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Abstract. Biogenic volatile organic compounds (BVOCs) 1 Introduction

are emitted into the atmosphere by plants and include iso-

prene, monoterpenes, sesquiterpenes, and their oxygenat&iegenic volatile organic compounds (BVOCs) are emit-
derivatives. These BVOCs are among the principal factors infed into the atmosphere by vegetation in what is thought
fluencing the oxidative capacity of the atmosphere in forested® be primarily a plant defense response (Lerdau et al.,
regions. BVOC emission rates are often measured by col1994; Kesselmeier and Staudt, 1999; Engelberth et al., 2004).
lecting samples onto adsorptive cartridges in the field and®VOCs participate in oxidative chemistry in the atmosphere
then transporting these samples to the laboratory for chro@nd impact the concentration of air pollutants such as ozone
matographic analysis. One of the most commonly used de@nd particulate matter (Atkinson and Arey, 2003). In the
tectors in chromatographic analysis is the flame ionizationUnited States, emissions of VOCs from plants have been es-
detector (FID). For quantitative analysis with an FID, rel- timated to be approximately 1.5 times greater than the to-
ative response factors may be estimated using the effectivi2! from anthropogenic sources (Lamb et al., 1987, 1993).
carbon number (ECN) concept. The purpose of this studyThiS ratio is likely to be even higher in the present day, since
was to determine the ECN for a variety of terpenoid com- vehicle emissions of VOCs have been reduced substantially
pounds to enable improved quantification of BVOC measure-Since the 1980s (Parrish, 2006). More than 50 % of plant
ments. A dynamic dilution system was developed to makeVOC emissions belong to the class of compounds that in-
quantitative gas standards of VOCs with mixing ratios from cludes terpenes and their oxygenated derivatives (Guenther
20-55 ppb. For each experiment using this system, one tef€t al., 2000). A terpene is defined by its molecular struc-
pene standard was co-injected with an internal reference, nture and chemical formation process. They have molecular
octane, and analyzed via an automated cryofocusing systeffructures that include carbon atoms in multiples of five; for
interfaced to a gas chromatograph flame ionization detectofXx@mple, 5-carbon, 10-carbon, and 15-carbon terpenes are
and mass spectrometer (GC/MS/FID). The ECNs of 16 com-<Lalled hemiterpenes, monoterpenes, and sesquiterpenes, re-
pounds (14 BVOCs) were evaluated with this approach, withspectively. This structural pattern occurs naturally because
each test compound analyzed at least three times. The diffeferpenes are formed biochemically from combinations of the
ence between the actual carbon number and measured ECkicarbon compound isoprene (2-methyl-1,3-butadiene), the
ranged from—24 % to—2 %. The difference between theo- ©nly true hemiterpene.

retical ECN and measured ECN ranged frer2 % to 9 %. Terpene emission rates depend exponentially on temper—
Measured ECN values were within 10 % of theoretical ECN ature (Guenther et al., 1995), but they are also a function
values for most terpenoid Compounds_ of incoming radia.tion, nutrient aVaiIabi”ty, and Vegetation

type (Guenther, 1997; Lerdau et al., 1997; Demarcke et al.,
2010). Measurements of these BVOC emissions are criti-
cal to understanding atmospheric chemistry on regional to
global scales, but such measurements are very difficult to do
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well and thus their availability is limited. The emission rate a molecule that the FID “effectively” responds to relative
measurements that are reported exhibit high intra-specieto its aliphatic equivalent. In other words, it is the num-
and inter-species variability (Duhl et al., 2008; Ortega etber of equivalent aliphatic carbons that would produce the
al., 2008). Limited measurements and high variability con-same detector response. They proposed that the presence
tribute to uncertainties in biogenic VOC emissions invento- of functional groups decreases the FID response in a pre-
ries that can be as high as a factor of ten (Guenther et aldictable way, and that the total ECN of any organic com-
2006; Sakulyanontvittaya et al., 2008). Even less well underpound can be determined by summing the ECN contribution
stood are the changes to BVOC emissions that result fronfrom each carbon atom present in the molecule. Calculat-
increased herbivory, elevated atmospheric oxidants, droughing the ECN of a molecule using the number and type of
and other stressors that are expected to increase in a changifignctional groups present provides a means for estimating
climate (Pé&uelas and Staudt, 2010). These factors motivaterelative response factors for quantification. This approach is
ongoing studies of biogenic emissions. particularly useful for applications where samples contain
As part of the measurement protocol for determininga complex mixture of organic compounds, when standards
BVOC emission rates, samples are often collected onto adare not realistically accessible, and when accuracy to within
sorptive cartridges in the field and then transported to thea few percent is sufficient — a common scenario for many
laboratory for chromatographic analysis. Quantitative chro-environmental measurements.
matographic analysis normally requires calibrating the de- Scanlon and Willis (1985) defined the ECN of a compound
tector to each analyte using pure standards. Response factaas
for target analytes are calculated from standard calibration
e ECN ECN
runs and then subsequently used for quantification in samgCN = = 1)
ples. Unfortunately, most environmental samples are a com- F(molan (%)
plex mixture of organic compounds, making it nearly impos-
sible to obtain gas-phase analytical standards for each possivhere ECN and ECN are the effective carbon numbers of
ble analyte. To circumvent this issue, a detector with a prethe analyte compound and the reference compound, respec-
dictable response to target analyte compounds may be usetiyely, Fimolar) is the relative molar response factor, Nénd
enabling theoretical estimates of response factors without reMW, are the molecular weightd, and A, are the integrated
quiring calibrations for each individual analyte. peak areas, ana; andm, are the sampled masses of each
One of the most commonly used detectors in gas chrocompound. The relative molar response factor can be cal-
matography for this purpose is the flame ionization detectorculated if the ECNis known by rearranging the equation
(FID) due to its broad linear range, high sensitivity, and pre-above:
dictable response to organic compounds. An FID works by
passing sample gas through a flame generated from pure hy¥yojar) =
drogen and compressed air. lons are formed within the flame,
and these ions are collected on a biased electrode located
adjacent to the flame. A current is produced that is propor2 Effect of functional groups on effective carbon
tional to the number of ions. In the absence of other com-  number
pounds, hydrogen combustion produces a very low baseline
ion signal. When an organic compound enters the flame, C-&ID responses for a number of compounds with various func-
bonds are broken via a process called “cracking” and hydrotional groups have been quantified in previous studies. The
gen atoms are removed via “stripping” reactions. Throughtypes of compounds studied, the reference compounds used,
these reactions, the individual carbons are converted int@nd the approach to data presentation all varied in this ear-
the oxomethylium ion (CHO) via the following mechanism  lier work, frequently in ways that severely complicate inter-
(Holm, 1999): comparison. Table 1 summarizes the average ECN contribu-
tion from different types of functional group for those stud-
CH+0 — CHO" — CHO" + ¢ (R1) ies where ECNs weyrz explicitly preser?ted gr could be calcu-
The oxomethylium ion quickly loses a proton to water lated from the given information. In some cases the previous
molecules forming CO and stable proton-bound water clus-work contributed to the evolution of the ECN concept but did
ters ((H0),HT). Consequently, the FID is essentially a not explicitly present ECN values; results from these papers
“carbon counter” and its response to saturated aliphaticare not presented in the table but are included in the follow-
molecules is proportional to carbon number. However, FIDing discussion. Table 1 is not intended to be a comprehen-
response decreases as the complexity of the moleculagive summary of all the results presented in the referenced
structure increases. papers; readers should refer to the original papers for more
To account for these deviations in FID response, Sterninformation. For example, results from halocarbon analyses
berg et al. (1962) developed the effective carbon numbeg@re not included in Table 1 because they are not the primary
(ECN) concept, which describes the number of carbons irfocus of this work.

ECN,

ECN @)
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Table 1.ECN reduction by functional group.

1913

Functional Group

Sternberg et al. (1962)  Tong and Karage84)

Jorgensen et al(1990)

Kallai et al3 (2001) Kallai and Ball4 (2002)

Aliphatic 0 —0.01 —0.08 —0.02 -
Aromatic 0 —0.87/aromatic ring (PAHs) - —0.54 (Toluene) —0.11 (Benzene)
—1.12 (Ethylbenzene) —0.12 (Toluene)
—0.44 (Ethylbenzene)
—0.78 (Propylbenzene)
—1.50 (Butylbenzene)
—2.08 (Pentylbenzene)
Olefinic —0.05 - - - -
Acetylinic +0.30 - - - -
Carbonyl -1.0 - —0.80 —0.99 -
Carbonyl+ Aromatic  — —0.48/carbonyl (Oxy-PAHS) - - —0.79 (Acetophenone)
Carboxyl -1.0 - - - -
Nitrile -0.7 - - - -
Ether -1.0 - -0.75 - -
Alcohol —0.6 (Primary) - —0.42 (Primary) —0.72 (Primary) -
—0.75 (Secondary) —0.58 (Secondary)
—0.25 (Tertiary)
Phenol - - —0.83 - —0.22
Furan - - —0.82 - -
Ester —0.25 - -1.29 —1.49 -
Amine —0.6 (Primary) - —0.59 (Primary) —0.79 (Primary)
—0.75 (Secondary)
—0.25 (Tertiary)
Amine + Aromatic - —0.79/nitro group (Nitro-PAHs)  — - —0.26 (Aniline)

1 Tong and Karasek (1984) reported absolute response factors. ECN contributions were calculated relative to their regitdtsyfdfodsolate the effect of the oxy- or
nitro-functional groups, a correction using the average response per aromatic group was applied for each c@nlp(gmﬂ;en et al. (1990) used naphthalene as the reference
compound, assuming ECN was equal to the number of carBdReference compound was benzehgeveral different aliphatic compounds were used as reference compounds.

Sternberg et al. (1962) proposed the ECN concept, andhem to disentangle response differences that may have been
summarized the individual ECN contributions for 16 differ- due to chromatographic effects vs. detector effects. This en-
ent types of functional groups (shown in Table 1). Most of the abled a direct study of the mechanism of the FID response
ECN corrections used to this day originated from this semi-to these compounds. While justifiable with respect to their
nal work. Their experimental methods included the analysisexperimental goals, the dual approach described by Stern-
of both liquid phase binary standard mixtures and gas-phasbkerg and co-authors adds further ambiguity to the interpre-
standards. They ran 35 standard compounds as binary liquithtion of their results. For example, in their paper Sternberg
mixtures that were each injected into the instrument via theet al. (1962) presented a table summarizing the ECN contri-
liquid injection port; these standards were separated with dution by functional group type. However, there are apparent
GC before introduction into the flame. This method intro- inconsistencies between this table and other results presented
duced a number of uncertainties. For example, the referencim the paper. Averaging their results for each compound of a
compound had to be changed from run to run to avoid co-given functional group does not reproduce the values in their
elution with the analyte. The primary reference compoundsummary table, nor can the results be reproduced by combin-
used was n-heptane, but was replaced with benzene or nng the gas and liquid experiments nor by just averaging the
octane when necessary. In addition to these liquid analyresults from the gas experiments. Presumably the Sternberg
ses, Sternberg et al. (1962) also ran 21 standard compoundsam used some combination of their gas-phase and liquid-
as gaseous mixtures in a continuous flow mode where th@hase results to generate the final ECN contribution summary
GC was bypassed and analytes were instead injected directable, but these details are not included in the paper.
into the FID. A known amount of standard was added to an Despite its ambiguities, the work of Sternberg et al. (1962)
8.2 stainless steel tank, pressurized with hydrogen, and theis very useful for understanding how the presence of
introduced to the flame through varying restrictors to con-functional groups can affect FID response. For example, their
trol and change the introduction flow. This approach allowedresults suggested that any carbon that is part of a carbonyl or
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carboxyl group will not contribute to the FID response. This presented by Sternberg et al. (1962). A decade later, Clementi
is because the carbon—oxygen bond does not break duringt al. (1972) measured ECNs for 19 different compounds
the cracking reactions within the flame. Thus, the carbon willrepresenting five general classes of compounds with vary-
maintain connectivity with an oxygen atom after cracking re- ing number of carbon atoms. They concluded that the pres-
actions have occurred. This effectively prohibits the genera-ence of a heteroatom resulted in a decrease in the ECN of
tion of the oxomethylium ion from that carbon (via Reac- the compound by~ 1.0 regardless of the heteroatom type.
tion 1), hence also reducing FID response of the moleculeThey also found that tert-butyl groups (i.e. carbons attached
This same reasoning explains their observation that a carboto four other carbons and no hydrogens) do not contribute to
associated with an ether functional group was invisible to thethe ECN at all, though this was not consistent with results
FID; one of the carbons adjacent to the ether will be assofrom Sternberg et al. (1962) and this finding has not been
ciated with the oxygen atom after cracking and will prevent replicated in more recent studies.
CHO™ genesis. Over time, technological advancements have improved
Sternberg et al. (1962) also found that alcohols are affectedlata analysis techniques and allowed some groups to re-
by the same processes described above for other oxygemddress the ECN concept. Jorgensen et al. (1990) quanti-
containing functional groups, but the ultimate effect on FID fied ECNs for 56 different compounds of varying carbon
response is more complex. The magnitude of the reducedumber representing 6 different functional group types (Ta-
FID response from alcohols depends on the likelihood ofble 1). They replicated many of the compounds from the ear-
the carbon—oxygen bond breaking during the cracking prodier work of Sternberg et al. (1962), but also filled in some
cess. Secondary alcohols are the most likely to form cargaps by examining a broader array of substituted compounds.
bonyl groups and thus exhibited the largest reduction in re-Comparisons between Jorgensen et al. (1990) and Sternberg
sponse AECN=-0.75). Tertiary alcohols, however, can- et al. (1962) reveal some significant differences, most no-
not form carbonyls because no hydrogen atoms are presemably for ketones, ethers, and furans. These are probably due
on the adjacent carbon. Thus, for tertiary alcohols the pri-to improvements in analytical techniques, but there may have
mary reaction during cracking will result in the rupture of a been other experimental differences that contributed to these
carbon—oxygen bond. In this event, the carbon exists in itdiscrepancies.
reduced form post-cracking which allows the formation of The work of Jorgensen et al. (1990) also highlights an
the oxomethylium ion. Accordingly, Sternberg et al. (1962) additional complication stemming from the choice of ref-
reported a higher response for tertiary alcohols relative toerence compounds for deriving ECN values. They used an
secondary alcoholsN\ECN= —0.25). Primary alcohols pro- aromatic compound, naphthalene, as their reference and as-
duced a response intermediate to tertiary and secondary alcgumed that aromatic compounds behave similarly to straight-
hols (AECN= —0.6), in line with the theory outlined above. chain saturated hydrocarbons in the flame. However, other
However, it should be noted that in the Sternberg et al. (1962Wwork has shown that the ECNs of polycyclic aromatic hy-
work, only one tertiary alcohol compound was analyzed todrocarbons (PAHs) deviate from their carbon number. Tong
inform this interpretation of the results, tert-butyl alcohol.  and Karasek (1984) measured relative response factors for
Other studies looking at the effects of molecular struc-aliphatic and aromatic compounds, and demonstrated that
ture on FID response were presented at the same sympa@romaticity can have a significant impact on ECN contribu-
sium where Sternberg et al. (1962) presented their resultgion for polycyclic aromatic hydrocarbons (Table 1)allai
Perkins et al. (1962) estimated a theoretical response assurand Balla (2002) confirmed the potential impact of aromatic
ing a decrease in ECN by alcohols and amines~d.5 bonds on ECN values, showing that larger aliphatic groups
and by other oxygen-containing functional groups~o1.0. located on an aromatic ring exaggerate the aromatic effect.
Their study included compounds with twelve carbons or lessKallai and Balla (2002) proposed that this occurs because
with a diverse array of functional groups including alkanes, the residence time in the FID flame is not sufficient to com-
alkenes, aromatics, alcohols, aldehydes, acids, esters, glpletely decompose larger aliphatic chains connected to aro-
cols, and amines. Their experimental results agreed well withmatic rings. In addition to aromatic compoundsalldi et
theoretical values for nearly all compounds. However, theyal. (2001) and Kllai and Balla (2002) presented ECN val-
noted that two amino groups had no more effect than oneaies for several homologous series of compounds with a va-
amino group, which was not predicted with the ECN concept.riety of other functional groups represented. Their results
They had no explanation for these anomalous results. Etagreed well with previous work, but there was some incon-
tre (1962) presented FID responses for paraffins, cycloparafsistency in the results between the two papers. Two differ-
fins, and aromatics for molecules with ten carbons or lessent types of reference compounds were used for the two pa-
All of these compounds would be expected to have an ECNpers; this is potentially a contributing factor to the reported
equal to the actual number of carbons in the molecule. Al-discrepancies, particularly for the aromatic compounds.
though the normal paraffins produced the expected results,
the cycloparaffins and aromatics had a slightly reduced re-
sponse that was inconsistent with the ECN correction values
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3 Motivation for the current study and best practice is that all calibration standards be intro-
duced in as similar a way as possible to the sample intro-
This earlier work evaluating the theoretical ECN values of duction method (Apel et al., 1999). Additionally. Raffa and
different carbon bond types has focused almost entirely orSteffeck (1988) had difficulty quantifying myrcene and they
compounds with relatively simple linear structures. In prac-neglected to run any terpenoid derivatives that are also likely
tice, these theoretical values are frequently applied to muchio be present in any environmental samples. Another rele-
more complicated organic molecules, including those of bi-vant study was published by Komenda et al. (2001). They
ological derivation. Terpenoid compounds are a good examsdesigned a diffusion cell to produce gas-phase standards of
ple. Even though the atomic structure of terpenes is simplezarious BVOCs including terpenes, oxygenated terpenoids,
(they are characterized as a hydrocarbon olefin), their geomand aldehydes. They used the ECN concept in their analysis
etry can be substantially more complex than those studiedo correct their relative response factors, but did not report
previously. They often contain bicyclic structures or highly- the specific ECN contributions they used for their correc-
strained 3-carbon rings. Such complex structures could potions. The omission is problematic since the interpretation of
tentially impact the way terpenes break down within the their results depends critically on the ECN values used. For
FID’s hydrogen flame and thus ultimately affect their ECN, example, the Komenda team found that the ECN correction
as was observed earlier for cyclic paraffins by Ettre (1962). required for monoterpene analysis was small enough to be ig-
There are additional reasons for a detailed evaluation ohored within the uncertainty of their analytical system. How-
the ECNs for terpene species. The analytes present in a sirever, they also stressed that the ECN correction applied to
gle BVOC cartridge sample can contain numerous terpenoidxygenated compounds significantly improved results; with-
derivatives with various functional groups, and inconsisten-out the correction, oxygenated compound responses differed
cies in the current literature leave questions regarding whictby more than 30% from the mean, but with the ECN cor-
values to use to estimate relative response factors. Additionrection applied the response differed by only 7 %. Neglect-
ally, Sternberg et al. (1962) andaKai et al. (2003) have ing the ECN correction in this circumstance would result
shown that differences in instrumentation and experimen-in severe under-predictions of the emission rates of these
tal conditions can have impacts on the ECN contributionscompounds. Komenda et al. (2001) also noted specific prob-
from heteroatomic groups, resulting in inconsistencies bedems in quantifying ocimene and trans-caryophyllene, sug-
tween laboratories. Among others, these factors include thgesting there may be issues in quantifying these particular
ion collection system, relative flows of the gases, internalcompounds with their analytical system. They suggested that
oxygen content, and the flame jet diameter and temperaturecomparing response factors of different VOCs is a useful
Consequently, it is still prudent to run a representative stanquality control check on any analytical system, particularly
dard for each type of molecular structure to be quantifiedsince most BVOC analyses include quantification of com-
in a sample in order to characterize and calibrate each anpounds that have not been individually calibrated.
alytical system. However, terpenoid standards are generally The objective of this study was to calculate the ECNs of
expensive and difficult to obtain, and they are relatively un-a variety of representative BVOC compounds with an auto-
stable in gas cyclinders. This latter was shown clearly dur-mated cryotrapping and analytical system used for BVOC
ing the Nonmethane Hydrocarbon Intercomparison Experi-analysis. To accomplish this, a dynamic dilution system
ment (Apel et al., 1999). In that study, two canisters contain-was built in order to generate gas-phase standards with a
ing over 50 VOCs were sent to 29 institutions for analysis. known mixing ratio from liquid analytical standards. The re-
Of the compounds analyzed, biogenic species were amongroducibility and accuracy of the dynamic dilution system
the most poorly quantified. The average systematic error fowas characterized with a proton transfer reaction mass spec-
alpha-pinene was-40 %, and the mixing ratio had changed trometer (PTR-MS). Gas-phase standards generated from
by —15% within a period corresponding to a few weeks; this system were used to calculate ECNs of terpenoid com-
these and other similar errors were attributed to the instabilitypounds. The reproducibility and reasonableness of the mea-
of biogenic VOC in the stored standards. sured ECN values were used as a quality control to improve
Because of all of these issues, there has been no conthe BVOC analytical system for future analyses.
prehensive study of the ECN values of terpene species be-
fore now. However, there has been some previous work re-
lated to the topic. In one, Raffa and Steffeck (1988) ran ten4 Methods
liquid monoterpene standards and calculated FID response
factors for each terpene relative to n-pentane. They foundi.1 Generation of gas standards
that each monoterpene had a response factor close to one,
i.e. that each had a response nearly equal to its aliphati@he dynamic dilution system was used to make stable, repro-
equivalent based on their definitions. However, it has beerducible, quantitative gas standards of VOCs with mixing ra-
shown that calibrating instruments using liquid injections cantios between 20 and 55 ppbv. The actual dynamic range of the
contribute to substantial errors in gas-phase VOC analysissystem is much larger, from approximately 2—1000 ppbv for
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SN Table 2. Operating temperatures of the dilution system for the com-
@ pounds tested.
VOC injection N P AN ///’ . Known VO;
el I : Sgnoeniration Compound Temperature  Boiling point
2200 Temperatureiii
controller Toluene 45°C-60°C 110.6°C
e Y -
|- BECIEE el 1,2,4-trimethylbenzene 45°C 169°C-171°C
et A a-Pinene 45°C 155°C
' M MRS AN % Butanol 35°C 118°C
. N D 2 SN s/ Beta-caryophyllene 55°C-65°C 262°C-264°C
rrier as( T
comer oo (S MGttt

\\HeatTape
Fig. 1. Schematic of the dynamic dilution system built for generat- using a PTR-MS to assess VOC output stability. To main-
ing gas terpenoid standards. tain the desired temperature of the system, the dilution flow
was heated by wrapping heat tape (Omega, model HTC-
060) around the tube, then wrapping the heat tape with alu-
most organic compounds of intermediate volatility, assumingminum foil. The temperature of the dilution flow was moni-
a dilution flow Capablllty from 5-20 SLPM. A schematic of tored using a thermocoupie (Omega' Type K) that was held
the dilution system is shown in Fig. 1. The system consists Ofinside the fluid stream via a Swagelok tee, nut, and sep-
three main ComponentS: the heated carrier gas ﬂOW, the VOQum It was connected to a temperature controller (Omega’
injection system, and the mixing loop. The main flow path of model CN7500) to maintain the desired temperature up-
the dilution system was assembled from 0.25 inch (6.4 mM)stream of VOC injection.
outside diameter (OD) stainless steel (SS) tube and Swagelok The dynamic dilution system was characterized with a
fittings with graphite ferrules. The SS tube was curved in tWopTR-MS to ensure that consistent, quantitative mixing ratios
places, creating a “U” shape, and a mixing loop was installedof the VOCs were being produced. Details on the calibra-
near the outlet to ensure that the output was homogeneouskygn and performance of the PTR-MS used in this study have
mixed. The carrier gas was dry,Mlow-off from a liquid ni- ~ peen described by Jobson and McCoskey (2010). The PTR-
trogen dewar and was introduced into the dilution system viays response was calibrated by diluting a compressed gas
a mass flow controller (MFC, Alicat SCientiﬁC, model MC VOC standard (Scott_Marrin) Containing aipha_pinene and
2OSLPM'D/5V) The carrier flow could be varied to obtain 12 other VOCs in dry nitrogen t0 19.8 ppbv Results from the
the desired outlet VOC concentration. VOC miXing ratios production of standard gas_phase mixing ratios of toiuenel 1,
were calculated from the infusion rate and the dilution flow 2, 4-trimethy|benzene, and aipha-pinene are shown in Fig 2.
using the density and molecular weight of the liquid stan- The x-axis corresponds to the number of instrument measure-
dard being injected. Hydrocarbons were introduced in thement cycles, with each cycle lasting approximately six sec-
dilution system with precision microliter syringes (Hamil- onds. The y-axis corresponds to the PTR-MS signal, counts
ton, model, 7000.5 KH) that were filled with a ||qU|d stan- per second (Cps)’ normalized by the hydroniur‘@(uii) ion
dard purchased from Sigma-Aldrich. Syringe needles weresoncentration to account for changes in instrument response
inserted through a septum attached to a SS Swagelok tee qfie to variations in the reagent ion (de Gouw and Warneke,
the dilution SyStem. The VOC injection rate was controlled 2007) Itis important to note that the PTR-MS anaiyte con-
with a syringe pump (Harvard Apparatus, model PHD 2200),centration results (and thus its sensitivity) were not used in
which allowed highly precise low flow rates on the order oyr analysis. Only the normalized counts per second from
of a fraction of a plht. Tubing between the dynamic dilu- the instrument were used to determine the stability and vari-
tion system and the instrument sampling system were kept agpjility of the dynamic dilution system. After an initial equili-
short as possible and all lines were composed of PFA tubingyration period, the PTR-MS signal variability at the dynamic
to minimize adsorption of the analyte onto the inner surfacegjjution system outlet was less than 10 % for all three organic
of the tubing. compounds. The alpha-pinene data illustrates that the sys-
The system was held at a temperature that was chosegm took approximately 30 min to equilibrate and then main-
based on the boiling point of the VOC to be measured. If tem-tained a relatively stable output for the next 2.4 h. The rela-
peratures were too high, evaporation of the compound couldive standard deviation (RSD) of the alpha-pinene output af-
occur within the syringe needle, resulting in the productionter the 30 min equilibration period was 8.4 %. The output for
of highly variable output concentrations. On the other hand the other two organic compounds was also stable, with RSDs
if temperatures were too low, liquid droplets could fall into of 3.8 % and 4.8 % for toluene and 1,2,4-trimethylbenzene,
the tubing line and generate inconsistent bursts of heightenegbspectivew_ Based on the results from the PTR-MS, the di-

concentrations. Appropriate temperatures for a small repreftion system was allowed to equilibrate for a minimum of
sentative list of compounds are given in Table 2. Each of30 min prior to sampling.

these operating temperatures was experimentally validated
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Sulfinert Product No. 22505), was immersed in liquid nitro-
gen; the level of liquid nitrogen in the cryotrap dewar was
controlled by opening a valve to allow helium gas to bub-
ble into the dewar. After cryotrapping for ten minutes, the
system was switched to the “inject” configuration (shown in
the inset in Fig. 3). In this configuration, liquid nitrogen lev-
els in the cryotrap dewar were reduced by closing the helium
0 iy : : : : valve, the cryotrapping loop was resistively heated tb00—

80 - a) Alpha-pinene

Normalized cps

0 200 400 600 800 150°C, and the Valco valve position was changed so that

Measurement Cycles

flow was connected from the GC carrier gas through the loop
and into the GC. The total amount of air sampled was calcu-
lated using a reference volume system. The reference volume
was located downstream of the cryotrapping loop; its volume
was known to high precision and its pressure and temperature
were continuously monitored, allowing the total moles of air

400 —

300 —

200 —

Normalized cps

i PO sampled to be readily calculated. With known mixing ratios
0 : : : : : of standard gas from the dilution system, the moles of analyte
400 500 600 700 800 that were collected could also be determined. Using these re-
Cvele lationships, Eg. (1) could be converted to an equivalent, more

200 . .
appropriate form for this system:

ECN
: PV
Al*)ﬂ*(ﬁ)
Here, xj andy; are the mixing ratio of the analyte compound
. . . . . and reference, respectivelf, and P, are the reference vol-
200 400 600 800 1000 .
Measurement Cycles ume pressured is the constant volume of the reference vol-
. ) _ume container7; and7; are the reference volume tempera-
Fig. 2. Three of the gas-phase organic compounds generated W'“@ures, andR is the gas constant. When using an internal stan-

the dynamic dilution system. All mixing ratios at the outlet re- dard, the reference volume pressure and temperature will be

mained stable(a) alpha-pinene for 2.4 hours (RSB8.389%) the same for both the analyte compound and reference com-
(b) toluene for 51.8 min (RSE- 3.81%)(c) 1,2,4-trimethylbenzene . y. o P
pound. The equation thus simplifies to:

for 1.56 h (RSD= 4.75 %).
ECN,

150 —

ECN= (3)

100 —

Normalized cps

g

ECN= @)

Arx)i

4.2 Instrumentation and calculations (Ai*Xr)

To calculate ECN values, an n-alkane should be chosen as
Gas-phase terpenoid standards produced with the dynamige reference so that the EChay be defined as the num-
dilution system were analyzed with an Agilent 6890 Gasper of carbons in the n-alkane. However, if an n-alkane is
Chromatograph with Flame lonization Detector (GC/FID) unavailable for use as a reference, another material may be
(DB-5MS column: 30 mx 0.320 mm with 1.0 pm thickness), used instead so long as its ECN value has been determined
interfaced to an Agilent 5973 Mass Spectrometer (MS). Col-rg|ative to an n-alkane.
umn outflow was split with a column splitter to both the  Measured ECN values were compared to carbon number
FID and MS detectors (SGE Analytical Science Product NO.(NC) and the theoretical ECN values (Engy Ca|cu|ating
123710). A laboratory-built automated cryotrapping systemg relative differenceAECN:
was used to collect samples from the outlet of the dynamic _ _
dilution system before injection into the GC (Fig. 3). A two- AECN:M or AECN:M. (5)
position, six-port Valco valve (VICI Product No. DC6UWE) ECN Nc
was used to transition between two configurations: samplélhe theoretical ECN values of the terpenoid standards were
“load” and sample “inject”. In the “load” configuration, the based on results from Sternberg et al. (1962) for all func-
valve was open and flow was connected from the samplingional groups except aromatic groups. To estimate the con-
line through the cryotrapping loop and into the referencetribution from aromatic groups, toluene results from Kallai
volume. Sample flow was controlled manually using an ad-et al. (2001) were used. A table of the ECN contributions
justable flow restrictor. During cryotrapping, the sample col- of various functional groups used in this study to calculate
lection loop, made from inert stainless steel tubing (Restekheoretical values is presented in Table 3.
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Fig. 3. Schematic of the automated sampling/cryotrapping system used to analyze terpenoid standards generated with the dynamic dilution
system. The figure is shown in the “load” sample position. The inset illustrates the valve connections while in the “inject” sample position.

Table 3.ECN corrections applied for analysis in this experiment.

Functional Group ECN Reduction

Olefinic C
Carbonyl
Tertiary Alcohol
Ether

Aromatic

—0.05
—1.00
—0.25
—1.00
—-0.54

4.3 Experimental approach

to estimate the concentration of each impurity. We found that

the total integrated peak area for all impurities was always
less than 10 % of the integrated area for the target analyte

peak. Since the compound impurities would be expected to
co-vary with the target analyte, this suggests that the com-
pound impurities would contribute no more than one-tenth
of the overall uncertainty in the final analysis. All standards
were run a minimum of three times relative to an internal
standard, n-octane. The ECN of the straight-chain hydro-
carbon standard, n-octane, was taken to be exactly eight by
definition (i.e. equal to the number of carbon atoms in the

molecule).

All terpene gas-phase mixtures were produced from liquid

standards purchased from Sigma-Aldrich, with purities of5 Results and discussion
95 % or higher. The only exception was terpinolene, which

was obtained at 90 % purity. The presence of compound Sixteen separate compounds were run through the auto-
impurities were visible in the chromatographs in a few casesmated sampling/cryotrapping system using the dynamic di-
All reported mixing ratios have been corrected for such im-lution system to generate gas-phase standards with known
purities (if present) by the following procedure. First, the mixing ratios. Thirteen of these were terpenes or terpenoid
compound impurities in the chromatograph were chemicallyderivatives. One, o-cymene, is a biogenic emission that
identified using the mass spectra. Next, the theoretical ECNhas been reported previously (Ortega et al., 2008). Two
values of those compounds were applied to the FID responswere calibrated to n-octane for internal use as laboratory

Atmos. Meas. Tech., 5, 19111923 2012
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Table 4. Summary of study results.

Molecular Theoretical Measured AECN from  AECN from
Compound Structure Carbon # ECN ECN RSD  Carbbn #Theoreticat
OH
2-Methyl-3-buten-2-ol (MBO) AV/ 5 4.65 458 0.093 —0.08 —0.02
3-Carene <;> 10 9.9 9.40 0.048 —0.06 —0.05
Terpinolene 2:%\ 10 9.8 9.46 0.054 —0.05 -0.03
Limonene q 10 9.8 9.50 0.069 —0.05 —0.03
Alpha-pinene @ 10 9.9 9.76 0.042 —0.02 —0.01
Beta-pinene ®< 10 9.9 9.50 0.074 ~0.05 —0.04
Alpha-terpinene Q 10 9.8 9.65 0.069 -0.03 —0.02
Myrcene N P 10 9.7 7.58  0.066 —0.24 —0.22
O-cymene Q 10 9.46 9.42 0.028 —0.06 —0.005
o
Alpha-thujone @F 10 9.00 8.92 0.053 -0.11 -0.01
OH
Linalool G E 10 9.55 820 0.023 ~0.18 ~0.14
OH
Linalool oxide B 10 8.65 8.92 0.002 -0.11 0.03
Aromadendrene T«:}ﬁ/» 15 14.9 13.74 0.154 —0.08 —0.08
=
Beta-caryophyllene 15 14.8 13.35 0.065 -0.11 -0.10
7~
2,2-Dimethylbutane %v 6 6 5.86 0.006 —0.02 —0.02

1,2,4-Trimethylbenzene 4@7 9 8.88 9.22 0.041 0.02 0.04

1 pefinitions of AECN are givenin Eq. (5).
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1 ~| m Theoretical ECN - Carbon Number

2| = Measured ECN - Carbon Number

R T N e

(Theoretical or Measured) ECN -
Carbon Number
1

MBO [5]

3-carene [10]
terpinolene [10]
limonene [10]
alpha-pinene [10]
beta-pinene [10]
alpha-terpinene [10]
myrcene [10]

o-cymene [10]
alpha-thujone [10]
linalool [10]

linalool oxide* [10]
aromadendrene [15]
beta-caryophyllene [15]
2,2-dimethylbutane* [6)
1,2, 4-trimethylbenzene [9]

Fig. 4. A comparison of the carbon number difference for theoretical vs. measured ECN values for all the gas standards generated with the
dynamic dilution system. The carbon number is shown in brackets after the compound name along the bottom axis. Error bars represent
one standard deviation from the average value. *Standard deviations for linalool oxide and 2,2-dimethylbutane were 0.002 and 0.0008,
respectively, and are too small to be seen on this scale.

standards: 2,2-dimethylbutane and 1,2,4-trimethylbenzenesince the FID mechanism for both classes of compounds
2,2-dimethylbutane is a highly stable compound that ismay be quite similar. However, the ECN of tertiary alcohols
used as a NIST-certified external FID standard. 1,2,4-is based on results from a single compound (see discussion
trimethylbenzene is a standard that does not present as an Sect. 2). Ultimately, the response of quaternary carbons
artifact in cartridge analyses. The results for all sixteen com-in the FID appears to be unresolved due to inconsistencies
pounds are presented in Table 4. Molecular structures, carbobetween studies.
number, theoretical ECNs, measured ECNS, relative standard The ECN values of terpenoid compounds were the ma-
deviation (RSD) of the results, and taeECN for both car-  jor focus for this study. As seen in Table 4 and Fig. 4, all
bon number and theoretical ECN are presented. monoterpenes sampled except for myrcene exhibtMECN

Of the compounds studied here, two have values reportedf less than 10 % relative to their carbon number. Conse-
in the literature for direct comparison. Jorgensen (1990) cal-quently, the theoretical ECN correction for monoterpenes is
culated the ECN of 1,2,4-trimethylbenzene to be 9.09; thisinsignificant for this system. However, for the oxygenated
study found the ECN of the same compound to be 9.22terpenoids theAECN relative to carbon number was fre-
(£4.1%). This is good agreement, though the strengthquently greater than 10 %, suggesting that neglecting this
of the comparison is somewhat compromised by Jor-correction would produce erroneously low results for these
gensen’s choice of naphthalene as a reference standambmpounds. This result is in agreement with earlier findings
(cf. the discussion in Sect. 2). Sternberg et al. (1962)of Komenda et al. (2001). The measured ECN values for the
ran 2,2-dimethylbutane (6-carbon compound) and measesquiterpenes were within 11% or less of the theoretical
sured the ECN of this compound to be 6.13. Results fromECN. However, the sesquiterpenes deviated from the theo-
Clementi (1972) suggest that the ECN of this same com-+etical values more than most of the monoterpenes; while
pound should be 5 since it contains a quaternary carbon thanost monoterpenes deviated from carbon number by 5%
they claim cannot contribute to the FID response. Resultr less, the two sesquiterpenes run here deviated from car-
from this study measured the ECN of 2,2-dimethylbutane tobon number by 8% and 11 % for aromadendrene and beta-
be 5.86 {£0.6 %). These results suggest there is some rearcaryophyllene, respectively. This is approaching or, for beta-
rangement of the molecule occurring that allows the FID tocaryophyllene, slightly exceeding the uncertainty of this an-
respond to the quaternary carbon most of the time, and thalytical method. Unfortunately, only two sesquiterpene com-
corresponding reduction in ECN of a molecule with a qua-pounds were available for analysis, making it difficult to
ternary carbon is approximately0.25. Recall that this value draw general conclusions regarding the entire class. More-
is consistent with the response of other carbons lacking adever, one of the two sesquiterpenes tested, aromadendrene,
jacent hydrogen atoms that were discussed previously: camas only run in duplicate rather than triplicate and exhibited
bons associated with tertiary alcohols. The similarity be-a much higher RSD than any of the other compounds.
tween both the structure and ECN value for these two groups Generally, sesquiterpenes are known to be much more
lends some credibility to this result for quaternary carbonsdifficult to analyze than monoterpenes due to their high
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reactivity and low volatility. Similar difficulties were experi- from this experiment that contained tertiary alcohols, MBO
enced in this study. Initial attempts to sample sesquiterpeneand linalool oxide, would still havanECN of 0.09 and 0.08,
yielded much less signal than was expected; in many case®spectively, relative to the theoretical ECN. These results
no analyte peak was observed in either the FID or the MSboth fall within the uncertainty of this analytical method.

We considered several possibilities for what might cause the

severe reduction in sesquiterpene transmission through our ,

system, including increased wall adsorption. We discounted® Conclusions

wall adsorption as the cause after checking the temperatunla

. S ; : .. The quantification of trace organic compounds in environ-
along the entire heated sampling line and increasing equili- . .
2 e ) -~ 'mental samples requires careful analytical procedures, but
bration time for the dynamic dilution system; the sesquiter-

penes were still absent from the detector signals. We nengtalnlng reliable standards is difficult because of their insta-

o . . ility and high cost. In order to accurately analyze biogenic
tried increasing the cryotrapping temperature froit96 to compounds, it is essential to develop robust techniques to
—130°C and decreasing the temperature gradient along thée P ’ P d

loon: this was done by manually adiusting the depth of im_produce guantitative in-house standards that can be cali-
b Y v adjusting P brated relative to a more stable NIST-traceable standard. This
mersion of the loop in a small liquid nitrogen dewar and by

approximately doubling the length of the loop. When testing study describes a novel dynamic dilution system for generat-

. o 2 . ing standard mixtures of trace VOCs, and uses that system to
the system with these modifications, the full sesquiterpene uantify the FID response to numerous biogenic compounds
peak was finally observed. This result suggests that homod b 9 P

. ; ; . _important in atmospheric chemical processes. The dynamic
geneous nucleation of sesquiterpenes was likely occurrin

within the sampling loop during the initial runs, and that con-%IIUtIon system s simple in design and easy to operate. [twas

) ) found to be an effective tool for characterizing system re-
sequently these less volatile, bulkier compounds were not ad- .

. . : sponse to target analytes and should be a reasonable solution
sorbing onto the cryotrapping loop, but were rather being car- L2 L S ,
. > . . for many laboratories investigating similar compounds. With
ried with the sampling flow into the reference volume. Ad- . .
. : it, we have demonstrated that in most cases the ECN correc-
justments were made to the system to ensure this would nqg ! e .

. . tion values used here suffice for quantification of terpenoid

happen during future analysis.

’ compounds within 10 % uncertainty, similar to the observed
For reasons that remain unclear, myrcene could not be

guantified well with this system. Raffa and Steffeck (1988) :/: ;{abglstgslnlztgﬁ[hde{;aor?éc d::tr:z?y;ysiﬁg L:Jr? s Srt:ngter;esféii-
had similar difficulties in their study. The molecular struc- g ) 4 9 y

S . ated with this analytical system greatly improves confidence
ture of myrcene is similar to that of the ocimenes (they are. Y Y 9 yimp

. . in results.
both acyclic monoterpenes), which Komenda et al. (2001) . o
also had difficulty quantifying. This suggests that there may, Perhaps more importantly, the dynamic dilution system

be some real issue quantifying these types of monoterpen as proven to be highly valuable as a quality control tool for
i quar 9 yp . PENSRe voC sampling and analytical systems in our laboratory.
with the systems described both here and in Komenda

al. (2001). Fahlbusch et al. (2003) proposed that these acycl|cO ensure accurate quqntlﬂcatlon, itis important to build a
. . calibration system that introduces both standards and sam-
monoterpenes are unstable in the gas-phase, which may cons . o . .
. e . S ples to the analytical system as similarly as possible. This
tribute to difficulties calibrating instruments to gas-phase. .. : . . .
o P~ yerifies that the integrity of the entire sample collection appa-
standards of these compounds, and could have implications : . o
X A ratus is accounted for. As discussed above, our original anal-
for measurements of their emission rates. However, Raffa _.
and Steffeck ran liquid injections, which suggests there ma)y : . . .
. : . for sesquiterpenes in environmental samples since the cry-
also be some issue with the FID response of acyclic monoter- . . .
. - . otrapping system was not adsorbing them effectively. Based
penes. Linalool was also difficult to quantify. It has a molec-

- . o on the information derived using the dilution system, we have
ular structure similar to myrcene with the addition of water . . .
. ..~ improved our methodology. These results reinforce the util-
to one of the double bonds forming an alcohol. This simi-

o : : ity of the FID for the quantification of complex environ-
larity in structure could suggest that linalool is also unstable .
. . . mental samples where theoretical response factors can be
in the gas phase, which would explain the observed results

Acti i 1 i ithi 0, -
However, it is also possible that the ECN contribution from estimated to perform quantitative analysis within 10% un

a tertiary alcohol is actually lower than the previously re- certainty. Despite the predictability of FID response, mea-

ported value that was used to calculate the theoretical re_surements should be approached with careful quality control

sponse £0.25). The theoretical tertiary alcohol ECN cor- checks. It is still necessary to run representative gas stan-

. AN . . d}lards for each type of analyte to ensure the entire sampling
rection applied in this study is based on a single compoun L 1d analvtical svstem is producing expected results
(tert-butyl alcohol) reported by Sternberg et al. (1962). Us- Y Y P gexp '
ing the average ECN contribution value reported by Jor-

gensen (19_90) for alcohoMECN= —0.64) _W0U|d lowerthe  AcknowledgementsC. Faiola gratefully acknowledges the support
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