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Development of an analytical technique and stability evaluation
of 143 Cx—C,, volatile organic compoundsin Summa®
canisters by gas chromatography—mass spectrometry
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A technique using Summa® canisters with cryogenic preconcentration and gas chromatographic—mass
spectrometric (GC-MS) detection was developed to determine 143 Cs—Cj, volatile organic compounds (V OCs)
including alkanes, alkenes, aromatics and halohydrocarbons in ambient and indoor air. The method detection
limits and practical quantification limits were sensitive at 0.02 and 0.10 ppbv, respectively, and the method
precision and accuracy were also satisfactory. The stability of C3—C;, VOC standards at ppbv levels under
elevated pressure in canisters was assessed over various time intervals (from 1 week to 4 months after preparation)
and most of the compounds were found to be acceptably stable with a mean recovery of 85.6 £ 9.9% during the
course of a 4-month study. However, a small fraction (approximately 6%) of the compounds, including two

hal ohydrocarbons (bromotrichloromethane and benzyl chloride) and six alkenes (2-methylbuta-1,3-diene
(isoprene), cis-4-methylpent-2-ene, cis-3-methylpent-2-ene, hept-1-ene, oct-1-ene and styrene) displayed relatively
low recoveries in the range 34.6-67.9%. The loss of these compounds is most probably caused by their physical
adherence to the active sites of the canister surface, chemical decomposition and/or reactions with other species.
The results indicated that one must be cautious in attempting to measure these compounds owing to their
instability in canisters. Overall, this analytical technique, which has been used for the determination of the VOCs
under study in the toxic air pollutant monitoring network administered by the HKSAR Government, was amenable
to the measurement of airborne VOCs collected both outside and inside a semi-confined car park in the present

study.
Introduction

Volatile organic compounds (VOCs) are one of the major
groups of global atmospheric pollutants. Large amounts of
VOCs enter the troposphere every year and an estimated
350-375 million tons yr—1 of methane and 60-140 million tons
yr—1 of non-methane organic hydrocarbons (NMHCs) were
produced from anthropogenic activities (such as fossil fuel
combustion, transport and evaporation, chemical treatment and
other domestic and industrial discharges) world-wide.12 This
substantial anthropogenic emission has profound adverse
impacts on human health and crop production.3 VOCs play a
vital role in the formation of various secondary pollutants
through photochemical reactionsin the presence of sunlight and
nitrogen oxides.4> Furthermore, some VOCs could contribute
to the atmospheric ozone depletion and the build-up of
persistent pollutions in remote areas.57 As a consequence,
VOCs have attracted significant attention and have been
considered as an important environmental issue over the last
two decades.

A thorough understanding of the formation, distribution,
transportation, stability and reactivity of VOCs in the atmos-
phere requires the availability of sensitive and specific analyt-
ical methods for measuring these compounds. Sorbent-based or
canister-based methods have been successfully developed and
frequently used in the collection of ambient VOCs. A cryogenic
preconcentration process is often applied to air samples
concentrating the VOC content, prior to chromatographic
separation and detection of VOCs by various gas chromato-
graphic techniques. In sorbent-based methods, whole air is
pulled through metal or glass tubes that have been pre-packed
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with appropriate packing materials such as activated charcoal,
Tenax, XAD-2, Carbotrap and Carboseive. Attention must be
paid on the choice of these sorbent materials because they have
variable selectivity towards different types of VOCs. The
physical properties and applicability of VOCs sorbents have
been compared and discussed recently.® In canister-based
methods, air is pumped at adjustable flow ratesinto cleaned and
evacuated stainless steel canisters. Canisters of 2-15 L capacity
are usually used to hold air samples up to 40 psig and offer a
convenient means for multiple analyses. However, the inner
wall of the canisters must be thoroughly cleaned before
sampling, otherwise contamination and recovery problems
might arise.9.10

Reviewing the applicability and limitations of sorbent-based
and canister-based methods,1112 it was decided to adopt the
canister-based sampling method followed by cryogenic pre-
concentration and GC-M Sdetection in our study of 143 ambient
VOCs because of the following concerns:

(1) The time required to arrange transportation of the
collected samples to the laboratory, tight resources and other
factors may lead to a period of several days between sampling
and analysis. The lead time makes sorbent-based methods less
favourable as VOCs have been found to be less stable upon
storage in sorbents.13

(2) This work was primarily targetted at monitoring a broad
range of ambient VVOCs, so canister-based sampling would have
advantages as sorbents are normally selective in, if not limited
to, adsorbing/absorbing certain classes of VOCs.

(3) It is difficult to anticipate the possible concentration of
analytes under various environmental conditionsasitisnot easy
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to adjust the sampling volume to circumvent the breakthrough
of analytes that is often encountered in sorbent-based methods.
Extreme precautions are required for ensuring reproducible and
good quality results.

(4) The generation of artifacts that are frequently found in
sorbents (e.g., benzene and toluene are the major artifacts
reported on Tenax and Carbotrap)1415 might create additional
technical difficulties in its application.

On the other hand, the canister-based technique is thought to
be unsuitable for collecting polar compounds such as aldehydes
and terpenes.’6 Severa studies!”20 have indicated that the
storage stability of VOCs within the canistersis a critical issue
of the methodology, although the employment of new types of
canister coated with fused silica might offer increased sample
integrity.2: Those studies!?-20 only considered a small selected
group of hydrocarbons, halohydrocarbons and simple aro-
matics, hence comprehensive stability information on the
majority of VOCswas scarce. Furthermore, the stability datafor
VOCsin the literature were found to be relatively inconsistent.
This paper presents our work on the evaluation of the suitability
and investigation of the stability of 143 Cs—C;, VOCs covering
a broad range of akanes, akenes, haohydrocarbons and
aromatic compounds at low ppb levelsin pressurized canisters.
A sampling and analytical protocol, based on USEPA Method
TO-14,22 was aso developed and piloted to measure the
concentration of VOCs inside and outside a semi-confined car
park environment. The protocol has been adopted by the
Government Laboratory of the HKSAR as one of the standard
methods in the toxic air pollutant (TAP) monitoring network
since early 1999. Results and details of the TAP monitoring
work using the above technique will be reported later.

Experimental
Apparatus

Air samples in canisters, ranging from 25 to 1000 mL, were
withdrawn through an autosampler (Nutech 3600, Graseby
Andersen, GA, USA) into a cryogenic preconcentrator (Nutech
3550A) and a cryofocuser (Nutech 354A). The flow rate of air
samples was regulated by amass flow controller (MFC). VOCs
in the standards or sampleswere dried with the aid of a Nafion®
permeable membrane dryer (Purma Pure, NJ, USA) and then
concentrated cryogenically prior to gas chromatographic sepa-

Mass Flow

ration and detection by a mass spectrometer. The GC-MS
system (Hewlett-Packard, Rockville, MD, USA) consisted of a
Model 6890 gas chromatograph and a Model 5973 mass
spectrometer fitted with a 60 m X 0.32 mm id, 1 um film
thickness DB-1 capillary column (J& W Scientific, Folsom, CA,
USA). Ultrapure grade helium gas (Hong Kong Oxygen, Hong
Kong) was used as the carrier gas and was cleaned with gas
purifier (Supelco, Bellefonte, PA, USA) and hydrocarbon
purifier (Alltech, Deerfield, IL, USA). Canisters were cleaned
by three repeated cycles of pressurization with humidified zero
air generated by a zero air generator in situ by a zero air
generator (737-10, Aadco, Clearwater, FL, USA) and a
laboratory-made humidifier (a stainless steel container filled
with HPLC grade water), followed by evacuation at 100 °C
under high vacuum (<0.065 mbar) for 1 h using a VOC
cleaning system (Nutech 3650). Cleaned canisters were ana-
lysed as for field samples to ensure that the residual VOC
content was less than the method detection limit (MDL) before
use. A schematic diagram of the analytical system isillustrated
inFig. 1.

Operating conditions and procedure

A Nafion® permeable membrane dryer was operated at room
temperature during the sample drying process and purged with
humidified air at 100 °C at 50 mL min—1 for 120 s after each
analysis to prevent memory effects. VOCs in standards and air
sampleswere concentrated in the cryotrap at —160 °C, desorbed
at 150 °C and then cryofocused at —185 °C in the cryofocuser.
The gas chromatograph was operated isothermally at —60 °C
for 3 min, then programmed to 250 °C at 8 °C min—1 and finally
held at 250 °C for 10 min. The carrier gas was maintained at a
flow rate of 2.0 mL min—1 in the splitless mode. The mass
spectrometer was operated in the positive electron ionization
(El) mode at 70 eV. The transfer line, the ion source and the
quadrupole were set at 200, 230 and 150 °C, respectively. Data
were acquired in the selective ion monitoring (SIM) mode and
with a 5.0 min solvent delay time.

Daily mass tuning of the mass spectrometer at m/z 69, 219
and 502 was automatically performed by the Chemstation
software (version 1.0, Hewlett-Packard). Additional tuning of
bromo-4-fluorobenzene (BFB) and eval uation of the cleanliness
of blank of zero air were conducted by drawing 500 mL of zero
air together with 2 mL of 1 ppmv of internal standards through
the autosampler, cryotrap and cryofocuser into the GC-MS
system. Calibration curves were constructed using six calibra-
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Fig. 1 Schematic diagram of the analytical system for VOCs analysis.

Analyst, 2001, 126, 310-321 311



tion pointsin the range 0.20-4.0 ppbv by injecting 25-1000 mL
of the working standard solutions into the GC-MS system. The
linearity of the six-point calibration was considered acceptable
if r2 > 0.99. VOCsin sampleswere determined by withdrawing
air volumes of 500 mL together with 2 mL of internal standard
inasimilar manner to the blank zero air. If the concentrations of
analytes of interest were found to exceed the maximum
calibration range, dilution of the sample with zero air using a
gas dilution system (Environics S-4040, Tolland, USA) was
required. Conversely, a larger volume (usuadly up to a
maximum of 1000 mL in order to prevent moisture overloading)
of sample was needed if the concentration of VOCs was below
the calibration range. To achieve better sensitivity, the SIM
mode was used and specific ion groups in multiple retention
time windows were quantified. Baseline correction and quanti-
fication of the integrated results based on the specific response
factor of individual VOCsand |east squares analysis of the latest
calibration curves were performed automatically by the soft-
ware. All raw data affecting the identification and quantification
results were manually checked as a quality control measure.

Chemicals and standards
Standard reference materials SRM 1800 and 1804a were

purchased from the National Institute of Standards and
Technology (NIST, Gaithersburg, MD, USA). SRM 1800 and

1804a contain 15 and 19 VOC components, respectively, at
approximately 5 ppbv in nitrogen. Ethane in SRM 1800 is not
applicable to this method and benzene, toluene and o-xylene are
common in both SRMs. A mixture of 41 NIST traceable VOCs
that are listed in USEPA Method TO-14 at nomina concentra
tions of 1-2 ppmv in nitrogen was purchased from Matheson
Gas Products (GA, USA) and Air Products and Chemical
(Tamagua, USA). The concentrations of these certified stan-
dards are given in Table 1. The NIST traceable VOCs mixture
was diluted with humidified zero air in canisters to low ppbv
levels and used as validity check standards in the study.

Stock gaseous standards of 26 VOC components (chlor-
oethene, propane, propene, propyne, butane, isobutane, but-
1-ene, 2-methylpropene, cis-but-2-ene, trans-but-2-ene, buta-
1,3-diene, butyne, pentane, 2-methylbutane, 2,2-dimethyl-
propane, pent-1-ene, cyclopentene, hexane, 2-methylpentane,
3-methylpentane, 2,2-dimethylbutane, hex-1-ene, cyclohexene,
1-methylcyclopentaene, heptene and 1-methylcyclohexene)
were purchased from Scott Speciaty Gases (San Bernardino,
CA, USA). These mixtures usually contain 48 L of standards at
300 psig at approximately 10-15 ppmv. Standards of the
remaining VOCs (most are liquids at room temperature and a
few are crystalline solids) were purchased as commercia neat
chemicals (Aldrich, BDH, Merck, etc.) with purity of not less
than 98%. These standards were prepared in-house in the
concentration range approximately 10-30 ppmv as described
below.

Table1l Certified concentrations of individual VOC component in NIST SRM 1800 and 1804a and TO-14 NIST traceable standards

Concentration

Concentration

Concentration
(ppmv) accuracy

SRM 1800 + s (ppbv) SRM 1804a + s (ppbv) TO-14 NIST traceable standard + 5%
Ethane 51+02 Chloroethene 526 £ 0.15 Dichlorodifluoromethane (Freon 12) 101
Propane 54+0.2 Trichlorofluoromethane  5.26 + 0.08 Chloromethane 1.02
(Freon 11) 1,2-Dichlorotetrafluoromethane (Freon 114) 1.03
Propene 52+02 Buta-1,3-diene 539+ 0.17 Chloroethene 1.04
IsoButene 55+0.2 Dichloromethane 513+ 0.25 Buta-1,3-diene 1.06
n-Butane 53+0.2 1,1-Dichloroethene 5.58 + 0.23 Bromomethane 1.03
1,1-Dichloroethane 5.67 £ 0.13 Chloroethane 1.03
2-Methylbutane 5.8 + 0.2 Trichloromethane 5.15+ 0.16 Freon 11 101
n-Pentane 51+0.2 1,2-Dichlorethane 5.09 £ 0.15 1,1-Dichloroethene 0.99
Pent-1-ene 51+02 1,1,1-Trichloroethane 511+ 0.12 Methylene chloride 101
n-Hexane 53+0.2 Benzene 511+ 0.12 1,1,2-Trichloro-1,2,2-trifluoroethane (Freon 113) 1.00
Benzene 52+0.2 Tetrachloromethane 512+ 0.11 1,1-Dichloroethane 1.02
Octane 51+0.2 1,2-Dichloropropane 512 £ 0.12 cis-1,2-Dichloroethene 101
Toluene 52+02 Trichloroethene 5.16 £ 0.10 Chloroform 101
o-Xylene 51+02 Toluene 5.00 £ 0.16 1,2-Dichloroethane 1.02
n-Decane 51+0.2 1,2-Dibromoethane 488+ 0.38 1,1,1-Trichloroethane 1.02
Tetrachloroethene 513+ 0.10 Benzene 1.03
Chlorobenzene 511+ 0.17 Tetrachloromethane 101
Ethylbenzene 5.14 £ 0.17 1,2-Dichloropropane 1.02
o-Xylene 534+ 0.13 Trichloroethene 1.02
cis-1,3-Dichloropropene 1.03
trans-1,3-Dichloropropene 1.05
1,1,2-Trichloroethane 1.02
Toluene 1.03
1,2-Dibromoethane 1.03
Tetrachloroethene 101
Chlorobenzene 101
Ethylbenzene 101
m-p-Xylene 2.04
Styrene 1.01
1,1,2,2-Tetrachloroethane 1.01
o-Xylene 1.01
4-Ethyltoluene 101
1,3,5-Trimethylbenzene 1.03
1,2,4-Trimethylbenzene 1.02
Benzyl chloride 1.02
1,3-Dichlorobenzene 1.00
1,4-Dichlorobenzene 1.00
1,2-Dichlorobenzene 0.99
1,2,4-Trichlorobenzene 1.00
Hexachlorobutadiene 1.00
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Preparation of stock standard solutions from neat
chemicals

An appropriate, selected volume of neat liquid standard was
pipetted into a clean pre-weighed 50 mL calibrated flask with
stopper via an autopipette. The flask was re-weighed on an
analytical balance capable of reading to at least 0.1 mg. The
process was repeated until all the liquid standards had been
added to the flask. Crystalline standards were separately
weighed on weighing paper and transferred into the liquid
mixture. The weight fraction of each component was cal cul ated.
Allowing sufficient time for complete dissolution of solid
components, approximately 1 mL aliquots of the homogenized
stock standard solution were transferred to amber-coloured
ampoules and sealed immediately. The ampouleswere stored in
an explosion proof refrigerator until use.

The seal was opened after the mixture in the ampoule had
equilibrated at room temperature and exactly 10 ulL were
withdrawn using a syringe. The filled syringe was weighed on
an analytical balance capable of reading to at least 0.1 mg. The
liquid mixture was injected via a septum assembly into a 3 L
dilution flask, the exact volume of which was pre-determined by
the water displacement method, and the syringe was im-
mediately weighed. The flask was allowed to stand at room
temperature (25 °C) for at least 72 h before any of the stock gas
mixture was withdrawn. From the weight of the mixture added
to the flask, the weight fractions of components in the mixture
and the volume of the flask, the gaseous concentration of each
component was calculated as follows:

weight of component X in mixture

~ weight of all componentsin mixture

X

Concentration of component X (ppmv) at 25 °C and 1 atm =

W xWhy x24.45
F, x MW

where W, isthe weight of mixture injected into dilution flask in
ug, WFx is the weight fraction of component X in the liquid
mixture, Fy isthe volume of dilution flask in litresat 25 °C and
MW is the molecular weight of component X.

Preparation of working standard solutions

VOC working standard solutions were prepared by dilution of
appropriate volumes of the stock VOC mixture with cleaned
humidified zero air into a clean, fully evacuated 15 L canister.
The evacuated canister was connected to a three-way stainless
steel valve assembly which allows for the accurately metered
introduction of clean humidified zero air, syringe delivery of
stock gas mixtures and venting of the dilution air flow to the
atmosphere when the desired fill volume has been achieved.
With the valve in the ‘fill’ position, air was introduced into the
canister via mass flow controllers (MFCs). The MFCs were
regularly calibrated against a soap bubble flowmeter (Gillian
Instruments, Wayne, USA) or aDry Cal primary flow calibrator
(BIOS International, Pompton Plains, USA). While filling the
15L canisterswith zero air at a selected flow rate, stock gaseous
VOC mixtures were introduced sequentialy into the canisters
via gas tight syringes of appropriate volume (5, 10 or 25 mL).
The three-way valve was switched to the ‘vent’ position when
the canisters were filled with exactly 100 L of zero air. The
working standard solutions were in the low ppb range and were
subsequently verified with reference standards before use
whenever possible.

Internal standards

Four compounds, bromochloromethane, 1,4-difluorobenzene,
chlorobenzene-ds and BFB, were purchased from Matheson

Gas Products as internal standards in the GC-MS analysis. The
working level of these compounds was approximately at 1
ppmv. Unlike the VOC working standard solutions, the
concentrations of internal standards need not be known with
high accuracy as recdibration of analytical system is required
upon first use of each batch of internal standard.

Method validation

Qualitative identification of VOCs was based on the match of
the retention times and the ion ratios of the target ions and the
respective qualifier ions. MDL values were cal culated by seven
replicate analyses of the 143 V OC working standard solutions at
about 0.2 ppbv concentration according to an approach
described previously.2223  MDLs were defined as
t—1, 1-a = 0.09) S, Where s is the standard deviation of consec-
utive analyses, t is Student’s t-value appropriate to a 99%
confidence level and a standard deviation estimate with n—1
degrees of freedom; inthiscaset = 3.14. Practical quantifica-
tion limits (PQL) weredefined asfivetimesthe MDL. Precision
in terms of relative standard deviation (RSD) was determined
by analysing 10 consecutive working standard solutions at
concentrations near the PQL and was al so assessed through the
relative percentage difference (RPD) of replicate analyses (n =
35) of samples collected at urban sites in Hong Kong during
1999 and 2000. In addition, the overall analytical bias was
estimated using co-located samples at 3 month intervals and
should not deviate by more than 25%.

Determination of the method accuracy for the 143 VOCs is
not easy in practice since reference materials that are traceable
to international and national standards for most of the VOCs
under study are currently unavailable24 The commercial
standards of 41 targeted VOCs as listed in USEPA Method TO-
14 and SRM 1800 and 1804a from NIST together could only
account for 51 out of the 143 VOCs. The NIST reference
standards were primarily used to construct calibration curvesin
therange 1.0-9.0 ppbv for the verification of individual batch of
working standard solutions. Conversely, the in-house working
standard solutions were used to construct calibration curvesin
the range 0.20-4.0 ppbv for evaluating the percentage recovery
of VOCsin the vaidity check standard (zero air diluted TO-14
reference standards). The percentage recovery of VOC concen-
trations in the in-house prepared working standard solutions
was worked out against the nominal concentrations of the
reference standards. The validity of the remaining VOCs was
evaluated by comparison with the calculated values of the
corresponding compounds against the mean relative response
factors (RRF) that were established in the calibration using the
nominal valuesduring preparation. A working standard solution
was accepted for use when the concentration val ues determined
for al the components were within 20% of their respective
nominal values.

A calibration check standard was used to check the validity of
the calibration curves. Full calibration was performed once a
month or whenever the criteriaof the calibration check standard
were not met. The difference between the RRF in the calibration
check standard and the mean RRF in the most updated
calibration curve should be within 30%.

In summary, the following analysis sequences were con-
ducted for routine analyses: (1) GC-M S mass autotune, (2) BFB
tune using internal standard in zero air, (3) full calibration or
calibration standard check, (4) blank zero air, (5) field samples,
(6) replicate sample and (7) calibration standard check. The key
ions and ion abundance of the background-subtracted mass
spectrum of BFB must meet the criteria specified by the MS
manufacturer. The blank zero air should not contain any VOCs
that exceed the PQL. If the concentrations of the VOCs lie
between the MQL and PQL, the blank will be used for
correction in the quantification. Sample data were considered
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valid if al the above QC parameters met the set acceptance
reguirements. Other regquirements such as sample handling and
storage were undertaken according to the Standard Operating
Procedures of the Hong Kong Government Laboratory.25

Stability of working standard solutions

The stability of VOCs in the working standard solutions in
pressurized canisters was assessed by the measurement of the
percentage recovery, which was calculated as the ratio of the
average of two consecutive measurements at various time
intervals (1, 2 and 4 weeks and 2 and 4 months after preparation)
to the mean initia values of the working standard solution.
Mean initial valueswere the average of seven replicate analyses
of the freshly prepared standard.

Site sampling

A VOC canister sampling system (Model 910A, Xontech, USA)
was installed in a proper position at the sampling site. A
certified clean evacuated canister was connected to the sampler
and abuilt-in digital timer was programmed at designated times
over 4 h to collect air samples. Whole air was drawn into the
system through a stainless steel inlet tube and a 2 um stainless
steel filter from a glass manifold attached to a blower motor
assembly. A minimum of at least 1 L min—* of whole air was
drawn from the inlet tube by a stainless steel diaphragm pump.
A small portion was split by a MFC at a flow rate of 10

Table2 Summary of the validation data for the 143 VOCs of interest

mL min—1into the canister. The rest of the air was vented. The
canister pressures were recorded immediately after field
sampling and the canisters with afinal pressure of not less than
18 psi were sent to the laboratory for VOC analysis.

Results and discussion
Precision and accuracy

As listed in Table 2, the MDLs of the 143 VOCs were within
0.02 ppbv and were similar to or up to twice as good asthosein
other studies,26-28 and were consistent during regular reviewsin
the past 12 month period. The precision of 10 consecutive
injections at about 0.2 ppbv waswell within +10%; the RPDs of
replicates (n = 35) and co-located samples were less than 15%
and 20%, respectively. The accuracy for 51 VOCs was within
+20% of the claimed values of NIST standards (88.4-110%)
and NIST traceable reference standards (84.2-117%) and
shown to meet the acceptance criteria. The mean recoveries of
most VOCs in the five independently prepared working
standard solutions were in the range 86.5-116% with RSDs of
less than 10%. However, the variation for some aliphatic
alkenes and styrene was relatively high (up to 19%). In a
previous study it was reported2® that Cs—Cg alkenes exhibit high
analytical variability owing to either their non-symmetrica
peak shape on the non-polar DB-1 column or loss to water
condensate in the analytical system. We believe the latter is
probably the possible source of error because the peak shape for

Precison  Accuracy (%RSD)
Time Target Mean Mean Mean
window/ Retention ions MDL PQL RSD Diff. recovery recovery  recovery
min No. VOC (source) time/min  (m/2) Quadlifier ions (M/2) (ppbv) (ppbv) (%) (%)P (%) (%)d (%)e
5.00 1 Propylene (G) 6.78 41 41 39 42 0.018 0.090 1.1 34 953(99 — 106 (5.7)
2 Propane (G) 7.00 29 29 43 39 0017 0.08 12 50 939(53 — 100 (6.2)
3 Freon 22 (L) 7.42 51 51 67 0.016 0.080 23 26 — — 99.2 (4.3)
4 Freon 12 (L) 7.79 85 85 87 101 0.013 0.065 23 20 — 117 (8.9) 102 (6.3)
8.20 5 Prop-1-yne (G) 851 40 40 39 37 0017 0.08 32 7.7 — — 94.5 (5.4)
6 Chloromethane (L) 9.03 50 50 52 15 0015 0.075 20 27 — 114 (13) 98.9 (2.0)
9.50 7 Isobutane (G) 9.98 43 43 41 39 0.017 0.085 12 36 989(86) — 98.4 (7.2)
8 Freon 114 (L) 10.3 85 85 135 87 0009 0.045 22 31 — 108 (7.6) 98.6 (6.2
9 Chloroethene (G) 10.55 62 62 27 64 0.019 0.095 34 56 995(6.5) 104(4.0) 102 (6.8
10.80 10 But-1-enef/isobutene (G/G) 11.15 41 41 39 56 0.015 0.075 09 53 — — 110 (5.3)
11 Buta-1,3-diene (G) 11.29 54 54 39 27 53 0016 0080 25 54 96.3(65 — 90.6 (4.0)
12 Butane (G) 11.50 43 43 41 27 29 0018 0090 09 50 932(13) — 90.1 (8.9)
11.75 13 t-But-2-ene (G) 11.97 56 41 56 39 27 0018 0.0% 24 72 — — 106 (6.3)
14 2,2-Dimethylpropane (G) 12.04 57 57 41 29 0.009 0045 12 — — — 112 (9.9)
15 Bromomethane (L) 12.13 94 94 9% 79 0016 0.080 15 49 — 104 (17) 95.5(3.5)
16 But-1-yne (G) 12.29 54 54 39 53 0015 0075 22 — — — 91.6 (7.3)
17 c-But-2-ene (G) 12.55 41 41 56 39 0.020 0100 30 42 — — 92.9 (8.0)
18 Chloroethane (L) 12.84 64 64 27 29 66 0.014 0070 32 31 — 102 (11) 96.6 (5.2)
13.60 19 2-Methylbutane (G) 14.44 43 43 42 41 57 0016 0080 14 25 947(71) — 97.0 (4.4)
20 Freon 11 (L) 14.69 101 101 103 105 0.016 0.080 27 31 91.8(6.3) 108 (37) 98.7(7.7)
14.90 21 Pent-1-ene (G) 15.01 42 55 42 70 39 0.018 0090 18 47 981(14) — 108 (12)
22 2-Methylbut-1-ene (L) 15.27 55 55 39 42 70 0017 008 30 66 — — 103 (6.4)
23 Pentane (G) 15.42 43 43 42 41 0.015 0.075 21 22 103(58 — 98.5 (6.8)
24 |soprene (L) 15.56 67 67 68 53 39 0017 008 25 30 — — 89.6 (8.2)
25 Bromoethane* (L) 15.71 108 108 110 29 0.015 0075 26 — — — 101 (9.6)
26 t-Pent-2-ene* (L) 15.71 55 55 42 70 39 0017 008 19 50 — — 113 (13)
27 1,1-Dichloroethene (L) 15.77 61 61 96 98 63 0014 0070 21 — 94.1(4.6) 104 (7.1) 101 (8.9)
28 c-Pent-2-ene (L) 15.98 55 55 42 70 0015 0.075 10 45 — — 92.1 (13)
29 Methylene chloride (L) 16.06 49 49 84 86 51 0017 0085 25 30 884(30) 116(7.1) 110(9.6)
30 2-Methylbut-2-ene (L) 16.14 55 55 70 41 39 0015 0075 12 43 — — 93.7 (11)
31 3-Chloropropene (L) 16.21 41 41 76 39 0017 0.08 34 — — — 96.9 (10)
16.35 32 Freon 113 (L) 16.50 151 151 103 101 85 0.015 0.075 23 41 — 106 (13) 118 (8.5)
33 2,2-Dimethylbutane (G) 16.64 57 57 71 43 41 0018 0090 15 40 — — 96.1 (9.8)
16.95 34 Cyclopentene (G) 17.21 67 67 68 53 0016 0.080 22 63 — — 96.3 (11)
35 t-1,2-Dichloroethene (L) 17.33 61 61 96 98 0.013 0.065 27 31 — — 100 (6.9)
36 4-Methylpent-1-ene (L) 17.39 43 43 41 56 39 0016 0.080 16 59 — — 108 (11)
Table 2 continued on next page—
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Table2 Continued—

Precison  Accuracy (%RSD)
Time Target Mean Mean Mean
window/ Retention ions MDL PQL RSD Diff. recovery recovery  recovery
min No. VOC (source) time/min  (m/2) Qudlifier ions (M/z) (ppbv) (ppbv) (%)2 (%)P (%)° (%)d (%)=
37 3-Methylpent-1-ene (L) 17.41 55 55 69 41 84 0.017 008 19 65 — 95.1 (12)
38 1,1-Dichloroethane* (L) 17.56 63 63 65 27 83 0016 0080 24 19 955(39) 107(9.7) 99.4(8.6)
39 Cyclopentane* (L) 17.56 42 42 55 70 0.016 0.080 32 35 — — 97.3(5.2)
40 2,3-Dimethylbutane (L) 17.67 43 43 42 41 71 0016 0.080 34 32 — — 98.9 (8.0)
41 t-4-Methylpent-2-ene (L) 17.78 69 69 41 84 0017 0.085 26 53 — — 115 (14)
42 2-Methylpentane (G) 17.83 43 43 42 71 0.017 0.08 13 36 — — 101 (6.7)
43 c-4-Methylpent-2-ene (L) 17.88 69 69 41 84 0.016 0.080 46 41 — — 103 (10)
18.10 44 3-Methylpentane (G) 18.29 57 57 56 41 29 0.017 008 12 26 — — 107 (3.7)
45 c-1,2-Dichloroethene (L) 18.56 61 61 96 98 0.015 0.075 10 40 — 95.9 (14) 90.9 (9.8
46 Chlorobromomethane (1S 18.73 49 49
47 Hexane (G) 18.85 57 57 43 41 56 0017 0085 25 25 104(44) — 96.1 (9.5)
48 Chloroform (L) 18.91 83 83 85 47 0016 0.080 23 1.7 943(48 102 (4.4) 105(6.3)
49 t-Hex-2-ene (L) 19.00 55 55 84 41 42 0017 008 32 64 — — 87.6 (12
50 2-Ethylbut-1-ene (L) 19.08 69 41 69 84 0015 0.075 56 — — — 90.2 (11)
51 t-3-Methylpent-2-ene (L) 19.18 41 69 41 55 84 0020 0100 48 68 — — 113 (9.8)
52 c-Hex-2-ene (L) 19.30 55 55 42 84 69 0016 0080 42 41 — — 104 (13)
19.40 53 c¢-3-Methylpent-2-ene (L) 19.49 41 69 41 55 84 0016 0080 33 70 — — 105 (12)
54 1,2-Dichloroethane* (L) 19.69 62 62 64 27 49 0010 0050 16 22 913(54) 109(22) 91.3(7.3)
55 Methylcyclopentane* (L) 19.69 56 56 41 69 84 0015 0075 28 27 — — 95.6 (7.8)
56 2,4-Dimethylpentane (L) 19.82 43 43 57 56 85 0.017 0.085 30 43 — — 94.8 (5.9)
57 1,1,1-Trichloroethane (L) 19.95 97 97 99 61 0011 0.055 17 22 921(59) 100 (13) 101(8.1)
58 2,2,3-Trimethylbutane (L) 19.98 57 57 56 41 85 0016 0080 29 — — — 94.8 (6.9)
20.20 59 1-Methylcyclopentene (G) 20.40 67 67 82 39 0.016 0.080 22 51 — — 96.1 (11)
60 Benzene (L) 20.43 78 78 77 50 0.011 0.055 14 30 103(3.8) 915 (6.6) 90.6 (8.2
61 Tetrachloromethane (L) 20.60 117 117 119 121 0016 0.080 28 20 95.0(7.8) 102(9.6) 96.6(7.9
62 Cyclohexane (L) 20.73 56 56 84 41 69 0015 0075 28 30 — — 100 (5.6)
63 1,4-Difluorobenzene (1S) 20.85 114 114 63 88
64 2-Methylhexane (L) 20.96 43 85 57 43 41 0.015 0075 28 32 — — 95.2 (7.0)
65 2,3-Dimethylpentane (L) 21.03 56 56 57 43 71 0017 008 14 35 — — 98.2 (8.5)
66 Cyclohexene* (G) 21.22 67 67 54 82 41 0016 0080 20 39 — — 96.9 (7.8)
67 3-Methylhexane* (L) 21.22 43 70 71 43 57 0.014 0070 21 47 — — 95.9 (9.6)
68 Dibromomethane (L) 21.26 93 93 95 174 0012 0.060 17 — — — 107 (7.2)
69 1,2-Dichloropropane (L) 21.30 63 63 62 41 76 0017 008 25 — 90.0(8.2) 99.2 (15) 105 (7.3)
21.40 70 Bromodichloromethane (L) 21.50 83 83 85 129 0.013 0.065 11 — — — 86.2 (9.6)
71 Trichloroethene* (L) 2157 130 130 132 95 97 0014 0070 19 37 943(6.3) 102(6.7) 106 (8.4)
72 1-Heptene* (L) 2157 41 41 56 55 70 0020 0.100 26 83 — — 87.1 (14)
73 2,2,4-Trimethylpentane (L) 21.64 57 57 56 41 0.017 0.085 30 56 — — 93.3 (11)
21.75 74 t-Hept-3-ene (L) 21.86 41 41 56 69 98 0007 0035 11 — — — 110 (13)
75 Heptane* (G) 21.92 43 43 57 71 100 0.015 0.075 25 55 — — 111 (112)
76 c-Hept-3-ene* (L) 21.92 69 41 56 69 98 0.017 0.08 35 83 — — 91.9 (13)
77 t-Hept-2-ene (L) 22.05 55 55 69 41 98 0.017 008 19 37 — — 91.0 (12)
78 c-Hept-2-ene (L) 22.29 56 56 98 41 69 0017 008 16 — — — 105 (11)
79 c-1,3-Dichloropropene (L) 22.47 75 75 39 77 110 0011 0055 18 — — 91.1 (4.5) 108 (11)
80 2,2-Dimethylhexane* (L) 22.59 57 57 56 41 0015 0075 29 — — — 106 (12)
81 Methylcyclohexane* (L) 22.59 83 55 83 98 41 0012 0060 21 — — — 101 (12)
22.73 82 2,5-Dimethylhexane (L) 22.85 57 57 43 71 99 0.013 0065 24 52 — — 94.1 (11)
83 2,4-Dimethylhexane (L) 22.92 43 43 57 85 41 0016 0.080 31 44 — — 109 (12)
84 t-1,3-Dichloropropene (L) 23.02 75 75 77 110 39 0.017 008 26 — — 84.2 (3.6) 92.9 (11)
85 1,1,2-Trichloroethane (L) 23.22 97 97 83 8 61 0015 0075 29 — — 114 (16) 97.1(7.2)
86 Bromotrichloromethane* (L) 23.40 117 117 119 163 0014 0.070 22 — — — 96.3 (14)
87 2,3,4-Trimethylpentane* (L) 23.40 43 70 71 57 43 0015 0075 30 36 — — 109 (13)
88 Toluene (L) 23.54 91 91 92 0.017 0.085 27 14 104(31) 104(7.5 104(7.1)
23.67 89 2-Methylheptane (L) 23.79 57 43 57 41 99 0016 0.080 31 29 — — 86.8 (11)
90 1-Methylcyclohexene* (L) 23.84 81 81 67 68 96 0.017 0085 26 42 — — 102 (13)
91 4-Methylheptane* (L) 23.84 43 43 70 71 41 0018 0.09% 33 64 — — 109 (13)
92 3-Methylheptane* (L) 23.99 43 43 57 8 29 0013 0.065 27 41 — — 107 (13)
93 Dibromochloromethane* (L) 23.99 129 129 127 79 0016 0.08 18 — — — 112 (10)
94 1,2-Dibromoethane (L) 24.26 107 107 109 27 0015 0.075 24 — 111(7.3) 113(7.3) 98.2(7.2)
95 2,2,5-Trimethylhexane (L) 2431 57 57 56 71 0011 0.055 26 — — — 102 (12)
96 Oct-1-ene (L) 24.38 41 41 43 55 70 0016 0.080 21 80 — — 116 (13)
24.46 97 Octane (L) 24.68 43 43 57 71 850017 0085 30 20 901(58 — 92.1 (13)
98 t-1,2-Dimethylcyclohexane (L) 24.74 97 55 97 112 41 0019 0095 61 22 — — 90.1 (10)
99 Tetrachloroethene (L) 24.82 166 166 164 129 131 0011 0.055 13 16 956(57) 112(76) 97.7(8.1)
25.30 100 Chlorobenzene-ds* (1S) 25.55 117 117 119 82
101 c-1,2-Dimethylcyclohexane* (L) 25.55 55 55 70 97 0.018 0.090 18 — — — 93.5(8.7)
102 Chlorobenzene (L) 25.60 112 112 114 77 0016 0.080 28 — 93.7(7.1) 106 (9.8) 112 (10)
2584 103 Ethylbenzene (L) 26.07 91 91 106 0.019 0.090 26 25 962(4.3) 96.9(10) 107 (13)
104 1,2,4-Trimethylcyclohexane (L) 26.18 111 111 69 55 126 0015 0075 26 40 — — 92.4 (12)
105 m-,p-Xylene (L) 26.30 91 91 106 0.016 0.080 12 25 — 85.9 (3.0) 113 (6.4)
106 Bromoform (L) 26.35 173 173 171 254 250 0.016 0.080 22 — — — 108 (13)
26.55 107 1,4-Dichlorobutane* (L) 26.74 55 41 55 62 90 0016 0080 27 — — — 110 (11)
108 Styrene* (L) 26.74 104 104 103 78 51 0019 0.095 37 69 — 101 (21) 87.8 (14)

Table 2 continued on next page—
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Table2 Continued—

Precison  Accuracy (%RSD)
Time Target Mean Mean Mean
window/ Retention ions MDL PQL RSD Diff. recovery recovery  recovery
min No. VOC (source) time/min  (m/2) Quadlifier ions (M/2) (ppbv) (ppbv) (%)2 (%)P (%) (%)d (%)e
109 1,1,2,2-Tetrachloroethane (L)  26.85 83 83 85 0019 0.09%5 25 — — 95.4 (5.0) 114 (9.8)
110 o-Xylene (L) 26.88 91 91 106 0015 0.075 25 27 110(5.0) 87.0(22) 923 (5.5
111 1-Nonene (L) 26.93 56 55 56 69 41 0017 008 25 73 — — 87.8 (14)
112 Nonane (L) 27.20 57 57 43 85 0.012 0.060 22 27 — — 92.9 (11)
113 Bromofluorobenzene (1S 27.46 95 95 174 173 50
114 |sopropylbenzene (L) 27.66 105 105 120 0.018 0.08 33 50 — — 90.0 (12)
27.90 115 3,6-Dimethyloctane (L) 28.22 57 57 71 43 41 0012 0060 28 82 — — 96.5 (12)
116 m-/p-Chlorotoluene (L) 28.30 91 91 126 89 0016 0080 15 — — — 106 (11)
117 Propylbenzene (L) 28.37 120 91 120 0018 0.090 35 33 — — 105 (9.9)
118 o-Chlorotoluene (L) 28.40 126 91 126 89 0.015 0.075 26 60 — — 108 (11)
119 3-Ethyltoluene (L) 28.52 105 105 120 0.008 0.040 14 26 — — 101 (112)
120 4-Ethyltoluene (L) 28.58 105 105 120 0015 0.075 25 32 — — 104 (10)
121 1,3,5-Trimethylbenzene (L) 28.69 105 105 120 0.015 0.075 26 32 — 98.3 (11) 99.5(11)
122 2-Ethyltoluene (L) 28.96 105 105 120 0.013 0.065 27 22 — — 92.9 (9.5)
29.12 123 Tertbutylbenzene* (L) 29.30 134 134 119 91 0011 0.055 18 — — — 109 (10)
124 1,2,4-Trimethylbenzene* (L) 29.30 105 105 120 0019 0.09 31 30 — 89.4 (14) 105 (11)
125 Dec-1-ene* (L) 29.30 56 55 56 70 0.013 0.065 29 55 — — 86.5 (19)
126 Benzyl chloride* (L) 29,51 91 91 126 0020 0100 35 63 — — 96.4 (15)
127 Decane* (L) 29.51 43 43 57 71 85 0.007 0035 11 49 922(60) — 94.7 (7.2)
128 1,3-Dichlorobenzene* (L) 29.51 146 146 148 111 0.017 0.065 27 35 — 109 (12) 90.1 (10)
129 1,4-Dichlorobenzene (L) 29.62 146 146 148 111 0017 0.065 28 — — 101 (13) 101 (12)
130 Isobutylbenzene (L) 29.66 91 91 92 134 0.015 0.075 28 22 — — 107 (112)
131 sec-Butylbenzene (L) 29.72 105 105 134 0.017 0.065 27 22 — — 106 (12)
29.88 132 1,2,3-Trimethylbenzene* (L) 29.98 105 105 120 0.017 0.085 32 40 — — 103 (10)
133 4-1sopropyltoluene* (L) 29.98 119 119 134 0.016 0.080 28 43 — — 93.5 (10)
134 1,2-Dichlorobenzene (L) 30.15 146 146 148 111 0.016 0.080 27 — — 101 (12) 110 (12)
135 Indan (L) 30.27 117 117 118 115 0011 0.055 19 65 — — 93.9 (13)
136 1,3-Diethylbenzene (L) 30.49 105 105 119 134 0017 0.085 27 33 — — 104 (11)
137 1,4-Diethylbenzene (L) 30.65 119 119 105 134 0.015 0.075 25 45 — — 99.4 (11)
138 Butylbenzene (L) 30.68 92 91 92 134 0.015 0.075 22 53 — — 109 (11)
139 1,2-Diethylbenzene (L) 30.80 105 105 119 134 91 0017 0.085 26 — — — 92.1 (11)
31.25 140 Undecane (L) 31.65 43 43 57 71 850009 0045 16 29 — — 93.2 (11)
141 1,2,3,5-Tetramethylbenzene (L) 32.01 119 119 134 0.015 0.075 25 80 — — 88.9 (13)
142 1,2,4,5-Tetramethylbenzene (L) 32.08 119 119 134 0015 0.075 25 64 — — 92.6 (14)
32.60 143 1,2,4-Trichlorobenzene (L) 33.22 180 180 182 145 184 0.017 0.085 22 26 — 105 (10) 89.9 (11)
144 Naphthalene (L) 33.41 128 128 127 102 0.019 0.095 39 52 — — 87.9 (13)
145 Dodecane (L) 33.65 57 57 71 8 43 0020 0100 49 36 — — 89.1 (14)
33.90 146 Hexachlorobutadiene (L) 34.16 225 225 223 227 260 0011 0055 16 — — — 85.3 (14)
147 Hexylbenzene (L) 34.78 91 91 92 162 0.016 0.080 38 — — 109 (85)  88.0 (10

G = commercia stock gaseous mixture, L = in-house gaseous standards from neat chemical, IS = interna standards; precision in terms of 2 RSD of 10
consecutive injections at approximately 0.2 ppbv and P RPD of replicate analyses of samples collected at urban sites during 1999-2000 (n = 35), accuracy
in terms of mean recovery (n = 5) in the ¢ in-house working standards using NIST standard as calibration standards, ¢ commercial NIST traceable standards
using in-house working standards as calibration standards and €in-house working standards against the nominal concentrations during preparation;

*represents co-eluted pairs. t = trans, ¢ = cis.

alkenes was symmetrical in our chromatograms. Styrene was
recognized to be difficult to determine accurately in our
previous TO-14 study3° and also studies undertaken by other
laboratories.23

The blank zero air samples (n = 100) were free of analytes
abovethe MDL or any other interference during the previous 12
month period [Fig. 2(a)]. The three repeated cleaning cycles of
zero air filling and high temperature evacuation were proved to
be successful in maintaining the cleanliness of canisters and the
background contribution was considered negligible. Fig. 2(b)—
(d) show typical chromatograms of the VOC analytes in the
working standard and air samples collected outside and inside a
semi-confined car park environment. The 143 VOC peaks were
monitored separately in 26 retention time windows in the SIM
mode. The magjority of the peaks are reasonably resolved within
35 min on the DB-1 column and signs of broadening were not
observed for those late eluting peaks. Table 2 illustrates co-
eluted analytes under the chromatographic conditions applied
such as bromoethane and trans-pent-2-ene, 1,1-dichloroethane
and cyclopentane, and 1,2-dichloroethane and methylcyclo-
pentane. These co-eluted pairs showed no quantification
problems since the respective target ions and qualified ions are
distinctively different from one another. However, this was not
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the case for three pairs of isomeric compounds, namely but-
1-ene and isobutene, m and p-xylene and m- and p-chlor-
otoluene, and thus the values were expressed asthe total amount
of these three pairs.

Use of humidified sample and purge gas

During the cryotrapping process of ambient samples, excessive
moisture must be removed because it can block the cryotrap by
the formation of ice, damage the GC capillary column, shift
elution times and cause other undesirable effects in the quality
measurements. As a consequence, a dryer is often recom-
mended prior to cryogenic preconcentration in VOCs analysis.
A Nafion® selective membranetype dryer iscommonly used for
this purpose. The mechanism is based on the dryer’s material
that is uniquely permeable to water molecules and water in the
sampleisremoved by acounterflow of relatively dry air flowing
between the membrane and the outer stainless steel tube. We
preferentially employed adryer to remove excessive moisturein
al our samples, in particular the high moisture containing
samples that were normally collected in the wet spring and
summer seasons. However, the judicious use of this dryer with



regard to the sample integrity in the analysis requires consider-
able attention and care. Although the sample recovery of some
organic gases has been reported to be satisfactory when using a
Nafion® dryer, the NMHC concentrations were reduced by
nearly 20% and, in addition, the dryer introduced contaminants
into the system in some cases.3! Theloss was mainly dueto the
dissolution of polar compounds in the moisture being removed
and the rearrangement of compounds, particularly akenes,
under the regenerated conditions of the dryer's membrane
between analyses. One study32 reported that the degree of the
loss of such sensitive compounds depends on the humidity of
the sample and the purge gas. The recovery of C,—Cg alkenes
was shown to beimproved by 20-30% when using wet than dry
purge air. It was proposed that the moisture could reduce the
reactivity of the membrane towards alkenes although the exact
mechanism is not known. In order to reduce the loss of the
alkenesin the samples, the Nafion® dryer was constantly purged
with humidified air before preconcentration (Fig. 1). The
consistently good recovery for the working standard solution
(Table 2) indicated that there was an insignificant loss of these
olefinic compounds and the rearrangement problem associated
with the dryer in VOCs analysis was not observed in our
study.

Stability of VOCsin canisters

Working standard solutions at 0.2—9 ug m—3 were used to assess
the stability of the 143 VOCsin canisters over a storage period
of 4 months. As shown in Table 3, the extent of concentration
decrease was not the same across different classes of VOCs.
Some diminished faster in the first 2 weeks while the majority
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showed reasonably stable characteristics (loss < 15%) during
the entire study period. The average loss of all the VOCs was
calculated to be 7.3, 9.3, 10.6, 12.5 and 14.4% at 1, 2 and 4
weeks and 2 and 4 months after preparation, respectively (Fig.
3). In general, diphatic alkenes were found to be the most
unstable group of VOCs in the present study and their 4 month
loss (mean + s) was 21.8 + 10.5%, followed by aromatics (15.5
+ 4.6%), halohydrocarbons (12.6 + 11.4%) and akanes (8.8 +
4.6%). The concentrations of eight compounds or approx-
imately 6% of the 143 VOCs were found to decrease by more
than 30% upon storage in canisters. Two of them are
hal ohydrocarbons, bromotrichloromethane and benzy! chloride,
and the others are akenes, isoprene, cis-4-methylpent-2-ene,
cis-3-methylpent-2-ene, hept-1-ene, oct-1-ene, dec-1-ene and
styrene. The low stability of these compounds might mainly
arise from the chemical decomposition, adsorption/absorption
on the canister’ sinner surface and chemical reactionswith other
species inside the canisters. A similar 10ss3! (30 to 40%) was
noted for Cg alkenes after 3 months of storage, but the
substantial losses for isoprene (100%) and styrene (> 60%)
reported were not so evident in our study. Another study32 on
polar and non-polar VOCsin canisters reveal ed extremely good
30 day recoveriesfor Freon 12 (103%), isoprene (93%), styrene
(95%), trans-4-methylpent-2-ene (117%), cis-4-methylpent-
2-ene (104%), 2-ethylbut-1-ene (94%), cis-3-methylpent-2-ene
(100%), hept-1-ene (99%) and trans-hept-3-ene (99%), but it
showed various degrees of stability for prop-1-yne (72%),
1,2-dibromoethane (62%) and 2,3-dimethylbutane (23%) and
unexpected high recoveries for cis-pent-2-ene (200%), tetra-
chloromethane (135%), 1,3-dimethylbenzene (175%) and
trans-pent-2-ene (213%). The high recovery was explained by
analytical interferences?® but, as stated earlier, other workers
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Fig.2 Tota ion chromatograms(TIC) of (a) 1 ppmv interna standards (a, chlorobromomethane, b, 1,4-difluorobenzene, c, chlorobenzene-ds; and d, bromo-
4-fluorobenzene) in 500 mL zero air, (b) 0.2-0.9 ug m—3 of working standard solutions and (c) and (d) samples collected at outdoor and semi-confined

environment respectively.
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Table3 Stability of VOC standardsin canisters at various timeintervals and comparison of mean VOC concentrations (n = 5) collected inside and outside
a semi-confined car park during 10-14 July 20002

Initial
mean Outside car Inside car
concen- park/ug m—3  park/ug m—3
tration/
No. VOC ugm-3 | I} I VI \% Dayl Day2 Dayl Day?2
1 Propylene 451 432 (42) 423 (62) 419 (72) 414 (83) 408 (95 062 048 26 11
2 Propane 4.39 421 (41 412 (62 399 (91) 394 (103) 388 (115 17 10 12 10
3 Freon 22 224 219 (23) 223 (06) 217 (32 212 (52) 211 (59 17 18 24 14
4 Freon 12 1.79 172 (42) 172 (41 170 (51) 168 (6.2) 157 (123) 34 31 39 35
5 Prop-1-yne 1.83 172 (61) 168 (81) 164 (102) 163 (109 159 (1290 004 BDL 014 23
6 Chloromethane 235 228 (31) 231 (16) 225 (41) 223 (49 220 (63) 10 092 10 12
7 |sobutane 4.49 430 (42) 422 (61) 420 (65 417 (71) 414 (7.7) 10 058 4.0 33
8 Freon 114 145 138 (48 136 (61) 133 (81) 132 (91) 1.30 (105 BDL BDL BDL BDL
9 Chloroethene 1.92 184 (42) 18 (29 18 (31 18 (65 175 (90 BDL BDL BDL BDL
10 But-1-enef/isobutene 7.43 6.37 (142) 600 (19.2) 566 (23.8) 551 (258) 568 (236) 062 053 78 23
11 Buta-1,3-diene 2.26 225 (03) 219 (31) 215 (48) 214 (52) 210 (700 017 012 094 57
12 Butane 6.57 629 (42) 620 (57) 6.05 (80 603 (82 596 (9.2 27 15 12 10
13 t-But-2-ene 2.16 209 (30) 215 (0.7) 209 (35 208 (36) 208 (38 010 008 38 45
14 2,2-Dimethylpropane 248 245 (1.1) 245 (13) 245 (12) 243 (19) 239 (35 BDL BDL 021 017
15 Bromomethane 3.64 348 (45 359 (1.3) 337 (75 331 (9.0) 322 (115 016 008 BDL BDL
16 Buty-1-ne 248 235 (51) 223 (10.3) 228 (81) 208 (16.2) 203 (183) BDL BDL BDL 02
17 c-But-2-ene 2.30 223 (31 216 (61) 216 (59 213 (75 211 (82 010 0.08 37 45
18 Chloroethane 147 142 (31) 146 (09 145 (14 141 (43 137 (71) BDL BDL BDL BDL
19 2-Methylbutane 3.84 376 (20) 378 (15 368 (41) 368 (42) 364 (52 22 16 56 60
20 Freon 11 1.96 175 (109) 168 (141) 164 (16.1) 161 (181) 155 (20.8) 29 31 14 18
21 Pent-1-ene 4.20 357 (151) 340 (191) 331 (211) 315 (251) 316 (248 019 016 31 4.2
22 2-Methylbut-1-ene 174 143 (176) 142 (185 135 (227) 133 (235 132 (242 011 010 49 1
23 Pentane 2.36 231 (19) 229 (29) 230 (25 229 (31) 226 (43 091 072 18 17
24 |soprene 325 223 (31.3) 210 (353) 201 (382 187 (423) 1.60 (50.7) 025 028 018 0.22
25 Bromoethane 1.86 180 (31) 175 (61) 178 (42 169 (9.1) 168 (970 BDL BDL BDL BDL
26 t-Pent-2-ene 1.58 129 (182) 125 (209 124 (21.3) 122 (226) 121 (235 010 0.08 58 6.7
27 1,1-Dichloroethene 217 208 (41 206 (51) 204 (61) 203 (63) 201 (72) BDL BDL BDL BDL
28 c-Pent-2-ene 9.03 750 (169) 7.38 (183) 719 (203) 675 (253) 690 (236) 010 007 41 55
29 Methylene chloride 2.08 205 (1.2) 205 (13) 205 (15 200 (38) 197 (51) 098 13 13 15
30 2-Methylbut-2-ene 4.66 450 (35 447 (41) 45 (21) 437 (63) 431 (76) 023 016 13 14
31 3-Chloropropene 1.63 158 (31) 162 (07 160 (1.8 155 (49 154 (56) BDL BDL 020 0.08
32 Freon 113 1.97 18 (46) 181 (81 178 (98 175 (1100 175 (11.3) 060 061 0.60 0.72
33 2,2-Dimethylbutane 3.96 384 (32 38 (39 39 (15 384 (30) 378 (45 009 BDL 058 16
34 Cyclopentene 254 231 (9.0) 213 (162) 206 (189 201 (209) 198 (2199 BDL BDL 063 14
35 t-1,2-Dichloroethene 1.59 151 (48) 158 (08) 150 (55 154 (32 150 (57 BDL BDL BDL 0.09
36 t-4-Methylpent-1-ene 3.38 284 (16.1) 265 (215) 259 (235) 249 (264) 255 (246) BDL BDL 024 056
37 3-Methylpent-1-ene 4.62 382 (173) 374 (192) 365 (21.0) 361 (219) 359 (223) BDL BDL 030 067
38 1,1-Dichloroethane 224 216 (34) 214 (43) 220 (18 217 (32) 211 (58 BDL BDL BDL BDL
39 Cyclopentane 181 172 (49 171 (53) 168 (720 173 (42) 167 (78 013 010 073 12
40 2,3-Dimethylbutane 1.67 145 (135) 143 (145 140 (159 140 (164) 138 (176) 023 016 22 46
41 t-4-Methylpent-2-ene 261 201 (231) 195 (253) 189 (275 186 (285) 1.84 (295 BDL BDL 013 030
42 2-Methylpentane 422 400 (520 405 (400 418 (1.0) 407 (35 397 (59 21 17 13 20
43 c-4-Methylpent-2-ene 1.10 081 (26.6) 079 (285 078 (29.1) 075 (31.6) 0.74 (329) BDL BDL 10 15
44 3-Methylpentane 3.82 377 (12) 376 (15 375 (18 366 (43) 352 (78 05 030 72 13
45 c-1,2-Dichloroethene 1.89 18 (20) 18 (06) 18 (16) 183 (31) 180 (49 BDL BDL BDL BDL
47 Hexane 229 216 (65 227 (0.7) 217 (51) 223 (27) 216 (5.7) 19 13 84 13
48 Chloroform 1.87 176 (6.0) 172 (81 18 (27 178 (48 168 (103) 032 028 022 0.19
49 t-Hex-2-ene 173 147 (152) 134 (223) 129 (254) 131 (242) 130 (248 BDL BDL 21 2.7
50 2-Ethylbut-1-ene 0.78 062 (21.1) 062 (20.1) 060 (235) 058 (25.7) 056 (282) BDL BDL 14 18
51 t-3-Methylpent-2-ene 143 128 (103) 134 (61) 124 (131 130 (9.0 122 (145 BDL BDL 17 29
52 c-Hex-2-ene 1.10 103 (61) 1.09 (12) 106 (39 103 (62 1.00 (95 BDL BDL 16 22
53 c¢-3-Methylpent-2-ene 171 125 (271) 128 (254) 122 (286) 119 (304) 113 (339 BDL BDL 23 35
54 1,2-Dichloroethane 217 194 (10.8) 200 (79 211 (28 200 (79 195 (102) BDL 008 015 011
55 Methylcyclopentane 1.89 183 (31) 18 (38 187 (08 18 (15 18 (35 033 025 38 6.7
56 2,4-Dimethylpentane 194 18 (31) 18 (42) 191 (1.3) 18 (29 18 (46) 009 BDL 13 33
57 1,1,1-Trichloroethane 2.10 196 (66) 191 (900 202 (40 19 (72) 1.87 (11.1) 042 033 031 041

58 2,2,3-Trimethylbutane 195 191 (22) 18 (45 193 (08) 191 (22) 186 (48 BDL BDL BDL 0.9
59 1-Methylcyclopentene 263 247 (59) 258 (18) 257 (24) 247 (62) 239 (91) BDL BDL BDL 29

60 Benzene 198 190 (38 18 (61) 1.8 (51) 190 (41) 184 (69 35 34 16 33

61 Tetrachloromethane 213 200 (61) 196 (82) 200 (63) 187 (121) 1.82 (147) 068 067 077 075
62 Cyclohexane 185 182 (15 184 (04) 183 (L1) 181 (21) 178 (38 045 043 17 19
64 2-Methylhexane 188 186 (11) 178 (51) 174 (7.5 168 (105 169 (100) 080 054 52 12

65 2,3-Dimethylpentane 396 394 (05 390 (15 372 (60) 377 (49) 363 (82) 025 016 16 38
66 Cyclohexene 277 274 (13) 247 (109) 266 (41) 258 (69) 241 (131) BDL BDL 043 058
67 3-Methylhexane 208 200 (41) 200 (39 195 (61) 200 (36) 194 (65 08L 049 50 11

68 Dibromomethane 223 215 (35 220 (12) 216 (33) 212 (51) 204 (87) BDL BDL BDL BDL
69 1,2-Dichloropropane 214 210 (19 213 (03) 213 (06 211 (15 208 (26) BDL BDL BDL BDL
70 Bromodichloromethane 349 296 (152) 293 (161) 286 (181) 279 (20.1) 264 (243) BDL BDL BDL 029
71 Trichloroethene 222 217 (21) 213 (42) 217 (23) 212 (46) 205 (76) 023 025 013 BDL
72 Hept-1-ene 473 369 (221) 359 (240) 345 (271) 330 (302) 321 (321) 046 034 061 21

73 2,2,4-Trimethylpentane 242 232 (41) 239 (12) 232 (43) 230 (51) 220 (91) 022 017 33 95
Table 3 continued on next page—
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Initial

mean Outside car Inside car
concen- park/lug m—3  park/ug m—3
tration/

No. VOC ugm-3 | 1 Il Vi Y, Dayl Day2 Dayl Day?2
74 t-Hept-3-ene 0.18 015 (151) 014 (222) 014 (222) 014 (222) 013 (278 BDL BDL BDL BDL
75 Heptane 2.37 222 (62 222 (62) 217 (85 214 (95 210 (115 14 084 40 7.8
76 c-Hept-3-ene 1.74 142 (182) 142 (185 137 (215 133 (236) 132 (242) 035 023 14 21
77 t-Hept-2-ene 2.69 261 (32 251 (65 241 (103) 237 (119 233 (134) BDL BDL 042 066
78 c-Hept-2-ene 3.65 325 (11.1) 327 (105) 310 (151) 299 (18.0) 293 (198 BDL BDL 035 0.76
79 c¢-1,3-Dichloropropene 2.30 229 (06) 223 (31 222 (36) 223 (32) 219 (48) BDL BDL BDL BDL
80 2,2-Dimethylhexane 191 187 (19 19 (05 189 (1) 187 (23) 1.84 (36) BDL BDL BDL 025
81 Methylcyclohexane 197 191 (28 195 (1.1) 191 (31) 188 (47) 180 (86) 041 022 091 18
82 2,5-Dimethylhexane 198 177 (105 168 (151) 178 (10.3) 167 (158) 1.63 (175) BDL BDL 042 1.3
83 2,4-Dimethylhexane 1.89 18 (23) 164 (132) 155 (181) 148 (219 151 (202) 012 BDL 067 21
84 t-1,3-Dichloropropene 2.43 233 (41 221 (91 211 (131) 219 (10.1) 209 (141) BDL BDL BDL BDL
85 1,1,2-Trichloroethane 1.80 176 (21 179 (06) 177 (15 175 (31) 1.72 (45 BDL BDL BDL BDL
86 Bromotrichloromethane 2.19 163 (254) 119 (45.7) 093 (57.5) 068 (688) 0.76 (654) BDL BDL BDL BDL
87 2,3,4-Trimethylpentane 1.92 181 (59) 177 (79 18 (21) 184 (41) 1.78 (7.3) BDL BDL 10 37
88 Toluene 2.04 194 (47) 200 (1.8) 199 (26) 194 (48 187 (82 18 80 310 400
89 2-Methylheptane 241 227 (59) 215 (106) 224 (72) 219 (92) 209 (132) 016 BDL 15 31
90 1-Methylcyclohexene 2.92 274 (62 277 (52) 265 (9.1) 259 (11.3) 246 (1570 BDL BDL 039 054
91 4-Methylheptane 1.99 169 (149) 181 (900 173 (131) 168 (155) 162 (186) BDL BDL 049 10
92 3-Methylheptane 1.93 183 (51) 19 (1.3) 189 (21) 187 (33) 1.79 (74) 014 BDL 16 0.26
93 Dibromochloromethane 2.67 254 (49) 245 (82 259 (30 248 (700 242 (92) BDL BDL BDL BDL
94 1,2-Dibromoethane 2.17 213 (20) 208 (39 213 (18 204 (62 202 (71) BDL BDL BDL BDL
95 2,2,5-Trimethylhexane 1.30 123 (51) 122 (60 125 (36) 126 (27 124 (48 BDL BDL 021 092
96 1-Octene 6.85 581 (152) 532 (224) 476 (305) 463 (325) 440 (3570 BDL BDL 016 0.33
97 Octane 2.05 196 (45 192 (62) 201 (21) 195 (48 188 (84) 034 010 14 24
98 t-1,2-Dimetylcyclohexane  1.10 108 (21) 109 (06) 109 (09 108 (20 107 (300 BDL BDL 026 031
99 Tetrachloroethene 2.27 220 (31 225 (09 223 (18) 217 (42 211 (69 10 038 028 031

101 c-1,2-Dimethylcyclohexane 3.24 310 (42 321 (08) 318 (19 314 (3.0) 3.04 (600 BDL BDL 025 0.30

102 Chlorobenzene 2.25 214 (51) 223 (09 220 (22) 216 (41) 209 (72 12 11 014 BDL

103 Ethylbenzene 2.05 193 (61) 203 (12) 199 (28) 194 (52) 1.8 (96) 16 12 23 24

104 1,2,4-Trimethylcyclohexane 2.22 213 (42) 208 (62) 215 (32 206 (7.2) 207 (66) 022 BDL 13 11

105 m-,p-Xylene 459 440 (41 422 (81) 440 (42) 423 (78) 403 (122) 25 23 58 56

106 Bromoform 2.52 229 (900 224 (11.1) 217 (139 214 (149 217 (139 BDL BDL BDL BDL

107 1,4-Dichlorobutane 2.57 241 (62) 236 (82 236 (81) 229 (109 226 (1200 BDL BDL BDL BDL

108 Styrene 6.22 545 (124) 490 (21.3) 457 (26.5) 408 (34.3) 357 (425 067 023 12 6.7

109 1,1,2,2-Tetrachloroethane  2.58 226 (125) 214 (170) 198 (232) 200 (223) 194 (249 BDL BDL BDL BDL

110 o-Xylene 2.32 225 (29 220 (52) 227 (21) 225 (31) 216 (6.8) 078 047 23 20

111 1-Nonene 6.77 6.16 (9.1) 581 (142) 561 (17.2) 534 (21.1) 521 (230) 029 014 14 17

112 Nonane 2.25 220 (21) 223 (09 220 (23) 215 (45 209 (69 14 032 17 15

114 Isopropylbenzene 2.24 214 (45 205 (85 217 (33) 209 (65 199 (11.3) BDL BDL 064 116

115 3,6-Dimethyloctane 135 131 (3.0) 127 (61) 128 (52) 121 (106) 118 (124) BDL BDL 014 016

116 m-/p-Chlorotoluene 4.30 417 (30) 408 (51) 408 (52) 400 (700 393 (86) BDL BDL BDL 58

117 Propylbenzene 2.13 211 (09) 208 (23) 206 (35 198 (7.2) 1.84 (135 012 BDL 22 34

118 o-Chlorotoluene 2.36 229 (30) 226 (41) 217 (81 212 (10.1) 214 (9.3) BDL BDL BDL BDL

119 3-Ethyltoluene 2.16 205 (500 199 (81 188 (130) 19 (121) 1.82 (157) 042 015 95 15

120 4-Ethyltoluene 2.16 207 (41) 194 (101) 190 (121) 190 (120) 1.84 (146) 024 BDL 45 6.3

121 1,3,5-Trimethylbenzene 2.15 204 (5.00 192 (109 189 (121) 18 (14.1) 1.8 (152) 025 BDL 37 6.1

122 2-Ethyltoluene 2.23 212 (51) 203 (9.0 194 (132 189 (152 187 (16.1) 023 BDL 32 51

123 Tertbutylbenzene 2.46 214 (13.0) 201 (182) 191 (223) 192 (21.8) 1.88 (235 BDL BDL BDL BDL

124 1,2,4-Trimethylbenzene 2.57 241 (61) 230 (104) 227 (115 218 (151) 212 (173) 075 029 13 18

125 Dec-1-ene 0.66 054 (182) 053 (19.2) 051 (232) 049 (251) 048 (276) 013 BDL 071 063

126 Benzyl-chloride 241 195 (19.00 150 (379 144 (404) 129 (466) 121 (49.77 BDL BDL BDL BDL

127 Decane 2.25 211 (61) 19 (13.1) 191 (150) 1.86 (17.1) 1.89 (16.2) 14 048 17 0.86

128 1,3-Dichlorobenzene 2.52 244 (32) 236 (62) 231 (82 240 (48) 225 (105 BDL BDL BDL BDL

129 1,4-Dichlorobenzene 2.63 249 (52) 230 (124) 239 (9.1) 222 (155 224 (150) 032 025 070 059

130 Isobutylbenzene 2.28 219 (41 212 (72) 19 (142) 195 (145 192 (1600 BDL BDL BDL BDL

131 sec-Butylbenzene 2.40 203 (156) 196 (182) 189 (21.3) 182 (243) 1.83 (238) BDL BDL BDL BDL

132 1,2,3-Trimethylbenzene 2.15 204 (51) 189 (122) 1.87 (131) 179 (169 183 (1500 017 BDL 23 2.9

133 4-isopropyltoluene 2.30 204 (112) 195 (153) 191 (17.2) 187 (185 1.83 (206) BDL BDL BDL BDL

134 1,2-Dichlorobenzene 261 256 (20) 250 (41) 242 (7.1) 237 (9.0 231 (115 BDL BDL BDL BDL

135 Indan 231 219 (52) 205 (115 19 (152) 19 (152) 192 (1679 BDL BDL 15 1.9

136 1,3-Diethylbenzene 231 212 (82 207 (105 205 (13.1) 190 (17.8) 1.97 (146) BDL BDL 020 043

137 1,4-Diethylbenzene 2.39 212 (11.2) 214 (10.3) 198 (17.2) 196 (182) 191 (199 BDL BDL 050 11

138 Butylbenzene 235 220 (64) 205 (128) 201 (144) 203 (137) 195 (169 BDL BDL 018 0.5

139 1,2-Diethylbenzene 2.38 206 (135 199 (162) 190 (20.3) 1.79 (246) 1.85 (223) BDL BDL BDL BDL

140 Undecane 2.33 223 (45 219 (6.1) 208 (105 197 (155 199 (146) 055 020 1.0 0.41

141 1,2,3,5-Tetramethylbenzene 2.42 222 (81) 212 (122) 217 (105) 199 (17.7) 206 (1500 BDL BDL 036 048

142 1,2,4,5-Tetramethylbenzene 1.53 141 (80) 146 (46) 139 (920 125 (184) 1.30 (148) BDL BDL 032 041

143 1,2,4-Trichlorobenzene 2.76 254 (81 229 (17.2) 229 (17.2) 226 (183) 219 (206) BDL BDL BDL BDL

144 Naphthalene 1.85 157 (1500 144 (223) 141 (235 142 (232) 145 (216) 060 039 29 13

145 Dodecane 2.83 271 (42) 260 (80) 242 (146) 234 (172) 240 (151) 023 BDL 057 017
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Initial
mean Outside car Inside car
concen- park/ug m—3  park/ug m—3
tration/
No. VOC ugm-3 | I} Vi \Y Dayl Day2 Dayl Day?2
146 Hexachlorobutadiene 3.16 273 (13.7) 259 (182) 246 (222) 252 (202) 248 (215 BDL BDL BDL BDL
147 Hexylbenzene 1.85 166 (10.3) 156 (156) 158 (148 151 (186) 151 (182) BDL BDL BDL BDL
No. of VOCs detected 73 60 104 109
Total VOCs/ug m—3 714 468 730 989
Alkanes (%) 322 282 225 227
Alkenes (%) 54 61 110 144
Aromatics (%) 413 351 647 613
Halohydrocarbons (%) 212 307 20 2.3
al, 1,111, VI and V represent the average of two concentrations measured inug m—3 at 1, 2 and 4 weeks and 2 and 4 months, respectively, after preparation

of standards. Differences (%) in the concentration compared with initial mean concentration are given in parentheses. BDL denotes concentration below
method detection limits. Coversion equation of ug m—3 to ppbv at 25 °C: concentration/ug m—3 = (ppbv X molecular weight)/24.45.

reported that the enriched C,—Cg alkenes were formed by the
structural rearrangement of other akene analogues on a
Nafion® dryer during the regeneration cycle.32 Obvioudly, large
discrepancies exist amongst literature data on the stability of
VOCs. The disagreements were possibly caused by variables
such as the quality of canisters, sample storage conditions,
storage temperature, canister cleaning method, canister pres-
sure, different reactivities in air matrices and other unknown
factors. Although we are unable to identify specifically any of
the above loss mechanisms, it is comprehensible from our
recovery statistics that non-polar VOCs such as alkanes are
more stable than comparatively polar VOCs such as akenesin
canisters. As a consequence, it is recommended that the VOCs
analysisis commenced promptly as the concentrations of these
compounds decreased fairly rapidly, e.g., isoprene lost 31%
after 1 week of storage in canisters at room temperature.

All the stability data obtained in this study were obtained
using VOC standards in humidified zero air above atmospheric
pressure and this might not reflect perfectly the situation in
‘real” samples. Although statistical analysis reveaed insignif-
icant differences in the VOC stability when stored at ambient
and at elevated pressure,?® the presence of other chemica

speciesin ‘rea’ samples, e.g., NOyx, ozone and unknown VOCs,
might have unpredictable effects towards some of the VOCs
within canisters and reduce the stability of these compounds.
Therefore, additional investigations are recommended and the
results of the present study could provide a useful reference for
the confirmation of reaction loss, if any, in complex air matrices
in future studies.

Field measurements

The method was used in measuring two sets of field samples
collected outside and inside a semi-confined car park environ-
ment during the period 10-14 July 2000. As shown in Table 3,
the number and total concentrations of VOCs detected inside
the car park were correspondingly much higher than the
outdoors figures. The percentage compositions of individual
classes of VOCs at the two sampling sites were also different:
alkanes were 28.2—32.2 and 22.5-22.7%, alkenes were 5.4-6.1
and 11.0-14.4%, aromatics were 35.1-41.3 and 61.3-64.7%
and halohydrocarbons were 21.2-30.7 and 2.0-2.3% for
outdoor and indoor measurements, respectively. The presence

Percent
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100 150
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- - @ - -Bromotrichloromethanc

- - % - -Benzyl chloride
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- - ¥ - ~Qct-l-ene
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Fig. 3 Recovery of eight unstable VOCs and the mean recovery of 143 VOCs during 4 months of storage in canisters.

320 Analyst, 2001, 126, 310-321



of small amounts of halohydrocarbons in the car park showed
that vehicular emission is the characteristic source. The total
VOC concentration in the outside areawas found to be 46.8 and
71.4 ug m—3, which lie within the annual VOC concentration
range (24.4-169 ug m—3) and close to the annua average of
61.0 ug m—3 at urban sitesin Hong Kong during 1999-2000.33
The results aso agreed with recent findings34 that alkanes and
aromatics are the two largest groups of ambient VOCs. No
significant difference (p < 0.05) was found between the total
VOC concentration of the urban sites and outside the car park
area, indicating that the VOC composition outside the car park
resembled the ambient VOCs at urban sites. On the other hand,
the total VOCs detected in the car park was substantially
different, with concentrations at 730 and 989 ug m-3,
respectively, in the two samples. The extremely high VOC
concentration was due to the mobile exhaust and evaporative
unburned fuel in a confined environment that could not be
efficiently removed by the existing ventilation system. As some
of the VOCs such as benzene are potential carcinogens, the
amounts present are likely to induce hazards to human health
with long-term exposure in the indoor car park. To understand
better the VOC profiles in different environments, further
investigations of the VOC levels in various environmental
settings will be conducted based upon the present method-
ology.

We concludethat the overall satisfactory stability of VOCsin
canisters and the successful application of the method to field
samples illustrate that the present technique is amenable to the
measurement of the 143 VOCs, with due regard to its
limitations, under different environmental conditions.
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