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Abstract

This study evaluates concentration capability of headspace sorptive extraction (HSSE) and the influence of sampling conditions on HSSE
recovery of an analyte. A standard mixture in water of six high-to-medium volatility analytes (isobutyl methyl ketone, 3-hexanol, isoamyl
acetate, 1,8-cineole, linalool and carvone) was used to sample the headspace by HSSE with stir bars coated with different polydimethylsiloxane
(PDMS) volumes (20, 40, 55 and 10, respectively), headspace vial volumes (8, 21.2, 40, 250 and 1000 mL), sampling temperatures (25,

50 and 75C) and sampling times (30, 60 and 120 min, and 4, 8 and 16 h). The concentration factors (CFs) of HSSE versus static headspace
(S-HS) were also determined. Analytes sampled by the PDMS stir bars were recovered by thermal desorption (TDS) and analysed by capillary
GC-MS. This study demonstrates how analyte recovery depends on its physico-chemical characteristics and affinity for PDMS (octanol-water
partition coefficients), sampling temperatures {8pand times (60 min), the volumes of headspace (40 mL) and of PDMS (in particular, for

high volatility analytes). HSSE is also shown to be very effective for trace analysis. The HSSE CFs calculated versus S-HS with a 1000 mL
headspace volumes at 25 during 4 h sampling ranged betweer? 4@d 10 times for all analytes investigated while the limits of quantitation
determined under the same conditions were in the nmol/L range.

© 2004 Elsevier B.V. All rights reserved.
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1. Introduction bar. The stir bar is suspended in the headspace volume from
where the analytes are sorbed (sampled) by the PDMS coat-
High-capacity headspace sorptive extraction (HSSE) is aing. After sampling the stir bar is placed in a glass tube
high-concentration-capacity headspace sampling techniqueand transferred to a thermo-desorber from where the ana-
(HCC-HS) deriving from stir bar sorptive extraction (SBSE), lytes are thermally recovered and then analysed by GC or
which was introduced by Sandra and co-worKéisn 1999. GC-MS. Literature reports a number of HSSE applications:
HSSE was first applied to headspace sampling by TienpontKreck et al.[4] applied HSSE in combination with enantio-
et al.[2] and Bicchi et al[3] in 2000 and is based on the MDGC-MS to determine chiral monoterpenes in teatree, eu-
static headspace (S-HS) approach. In HSSE, an analyte (ocalyptus and thyme essential oils. Demyttenaere ¢54)
analytes or a fraction) is sorbed onto a thick film of poly- compared HSSE and HS-SPME for the detection of volatile
dimethylsiloxane (PDMS) coating a glass coated iron stir metabolites from toxigenic fungi, while Cavalli et B] com-
pared S-HS, HS-SPME, HSSE and direct thermal desorp-
* Corresponding author. Tel.: +39 011 670 7662; fax: +39 011 670 7687. iON in the analysis of the volatile fraction of French olive
E-mail addresscarlo.bicchi@unito.it (C. Bicchi). oil.

0021-9673/$ — see front matter © 2004 Elsevier B.V. All rights reserved.
doi:10.1016/j.chroma.2004.09.054



112 C. Bicchi et al. / J. Chromatogr. A 1071 (2005) 111-118

Table 1
List of abbreviations and acronyms and meanings

2. Experimental

Acronym Abbreviation 2.1. Materials and reagents

CF Concentration factor

HCC High-concentration-capacity techniques (a) Solventsand chemicakolventswere all pesticide-grade
HSSE High-capacity headspace sorptive extraction from Riedel-de Haen (Seelze Germany).

HS-SPME Headspace solid-phase microextraction (b) Standardspure standard samples of isobutyl methyl ke-
FSOT capillary column  Fused-silica open tubular capillary column A . .

PDMS Polydimethylsiloxane tone, 3-hexanol, |soamyll acetate, 1,8-cineole, linalool
SBSE Stir bar sorptive extraction and carvone were from Riedel-de Haen.

S-HS Static headspace

B Phase ratio Standard stock solutions in cyclohexane (1 mM) of each

ST Short—thin stir bar (I: 1 cm, thickness: 0.5mm)  analyte were prepared and stored&8°C. A standard work-

LT Long-thin stir bar (I: 2cm, thickness: 0.5mm)  ing solution with analyte concentrations ranging from.40

fz LShO”‘t:?'Ckk ?_t”bbar(l(“zl Cmvtg_"ckknesgll-o";m) for i-butylmethylketone to 1.8M for 1,8-cineole, linalool
ong-thick stir bar (I: Zcm, thickness: 1 mm . . .

LOQ Limit of quantitation and carvone (se€able 2 was prepared by diluting suitable

volumes of each standard stock solution with water and used
for all experiments. A set of calibration standard solutions in
cyclohexane used for quantitative analysis was also prepared

HSSE is based on sorption, i.e. the partition of an ana-
lyte between the sample and the bulk of a polymeric retain-
ing phase. The model proposed by Zhang and Pawliszyn for
HS-SPME[8] was also extended to HSSE to explain the ac-
cumulation of an analyte from a solid or liquid matrix onto
the PDMS coating3]. HSSE recovery depends on the over-
all partition coefficientK, of the analyte between the PDMS
stir bar and the matrix itself. In its turtk depends on the
analyte partition coefficient between PDMS stir bar and sam-
ple headspacdS, and on the partition coefficient between
headspace and sample mati%, HSSE has been shown to
achieve very high concentration capabilities mainly because
of the high volume of polymeric coatiri§,9] that ranges be-
tween 20 and 110QL depending on the length and thickness
of the stir bar.

To the best of the author's knowledge, an in-depth
study to evaluate the influence of sampling conditions on
HSSE recovery of an analyte has not yet been reported.
This article aims to evaluate (a) how analyte volatility and
solubility, PDMS and vial volumes (i.8), sampling time
and temperature influence the HSSE recovery of six high-to-
medium volatility components with different octanol-water
partition coefficients Komw), i.e. isobutyl methyl ketone,
3-hexanol, isoamyl acetate, 1,8-cineole, linalool and car-
vone, dissolved in water, and (b) how effective is HSSE
concentration capability for trace analysigble llists the
acronyms adopted in the present article together with their
meaning.

in a suitable range of concentrations.
2.2. Sample preparation

2.2.1. HSSE sampling
Two series of experiments were carried out:

(a) In the first set, the headspaces originating from 2 mL of

the standard mixture in vials of different volumes (8, 21.2
and 40 mL) at different temperatures (25, 50 andC@p

and for different sampling times (30, 60 and 120 min)
were submitted to HSSE using stir bars of different
lengths and PDMS volumes and thicknesses. In partic-
ular, the following PDMS stir bars were used: 2D (I:

1 cm, thickness: 0.5 mm, short—thin (ST)),40(l: 2 cm,
thickness: 0.5 mm; long—thin (LT)), 38 (I: 1 cm, thick-
ness: 1.0 mm; short-thick (SK)) and 110 (I: 2cm,
thickness: 1 mm; long—thick (LK)). PDMS stir-bars are
marketed under the name ‘Twister’ (Gerstel{ilkleim

a/d Ruhr, Germany).

PDMS stir bars were suspended into the vapour phase
and the headspace sampled by HSSE under the different
conditions reported above. The stir bar was kept correctly
positioned in the headspace volume by using an appro-
priate length of harmonic stainless steel wire, one end of
which clamped the PDMS coating, while the other end
was inserted into the vial septum cap. After sampling,
the PDMS stir bar was removed from the vapour phase,

Table 2

Characteristics of the analytes investigated

Compounds M, Teb Vapour pressure Henry law constant Kow Water solubility Analyte concentration
(Pa) (atm m/mol) (mg/mL) (uM)

Isobutyl methyl ketone 100.2 116.5 2663 1.4x 104 204 190 400

3-Hexanol 102.2 134.8 639 4.0x10°° 44.6 161 350

Isoamyl acetate 130.2 142.5 786 5.9%x 10~ 1820 20 6.9

1,8-Cineole 154.2 176.4 258 1.1x 104 3162 35 13

Linalool 154.2 198.0 26 2.1x10°° 9330 16 13

Carvone 150.2 228.5 13 1.4% 10°4 11740 13 13
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inserted into a glass tube and then introduced in a ther-2.4. S-HS—cGC-MS analysis

modesorber for capillary GC (cGC)-MS analysis (see

Section2.3). Each experiment was repeated three times. The S-HS equipment was by Chromtech (Idstein,
Blank runs of the stir bar were done before and after each Germany) and it was installed in a CTC-Combi-PAL-
analysis and no memory effects occurred for the target Autosampler (Bender and Hobein, Zurich, Switzerland) in its
solutions. turn assembled on a cGC-MS system consisting of an Agi-
In the second set, HSSE was applied to sample thelent model 6890 Series Plus/5973N MS system. The CTC-
headspace of 2mL of the standard solution at@5n Combi-PAL-Autosampler (Bender and Hobein) included an
250 and 1000 mL vials for 30, 60 and 120 min and 4, 8 incubator oven with one heated vial position and shaker (Ag-
and 16 h using SK and LK stir bars. The same operative itator) (Chromtech). All S-HS sampling steps were automati-
conditions as reported above were used. cally controlled by the CTC-Combi-PAL software. A2.5mL
gas-tight syringe was used. cGC-MS conditions were as re-
ported in Sectior2.3.

(b)

2.2.2. S-HS sampling
Two series were carried out:
2.5. HSSE recovery determination
(@) In the first set, the S-HS obtained from 2mL of the
standard solution in vials of different volumes (8, Reference data for HSSE recovery of each analyte were
21.2 and 40mL) at different temperatures (25 and gptained by calibration curves made by directly introducing
50°C) and for different sampling times (30, 60 and 1 L of standard solution on deactivated glass wool placed in
120 min) was sampled. One milliliter of the vapour g thermal desorption tube and then introducing it in the ther-
phase obtained under these conditions was automati-modesorber for cGC-MS analysis (see Secfidd). Each
cally injected into the S-HS—cGC-MS system and anal- analyte was quantified by a target ion (T.1.). Recoveries were
ysed under the same conditions reported for HSSE calculated by comparing T.I. areas after HSSE sampling to
(see Sectior2.3). Each experiment was repeated three those resulting from the direct TDS-cGC-MS analysis. A lin-
times. ear analytical response/concentration relationship was found
(b) In the second set of experiments, the S-HS resulting for each analyte within the working ranges (see below).

from 2 mL of the standard solution in 250 and 1000 mL
vials after 30, 60, 120 min and 4 h at 25 was sam-

pled. The operative conditions reported above were 3. Results and discussion

used.

2.3. HSSE-thermal desorption-cGC—MS analysis

Analyte thermal desorption from the PDMS stir bar was
achieved with a TDS-2 unit from Gerstel installed on a Ag-
ilent 6890 GC unit. For the TDS the following parameters
were used: desorption programme: from 40 to 26@5 min)
at 60°C/min; flow mode: splitless, transfer line: 250. A
Gerstel CIS-4 PTV injector was used to focus cryogeni-

A series of parameters were here investigated to evalu-
ate how they may affect the HSSE recovery of six analytes
with different structures, volatilities and affinities for PDMS
(i.e. Kopw). The compounds investigated are characteristic
of many essential oils: isobutyl methyl ketone (eRjper
genus), 3-hexanol (e.Rosaspecies and basil), isoamyl ac-
etate (e.g. banana fruits aromas), 1,8-cineole fugaliptus
genus), linalool (e.g.avandagenus), carvone (e.§ylentha
andCarumgenus).Table 2reports the characteristics of the

cally the analytes thermally desorbed from the stir bar. The analytes in question.

PTV was cooled to—50°C using liquid CQ; injection,
PTV; injection temperature, from50 to 280°C (5 min) at
600°C/min. Inlet was operated in the split mode, split ratio,
1:20.

The following parameters were considered: (a) HSSE
sampling temperature, (b) headspace phase fatioead-
space volume/sample volume), (c) HSSE sampling time and
(d) volume of PDMS coating stir bars of different lengths and

Capillary GC-MS analyses were performed on an Agilent thicknesses.

6890 GC-5973N MS system (Agilent, Little Falls, DE, USA).

All experiments were carried out by submitting to HSSE a

Chromatographic conditions: temperature programme: from sample consisting of a constant volume (2 mL) of a standard

—30°C (1 min) to 50°C at 40°C/min then to 220C (5 min)
at5°C/min. Afused-silica opentubular (FSOT) OV-1 column
(df 0.3pum, 25 mx 0.25 mmi.d.) [Mega, Legnano (Milano),
Italy] was used. Carrier gas: helium, flow-rate: 1.0 mL/min.
MS was in the electron impact ionization (El) mode at
70eV. lon source temperature: 280. The HS compo-

solution with analyte concentrations ranging fromuAa for
isobutyl methyl ketone to 1,8M for 1,8-cineole, linalool and
carvone (sedable 2, thus allowing us to keep constant the
analyte absolute amounts in all experiments. These analyte
concentrations were chosen to obtain cGC-MS detectable
signals for each analyte for all experiments. Each experiment

nents were identified by comparison of their mass spec- was repeated three times and the average T.l. area values were
tra with those of authentic samples or with data in the considered for data elaboration. Repeatability was measured
literature. by analysing six times the standard solution under investiga-
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Table 3

Recovery and R.S.D.s% determined on six analyses of the analytes investi-

gated sampled by HSSE with SK stir bar in 2000 mL vial volume

Compounds CF£R.S.D.%
Isobutyl methyl ketone 1.4 65
3-Hexanol 7.9+ 8.3
Isoamyl acetate 19.2 0.5
1,8-Cineole 31.A 5.1
Linalool 3.7+ 04
Carvone 9.2+ 4.8

tion with SK stir bar in 2000 mL vial volume; the resulting
R.S.D.s are reported ifable 3and are in agreement with

those determined in a previous article where HSSE repeata-
bility was evaluated for a standard mixture of volatile com-

poundg3].

The first group of experiments was carried out under

the following conditions: stir bars of different lengths and
PDMS thicknesses coated with PDMS volumes ofu20
(I: 1cm, thickness: 0.5mm, short-thin), g@ (I: 2cm,
thickness: 0.5mm; long-thin), 58 (I: 1cm, thickness:
1.0 mm; short—thick) and 130L (I: 2cm, thickness: 1 mm;

long—thick) were applied to sample the headspace of 2mL
of the standard mixture in vials of different volume (8, 21.2,
40, 250 and 1000 mL) at different temperatures (25, 50 and
75°C) and for different sampling times (30, 60 and 120 min).

For SK and LK stir bars, further experiments at®Z5with

250 and 1000 mL vials and sampling time of 4, 8 and 16 h

were also carried out.

Recovery was then calculated through calibration curves
obtained from direct injection into the cGC-MS system via
TDS of the standard solutions of the analyte(s) investigated in

a suitable range of concentrations (see Se@ign[10,11]

eral, the best recoveries for all investigated analytes with
all stir bars were obtained at 3G, although the other
sampling conditions also influenced recovefgble 4
reports analyte recoveries obtained at different temper-
atures with the four PDMS stir bars from a 40mL
vial after 60min sampling. With the exception of
butylmethylketone, sampling at 2& gave recoveries
decidedly lower than other temperatures, e.g. the recov-
ery at 25°C of 1,8-cineole are about three times lower
than that at 50C in all conditions. Twenty five degree
centigrade is probably too low a temperature to favour
vapourisation of the analytes investigated and negatively
affects the equilibrium of headspace formatidp)
Sampling at 75C gave results comparable or slightly
lower than those obtained at 50. This is most proba-
bly because this temperature is quite high and it not only
produced higher analyte concentration in the headspace
vapour phasel?>) than at 50C, but it also drastically
increased their release from PDMS to headsp#gé. (
The low absolute recovery for isobutyl methyl ketone at
all temperatures was probably due to its high solubility
in water, which influences its vapourisation and to its low
affinity for PDMS (i.e.Kow).

At 25°C, isoamyl acetate and 1,8-cineole were the best
analytes recovered at all phase ratios, sampling times
and stir bars. At 50C, 1,8-cineole and carvone were
very well recovered. At this temperature, the most ef-
fective sampling time was 60 min with all phase ratios
and stir bars; in particular, comparable results were ob-
tained with a 40 mL vial for LT, SK and LK stir bars. At
75°C 1,8-cineole and carvone were the best recovered.
In this case too the highest recoveries were after 60 min
sampling with both 40 and 21.2 mL volumes and the LT

Quantitation by direct injection into the cGC system via TDS

of the standard solutions allowed us to determine absolute( )
recoveries related to the total amount of the analytes con-
tained in the liquid phase. Analyses were carried out under
rigorously standardised conditions to make the results from

different experiments comparable.

HSSE recovery strictly depends not only on the overall
set of parameters applied for each experiment but also on
the solubility in water, volatility and polymer affinity of the
analytes investigated. In spite of this, the influence of each
parameter on recovery will first be discussed separately.

(a) HSSE sampling temperatutemperature is the parame-
ter that influences headspace composition most. In gen-

stir bar.

Headspace phase ratigg (headspace volume/sample
volume) the influence of headspace phase rgtmn re-
covery was investigated by varying the volume of the
headspace vials (8, 21.2 and 40 mL) while keeping con-
stant the sample volume (2 mLj;values of 3, 9.6 and
19 were usedTable 5reports the analyte recoveries of
the four PDMS stir bars with thg values investigated
at 50°C and after 60 min sampling. In general, the high-
est recovery was obtained with a vial volume of 40 mL,
(i.e. with the highesp value), the only exception was
isoamyl acetate. For the lower volatility analytes (1,8-
cineole, linalool and carvone) recovery increased with

Table 4
Analyte % recoveries at different temperature with the PDMS stir bar from 40 mL vial after 60 min sampling
PDMS volume Isobutyl methyl ketone 3-Hexanol Isoamyl acetate 1,8-Cineole Linalool Carvone

L
(wb) 25°C 50°C 75°C 25°C 50°C 75°C 25°C 50°C 75°C 25°C 50°C 75°C 25°C 50°C 75°C 25°C 50°C 75°C
20 ST 2.2 1.2 1.2 5.3 8 87 244 179 224 247 501 399 34 227 212 46 38.1 495
40 LT 23 17 13 5.6 ® 140 237 190 320 228 736 493 26 366 246 45 499 533
55 SK 2.3 1.9 15 5.7 13 150 265 251 399 202 738 423 19 346 173 4.2 54.7 38.9
110 LK 23 24 22 53 26 253 237 309 46.7 184 682 495 20 346 194 34 542 391
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Table 5
Analyte % recoveries in different vial size with the PDMS stir bar atG@fter 60 min sampling
PDMS volume Isobutyl methyl ketone 3-Hexanol Isoamyl acetate 1,8-Cineole Linalool Carvone
L
(nb) 8mL 21.2mL 40mL 8mL 21.2mL 40mL 8mL 21.2mL 40mL 8mL 21.2mL 40mL 8mL 21.2mL 40mL 8 mL 21.2mL 40mL
20 ST 13 15 1.2 101 10.6 .B 333 325 179 675 68.2 50.1 30.1 304 22,7 48.2 50.6 38.1
40 LT 14 15 1.7 10.6 11.0 O 29.8 29.6 19.0 66.6 75.1 73.6 281 321 36.6 42.6 519 49.9
55 SK 20 18 1.9 15.7 141 m 427 38.1 251 64.1 67.2 73.8 27.3 29.7 34.6 423 50.0 54.7
110 LK 23 24 2.4 22.7 25.6 2D 427 449 309 635 713 68.2 27.7 328 346 327 422 54.2
Table 6
Analyte % recoveries in different time sampling with the PDMS stir bar from 40 mL vial a€50
PDMS volume Isobutyl methyl ketone 3-Hexanol Isoamyl acetate 1,8-Cineole Linalool Carvone
L
(1b) 30m 60m 120m 30m 60m 120m 30m 60m 120m 30m 60m 120m 30m 60m 120m 30m 60m 120m
20 ST 15 12 1.2 % 81 85 194 179 19.0 655 501 415 284 227 152 509 381 31.0
40 LT 13 17 11 ¥ 90 96 218 190 202 715 736 511 315 36.6 205 60.0 499 435
55 SK 1.7 19 18 15 131 139 245 251 271 632 738 56.6 306 346 27.3 483 54.7 553
110 LK 21 24 20 2® 205 235 31.3 309 343 70.7 682 615 326 346 283 46.7 542 48.9
the PDMS volume; with a 8 mL vial volume, recoveries cineole and linalool were almost constant with increasing
of these analytes were comparable with all stir bars. of PDMS volume.

(c) HSSE sampling timsimilar considerations can be made
for sampling timeTable 6reports analyte recoveries of 3.1. HSSE concentration capability
the four PDMS stir bars by applying the sampling times
investigated at 50C and with a 40 mL HS vial. Good The concentration capability of HSSE versus S-HS sam-
analyte recoveries with all stir bars were generally ob- pling was also evaluated by determining concentration fac-
tained after 60 min, in particular, with the less volatile tors (CFs), i.e. the ratio between the analyte areas obtained
analytes. Moreover, recoveries over time increased with by HSSE sampling and the corresponding S-HS areas ob-
the PDMS volumes. A sampling time of 60 min is prob- tained under the same sampling conditions. CF is a useful
ably a good compromise to optimise both equilibria con- parameter to evaluate the relative effectiveness in recovery
ditioning stir bars recovery of the analytes investigated, of different stir bars for a given sample, provided that rigor-
i.e. matrix/headspace and headspace/PDMS equilibria. ous and reproducible analysis conditions are applied. Static
(d) Volume of PDMS and size of stir barsize and vol- headspace samplings and analyses were carried out on the
ume of the stir bars differently influenced analyte ab- vapour phase obtained from 2 mL of the standard solution
solute recoveryTable 7reports the analyte recoveries in vials of different volumes (8, 21.2 and 40 mL) at differ-
with the four PDMS stir bars after 60 min HS sampling ent temperatures (25 and 30) and for different sampling
at 50°C with a vial volume of 40 mL. In general, under times (30, 60 and 120 minJable 8reports HSSE/S-HS CFs
all conditions, absolute recovery increased with PDMS obtained after sampling the headspace of 2mL of the stan-
volume, although to a different extent depending on the dard solution at 50C for 60 min, in 8, 21.2 and 40 mL vials
analyte. On the other hand, in spite of the difference in both statically and with the four stir bars investigated. As ex-
PDMS volume, LT (4Q.L) and SK (55.L) recoveries pected the HSSE concentration capability was influenced by
of the less volatile compounds are comparable (or even volatility and solubility in water of the analytes investigated,
slightly better for LT), showing that recovery was also and by sampling temperature and volume, although to dif-
related to the headspace/PDMS contact surface. More-ferent extents. A possible explanation of the lower CFs for
over, the most volatile analytes (isobutyl methyl ketone, 1,8-cineole, linalool and carvone when thick film stir bars
3-hexanol, isoamyl acetate) were better recovered by theare used can be that longer times are necessary to achieve the
thickest stir bars (SK and LK), while recoveries of 1,8- equilibrium with the less volatile components. This hypothe-

Table 7

Analyte % recoveries with the PDMS stir bar from 40 ml vial at&0after 60 min sampling

PDMS volume L) Isobutyl methyl ketone 3-Hexanol Isoamyl acetate 1,8-Cineole Linalool Carvone
20 ST 1.2 8l 17.9 50.1 22.7 38.1

40 LT 1.7 20 19.0 73.6 36.6 49.9

55 SK 1.9 131 25.1 73.8 34.6 54.7

110 LK 2.4 205 30.9 68.2 34.6 54.2
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Table 8
HSSE/S-HS CFs values in different vial size at80after 60 min sampling
PDMS volume Isobutyl methyl ketone 3-Hexanol Isoamyl acetate 1,8-Cineole Linalool Carvone

L
(wb) 8mL 21.2mL 40mL 8mL 21.2mL 40mL 8mL 21.2mL 40mL 8mL 21.2mL 40mL 8mL 21.2mL 40mL 8 mL 21.2mL 40mL
20ST 28 49 54 108 220 166 56 123 129 118 194 265 107 173 205 257 392 389
40 LT 28 49 81 113 228 185 50 112 137 116 213 389 100 183 330 227 402 510
55 SK 41 59 87 168 292 269 71 144 181 112 191 390 97 170 312 226 387 559
110 LK 49 79 115 242 531 423 71 170 223 111 202 361 98 187 311 175 327 554

sis is confirmed by the results after 120 min sampling where 35,0

3-hexanol B
CFs of these compounds increased with thick film PDMS stir -~ 3201 Pl
bars (data not reported). The result3able 8show that CFs 20,04 g )
increased with the headspace volume, i.e. with the analyte di- 15,01
lution, further emphasising the high concentration capability ”5)*8:
of HSSE for the analyses of both traces and highly diluted § A S L
samples. g 23, - ~m-- 110uL
Moreover, HSSE CFs increased over time until the equi- 2,01
librium headspace/PDMS stir bak{) was achieved, and 151 m---
decreased with sampling temperature since a higher temper- 1,01
ature produced a more concentrated headspace. The analyte ~ 05
volatility also conditioned the HSSE concentration capability 0,0 -2uty! methyl ketone . . .
in function of the sampling conditions adopted. The analytes 30m 60m 120m 4h  8h  16h

investigated behaved in the following two different ways: time

Fig. 1. Recovery (%) vs. sampling time of isobutyl methyl ketone and 3-

o the hlgheSt CFs for the most volatile analytes (m partic- hexanol with the SK and LK PDMS stir bars at 25 in 1000 mL HS vial.

ular, fori-butylmethylketone) were obtained after 60 min

sampling at 28C in a 40 mL vial; after 120 min, CFs de-  sampled in the headspace vapour phase. HSSE was by sam-
creased probably because of its release from the stir barpling at 25°C the headspace of 2 mL of the standard solution
after achieving the headspace/PDMS equilibrium. Under in 250 and 1000 mL vials for 4, 8 and 16 h using SK and
the same conditions but at 50, CFs are almost constant LK stir bars, besides the sampling times of the above ex-
over time, probably because the systems reached the equiperiments. These experiments were deliberately carried out

librium; under unfavourable conditions, so as to evaluate HSSE con-
e in a 40mL vial, the CFs for the less volatile analytes (in centration capability when trace amounts must be sampled
particular, 1,8-cineole) increased over time at@imost in view of applying this technique to in vitro and in vivo bi-

probably because the headspace/PDMS equilibrium wasological experimentsTable 9reports the analyte recoveries
not yet achieved. At 50C, CFs decreased when sam- with the SK and LK PDMS stir bars over time at 25 with
pling time increased from 30 to 60 min, but increased after a vial volume of 1000 mLFig. 1 reports the isobutyl methyl
120 min. In all conditions applied, CFs improved with the ketone and 3-hexanol recoveries versus time with SK and LK
PDMS volume although not proportionally to the PDMS PDMS stir bars at 25C in 1000 mL HS vial.
increase. Absolute recoveries were first evaluated: they drastically
increased when sampling time increased from 2 to 4 h with
both headspace volumes (250 and 1000 mL) and stirs bars
(SK and LK), in particular, with 3-hexanol, linalool and

A series of experiments were also carried out to evaluate carvone. 1,8-Cineole is the best recovered analyte under all
HSSE recovery when analytes in trace amounts have to besampling conditions. After 4h sampling, recoveries were

3.2. HSSE recovery in trace analysis

Table 9

Analyte % recoveries with SK and LK PDMS stir bars over time at@5n vial 1000 mL

Time Isobutyl methyl ketone 3-Hexanol laoamyl acetate 1,8-Cineole Linalool Carvone

55pL  110pL 55ul  110puL  55uL  110pL 55uL  110pL  55pL  110puL  55pL  110pL

30min 11 1.4 e} 88 14.3 21.4 16.0 32.2 R 29 43 47
60 min 1.4 14 P 91 19.2 215 31.7 30.5 3 35 9.2 5.7
120 min 1.7 1.7 1r 199 26.5 30.6 43.7 69.1 .8 83 139 143
4h 2.0 2.2 164 305 30.2 40.5 71.3 735 13 131 360 218
8h 2.0 2.3 18 306 32.0 41.5 71.3 76.4 19 133 376 218
16h 1.6 2.0 12 216 26.0 324 49.8 53.9 18 9.4 391 220
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Table 10
HSSE/S-HS CFs values with SK and LK PDMS stir bar over time & vial 1000 mL
Time Isobutyl methyl ketone 3-Hexanol Isoamyl acetate 1,8-Cineole Linalool Carvone
55uL  110uL 55uL  110uL  55uL  110pL 55uL  110uL  55pL  110pL  55pL  110uL
30min 580 750 1218 2180 336 502 529 1061 106 167 655 709
60 min 796 824 2448 2831 1161 1296 2179 2097 494 468 1230 761
120min 1078 1108 5508 9755 1721 1993 4467 7059 1419 1880 6350 6510
4h 1190 1324 7889 14714 2294 3073 7918 8167 6130 4147 13100 7930
5007 | ¢ cineole the headspace of 2mL of the standard solution in 1000 mL
4004 e at 25°C over time vials, both by S-HS and with the SK and
3004 Lo LK stir bars.Fig. 2 reports the isobutyl methyl ketone and
200 wm - g - 3-hexanol CFs versus time with the two PDMS stir bars in-
cploof +——+—s——» —+-8ml vestigated, at 25C in a 1000 mL HS vial. A drastic increase
120'] a ~%-202mL of CFs over time was observed with all analytes although to
100+ a -4 - 40mL different extents; with the exception of carvone and linalool,
801 e _.--m LK resulted again more effective than SK. CFs were also con-
1 wlme- -—‘:_'__,__4 ditioned by the volatility of each analyte: the most volatiles
40
204 — achieved high CFs in shorter times while the lower volatility
o Jizbutyl methyl ketone compounds gave the highest CF values. These results are even

20uL 40uL S5uL 110uL

stir bars volume

more interesting when considering the headspace/standard
solution phase ratio (i.e. 499) that produces a strong dilu-

Fig. 2. CFs of isobutyl methyl ketone and 3-hexanol vs. sampling time with tion of the analytes_ '_n the vapour phas_e (about 500 times)
the SK and LK PDMS stir bars at 2& in 1000 ml HS vial. compared to the original standard solution.

generally similar with both SK and LK stir bars, and achieved 3.4. HSSE limit of quantitation (LOQ)

their maximum values, although not increasing much further

at 8 h, probably because both the standard solution/headspace Further evidence of the HSSE concentration capability

and headspace/PDMS equilibria had been reached. is given by the limit of quantitation (LOQ). LOQs were ob-
Recoveries were similar, partly because the analytes dif- tained by analysing ten times the standard solution (blank) by

fused homogeneously throughout the whole PDMS volume HSSE-TDS-cGC-MS in agreement with the Eurachem guide

as a consequence of the long sampling times, so that the conlines[12]. Table 11reports absolute recovery and LOQs for

tact surface is less limiting than when sampling over short the six analytes investigated when 2 mL standard solutions

times. Moreover, the low concentration of the analytes in the in a 1000 mL vial were submitted to HSSE sampling for 4 h

headspace did not saturate the PDMS thus making the amounét 25°C, with SK and LK stir bars. Under these conditions,

of PDMS less critical. LOQs ranged from 13.4 nmol/L for isobutyl methyl ketone
to 0.3 nmol/L for 1,8-cineole with SK and from 11.5 nmol/L
3.3. HSSE concentration capability for trace analysis for isobutyl methyl ketone to 0.2 nmol/L for 1,8-cineole with

LK. LOQ values confirmed the high concentration capability
A further series of experiments were also carried out to of HSSE, in particular, for trace analysis in consideration of
evaluate the concentration capability of HSSE versus S-HS (a) the very high value of both the headspace/standard solu-
with highly diluted vapour phases. CFs were determined at tion phase ratio (i.e. 499) and headspace/PDMS phase ratio
25°C by analysing the headspace produced by 2mL of the (i.e. 9072 for LK and 18145 for SK) and (b) the absolute
above standard solution in a 1000 mL vial with SK and LK recoveries that ranged between 2.0% for isobutyl methyl ke-
PDMS stir bars for sampling times of 30, 60 and 120 min and tone and 71.3% for 1,8-cineole with SK and from 2.2% for
4 h.Table 10reports HSSE/S-HS CFs obtained after sampling isobutyl methyl ketone and to 73.5% for 1,8-cineole with LK.

Table 11
Absolute analyte % recoveries and LOQs for six analyte investigated of 2 mL standard solution in a vial 1000 mL submitted to HSSE sampling fo€4 h at 25
with SK and LK PDMS stir bar

Isobutyl methyl ketone  3-Hexanol Isoamyl acetate 1,8-Cineole Linalool Carvone
55pL  110pL 55wl 110puL  55pL  110pL 55ul  110puL  55pL  110pL  55pL  110pL
Recoveries (%) D 22 164 305 302 405 713 735 19.3 131 360 218

LOQ (nM) 134 115 37 21 07 05 03 02 0.5 05 06 07
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