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Abstract

A novel method called thermal desorption (TD) withtubesilylation followed by gas chromatography—mass spectrometry (GC-MS),
which is used for the determination of trace amounts of alkylphenols (APs) in river water samples, is described. APs are extracted from river
water samples and concentrated by the stir bar sorptive extraction (SBSE) technique. The stir bar coated with polydimethylsiloxane (PDMS) is
added to 2.0 ml water sample and stirring is carried out for 60 min at room temperata@ {@%he vial. Then, the PDMS stir bar is subjected
to TD with in tubesilylation followed by GC—MS. The detection limit is of the sub pgM{ppt) level. The method shows good linearity
and the correlation coefficients are higher than 0.99 for all analytes. The average recoveries of APs are higher than 90% (R.S.D.: 3.6-14.8%,
n=6). This simple and sensitive analytical method may be used in the determination of trace amounts of APs in river water samples.
© 2004 Published by Elsevier B.V.
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1. Introduction Many analytical methods for the determination of APs

in water samples have been reported, including liquid chro-

Alkylphenols (APs) are the degradation products of matography (LC)with mass spectrometry (M&)}11] How-

such non-ionic surfactants as alkylphenolpolyethoxylates ever, LC has low resolution and is frequently affected by
(APEOs) that exist mainly as intermediates in the manufac- sample matrix. On the other hand, gas chromatography—mass
turing industry. APs have been detected in river water, sewagespectrometry (GC-MS) was initially used for the determina-
sludge and fish tissud—4]. In addition, the estrogenic ac- tion of phenol compounds even though derivatization was
tivity of 4-tert-octylphenol (tOP) and 4-nonylphenol (NP), required[12—-17] The derivatization leads to sharper peaks
which are examples of APs, has been extensively evaluatedand hence to better separation and higher sensitivity for the
by various assayfs—7]. Therefore, APs are considered to phenols. However, the complicated sample preparation faces
be endocrine disrupters (EDCs). The determination of EDCs the risk of contamination and hence an overestimation of
requires highly sensitive and reliable methods for evaluating AP concentration. In order to overcome this problem, in situ
all potential risks. derivatization was developed, which involves the simple ad-

dition of a reagent to a liquid sample.

Such analytical procedures as liquid—liquid extraction

* Corresponding author. Tel.: +81 3 5498 5763; fax: +81 3 5498 5062. (-LE) [15] and solid-phase extraction (SPEP-14] have
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eral LLE requires large volumes of organic solvents and isher (Millipore, Bedford, MA, USA). Stir bars coated with
additional clean-up steps, and although general SPE re-a 0.5 mm thick PDMS layer (24l) were obtained from Ger-
quires small volumes of organic solvents, the manual ver- stel (Millheim an der Ruhr, Germany). The stir bars could
sion, needed for the concentration of large sample volumes,be used more than 50 times with appropriate re-conditioning
still takes 8-10 h. Recently, a new sorptive extraction tech- (the stir bars were conditioned for 2 h at 3@in a flow of
nigue that uses a stir bar coated with polydimethylsiloxane helium). The reconditioning is the same as the cited condi-
(PDMS) was developed 8] and is known as stir bar sorptive  tioning cycle. For the extraction, a 10 ml headspace vial from
extraction (SBSE). Its main advantage is high sensitivity and Agilent Technologies (Palo Alto, CA, USA) was used. For
wide application range that includes volatile aromatics, halo- the silylation, the internal hold-up volume of 0.5, 1.0, and
genated solvents, polycyclic aromatic hydrocarbons (PAHS), 2.0l glass capillary tubes were obtained from Drummond
polychlorinated biphenyls (PCBs), pesticides, preservatives, Scientific Company (Broomall, PA, USA).
odor compounds and organotin compoufids-24] In addi-
tion, we have reported the determination of tOP and NP intap 2.2. Standard solutions
and river water samplg&5] and human biological samples
[26] by SBSE without derivatization. Moreover, SBSE with Concentrated solutions (1.0 mgm) of APs were pre-
in situ acylation has been successfully used in the determi-pared by the addition of methanol. More than six-point cali-
nation of APs in river water samp|27,28] Many analytical brations (1, 2, 5, 10, 20, 50, 100, 200, 500 and 1000 pg/ml)
methods that use SBSE with in situ acylation have been re-were prepared by the addition of purified water and performed
ported as wel[29-32] daily for all samples with surrogate standards.

On the other hand, Itoh et al. have reported the utility of
thermal desorption (TD) witln tubesilylation for measur- 2.3. Instrumentation
ing hydroxyl polycyclic aromatic hydrocarbons (OH-PAHS)
[33]. In their study, derivatization was attained by placing si- TD was performed with a Gerstel TDS 2 thermodesorp-
multaneously glass wool to which OH-PAH standard solution tion system equipped with a Gerstel TDS A autosamplerand a
was added and a glass capillary tube filled with derivatiza- Gerstel Cooled Injection System (CIS) 4 programmable tem-
tion reagent inside a glass TD tube. Then, we thought that perature vaporization (PTV) inlet. GC-MS was performed
TD with in tubesilylation could be used in combination with  with an Agilent 6890 N gas chromatograph equipped with a
the SBSE method. 5973 N mass-selective detector with an ultra ion source (Ag-

The aim of this study was to determine trace amounts of ilent Technologies).
APs inriver water samples by SBSE and TD withubesily-
lation followed by GC-MS. A comparison of three methods, 2.4. TD—-GC-MS conditions
namely, SBSE-TD—-GC-MS without derivatization, SBSE
with in situ acylation and TD-GC-MS, and SBSE and TD The TDS 2 temperature was programmed to increase
with in tubesilylation followed by GC-MS, was performed. from 20°C (held for 1 min) to 280C (held for 5min) at

The usefulness of SBSE and TD withtubesilylation fol- 60°C min—L. The desorbed compounds were cryofocused in
lowed by GC-MS was examined. Then, this method was ap- the CIS 4 at-150°C. After the desorption, the CIS 4 temper-
plied to river water samples. ature was programmed to increase fretb0 to 300°C (held

for 10 min) at 12C s~ 1 to inject the trapped compounds into
the analytical column. The CIS 4 is a kind of PTV. Once an

2. Experimental analyte is trapped by means of temperature control, the total
focused amount is subjected to GC-MS. Injection was per-
2.1. Materials and reagents formed in the solvent vent mode. The separations were con-
ducted on a DB-5MS fused silica column (3010.25 mm
4-tert-Butylphenol (tBP), 4a-pentylphenol (nPP), #- i.d., 0.5um film thickness, Agilent Technologies). The oven
hexylphenol (nHexP), #-heptylphenol (nHepP), tert- temperature was programmed to increase from 60 t6G00

octylphenol (tOP), 4-octylphenol (nOP), 4-nonylphenol  (held for 4 min) at 13C min—1. Helium was used as the car-
(NP) and 4n-nonylphenol (NNP) of environmental analyt- rier gas at a flow rate of 1.2 ml mid. The mass spectrome-
ical grade and acetic acid anhydride for trace analysis wereter was operated in the selected ion-monitoring (SIM) mode
purchased from Kanto Chemical Inc. (Tokyo, Japani-4-  with electron ionization (ionization voltage: 70 eV). A blank
Butylphenol (nBP) and 4ert-pentylphenol (tPP) were pur-  run of the stir bar was performed after an analysis, although
chased from Tokyo Kasei Inc. (Tokyo, Japan). Anhydrous memory effects were never detected.

potassium carbonate ¢KOg) of analytical grade was pur-

chased from Wako Pure Chemical, Inc. (Osaka, Japa®). 2.5. Water samples
Bis(trimethylsilyl)acetamide (BSTFA) was purchased form
Supelco (Bellefonte, PA, USA). The water purification sys- River water was sampled from three sites (upstream

tem used was a Milli-Q gradient A 10 with an EDS pol- (A), midstream (B) and downstream (C)) at Tama River,
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Tokyo, Japan. All samples were stored &tCAprior to tored /2207, 222 for tBP-TMSm/z 17222 for nBP-TMS;

use. 207, 236 for tPP-TMSm/z 179, 236 for nPP-TMSm/z 179,
250 for nHexP-TMS;m/z 179, 264 for nHepP-TMS;_207

2.6. Sample preparation 278 for tOP-TMS)m/z 179, 278 for nOP-TMS; 20,7292 for
NP-TMS andm/z 179, 292 for nNP-TMS. The underlined

2.6.1. SBSE-TD-GC-MS without derivatization number is then/z of the ion used for the quantification.).

A 2ml river water sample was added into a 10ml
headspace vial. A stir bar was added and the vial was crimped
with a Teflon-coated silicone septum cap. SBSE was per- 3. Results and discussion
formed at room temperature for 60 min while stirring at
500 rpm. This equilibrium extraction time was set by refer- 3.1. TD with in tube silylation
ring to our previous work25]. After the extraction, the stir
bar was easily removed with forceps (due to the magnetic at-  First, the BSTFA addition method was considered. When
traction effect), rinsed with purified water, dried with lint-free  BSTFA (0.5ul) was directly added by means of syringe to
tissue and placed inside a glass TD tube. The TD tube wasthe PDMS stir bar to which APs standard solution was ex-
placed inside the TD system where the stir bar was thermally tracted by SBSE method, the peak form was dull. Itoh et al.
desorbed and subjected to GC-MS thereafter. For SIM, thereported that silylation was attained by placing simultane-
following ions were monitoredn@z 135 107 for tBP, tPP, ously glass wool to which OH-PAH standard solution was
tOP and NPz 107, 150 for nBPm/z 107, 164 for nPPm/z added and a glass capillary tube filled with BSTFA inside
107, 178 for nHexPm/z 107, 192 for nHepPm/z 107, 206 a glass TD tubd33]. Then, we tried to apply SBSE and
for nOP andwz 107, 220 for nNP. The underlined number TD with in tube silylation by using a glass capillary tube

is them/z of the ion used for the quantification.). filled with BSTFA. We inserted a glass capillary tube filled
with BSTFA into the front, middle or back portion of the
2.6.2. SBSE with in situ acylation and TD—-GC-MS glass TD tubeKig. 1). Consequently, when a glass capillary

A 2ml river water sample was added into a 10ml tube filled with BSTFA was inserted into the back portion of
headspace vial. To the sample were added 1M potassiunthe glass TD tube, the peak form became sharp. As BSTFA
carbonate (20f1) as the pH adjustment agent (pH 11.5) and was quite volatile, it was surmised that the result would be
acetic acid anhydride (20) as the derivatization reagent. obtained.

A stir bar was added and a Teflon-coated silicone septum  Second, the volume of BSTFA added was examined. Var-
cap was placed on the vial without crimping. SBSE was ious volumes of BSTFA, namely, 0.5, 1.0, and glpwere
performed at room temperature for 60 min while stirring at examined and it was found that when QJ5of BSTFA was
500 rpm. These derivatization and extraction conditions were added, the highest peak response and sharpest peak form
set by referring to our previous pagdéi]. The TD—-GC-MS were obtained. This was therefore considered to be the op-
conditions were the same as those of SBSE-TD-GC-MStimal volume of BSTFA added. The mass spectra and struc-
without derivatization. ture of fragment ion of analyte were showshig. 2 The

SIM chromatogramsniyz. 179 and 207) of water sample
2.6.3. SBSE and TD with in tube silylation followed by spiked with AP standard solutions (1.0 ngthi are shown
GC-MS in Fig. 3

The SBSE conditions were the same as those of
SBSE-TD-GC-MS without derivatization. After extraction, 3.2. Comparison of sample preparation
the stir bar was easily removed with forceps, rinsed with
purified water, dried with lint-free issue and placed inside a  The responses (peak area of SIM chromatograms) of
glass TD tube. Then, a glass capillary tube filled with BSTFA SBSE and TD—-GC-MS without derivatization, SBSE with
(0.5ul) was inserted into the back portion of the glass TD in situ acylation and TD—-GC-MS, and SBSE and TD with
tube Fig. 1). The TD tube was placed inside the TD system in tubesilylation followed by GC-MS are shown ifable 1
where the stir bar was thermally desorbed and subjected toThe Kopy Values were calculated from the IBgpredictor
GC-MS thereafter. For SIM, the following ions were moni- that is available from the KowWin program (Syracuse Re-

search Corporation, USA). The response of NP (mixture

Glass capillary  PDMS stir bar  Glass TD tube type) was calculated as the sum of all peak areas. When
Flow  tube SBSE and TD within tubesilylation followed by GC-MS
- O } / , O was compared with SBSE-TD-GC-MS without derivatiza-
tion, the former exhibited 2.0- to 3.3-fold higher sensitiv-
v S A ity for all analytes than the latter. On the other hand,ithe
Back portion  Middle portion Front portion tubesilylation method was compared with the in situ acyla-

tion method. In nPP, nHexP, nHepP, tOP, nOP, NP and nNP,
Fig. 1. Schematic of glass TD tube. the sensitivity of the former was 1.2- to 1.8-fold higher than
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Fig. 2. Mass spectra and structure of fragment ion of silylation of analyte.

that of the latter. However, in tBP, nBP and tPP, the sen- 3.3. Figures of merit of SBSE and TD with in tube

sitivity of in situ acylation was higher than that of tube

silylation. In our previous study, we found that the recov-

silylation followed by GC-MS for determination of AP

ery of the analyte was improved by using the in situ acyla-
tion method. In particular, an increase in recovery from the
PDMS stir bar was reported for analytes with smallkqgy.
Therefore, the in situ acylation method may be useful for
analytes with hydrophilic property and the tube silyla-
tion method may be useful for analytes with hydrophobic
property.

The calculated detection limits (LODs) of APs were
0.2—10 pg mit? for SBSE and TD witlin tubesilylation fol-
lowed by GC-MS, with the ratio of the compound’s signal to
the background signal (S/N) being 3. In addition, the limits
of quantification (LOQs) when S/N > 10 were 1-50 pgtl
for APs. The method shows good linearity and the correlation
coefficients £) are higher than 0.99 for all analytes<1).
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Abundance Table 2
650000 7 Figures of merit of SBSE and TD with tubesilylation followed by GC-MS
600000 Ve Analyte LO? LoOQ® Correlation coefficient
550000 X (pgmih)  (pgmiY) ()
2
igxg & Ve a tBP 5 20 0.99 (20-1006)
o) nBP 1 5 0.99 (5-1000)
350000 tPP 5 20 0.99 (20-1000)
300000 nPP 1 5 0.99 (5-1000)
250000 nHexP 1 5 0.99 (5-1000)
200000 nHepP 1 5 0.99 (5-1000)
150000 tOP 2 10 0.99 (10-1000)
100000 - nOP 02 1 0.99 (1-1000)
50000 NP 10 50 0.99 (50-1000)
P e ey nNP Q5 2 0.99 (2-1000)
7.00 8.00 9.00 10.00 1100 1200 1300 ,uin 2 LOD: limit of detection (S/IN=3).
b LOQ: limit of quantification (S/N > 10).
Fig. 3. SIM chromatograms of water sample spiked with 1.0 ng'ratan- ¢ Values in parentheses are the linear ranges of the calibration curves

dard solutions. (1) tBP-TMS, (2) nBP-TMS, (3) tPP-TMS, (4) nPP-TMS, (5) (pgmI-Y).
nHexP-TMS, (6) nHepP-TMS, (7) tOP-TMS, (8) nOP-TMS, (9) NP-TMS,

(10) ANP-TMS. Table 3

Recoveries of APs in spiked river water samples

The figures of merit of the present method are summarized
in Table 2 Analyte  Amount spiked (pg mft)

The recovery and precision of the method were assessed 100 1000
by replicate analysisn=6) of river water samples fortified
at 100 and 1000 pg mt levels. The non-spiked and spiked

Recovery (%) R.S.D.(%) Recovery (%) R.S.D. %)

samples were subjected to SBSE and TD viithube sily- BP gg(l) 122 g‘;g g'g
lation followed by GC-MS. The recovery was calculated by pp 947 134 932 70
subtracting the results for the non-spiked samples from thosenpp 961 53 945 37

for the spiked samples. The results were obtained by usingnHexP 972 5.9 986 39
calibration curves obtained from standard solutions. The re-"HepP 9% 51 966 38
covery and precision were 93.1-98.6% (R.S.D.: 3.6-14.8%) :%TD g?ég 112 g?i Z’Z

for river water samplesTable 3. Therefore, the method en-  \p 047 148 933 110
ables the precise determination of standards and may be apanP 951 5.7 985 39
plicable to the determination of trace amounts of APs inriver — a the recovery and precision were examined by replicate analysig)
water samples. of river water samples.

3.4. Determination of APs in river water samples
method. A typical chromatogram of river water sample
A total of three river water samples were analyzed for (Point C) is shown inFig. 4 SBSE and TD within
APs using the present method and the results are shown irfube silylation followed by GC-MS enabled the success-
Table 4 In the Tama River water samples, 12.6-18.2 pg'ml  ful determination of trace amounts of APs in river water
tOP and 55.1-59.7 pg mt NP were detected by the present sample.

Table 1

Comparison of responses of SBSE-TD-GC-MS without derivatization, SBSE with in situ acylation and TD—-GC-MS, and SBSE anuh Tilbesilylation
followed by GC-MS

Analyte logKom? Abundance (A) Abundance (B) Abundance (C) C/A Cc/B
4-tert-Butylphenol (tBP) A2 1188604 4910034 3120515 .62 0.6
4-n-Butylphenol (nBP) B3 1958425 4453351 3943610 .02 0.9
4-tert-Pentylphenol (tPP) 981 2073843 5286874 5086471 .52 10
4-n-Pentylphenol (nPP) .02 2476154 4216730 5079081 12 12
4-n-Hexylphenol (nHexP) 52 2323977 4036215 5435980 .32 13
4-n-Heptylphenol (nHepP) Bl 1843653 3447760 5208606 .82 15
4-tert-Octylphenol (tOP) 28 2997896 4469942 6200012 12 14
4-n-Octylphenol (nOP) 50 1263004 2501857 3984755 .23 16
Nonylphenol (mix type) (NP) 57 875618 1422048 2503427 92 18
4-n-Nonylphenol (nNP) D9 775120 1461752 2527533 .33 17

A: SBSE-TD-GC-MS without derivatization; B: SBSE withsitu acylation and TD-GC-MS; C: SBSE and TD withtubesilylation followed by GC-MS.
2 logKonw value for APs as predicted from “SRC KowWin”.



28 M. Kawaguchi et al. / J. Chromatogr. A 1062 (2005) 23-29

Table4 o of Japan, Research Fellowships of the Japan Society for

Concentrations of APs in river water samples the Promotion of Science for Young Scientists, grant-in-

Analyte Tama river (pg mit') aid for Scientific Research from the Ministry of Educa-
A B c tion, Culture, Sports, Science and Technology, and Showa

BP N.D? ND. N.D. Shell Sekiyu Foundation for Promotion of Environmental

nBP N.D. N.D. N.D. Research.

tPP N.D. N.D. N.D.

nPP N.D. N.D. N.D.

nHexP N.D. N.D. N.D.

nHepP N.D. N.D. N.D.

{OP 12,6 14.8 18.2 References

noP N.D. N.D. N.D.

NP 57.3 55.1 59.7 [1] S.W. Pryor, A.G. Hay, L.P. Walker, Environ. Sci. Technol. 36 (2002)

nNP N.D. N.D. N.D. 3678.

[2] R.J.W. Meesters, H.F. Sabder, Anal. Chem. 74 (2002) 3566.

# N.D.: not detected. [3] M. Petrovic, M. Soé, M.J. Lopez de Alda, D. Barcél| Environ.

Abundance Toxicol. Chem. 21 (2002) 2146.
18000 . [4] T. Tsuda, A. Takino, M. Kojima, H. Harada, K. Muraki, J. Chro-
16000 ' matogr. B 723 (1999) 273.
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14000 Perspect. 92 (1991) 167.
12000 m/z: 207 [6] D.H. Han, M.S. Denison, H. Tachibana, K. Yamada, Biosci. Biotech-
10000 1 nol. Biochem. 66 (2002) 1479.
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Kalbfus, R.D. Negele, Aquat. Toxicol. 59 (2002) 177.
6000 U [8] F. Bruno, R. Curini, A.D. Corcia, |. Fochi, M. Nazzari, R. Samperi,
4000 M Environ. Sci. Technol. 36 (2002) 4156.
< 6 3 [9] M. Petrovic, S. Lacorte, P. Viana, D. BaréelJ. Chromatogr. A 959
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