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Sol–gel titania–poly(dimethylsiloxane) (TiO2–PDMS) coating was developed for capillary microextraction (CME) to perform on
reconcentration and HPLC analysis of trace impurities in aqueous samples. A method is presented describing in situ prepar

itania-based sol–gel PDMS coating and its immobilization on the inner surface of a fused silica microextraction capillary. To
ME-HPLC, the sol–gel TiO2–PDMS capillary was installed in the HPLC injection port as an external sampling loop, and a conve
DS column was used for the liquid chromatographic separation. The target analytes were extracted on-line by passing the aqu

hrough this sampling loop. The sol–gel titania–PDMS coated capillaries were used for on-line extraction and HPLC analysis of
romatic hydrocarbons, ketones, and alkylbenzenes. The extracted analytes were then transferred to the HPLC column using an
obile phase followed by HPLC separation via gradient elution. To our knowledge, this is the first report on the use of sol–gel tita
rganic–inorganic material as a sorbent in capillary microextraction. The newly developed sol–gel titania-based CME coatings de
xcellent pH stability and enhanced extraction capability over the commercial GC coatings that are conventionally used for the sam
xtraction characteristics of a sol–gel titania–PDMS capillary remained practically unchanged after continuous rinsing with a 0.1
olution (pH 13) for 12 h.
2004 Elsevier B.V. All rights reserved.
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. Introduction

Solid-phase microextraction (SPME), a solvent-free
ample preparation technique, was developed by Pawliszyn
nd co-workers[1–3] using a fused-silica fiber externally
oated with a polymeric sorbent covering a small segment
f it at one of the ends. Analytes present in the sample
edium were directly extracted and preconcentrated by

∗ Corresponding author. Tel.: +1 813 974 9688; fax: +1 813 974 3203.
E-mail address:malik@mail.cas.usf.edu (A. Malik).

the coated sorbent in the process of reaching an extra
equilibrium with the sample matrix. The preconcentra
analytes were then desorbed into a GC instrumen
analysis.

In conventional fiber-based SPME, still there exis
number of shortcomings that need to be overcome. T
include inadequate thermal and solvent stability of con
tionally prepared sorbent coatings[4], low sample capacit
difficulties associated with the immobilization of thi
coatings, susceptibility of the fiber (especially the co
end) to mechanical damage[5,6], and technical difficultie
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associated with the hyphenation of fiber-based SPME with
liquid-phase separation techniques[7,8].

Capillary microextraction (CME)[9] (also called in-tube
SPME [10,11]) presents a convenient format for coupling
SPME to HPLC and for automated operation of SPME-
HPLC. Hyphenation of CME to HPLC is especially important
for the analysis of a wide range of less volatile or thermally
labile compounds[12] that are not amenable to GC separa-
tion. In the open tubular format of CME, a sorbent coating is
applied to the inner surface of a capillary. This alternative for-
mat provides an effective solution to the problem associated
with the mechanical damage of sorbent coating frequently
encountered in conventional fiber-based SPME where the
coating is applied on the outer surface of the fiber. In this
new format of SPME, a segment of wall-coated capillary GC
column is commonly used[10–12] for the direct extraction
of organic analytes from an aqueous medium. To perform
HPLC analysis, the extracted analytes are transferred to the
HPLC column by desorbing them with an appropriate mobile
phase.

Capillary microextraction has great prospects in liquid-
phase trace analysis. However, to achieve its full analytical
potential, the technology needs further improvements in a
number of areas. First, segments of GC columns that are
commonly used for sample preconcentration have thin coat-
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narrow window of pH stability[18]. In the context of SPME,
it pertains to the stability of silica-based fibers and coatings.
The development of alternative materials possessing superior
pH stability and better mechanical strength should provide
SPME with additional ruggedness and versatility.

Recently, titania has attracted interest in separation sci-
ence due to its superior pH stability and mechanical strength
compared with silica[19–23]. Several studies have been
conducted on the application of titania in chromatographic
separations. Tani and Suzuki[21] reported the preparation
of titania-based packing materials for HPLC by sol–gel
method, and investigated their properties. Tsai et al.[22]
prepared silica capillaries coated with titania or alumina
for capillary electrophoresis (CE) separation of proteins.
Fujimoto [23] used a thermal decomposition technique
to create titania coatings on the inner surface of fused-
silica capillaries for capillary zone electrophoresis (CZE)
and capillary electrochromatography (CEC) applications.
The titania-coated capillaries were found to possess a
bi-directional electroosmotic flow (EOF) and low solubility
in aqueous solutions within a pH range of 3–12. Pesek et
al. [24] reported the surface derivatization of titania with
triethoxysilane to prepare titania-based stationary phases
via silanization/hydrosilylation. Some other groups[25,26]
reported preparations of silica-coated titania monolayers
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ngs that limit the sorption capacity, and hence, the extra
ensitivity of in-tube SPME. Second, the sorbent coatin
uch microextraction capillaries usually are not chemic
onded to capillary inner walls, which limits their thermal a
olvent stabilities. Third, conventionally prepared GC c
ngs that are used in in-tube SPME capillaries inherently
ess poor pH stability. This places serious limitations on
ange of applications amenable to CME-HPLC analysis.
H stability of in-tube SPME coatings practically exclu

he applicability of the technique to high-pH samples or
lytes that require high-pH solvent systems for desorp

rom the microextraction capillary. Therefore, developm
f methodologies for the creation of high pH- and solv
esistant sorbent coatings is an important area in the f
evelopment of in-tube SPME, and is expected to play a m
ole in effective hyphenation of this sample preconcentra
echnique with liquid-phase separation techniques that
only use organo-aqueous mobile phases with a wide
f pH conditions[13].

Sol–gel chemistry has been recently applied to solid-p
icroextraction[4,14–17]and capillary microextraction[9]

o create silica-based hybrid organic–inorganic coatings
ol–gel technique provided chemically bonded coating
he inner surface of fused-silica capillaries, and easily so
he coating stability problems described above.

Although sol–gel technique helped overcome some
ificant shortcomings of SPME or in-tube SPME techniq
y providing an effective means of chemical immobilizat

or sorbent coatings, an important problem inherent in si
ased material systems (commonly used in SPME or C
till remains to be solved: silica-based materials poss
or faster and more efficient coating, which is important
urther preparation of nanocomposites.

To date, very little (if any) research has been done on
evelopment and application of titania-based coatings i
lytical microextraction techniques. In this paper, we re

he preparation of sol–gel TiO2–PDMS coated capillaries a
how the possibility of on-line CME-HPLC operation
ng sol–gel TiO2–PDMS microextraction capillaries to pr
ide a significant improvement in pH stability and extrac
ensitivity.

. Experimental

.1. Equipment

On-line CME-HPLC experiments were carried out o
icro-Tech Scientific (Vista, CA) Ultra Plus HPLC syste
ith a variable wavelength UV detector (Linear UV
000). A Nicolet model Avatar 320 FT-IR (Thermo Nicol
adison, WI) was used for FT-IR measurements. A rever
hase ODS column (25 cm× 4.6 mm i.d., 5�m dp) was
sed for HPLC separation of the extracted analytes. A F
odel G-560 Vortex Genie 2 system (Fisher Scientific, P

urgh, PA) was used for thorough mixing of the sol soluti
Microcentaur model APO 5760 centrifuge (Accur

hemical and Scientific Corp., Westbury, NY) was used
entrifugation of sol solutions. A Barnstead model 04
anopure deionized water system (Barnstead/Thermo
ubuque, IA) was used to obtain 16.0 M� cm water
n-line data collection and processing were done u
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Chrom-Perfect (version 3.5 for Windows) computer software
(Justice Laboratory Software, Denville, NJ).

2.2. Chemicals and materials

Fused silica capillary (250 and 320�m i.d.) was purchased
from Polymicro Technologies Inc. (Pheonix, AZ). A com-
mercial polysiloxane-based GC column (30 m× 0.25 mm
i.d., 0.25�m film thickness) was used for comparison with
sol–gel titania–PDMS-based microextraction capillary in
pH stability studies. Titanium (IV) isopropoxide (99.999%),
1-butanol (99.4%+), poly(methylhydrosiloxane) (PMHS),
1,1,1,3,3,3-hexamethyldisilazane (HMDS), trifluoroacetic
acid (TFA), polycyclic aromatic hydrocarbons (PAHs)
(acenaphthylene, fluorene, phenanthrene, fluoranthene),
ketones (butyrophenone, valerophenone, hexanophenone,
heptanophenone), and alkylbenzenes (toluene, ethylben-
zene, cumene, propylbenzene, butylbenzene, amylbenzene)
were purchased from Aldrich (Milwaukee, WI). Hydroxy-
terminated poly(dimethylsiloxane) (PDMS) was purchased
from United Chemical Technologies Inc. (Bristol, PA).
HPLC-grade solvents (acetonitrile, methylene chloride, and
methanol) were purchased from Fisher Scientific.

2.3. Preparation of the sol solution
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180 min. Finally, the capillary was cooled down to room tem-
perature and rinsed with methylene chloride and methanol
(3 mL each). Following this, the capillary was installed in the
GC oven for drying and further thermal conditioning under
temperature-programmed heating as described above, except
that this time the capillary was held at the final temperature
for 30 min.

2.5. Capillary microextraction (CME) and on-line
CME-HPLC analysis

A schematic of the CME-HPLC setup for on-line capil-
lary microextraction and HPLC analysis is presented inFig. 1.
An ODS column (25 cm× 4.6 mm i.d., 5�m dp) was pre-
viously installed in the HPLC system and pre-equilibrated
with the mobile phase consisting of a mixture of acetoni-
trile and water (80:20, v/v). A 40 cm segment of the sol–gel
TiO2–PDMS coated microextraction capillary was mounted
on the injection port as an external sampling loop. Analytes
were preconcentrated in the sol–gel TiO2–PDMS coating by
passing the aqueous sample from a gravity-fed dispenser[9]
through this sol–gel titania–PDMS coated microextraction
capillary for 40 min. Using a syringe, the sampling loop was
flushed out with deionized water to remove the sample matrix.
The analytes extracted in the sol–gel TiO2–PDMS coating of
t col-
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The sol solution was prepared by thoroughly vor
ng the following reagents in a 2 mL polypropylene c
rifuge tube: a sol–gel-active organic component (hydro
erminated PDMS, 50 mg), a sol–gel precursor (titanium
sopropoxide, 50�L), two solvents (methylene chloride a
-butanol, 200�L each), a mixture of two surface deacti

ion reagents (HMDS, 8�L and PMHS, 2�L), and a sol–ge
helating agent (27% TFA in H2O, 18�L). The content of th
ube was then centrifuged for 5 min (at 13 000 rpm; 15 68×
). Finally, the top clear solution was transferred to ano
lean vial by decantation, and was further used for coa
he fused silica microextraction capillary.

.4. Preparation of sol–gel TiO2–PDMS coated
icroextraction capillaries

A 1 m long hydrothermally treated[27] fused silica cap
llary (250 or 320�m i.d.) was installed on an in-house bu
as pressure-operated capillary filling/purging device[28],
nd the capillary was filled with the prepared sol solution
er 10 psi helium pressure. After filling, the sol solution w
ept inside the capillary for 15 min to facilitate the creat
f a surface-bonded coating due to sol–gel reactions ta
lace in the coating solution inside the capillary. Follow

his, the unbonded portion of the sol solution was expe
rom the capillary under helium pressure (20 psi), and
apillary was further purged with helium for 30 min. T
oated capillary was then conditioned in a GC oven by
ramming the temperature from 40◦C to 320◦C at 1◦C/min
nder helium purge. The capillary was held at 320◦C for
he sampling loop were then transferred into the HPLC
mn by desorbing with 100% acetonitrile for 30 s. This
ccomplished by simply switching the injection valve fr

he “load” to “inject” position. The injected analytes we
hen separated on the ODS column under gradient el
onditions by programming acetonitrile composition in
rgano-aqueous mobile phase from 80% (v/v) to 100%
5 min.

.5.1. Treatment of coated capillaries with 0.1M NaOH
olution

A 40 cm segment of the sol–gel TiO2–PDMS coated cap
llary was directly installed on the gravity-fed sample d
enser, and continuously rinsed with 0.1 M NaOH solu
pH 13) for 12 h. The capillary was then flushed out w
eionized water for 30 min, and mounted back on the H

njection port. The target analytes (PAHs) were extracted
ine for 40 min, followed by their HPLC analysis as descri
n Section 2.5.

Using the same procedure, a 40 cm segment of the
ercial PDMS-based GC capillary was treated with a 0
aOH solution. CME performances of the used capilla
ere evaluated both before and after the alkaline treat

o explore pH stability of the used coatings.

.6. Safety precautions

The presented work involved the use of various che
als (organic and inorganic) and solvent that might be
ironmentally hazardous with adverse health effects. Pr
afety measures should be taken in handling strong
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Fig. 1. Schematic diagram of the on-line CME-HPLC setup.

and organic solvents such as methanol, methylene chloride,
and acetonitrile. All used chemicals must be disposed in the
proper waste containers to ensure personnel and environmen-
tal safety.

3. Results and discussion

The goal of this research was to develop high pH-resistant,
surface-bonded sol–gel titania coatings for capillary microex-
traction to facilitate effective hyphenation of CME with
HPLC. Judicious utilization of unique attributes of sol–gel
chemistry allowed us to create a surface-bonded hybrid
organic–inorganic titania coating on the inner walls of a
fused silica capillary providing an opportunity to exploit ad-
vanced material properties of titania-based sorbents[29,30]
in capillary microextraction. Unlike the conventional multi-
step coating technologies[31–34], the sol–gel approach
involves a single-step procedure to accomplish the sor-
bent coating, its chemical immobilization, and deactivation
[35].

As sol–gel precursors, titanium alkoxides differ signifi-
cantly from silicon alkoxides in terms of their chemical reac-
tivity and complex-forming ability. These differences dictate
the adoption of different strategies for the creation of titania-
b ased
a m are
r lerate
t sed
i ined
b ard

nucleophilic reagents like water[37]. They readily undergo
hydrolysis, which results in a very fast sol–gel process. Be-
cause of this, titania-based sol–gel reactions need to be de-
celerated by a suitable means to allow for the sol–gel process
to be conducted in a controlled manner. This is usually ac-
complished through the use of suitable chelating agents that
form complexes with the sol–gel precursors (or replace the
reactive alkoxy group with a less reactive group), thus hinder-
ing their participation in the sol–gel reactions. Without such
a chelating agent, the gelation takes place instantaneously as
the sol–gel solution ingredients are mixed together. Chelat-
ing agents such as acetic acid[38,39], trifluoroacetic acid
[40], or metal �-diketonates[41] are often used for this
purpose.

In the present work, sol–gel TiO2–PDMS coated capillar-
ies were prepared through hydrolytic polycondensation re-
actions performed within fused silica capillaries followed
by thermal conditioning of the created coatings to achieve
fine porous structures. Here, TFA served as a chelating agent
[40], and decelerated the gelation process for the creation of
TiO2–PDMS coating. It has been shown by infrared spectra
that the acetate ion can serve as a bidentate ligand (chelat-
ing and bridging) to the transition metal alkoxides, such as
Ti(OR)4 or Zr(OR)4 [38,40,42].

Fig. 2 represents two scanning electron micrographs
(
i -
i ges,
t p-
i sur-
f , the
ased sol–gel sorbents compared with those for silica-b
nalogs. While sol–gel reactions in a silica-based syste
ather slow and often require the use of catalysts to acce
he process[36], titania-based (transition metal oxide-ba
n general) sol–gel reactions are very fast. This is expla
y the fact that titanium alkoxides are very reactive tow
SEM) showing the fine structural features of a 320�m
.d. fused silica capillary with sol–gel TiO2–PDMS coat
ng on the inner surface. As is evident from these ima
he sol–gel TiO2–PDMS coating in the microextraction ca
llary acquires a porous structure, providing enhanced
ace area and sorption ability. Based on the SEM data
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Fig. 2. Scanning electron microscopic images of a 320�m i.d. fused silica capillary with sol–gel TiO2–PDMS coating: (A) cross-sectional view (500×) and
(B) surface view (10 000×).

thickness of the sol–gel TiO2–PDMS coating was estimated
at 0.5�m.

The sol–gel process for the generation and chemical im-
mobilization of the coating involves: (A) hydrolysis of the ti-
tanium alkoxide precursor[43], (B) polycondensation of the
hydrolysis products into a three-dimensional sol–gel network
[44,45], (C) chemical incorporation of hydroxy-terminated
PDMS in the sol–gel network[46,47], and (D) chemical an-
choring of the sol–gel hybrid polymer to the inner walls of
the capillary[44,45]. Scheme 1illustrates the hydrolysis and
polycondensation reactions of the sol–gel precursor, titanium
(IV) isopropoxide, andScheme 2represents the final struc-

ture of the sol–gel TiO2–PDMS coating on the inner surface
of a fused silica capillary.

The formation of Ti O Si bonds in the prepared sol–gel
sorbent was examined by FT-IR. The FT-IR experiments were
performed by passing IR radiation through a thin layer of
sol–gel titania coating material that was used in the fused sil-
ica capillary. This was done in separate experiments outside
the fused silica capillary. It has been reported[48,49] that a
characteristic IR band representing SiO Ti bonds is located
at 940–960 cm−1. Fig. 3shows FT-IR spectra of the sol–gel
TiO2–PDMS coating with a specific band at 952.63 cm−1.
This is indicative of the presence of SiO Ti bonds in the
sol–gel sorbent used in the fused silica microextraction cap-
illaries to perform on-line CME-HPLC analysis.

Deactivation of the sol–gel coatings can be expected to
take place mainly during thermal conditioning of the capil-
lary, through derivatization of the free hydroxyl groups in the
coating structure with HMDS[50] and PMHS[25,51]incor-
porated in the sol solution. To control the gelation time and to
obtain a transparent gel, it was essential to find an optimum
ratio (v/v) of HMDS and PMHS. In the present study, this
ratio was found to be 4:1 (HMDS:PMHS, v/v).

Sol–gel technology is quite versatile, and allows for the
control of coating thickness either by manipulating the reac-
tion time or composition of the sol solution. Zeng et al.[16]
h
b ould
b ased
o used
s en-
h ME
w
Fig. 3. FT-IR spectra of the sol–gel TiO2–PDMS coating.
as recently reported the preparation of 70�m thick silica-
ased sol–gel coating on conventional SPME fiber. It sh
e possible to create such thick coatings (either silica-b
r transition metal oxide-based) on the inner surface of f
ilica capillaries as well. Use of thicker coatings should
ance the sample capacity and extraction sensitivity in C
ith titania-based sol–gel coatings.
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Fig. 4. Chromatograms representing capillary microextraction-HPLC anal
after (b and d) rinsing the microextraction capillaries with a 0.1 M NaOH so
40 cm× 0.25 mm i.d.× 0.25�m commercial GC capillary (c and d); extracti
with mobile phase composition programmed from 80:20 (v/v) acetonitrile/
(500 ppb), (2) unknown, (3) phenanthrene (20 ppb), and (4) fluoranthene (
5
–
1
7
4

ysis of PAHs using sol–gel titania–PDMS coated (a and b) and commercial PDMS-based GC (c and d) capillaries before (a and c) and
lution (pH 13) for 12 h. Extraction conditions: 40 cm× 0.25 mm i.d.× 0.25�m sol–gel TiO2–PDMS-coated capillary (a and b), and
on time, 40 min (gravity-fed at room temperature). Other conditions: 25 cm× 4.6 mm i.d. ODS column (5�m dp); gradient elution
water to 100% acetonitrile for 20 min; 1 mL/min flow rate; UV detection at 254 nm; ambient temperature. Peaks: (1) acenaphthylene
100 ppb).
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Table 1
Peak area repeatability and detection limit data for PAHs using a sol–gel TiO2–PDMS-coated capillary treated with 0.1 M NaOH for 12 ha

Extracted PAHs
Peak area repeatability (n = 3) Percent change in peak

area (|(A2 − A1)/
A1| × 100%)

Detection limits (ppb)
(S/N = 3)

Before rinsing After rinsing Before rinsing After rinsing

Mean peak
area (A1)
(arbitrary unit)

R.S.D. (%) Mean peak
area (A2)
(arbitrary unit)

R.S.D. (%)

Acenaphthylene 17.7 1.7 16.2 3.6 5.1 5.37 4.39

Phenanthrene 13.9 6.2 14.2 1.0 1.4 0.28 0.24
Fluoranthene 16.5 9.2 16.3 2.3 1.2 1.32 1.00

a Extraction conditions: 40 cm× 0.25 mm i.d.× 0.25�m sol–gel TiO2–PDMS-coated capillary; extraction time: 40 min; HPLC conditions: 25 cm× 4.6 mm
i.d. ODS column (5�m dp); gradient elution 80:20 (v/v) ACN/water to 100% ACN for 20 min; 1 mL/min flow rate; UV detection at 254 nm.

The sol–gel titania–PDMS coatings demonstrated excel-
lent pH stabilities over conventionally created coatings like
those used in commercial GC capillary columns.Fig. 4 il-
lustrates the CME performance of a TiO2–PDMS coated mi-
croextraction capillary (250�m i.d.) in CME-HPLC anal-
ysis of PAHs before (Fig. 4a) and after (Fig. 4b) rins-
ing the capillary with a 0.1 M NaOH solution (pH 13) for
12 h. Analogously obtained data for a piece of commercial
PDMS-based GC column are presented inFig. 4c and 4d,

respectively. Chromatogram ofFig. 4b was obtained on the
sol–gel TiO2–PDMS coated microextraction capillary after
it was thoroughly rinsed with deionized water. The extrac-
tion of PAHs was performed under the same set of condi-
tions as inFig. 4a. From the comparison of peak profiles
and peak heights inFig. 4a and 4b, it is evident that the
sol–gel TiO2–PDMS coating in the microextraction capil-
lary remained unaffected even after the prolonged rinsing
with 0.1 M NaOH solution of pH 13.
Fig. 5. Capillary microextraction-HPLC analysis of ketones. Extraction con-
ditions: 40 cm× 0.32 mm i.d.× 0.5�m sol–gel TiO2–PDMS-coated capil-
lary; extraction time, 40 min (gravity-fed at room temperature). Other con-
ditions: 25 cm× 4.6 mm i.d. ODS column (5�m dp); gradient elution with
mobile phase composition programmed from 80:20 (v/v) acetonitrile/water
to 100% acetonitrile for 15 min; 1 mL/min flow rate; UV detection at 254 nm;
ambient temperature. Peaks: (1) butyrophenone (1 ppm), (2) valerophenone
(1 ppm), (3) hexanophenone (500 ppb), and (4) heptanophenone (300 ppb).

F
t
i
p
1
(
p
(

ig. 6. Capillary microextraction-HPLC analysis of alkylbenzenes. Extrac-
ion conditions are the same as inFig. 5. Other conditions: 25 cm× 4.6 mm
.d. ODS column (5�mdp); gradient elution with mobile phase composition
rogrammed from 80:20 acetonitrile/water to 100% acetonitrile for 15 min;
mL/min flow rate; UV detection at 205 nm; ambient temperature. Peaks:

1) toluene (600 ppb), (2) ethylbenzene (200 ppb), (3) cumene (50 ppb), (4)
ropylbenzene (50 ppb), (5) butylbenzene (50 ppb), and (6) amylbenzene
50 ppb).
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Table 2
Peak area repeatability and detection limit data for PAHs, ketones, and alkylbenzene in CME-HPLC using a sol–gel TiO2–PDMS-coated microextraction
capillarya

Chemical class Name Peak area repeatability (n = 3) Detection limits (ppb)
(S/N = 3)

Mean peak area (arbitrary unit) R.S.D. (%)

PAH
Acenaphthylene 23.5 9.5 3.07
Fluorene 12.2 8.9 1.40
Phenanthrene 19.9 8.8 0.15
Fluoranthene 21.4 9.7 0.84

Ketone
Butyrophenone 48.6 3.9 9.62
Valerophenone 27.7 4.6 11.60
Hexanophenone 27.9 3.5 4.35
Heptanophenone 21.6 7.9 2.47

Alkylbenzene

Toluene 20.3 1.9 5.45
Ethylbenzene 23.9 1.6 1.24
Cumene 12.3 6.1 0.74
Propylbenzene 13.6 4.5 0.65
Butylbenzene 14.4 9.9 0.84
Amylbenzene 9.4 7.4 1.07

a Extraction conditions: 40 cm× 0.32 mm i.d.× 0.5�m sol–gel TiO2–PDMS-coated capillary; extraction time: 40 min; HPLC conditions: 25 cm× 4.6 mm
i.d. ODS column (5�m dp); gradient elution from 80:20 (v/v) ACN/water to 100% ACN for 15 min (20 min for PAHs); 1 mL/min flow rate; UV detection at
254 nm (at 205 nm for alkylbenzenes).

On the other hand, the PDMS-based stationary phase coat-
ing in the commercial GC capillary showed significantly
less extraction sensitivity as is evident from peak heights
in Fig. 4c. It also failed to survive the harsh conditions of
rinsing with 0.1 M NaOH solution, which is evidenced by a
dramatic decrease in the extraction sensitivity after the NaOH
treatment (compareFig. 4c and 4d). These results show that
a sol–gel TiO2–PDMS coated capillary possesses excellent
pH stability and retains its extraction ability under extreme
pH conditions, while conventionally prepared PDMS-based
GC coatings were found to be unstable under such extreme
pH conditions[52,53].

Table 1shows repeatability and detection limit data for
CME-HPLC analysis using sol–gel TiO2–PDMS coated
microextraction capillaries. For a 0.25 mm i.d. sol–gel

F -
a l
T s, re-
s :
2 )
a UV
d

titania–PDMS microextraction capillary, the R.S.D. value
in peak area remained within 9.2%, and detection limits
in the range of 0.25–5.37 ppb were achieved using UV-
detection.

Fig. 5 presents a chromatogram illustrating CME-HPLC
analysis of moderately polar aromatic ketones extracted from
an aqueous sample using a 0.32 mm i.d. sol–gel coated
TiO2–PDMS capillary.

Compared to PAHs samples, ketones needed higher ana-
lyte concentrations (300 ppb–1 ppm) for CME-HPLC anal-
ysis. This may be explained by the nonpolar nature of the
sol–gel TiO2–PDMS coating, higher solubility of ketones in
water due to higher polarity, and the working principles of
UV detection. In this case, the run-to-run peak area repeata-
bility was less than 8% R.S.D. Detection limits for the ex-
tracted ketones ranged between 2.47 ppb for heptanophenone
to 11.60 ppb for valerophenone in conjunction with UV de-
tection. From the presented results it is evident that sol–gel
TiO2–PDMS coating is able to extract both nonpolar and
moderately polar analytes with good extraction sensitivity.
Such an ability of the used sol–gel coating may be due to the
presence of two different types of domains (a nonpolar or-
ganic domain based on an PDMS and a more polar inorganic
domain based on sol–gel titania materials) in such coatings
[54].

l-
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ig. 7. Illustration of the extraction kinetics of fluorene (�), and hex
nophenone (�) obtained on a 40 cm× 0.32 mm i.d.× 0.5�m sol–ge
iO2–PDMS-coated capillary using 100 and 300 ppb aqueous solution
pectively. Extraction conditions are the same as inFig. 5. Other conditions
5 cm× 4.6 mm i.d. ODS column (5�m dp); 85:15 (v/v), and 90:10 (v/v
cetonitrile/water (isocratic elution), respectively; 1 mL/min flow rate;
etection at 254 nm; ambient temperature.
Fig. 6 illustrates on-line CME-HPLC analysis of alky
enzenes using a TiO2–PDMS coated capillary. Exce

ent detection limits were also achieved for these ana
0.65–5.45 ppb), using UV detection. Like PAHs, alkylb
enes are less polar analytes than aromatic ketones, an
re well extracted by a sol–gel TiO2–PDMS extraction capi

ary with low-ppb and sub-ppb level detection limits.Table 2
ummarizes the peak area repeatability and detection
ata for PAHs, ketones, and alkylbenzenes.
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Scheme 1. (A) Hydrolysis of titanium (IV) isopropoxide, and (B) polycondensation of hydrolysis product, titanium hydroxide.

Fig. 7 illustrates the extraction kinetic profile for:
(A) fluorene (nonpolar analyte) and (B) hexanophenone
(moderately polar analyte) on a sol–gel TiO2–PDMS coated
microextraction capillary. Experimental data for these curves
representing extraction kinetic profiles were obtained by
individually performing capillary microextraction for each
of the solutes. The microextraction experiments were per-
formed using aqueous samples containing 100 and 300 ppb
concentrations of fluorene and hexanophenone, respectively.
A series of capillary microextraction experiments were
conducted to vary the extraction time for each of the two
analytes that were extracted from their standard solutions.
Three replicate extractions of each analyte were performed
for 1, 5, 10, 20, 30, 40, 50, and 60 min. The average peak
area was then plotted against the extraction time to obtain
Fig. 7. For both fluorene and hexanophenone, extraction
equilibrium was reached within 40 min as is evidenced
by the plateau on the extraction curve. Since PDMS has
nonpolar characteristics, the TiO2–PDMS coating tends to
extract a nonpolar analyte, in this case fluorene, better than
a more polar analyte, hexanophenone, which has higher
affinity for the aqueous medium.

Further optimization of capillary preparation method
and operation conditions may be necessary to exploit full
analytical potential of the sol–gel titania coated extraction
c
e tion
l ly

sensitive flame ionization detector. Such an assumption
stems from the fact that sol–gel TiO2–PDMS coatings have
already shown good extraction capabilities for CME-HPLC
equipped with a UV detector, which is much less sensitive
than the FID. The use of wider bore capillaries with thicker
sol–gel coatings or monolithic extraction beds[55] should
further enhance the extraction sensitivity.

4. Conclusions

To the best of our knowledge, this is the first report on
the creation and use of a sol–gel TiO2–PDMS coating in
solid-phase microextraction. Sol–gel TiO2–PDMS coated
microextraction capillaries possess excellent pH stability
and retain their extraction characteristics intact even after
prolonged treatment with highly alkaline (pH 13) NaOH
solution. Direct chemical bonding of the coating to capillary
inner walls provides these coatings with excellent solvent
resistance, and make sol–gel TiO2–PDMS coated capillaries
very much suitable for on-line sample preconcentration
in CME-HPLC analysis. The newly developed sol–gel
TiO2–PDMS coating was effectively used for the extraction
of different classes of analytes with good extraction sensi-
tivity, and run-to-run repeatability. Low ppb and sub-ppb
level (0.15–11.60 ppb) detection limits were achieved for
P lysis
u d
m n.
T for
s sses
i tion
s e of
s uld
p

A

US
N ully
apillaries. It will be also interesting to use TiO2–PDMS
xtraction capillary in CME-GC to achieve better detec

imits, since CME-GC will allow for the use of high

Scheme 2. Final structure of the sol–gel TiO2–PDMS coating.
AHs, ketones, and alkylbenzenes in CME-HPLC ana
sing the newly constructed sol–gel TiO2–PDMS coate
icroextraction capillary in conjunction with UV detectio
hrough proper optimization of experimental conditions
ol–gel coating and the capillary microextraction proce
t should be possible to further enhance the extrac
ensitivity. For volatile and thermally stable analytes, us
ol–gel TiO2–PDMS coated capillaries in CME-GC sho
rovide significant enhancement in sensitivity.

cknowledgements

This work was supported in part by a grant from the
aval office (N00014-98-1-0848). The authors gratef



174 T.-Y. Kim et al. / J. Chromatogr. A 1047 (2004) 165–174

acknowledge Ms. Betty Loraamm of USF Biology Depart-
ment for her assistance in connection with scanning electron
microscopy investigation of sol–gel titania–PDMS coated
capillaries.

References

[1] R.P. Belardi, J.B. Pawliszyn, Water Pollut. Res. J. Can. 24 (1989)
179.

[2] C.L. Arthur, J. Pawliszyn, Anal. Chem. 62 (1990) 2145.
[3] Z. Zhang, M.J. Yang, J. Pawliszyn, Anal. Chem. 66 (1994) 844A.
[4] S.L. Chong, D. Wang, J.D. Hayes, B.W. Wilhite, A. Malik, Anal.

Chem. 69 (1997) 3889.
[5] I. Rodriguez, M.P. Llompart, R. Cela, J. Chromatogr. A 885 (2000)

291.
[6] L. Muller, T. Gorecki, J. Pawliszyn, Fresenius, J. Anal. Chem. 364

(1999) 610.
[7] A.A. Boyd-Boland, J. Pawliszyn, Anal. Chem. 68 (1996) 1521.
[8] K. Jinno, T. Muramatsu, Y. Saito, Y. Kiso, S. Magdic, J. Pawliszyn,

J. Chromatogr. A 754 (1996) 137.
[9] S. Bigham, J. Medlar, A. Kabir, C. Shende, A. Alli, A. Malik, Anal.

Chem. 74 (2002) 752.
[10] R. Eisert, J. Pawliszyn, Anal. Chem. 69 (1997) 3140.
[11] H. Kataoka, J. Pawliszyn, Chromatographia 50 (1999) 532.
[12] J. Chen, J. Pawliszyn, Anal. Chem. 67 (1995) 2530.
[13] J. Wu, J. Pawliszyn, Anal. Chem. 73 (2001) 55.
[14] A. Malik, S.L. Chong, in: J. Pawliszyn (Ed.), Applications of Solid-

Phase Microextraction, Royal Society of Chemistry, Cambridge, UK,

[ 00)

[
[ gr.

[
[
[
[
[ .
[
[ phia

[ 184.
[ M.

[27] J.D. Hayes, Ph.D. Dissertation, University of South Florida, USA,
2002.

[28] J.D. Hayes, A. Malik, J. Chromatogr. B 695 (1997) 3.
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