage, 600V; drift tube pressure, 
2.00±0.05 mbar; drift tube temperature, 60°C; O2

+/H3O+ ratio ≤ 3%; inlet flow, 50-60 ml/min; 
inlet temperature, 60°C. Mass scans were recorded in the 20-300 amu range with a dwell time of 
0.5s/amu. Mass signals were normalized to 1 x 106 cps primary ions (H3O+ + H3O+•H2O) [ncps]. 
Only mass signals > 10 ncps (corresponding to ~ 0.2 ppb) were used for data analysis.   

Results 
The PTR-MS mass spectra of bacteria headspace showed ≤ 25 mass peaks above the 0.2 ppb cut-
off level; levels ranged from < 1 ppb (m/e=132, 134) to ~ 3000 ppb (m/e=45).   



206  8. Contributed Papers (Posters)  

A strong temporal variability was observed for most signals during the course of a typical 24 hour 
experiment. Different temporal patterns were observed: continuous increase, increase to reach a 
saturation level, increase to reach a peak level followed by a decrease (“peak”). 

 
Figure 2: Time-dependent VOC production 

 

 
Figure 3: Reproducibility test of improved experimental set-up. 
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We classified discrimination conditions between different cultures:  

• different temporal behaviour of a mass signal for different bacterial cultures 

• quantitative differences in the mass spectra (different abundance) 

• qualitative difference (presence or absence of specific mass signals) 

The experimental setup was been tested for reproducibility. Figure 3 shows 2 distinct 
measurements of Helicobacter pylori where 4 inoculated samples were measured during 
measurement #1 and an additional single inoculated sample was measured during measurement 
#2. The qualitative and quantitative repeatability has been reached together with the temporal 
behaviour of the mass signal. 

Conclusion 
The preliminary results indicate that PTR-MS can be used to discriminate between samples 
inoculated with different bacterial cultures and to monitor temporal changes in the inoculated 
medium.  

Systematic studies of complex samples are currently being carried out to gauge the possibility to 
identify bacteria using PTR-MS.  
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Abstract 
Olive oil must be rigorously tested before it can be labeled as “extra virgin”, many of these tests 
are performed by analytical instruments but the final test still requires trained tasters. These 
tasters are used to detect defects such as rancidity. Ideally these tasters would also be replaced by 
instruments also. 

Olive oil has been tested using SIFT-MS and propanal was found to be the predominant 
secondary oxidation product formed, while no significant increase was found in the 
concentrations of either hexanal or nonanal with increasing degree of rancidity. Propanal levels 
have been shown to correlate well with both the peroxide value and the sensory rancidity score. 

 

Introduction 
Olive oil must undergo many tests before being labelled 'extra virgin', all but one of which are 
performed instrumentally. The odd one out is a taste test performed by trained tasters. This test is 
used to search for defects such as rancidity. Rancidity is oil spoilage caused by oxidation, which 
occurs during prolonged or inappropriate storage. The challenge is to develop an objective, 
instrument-based test for olive oil rancidity. 

Experimental Methods 
Two olive oils were oxidised at 60ºC for several weeks and analysed for primary oxidation 
products by a peroxide assay. Organoleptic testing was used to detect sensory defects. SIFT-MS 
head-space analysis was used to detect volatile oxidation products. To evaluate the results, several 
brands of imported, bulk-produced olive oil were purchased from supermarkets and analysed. 

SIFT-MS instrumentation 
Selected Ion Flow Tube Mass Spectrometry (SIFT-MS) is a technique which allows real-time 
qualitative and quantitative analysis of whole-air samples[1]. It is well suited to real-time aroma 
analysis. Detection is achieved by selective reactions between gas phase ions and analyte 
molecules, which form distinctive product ions that are then analysed by mass spectrometry. 
Three different chemi-ionisation agents are available, H3O+, NO+, and O2

+. 
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Results: Detecting Rancidity in Real Time 
A range of volatiles in headspace above the oxidised olive oils were measured each day during 
the oxidation process. No sample preparation was required. The dominant volatile species in the 
headspace of unoxidised olive oil is ethanol and methanol [2]. 
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Figure 1: The NO+ mass spectrum obtained from sampling the headspace above an oxidised olive 
oil. The compounds monitored as a measure of oxidation are labeled. 
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Figure 2: The time profile of volatiles in the headspace above a sample of olive oil oxidized at 
60ºC. Headspace measurements were taken each day. 
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Figure 3: A comparison of the headspace propanal concentration for two olive oils undergoing 
oxidation with the peroxide value. The peroxide value is a measure of the amount of oxidation of the 
oil. 

 

The headspace propanal concentration increases rapidly once the oil begins to oxidise. The 
concentration within the headspace correlates well with both the peroxide value (shown in Figure 
3) and the rancidity results from the organoleptic panel. 

Conclusions 
Dominant volatiles in olive oil head-space are methanol and ethanol. 

Propanal was found to be the predominant secondary oxidation product formed, while no 
significant increase was found in the concentrations of either hexanal or nonanal with increasing 
degree of rancidity. 

SIFT-MS head-space propanal analysis showed good correlation with peroxide value. 

The propanal levels showed good correlation with the sensory rancidity score. 

Qualitative detection of the rancidity defect can be achieved, and more tasting data will allow 
quantitative detection as well. 

High levels of propanal were found in supermarket olive oil 2, suggesting marked rancidity. 
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The results of this ongoing study show that SIFT-MS is a powerful, real-time technique for the 
detection of olive oil rancidity. 
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Abstract 
The potential of  Proton-Transfer Reaction Mass Spectrometry (PTR-MS) has been shown in 
many different fields, including atmospheric chemistry [1], medical science [2], and many 
biological and plant physiological fields [3]. Its high sensitivity, lack of sample preconcentration, 
its high time resolution, relatively low degree of fragmentation and the fact that it cannot measure 
the normal constituents of air, make it an excellent technique to monitor trace gas compounds in 
real-time. Those advantages, however, are accompanied by one disadvantage: compounds cannot 
be identified based on their mass only.  

A novel way of approaching this problem is the development of a PTR mass spectrometer based 
on an ion trap mass spectrometer (Figure 1; [4]). The use of an ion trap has several advantages, 
among which the possibility to perform collision induced dissociation (CID) is the most 
interesting one. CID patterns of isolated ions can be obtained that are compound-specific, which 
helps to identify the underlying compound. The viability of such a system and the usefulness of 
CID have been proven before [5]. However, the compounds for which this is shown have still 
fairly simple structure.  Monoterpenes are very interesting biological compounds, which are 
similar in structure and of which many different isomers exist. Here we study the fragmentation 
patterns of different monoterpene species, after dissociative proton-transfer and after collision 
induced dissociation (CID) in our newly developed Proton-transfer reaction Ion Trap Mass 
Spectrometer (PIT-MS).The CID patterns of all the monoterpenes studied are found to be 
distinguishable, making it possible to positively identify a monoterpene solely on the basis of its 
CID pattern [6]. 
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Figure 1: Nijmegen PIT-MS with 1) H3O+ ion source, 2) drift tube, 3) buffer 
chamber, 4) ion trap chamber and 5) detector chamber 
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Abstract 
First results of VOC flux measurements above bare soil are presented. The aim of the 
measurements is the characterization of the gas transfer of VOCs from the unsaturated soil layer 
to the atmosphere. For the parameterization the radon flux from the soil and the relevant 
meteorological and soil parameters are used. A Proton-Transfer-Reaction Mass Spectrometer 
(PTR-MS) was chosen for the VOC measurements because of its low detection limit and rapid 
response. 

In pre-experiments soil probes were analyzed in a closed chamber. The chamber can be heated to 
simulate different soil temperatures. Several volatile compounds were found in these experiments 
and selected for the flux measurements. A dynamic chamber technique was used for flux 
determination. A chamber with a heated inlet line was installed above bare soil on a test field. The 
PTR-MS analyzed ambient and chamber air alternately. At the same site an accumulation 
chamber for the measurement of the radon exhalation rate from soil is in operation (radon 
exhalometer). Relevant meteorological and soil parameters are recorded simultaneously. Data for 
about 4 years are available for this site. The radon measurements showed that radon exhalation is 
dependent on various parameters like temperature, soil moisture, wind and barometric pressure.  

The flux of different VOCs is nonuniform. While for methanol and acetone the upper soil layer 
seems to serve as a sink, other substances like dimethylsulfide and acetic acid show a positive 
flux. In these processes temperature was found to have a major impact. For more detailed 
investigation improvements in the measurement setup like the automation of the VOC chamber 
and the synchronization of the measurement cycles for the PTR-MS and the radon exhalometer 
are in process. 
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Abstract 
Flavour modulation throughout eating or drinking experience is often required for numerous food 
and beverages. For that purpose, different entrapment systems able to modulate the kinetics of 
aroma release during the consumption event were evaluated on a model system. The release 
kinetics of aroma compounds loaded into coacervates or dispersed in maltodextrine (reference) 
were compared. A delayed release from coacervates was clearly observed for compounds having 
high lipophilicity.  

Introduction 
The aroma perception of food before and during consumption is a critical factor driving consumer 
preference. In order to obtain good sensory properties, the aroma compounds have to be delivered 
at appropriate rate and intensity over time (1). When tasting conventional products, the perception 
of aroma often decreases after a strong initial burst. Thus, flavour delivery systems become more 
and more crucial for food companies to modulate the aroma perception of their products. 

An aroma model system built on the basis of volatility and lipophilicity of its constituents was 
used to assess the capability of delivery systems to modulate the concentration of volatiles in the 
headspace over time. On-line measurements were run by PTR-MS. 

Experimental Methods 
A model aroma system consisting of six volatile compounds of various known volatility and 
lipophilicity were encapsulated and the resulting capsules dispersed at 10% in maltodextrine. The 
following procedure was applied to build the release profiles: 20 mg of sample were put in a glass 
cell and 100 ml of hot water (70°C) were added. The headspace of the cell was continuously 
purged at 200 sccm with nitrogen. Prior introduced into the PTR-MS, the headspace was diluted 
with 5000 sccm nitrogen to avoid water saturation of the instrument. The release of aroma 
compounds was monitored on-line with a PTR-MS in MID mode. M/z 21 for the primary ion, m/z 
37 for water (cluster) as well as specific ion traces for each volatile aroma compound were 
monitored with cycle time of 9s. 

Inside an oven heated at 100°C a double-jacketed glass vessel, thermo-stabilized at 70°C by 
circulating water, was used to avoid cold points and to prevent water condensation.  

Results 
The on-line release curves were measured in triplicates with an average variability of about 10%. 
In the case of linalool dispersed on maltodextrine, a maximum intensity was observed 0.1 min 
after complete dissolution, which corresponds to the time needed to purge the dead volume of the 
cell. Immediately after the aroma burst, the signal decreased rapidly to the baseline intensity, 
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which is the typical behavior for fast-solubilized material. In the case of entrapment system 
containing linalool, the aroma was delivered more slowly in the headspace to reach a maximum 
intensity after more than 1min, and decreased progressively afterwards. The average size of the 
entrapping capsules did not seem to affect linalool delivery. 

 

 
Figure 1: Headspace delivery of linalool dispersed in maltodextrine, or entrapped.  

Discussion 
As compared to a dispersion in maltodextrine, the entrapment of linalool allowed a modulation of 
its delivery in the headspace, which was clearly evidenced by on-line PTR-MS measurements. 
Further sensory evaluations should help to define the best combination of flavour delivery 
systems able to match consumer expectations.  
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Abstract 
Large quantities of terpenoid compounds are emitted into the atmosphere from boreal coniferous 
forests. In addition, boreal forests are estimated to emit significant amounts of non-terpenoid 
volatile organic compounds (VOCs). In order to quantify these emissions in the canopy scale and 
to assess their relative importance in comparison with terpenoid emissions, we carried out 
micrometeorological flux measurements above a boreal Scots pine forest. The flux measurements 
were conducted using the disjunct eddy covariance method and the associated VOC analysis was 
done online using proton transfer reaction mass spectrometry. The measured emissions of non-
terpenoid VOCs consisted of acetaldehyde, acetone, and methanol. They were on the same order 
of magnitude as the monoterpene emissions. In order to include non-terpenoid VOCs in emission 
inventories, further studies aiming at emission algorithm development are required. In future 
studies, we will estimate the effects of chemical reactions on measured fluxes by a stochastic 
Lagrangian transport model with simplified chemistry. 

Introduction 
There are several methods for measuring VOC emissions from vegetation (for a review, see [1]). 
Chamber methods are used at the leaf and branch scale, whereas micrometeorological surface 
layer flux methods give emissions at the canopy scale. Fluxes at the regional scale can be 
obtained using atmospheric boundary layer mass balance and gradient methods. The eddy 
covariance method is the most direct micrometeorological method. Because its basic idea is 
simple and it does not require any empirical parameterizations, it is a very useful tool in flux 
measurements. However, its application has been limited to relatively few VOCs due to the 
requirement of fast response sensors. Another approach to eddy covariance flux measurements is 
the disjunct eddy sampling method (see, for example, [2–4]). It relaxes the requirement for fast 
concentration measurement and thus expands the range of VOCs that can be investigated using 
the eddy covariance method. 

During the summer 2005, we conducted the first disjunct eddy covariance (DEC) measurements 
of biogenic VOC fluxes in a European boreal forest ecosystem. The VOC analysis was done 
using proton transfer reaction mass spectrometry (PTR–MS, [5]), which allows online 
measurement of numerous VOCs, along with some of their atmospheric oxidation products. In 
this paper, we present the DEC measurement setup and some preliminary results. The theoretical 
basis of the DEC method is explained by Rinne et al. [4] in an accompanying paper in this same 
issue. We have also carried out ambient concentration measurements and chamber experiments in 
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a boreal forest using PTR–MS. The results from these experiments are presented by Rinne et al. 
[6] and by Ruuskanen et al. [7]. 

Experimental methods 
The measurements were conducted in a boreal forest ecosystem at the SMEAR II measurement 
station (Station for Measuring Forest Ecosystem–Atmosphere Relations II) of the University of 
Helsinki in Hyytiälä, southern Finland (61° N, 24° E, 180 m a.s.l.) .The forest around the station 
is dominated by Scots pine (Pinus sylvestris) with some Norway spruce (Picea abies), European 
aspen (Populus tremula), and birch (Betula pendula and pubescens). A detailed description of the 
measurement station is given by Vesala et al. [8] and by Hari and Kulmala [9]. 

During June–August 2005, we carried out concentration profile measurements and 
micrometeorological flux measurements using the DEC method. The vertical profiles were 
measured using a profiling system with five sampling heights. Four of the sampling heights (4, 7, 
10, and 14 m) were located below the top of the canopy (16 m) and the fifth above the canopy (22 
m). In this profiling system, air was brought down from all the sampling heights continuously and 
a valve system was used to select one height at a time. The highest sampling height was used in 
the flux measurements. 

In the DEC measurements, the wind velocity was measured with a three-dimensional sonic 
anemometer (Solent HS1199, Gill Instruments Ltd.) using a sampling frequency of 10 Hz. The 
VOC concentrations were measured online with a PTR–MS instrument (Ionicon Analytik GmbH, 
[5]). The PTR–MS was calibrated using a VOC standard (Apel–Riemer Environmental Inc.) 
approximately once a week. To identify which VOCs contribute to a particular mass and to 
validate the concentrations measured by PTR–MS, air samples were collected into adsorbent 
tubes filled with Tenax–TA and Carbopack–B. These samples were analyzed with a gas 
chromatograph mass spectrometer (see [10]). 

The PTR–MS measurement cycle contained 14 masses which were measured within six seconds. 
Seven of the measured masses are related to VOCs: M33 (methanol, protonated mass), M45 
(acetaldehyde), M59 (acetone), M81 (monoterpene fragment), M99 (hexenal), M101 (hexanal), 
and M137 (monoterpenes). A sampling time of 0.5 seconds was used for these masses. M37 is 
attributed to water clusters (H2OH3O+) that are formed in the reaction chamber of the PTR–MS. 
Since the signal of M37 is dependent on ambient water vapour concentration, it could be utilized, 
especially during the daytime, to determine the lag time between the wind and concentration 
measurement. The other six masses that were measured were needed either in concentration 
calculations or in instrumental inspections. 

The flux averaging time was 45 minutes. After three-dimensional coordinate rotation to force the 
vertical mean wind to zero [11] and linear detrending of the wind and concentration time series, 
the VOC flux was determined by calculating the covariance between the vertical wind velocity 
and the VOC concentration. An arithmetic average was calculated for every averaging period to 
determine the fluctuating components from the time series. However, neither frequency response 
corrections nor data quality tests [11] have been made to the results presented below. 
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Results and discussion 
The measurements carried out during the summer 2005 proved that our measurement setup 
utilizing PTR–MS is capable of performing disjunct eddy covariance measurements of biogenic 
VOC fluxes above a forest. The results of the DEC measurements conducted between 14th and 
17th July 2005, along with air temperature and photosynthetic photon flux density data, are 
shown in Figure 1. Significant upward fluxes of methanol, acetaldehyde, acetone, and 
monoterpenes were observed. The diurnal pattern of fluxes is clear for all these compounds. The 
average fluxes during the measurement period were 182 μg m–2 h–1 for methanol, 52 μg m–2 h–1 
for acetaldehyde, 146 μg m–2 h–1 for acetone, and 556 μg m–2 h–1 for monoterpenes. 

The measurements showed that emissions of non-terpenoid VOCs from the Scots pine forest were 
on the same order of magnitude as monoterpene emissions. In order to include non-terpenoid 
VOCs in emission inventories, further studies aiming at emission algorithm development are 
required. In future studies, we will estimate the effects of chemical reactions on measured fluxes 
by a stochastic Lagrangian transport model with simplified chemistry (see, for example, [12]). 
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Figure 1: Biogenic volatile organic compound fluxes, air temperature (at 4 m), and 
photosynthetic photon flux density (at 18 m) measured at the SMEAR II measurement 
station during 14th–17th July, 2005. 
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Abstract 
Plants emit increased amount of volatile organic compounds (VOCs) in response to herbivore 
stress. Some of these volatiles are known to have a signalling effect on predators. We carried out 
experiments to study the volatile emissions from lima beans which were infested with spider 
mites. The infested leaves emitted green leaf volatiles (GLV), methylsalicylate, monoterpenes and 
DMNT (E-4,8-dimethyl-1,3,7-nonatriene). On-line PTR-MS data showed that these compounds 
are mainly emitted in presence of light.  

Introduction 
Plants emit increased amounts of volatile organic compounds (VOCs) in response to herbivore 
attack [1,2]. Such release of herbivore-induced VOCs is known to have a signalling effect that 
helps the natural enemy of the herbivore to locate its prey [3]. The temporal evolution of these 
herbivore-induced emissions is of great interest in terms of their ecological function in plant-
insect-predator interaction and biological pest control. 

Until now most VOC measurements of herbivore-induced emissions used trapping techniques 
which involve rather long sampling time before GC-MS analysis. While GC-MS is known to have 
excellent compound identification capabilities, it is not an on-line method. The advantage of PTR-
MS is its ability to measure plant VOC emissions virtually in real time, thus retaining important 
information on emission dynamics. Simultaneous GC-MS and PTR-MS  measurements are 
capable to provide information about quantitative and qualitative changes in plant emissions with 
high time resolution. Within the European Marie-Curie Training Network ISONET we carried out 
experiments focussing on herbivore-induced emissions from plants. 

Experimental Methods 
We carried out climate chamber experiments using leaf cuvettes supplied with scrubbed (free of 
ozone and VOCs) and humidified air. We used lima beans (Phaseolus lunatus) infested with 
spider mites (Tetranychus urticae) and measured VOC emissions of infested lima bean leaves 
compared to non-infested leaves over a period of ~40 hours. While PTR-MS was monitoring 
continuously, TENAX samples for GC-MS analysis were taken several times.  

PTR-MS fragmentation patterns of specific VOCs which were identified by GC-MS analysis was 
determined using pure chemical compounds. The compound list includes green leaf volatiles (z-3-
Hexenol, z-2-Hexenal, z-3- Hexenyl acetate, Hexyl acetate), monoterpenes (ocimene and 
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limonene), oxygenated monoterpenes (linalool, 1,8-cineol), methylsalicylate (MeSa), DMNT 
((E)-4,8-dimethyl-1,3,7-nonatriene), and TMTT ((E,E)-4,8,12-trimethyl-1,3,7,11-tridecatetraene).  

Results  
In response to spider mite infestation we observed higher emission of GLV and MeSa (Figure 1), 
as well as of 2-Butanone (m73+ tentatively identified as 2-Butanone), DMNT, TMTT and sum of 
monoterpenes (data not shown) from the infested leaf compared to a non-infested leaf. 

PTR-MS on-line measurements showed immediately at the start of the measurements emission of 
GLV and MeSa from the infested and control leave. Such an emission relates to plants response to 
mechanical stress due to mounting of the enclosures. In darkness no emission of sum of GLV, 
MeSa, and several other VOC were observed from both leaves. In presence of light the spider 
mite infested leaf emitted higher amounts of sum of GLV whereas the control had very low 
emission. On day 1 emission of MeSa was higher from the infested leaf compared to the control 
leaf and emission was highest between 13-15h. On day 2 immediately after switch on of light the 
infested leaf emitted GLV and MeSa. In contrast to day 1 the control leaf emitted neither of both 
compounds on day 2.  
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Figure 1: Example for induced emissions of sum of GLVs(top graph)  and MeSa (bottom graph)  
from a spider mite infested lima bean leaf compared to a non-infested leaf (07:00-23:00 light on; 
23:00-07:00 light off). Spider mite infestation started at 19:40 on 06/06 ( day 1). 
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Discussion 
Both leaves emitted GLV and MeSa  which are known to be induced in response to biotic or 
abiotic stress, thus we observed at the beginning of the experiment unspecific emission of these 
compounds also from the non-infested leaf. The effect of spider mite attack is shown in emission 
of GLV and MeSa which was higher during the first and second day. Most striking feature is the 
absence of herbivore induced VOC emission in absence of light. In addition the diurnal cycle of 
MeSa indicate a light dependency on emission. Such a light dependency was also observed for 2-
Butanone, DMNT, TMTT and sum of monoterpenes. Interestingly the emission of monoterpenes 
showed a second increase in the evening, which reason is not yet known. 
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Abstract 
In order to obtain a three dimensional picture of the spatial distribution of air pollutants in the Inn 
valley in wintertime, the field campaign INNOX (NOx-structure in the Inn Valley during High Air 
Pollution) was carried out in January/February 2006. For this purpose continuous ground based 
measurements were performed. Additionally, vertical profiles of various air pollutants and 
meteorological parameters were measured throughout the whole valley atmosphere on six 
selected days. A tethered balloon was used for carrying meteorological devices and the inlet line 
of ground level on-line instruments in order to cover the lowest atmospheric layers up to 150 m 
AGL (above ground level). At higher altitudes a research aircraft from MetAir 
(http://www.metair.ch) was operated. Preliminary results show not only strong vertical but also 
horizontal gradients in air pollutant concentrations. 

Introduction 
Currently there is much debate on public and political levels how to deal with air quality 
problems in Tirol. There is clear evidence that traffic contributes significantly to air pollution 
(e.g., [1]). Being one of the main traffic routes between southern and northern Europe, the 
Brenner route (eastern Inn- and Wipp valley) faces high HDV (heavy duty vehicles) traffic 
density. The traffic volume in the eastern Inn valley has doubled from 1980 to 2000 [2] and it is 
predicted to further increase by ca. 40% until 2012 [3]. Although technical progress in car 
industry reduces vehicles emissions it can not equalize the effect of gradual traffic increase. 
Therefore additional strategies to improve air quality are necessary. Currently the government 
implemented a HDV ban during nights and a speed limit (100 km/h) during the winter season 
(November – April) for the Inn valley motorway (A12). The speed limit imposed in 2006 is 
supposed to reduce the LDV (light duty vehicles) emissions of NOx and Particulate Matter by 
approximately 30% [4]. However, meteorological conditions that control dispersion and dilution 
of pollutants, decide whether high emissions lead to high immissions of pollutants or not. These 
effects are considered through the timing of the traffic restrictions. The formation of a stable 
boundary layer during nighttime keeps pollutants, which are emitted from the surface, trapped at 
low levels. This processes leads to high concentrations of pollutants in the lowest air layers. 
Typically the associated low-level temperature inversion breaks up shortly after sunrise, however, 
in winter it can persist throughout the day [3]. That is why emissions should be minimized during 
the nights and especially in wintertime. The diurnal and seasonal variations are particularly well 
pronounced in valleys where topography not only favours the build up of stable cold pools, but 
also channels the flow and limits its speed [5]. Additionally, a thermal wind system, that in the 
Inn valley occurs on 30% of all days [6] leads to a recirculation of polluted air [7]. These strong 
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influences of topography and meteorology cause morning concentrations of NOx in the Inn valley 
in winter to be up to nine times higher than over flat terrain with the same emission source 
strength [8]. The goal of the INNOX-campaign is to obtain a detailed three dimensional picture of 
air pollutant distribution and to study the key transport and dilution processes of pollutants in 
winter in this specific topographic area.  

Experimental Methods 
The INNOX-campaign took place in January/February 2006 near the town Schwaz in the Inn 
valley, Tirol, Austria. During this period ground based measurements of certain VOCs (Volatile 
Organic Compounds) were performed using a PTR-MS (Proton-Transfer-Reaction Mass- 
Spectrometer). In addition, the vertical distribution of various air pollutants was determined on six 
chosen days. For this purpose miscellaneous analytical systems were carried on the two 
platforms: a research aircraft from the MetAir AG (Switzerland) and a tethered balloon (Fig. 1). 

 

Figure 1: The two measurement platforms of the INNOX-project can be seen on this 
picture: The research aircraft (type: Dimona) which measured from about 150 to 
about 2200 m AGL (crest height) and the Balloon (filled with Helium) that rose to 
about 150 m AGL.  

 

The balloon carried a teflon tube up to an altitude of 150 m AGL. Through this tube the air was 
sucked to a PTR-MS and a CO-analyser. Additionally a radiosonde was fixed next to the teflon 
tube inlet which transmitted meteorological data (air temperature, wind, humidity and pressure) to 
the ground station. With this setup it was possible to obtain detailed vertical profiles in the lowest 
atmospheric layers, where the air quality is usually worst and the strongest gradients in pollutants 
concentrations occur. Additionally the diurnal variations of the thermal stratification and pollutant 
concentrations were observed with up to 10 soundings per day. 
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The research aircraft collected vertical profiles from 150 to 2200 m AGL (crestline). It carried 
more than 100 kg of measurement equipment including instruments for measuring aerosols, CO, 
NOx, VOC, and meteorological parameters. The temporal resolution of up to 10 Hz allowed to 
obtain a three dimensional picture of the distribution of pollutants in the Inn valley atmosphere. 

Results and Discussion 
Figure 2 shows two profiles of benzene and potential temperature on 1st February 2006. In the 
morning the very variable volume mixing ratio (VMR) of benzene is around 2 ppbv near ground. 
Above 20 m AGL the VMR decreases quite fast to a value below 0.5 ppbv at 100 m AGL. The 
profile of the potential temperature shows a strong near-surface temperature inversion. In the 
afternoon the VMR of Benzene is homogenous at a level of about 0.7 ppbv up to 120 m AGL. At 
that height an inversion separates this mixed layer from the air aloft where the VMR is about 0.4 
ppbv. 

 
Figure 2: Vertical profiles of Benzene and the potential temperature in the 
morning (left) and in the afternoon (right) on 1st of February 2006. 

 

How thin the highly polluted layer really is becomes obvious when looking at the profiles of the 
entire atmosphere (Fig. 3). Here data from measurements in the morning of 1st February 2006 are 
plotted. At the elevation up to 500 m AGL the VMR of benzene decreases by a factor of ten. At 
about 1000 m AGL background levels of air pollutant compounds are reached. The potential 
temperature shows stable stratification until 1500 m AGL, with the strongest temperature increase 
near the ground. CO shows a higher background level than benzene because of its longer 
atmospheric lifetime. Interestingly isoprene, which is typically emitted from trees during the 
growing season, occurs at relatively high concentrations. It shows the same spatial distribution as 
benzene and CO, which suggests that isoprene is emitted at the bottom of the valley. At the 
moment it is not clear where this isoprene comes from.  
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Another interesting result of our investigation is the strong horizontal gradient of air pollutants in 
the valley. At the sunny side of the valley a thin slope wind layer develops during the day in 
which polluted air can be transported up to 1500 m AGL (not shown here). 

There is clear evidence that the thermal stratification in the valley atmosphere is the important 
factor for pollution levels in the lowest Inn valley winter atmosphere. Especially in the morning 
the vertical mixing is poor and emitted pollutants are captured in a very shallow air volume in 
which pollutant levels are often beyond guideline limits. During the day some mixing occurs and 
vertical transport along the sunny slopes takes place. However, during these fair weather 
conditions in winter there is no effective process to exchange air masses in the valley atmosphere. 

 
Figure 3: Vertical profiles of Benzene, CO, Isoprene and the potential 
temperature in the morning (9:00 – 11:15 CET) on 1st of February 2006. 
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Abstract 
The accuracy of quantitative volatile organic compound (VOC) detection is substantially 
enhanced if the analytical measurement instrument is calibrated for the compounds of interest. 
We have developed a dynamic gas dilution system that provides variable but known quantities of 
different standard compounds in a carrier gas stream, enabling accurate calibrations to be made. 
This gas calibration unit (GCU) has been designed as a standalone device for use with all 
analytical VOC instruments, but can particularly be used to automatically calibrate an 
Ionimed/Ionicon PTR-MS. The GCU is currently available in two versions: The ‘basic’ version 
enables routine calibrations to be made at ambient/cylinder air humidity; the ‘standard’ version 
allows the relative humidity (rH) of the carrier gas to be varied between rH ~25 % and rH ~95 % 
(at a maximum temperature of ambient conditions). A further ‘high-end’ version, which should be 
available by the end of 2007, will include calibration possibilities at higher humidities (at 40 °C) 
and with varying CO2 content (intended particularly for breath gas or biological process 
monitoring applications).  

General description of operation 
The GCU provides a constant stream of dry/humid VOC-free air in which a steady (but variable) 
flow of standard gas (at known quantities) is mixed; this results in a carrier gas stream containing 
known volume mixing ratios (VMRs) of the compounds required for calibration. An overview of 
operation of the standard GCU is as follows: 

Ambient air (drawn in via an internal pump) or cylinder gas (e.g. synthetic air or nitrogen) may be 
used as the GCU carrier gas. A set of valves allow this gas flow to either by-pass or be directed 
through a water bubbler (for dry and humid conditions, respectively). This flow subsequently 
enters a dew point mirror (DPM), which is used to set the desired humidity of the carrier gas from 
rH ~25% to rH ~95 % (at ambient temperature conditions). The gas exiting the DPM is regulated 
by a mass flow controller (MFC) to maintain a constant, known flow. A VOC-scrubber at the exit 
of the MFC destroys most organic compounds present in the carrier gas flow, thus a dry/humid 
VOC-free air flow at a known flow rate is generated. (This scrubber also allows the GCU to be 
used as a zero-air generator to provide clean air for other applications, such as headspace 
measurements.) A calibration gas enters this carrier gas stream via a second MFC, enabling 
different VMRs of target (standard gas) compounds to be established within the carrier gas. This 
calibration gas may be taken either from the internal, refillable gas canister provided with the 
GCU (and filled with one of three currently available gas mixtures; see details below) or from an 
externally connected cylinder of standard gas.  
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GCU in combination with PTR-MS 
Regular PTR-MS calibrations are necessary to monitor the instrument’s performance and to 
provide accurate quantification of the compounds being measured. The GCU allows a calibration 
to be performed at different compound VMRs (see below; figure 2), enabling a (linear) calibration 
curve to be produced that provides a value for the instrument’s sensitivity for each respective 
compound (see below; figure 3). The GCU also enables the PTR-MS instrument’s limit of 
detection (LOD) for a particular compound to be assessed. 

PTR-MS measurements are linear at VMRs ranging from the instrument’s detection limit to 10 
ppmv. The calibration gas standards currently available contain compounds at VMRs of 
approximately 1 ppmv. A PTR-MS calibration, however, should be performed in the detection 
range of interest. The standard configuration of the GCU comes with a 3000 ml min-1 (at standard 
temperature and pressure; STP) MFC for the zero-air flow (operating range of 60-3000 ml min-1; 
optimum zero-air flow range between 250-1500 ml min-1, outside which the VOC-scrubbing 
efficiency is reduced), and a 20 ml min-1 (at STP) MFC for adding the standard gas (0.4-20.0 ml 
min-1). In this configuration and with the presently available calibration gas containing VOCs at 
~1 ppmv per compound, a calibration range from approximately 0.3 ppbv (300 pptv) to 75 ppbv 
(0.75 ppmv) may be covered.  

The maximum and minimum dilution ratios accessible and their respective VMRs for a 1 ppmv 
gas are: 

Maximum dilution:  0.4 / (1500+0.4) [ml min-1]  = 0.27x10-4   0.3 ppbv 

Minimum dilution:  20.0 / (250+20) [ml min-1]  = 0.75    75 ppbv  

A graphical representation of the high sensitivity (hs) PTR-MS detection range and the calibration 
range offered by the GCU is given in figure 1.  

 

 
Figure 1: Upper box: VMR linearity range of hs-PTR-MS; Lower box: gas VMRs 
accessible by the GCU.  

 

By selecting a required range of VMRs for calibration a ‘calibration sequence’ can be configured 
to measure the desired compounds. The raw data cycles from an example calibration of four 
compounds is shown in figure 2 (top). For this calibration an initial set of zero-air measurements 
(20 cycles) was followed by a gradual stepwise increase (with 20 measurement cycles per step) of 

10-610-5 10-7 10-8 10-9 10-10 10-11 10-12 

Mixing Ratio Range [v/v] 
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the calibration gas mixed into the carrier gas stream. A final zero-air measurement was made to 
test the stability and reproducibility of the instrument background signal on these masses. The 
second part of figure 2 (bottom) shows a humidity-dependent calibration of acetone. Again, this 
was a step-function calibration with zero-air measurements made at the beginning and end of the 
measurement sequence. The change in humidity in this case had only a minimal effect on the 
acetone signal: Dry and humid sensitivities of acetone were 25.4 and 25.2 ncps ppbv-1, 
respectively (ncps refers to absolute count-rates normalised to a primary ion signal – including 
water clusters – of 106 cps; calibration curves not shown). Following a calibration the individual 
data can be normalised to the hydronium (plus water cluster) primary ion signal and the 
background (zero-air) signal for each mass can be subtracted, resulting in a net ncps signal per 
compound, per VMR. The resulting plot of these net ncps data versus VMR for the individual 
compounds gives a linear relationship, with the gradient providing the instrument’s sensitivity per 
compound (figure 3). A LOD (e.g. at S/N=2) may also be estimated using the zero-air data. 
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Figure 2: Top: PTR-MS calibration routine of four standard gas compounds 
(acetaldehyde, 45+; isoprene, 69+; 2-butanone, 73+; benzene, 79+). VMRs shown are 
mean values of all four compounds together. Bottom: Calibration of acetone (59+) for 
dry and humid conditions. The increased humidity in the second half of the calibration 
is clearly seen in the increased hydronium cluster ion (37+) signal. The 0 ppbv count-
rates at the beginning and end of both calibrations represent zero-air from the GCU. 
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Hardware-Software Interface 
Although the GCU can be configured manually (i.e. selection of carrier gas via pump or cylinder, 
MFC flows, etc.), it may also be connected to and operated by an external computer (e.g. that of 
the PTR-MS) via a USB port. This allows for full automation of dilution flows, enabling a PTR-
MS calibration to run via a standard sequence, thereby cutting back laboratory personnel time for 
such a procedure and reducing a calibration to a simple task. 

 

 
Figure 3: Calculating and plotting the normalised count-rates (ncps) versus the VMRs for each 
particular compound yields the measured sensitivity, ε, of the individual substance. (Sensitivities 
here, in ncps ppbv-1, are: acetaldehyde, 12.9; isoprene, 5.9; 2-butanone, 14.8; benzene, 6.9.) The limit 
of detection (LOD; at S/N = 2) for each compound, based on the background signal of the respective 
mass, may also be calculated using the calibration data. 

Future perspectives 
Currently the GCU valves (e.g. to select dry/humid conditions) must be operated manually. 
Ionimed plans to upgrade these with electronic valves to provide a fully-automated, computer-
controlled feature (e.g. for use in a measurement sequence). In addition, in the current ‘standard’ 
version a change in humidity from dry to humid, or vice versa, requires an equilibration time of at 
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least one hour. A planned future upgrade of the GCU will enable faster switching between 
different humidity levels at much reduced time scales. A ‘high-end’ version of the GCU is also 
planned to cater to PTR-MS uses requiring calibrations at higher humidity levels, which is 
primarily intended for those working in the fields of breath gas research or biotechnology. This 
planned concept, featuring an internal heating system, will allow rH 100 % at 40 °C to be 
achieved. Furthermore, for this high-end version, a CO2 gas inlet and MFC will be integrated to 
allow calibration for high CO2 applications (e.g. desirable for breath gas measurements, 
fermentations, etc.). 

Gas Standards Currently Available 
At present we can provide three different mixtures of calibration gas with the GCU, as listed in 
the following table: 

Volume Mixing Ratio in each Gas Standard [ppmv] Compound 
Gas Mixture #1 Gas Mixture #2 Gas Mixture #3 

Formaldehyde - 0.92 1.00 
Methanol 1.40 1.17 - 
Acetonitrile 1.04 0.99 - 
Acetaldehyde 1.18 1.05 1.10 
Ethanol 1.30 1.03 - 
Acrolein - - 0.98 
Acetone 1.20 1.05 - 
Propanal - - 1.06 
Isoprene 1.26 1.05 - 
Crotonaldehyde - - 0.98 
2-Butanone 1.31 1.05 - 
Benzene 1.40 0.99 - 
Valeraldehyde - - 0.96 
Toluene 1.17 0.98 - 
Hexanal - - 0.99 
O-Xylene 1.23 1.02 - 
M-Xylene 1.24 1.03 - 
Heptanal - - 0.91 
a-Pinene 1.14 0.95 - 
Octanal - - 0.81 
Nonanal - - 0.74 
Decanal - - 0.57 
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Abstract 
Proton Transfer Reaction Mass Spectrometry (PTR-MS) was evaluated for detection of various 
processed animal proteins in compound feeds. The headspace of the samples was mass analysed 
(mass range m/z 20-150) and the headspace concentrations calculated. The concentrations were 
subjected to Principal Component Analysis in order to examine if PTR-MS could discriminate 
between meat-and-bone meals (MBMs), fish meals, and feeds fortified with these processed 
animal proteins (PAP). The averages of the groups were discriminated satisfactory and in a 
logical order. However, the groups showed overlap. The present study showed the potential of 
PTR-MS for screening compound feedstuffs, but further research would be required to examine 
improvements. 

Introduction 
The most likely route of infection of cattle with bovine spongiform ecephalophaty (BSE) is by 
consumption of feeds containing processed animal proteins. This route of infection resulted in 
feed bans. The bans were initially aimed at ruminant feeds (regulation 2001/1999/EC). Later the 
ban was extended to all feeds for farmed animals (regulation 2003/1234/EC). This extended ban 
overrules temporarily the ‘species-to-species ban’ (regulation 2002/1774, EC). This ban prohibits 
the feeding of animal-specific proteins to the same species. However, this regulation is effectively 
inactive as it requires support of species-specific identification methods, which are not available 
presently [1].  

Microscopy has been acknowledged as the standard method and allows the detection at the 
present limit of 0.1% PAPs in feeds  [2]. Microscopy requires extensive training of personnel and 
does not reliably differentiate between species specific MBMs, e.g. those originating from 
ruminants and non-ruminants. Method development in this area has received substantial attention 
over the last few years. It remains a challenge, however, to distinguish species specific MBMs 
especially at the detection levels required (0.1%). 

The aim of the present study was to evaluate Proton Transfer Reaction-Mass Spectrometry for the 
detection of various PAPs in compound feedstuffs. 
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Experimental Methods 

Materials 
Various types of MBMs (11 samples, 4 types), fish meals (4 samples), compound feeds for 
bovine (3 samples, vegetable origin) and feeds fortified with PAPs (15 samples) were examined. 
Pure MBMs included mammalian, ruminant, poultry, and feather MBMs. Fortified feeds 
consisted of vegetable material with and without addition of 0.1% or 0.5% MBM and with and 
without 5% fish meal. In total, 29 samples of PAP material, feedstuffs, or combinations of 
feedstuffs and PAP were examined. The origin of the samples have been specified previously 
[3,4] and their identity was confirmed by microscopy. 

Methods 
Sample material (1.5 g) was placed in a 250 ml glass flask at 30°C. The sample was equilibrated 
for at least 30 min prior to analysis. During the analysis the headspace of the sample was drawn at 
a rate of 3 ml/min by a vacuum pump, and was led through a heated Teflon transfer line (50°C) 
into the PTR-MS. The headspace was mass analysed according to the method described by 
Lindinger et al. [5]. A constant drift voltage of 600 V and a pressure of 2.1 ± 0.1 mbar in the 
reaction chamber was applied. Data were collected for mass range m/z 20-150 at a rate of 0.2 
s/mass. Each sample was measured for at least 5 cycles. The average headspace concentrations 
measured during cycles 2, 3 and 4 were calculated as described previously [6] after background 
and transmission corrections. Average headspace concentrations were subjected to Principal 
Component Analysis (PCA). 

Results and Discussion 
The headspace of the 100% PAP samples and the compound feeds for bovine fortified with PAP 
were examined by PTR-MS analysis. Concentrations were calculated and were subsequently 
subjected to PCA. A plot of the first two dimensions of the PCA carried out on all the data is 
presented in Figure 1. The average factor scores for the MBMs, fish meals, and feeds are 
displayed in a PCA plot of the first two dimensions in Figure 2. A high negative score on the first 
dimension is observed for the MBM. The scores on the first dimension increase in the following 
order for the other samples: MBM<Feed+MBM<Feed<Feed+Fish meal+MBM< Feed+fish. 
These results show that nearly all samples were separated on the first dimension. The 100% fish 
meals showed a high negative loading on the second dimension. The discrimination of the means 
of the samples in a logical order reveals the potential of this type of methodology for feed sample 
screening. However, the sample groups showed overlap (Fig. 1), which means that further 
optimisation would be required to distinguish samples unambiguously. With the present sample 
set it was not possible to distinguish consistently between the various MBMs. 

Campagnoli and co-workers [7] evaluated electronic nose technology for detection of various 
MBMs with a 10 (non-specific) sensor instrument. Their study revealed that ENose could identify 
samples with either MBM or fish meal, but samples fortified with both components were not 
discriminated from samples containing fish meal solely.  

For control of EU regulations, unambiguous assignment of unknown samples to the feed or 
feed+MBM groups is of paramount importance. The present study showed that PTR-MS is an 
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interesting approach for screening compound feedingstuffs. It is a fast, non-destructive, cost-
effective alternative. However, further studies for further evaluation, optimisation of the 
methodology and statistics is required. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1: First two dimensions of PCA on concentrations measured by PTR-MS for a variety of 
feeds, PAPs and feeds fortified with PAPs (F+number=Feed, e.g. F1; 100% PAPs in capitals): 
factor scores of samples .  
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Figure 2: First two dimensions of PCA on concentrations measured by PTR-MS for a variety of 
feeds, PAPs and feeds fortified with PAPs (F+number=Feed, e.g. F1; 100% PAPs in capitals): 
average factor scores of sample groups.  
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Abstract 
Propylene is detected by PTR-MS on mass 43. Many other volatile organic compounds (VOCs) 
such as, acetone, acetic acid, acetaldehyde, peroxy acetyl nitrate (PAN), and many alkanes and 
alkenes also produce ions on mass 43. We have used a combination of a gas chromatographic 
(GC) pre-separation and detection by PIT-MS (proton-transfer ion trap-mass spectrometry) to 
determine the interferences for the propylene measurements. The corrected propylene 
measurements using PTR-MS and PIT-MS are inter-compared with GC measurements during 
measurement campaigns in Houston, Texas, and Mexico City. 

Introduction 
In the summer of 2006 we deployed a proton-transfer ion trap mass-spectrometry (PIT-MS) 
instrument onboard the NOAA research vessel Ronald H. Brown and a PTR-MS onboard the 
NOAA WP-3D research aircraft to study the ozone chemistry in Houston, Texas, as part of the 
Texas Air Quality Study (TEXAQS2006). In spring of 2006 the PIT-MS was deployed at a 
ground site in Mexico City as part of the MILAGRO campaign. During both studies GC-PIT-MS 
analysis were done in parallel to the ambient air measurements using PTR-MS, PIT-MS and also 
GC-FID. 

Propylene is an important trace gas for the production of ozone. It is emitted in large quantities by 
anthropogenic sources such as vehicle exhaust and industrial processes. Especially in Houston, 
Texas, where a large number of oil refineries and other crude oil related industries are located, 
propylene and also ethylene are emitted by a large number of point sources, regularly causing 
high ozone in the summer months. 

Propylene, detected at mass 43 with PTR-MS, suffers from various interferences on this mass. In 
this work we investigate, if PTR-MS is capable of quantitative measurements of propylene. 

Experimental Methods 
The VOC measurements in this work were mostly made by PTR-MS and PIT-MS, which is a 
PTR-MS type instrument that features an ion trap mass spectrometer instead of a quadrupole mass 
filter [1]. Additional VOC measurements were obtained by gas chromatographic techniques, both 
on-line and from canister sampling, and detailed inter-comparisons with PTR-MS and PIT-MS 
measurements of many different compounds, propylene not included, have been made with 
generally favorable results [2,3,4]. 
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GC-PIT-MS analysis were done using a home-built GC system that acquires a sample in five 
minutes and uses a DB-5 column for gas chromatographic separation, where one chromatogram 
takes about 20 minutes. The column effluent is directly injected into the PIT-MS, where a full 
mass spectrum is acquired every two seconds during the chromatogram [5]. 

Results and Discussion 
The results of four GC-PIT-MS chromatograms of mass 43 acquired on the Ronald H. Brown in 
and around the Houston industrial region during the TEXQAS2006 air quality study are shown in 
Figure 1. The first panel shows a chromatogram measured out in the Gulf of Mexico in an area of 
relatively clean air. The two peaks are identified as fragments from acetaldehyde and acetone, 
respectively. The second chromatogram was taken in the ship channel Turning Basin downwind 
of Houston downtown. The main peak is identified as propylene, but acetaldehyde and acetone 
are also prominent. The chromatogram taken in Jacinto port was just downwind of the Shell 
refinery. The main peak is identified as propylene, but a large number of other compounds also 
contribute to the signal on mass 43. The last chromatogram was taken in an area called Barbour’s 
Cut in the Houston ship channel. The main peak was identified as vinyl acetate, which is used as a 
solvent in a nearby industrial facility. Here it should be mentioned that PAN and acetic acid, both 
also contributing to the signal on mass 43, cannot be detected with GC-PIT-MS. 

 
Figure 1: GC-PIT-MS chromatograms of mass 43 acquired in and around the Houston 
industrial area.  
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Figure 2 shows the results from the PTR-MS measurements during a flight with the NOAA WP-3 
aircraft over Texas on September 19, 2006. This flight was designed to measure the Houston 
emissions and subsequently follow the urban and industrial plume further downwind as it gets 
more processed. Also intercepted were some plumes of industrial facilities that are known 
propylene emitters. 

Shown in the first panel are the raw data for mass 43 (propylene + other VOCs) and mass 59 
(acetone) measured by the PTR-MS. In the second panel the contribution from acetone, which 
seems to be the largest contributor to mass 43 during this flight, is subtracted from the mass 43 
signal. Also shown in this graph is the propylene GC measurement from canister samples 
collected during the flight. It can be seen that the corrected PTR-MS “propylene” measurement 
agrees fairly well with the GC. 

 
Figure 2: PTR-MS raw data for mass 43 and mass 59 (upper panel). Corrected PTR-MS 
propylene measurements and comparison with GC data (lower panel). (Propylene data are 
courtesy of Elliot Atlas, University of Miami).  

 

During the TEXAQS2006 flights, the Ronald H. Brown cruise and the Mexico City experiment, 
measurements for most of the interfering VOCs are available to correct the mass 43 
measurements. The resulting PTR-MS and PIT-MS propylene data, corrected for the known 
interferences, will be compared with the available GC measurements. 
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Introduction 
Recent modeling studies by Stohl and co-workers [1-3] suggest the occurrence of summertime 
long-range transport to the Central Arctic of continental pollution in general, and of boreal forest 
fire plumes in particular. The simulations indicate that polluted continental air masses are lifted 
and transported towards the pole, leaving the Arctic boundary layer (ABL) largely unaffected by 
these long-range transport phenomena. This is in agreement with ground-based observations at 
high northern latitudes (> 85°N), where very clean atmospheric conditions are generally found 
during the summer months [4,5]. This postulated summertime long-range transport of continental 
pollution to the Arctic free troposphere is however poorly constrained by observations at high 
northern latitudes. Here we present the first in-situ evidence for the presence of a Siberian forest 
fire plume at ~ 3 km altitude close to the North Pole in summer 2001. 

Experimental Methods 
The summer 2001 Arctic Ocean Expedition (AOE-2001) led the Swedish icebreaker Oden to the 
central Arctic, mostly north of latitude 85°N in July-August 2001. The Oden was equipped with a 
helicopter to obtain vertical profiles of aerosol particle number concentrations in various size 
ranges (36 flights), as well as organic trace gases such as acetone, acetonitrile and dimethyl 
sulfide (in 14 out of the 36 flights). The aerosol particle size concentrations were measured at 1 
Hz in several size ranges using two Condensation Particle Counters (TSI UCPC 3025, TSI CPC 
3010) and an Optical Particle Counter (OPC, Climet CI-500, >300 nm). Organic trace gases were 
measured by PTR-MS (Proton Transfer Reaction-Mass Spectrometry). This technique has 
previously been successfully used for measurements of acetonitrile in biomass burning related 
studies [6-8].  
Here we mainly focus on results obtained during a research flight (Flight #23) that reached the 
helicopter ceiling height of 3.6 km at 88.3°N, 2°W on August 8, 2001, 18:09-19:11 UTC.  

Results 
Figure 1 shows the vertical profiles of acetonitrile and aerosol particle number concentrations for 
particles >300 nm. 
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Figure 1. Vertical profiles of acetonitrile (PTR-MS) and aerosol particle number concentrations 
>300 nm (OPC) and during Flight #23 up to the helicopter ceiling height of 3.6 km at 88.3°N, 
2°W on August 8, 2001. The plume from forest fires in NE Siberia was observed at altitudes 
>2600 m. 
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Acetonitrile (CH3CN) is a specific tracer for biomass burning [9]. Considering the long 
atmospheric lifetime of acetonitrile (on the order of months) and the low levels observed in the 
ABL, the Arctic Ocean must act as a sink for acetonitrile. The positive acetonitrile gradient above 
the ABL can be explained by long-range transport from lower latitudes (Figure 1). The 
enhancement of acetonitrile in the layer at ~ 3 km may be explained by long-range transport of a 
forest fire plume. The number concentrations of particles detected in the OPC (>300 nm) also 
increase drastically when entering the plume (Figure 1). 

There is supporting evidence from fire maps and dispersion modelling that the plume intercepted 
during Flight #23 on 8 Aug 2001 above 2600 m altitude originated from NE Siberian forest fires. 
Various fire map products consistently show no or little large-scale biomass burning in Canada 
and Alaska, during August 2001, while there were large forest fires seen in NE Siberia. During 
the time period of interest (3-8 Aug 2001), TOMS and SeaWIFS images show large smoke 
plumes moving north-eastwards from Siberia, over the Bering Strait. The polar coverage of these 
remote sensing data is however poor. Dispersion modelling using the NAAPS (Naval Research 
Laboratory Aerosol Analysis and Prediction System) model [10] predicts that during August 
2001, boreal forest fire plumes reached the central Arctic and the North Pole on two occasions. 
The first event started around August 1-2 with the plume moving northwards from Siberia over 
the Arctic Ocean and influencing the Pole between August 4-8. The NAAPS model indicates that 
the transport of Siberian smoke is transported mostly in coherent synoptic “filaments” or plumes, 
and is typically seen ahead of fronts over Siberia [11]. Occasionally the plumes also move 
towards very high latitudes, as seen in August 2001. 

Discussion 
We present the first in-situ evidence of free-tropospheric long-range transport of plumes 
originating from forest fires at lower latitudes (NE Siberia) to the summertime central Arctic 
(88.3°N). The elevated concentrations of acetonitrile clearly point to a biomass burning source. 
Acetonitrile was also strongly correlated with aerosol particle number concentrations for sizes 
>300 nm in the same plume.  

The Arctic boundary layer (ABL) was otherwise observed to be largely unaffected by these long-
range transport phenomena. The radiation balance of the summertime central Arctic is largely 
governed by the presence and properties of the low-level clouds at the top of the ABL at <200 m 
altitude. Since the ABL is typically capped by a strong inversion, there is little vertical mixing 
from aloft into this cloud layer. The in-situ observations presented here and supporting dispersion 
modeling indicate that long-range transport from ground sources at lower latitudes into the central 
Arctic free troposphere may be frequent in summertime, when melting of pack ice is very 
sensitive to even minor changes in the radiation balance. However, due to the strong inversion, 
the polluted air masses aloft are not efficiently mixed downwards and are therefore less likely to 
affect the cloud microphysics of the lowest clouds. Cloud reflectivity, and hence the climate 
sensitivity, should therefore be more influenced by the aerosol particles present in the surface air 
than in the free-tropospheric air originating from distant sources. Wet deposition of light-
absorbing aerosol material from the plume aloft and onto the snow and pack ice is nevertheless a 
possible mechanism by which pollution from lower latitudes might affect the Artic summertime 
radiation balance. 
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Abstract 
Several low molecular weight isobaric volatile organic compounds (VOCs) occur in the 
atmosphere in the low ppb to ppt range. Proton transfer reaction mass spectrometry (PTR-MS) 
allows for quantitative determination of VOCs in real time at ppt concentrations, but cannot 
discern isobaric species. Although 3-D quadrupole ion traps are capable of MS/MS, they suffer 
from limited ion storage capacity and ion trapping efficiency. Here we pursue the application of a 
linear quadrupole ion trap in combination with proton transfer reaction chemical ionization to 
provide the advantages of specificity associated with MS/MS with improved performance 
characteristics relative to 3-D ion traps. In our application the LIT is operated at a drive frequency 
of 2.0 Mhz. Ions are sequentially ejected by ramping the rf voltage and then bent orthogonally to 
a secondary electron multiplier. The rf drive has been adapted to enable isolation of specific ions, 
collision induced dissociation (CID), and dipolar excitation. Two atmospherically important 
isomers, methyl vinyl ketone (MVK) and methacrolein, yield (M+H)+ parent ions at m/z 71. 
These isomers can be differentiated given that both species have a common CID fragment at m/z 
43, while only methacrolein yields a CID fragment at m/z 41. Initial CID experiments of 
methacrolein in the PTR-LIT have focused on maximizing the m/z 41 to m/z 43 ratio to lower the 
limit of detection for discerning methacrolein from MVK. This presentation will describe the 
instrument, its modifications, and performance characteristics as a tandem mass spectrometer for 
the measurement of atmospheric isomers. 
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Abstract 
The High Resolution Proton Transfer Reaction Time-of-Flight Mass Spectrometer (PTR-TOFMS) 
recently developed at the University of Innsbruck is a powerful new analytical tool for on-line 
analysis of volatile organic compounds. The conventional PTR-MS instrument uses a quadrupole 
mass spectrometer (QMS) for ion separation and ion detection. The QMS keeps peak widths 
almost constant to 1 mass unit. Isobaric ions, i.e. ions that have the same nominal mass but a 
different exact mass, cannot be separated. The Innsbruck High Resolution PTR-TOFMS has a 
mass resolving power of ~ 4000 (FWHM) and is thus capable of distinguishing between a variety 
of isobaric ions. For example, the mass peak of protonated ethanol, C2H6O.H+(m/z=47.049) can 
be clearly separated from protonated formic acid, CH2O2.H+ (m/z=47.013) (see Figure 1). This is 
not only a great advantage for the identification of trace gases in complex sample matrices but can 
also significantly improve the detection limit in cases where the background signal is isobaric and 
thus separated in the PTR-TOFMS. Detection limits as low as 20pptv were obtained for a one 
minute integration period. The performance characteristics of the newly developed High 
Resolution PTR-TOFMS instrument will be discussed in detail and compared to the 
characteristics of a standard PTR-MS instrument. 

 
Figure 1: The protonated ethanol peak at m/z=47.049 can be distinguished from 
the protonated formic acid peak at m/z=47.013.  
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