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Abstract

There is still a gap of reliable vapour pressure data at ambient temperature for low volatile organic substances due to the difficult and
time-consuming determination using the classical methods. Static headspace extraction with a solid-phase microextraction (SPME) fibre in
combination with gas chromatographic analysis provides an inexpensive tool for the indirect determination of low vapour pressures down to
107° Pa. The procedure consists of two steps: (a) exposure of SPME fibre in the headspace above the test chemical over minutes to hours anc
(b) desorption and quantification of extracted amount. The calibration was performed using low volatile reference substances with well-known
vapour pressures. A good correlation was found between substance uptakes of SPME fibre and vapour pressures. The method was appliec
e.g. to tetrachlorobenzenes and to selected tetrachlorobenzyltoluenes with questionable vapour pressures. We obtained values between 0.9
and 13.5 Pa for the former and results between 0.13 and 0.68 mPa for the latter group of congeners. The scope of the method can be extende
to substances with even lower vapour pressures, provided that reliable reference data are available.
© 2005 Elsevier B.V. All rights reserved.
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1. Introduction the difficult and time-consuming determination of low vapour
pressures using the classical direct methods, namely the ef-
The vapour pressure of a chemical is one of the key param-fusion techniques and the gas saturation mefBj. More
eters for the prediction of its behaviour and fate in the envi- rational indirect methods are based either on measuring evap-
ronmen{1-3]. But for many low volatile organic substances, oration rates or gas chromatographic (GC) retention times
which are considered as potential pollutants especially due[9—-11] and require the use of one or several reference com-
to their persistence and bioaccumulation poterjdal reli- pounds whose vapour pressures are accurately known over
able vapour pressure data at ambient temperature are ofteithe whole temperature range investigated. A serious source of
rare[3,5-7] The tetrachlorobenzenes (TetraCBs) are such errors of these indirect methods regarding low volatile com-
cases with large differences between reported vlBigs. pounds is the extrapolation of results from high-temperature
For 1,2,4,5-TetraCB, e.g., they range from 0.62 to 10.1 Pa. measurements to ambient conditions and the selection of ap-
The main reason for incomplete/inaccurate data seems to beropriate reference compounds and/or relaible vapour pres-
sure data for them. van Haelst et |I2], for example, ob-
—_— _ ~tained with the GC method (using relative retention times)
This paper was partly presented at ExTech 2004, the Sixth International for each of the tetrachlorobenzyltoluenes (TCBTS) studied

gi/?pz%s&m on Advances in Extraction Technologies, in Leipzig, September vapour pressures in the order of 5-14 mPa or of 0.1-0.3 mPa,
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The aim of our study was to demonstrate that solid-phasetrichlorobiphenyl (PCB 28), 2.5,5-tetrachlorobiphenyl
microextraction (SPME) from the vapour phase above the (PCB 52), 2,24,5,8-pentachlorobiphenyl (PCB 101),
pure substance in combination with gas-chromatographic 2,2,3,4,4,5-hexachlorobiphenyl (PCB 138), 2,2,4,5,5-
analysis can be used (without further sophisticated equip- hexachlorobiphenyl (PCB 153), 2,2,4,4,5,5-heptachloro-
ment) for the determination of low vapour pressures at biphenyl (PCB 180), 2/, 4-tetrachloro-3-benzyltoluene
environmentally relevant temperatures. Over the last 10 (TCBT 21), 2,2,4,4-tetrachloro-5-benzyltoluene (TCBT
years, SPME has become a widely used pre-concentratior22), 2,2,4,5-tetrachloro-5-benzyltoluene (TCBT 25),
tool, advantageously applicable for headspace analysis o0f2,2,4,6-tetrachloro-3-benzyltoluene (TCBT 27), 225-
various classes of organic compounds in different aque- tetrachloro-4-benzyltoluene (TCBT 36), 2&4-tetra-
ous samples, biological fluids, solvent extracts and solid chloro-5-benzyltoluene (TCBT 52),,3,4,4-tetrachloro-6-
materials[13-15] Physicochemical applications of SPME benzyltoluene (TCBT 74), '2,4,6-tetrachloro-6-benzyl-
have also been reported, including the determination of toluene (TCBT 80).
partition coefficients of organic substances in the two-phase Hexane, used as solvent for the preparation of liquid stan-
systems water/aif16—17] and octanol/aif18]. Moreover, dards, was from Merck (Darmstadt, Germany) in the quality
polydimethylsiloxane-coated SPME fibres have already for organic trace analysis.
been used to estimate the vapour pressures of selected crop The two SPME fibres used in this study (see Secfich
protection agent§l9] or fragrance20]. But in contrast to  for details) were purchased together with a manual SPME
these applications we make directly use of the uptake rate offibre holder from Supelco (Taufkirchen, Germany). The fibres
the SPME fibre. were conditioned before use according to the instructions of

Ai [21] derived and verified experimentally that the up- the manufacturer and were checked for no carryover during
take rate of a chemical in the SPME fibre is proportional to the experiments.
its concentration in the headspace of a closed system (vial).
Thereby he assumed (as afirst approximation) a constant con-

centration in the headspace, i.e. a stationary state where thez'z' Headspace solid-phase microextraction

ke i he f S itel i N _
substance uptake into the fibre coating is immediately com Some milligrams of each pure test chemical (both target

pensated by additional substance evaporation. We follow this . .

. . . i and reference compounds) were sealed in glass vials (10 mL).
consideration and assume in addition that the substances un_—l_he vials were deposited tvpically overniaht at room temper-
der investigation obey the ideal-gas equation. This is most P ypically 9 P

likely due to their small headspace concentrations (in the ature (23-25C; air-conditioned) for establishing a nearly

range of mg taug per n?). Consequently, the fibre uptake saturated headspace atmosphere due to sublimation of test

. . : substance. The SPME fibre was inserted through the vial sep-
rate of a substance is proportional to its vapour pressure. The

. A tum and moved out of the needle housing into the headspace.
presence of an excess of a foreign gas (air) in the headspac

does not change this relationship (cf. the respective deriva-’eA‘fter predeterr_mned sampling times, ranging from ”.“”“tes
tions in ref.[22]). to hours, the fibre was retract, removed from the vial and

immediately injected in the GC.

The shortest possible fibre exposure time to surpass the
limit of quantification for each substance can be found by
some initial tests or simply by leaving-out the uncertain re-
sults from the initial fibre uptake phase.

For selecting the more sensitive fibre type for further inves-
tigations we tested the uptake capacity of a fibre coated with
100p.m polydimethylsiloxane (PDMS) against a fibre coated
: ; with 65um Carbowax-divinylbenzene (CW-DVB). The re-
HCH, &-HCH, 1,1-dichloro-2,2-bis(4-chlorophenylethane e static exposure of both fibres (separately) in the

/ _ -di _ _hi -
(p,p’-DDD), 1,1-dichloro-2,2-bis(4-chlorophenyl)ethylene saturated headspace above hexachlorobenzene for several pe-

(p,p’-DDE) as analytical-standard grade, pentachloroben- " S . .
zene (PentaCB) and 1,2,3,4-tetrachlorobenzene (TetraCB)‘;'gcir?;c t:)r:s I\?/ic':;wc?ridhﬁIer?erlryuthteaﬂzrigoséied VX]EPGSXY{EXSW
>99% pure from Riedel-de Ha (Seelze, Germany); 9 P pacity.

. exposure time it had already extracted the 1.3-fold, after 24 h
lindane §-HCH) >99.5% pure, 1,2,4,5-TetraCB and
1,2.3 -trichlorobenzene (TriCB) >98% pure from Merck the 2-fold and after 82 h the 3-fold amount taken up by the

(Darmstadt, Germany); 1,2,3,5-TetraCB and 1,3,5- PDMS fibre.

TriCB >99% pure from Fluka (Buchs, Switzerland);

hexachlorobenzene (HCB) >99% pure and 1,1,1-trichloro- 2.3. Instrumental analysis

2,2-bis(4-chlorophenyl)ethane p,’-DDT) >98% pure

from Aldrich (Dorset, UK); and finally the following All analyses were performed with a gas chromatograph
polychlorinated biphenyls (PCB) and TCBT congeners HP 5890 Il equipped with a split/splitless injector, an auto-
>99.5% pure from Promochem (Wesel, Germany): 2;4,4 sampler 7673 and a MS detector 5971. Single ion monitoring

2. Experimental
2.1. Materials

The chemicals used in this study either as reference or tar-
get compounds weke-hexachlorocyclohexane{HCH), B-
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was used to record the chromatograms. The target analytegable 1 _
desorbed from the SPME fibre and those injected directly Vapour pressure$SV, of reference substances (at°®9, taken from lit-

. . . ture and their uptake ratesyddt, in the CW-DVB fibre (with standard
afterward as standard solutions in hexangl(1for calibra- &

tion of the GC response were separated on a 500182 mm deviation) — =y ,
i.d. CP-Sil 8CB-MS column coated with 0.p@n film  Substance (abbreviation)  P*7(mPa) a/clt (ng/min)
(Chrompack/Darmstadt, Germany). The injector was pro- iggg:gg ig'igg gig-gii%g
gramr_ned to retu_rn in sp]lt mo_dg 2_m|n after SPME fibre bertaCB 00 19.93+ 0.24
insertion and 1 min after liquid injection. As carrier gas he- g 18b 0.0849+ 0.0016
lium 5.0 was used with a constant column flow of 1 mL/min. «-HCH 6.3° 0.5446+ 0.0060
The injector temperature was held constant at°Z50The B-HCH 0.076° 0.0077+0.0001
GC oven temperature program was €Dfor 2 min, ramped ~ ¥-HCH 28° 1.4410+0.0138
at 3QO/min to 150°C,.then at 4/min to 280°C, hold for ;‘;,'_CDHDT 3:245(: 8:83?&8:8822
20 min. The transfer-line temperature was 260 p,p’-DDE 087 0.07004 0.0008
The GC response for the substance under consideratiorp,p’-DbD 0.13 0.01414 0.0002
was calibrated by injecting aliquots of five to seven different PCB 28 16 1.5166+0.0367
standard solutions (in hexane) via auto-sampler. PCB 52 97 0.8956+ 0.0201
PCB 101 16 0.3330+ 0.0137
PCB 138 0158 0.0478+ 0.0003
2.4. Data evaluation PCB 153 0129 0.0449+0.0002
2 Ref.[24].

In a first step a linear regression of quantified fibre- b Ref.[25).
extracted amounts versus exposure time was performed to © Ref.[26] (value at 25C linear interpolated from the data).
obtain the fibre uptake rates from the slope (for both reference : Ref. [27].
and target substances). Subsequently, a calibration line was ; 22;:[[2298]].'
established using the uptake rates of reference compounds vs.g get. [3).
their tabulated vapour pressureBinally, the inverse of this

calibration function was used to calculate the vapour pressure  we have tested the reproducibility of SPME after 60 min
of target substances from the determined uptake rates. for ’Y'HCH as substaneawith a re|ative|y h|gh vapour pres-
sure and with3-HCH having one of the lowe$tSV values
(within the actual set of reference compounds,Teble J.
From three extractions each we obtained a relative standard
deviation of 2.2% withy-HCH and 0.14% witlg-HCH.
The obtained fibre uptake rates were summarized in
Tables 1 and Zor the reference and target substances, re-
For substances with a vapour pressure larger then 1 Pagpectively.
it has turned out to be sufficient to expose the CW-DVB
fibre in the saturated headspace above the substance fog 2. Correlation between fibre uptake rates and vapour
seconds only to extract quantifiable amountd g under pressures
the actually chosen analytical conditions) and thus the

SPME was restricted to periods of 2-10 min. Alinear uptake  The use of the whole data set for the linear regression

can be assumed during this period of time. It is confirmed analysis between the fibre uptake rates of the reference
by the resulting correlation coefficientsbetween amount

extracted,m, andt that are >0.99 for all substances. The Table 2

slope of the regression line yields the uptake rate. Uptake rates of the CW-DVB fibre with target substances (at 23€2&ith
For compounds with a vapour pressure smaller then 0.1 Pastandard deviation) and vapour pressupe¥, at 25°C calculated from them

it was necessary to expose the CW-DVB fibre at least USin9the calibration function

3. Results and discussion

3.1. Uptake rates with the CW-DVB fibre

. iati ; SV
10—15 min in the headspace to extract 0.1-1 ng. The longestSubstance (abbreviation) me¥dt (ng/min) P> (mPa)
extractions times in this study were typically 60—120 min. 1,2,4,5-TetraCB 25.980.44 981
Also here we obtained linear fibre uptakes witlvalues ~ 1.2.3.4-TetraCB 276827 10,420
>0.99 1,2,3,5-TetraCB 357284 13,500
e TCBT 21 0.0317: 0.0005 0320
TCBT 22 0.0676+ 0.0021 0682
o ] ] ] TCBT 25 0.054H-0.0004 0546
One has to pay attentlon‘to the_ se!ecthn of approprlatt_e reference pres-tcgT 27 0.0462 0.0011 0466
sures at the temperature of investigation, i.e. the sublimation pressures forycgT 36 0.0286+ 0.0003 0288

solid substance$E") and the vapour pressures for liquidY ). Moreover, TCRT 52

\ 0.0156+ 0.0002 0158
one should not mistake the later value for the so-called “vapour pressure of 1cgT 74 0.0126+ 0.0002 0127
the subcooled liquid” which is often found in literature and must be recal- TcgT g0 0.0233¢ 0.0006 0235

culated into the sublimation pressure before use in calibration.
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Fig. 1. Plot of fibre uptake rates vs. sublimations pressures for the subsetFig. 2. Comparison of actually measured of selected TCBT congeners
of reference compounds wi?®" < 0.016 Pa (including regression line and  with published data (filled circles symbolise this work; triangles show data
95% confidence interval). from ref. [12] obtained with the relative retention time method using-
DDT as reference and squares represent data frofi 88fletermined using
the retention index method). For this presentation we have converted the
liquid vapour pressure data from réf2] into sublimation pressures using

substances and their tabulatB§Y values would cause a themeltmgpom_tofthe|n_d|V|du§1ITCBTcor_mgener(prowdedbyPromochem,
the TCBT supplier) and, in lacking of experimental values, a general estimate

not very meaningful cluster correlation due to the inhomo- of 55 Jmoft K~ for the entropy of fusion (which was determined for PCB
geneous distribution of data points along the pressure axis.congenerg9]).

Therefore we divided the data set into two subsets above
and below 0.016 Pa and included PCB 28 in both subsets
as lower and upper limit, respectively. In addition we had to
eliminate lindane as an outlier from the data.

In the upper pressure range our calibration is statisti-
cally not well-founded due to the limited number of data
points fi=4). Nevertheless we obtained a significant re- e , U
lationship: dry/dt/(ng/min) = 26.4941.25). PSV/Pa with a extraction time, that is no problem _due to the sm_1pI|C|ty of
correlation coefficient of 0.9930. With the inverse form € actual procedure, it will be possible to determine vapour
we have estimated the vapour pressures of the TetracBJPressures <1 Pa. But for long extraction times one s_hould
from their fibre uptake rates. The values for 1,2,4,5-TetraCB ensure a cpnstant room temp.erature (or thermostattl_ng) and
and 1.2,35-TetraCB, listed iable 2 are in the or- take the drift of t.he detector s'lgnal into account. AQdmonaI
der of magnitude of the few values reported at ambi- problems can arise When,for increasing the sampling capac-
ent temperaturd3,7]. For 1,2,3,4-TetraCB we obtained ity, several fibre-specimen of the same type should be used

the 2-fold value of the previously publishe@fV datum in parallel. Because of possible differences in the individual
fibre efficiencies, observed with CW-DVB fibre typ2a3],
[3,7]. Yy

For the lower pressure rangm£12) we obtained it is necessary to cross-check the fibres with reference sub-
the following linear relationship: rd/dt (ng/min)=299.09 stances which render the intended range of vapour pressure

(+7.72)- PSV/Pa with a correlation coefficient of 0.9507. (In  Measurements.

the course of the data analysis, the intercept of the linear rela- O Substances with a well-known vapour pressure it
tionship has turned out to be insignificant and was set to zeroS€€MS to l?]e é)oss(;ble to mo?]lfydthe Qescnbed_ heaqquce—
for the final regressionfig. 1shows the calibration line and SPME method to determine the diffusion coefficient in air

the related 95% confidence limits. The calculated sublima- ©F the evaporation rate. A study considering these aspects is

tion pressures of the TCBTs are listedTable 2 As can  Underway.

be seen irFig. 2, our results are comparable with the values

obtained by van Haelst et 4lL.2] usingp,p’-DDT as refer-

ence compound for the relative GC retention time method Acknowledgement

and alternatively with the retention index method. Only the

application of a direct vapour-pressure measuring procedure, We want to thank two anonymous reviewers who gave
e.g. the gas saturation methi@, could provide moreinsight ~ helpful comments to improve the previous version of the pa-
here. per.

A preliminary test with PCB 180 shows that the scope
of the actual method can be extended to substances with
even lower vapour pressures. The uptake rate of PCB 180 in
the CW-DVB fibre is~0.0038 ng/min. This yields a vapour
pressure of approximately 3:810~° Pa. By extension of the
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