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Abstract

This paper reports the results of experimental determination of distribution coeffiigis five terpene hydrocarbons and five aliphatic
ketones between air and polydimethylsiloxane (PDMS) coating for solid-phase microextraction. To estimate the Kald@safmpounds
of the same classes, which did not undergo experiments, it is proposed to use an empirical two-parameter equation in which various physico-
chemical and structural characteristics weakly correlated with each other are used as descriptors. It is also shown that for these purposes it is
possible to use distribution coefficients of compounds in any other two-phase heterogeneous system, e.g. octanol-water or hexane—acetonitrile
This approach was applied to estim&ig values of 92 volatile organic compounds.
© 2005 Elsevier B.V. All rights reserved.
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1. Introduction HS-SPME is the distribution law:
Solid-phase microextraction (SPME) is a relatively new ¢, = & 1)
technique of sample preparation. Itis widely used in the anal- Kta

ysis of environmental objects, in industrial, food, and clinical
analyses. A great interest in this method and it's wide appli-
cation are shown by the fact that during one year six reviews
were devoted to it in one journfl-6].

where C; is the analyte concentration in ai€s is their
concentration in the fiber coating, aKg, is the temperature
dependent distribution coefficient of the analyte between

Th tical basi d vari licati f SPME coating and air. The main approaches to the experimental
eoretical basis and various applications o . ar€ Jetermination of distribution coefficient&, are described
described in monograpﬂ3,8]. One of the SPM.E variants, in the literature. The implementation of one of them
headspigcetéHﬁ) S(;DME’ IS t;asedﬂ? h the sclnrpi)atlon Ic_)f qgalytlesrequires preparation of gas mixtures with a precisely known
presentin the neadspace above the sample by a lquid POYY=.,cantration of analytes, as well as preliminary calibration
meric or porous solid phase immobilized over the surface of of the chromatographic detect§®—11] In this case the
afused-silica fiber. Substances concentrated in the fiber coat- '

ing are transferred o the analvtical ratus for desorbi nanalytically measured parameter is the nrassf the analyte
g are transterred fo the analytical apparatus for desorplion, g, 1,0 4 by the fiber after the equilibrium is attained between
separation and analysis. The basis of the quantitative use o

he gas phase and fiber coating at a given temperature.
A simpler variant includes preparation of gas mixtures
* Corresponding author. Tel.: +48 85 746 10 48; fax: +48 85 746 10 48. Of the analytes and successive sampling into the chromato-
E-mail addressisidorov@uwhb.edu.pl (V.A. Isidorov). graphic column of a fixed volume of the gas phase and SPME
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injection. Gas phase sampling can take place with the aid 0of2.3. Syringe and SPME sampling and GC analysis
a gas-tight syring§l2,13]or by an automatic headspace in-
jection system assembled on a GC uyi#]. In the latter Sampling of 2QuL of the prepared gas solutions was made
variant, precise data on analyte content in standard gas mix-with a 50p.L Hamilton gas-tight syringe. For the SPME anal-
tures are not required. However, it should be lower than the ysis of the mixtures, SPME Holder 57330-U (Supelco, Belle-
concentrations at which the adsorption-type SPME coatingsfonte, PA, USA) with the fiber of fused silica 1.00cm in
are saturatefd5]. Here the analytically measured parameters length coated with a 10@m thick film of polydimethylsilox-
are peak areas. ane (PDMS) was used. Preliminary fiber conditioning was
Unfortunately, experimentdls; values are only available  performed in the conditions recommended by Supelco Inc.
for few organic compounds and coatings. Therefore, it is The septum of bottle with gas mixture was picked by a nee-
very topical to determine further distribution coefficients of dle of an SPME Holder and the fiber was exposed to a gas
volatile organic compounds presentin the environment and in phase for 45 min. The adsorbed components were desorbed
other objects of analysis. The number of such analytes is veryby introducing the SPME fiber for 10 min into the injection
great and, therefore, one cannot hope for rapid accumulationport of an HP-4890D gas chromatograph with a flame ion-
of experimentaKs, values. Hence, apart from experimen- ization detector. The injector temperature was 2B0Ana-
tal determination, it is also necessary to develop calculation lytes were separated on a capillary HP-1 fused silica column
methods which make it possible to evaluate these parameter¢30 mx 0.25 mm) in splitless mode. The initial thermostat
rapidly and with sufficient precision. temperature was 8@ and then it was increased to 18D at
In this communication, we report the results of the exper- arate of 10/min. Heliumwas used as carrier gas at 1 mL/min.
imental determination of distribution coefficients of terpene The SPME and syringe injections of the gas mixtures were
hydrocarbons and aliphatic ketones between air and poly-performed in triplicate.
dimethylsiloxane fiber coating for SPME. Moreover, in this Distribution coefficients between fiber coating and air
work, the evaluation oKy, is reported for some aliphatic al-  were calculated directly from the average area responses in
cohols and aromatic hydrocarbons. This evaluation is basedsyringe and SPME injections according to Ez).
upon an approach similar to that used previously to evaluate

. o ) StV
chromatographic retention indices of terpefie8] and dis- Kia = Sf a (2)
tribution coefficients of aromatic hydrocarbons and esters in (SaVt)
the hexane—acetonitrile systét]. where$ is the area of the chromatographic peak of the com-

ponent sorbed on the fiber for SPM§, is the area of the
peak of the same compound recorded after the analysis of

2. Experimental standard gas mixture with a gas-tight syringe, &gds the
gas sample volume (3€L). The volume of the fiber coating
2.1. Chemicals (Vi) equal to 0.6%wL was acceptefd].

Commerciala-pinene, 3-carene, limoneng;terpinene
and terpinolene were purchased from Carl Roth (Warsaw, 3. Results and discussion
Poland). 2-Butanone, 2-pentanone, 2- and 3-hexanone, 2-
heptanone, and bis(trimethylsilyl)trifluoroacetamide (BST- 3.1. Experimental values of distribution coefficients
FA) with addition of 1% trimethylchlorosilane were pur- between PDMS-100 fiber coating and air
chased from Sigma-Aldrich (Poland). All chemicals were

used as purchased. The simplest approach developed in REf2,13] was
used by us for the experimental determination of distribution
2.2. Preparation of analyte mixtures coefficients of terpene hydrocarbons and aliphatic ketones.

Nilsson et al.[12] have established that in the analysis

Gas mixtures of analytes were prepared in 4L glass bot- of gas mixtures containing up to five analytes with the
tles. These bottles were prewashed with a 10% solution of concentration of each up toply/L the mutual effect of
BSTFA in toluene, then washed with methanol and after mixture components is not observed. This observation was
that dried at 80C. The aim of this operation was to de- confirmed in the present work. The same authors reported
crease losses of analytes due to their adsorption on bot-that 30 min are sufficient for establishing equilibrium when
tle walls. The septum sealed first bottle was spiked with PDMS 100 fiber is used at 2&. However, our experiments
1-2pL of liquid terpenes. Gas mixture prepared from five demonstrated that peak areas of the most highly boiling
hydrocarbons was magnetically stirred (1.5 h) at a tempera-monoterpenesytterpinene and terpinolene) increase when
ture of 25.0+0.1°C in an air conditioning laboratory. So-  extraction time is prolonged to 45min. In our work, the
lution in air of five G—C; ketones was prepared in the influence of relative humidity (RH) on the sorption process
second bottle by spiking 142 of the single compound by fiber coating was not taken into account. As shown by
into it. Chai and Pawliszyii18], the relative humidity reduces the
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Table 1 molecule, and the number of carbon atoms in the side chain

Experimental values of retention indices (LTPR) and logKs, between of cyclic compound§17]. In this work we used this equation
PDMS fiber coating and air for some monoterpenes hydrocarbons and to evaluateKs, values.

aliphatic ketones at 289 K . . .
Calculations were carried out according to E2).by the

Compound LTPRI®Y logKra method of the least squares. Numerical data necessary for cal-
Present work Literature data  culations were taken from a home-made database. It contains
Monoterpene hydrocarbons the values of distribution coefficients in hexane—acetonitrile
Isoprene 501 1 - 1.76[19] system KH®*"), log Kow values and randomized values
a-Pinene 930t 1 3.66+0.02 3.659] of LTPRI for 3500 compounds of different classes on capil-
?'\ﬁsg;f:fe 190803; i ;_9 44003 3:93[12] lary columns packed with polydimethylsiloxane (HP-1 type),
Limonene 102k 1 4.0440.02 4.04[9]; 4.11 polydimethylsiloxane with the addition of 5% of phenyl
[12] groups (HP-5 type) and polyethylene glycol (Innowax type).
vy-Terpinene 1049t 1 4.14+0.01 - Table 2lists the results of calculations for terpene com-
Terpinolene 1079 2 4.25£0.01 - pounds. The first part of the Table contains initial data for
Aliphatic ketones calculation of coefficients, b, andc from Eg. (3). Boil-
Acetone 500+ 2 - [21-2113[19]: 2.06 ing temperatures of seven compounds were used as descrip-
> Butanone — 2 404 0.02 o tor X and_ retention indices on an HP-1 column were used
2-Pentanone 708 1 2994 0.02 2.9912] as descriptoly. It can be seen that the equation with cal-
3-Hexanone 786- 1 3.254 0.02 _ culated values of coefficients, b, and c is characterized
2-Hexanone 796 2 3.27+0.01 - by a high determination coefficief®. The F-test value is
2-Heptanone 892 2 3.60+0.02 - larger than the critical value for significance lewet 0.01,
3-Octanone 953% 3 - 3.91[12]

which means that E§3)is significant at the 99% significance
level.

amounts extracted by PDMS fiber at room temperature by The second part dfable 2contains the results of the eval-
less than 10% at up to 75% RH. Moreover, the effect of uation of logKs, for 13 monoterpenes which are encoun-
humidity is nearly constant for the RH range of 25-75%. tered most often in essential oils and in volatile emissions of
Table 1presents values determined by us and literature Plants[23,24] It is interesting to note that the inclusion of
values of logk, for terpenes and aliphatic ketones at25 a hemiterpene, isoprene, in addition to monoterpenes, into
as well as measured values of linear temperature programmedhe calculation of coefficients in E€3), does not make the
retention indices (LTPRI) on a column with a nonpolar poly- results of the calculation less precise.
dimethylsiloxane stationary phase. It can be seenthatavery As already mentioned, different characteristics can be
good agreement is observed between the measured and litised as descriptors in EG). Table 3shows the results &,
erature values of lods, for a-pinene, limonene, and 2- calculations for aliphatic ketones for which LTPRI on a more
pentanone. Terpene hydrocarbons and ketones are placed iRolar column of the HP-5 type were used as descrigiand
Table 1in order of increasing boiling temperatures and re- Molecular weight (MW) of homologues served as descriptor
tention indices. This data confirm the relationship reported Y- In the second part dfable 3values of logKsa given for
previously[9,12] according to which higher boiling (and less 20 C3—Cg ketones were calculated from the empirical depen-

volatile) compounds are characterized by higkgrvalues ~ dence which we obtained. _ o
than more volatile compounds. Table 4contains the results of calculations of distribution

coefficients for aliphatic alcohols. The required experimen-
tal values of logKs, for five compounds of this series were
taken from the literaturfd 2]. Two series of calculations were
carried out. The first of them included only four primary and
secondary saturated alcohols. The second series contained
linalool in addition. This substance has a very different struc-
ture because it is a tertiary diene alcohol. Therefore, it might
be expected to obtain quite different calculation results in the
first and the second series. However, the differencd&dn
values calculated in both series did not exceed 7%. Hence,
we believed it to be possible to include in the second part of
log KE'eX—AC” = alogX + bY + ¢ () Table 4not only saturated alcohols but also some alkenols
from those characterized by boiling temperatures and reten-
For calculatingk & values, various weakly mutually  tion indices.
correlating physico-chemical and structural characteristics Components distribution in different heterogeneous sys-
were used as descripto¥sand Y: retention indices, boil-  tems is determined by the same relationsiHi. There-
ing temperatures, total solubility, the number of rings in the fore, distribution coefficients determined for one two-phase

3.2. Evaluation of I values on the basis of
physico-chemical characteristics of analytes

Since any well-developed theory of solutions is absent,
our information about distribution coefficients in heteroge-
neous systems is mostly of an empirical charaf28r21]

To predict distribution coefficients in the hexane—acetonitrile
systeni17,22], we have previously successfully used the em-
pirical two-parameter equation of the type:
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Table 2
Evaluation of logKs, values of monoterpenes for PDMS 100 fiber at 298 K by using regression equatiépn toglog X +bY+c
Hydrocarbon X=h.p. (K) Y=LTPRIHP1 log K log KGA© | AlogKa|
Isoprene 2935 501 176 176 000
a-Pinene 4295 930 366 366 000
Myrcene 44015 983 393 387 006
3-Carene 4485 1000 394 396 002
Limonene 4515 1021 404 407 003
y-Terpinene 4585 1049 45 417 002
Terpinolene 4595 1079 425 424 001
a=1.7595b=0.00007,c=—4.1382;n=7; R?=0.9994;F» 5= 3331;F2 5,=001=13.3
Results of calculation
Tricyclene 42615 921 - 362 -
a-Thujene 42715 923 - 363 -
Camphene 43865 947 - 370 -
a-Fenchene 4365 948 - 372 -
4-Carene 4385 960 - 375 -
Sabinene 4315 966 - 331 -
B-Pinene 4385 971 - 383 -
2-Carene 4405 984 - 37 -
a-Phellandrene 4485 996 - 3095 -
a-Terpinene 4415 1007 - 400 -
B-Phellandrene 4485 1022 - 403 -
Sylvestrene 4495 1016 - 403 -
B(Z)-Ocimene 4515 1029 - 7 -
Table 3
Evaluation of logKs, values for aliphatic ketones at 298 K
Compound X=LTPRIHP-5 Y=MW log K. log KA |Alog Kial
Acetone 500 588 206 208 002
2-Butanone 575 721 240 238 002
2-Pentanone 708 863 299 298 001
3-Hexanone 786 1006 325 324 001
2-Hexanone 790 1006 327 327 000
2-Heptanone 892 1149 360 364 004
3-Octanone 978 1281 391 390 001
a=1.3726,b=—0.0018,c=—3.2813;n=7; R =0.999;F» 5=1998;F2 5, =0.01= 13.3
Results of calculation
3-Methyl-2-butanone 661 8863 - 271 -
3-Pentanone 700 - 294 -
4-Methyl-2-butanone 750 863 - 323 -
2-Methyl-3-pentanone 749 106 - 304 -
4-Methyl-2-pentanone 750 106 - 304 -
3-Methyl-2-pentanone 755 1006 - 307 -
4-Methyl-3-hexanone 830 11 - 330 -
5-Methyl-3-hexanone 836 110 - 333 -
3-Ethyl-2-pentanone 838 1. - 334 -
2-Methyl-3-hexanone 839 110 - 335 -
3-Methyl-2-hexanone 844 11 - 337 -
4-Methyl-2-hexanone 846 11 - 339 —
5-Methyl-2-hexanone 859 11 - 346 -
4-Heptanone 871 1149 - 352 —
3-Heptanone 887 1149 - 361 -
2-Methyl-4-heptanone 923 128 - 360 —
3-Methyl-4-heptanone 929 128 - 363 -
2-Methyl-3-heptanone 930 128 - 364 -
5-Methyl-3-heptanone 943 128 - 371 -
4-Octanone 970 1281 - 385 -
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Table 4
Evaluation of logKs, values for aliphatic alcohols at 298 K
Compound X=b.p. (K) Y=LTPRIHP-5 log K ® [12] Set1 Set2

log KGA© A |log Kra| log KA | Alog Kial
2-Butanol 37265 583 276 276 000 276 000
2-Methyl-1-propanol 38@5 635 291 291 000 290 001
3-Methyl-1-butanol 4045 730 314 314 000 314 000
3-Octanol 4445 982 406 406 Q000 409 003
Linalool 47115 1098 458 - - 455 003

Set 1:a=—0.895355=0.00059c=2.3995n=4; RZ = 0.9999;F2 2=5000;F22,=0.01=99
Set 2:a=—0.82701}0=0.00059,c=2.2249;n="5; R? =0.9997;F> 3= 3332;F2 3,=001=31

Results of calculation

1-Butanol 39085 665 — 296 - 296 -
3-Methyl-2-butanol 3805 680 - 305 - 305 -
2-Pentanol 3925 700 — 309 - 309 -
4-Methyl-2-pentanol 4075 758 - 326 - 326 -
1-Pentanol 4105 767 — 325 - 326 -
2-Methyl-3-pentanol 3985 772 — 336 — 336 -
3-Hexanol 40815 795 - 340 - 340 -
2-Hexanol 41315 802 - 339 - 340 -
2-Methyl-1-pentanol 4225 834 - 348 - 349 -
4-Methyl-1-pentanol 4295 837 - A7 - 348 -
2-Ethyl-1-butanol 42715 841 — 352 - 354 -
3-Methyl-1-pentanol 4285 845 - 350 - 352 -
5-Methyl-3-hexanol 4215 852 - 357 - 358 -
1-Hexanol 43075 870 - 358 - 360 -
4-Heptanol 4295 890 — 370 - 371 -
2-Methyl-1-hexanol 4315 896 - 367 - 369 -
2-Heptanol 4325 902 — 373 - 375 -
3-Methyl-1-hexanol 4425 922 - 376 - 380 -
5-Methyl-1-hexanol 4435 931 - 380 - 382 -
6-Methyl-2-heptanol 4415 965 - 394 - 397 -
1-Heptanol 44%5 970 - 395 - 398 -
4-Octanol 4495 990 - 406 - 409 -
2-Octanol 45315 1002 — 40 - 413 -
2-Ethyl-1-hexanol 4575 1030 - L2 - 425 -
2-Nonanol 46815 1100 — 465 - 459 -
1-Octanol 4685 1102 - 456 - 455 -
3-Buten-1-ol 38615 637 - - - 288 -
2-Methyl-2-propen-1-ol 3885 646 - - - 21 -
2-Buten-1-ol 39115 666 - - - 26 -
2-Methyl-4-penten-2-ol 3985 710 - - - 33 -
3-Methyl-3-buten-1-ol 4035 731 - - - 35 -
1-Hexen-3-ol 4075 789 - - - 38 -
3-Methyl-2-buten-1-ol 4135 776 — - — 29 -
4-Penten-1-ol 4145 754 - - - 318 -
(2) 3-Hexen-1-ol 4295 854 — - — P4 -
(E) 3-Hexen-1-ol 42%5 855 - - - B4 -
(E) 4-Hexen-1-ol 4325 879 — - — B4 -

system may be used to evaluate similar physico-chemicalculating logKs, for compounds for which the experimental
characteristics for another two-phase systéable 5gives values of this parameter are available but were not used in
an example of using descriptgiin Eq. (3) for calculation of calculating the coefficients in E). It can be seen that the
the distribution coefficient of aromatic hydrocarbons in the values of logKs, calculated by two methods are close to each
following quite different systems: hexane—acetonitfilé], other. Moreover, the greatest deviations from experimental
and octanol-water. The experimental valueKgf neces- values are level at 2%. Distribution coefficieltg well cor-
sary for calculating coefficients in E{B) were taken from related to the compoundeHeX_Acn andKgy coefficients as
Ref.[10]. The logKow recommended for the individual com-  indicated by the following linear regressions:
pounds were taken from RdR6].

Table Sconsists of three parts. The first part presents the log Kta = 2.795 |ongHex—Acn+ 3.064 (1 = 20: R? = 0.956)
results of calculating the coefficierasb, andc. The second 2
part of this Table (control set) contains the results of cal- 109 Kta = 0.82110gKow + 0.780 (» = 20; R° = 0.963)
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Table 5
Use of distribution coefficients in hexane—acetonitrile, and octanol-water systems in the evaluatiodsgfémg@romatic hydrocarbons by using regression

Ea.(3)

Hydrocarbon logk 7/ [10] X=b.p.,K Setl Set2
Yi=KHeA  jog KEACT  |Alog K| Y2=logKow log K32 |Alog Kral

Benzene 28 35315 074 248 000 213 248 000
Toluene 293 38378 107 291 002 273 292 001
Ethylbenzene 32 40930 139 331 001 315 332 000
m-Xylene 332 41225 144 335 003 320 336 004
Isopropylbenzene .89 42554 170 358 001 339 358 001
1,3,5-Trimethylbenzene 31 43785 188 379 002 350 380 001
1-Methyl-4-isopropylbenzene a1 45040 223 4.02 001 381 401 000
1,2,4,5-Tetramethylbenzene .39 47115 249 440 001 410 438 001

Set 1:a=1.8629;b=0.0083;c=—4.3576;n=8; R =0.9985;F 5 6= 1664F2 6 o =0.01= 10.9
Set 2:a=2.1329;b=—0.0098;c= —5.0197;n=8; R? = 0.9989;F 6= 2270F 2,6, = 0.01= 10.9

Control set
p-Xylene 340 41150 142 334 006 315 335 005
o-Xylene 346 41756 149 344 002 312 346 000
n-Propylbenzene .30 43215 181 369 001 372 368 004
1-Methyl-3-ethylbenzene .88 43414 182 372 004 388 370 002
1-Methyl-4-ethylbenzene .39 43514 183 375 004 363 375 004
1-Methyl-2-ethylbenzene .82 43830 186 379 003 353 381 001
Isobutylbenzene .92 44515 215 393 001 401 398 006
1-Methyl-2-isopropylbenzene .a8 45150 222 404 004 381 401 007
1,4-Dimethyl-2-ethylbenzene .20 46006 233 419 001 431 415 005
1,2-Dimethyl-4-ethylbenzene 24 46215 236 423 001 438 418 006
1,3-Dimethyl-2-ethylbenzene .26 46325 238 425 001 417 422 004
1,2-Dimethyl-3-ethylbenzene .30 46706 243 432 002 422 429 001
Results of calculation
tert-Butylbenzene - 4427 170 384 - 411 383 -
1,2,4-Trimethylbenzene - 4480 192 386 - 378 386 -
1,2,3-Trimethylbenzene - 4438 196 398 - 366 400 -
1,3-Diethylbenzene - 4525 223 408 - 444 402 -
1-Methyl-3n-propylbenzene - 4580 226 410 - 453 403 -
1-Methyl-4-n-propylbenzene - 4585 228 412 - 456 405 -
n-Butylbenzene - 4582 235 413 - 426 408 -
1,2-Diethylbenzene - 45860 227 413 - 372 413 -
1,4-Diethylbenzene - 4580 228 413 - 445 407 -
1-Methyl-2-n-propylbenzene - 45725 230 415 - 438 410 -
1,2,3,4-Tetramethylbenzene - 463 238 425 — 400 423 —
2,4-Dimethyl-1-ethylbenzene - 466 233 422 - - - -
1-Methyl-3+ert-butylbenzene - 4621 259 425 - - - -
tert-Pentylbenzene - 46 263 427 - - - -
1-Isopropyl-3-ethylbenzene - 485 262 430 - - - -
secPentylbenzene - 468 265 430 - - - -
1-Methyl-3-isobutylbenzene - 466 266 434 - - - -
1-Methyl-3-secbutylbenzene - 4615 268 434 - - - -
1,3-Dimethyl-5-isopropylbenzene  — 463 270 435 - - - -
1-Methyl-4+ert-butylbenzene - 4685 280 438 - - - -
1-Methyl-4-secbutylbenzene - 4695 271 437 - - - -
Isopentylbenzene - 445 260 442 - - - -

In the third part offable 5 evaluations of lods, are reported ~ Acknowledgement

for a series of 22 aromatic hydrocarbons for which they have

not been determined experimentally. The authors wish to express their gratitude to Dr. Jonathan
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