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Abstract. A headspace solid-phase microextraction 1 Introduction

(HS-SPME) and gas chromatography/mass spectrometry

(GC/MS) system has been deve|0ped for quantifyingBiOgeniC emissions of volatile Organic Compounds (VOCS)
enantiomeric and nonenantiomeric monoterpenes in plan@re estimated to exceed anthropogenic emissions by roughly
chamber studies and ambient air. Performance of thig factor of ten on the global scale (Guenther et al., 1995;
system was checked using a capillary diffusion systemMuller, 1992). Due to the high reactivity of BVOC with

to produce monoterpene standards. The adsorption efthe primary oxidizing agent OH and their propensity to
ficiency, competitive adsorption and chromatographicform particles, these emissions can affect global oxida-
peak resolution of monoterpene enantiomer pairs werdion chemistry and the Earth's radiation budget (Williams
Compared for three SPME fibre Coatings: 75 um Carboxen2004 and references therein). One much studied sub-set
PDMS (CAR-PDMS), 50/30 um divinylbenzene-carboxen- of BVOC is the family of monoterpenes, which are emit-
polydimethylsiloxane (DVB-CAR-PDMS) and 65um ted by terrestrial plants to the atmosphere in large amounts
divinylbenzene-polydimethylsiloxane (DVB-PDMS). Key (ca. 150 TgCyear', Tg=10"2g) (Guenther et al., 1995).
parameters such as the linearity and reproducibility of theMonoterpenes are particularly important in atmospheric
SPME system have been investigated in this work. Thechemistry, reacting rapidly with ozone, N@nd OH, often
best compromise between the enantiomeric separation dfading to the production of secondary organic particles in
monoterpenes and competitive adsorption of the isoprenoid§ignificant yield. Their function in the natural world may
on the solid SPME fibre coating was found for DVB-PDMS be as a signaling compound for insects, aiding pathogen and
fibres. The optimum conditions using DVB-PDMS fibres pollinators alike in finding plants. They might also act as a
were applied to measure the exchange rates of monoterpené§emical defense against various insects as well as play arole
in the emission ofQuercus i|exusing a |ab0ratory whole in inter plant communication (Croteau, 1987; Baldwin et al.,
plant enclosure under light and dark conditions, as well a2006; Unsicker etal., 2009). Most of these monoterpenes are
in ambient air. With 592 and 223 ngrAs ! respectively, ~ chiral, although in most atmospheric chemistry studies the
B-myrcene and limonene were the predominant monoter{*)- and ¢)-enantiomers are not resolved and hence mea-
penes in the emission @. ilex These values were closely sured together (e.g. Kesselmeier and Staudt, 1999). While

comparable to those obtained using a zNose and cartridgéh€e gas phase reaction rates of both enantiomers are identi-
GC-FID systems. cal, the individual enantiomers often have markedly differ-

ent biological properties (Lough, 2002). Interestingly, it has
been recently reported that optical isomers can react at signif-
icantly different rates when they are adsorbed on the surface
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Reliable and quantitative methods are needed for the anal- e D

ysis of chiral monoterpenes in order to evaluate to what ex- - LG

tent different optical isomers contribute to formation of sec- zonmor Tcg;%

ondary organic aerosols (SOA), to understand the metabolic| 5533 o — !

processes underlying their release, and to study their am- ity /l/: N

bient distribution. To date, little work has been done to

analyze naturally occurring enantiomeric gas phase bio-

genic emissions. Specific plant emissions have been inves Pettier ,f:’ l Breibier

tigated previously using g-cyclodextrin capillary GC with NMErimmf;tl Aﬁ [ Element

charcoal adsorption/solvent extraction (Yassaa et al., 2000). tubes with |

. . capillary I

and carbograph adsorption/thermal desorption (Yassaa et al. L=

2001; Williams et al., 2007). In our previous works, we e == =

have reported on the applicability of SPME for qualitative S —1 e |

study of the biogenic emission of enantiomeric and non-

enantiomeric monoterpenes from living plants (Yassaa and I e

Williams, 2005, 2007). For the first time, we present a Compreased O Filter

gquantitative method to measure enantiomeric and nonenan

tiomeric monoterpenes using SPME to extract monoter- {b dgi

penes. The SPME system was calibrated using standard:

generated by a home-built capillary diffusion system. Three

different SPME fibre coatings were tested, including 75 um

Carboxen-PDMS (CAR-PDMS), 50/30 um divinylbenzene-

Carboxe.n-_polydlmethyIS|ongne (DV.B_CAR_PDMS)’ and Fig. 1. Schematic representation of capillary diffusion system

65um dlvmylbenzepe-polydmethylsﬂoxang (DVB-PDMS). (CDS) and glass sampling chamber. Aluminum block is maintained

Each of these coatings were compared with regard to theig; p7°¢ py either heating or cooling the peltier elements. Entire

adsorption efficiency, competitive adsorption effects andajuminum block is surrounded by a thick layer of insulation mate-

achievable chromatographic peak resolution for pairs ofrial and peltiers are connected to large cooling vanes to effectively

monoterpene enantiomers. Key parameters such as the evdissipate heat. Tubing leading to the glass chambers is pre-heated

lution of the extraction efficiencies as a function of sampling to equilibrate air temperature prior to entry into the glass cham-

time, the linearity of SPME adsorption and detection limit ber. MFC: mass flow controller. V25: a MPI custom built con-

were also investigated in the course of this work. An opti- trol/regulator.

mised method was then employed to measure enantiomeric

and nonenantiomeric monoterpenes emitte@lercus ilex

in laboratory whole plant enclosure as well as in ambient air.i.d.) are fitted with custom built Teflon end caps accom-

A comparison of simultaneous measurements of these emisnodating insertion of 0.32nm (1/8inch) tubing. A regu-

sions using SPME, solid sorbent GC-FID and a zNose (fastated flow (~50 SCCM, see Table 1, maintained by MKS

chromatograph equipped with a surface acoustic wave sermass flow controllers) of compressed air was passed through

sor) provide further validation of this method. two ozone scrubbers to avoid any oxidation of monoterpene
species and then through each of these chambers indepen-

dently. The ozone scrubbers were prepared by flowing 10

2 Experimental mL of a 10% [w/w] aqueous solution of N8 O3 through

47 mm diameter glass fiber filter disks and subsequent dry-
2.1 SPME ing under a nitrogen purge flow of 80 mL mih at 50°C

for 4h (Pollman et al., 2005). Approximately 500 pL of
2.1.1 Standard generation selected pure monoterpene standards (Sigma-Aldrich, Ger-

many) were placed separately in vials (5 mm quartz NMR
Monoterpene standards were generated using a 5 channglbes, Kontes glass company 897193-0050) and capped us-
capillary diffusion system (CDS) as displayed in Fig. 1, ing standard NMR caps. The vials were then placed individ-
which employs similar principle as that used by e.g., Helmigually into the larger glass chambers, see Fig. 1. A deacti-
et al. (2003) and Baker and Sinnott (2009). Briefly, this sys-vated diffusion capillary (0.53 mm i.d., 5cm length, Phenyl-
tem consists of an aluminium block fitted with 2 peltier el- Sil-Deactivation) was fed through the cap of each vial to al-
ements for temperature regulation (maintained for these extow a limited amount of chemical to diffuse into the air flow-
periments at 24~0.02°C using custom built PID regula- ing through each chamber. Output of the CDS was further
tion system) and drilled through to house five glass cham-diluted by mixing the output of the system with a stream of
bers. Glass chambers (160 mm length, 2.22 mm o.d., 1.9 mmalean compressed air whose flow rate was controlled by a
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Table 1. Mixing ratios of monoterpenes from the standard gas bottle, measured from CDS and calculated from the weight loss of CDS tubes.

Gas standard CDS

bottle

Mixing ratios Channel Flowrate Measured Mixing Theoretical mixing ratios

(ppb) (SCCM)  ratios (ppm) (ppm) from weight loss

for CDS of CDS tubes

(18)-(—)-«-Pinene ~ 200+0.06 1 58.35 1754+0.07 2.06
(18)-(—)-R-Pinene  198+0.06 1 201+0.07 251
(45)-(—)-Limonene  205+0.06 1 156+0.08 1.75
B—Myrcene 1924+0.10 2 53.64 27+0.11 1.66
(+)-8-3-Carene 109+0.06 2 124+0.07 1.62
1.8-Cineol 218+0.11 2 149+0.12 1.65
(1R)-(+)-¢-Pinene  200+0.06 3 54.64 1844+0.07 2.17
(1R)-(+)-B-Pinene 08+0.06 3 2144+0.07 1.87
(4R)-(+)-Limonene  205+0.06 3 210+0.08 1.81

mass flow controller. The weight loss of chemical over time 2.2 Comparison of SPME fibre coatings

was monitored every few weeks, thus allowing calculation

of the theoretical mixing ratio emanating from the CDS. The Three. SPME fibre coatings were selected for testing
output of the CDS was also directly measured and compare@nd were all obtained from Supelco (Taufkirchen, Ger-
to measurements of a trace gas standard (National Physmany). — The fibres tested included 75um Carboxen-
cal Laboratory, Teddington Middlesex, UK). Results of this PDMS (CAR-PDMS), 50/30 um divinylbenzene-carboxen-

comparison are given in Table 1. polydimethylsiloxan (DVB-CAR-PDMS) and 65um
divinylbenzene-polydimethylsiloxane (DVB-PDMS). These
2.1.2 SPME sampling chamber were chosen based on previous experience with these poly-

mers (Yassaa and Williams, 2005, 2007) and because their
For SPME sampling (see Fig. 1), a small septum (Sigmaehavior has been well documented in the past (e.g. Bicchi
Aldrich, Supelco, Germany) as well as two 0.64 éfaifich) et al., 2000). Each new fibre was thermally conditioned prior
glass ports (inlet and outlet) with teflon stopcocks were af-to use according to the manufacturer's recommendations.
fixed to a 5L glass chamber (8kch, Mainz, Germany). The  For this comparison, each of the three fibres was exposed
5L volume of the chamber was sufficient to homogeneouslyto diluted (5L mir? zero air) CDS monoterpene standards

mix the analytes prior to SPME sampling. Mixing was ini- for 20 min under static conditions following the previously
tially tested using two 250 mL gas sampling bulbs (Supelco)described flushing procedure.

individually or in series. When sampling from the CDS or

standard gas bottle, upon changing chemical mixing ratio2.2.1 Optimisation of the sampling time

the system was allowed to reach steady state by allowing gas

to flow through the system for at least an hour. After a steady! he sampling time was optimized for the 65 um DVB-PDMS
state was attained, the stopcocks were closed isolating thbre coating. Sampling times of 1, 5, 10, 20, 30, 40, 50, 60.
collected, equilibrated air. The monoterpenes were sampled0, 80, 90 and 120 min were tested. Because DVB-PDMS
from the glass chamber, by piercing the septum and exposiné§ an adsorptive-type fibre coating, monoterpenes were ex-
the fibre to the equilibrated air for a measured time. Temperdracted under non-equilibrium conditions. The sampling time
ature during measurements remained essentially constant #@as chosen as the longest practical time for which the extrac-
25° C in the climate controlled laboratory. Immediately fol- tion was linear such that even under the most adverse condi-
lowing exposure, the fibres were analysed by GC-MS. ThetionS (|e highest observed miXing ratio of target monoter-
time between SPME Samp”ng and GC-MS ana|ysis nevepeNe in plant emission or in the atmosphere), the extraction
exceeded 3 min. Each SPME sampling was repeated at leagpes not suffer from competitive adsorption.

3times. After SPME sampling, the system was again flushed

by re-opening the two stopcocks.

www.atmos-meas-tech.net/3/1615/2010/ Atmos. Meas. Tech., 3, 16232010
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Table 2. Detection limits of monoterpenes sampled from glass sam-

L _
pling chamber using DVB-PDMS fibre coating and gas standard < @
bottle. = =
S o)
Chemical Mixing 3 T
ratios (ppt) % " climate chamber 25'C

(18)-(—)-a-Pinene 4 . —TT

(1R)-(+)-a-Pinene 4 L]0 aNose | ¢ -

f—Myrcene 5 V| N

(15.58)-(—)-Sabinene 10 o ] V25

53 Carene 6 ILIEHN | | w2 < |

(1R)-(+)-R-Pinene 5 Heawe

(]_S)_(_)_B_Pinene 5 climale chamber 25'C I

(;Z'ir'noe?’:g]ene 22 [qPTFE fter @ :;‘flf:ﬁ: V25

B valve € pum W 5 o o |
(—)-Limonene 5 . e
1.8-Cineol 8 u Selmen et == isolation
—— lubing w2l cable
Fig. 2. Overview of the cuvette system. The SPME and zNose are
2.2.2 Calibration of monoterpenes produced by attached to the cuvette system by simply puncturing the Teflon foil
the CDS with their respective needles.

The mixing ratios of the standards generated by diluting th
CDS output with 5L min® of hydrocarbon free air, were

checked against the response obtained from a certified ca
ibration gas (contents listed in Table 1, National Physical
Laboratory, Teddington Middlesex, UK). Relative standard
deviations (RSDs) for analyses of both standards are als
given in Table 1 along with the estimated theoretical mixing 24
ratios. The difference between the measured and the theoret-

ical concentrations range from 10 to 25% and were deemegh, order to evaluate the extent of adsorption of monoterpenes
accepta_ble considering the uncertainties made in the latteg, the wall of the glass sampling chamber, it was filled with
calculations. the monoterpene standard at 20 ppb after dilution with zero
o o ) air. SPME samples were then taken under static conditions at
2.3 Calibrations curves and limit of detection 0,1, 2,3, 4,24, 48 and 72 h after the stopcocks were closed.
] o ) N No significant change in the MS detector response was ob-
In order to assess at which mixing ratio competitive adsorp-geryed, up to the third day after the chamber was filled (figure
tion occurs for a given fibre, mixing ratios from 3 to 455 ppb ot shown). This indicates that there was no significant ad-

of the diluted CDS standard gas were tested using a DVBxgption of monoterpenes to the walls of the glass sampling
PDMS fibre coating and a 20 min sampling time under staticchamber.

conditions as previously described. A plot of the mass ex-
tracted (mass spectrometer area count) versus mixing ratio.5  Sampling from whole plant enclosure
shows where competitive adsorption begins.

Diffusion rates of chemicals from vials in the CDS are a Biogenic emissions of monoterpenes were investigated us-
function of the vapour pressure of the pure chemical, caping an open, dynamic cuvette system installed inside a plant
illary diameter, capillary length, temperature of the CDS, growth chamber. In other words, an air flow ran constantly
and the flow rates through each chamber. The ppm valthrough the cuvette resulting in steady state conditions mim-
ues achieved were dictated by the physical limits of the sysicking natural outside conditions.
tem as constructed and made subsequent dilution to ppt and In order to validate the SPME method, monoterpene mea-
sub-ppt levels for determination of detection limits imprac- surements were simultaneously made by a zNose-GC and
tical. Therefore, the detection limit of the method could not also trapped on cartridges which were later analyzed by
be determined simply by lowering the mixing ratios down gas chromatography coupled to flame ionization detection
to ppt level. For this purpose, the certified gas standard GC-FID). All tubes and fittings were made of PTFE and
was sequentially diluted with zero-air to values as low asPFA Teflon. These materials are chemically inert to the

) ppt. Detection limits were measured using DVB-PDMS
r_iber coating and 20 min sampling time employing the static
sampling procedure previously described. The detection lim-
its of target monoterpenes are given in Table 2 and range
(f)rom 4 to 20 ppt.

Storage effects
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relevant VOCs and feature low gas absorption and sequesneasurements but have been omitted in subsequent Figures
tration properties. Although enclosed plants can stay in-for clarity in favor of white (light conditions) and grey (dark
side such an enclosure system for a long time without stress;onditions) shading.

physical and physiological monitoring of the plants was nev- Humidity and air temperature was measured using
ertheless performed. An overview of the components of thea Rotronic humidity/temperature sensor (Hygrometer
enclosure system is given in Fig. 2 and the components ar®P100A, Rotronic Messgate GmbH, Germany). The

described in detail in the following sections. sensor was positioned in a separate chamber which was
flushed with air from the cuvette using a custom-made
2.5.1 Description of cuvette chamber pumping device (MPIC, Mainz, Germany), with a flow rate

of 500 mL mirr®. In order to avoid any radiative heating
Purified compressed air was used to flush the cuvette syggreenhouse) effects, the chamber was enveloped with
tem. Compressed air was dried via passage through Silicaluminum foil to reflect light.
gel cartridges with a moisture indicator (orange gel, 1-3 mm,
Merck, Germany). Trace gases, oil vapors, and miscella2.5.3 Physiological parameters
neous particles were removed using molecular sieve beads, ] . )
activated charcoal, and permanganate coated alumina (Typ¥Yater vapor and Cowere analyzed online using an infrared
IAC 630, Purafill, Germany). Glass padding and a PTFE-dual channel HO/CO, gas analyzer Li-Cor 7000 (Li-Cor
filter with a pore size of 5um were used to remove largerBiotéchnology, Lincoln, NE, USA). A custom-made pump-
particles. The silica gel and molecular sieves were period{Nd device (MPIC, Mainz, Germany) equipped with a builtin

ically regenerated in a drying oven at 18D and 250C, analogue rotameter, was used to supply the analyzer with air
respectively. from the cuvette with a flow rate of 500 mL mih. Small

The cuvette was a cylindrical chamber of 0.60m in heightparticles were filtered from the air at the inlets of the Li-
and 0.35m in diamete~&8 L internal vqumej In the cu-  COr using Teflon filters (Zeflour Teflon filters, 2 um pore size,
vette, all surfaces in contact with sampled air are made Opelman Science, USA).

Teflon. The chamber consists of a skeleton of two PVC
rings connected by four PVC rods, in which an FEP Teflon
foil (Norton, 50pum thickness, Saint-Gobain PerformanceTp¢o Q. ilex plant tested here was potted in an earth-

Plastics, Germany) is fixed. The upper side of the cuvetl§;jeq bucket and positioned in the climate chamber (HPS
was closed with a lid whose surface was coated with FEP;500/60/S Heraeusdfsch) approximately one month be-
foil. The applied foil does not show interference with the fore the experiments started. Chamber lights were controlled
trace gases tested such as monoterpenes, isoprene, orgagiCsimulate day and night conditions, both lasting 12 h, with
acids or sulfur containing compounds, and exhibited only aiemperatures of 30C and 20°C, respectively and relative
slight absqrpuon (5-7%) of photosynthetic active radiation humidity of 60% and 50%. The built-in lights of the cham-
(Kesselmeier et al., .1993, 1995; Sder et al., 1992). The  per were switched on during this period, which irradiated the
cuvette was placed inside a climate controlled chamber. Inymail tree with approximately 500-600 umot#s—1 PAR.

order to maintain a constant humidity in the cuvette, the airrpese conditions assured reasonable, i.e. approximately nat-
was bubbled through a vessel filled with dionised water. The,;5 emission of monoterpenes.

flow into the cuvette was controlled using a flow controller

(MKS Instruments, USA) set to 5 L mirt. The air inside 2.6 SPME and GC-MS analysis

the cuvette was mixed by a Teflon coated propeller, driven

by a magnetically coupled motor attached to the lid. The cli-The DVB-PDMS fibre coating was exposed to the air inside

2.5.4 Acclimation of Quercus ilex

mate chamber temperature was set to5 the whole plant enclosure by simply puncturing the Teflon
foil with the SPME needle for 20 min under both light and
2.5.2 Micrometeorological parameters dark conditions. The experiments were performed over two

separate days. The DVB-PDMS response was calibrated un-
Photosynthetically active radiation (PAR) was measured di-der dynamic conditions in the glass SPME sampling cham-
rectly with a Li-Cor quantum sensor (400-700 nm; Li-Cor ber (with a flow of 5L minm® out of the chamber) by dilut-
Biotechnology, Lincoln, NE, USA) attached to a rod of the ing the CDS chemical output to 50 ppbv using 5 L mirof
cuvette skeleton at plant leaf level to yield realistic valuesclean air.
for the irradiation on the leaf surface. When the light in  Immediately after SPME sampling either from the glass
the climate chamber was switched on, PAR values aroundSPME sampling chamber or from the cuvette, the SPME nee-
550 pmol nT2s~1(£25 umoln2s~1) were obtained. Al- dle was introduced into the split/splitless injector of the gas
though turning off the lights resulted in an instantaneous dropchromatograph. A glass inlet liner with a narrow internal
in radiation, there was a short lag phase in switching on thediameter (0.75mm I.D., Supelco) was used in order to im-
lights. The PAR conditions were checked for every series ofprove the GC resolution and the peak shape. Desorption was

www.atmos-meas-tech.net/3/1615/2010/ Atmos. Meas. Tech., 3, 16232010
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achieved in splittess mode at 250 for 5min. These set- 2.8 VOC sampling on solid adsorbent filled cartridges
tings were found to be sufficient for a quantitative desorption and analysis with GC-FID
of all analytes studied. This was established by subjecting
the analysed fibre to a second desorption and observing ngOCs were sampled from the cuvette by drawing air through
carry-over peaks. adsorbent filled cartridges at a constant flow rate using
The analysis of the samples collected by SPME were cona custom-built, automatic cartridge sampling device, con-
ducted using the same procedure described by Yassaa amstructed at the MPIC Mainz (Kuhn et al., 2005). The sys-
Williams (2007). Briefly, samples were separated and detem consists of a cartridge magazine comprising two sam-
tected using a gas chromatograph (Agilent Technologies #ling loops with 10 cartridge positions for sampling each,
GC 6890A) coupled to a mass-selective detector (Agilentenabling sequential sampling of up to 20 cartridges. Mass
Technologies MSD 5978ert). The MS system was oper- flow through distinct cartridges is controlled by two minia-
ated in electron impact mode with the following conditions: turized sampling valves at the inlet and at the outlet of each
ionization potential 70 eV; source temperature 280The  cartridge.
MS system was operated in scan mode (30-350u) for the VOC sampling and analysis was performed in close
identification of compounds and in SIM mode for their quan- accordance with earlier work (Kesselmeier et al., 2002).
tification. The enantiomeric and non-enantiomeric monoter-The cartridges were packed with 130 mg of Carbograph 1
penes were separated using a Cyclodex-B capillary columif90 n? g—1) followed by 130 mg Carbograph 5 (56F 1),
(30 m-long, 0.256 mm 1.D., 0.25 um film thickness) supplied both with a particle size of 20-40 mesh. Carbographs 1 and 5
by J & W Scientific (Folsom, CA, USA). The internal coating were provided by Lara s.r.l. (Rome, Italy). The sample flow
was composed of a permethylatgetyclodextrin dissolved  was set to 200 mL mint and samples were taken for 15 min
into a cyanopropyl-dimethyl polysiloxane liquid. At a con- resulting in a sample volume of 3 L.
stant helium carrier gas (Messer Griesheim 6.0) flow rate The analysis of the sample tubes was conducted using
of 1mL min~1, the column temperature was maintained ata GC-FID system (AutoSystem XL, Perkin-Elmer, USA).
40°C for 5min, thenincreased to 16Q at 1.5°C per minute  Samples were passed into the system using a thermodesor-
as previously established by Yassaa et al. (2001). The overabier (TurboMatrix 650, Perkin-Elmer, USA). The sensor was

analysis time was 52 min. operated isothermally at 30C. A HP-1 column (100 m,
0.25mm ID, 0.5 pm film thickness) was flushed with Helium
2.7 zNose analyser 6.0 (Westfalen AG, Germany) at a flowrate of 1 mL min

. ] The column temperature program was: °@0 (18 min),
The zNose (Electronic Sensor Technology; Newbury Park’15°C/min to 8C°C (40 min), 22C/min, 150°C, 30°C/min,

CA) is a commercially available gas chromatographic an- 40°C (5 min). The FID was calibrated using the same VOC
alyzer. Besides the detection of explosives and chemicatgas standard mixture used to calibrate the CDS

warfare agents (Staples and Viswanathan, 2005), the instru-
ment finds application in several other fields. It is used for
food aroma analysis (Lammertyn et al., 2004) or for the

ripeness and rot evglua_tion of fruits (Li et. al.z 2009). It The potential of SPME for monitoring VOCs in the atmo-
has also found application for the determination of floral sphere was tested by measuring monoterpenes present in

aroma compounds of lilac blossom (Oh et al., 2008), alarmy;; o tsjde the Max Planck Institute for Chemistry (MPIC,

pheromone emission from aphids (Schwartzberg et al., 2008y, 5, Germany) for two days, 14-15 August 2009. Ambi-

as well as analysis of herbivore-induced plant volatile emis-gt air was pumped at 5 L mif through a 0.64 cm (1/4inch)
sions (Arimura et al., 2005; Kunert et al., 2002). PTFE line from 4 m height situated directly outside the MPIC

The zNose 4200 is a miniaturized high-speed gas chroyng nassed through the glass SPME sampling chamber. An
matographic analyzer comprising of a pump, injector, pre-qone scrubber similar to that used in the calibration experi-

concentrating trap, short GC column and a surface acoustigyent was installed in the front of the sampling line. After a
wave (SAW) sensor. A 6-portvalve is used to trigger the rapgjyen time, the stopcocks were closed (static mode) to cap-
and sensor, respectively. The system draws in a headspag§e an air sample in the chamber. The DVB-PDMS was
sample at 30 mL min, which is entrained onto a Tenax trap, he exposed to the enclosed air sample for 20min. Fol-
where the compounds are adsorbed. The valve is then rotatqging each air sample, the fibre was calibrated by sampling
to align the trap with the column (1m, DB'5, ID0.25mm D, onoterpenes from the CDS and analyses were performed by

0.25um film thickness). Once aligned, the trap is heated USic_\s as previously described. Parallel measurements of

ing an electrical current that vaporizes the adsorbed mateg sige air were performed by proton transfer reaction-mass
rial. A helium carrier gas then transports the material into

~ spectrometry. In this technique high number densities of pri-
the column where compounds are separated. The matenalﬁary HO™ ions are continuously combined with sample air

exit sequentially and are channeled onto the SAW Sensor. iy, 4 reaction flow drift tube maintained at 2.2 mbar andG0
and~130 Td. Any volatile organic compounds with a proton

2.9 Application of SPME method to ambient air

Atmos. Meas. Tech., 3, 1615627, 2010 www.atmos-meas-tech.net/3/1615/2010/
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ton transfer to form protonated ionic products. Primary and zggg i CAR-DEMS
product ions are then sampled into a quadrupole mass spec sson0
trometer for separation and analysis. Details of the technique i
have been summarized most recently by Blake et al. (2009). -
The PTR-MS technique employs no pre-separation of chem- i
icals. As a consequence, a variety of monoterpenes can b

15000
found with a protonated mass ef/z 137 with fragments i

found atm/z 81. Tie_1200 1400 1600 13.00 2000 2200 2400 2600 2200 30.00

Fig. 4. Reconstructed mass chromatographic profitek 03) of

3 Results and discussion monotrpenes sampled with three different SPME fibre coatings with
. i ) 20 min sampling time.(1): €)-«-pinene, (2): (+)x-Pinene, (3):
3.1 Comparison of SPME fibre coatings B-Myrcene, (4): (+)8-3-Carene, (5): (+B-Pinene, (6): €)-8-

Pinene, (7): €£)-Limonene, (8): (+)-Limonene and (9): 1.8-Cineol.
As shown in Fig. 3 the three solid SPME fibres efficiently
adsorbed the studied monoterpenes. DVB/CAR/PDMS has
the highest extraction efficiency for all compounds except
for myrcene and (+)-limonene. While DVB-PDMS showed a more details on competitive adsorption). This effect is most

good adsorption for myrcene, ($)3-carene, (+)8-pinene,  likely related to the structure and geometry of the molecules
(-)-limonene and 1.8-cineol, CAR-PDMS showed better and the nature of the interactions between these molecules
relative adsorption of {)-a-pinene, (+)e-pinene, ()-8- and the active pores of the SPME solid fibre coatings.

pinene and (+)-limonene. Interestingly, while)tlimonene The varying peak tailing observed in Fig. 4 is obviously

and (+)B-pinene were preferentially adsorbed on DVB- not related to the GC column separation conditions as a se-
PDMS, their optical isomers, (+)-limonene anr€){8-pinene ries of optimisation analyses were completed in order to min-
were better adsorbed on CAR-PDMS. This effect was everimize the analysis time and maximize resolution of the enan-
more pronounced with limonene enantiomers. The high adtiomers. These analyses focused on adjustment of the ini-
sorption efficiency for limonene by CAR-PDMS fibre coat- tial temperature of the column and the temperature program,
ing was also reflected in the poor separation of limonenesince these two parameters have been previously found to
enantiomers (Fig. 4). be critical for the beta-cyclodextrin columns (Yassaa et al.,
Due to the efficient adsorption of-pinene angs-pinene  2001). As these optimum separation conditions have been
on the CAR-DVB-PDMS fibre, it becomes readily saturated used to test the three SPME fibre coatings, we suggest that
with these chemicals. Competitive adsorption therefore oc+his is rather related to the difference in the recovery of ad-
curred early for these species (refer to the next section fosorbed components which seems to depend on the nature
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Fig. 6. Extraction kinetics of monoterpenes in 1, 5, 10 and 20 min

Fig. 5. Extraction kinetics of monoterpenes in 1, 5, 10, 20, 30, 40, samp|ing times and correlation coefficients using DVB-PDMS.

50, 60. 70, 80, 90 and 120 min sampling times using DVB-PDMS.

under non-equilibrium conditions, the total response repre-
&ents the time averaged mixing ratio encountered by the fibre

SPME fiber coating materials. The worst case was obtaine . :
over the course of the sampling period.

when SPME fibre coating was a mixture of carboxen and di-

vinylbenzene. ) ) . .3.3 Calibration curves and detection limits
The best compromise between resolution of enantiomeric

pairs and reduction of the effect of competitive adsorptionThe guantification of target monoterpenes was based on the
was obtained using DVB-PDMS fibre coating. While DVB cgjipration curves for the optimized 20 min sampling time.

phase is mainly mesoporous and ideal for trapping C6-C15rhe mixing ratio ranges of the monoterpenes are shown in
analytes including monoterpenes (C10), CAR is microporousrgpe 3. Excepte-pinene, which responds linearly only up

and efficiently traps C2—-C6 analytes (Mani, 1999). to around 53 ppb, most chemicals respond linearly up to
S o 100 ppb level. Limonene responded linearly up to 300 ppb.
3.2 Optimisation of the sampling time These results showed hawpinene is affected by the com-

petitive adsorption at high mixing ratios, a fact which should
DVB-PDMS is an adsorptive SPME fibre coating and is sus-pe considered during calibration. Since the maximum mea-
Ceptible to Competitive adsorption |f OVerloaded. S|X eXtraC'Sured mixing ratios Of the most abundant monoterpene are
tion times were tested with this SPME fibre coating. The 3rgund a few ppb in the atmosphere and rarely exceed 50 ppb
amount of monoterpene extracted is shown in Fig. 5. For thgp, plant sampling (Kesselmeier and Staudt, 1999), the limit
60, 90 and 120 min extraction times, an increase in the sampf |inearity range measured in this study is quite acceptable.
pling time did not lead to a significantincrease in the amount  The |imit of detection showed in Table 2 ranged from 4 ppt
qf analyte gxtracted. This is !ikely due to the limited adsorp- for a-pinene to 20 ppt focis-B-ocimene. The range of de-
tive capacity of the SPME fibre. The 1, 5, 10 and 20 min tection limits is quite reasonable and comparable to those ob-

sampling times are plotted separately (Fig. 6) along with thegajned in sampling with solid sorbent and thermal desorption.
results of a linear fit through each. For sampling times be-

tween 1 and 20 min, the linearity of the response (here ex3.4  Application to whole plant enclosure
pressed with respect %) ranging between 0.96 and 0.99,
was deemed acceptable for use in quantification. Within thea Q. ilex plant was investigated using SPME, zNose and
20 min sampling time, there was no apparent displacement ofartridge VOC sampler side by side. Fig. 7 shows the re-
the compounds and 20 min was therefore chosen as the ogults of the zNose measurements. The plotted values are
timum sampling time for DVB-PDMS fibre coating to quan- the signal peak area of measurements with sample times
tify monoterpenes. of 2min at 40°C sensor temperature. Four signals could
As can be seen from Fig. Sy-pinene, 8-pinene and be observed, which showed an obvious light dependency
1.8-cineol reach equilibrium earlier than other monoterpenewith Kovats Indices (KlIs) of 988, 1031, 1207 and 1612.
species due to the displacement effect. Such competition oShortly after the light was switched on, emissions of the four
DVB-PDMS can be avoided by limiting sampling to 20 min. compounds could be observed and reached maximum values
It should be noted that in using a DVB-PDMS SPME fibre after approximately 45 min. When the light was turned off,
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Table 3. Calibration curves with correlation coefficients of monoterpenes sampled from the glass sampling chamber using DVB-PDMS and
CDS at different mixing ratios.

Mixing ratio range (ppb) 3-15 3-21 3-35 3-53 3-105 3-157
(+)-z-Pinene y=188800x y=168820x y=128381x y=90543x y=47522x y=30533x
+308296 +430482 +808543 +1E+06 +2E+06 +3E+06
R%2=0.9992 R2=0.9896 R2=0.9505 R2=0.876 R2?=0.7348 R2=0.6692
Mixing ratio range (ppb) 12-60 12-80 12-134 12-201 12-402 12-602
B—Myrcene y=86728x y=85038x y=75910x y=60799x y=38778x y=28249x
—260317 —220729 +106226 +839360 +2E+06 +3E+06
R2=0.9989 R2=0.9992 R2=0.993 R2=0.9611 R?=0.8941 R2=0.8618
Mixing ratio range (ppb) 6-33 6-44 6-73 6-110 6-219 6-329
(+)-8-3-Carene y=133670x y=123944x y=105858x y=81814x y=50130x y=34250x
—28862 +95667 +449699 +1E+06 +2E+06 +3E+06
R%2=0.9994 R2=0.995 R2=0.9846 R2=0.9429 R2=0.8654 R2=0.804
Mixing ratio range (ppb) 4-22 4-29 4-49 4-73 4-147 1-220
(+)-B-Pinene y=143031x y=128183x y=103050x y=75813x y=43009x y=28215x
+123372 +250549 +579660 +1E+06 +2E+06 +2E+06
R%2=1 R%2=0.9904 R2=0.9685 R2=0.9106 R2=0.8048 R2=0.7344
Mixing ratio range (ppb) 9-45 9-61 9-101 9-152 9-303 9-455
(+)-Limonene y=146480x y=139133x y=122308x y=97167x y=62103x y=44183x
—201076 —71141 +383731 +1E+06 +3E+06 +5E+06
R%2=0.9989 R2=0.9975 R2=0.9902 R2=0.9568 R2=0.8929 RZ2=0.8474
Mixing ratio range (ppb) 7-35 7-50 7-83 7-125 7-250 7-375
1.8-Cineol y=74551x y=69743x y=59532x y=46339x y=28534x y=19959x
+44304 +114321 +341675 +739537 +2E+06 +2E+06

R%2=0.9997 R2=0.9964 R2=0.9849 R2=0.946 R2?=0.8696 R2=0.8219

the emissions dropped below the detection limit within ap- The SPME (Table 4) and VOC analysis by GC-FID
proximately 15 min. Using the observed Kis, signals can be(Fig. 9) showeds-myrcene as the most prominent chem-
tentatively assigned to limonene (KI of 1031) ghwnyrcene  ical emitted, followed by limonene. These two chemicals
(K1 of 988). made up more than 95% of the total monoterpene emissions.
On the other hand, Fig. 8 shows an example of the re\Mery small fractions ofa-pinene, g-pinene and sabinene,
constructed mass chromatographic profile of monoterpeneas well as a few other monoterpenes, made up the residual
obtained by analyzing the SPME sample collected from thepercentages.
gaseous emission @F. ilex under light and dark (overlaid in While the derived gas exchange rates for limonene from
blue) condition on g-cyclodextrin column using single ion  SPME revealed average values of 220 ngfs 2, the ones
mode (SIM). The chromatographic profile depicted in Fig. 8 from cartridge GC-FID were around 240ng#s~! and
was generated by plotting the current produced by ions withthose from zNose ranged from 250 to 300 (see, Fig. 10). The
mlz 93, a fragment quite specific to monoterpene hydrocar-gas exchange rates frgfamyrcene were 590 ngn? s—1 de-
bons that, in many cases, is the base peak of the mass speaived from SPME and 610ngn?s ! obtained from car-
trum. The chromatogram shows only two peaks that are attridge GC-FID. However, the comparison could not be made
tributed tog-myrcene and-{)-limonene. By comparing the with the zNose, because no response factor for myrcene was
ratios ofg-myrcene to limonene between SPME GC-MS and available.
zNose, we conclude that the peaks KI 1031 and KI 988 ob- Previous studies have shownpinene andg-pinene as
tained from zNose during these experiments are very likelythe most prominent compounds emitted Qy ilex with
limonene ang-myrcene, respectively. 9,9% limonene and 6.7%-myrcene found in lesser amounts
(Kesselmeier et al., 1996, Yassaa et al., 2001). Three main
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Table 4. Average gas exchange rates (ngfs~1) of monoterpenes from the emission of potted individuaQoflex obtained with SPME
with DVB-PDMS fibre at 20 min sampling during light and dark conditions compared to those recorded by solid sorbent GC-FID and zNose.

SPME SPME Solid sorbent  zNose
Lightoff Lighton GC-FID

(18)-(=)-a-Pinene u.d.k 1.5

(1R)-(+)-a-Pinene u.d.l. 0.6

B—Myrcene u.d.l 592 610 n.g*
(15.55)-(—)-Sabinene  u.d.l. 5.5

(18)-(—)-Camphene u.d.l. 0.2

(1R)-(+)-R-Pinene u.d.l. 0.5

(18)-(—)-B-Pinene u.d.l. 0.5

Cis-8-Ocimene u.d.l. 0.5

(48)-(—)-Limonene 0.6 223 240 250-300
(4R)-(+)-Limonene u.d.l 1.0

1.8-Cineol u.d.l. 0.3

* u.d.l.: under detection limit‘* n.q.: detected but not quantified.

Abundance
g = 85010 f-Myrcene
. 75000
- C L B | LI W
65000
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o u ]
% §_ 1 ™ 35000
.4 44
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o 4

J | I J Fig. 8. Reconstructed mass chromatographic profile& ©3) of
1200 14:00 16:00 18:00 monoterpenes present in the emission of po@edex during light

local ime and dark ((overlaid in blue) conditions.

Fig. 7. Emissions of the potte. ilex measured in the cuvette
with sample times of 3min at 40 sensor temperature of the
zNose. The dashed line indicates the peak detection limit. i KI 988,
m K| 1031, Y Kl 1207, Y KI 1612. Fig. 10. Limonene calculated
gas exchange rates for the zNose daty KI 1031 compared to
rates obtained by solid sorbent GC-FID datg.( The dashed line
indicates the peak detection limit of zNose.

B Myrcene

H Limonene

m a-Pinene

M lsoprene, MVK, MACR
B p-Cymene

W b-Pinene

# Other monoterpenes

emission types o). ilex have been distinguished in litera-

ture. Of investigated populations, 70.5% emitted maily ~ Fig. 9. Composition of monoterpenes emitted by the potted individ-
pinene angB-pinene (60-80%), 21.2% produced higher pro- ual of Q. ilexaccording to solid sorbent GC-FID measurements.
portions of limonene (30—-80%), and 8.2% had higher propor-

tions of g-myrcene (60-90%) in their emissions (Staudt et

al., 2001). The observed monoterpene emissions were ther®f reported total monoterpene emission rateQoflex This
fore not exceptional and simply reflect the different emitter value is generally between 10 and 1600 rifrsr* depend-

types of this species. ing on the individual plant, season, and measurement condi-
The exchange rates of the potted individual enclosed infions (Staudt et al., 2001).
the cuvette showed similar results fpmyrcene by the three It should be noted that the studie@. ilex individual

techniques and by SPME and GC-FID for limonene. The ob-showed a strong enantiomeric preference (almost 166p% (
served emission rates were comparable and fit into the rangémonene) compared to the previously investigated species
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7 R Table 5. Average monoterpene mixing ratios (pptv) of monoter-
8 | o oo ! penes present in the ambient air outside MPIC (Mainz, Germany)
W ® o 4,8 0,0 sampled with SPME, 14-15 August 2009.
b * . 3 AT
E & pte o oF * 7 e
2 o ,‘. ' . Min Max Averaget RSD%
é " % N (15)-(-)-a-Pinene 60 65 645
s 9 ¢ . (1R)-(+)-a-Pinene 49 56 536
- ) B—Myrcene 22 24 243
§ T ¢ ® (+)-6-3-Carene 45 51 496
T aaeaa maan' 00 me (1R)-(+)-B-Pinene 32 45 4018
¢ (15)-(—)-R-Pinene 52 62 589
© - - (45)-(-)-Limonene 31 36 358
_] f ' ‘ ‘ (4R)-(+)-Limonene 36 40 396
14:00 15:00 16:00 17:00 18:00 1.8-Cineol 57 61 59-3

local time

Fig. 10. Limonene calculated gas exchange rates for the zNose

data (n), KI 1031 compared to rates obtained by solid sorbent GC-ates found by the zNose and through use of solid sorbent
FID data (). The dashed line indicates the peak detection limit of ;.4 sc_FID.

zNose. Although it has been shown that the zNose can qualita-

tively measure the emission potential and kinetics of plant
volatile emission, chemical speciation must be confirmed us-
ing alternative methods. SPME represents the technique of
choice for this purpose. Compared to cartridge based ad-
sorption and thermal desorption techniques, SPME is cheap,
simple, fast, sensitive. It is highly mobile, completely elim-
inates the use of organic solvents, and does not require the
use of an expendable cryogen in the analysis. This is easily
automated method when combined with a portable and fast

the 5L glass SPME sampling chamber using a pump. Bot GC. These qualities should provide excellent opportunities

ambient air and calibration gas were sampled with SPME or studying emissi_ons of organic volatiles from a \_/ariety .Of
under static conditions with the two valves closed and adlfferent plant species, both in plant chambers and in ambient
sample time of 20 min. Parallel measurements were perf’“r'

formed with proton transfer reaction-mass spectrometry with i

mlz 137 used to quantify monoterpenes. Since PTR-MS isAcknowIedgementsThe authors would like to thank Uwe Kuhn,
not selective for monoterpenes, only the mixing ratios of to—-l—am‘”’lra1 Dindorf, Thomas Kenntner, Frank Helleis and Nina-

tal t Id be det ined f . Maria Knothe from Biogeochemistry Department, Max-Planck
al monoterpenes could be determined for comparison. Institute for Chemistry for their technical support in constructing

Table 5 reports the min, max and average of 2 days (14+he permeation device.
15 August 2009) of measurements of monoterpenes in ambi-
ent air outside of MPIC (Mainz, Germany). The total mixing The service charges for this open access publication
ratios of monoterpenes by PTR-MS, 600 pptv was close tchave been covered by the Max Planck Society.
that determined by SPME (425 pptv as the sum of the identi-
fied and quantified monoterpenes). This provides additionaFdited by: D. Riemer
support for the applicability of the SPME system to the mea-
surement of monoterpenes in the atmosphere.

by Yassaa et al. (2001) where-)-limonene and (+)-
limonene accounted 41 and 59%, respectively.

3.5 Application to ambient air

The mixing ratios of monoterpenes in the ambient air of out-
side of MPIC (Mainz, Germany) at 4 m height were deter-
mined over two days. The samples were taken by filling
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