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Abstract

Applications of solid-phase microextraction (SPME) in the measurement of very hydrophobic organic compounds (VHOCS) are limited,
partly due to the difficulty of calibrating SPME fibers for VHOCSs. This study used a static SPME strategy with a large sample volume (1.6 L)
and a five-point calibration procedure to determine the distribution coefficients for a large suite of polychlorinated biphenyls (PCBs) and
chlorinated pesticides between a polydimethylsiloxane (PDMS) phaseu(@@bickness) coated on a glass fiber and seawater. An extraction
time of 12 days was deemed adequate for equilibrium calibration from kinetic experiments. Two groups of randomly selected fibers divided
into three batches (up to nine fibers in each batch) were processed separately with two gas chromatography—mass spectrometry (GC-MS)
systems. Matrix effects arising from losses of the analytes to glass container walls and stirring bars were corrected. Relative standard deviations
within the same batch were generally smaller than those for the entire group. Furthé€silp(E; andV; are the distribution coefficient of an
analyte between the polymer-coated fiber and agueous phase and the fiber volume, respectively) values determined with two GC—MS systems
were statistically different. These results indicate the calibritd values were less affected by the random selection of SPME fibers than
by other experimental conditions, and therefore avekalfe values may be used for the same type of commercially available SPME fibers.

The relative accuracy of our calibration method was similar to that of a previous study [P. Mayer, W.H.J. Vaes, J.L.M. Hermens, Anal. Chem.
72 (2000) 459] employing different coating thickness and calibration procedure. The present study also obtained a bell-shaped relationship
between lods and logK,, (octanol-water partition coefficient) for PCB congeners with the maximurkdegrresponding to lof,, ~ 6.5.

This bell-shaped relationship was attributed mainly to steric effects arising from the interplay between the PDMS thickness and molecular
sizes of the target analytes.

© 2005 Elsevier B.V. All rights reserved.
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1. Introduction has been accumulated concerning the fundamental mecha-
nisms governing the SPME processes and potential applica-
Since the introduction of solid-phase microextraction tions of SPME in a variety of research ar§&s6]. Successful
(SPME) as a quantitative analytical technique by Arthur and implementation of a feasible SPME-based method is strongly
Pawliszyn2] more than a decade ago, a large amount of data dependent upon an accurate determinatioKsofalues be-
tween the SPME sorbent phase and sample matrix. While

* Corresponding author. Tel.: +86 20 85291421; fax: +86 20 85291421, [t values for volatile organic compounds are relatively easy
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hydrophobic organic compounds (VHOCS) has remained a California ocean monitoring programs, such as a recent re-
difficult task. gional survey14]. The protocol involves afive-point (includ-
Two general calibration methods have been employed toing the origin) calibration approach that is widely employed
determineK; values for VHOCs. The first one is a static in other conventional analytical methods, as well as correc-
SPME procedure within a closed system where single- andtion for sorption of the analytes to the two major non-SPME
multi-point calibration strategies have been attempted. For sorbent phases in the experimental set-up; the glass container
single-point calibration, the following equation or equivalent walls and stirring bar surfaces. One objective of the present

has been derived to calcul{e[7,8]: study was to determine the intra- and inter-batch variability
NiVy of K; values and assess whether an avet§gealue from
Ki 1) a large pool of SPME fibers could be used in quantitation

‘/f(C\S)VVW - Nf) Of as f | i T 1

pecific analyte. Another objective was to examine the

whereKs andV; are defined in the abstrady; is the analyte variability of K values obtained from two analytical instru-

amount in the polymer phase coated on a SPME fMgiis ments. This is important, as multiple analytical instruments

the water volume, andy, is the initial analyte concentration  are often needed for sample analysis with large-scale sam-

in water. One apparent drawback with this method is the pos- pling programs. Finally, the results from the present study

sible occurrence of large measurement errors if the analytewere compared with those from several previous studies to

amount ) in the sorbent phase is approaching the initial understand factors affecting the calibration of SPME fibers

analyte amount(, Vi,). Mayer et al[1] proposed a multi-  for VHOCs.

point calibration strategy, in which a series of samples with

the same analyte concentration were prepared with different

amounts of polydimethylsiloxane (PDMS)-coated fibers to 2. Methods

obtain varying PDMS to water volume ratiog(Vy). A ref-

erence sample without addition of PDMS-coated fibers was 2.1. Theory

also processed. The rati€{jative) Of the analyte concen-

trations in the treated and reference samples was related to In this study, we adopted a static calibration strategy with

V;/Vyy via the following equatiorfil]: a large sample volume (1.6 L) and multiple SPME fibers. As

1 required by mass balance, the amounts of an analyte dis-
Crelative = 5 (2) tributed among various phases upon equilibrium SPME are

g K,
1+ 10°9%1(Vi/ Vi) related by:
A nonlinear regression betweelejative and Vi/Vy yields )
the distribution coefficienKs. In this approach, the analyte _ - ) . g
concentrations in the treated samples were not measured if¥0 = Nw + Na+ Zl Ne@) + ZlNSb(l ) 3)
= i'=

situ; instead, subsamples were collected into 12-mL vials and

extracted with conventional SPME. whereN; andN;(i) are the amounts of the analyte in the air
The second calibration method is dynamic SPME inwhich phase (i.e., headspace) and sorbed onitth&PME fiber,

a constant analyte concentration is maintained by an externain the total number of SPME fiberNsy(i’) the amount of

source so that losses of analytes to non-SPME sorbent phasethe analyte sorbed on tlié¢h non-SPME sorbent phase, and

can be disregarddd,9]. In this approachK; is calculated di- n' is the number of non-SPME sorbent phases. Using the

rectly fromK; = C;/C,y. However, the analyte concentration, same procedure described previoys], the amount of the

Cw, in the sample needs to be determined by a separate anaanalyte sorbed on thjgh SPME fiber is given by:

lytical protocol, typically a liquid-liquid extraction method.

As a result, the accuracy of thg values is also subject to . K: Vi " )

the performance of a non-SPME method. Ni(7) = KiVi + Vw + 0 + K Va No— Z Ni(D) )
Our applications of the SPME technology include field i

sampling of VHOCs in oceanic environmerj], which where#, defined as a matrix sorption teifit5], accounts for

requires determination dfs values for a large number of  the Ng, term in Eq.(3) and will be further discussed below,
analytes and SPME fibers of maximum capacity (180 g/, is the dimensionless Henry’s Law constanK(#RT,
PDMS-coated fibers in this study). So f&; values have  whereKy is the Henry’s Law constanR is the universal
been determined for only a small number of polychlorinated gas constant, antl is the absolute temperature), avigis

biphenyl (PCB) and DDT compounds with PDMS-coated the headspace volume.$fis defined as the slope of the lin-
fibers[1,7,8,11-13]In addition, the two calibration methods

described above become impractical when a large number o
SPME fibers are calibrated. In view of these issues, a newequation can be derived:

analytical protocol was used in this study to calibrate a large

set of PDMS-coated fibers for selected PCB congeners andy, (, _ S(w +6 + K4Va) (5)
chlorinated pesticides that are normally measured in southern 1-S8

fear regression df(j) versus (Vo — > Ni(i)), the following
i#]
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Apparently, the present analytical method was developed (Corning) were rinsed with deionized water, sonicated in
directly from the linearity between the analyte amount re- methylene chloride (HPLC—-GC-MS grade; Fisher Scientific,
tained by an SPME fiber and the initial analyte amount minus Pittsburgh, PA, USA) for 20 min, and dried at 10D.
the analyte amounts retained by all other SPME fibers. Lin-  Custom-made mixtures of PCB congeners {a0imL
ear regression over a large concentration range (2-50 ng/L ineach in hexane—isooctane (98:2)) and chlorinated pesticides
the present study) ensures the wide-range applicability of the(100uwg/mL each in acetone) (AccuStandards, New Haven,
measured; values. In addition, the use of multiple SPME CT, USA) were diluted with acetone (OPTIMA grade; Fisher
fibers in one calibration system allows the calibration data to Scientific) to make up spiking solutions (in 0.5 mL acetone)
be analyzed statistically. To estimate the valué iofa given with various analyte concentrations. Each Erlenmeyer flask
system, we rewrité as[15]: was filled with 1.6 L of sand-filtered seawater (with dissolved

) organic carbon less than 1 mg/L, salt content of 33.1%, con-
" i ductivity of 50.0pn.S and pH 8.1) and spiked with a spiking
0= Z Kspmsn 6) solution. One stirring bar was placed in the flask. An antibi-
i=1 otic agent, sodium azide (Mallinckrodt Baker), was added to

where K., is the distribution coefficient of the analyte be- the flask if the experiment was to be conducted for 4 days
tween theith non-SPME sorbent phase and the aqueous OF longer. A solvent-washed PTFE sheet was bound to the
phase andn, is the apparent mass of thith non-SPME opening of the flask with rubber bands to make the system
sorbent phase. By definitiork’, = C., /Cy, whereCl, is a!rtlght. Upon rinse with hexane, multlple SPME f!bers were

the concentration of the analyte in tith non-SPME sor-  Pierced through the PTFE sheet and into the spiked seawa-

bent phase. By substituting this relationship into &j.and ter. The PDMS-coated fibers were protracted and exposed to
n/ the spiked seawater. The flask was placed on a Corning stir-

noting Nsp(i) = Ciynl,, we may obtair) | Nsp(i) = 6Cy or rer. To minimize heat transfer from the stirrer motor to the
i=1 flask, a 150 mmx 15 mm polystyrene Petri dish with lid was
placed between the stirrer and the flaBig( 1). All experi-
n ments were conducted at ambient temperaturg 22C. At
0
Z Nsp(i) = () Nw (7 the end of the extraction, the PDMS-coated fibers were re-
i=1 Viw moved with care from the flask (PTFE sheet around each
. . . SPME fiber was cut open to allow the fiber to slide out) and
Therefore,6 can be estimated from the linear regression . : : c .
W dipped briefly into deionized water to remove residual salt
of > Nsp(i) versusNy and V. It is worthwhile to note from the seawater. The fibers were then shaken vigorously
' to remove any water residues before being retracted into the

more conveniently,

i=1
that becausé is a constant for a given analyte in a specific

n
experiment system)_ Ngp(i) can be determined under

2,

non-SPME conditiolnsl. In the present study, the glassware Teflon —— 3.
wall and stirring bar surface were the two non-SPME

sorbent phases under consideration. Headspace was deemed

insignificant compared to other non-SPME sorbent phases

under the present experimental conditions, i, Va was Sample F'ask\
set to zero (more discussion on this issue is given later).

l SPME Fibers

2.2. SPME procedures

The 100um PDMS-coated fibers with a coating volume
(Vs) of 0.612uL (Supelco, Bellefonte, PA, USA) were
washed with hexane (nanograde; Mallinckrodt Baker,
Phillipsburg, NJ, USA) and conditioned at 28D under
helium stream (on a GC injection port) for 1 h prior to initial
use or after each injection. Glass flasks~df.7 L (Corning,
Corning, NY, USA) were washed with detergent and tap
water, rinsed with deionized water, kilned at 4ZDfor at
least 4 h. Immediately prior to use, each flask was silanized
with a solution of 15% dimethyldichlorosilane in toluene
(Aldrich, Milwaukee, WI, USA) for~1min, rinsed twice Speed Control 7 e Heating Control
with toluene and three times with methanol, dried at 400
and rinsed with deionized water. PTFE-coated stirring bars Fig. 1. Schematic of the SPME experimental set-up.

Stirring Bar
Petri Dish

Magnetic Stirrer
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needle sleeves. Analytes sorbed on SPME devices were ther0.01 min after injection, and split again 2.5 min after injec-
mally desorbed into a programmed injector on a specified gastion). The injector temperature was programmed from°ID0
chromatography—mass spectrometry (GC-MS) instrument. (held for 0.05min) to 280C with the maximum ramping
SPME fibers were generally processed on the same day whemate (~100°C/min) and held for 40 min at 28@. Under
extraction was complete (all within 48 h). SPME fibers not these chromatographic conditions, slightly different reten-
analyzed immediately were stored-a20°C. tion times were obtained on the two instruments for the same
For uptake kinetics experiments, three SPME fibers were target analytes. To reduce the retention time difference, the
used simultaneously in one flask with a spiking concentration flow rate was set at 1.0 and 1.3 ml/min for GC-MS-1 and
of 50 ng/L for all analytes. SPME extraction times were 1, GC-MS-2, respectively. All the extracts obtained from the
2,4,8,and 16hand 1, 2, 4, 6, 8, 12, 16, and 24 days. Twonon-SPME procedures were analyzed with GC-MS-1.
agitation speeds, 380 and 870 rpm, were tested. For equilib- Mass spectra were acquired with the electron ionization
rium calibration experiments, an extraction time of 12 days mode. Mass spectra were acquired from 100 tora4with
and an agitation speed of 870 rpm were chosen, based on tha scan time of 0.7 scans per second and an emission cur-
results of the kinetics experiments, to determievalues. rent of 15uA. Within this range, ion storage level was 79
Nine SPME devices were placed in one flask (as one batch),and ionization time factor was 100%. lonization time fac-
and a total of six batches of fibers were processed. The cali-tor was 10% outside this range. Electron multiplier volt-
bration concentrations were 2, 5, 20, and 50 ng/L for all target age was 1900—2000 eV for GC—MS-1 and 1500-1600 eV for

analytes. GC-MS-2, because a newer electron multiplier was installed
in GC-MS-2. Temperatures of ion trap, manifold, and trans-
2.3. Non-SPME procedures fer line were set at 200, 80, and 280, respectively. To en-

sure the linearity of the instrument performance, calibration

To determine th@ values, four seawater samples (1.6 L) standard solutions containing all the target analytes at 50,
containing the target analytes at 100, 250, 500, and 1000 ng/L,100, 250, 500, 1000, and 2000 ng/mL with internal standards
respectively, were prepared in three Erlenmeyer flasks. Oneat 500 ng/mL were analyzed frequently throughout the study.
stirring bar was placed in each flask and the samples wereLinear calibration curves were always obtained with high
treated as those with the SPME procedures, except that naconfidence > 0.99) for all target analytes.
SPME fibers were added. At the end of the 12-day extraction,
seawater was processed with a solid-phase extraction methog 5. pata analysis
[16], stirring bars were extracted with a roller table method
[17], and the glassware walls were rinsed with methylene 3 5 1. Normalization of MS responses
chloride and the rinsates were collected. All fractions were  ap external calibration method was used in the present

concentrated to 1 mL using a Zymark TurboVap 500 (Zymark  stydy. Prior to analysis of each batch of up to seven loaded

Corporation, Hopkinton, MA). Internal standards, PCB 30 spME fibers, LuL of a standard mixture containing all the
and PCB 205, were added to all extracts prior to instrumental (grget analytes at2g/mL was injected into the GC—MS in-

analysis. strument with an autosampler. The MS responses from the
) direct injection of the standard solution and desorption of
2.4. GC-MS analysis analytes sorbed on SPME fibers were used to calculate ei-

) ) ther normalized responses for the kinetics study or analyte

nut Creek, CA, USA) were used for sample analysis, la-

beled as GC-MS-1 and GC-MS-2. To maintain consistency, 2592 Kinetic data
all SPME fibers used in the kinetics experiments were an- =",
alyzed using GC-MS-1. SPME fibers from the equilibrium
experiments were categorized into analytical batches 1-6.
Fibers in batches 1-3 were analyzed with GC-MS-1, and
those in batches 4-6 were analyzed with GC-MS-2. The
chromatographic conditions used for these two instruments
were identical except for the carrier gas flow rates. Chro- y, — NP —e ™) (8)
matographic separation was made with 6@ .25 mm I.D.

(0.25um film thickness) DB-5MS columns (J&W Scientific, whereNf® is the amount of the analyte sorbed on the SPME
Folsom, CA, USA). Column temperature was programmed fiber at equilibrium {— o00), andb is a kinetic constant re-
from 80°C (hold for 1 min) to 176C at a rate of 8C/min, lated to the type of polymeric coating, analyte and sample vol-
followed by a ramp to 230C at a rate of 1.5C/min, and ume[18]. In the context of sorption and desorption involved
finally increased to 290C (5°C/min), where it was held in a diffusion procesd) can also be regarded as the rate of
for 21 min. Both SPME and direct solvent injections were desorption from the sorbent phase to the aqueous phase. Eq.
conducted with a split/splitless mode (split initially, splitless (8) can be rearranged to estimate the percent of equilibrium

A typical SPME process is believed to occur via a
first-order diffusion of an analyte across the polymeric
coating—water interface. The amourit;) of the analyte
sorbed in the PDMS phase may be related to extraction time
(t) through the following equatiof18]:
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state (defined aBgs) with finite extraction timet: Table 1
Kinetic parameters associated with SPME processes based o(8Egsd
Pes= (1— e ") x 100% 9@ o©r
] - . ) Analyte r2 NP b(h™1) Pes (%)°
Finally, Eq.(5) can be modified by addition of a time factor  pcg g 084 146 (6) 0.0273 (0.0046) 100
under nonequilibrium conditions: PCB 28 0.73 195 (14) 0.0177 (0.0050) 99
PCB 37 0.64 213 (18) 0.0195 (0.0063) 100
S(Vw + 6) PCB 44 0.77 366 (32) 0.0096 (0.0026) 94
KiVg = T_eb_s (10) PCB 49 076  360(33) 0.0090 (0.0026) 93
PCB 52 0.76 352 (31) 0.0096 (0.0027) 94
PCB 65 0.74 332 (31) 0.0097 (0.0030) 94
PCB 66 0.70 351 (36) 0.0098 (0.0032) 94
3. Results and discussion PCB 70 0.74 377 (38) 0.0091 (0.0026) 93
PCB 74 0.74 335 (32) 0.0091 (0.0027) 93
L PCB 77 0.72 348 (34) 0.0103 (0.0030) 95
3.1. Kinetics of SPME process PCB 81 073  363(35) 0.0099 (0.0033) 94
PCB 87 0.74 429 (49) 0.0068 (0.0023) 86
The SPME process was simulated reasonably well with a PCB 99 0.73 372 (45) 0.0066 (0.0023) 85
first-order diffusion model depicted by E@). The correla- PCB 101 073 420(50) 00066 (0.0024) 8
irst-order c pic y E@). PCB 105 0.71 383 (44) 0.0074 (0.0026) 88
tion coefficients for the model simulation were largely about pcs 110 0.72 432 (50) 0.0071 (0.0025) 87
0.7 (Table J), indicating a fair amount of variability in the ki- ~ PCB 114 0.71 344 E“O; 0.0073 50-00273 88
. g . . : PCB 118 0.75 346 (40 0.0068 (0.0022 86
netic expgnmentg SmceT dlﬁgrent PDMS_-coated fibers were oo 071 373 (47) 0.0068 (0.0025) 86
used at different time points in the experiments, the variabil- pcg 123 0.70 338 (42) 0.0069 (0.0025) 86
ity may partially reflect differences in the sorptive capacity PCB 126 0.69 366 (44) 0.0086 (0.0029) 92
P : PCB 128 0.70 277 (38) 0.0064 (0.0024) 84
among '”O‘Z'V'd“a' flpers. ) _ PCB138 0.68 283 (39) 0.0063 (0.0025) 84
Th_e N¢© values increased for congeners_wnh_ up to f_|ve PCB 149 068 312 (45) 0.0063 (0.0025) 84
chlorines, and then decreased for PCBs with six chlorines pcB 151 0.67 338 (55) 0.0065 (0.0024) 85
and above. On the other hartessentially decreased with ~ PCB 153/168 0.6 223(33)  0.0071(0.0032) 87
) . ber. As a result. the percent of equi- S8 158 0.73 246 (30) 0.0068 (0.0023) 86
Increasing congener number. A ,thep QUipep 157 077 225 (25) 0.0065 (0.0019) 85
librium state Pgg) calculated with Eq(9) at 12 days gen-  pcB1ss 0.60 220 (34) 0.0079 (0.0033) 90
erally decreased with increasing congener numbeilé J). PCB 167 0.75 209 (26) 0.0062 (0.0020) 83
0 PCB 169 0.76 197 (21) 0.0073 (0.0020) 88
However, thd’gsvalues at 12 days were gregter than 80_/o_for OB 170 0.60 128 (18) 0.0063 (0.0023) 84
all analytes but PCB 209. In general, chlorinated pest|C|des PCB 177 0.64 159 (25) 0.0061 (0.0027) 83
reached higher percent of equilibrium state than PCBs underPcB 180 0.72 137(19) 0.0060 (0.0021) 82
the experimental conditions. In the equilibrium experiments, PCB 183 0.65  134(23) 0.0063 (0.0024) 84
L £12 d 4B fih u PCB 187 0.66 152 (26) 0.0062 (0.0024) 83
an extra(:_tlor_1_t|me 0 ays was used. Because of the mod-pcp 149 073 122 (16) 0.0061 (0.0020) 83
erate variability of the data set, there was no need to includercs 194 0.72 68 (9) 0.0060 (0.0018) 82
the extraction time factor (E¢10)) in the determination of ~ PCB 200 0.66 63 (9) 0.0068 (0.0024) 86
KeVr values PCB 201 0.68 72 (10) 0.0063 (0.0023) 84
f Vi ' ] o ) PCB 206 0.80 37 (4) 0.0066 (0.0018) 85
As stated previously, one objective of this study was pcs 209 0.64 25 (6) 0.0038 (0.0018) 66
to develop a feasible field sampling method based on theAldrin 0.72 428 (52) 0.0068 (0.0024) 86
o a-Chlordane 0.74 356 (33) 0.0103 (0.0028) 95
SPME t_echnology. Consequently, the agltatm_n speed Wasy—ChIordane 074 375 (38) 0.0094 (0.0027) 93
set to simulate the sp_eed _of bottom currents in thg coastalchiordene 0.80 274 (21) 0.0106 (0.0024) o5
ocean of southern California. A previous study obtained the Chioropyrifos 0.58 63 (4) 0.1144 (0.0337) 100
near-bottom current speeds-ab—-6 cm/s around the coastal ~Diazinon 0.21 10(1) 0.3589(0.1187) 100
# southern Californiadl. Th itation velocity in Dieldrin 0.77 129 (6) 0.0469 (0.0091) 100
oceans off southern Californj ]-_ € agitation velocity | Endrin 0.55 58 (4) 0.0775 (0.0233) 100
water, labeled asg(r), could be estimated with the following  cis-Nonachlor 0.72 331(32) 0.0108 (0.0032) 9
equation[3]: trans-Nonachlor 0.72 438 (51) 0.0081 (0.0026) 90
Oxychlordane 0.75 332 (29) 0.0102 (0.0030) 95
51 o,p-DDD 0.76 314 (25) 0.0119 (0.0030) 97
u(r) = 0575tNR“~ for r > 0.74R (12) p,0’-DDD 0.76 275 (19) 0.0160 (0.0039) 99
r o,p-DDE 0.67 439 (58) 0.0075 (0.0029) 89
. . . . . p,p-DDE 0.69 435 (62) 0.0070 (0.0026) 87
whereR is the ra_dlus of_the stir bal\l is the revolutions op-DDT 0.65 353 (53) 0.0065 (0.0028) a4
per second, andis the distance between the center of the py pprt 0.68 407 (59) 0.0078 (0.0031) 89
container and the PDMS-coated fiber. The agitation velocity (2 is the correlation coefficient for the nonlinear regressions.
(870rpm) in our experiments estimated from Etl) was a The numbers in parentheses are standard errors from the regression anal-
about 4cm/s. Note that E¢11) is applicable to cylindri-  ysis of the kinetic data.

b Mass spectral abundances of sorbed analytes normalized to those from
tandard solvent injection.
¢ Calculated at the extraction time of 12 days.

cal containers, whereas the flasks used in our experiments
are pear-shaped. As the PDMS-coated fibers were positioneof
at the smaller end of the flaski@. 1), the agitation veloc-
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ity based on Eq(11) was likely underestimated. Therefore, calculated from th&;V; data and thé/; value of 0.613.L

the actual agitation velocity is considered slightly greater was provided by Supelco. The five-point calibration (includ-

than 4 cm/s, but still much slower than those normally used ing the origin) procedure employed to obt#ifV; using Eq.

by other researchers. One negative consequence of using &) appeared valid, as evidenced by generally higlval-

slow-stirring procedure with a large sample volume (1.6 L) is ues for a total of 60 analytes. The linear regressions per-

the extended experimental time needed to reach equilibrium.formed to estimaté values for all the analytes using @)

This could allow bacteria to grow, which could biodegrade were also deemed appropriate since the averagalue was

the analytes. We observed that boh(- andp,p’-DDT began 0.8840.14.

to suffer losses after more than 4 days of SPME experiments  An unexpected occurrence is the significant difference be-

without the antibiotic agent (sodium azide) added. Therefore, tween theK;Vs values obtained with two seemingly identi-

it was necessary to add the antibiotic agent to samples subjectal GC-MS systems, as indicated pyalues from paired

to SPME of equal to or longer than 4 days. t-tests Table 9. The target analytes that do not have sig-
In several previous studies, the equilibrium time for SPME nificant differentKsV; values obtained with GC-MS-1 and

of PCBs varied from several houfkl,12]to several weeks ~ GC-MS-2 are PCB 194, PCB 206, PCB 209, endrin, and

[1], depending mainly on the effective agitation velocity o,p’-DDT. Except foro,p’-DDT, KsV; values for these com-

around the SPME fiber. As indicated by Etjl), the agitation pounds are all unexpectedly lowable 3. As the SPME

velocity is inversely proportional to the distance between the fibers were randomly selected from a large pool purchased

SPME fiber and the center of the container. Hence, the agi-on different days, variability in the sorptive capacity of the

tation velocity likely decreases with increasing sample size. commercial PDMS-coated fibers was ruled out as the sig-

It is also beneficial to use stirring bars with a large radius if nificant source of the difference. The Corning stirrers were

a large sample container is employed. maintained at the same operational mode during the entire
experimental period and chosen randomly for specific test-
3.2. Variability of KVs values ing batches. Hence, agitation speed was also ruled out as

the main reason for the difference. In quantifying the target
Table 2summarizes the data acquired from the calibration analytes desorbed from the PDMS-coated fibers, mass spec-
of the 100um PDMS-coated fibers. The l&g values were tral abundances (i.e., area counts) from analysis of solvent

Table 2
Equilibrium properties of polychlorinated biphenyls (PCBs) and chlorinated pesticides i B®MS-coated fibefs
Analyte r2b 6 (L)° KiVs (x1074 pL)d p°
Group 1 Group 2 Group 1 Group 2
PCB 18 0.97 (0.03) 0.97 (0.02) 0.12 (0.00) .93 (1.15) 567 (1.28) 0.000
PCB 28 0.97 (0.03) 0.96 (0.03) 0.36 (0.06) .a01.7) 822 (2.20) 0.000
PCB 37 0.94 (0.03) 0.95 (0.04) 0.54 (0.16) A, 857 (2.66) 0.000
PCB 44 0.96 (0.03) 0.94 (0.03) 0.46 (0.01) .192.6) 128 (4.9) 0.000
PCB 49 0.96 (0.03) 0.94 (0.03) 0.55 (0.10) .2Q2.9) 133 (4.8) 0.000
PCB 52 0.96 (0.03) 0.94 (0.02) 0.45 (0.05) .49.9) 128 (4.4) 0.000
PCB 65 0.96 (0.03) 0.92 (0.05) 0.48 (0.08) .284.0) 146 (5.2) 0.000
PCB 66 0.95 (0.05) 0.92 (0.03) 0.96 (0.10) .P83.5) 175 (7.8) 0.002
PCB 70 0.96 (0.04) 0.93 (0.03) 0.85(0.13) 202.8) 155 (6.5) 0.001
PCB 74 0.95 (0.06) 0.93 (0.03) 0.96 (0.24) .2(2.8) 157 (6.2) 0.001
PCB 77 0.94 (0.05) 0.91 (0.06) 3.65 (0.04) .38%.8) 329 (15.4) 0.048
PCB 81 0.96 (0.04) 0.88 (0.13) 1.24 (0.09) B52.9) 165 (8.3) 0.000
PCB 87 0.94 (0.05) 0.89 (0.07) 1.57 (0.29) .28.3) 178 (8.9) 0.002
PCB 99 0.93 (0.06) 0.88 (0.09) 1.89 (0.53) .223.2) 172 (8.2) 0.002
PCB 101 0.94 (0.05) 0.89 (0.08) 1.67 (0.39) .DPE.8) 182 (8.6) 0.001
PCB 105 0.94 (0.04) 0.90 (0.08) 3.63 (0.68) .B%.9) 213 (6.3) 0.000
PCB 110 0.94 (0.05) 0.89 (0.09) 1.52(0.31) .28..2) 162 (7.6) 0.000
PCB 114 0.92 (0.07) 0.88 (0.09) 3.62 (0.70) 20.2) 200 (8.2) 0.000
PCB 118 0.92 (0.07) 0.88 (0.09) 3.63 (0.69) 28.4) 195 (6.7) 0.000
PCB 119 0.92 (0.07) 0.84(0.13) 1.95 (0.47) .2®.4) 173 (8.9) 0.004
PCB 123 0.90 (0.10) 0.87 (0.10) 3.77 (0.62) .p@1.3) 213 (10.9) 0.005
PCB 126 0.93 (0.04) 0.90 (0.04) 3.96 (0.59) BU.7) 272 (12.8) 0.040
PCB 128 0.93 (0.06) 0.88 (0.11) 4.50 (0.41) .215.2) 119 (4.1) 0.000
PCB 138 0.92 (0.06) 0.89 (0.09) 4.42 (0.52) 2A¢.1) 143 (6.7) 0.003
PCB 149 0.93 (0.05) 0.87 (0.12) 4.16 (0.44) .2®.4) 164 (8.0) 0.001
PCB 151 0.93 (0.06) 0.87 (0.13) 4.11 (0.53) .277.0) 186 (9.3) 0.001
PCB 153/168 0.79 (0.15) 0.84 (0.12) 3.74 (0.54) .61(A.1) 125 (6.2) 0.001
PCB 156 0.91 (0.06) 0.85 (0.09) 4.17 (0.54) 1B.8) 133 (6.7) 0.016

PCB 157 0.91 (0.05) 0.87 (0.12) 4.11 (0.41) B3.6) 117 (5.0) 0.002



E.Y. Zeng et al. / J. Chromatogr. A 1066 (2005) 165-175 171

Table 2 Continued

Analyte r2b 6 (L)° KsVs (x1074 L) pe
Group 1 Group 2 Group 1 Group 2

PCB 158 0.93 (0.04) 0.82(0.12) 4.46 (0.61) 2(1.9) 146 (7.1) 0.001
PCB 167 0.92 (0.05) 0.84 (0.13) 4.13(0.51) A.1) 107 (4.7) 0.001
PCB 169 0.90 (0.05) 0.86 (0.11) 4.00 (0.45) A63.0) 115(5.1) 0.019
PCB 170 0.92 (0.04) 0.87 (0.11) 4.07 (0.15) 6%(1.97) 489 (1.92) 0.001
PCB 177 0.93 (0.05) 0.88 (0.10) 4.47 (0.12) .09(2.68) 634 (2.87) 0.001
PCB 180 0.92 (0.05) 0.84 (0.15) 4.19 (0.35) .35(1.96) 549 (2.07) 0.002
PCB 183 0.93 (0.04) 0.84 (0.14) 4.21(0.17) 74(2.21) 582 (2.60) 0.007
PCB 187 0.92 (0.05) 0.84 (0.15) 4.32(0.16) .8B(2.48) 642 (2.97) 0.003
PCB 189 0.89 (0.06) 0.85(0.12) 3.78 (0.30) .346(1.48) 467 (1.81) 0.001
PCB 194 0.87 (0.19) 0.81(0.22) 3.95 (0.34) 23(1.04) 323(1.92) 0.991
PCB 200 0.66 (0.24) 0.85 (0.17) 4.00 (0.11) .06(2.64) 285 (0.99) 0.000
PCB 201 0.89 (0.07) 0.85 (0.22) 3.82(0.13) 73(1.16) 257 (0.93) 0.000
PCB 206 0.73 (0.26) 0.88 (0.09) 3.54 (0.11) .8B (0.71) 150 (0.80) 0.071
PCB 209 0.78 (0.24) 0.90 (0.11) 4.55 (0.26) .26 (0.58) 094 (78) 0.109
Aldrin 0.97 (0.03) 0.94 (0.06) 2.18 (0.96) BX(13.5) 408 (18.7) 0.011
a-Chlordane 0.97 (0.02) 0.93 (0.05) 0.33(0.01) .2(@.6) 123 (5.4) 0.000
y-Chlordane 0.96 (0.02) 0.93 (0.06) 0.44 (0.01) 2@.8) 155 (8.6) 0.000
Chlordene 0.97 (0.03) 0.91 (0.06) 1.12 (0.23) .63@8.5) 203 (7.6) 0.000
Chloropyrifos 0.97 (0.04) 0.91 (0.06) 0.00 (0.00) .72(0.48) 341 (1.22) 0.012
Diazinon 0.95 (0.04) 0.93 (0.05) 0.00 (0.00) .48 (0.11) 039 (0.16) 0.019
Dieldrin 0.98 (0.02) 0.94 (0.05) 0.23 (0.08) .85 (0.91) 461 (1.41) 0.001
Endrin 0.97 (0.04) 0.84 (0.26) 0.10 (0.02) 58 (0.61) 272 (0.62) 0.412
cis-Nonachlor 0.98 (0.02) 0.92 (0.05) 0.55 (0.04) 461.2) 931 (3.66) 0.000
trans-Nonachlor 0.95 (0.03) 0.94 (0.05) 0.75 (0.00) .281.9) 196 (7.8) 0.000
Oxychlordane 0.96 (0.02) 0.97 (0.02) 0.78 (0.32) .02@.2) 190 (10.5) 0.000
o,p'-DDD 0.98 (0.01) 0.93 (0.05) 0.34 (0.01) B3(1.3) 969 (4.24) 0.000
p,p-DDD 0.98 (0.02) 0.94 (0.05) 0.24 (0.01) 7 (0.67) 693 (2.55) 0.000
o,p’-DDE 0.96 (0.04) 0.90 (0.06) 1.60 (0.22) 25(18.1) 279 (11.3) 0.000
p,p-DDE 0.96 (0.03) 0.90 (0.05) 2.25 (0.34) 34(5.4) 259 (9.7) 0.000
o,p’-DDT 0.95 (0.03) 0.96 (0.03) 2.11(0.42) 31(9.5) 301 (24.1) 0.805
p,p-DDT 0.97 (0.03) 0.97 (0.02) 1.41 (0.12) 76(6.6) 174 (11.2) 0.001

The number of fibers for groups 1 and 2 were 26 and 25, respectively, as three fibers were broken during SPME extraction.
2 The numbers in parentheses are standard errors from the linear regression analysis of the equilibrium SPME and non-SPME data.
b Correlation coefficients for linear regressions on @.
¢ A matrix effect term defined by Zeng and NobJ&6] and obtained with Eq(7) from five-point linear regression.
d Obtained with Eq(4) with five-point linear regression.
€ Probability that thek;Vs values for groups 1 and 2 are not significantly differgi 0.05).
f The data are intended for qualitative assessment only due to the low aqueous solubility values for these two compounds (see text for add#tionpl discus

prepared standards for both instruments were used to norvalues was less affected by the random selection of individ-
malize the abundances from the PDMS-coated fibers. Oneual SPME fibers than by other experimental conditions. As
possibility for the discrepancy therefore is that volatilization a result, averagk;V; values may be used for the same type
of liquid standards did not adequately mimic the processesof commercially available SPME fibers. In general, the qual-
of desorption and volatilization from SPME fibers in the in- ity of linear regressions with group 1 is better than that with
jection port, and the disparity between the direct injection group 2 [Table 2 and the inter-batch variability with groupl
and SPME was not exactly the same for the two instruments.is also smaller than that with group Ei¢. 2). Therefore,
This underscores the importance to utilize the same instru-the calibration data for group 1 will be used in the follow-
ment for calibration and application of SPME fibers in the ing section to compare with previously acquired data in the
measurement of VHOCs. literature.

For almost all the analytes, the relative standard deviations
associated with the measurkgVs values within individual 3.3. Comparison with previous studies
batches were smaller than the group average vakigs2).
The pattern was particularly prominent for low to moderately A number of studies obtaind¢ values for selected PCBs
chlorinated PCB congeners with the exception of PCB 37 in and DDT compounds with PDMS-coated fibeflgle 3.
one batch from group 1. A few highly chlorinated PCB con- Apparently, a large variability ifk; values has been ob-
geners (e.g., PCB 194, PCB 200, PCB 206, and PCB 209)tained with different experimental procedures, PDMS coat-
had large individual and group relative standard deviations. ing thickness, and researchers. For example, Mayer [df] al.
These results indicate that the accuracy of the calibigted obtained higheK; values with increasingow values with a
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3 days and 6 weeks, respectively), but quite distinct from
those obtained by Paschke and P{gjdor 7 uwm (5.39) and
100um (5.26) PDMS coatings. Our ld¢ values ofp,p'-
DDD andp,p’-DDT were also inconsistent with those mea-
sured by Paschke and Poff) and Poerschmann et )]
(Table 3.

While linear relationships between 1&g and logKgw €x-
istfor PCBs uptolodkow ~ 7.4 (PCB 180) for PDMS coating
thickness of 7 or 1m|[1,7,8], such linear relationships have
yet to be obtained for the 1Q0m PDMS coating phase. This
may point to a significant relationship between the PDMS
coating thickness and the permeability and sorptive capac-
ity for molecules of different sizes. Langenfeld et @&0]
also observed a substantial difference betweenkgheal-
ues with 7 and 100.m PDMS-coated fibers for a number of
PAH compounds. They noted the different procedures used to
prepare the 7 and 1Qdm PDMS fiber coatings by the man-
ufacturer (Supelco), resulting in differences within the coat-
ing structures. A detailed investigation into the relationship
between the physical or chemical properties of the PDMS-
coated fibers and their absorption capacity for high molecular
weight compounds appears necessary to understand the dif-
ferent absorption behavior for various PDMS coating thick-
nesses.

A comparison of the logs values from a previous study

[1] and the present study can be made to assess the inter-
Fig. 2. Relative standard deviations (%) for measttgd values with: (A) laboratory variability in calibrating SPME fibers. The present
group 1 (batches 1-3 with the number of SPME fibers being 9, 9, and 8, re- study obtained slightly larger relative standards deviations
e epannety e compe et & o e e i preous study 13 out of the 18 comparsons
as those diyspIaSed ﬁﬁagles 1 and ZIF\)lumbers 1-43 and 44-60 repregent (Table 3. HOW.ever’ the dlﬁerenF:eS range_ from O'Ol.to 0.05
PCB congeners and chlorinated pesticides, respecti#gl\erage values (log-based unit) only, representing a maximum relative error
for the whole group; (hollow symbols) average values for individual batches Of about 13% forKsV; between the two studies. Therefore,
(three in each group). the precision of the calibration methods employed by the two

studies was deemed similar.
6-week extraction time compared to a 3-day extraction us-
ing a 15um coating. Sufficient equilibrium time was cited 3.4, Correlation between logiand log Kow
as an important factor to achieve approprigtesalues. Po-
erschmann et a[7] acquired higheK; values with a larger The correlation between ld¢ and logKow for PCB con-
sample volume (250 mL) than with a smaller one (4 mL) us- geners was similar for both group&ig. 3). The logKs
ing a static SPME method. They were able to achieve evenincreases with lo$qw initially, but reaches a plateau at
higherKs values using a dynamic SPME method. More re- logKgw &~ 6.5, and then decreases at highegg. To better
cently, Paschke and Pofp] used a static SPME method demonstrate the dependence of Kegon logKew, the PCB
to determineKs on 7 and 10@um PDMS-coated fibers in  congeners in group ITéble 2 were grouped in homologs.
an Erlenmeyer flask (with a sample size of 480 mL). The The logK; increases with increasing lég,, for homologs
K; values for PCB congeners on thewih PDMS-coated 3-4 and 5, but decreases with increasingKgg for ho-
fibers essentially increase with increasifgy values. The mologs 6 and 7-10. Doong and Chd2d] also reported a
K values for PCB congeners on the 106 PDMS-coated linear correlation betweefy andKg,, for polycyclic aromatic
fibers also increase at low congener number with increasinghydrocarbons (PAHSs) with lo§ow less than 6, but obtained
Kow Values, but top out at logew ~ 6.9 and then decrease a negative correlation for five- and six-ring PAHS.
slightly afterwards Table 3. The logK; values obtained in The curve-shaped correlation betweenke@nd logKow
the present study using a 1@t PDMS coating increase obtained from the present study could stem from a
with increasing lod<qw Up to logKew A 6.5, and decreases number of factors associated with the heavily chlori-
at higher loKow (Fig. 3). The logKs value for p,p’-DDE nated PCBs: (1) insufficient extraction time; (2) ne-
(5.74+0.07) determined in the present study is similar to glect of headspace in the calibration; (3) low aque-
those acquired by Mayer et dil] using a 15.m PDMS ous solubility relative to the spiking concentrations;
coating (5.73£ 0.09 and 5.8&: 0.05 for extractions times of and (4) PDMS coating thickness (i.e., steric factors).



Table 3

Comparison of experimentally measured kg PDMS phase—water distribution coefficient) values

Analyte logKow? log K¢

Present study Mayer et al® Poerschmann et 4. Yang et aff Paschke and Popp

100pm, 12 days 1m, 3 days 1%um, 6 weeks m, 24h 7um, >72h 7um, 5h 100um, 24 h 7um, 3 days 10@um, 3days

Static 1 Static 2 Dynamic

PCB 18 5.24 5.11 (0.06) 4.51 4.03
PCB 28 5.67 5.24 (0.07) 4.71 494 5.04 4.55 3.88 4.65 4.76
PCB 44 5.75 5.49 (0.06) 4.75 3.80
PCB 52 5.84 5.49 (0.06) 5.30 (0.07) 5.38 (0.11) 4.48 5.21 5.55 4.67 3.87 4.98 5.14
PCB 66 6.20 5.57 (0.06) 4.85 3.88
PCB 77 6.36 5.80 (0.04) 4.92 3.83
PCB 101 6.38 5.61 (0.07) 5.58 (0.11) 5.71 (0.06) 4.56 3.56 5.48 5.48
PCB 105 6.65 5.73 (0.06) 5.69 (0.02) 5.89 (0.03) 3.56 3.42
PCB 118 6.74 5.67 (0.05) 5.69 (0.06) 5.87 (0.03) 4.42 5.52 5.97 4.56 3.56
PCB 126 6.89 5.73 (0.06) 452 3.22
PCB 128 6.74 5.52 (0.10) 4.26 2.88
PCB 138 6.83 5.49 (0.09) 5.79 (0.07) 6.20 (0.07) 4.49 3.37 5.98 5.65
PCB 153/168 6.92 5.45 (0.10) 5.84 (0.08) 6.16 (0.09) 4.41 5.63 6.05 4.57 3.42 6.01 5.67
PCB 156 7.18 5.44 (0.09) 5.79 (0.07) 6.28 (0.06) 4.21 2.92
PCB 170 7.27 5.02 (0.13) 4.23 2.96
PCB 180 7.36 5.07 (0.11) 5.85 (0.06) 6.40 (0.10) 4.19 5.60 6.23 4.21 2.92 6.37 5.55
PCB 187 7.17 5.14 (0.12) 4.38 3.26
PCB 201 7.62 4.77 (0.12) 4.23 3.08
PCB 206 8.09 4.46 (0.17) 3.79 2.45
PCB 209 8.18 4.27 (0.20) 3.75 2.43
p,p'-DDE 6.96 5.74 (0.07) 5.73 (0.09) 5.88 (0.05) 5.39 5.26
p,p-DDD 6.22 5.20 (0.03) 4.45 4.55
p,p-DDT 6.91 5.63 (0.10) 5.38

All data were acquired with static SPME methods except for those by Poerschman[7aslindicated.
2 The PCB and DDT data were obtained from Hawker and Cori8@]land de Bruijn et al[31], respectively.
b Extracted from the group 1 data Tiable 2
¢ Extracted from Mayer et aJ1] with the numbers in parentheses being standard deviations; water volume was 1 L with an initial concentration of 100 ng/L.
d Extracted from Poerschmann et |]; initial concentration of 50 ng/L and 4 mL sample volume were employed for static 1 and initial concentration of 500 ng/L and a 250 mL sample vohtinefor st
employed; constant analyte concentrations were maintained during the dynamic experiments.
€ Extracted from Yang et aJ12]; sample volume was 2 mL and initial analyte concentration was 50 ng/L.
f Extracted from Paschke and Pdjsp.
9 Only DDT was indicated in the papgf].

G/1-G9T (S002) 990T V Borewolyd °c / ‘je 18 Buaz ‘A3

€LT



174 E.Y. Zeng et al. / J. Chromatogr. A 1066 (2005) 165-175

Group 1 (PCBs) to K{yVa~ 1.6 x 10-3V,,. A different but equivalent way to
evaluate the headspace effect is to estimate the fatidlg)

of the analyte amounts in the air and aqueous phases when
equilibrium is established. Thes/Ny value is~0.0016 for

an analyte with a Henry’s Law constant of 100 PHml at
22°C. The Henry’'s Law constants reported in the literature
are quite variable for a given chemical. Nevertheless, a com-
parison of several sourcg2—-24]indicates that the Henry’s
Law constants for our target analytes (both PCBs and chlo-
rinated pesticides) are mostly between 1 and 100%aoi.

The above assessment suggests that neglect of headspace did

log K;

40 ' ' ' ' ' not contribute significantly to the nonlinearity.
Low solubility could affect the determination &%V; in
Group 2 (PCBs) both the SPME and non-SPME experiments. Unfortunately,
60 (B) a quantitative assessment is complicated because of the large
. . variability in any available solubility data. For example, in the
5.5 case of DDT and DDE, Pontolillo and Eganho{8] could
not identify any solubility dataset that met their highest rating
g criteria. Therefore, any implications from the present assess-
g %07 ment are deemed qualitative and tentative. An examination of
compiled solubility dat§22—24]indicates that solubility was
4.5 likely a significant factor only for PCB 206 and PCB 209, with
aqueous solubilities of 25 and 1 nd223], respectively. These
40 | | | | | . solubilities are similar to the spiking concentrations (2, 5, 20,

and 50 ng/L) for the SPME calibration experiments, and sig-
nificantly lower than the spiking concentrations of 100, 200,
500, and 1000 ng/L forthe non-SPME experiments. However,
Fig. 3. Correlation of measured lég and logKow for polychlorinated the actual |mpacf[ on the resultig datawas dee_med moder-
biphenyls (PCBs) with: (A) group 1; (B) group 2. The gy values were ate for the following reason. The loss of a fraction of the ana-
obtained from Hawker and Conng0]. lyte from the dissolved phase due to precipitation would lead
totwo competing consequences forthe SPME and non-SPME
In consideration of all the above factors, insufficient ex- experiments. For SPME experiments, the consequence would
traction time was deemed unlikely as the cause for the non-be a decrease of tt&value and therefore a lowéV; (EqQ.
linearity. In order to produce a linear relationship, Kyeval- (5)). In non-SPME experiments, this lost fraction would be
ues would need to increase by as much as one to two ordergollected in a non-SPME sorbent phase (i.e., glassware wall
magnitude. This is not possible if the results of the nonlinear and/or stirring bar surface), resulting in an increase obthe
regression of the kinetic data are valid. A qualitative inspec- value (Eq.(7)) and consequently an increasekql/s. More
tion of the kinetic data (not shown) shows that all congeners importantly, the curve-shaped correlation betweerkipoand
have passed the steep part of the sorption growth curve, andog Koy (Fig. 3) would remain intact even if the data points
are asymptotically approaching equilibrium. This is consis- for PCB 206 and PCB 209 (the last two points at the high
tent with the calculateBgsvalues that were generaty82% end of the lodqw scale) were removed. Solubility was not
(Table 3. Even in the worst case of PCB 20Pds=66%), an issue for determination &%V; for chlorinated pesticides
extrapolation to &gs value of 100% does not account for because of their higher aqueous solubilities.
the deviation from linearity. Moreover, these conclusions are  Elimination of the other factors lead to the conclusion that
supported by the marginal increases observed in the experthe PDMS coating thickness was most significant in affecting
imental data when the extraction time was doubled to 24 the sorptive capacity for PCB congeners of different sizes as
days. While small increases i values would certainly be  discussed in the preceding section. The effect of PDMS coat-
achieved through prolonged extraction times, practical con- ing thickness can be considered analogous to the steric effects
siderations, especially for field deployment, outweigh any that have long been recognized for bioconcentration of PCBs

5.0 5.5 6.0 6.5 7.0 75 8.0 85
log K.,

gain in analytical sensitivity. and other hydrophobic chemicals in agquatic speldé27].
The effect of neglecting headspace on g/ val- Recently, Kraaij et al28] argued that equilibrium partition-
ues can be assessed by comparing the valuek|pf, ing theory is a conceptually correct representation of sedi-

and Vy, +6 in Eqg. (5). In the present study, the ratio of ment bioaccumulation (i.e., no steric effects) for hydropho-
Va/Vy was ~0.04 and® was about 4L for hexachloro-  bic organic compounds up to l&g@,, 7.5 only if the rapidly

biphenyl or heavier PCBsTéble 3. As an example, a  desorbing fraction of hydrophobic organic compounds is in-
Henry’s Law constant of 100 Pa¥mol at 22°C would lead cluded in the sorbent phase equilibrating with sediment pore-
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water. Clearly, further research is needed to confirm and clar-[11] V. Yang, D.J. Miller, S.B. Hawthorne, J. Chromatogr. A 800 (1998)

ify the importance of steric effects on the mechanism of sorp-
tion with SPME. A radiochemical technique would likely be
appropriate for this tasi9].
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