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TITANIA-BASED COATING FOR CAPILLARY
MICROEXTRACTION

CROSS REFERENCE TO RELATED
APPLICATION

This application claims the benefit of priority under 35
U.S.C. §119(e) of U.S. Provisional Application Ser. No.
60/521,901, filed Jul. 19, 2004, which is incorporated herein
by reference.

GOVERNMENT RIGHTS

This work was supported in part by a grant from the US
Naval office (N00014-98-1-0848). Accordingly, the govern-
ment has certain rights in this invention.

FIELD OF INVENTION

The present invention relates to analytical separation and
extraction technology. More specifically, the present inven-
tion relates to separation and extraction columns for use in
separating, extracting and/or concentrating analytes in a
sample.

BACKGROUND OF INVENTION

Solid-phase microextraction (SPME), a solvent-free
sample preparation technique, was developed by Pawliszyn
and co-workers using a fused-silica fiber externally coated
with a polymeric sorbent covering a small segment of it at one
of the ends. Analytes present in the sample medium were
directly extracted and preconcentrated by the coated sorbent
in the process of reaching an extraction equilibrium with the
sample matrix. The preconcentrated analytes were then des-
orbed into a GC instrument for analysis.

In conventional fiber-based SPME, still there exist a num-
ber of shortcomings that need to be overcome. These include
inadequate thermal and solvent stability of conventionally
prepared sorbent coatings, low sample capacity, difficulties
associated with the immobilization of thick coatings, suscep-
tibility of the fiber (especially the coated end) to mechanical
damage and technical difficulties associated with the hyphen-
ation of fiber-based SPME with liquid-phase separation tech-
niques.

Capillary microextraction (CME) (also called in-tube
SPME) 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 that are not amenable to GC separation. In the
open tubular format of CME, a sorbent coating is applied to
the inner surface of a capillary. This alternative format pro-
vides an effective solution to the problem associated with the
mechanical damage of sorbent coating frequently encoun-
tered 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 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-
ings that limit the sorption capacity, and hence, the extraction
sensitivity of in-tube SPME. Second, the sorbent coatings in
such microextraction capillaries usually are not chemically
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bonded to capillary inner walls, which limits their thermal
and solvent stabilities. Third, conventionally prepared GC
coatings that are used in in-tube SPME capillaries inherently
possess poor pH stability. This places serious limitations on
the range of applications amenable to CME-HPLC analysis.
Low pH stability of in-tube SPME coatings practically
excludes the applicability of the technique to high-pH
samples or analytes that require high-pH solvent systems for
desorption from the microextraction capillary. Therefore,
development of methodologies for the creation of high pH-
and solvent-resistant sorbent coatings is an important area in
the future development of in-tube SPME, which is expected
to play a major role in effective hyphenation of this sample
preconcentration technique with liquid-phase separation
techniques that commonly use organo-aqueous mobile
phases with a wide range of pH conditions.

Sol-gel chemistry has been recently applied to solid-phase
microextraction (SPME) and capillary microextraction
(CME) to create silica-based hybrid organic-inorganic coat-
ings. The sol-gel technique provided chemically bonded coat-
ings on the inner surface of fused-silica capillaries, and easily
solved the coating stability problems described above.

Although sol-gel technique helped overcome some signifi-
cant shortcomings of SPME or in-tube SPME techniques by
providing an effective means of chemical immobilization for
sorbent coatings, an important problem inherent in silica-
based material systems (commonly used in SPME or CME)
still remains to be solved: silica-based materials possess a
narrow window of pH stability. 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 science
due to its superior pH stability and mechanical strength com-
pared with silica. Several studies have been conducted on the
application of titania in chromatographic separations. Tani et
al. reported the preparation of titania-based packing materials
for HPLC by sol-gel method, and investigated their proper-
ties. Tsai et al. prepared silica capillaries coated with titania or
alumina for capillary electrophoresis (CE) separation of pro-
teins. Fujimoto used a thermal decomposition technique to
create titania coatings on the inner surface of fused-silica
capillaries for capillary zone electrophoresis (CZE) and cap-
illary electrochromatography (CEC) applications. The tita-
nia-coated capillaries were found to possess a bi-directional
electroosmotic flow (EOF) and low solubility in aqueous
solutions within a pH range of3-12. Pesek et al. reported the
surface derivatization of titania with triethoxysilane to pre-
pare titania-based stationary phases via silanization/hydrosi-
lylation. Some other groups reported preparations of silica-
coated titania monolayers for faster and more efficient
coating, which is important for further preparation of nano-
composites.

We disclose the preparation of sol-gel TiO2-PDMS coated
capillaries and show the possibility of on-line CME-HPLC
operation using sol-gel TiO2-PDMS microextraction capil-
laries to provide a significant improvement in pH stability and
extraction sensitivity.

SUMMARY OF INVENTION

One aspect of the present invention is directed at methods
of making a sol-gel titania-based coatings. The method
includes the steps of mixing two or more suitable sol-gel
precursors to form a sol-gel solution, hydrolyzing the sol-gel
solution to form hydrolyzed products, polycondensating the
hydrolyzed products to form a sol-gel network, incorporating
chemically the remainder of the two or more sol-gel precur-
sors in the sol-gel network and surface bonding the sol-gel
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network to a substrate to form a surface bonded sol-gel coat-
ing thereon. The first of the two or more sol-gel precursors in
the mixing step is titanium (IV) isopropoxide. In certain
embodiments of the present invention a second of the two or
more sol-gel precursors is polydimethylsiloxane (PDMS).
Additionally, in certain other embodiments of the method of
making a sol-gel titania-based coatings, the method will
include the step of deactivating residual silanol groups on the
sol-gel coating with a deactivating agent. Deactivating
reagents used in the deactivating step can include hexam-
ethyidisilazane (HMDS) and polymethylhydrosiloxane
(PMHS). In certain advantageous embodiments the ratio of
HMDS to PMHS is about 4:1 (v:v). It is also found to be
advantageous in certain embodiments to perform the deacti-
vating step at elevated temperatures during column condi-
tioning. The mixing step can utilize a chelating agent to
decelerate the sol-gel formation. The chelating agent can
include acetic acid, trifluoroacetic acid and metal beta-dileto-
nates. The mixing step can further include adding an addi-
tional catalyst selected from the group consisting of acids,
bases or fluorides. Finally, in certain embodiments it is found
advantageous to perform the hydrolyzing and polycondensat-
ing steps within the sol-gel solution in proximity to the inner
walls of a capillary tube.

The present invention also provides for a microextraction
capillary for the preconcentration of trace analytes in a
sample. The microextraction capillary has a tube structure
and an inner surface. The inner surface is further character-
ized by the presence of a sol-gel titania-based coating. The
sol-gel titania-based coating forms the stationary phase for
the microextraction of the analytes. The microextraction cap-
illary with the sol-gel titania-based coating can be made from
two or more sol-gel precursors where the first of the two or
more sol-gel precursors is titanium (IV) isopropoxide. In
certain embodiments of the present invention it is found
advantageous to utilize PDMS as a second of the two or more
sol-gel precursors. In certain embodiments of the present
invention it is also found advantageous to have the inner
surface of the capillary composed of fused silica. It is further
found advantageous to chemically bond the sol-gel titania-
based coating to the fused-silica inner surface of the capillary.
The microextraction capillary can include an outer surface
having a protective coating to prevent against breakage of the
capillary. The protective coating can be a polyimide protec-
tive coating. A further advantageous embodiment of the
present invention provides a sol-gel titania-based coating that
is at leastabout 250 pum in thickness. The sol-gel titania-based
coating advantageously possesses pH stability and retains
extraction performance after prolonged treatment with a
NaOH solution.

The present invention further provides for a method of
making a titania-based sol-gel coated capillary for microex-
traction of analytes in a sample medium. The method includes
the steps of preparing a sol solution comprising titanium (IV)
isopropoxide, processing the sol solution to form a sol-gel
extraction medium, filling a capillary with the sol-gel extrac-
tion medium wherein the sol-gel extraction medium chemi-
cally binds to the inner walls of the capillary to form a titania-
based sol-gel coated capillary and purging the capillary of
unbound sol-gel extraction medium. In certain advantageous
embodiments the method will include PDMS as a sol-gel
precursor in the sol solution. It is also found advantageous in
certain embodiments to have the capillary remain filled with
the sol-gel extraction media for at least about 15 minutes to
facilitate the formation of a surface bonded sol-gel coating
before the unbound sol-gel extraction medium is purged. The
step of purging the capillary of unbound sol-gel extraction
medium can be performed by applying helium pressure of
about 20 psi for at least about 30 minutes. Lastly, the method
of making a titania-based sol-gel coated capillary for
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microextraction of analytes in a sample medium can advan-
tageous include the step of conditioning the titania-based
sol-gel coated capillary in an oven using temperature-pro-
grammed heating wherein the heat increments upward from
about 40° C. to about 320° C. at an increment of about 1°
C./minute followed by a holding at about 320° C. for about 3
hours. The step of thermal conditioning can further include
cooling the titania-based sol-gel coated capillary to room
temperature following the 3 hour holding, rinsing the capil-
lary with methylene chloride and methanol and reheating
using temperature-programmed heating wherein the heat
increments upward from about 40° C. to about 320° C. at an
increment of about 1° C./minute followed by a holding at
about 320° C. for about 30 minutes.

BRIEF DESCRIPTION OF THE DRAWINGS

For a fuller understanding of the nature and objects of the
invention, reference should be made to the following detailed
description, taken in connection with the accompanying
drawings, in which:

FIG. 1. Schematic diagram of the on-line CME-HPLC
setup.

FIG. 2. Scanning electron microscopic images of a 320-um
i.d. fused silica capillary with sol-gel TiO2-PDMS coating:
(A) cross-sectional view (500x) and (B) surface view
(10000x).

FIG. 3. FT-IR spectra of the sol-gel Ti-PDMS coating

FIG. 4. Chromatograms representing capillary microex-
traction-HPLC analysis of PAHs using sol-gel titania-PDMS
coated (4a and 4b) and commercial DB-5 (4¢ and 44) capil-
laries before (4a and 4c¢) and after (45 and 44d) rinsing the
microextraction capillaries with a 0.1 M NaOH solution
(pH=13) for 12 h. Extraction conditions: 40-cm (0.25 mm
1.d.x0.25 um sol-gel TiO2-PDMS-coated capillary (4a and
45b), and 40-cm (0.25 mm 1.d.x0.25 um commercial GC cap-
illary (4¢ and 4d); extraction time, 40 min (gravity feed at
room ambient temperature). Other conditions: 25 cmx4.6 (m
i.d. ODS column (5 (m dp); gradient elution with mobile
phase composition programmed from 80:20 (v/v) acetoni-
trile/water to 100% acetonitrile for 20 min; 1 mL/min flow
rate; UV detection at 254 nm; ambient temperature. Peaks:
(1) Acenaphthylene (500 ppb), (2) Fluorene (100 ppb), (3)
Phenanthrene (20 ppb), and (4) Fluoranthene (100 ppb).

FIG. 5. Capillary microextraction-HPLC analysis of
ketones. Extraction conditions: 40-cm (0.32 mm i.d. sol-gel
TiO2-PDMS-coated capillary; extraction time, 40 min (grav-
ity feed at room ambient temperature). Other conditions: 25
cmx4.6 (m 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) Heptanophe-
none (300 ppb).

FIG. 6. Capillary microextraction-HPLC analysis of alky-
Ibenzenes. Extraction conditions are the same as in the FIG. 5.
Other conditions: 25 cmx4.6 (m i.d. ODS column (5 (m dp);
gradient elution with mobile phase composition programmed
from 80:20 acetonitrile/water to 100% acetonitrile for 15
min; 1 mL/min flow rate; UV detection at 205 nm; ambient
temperature. Peaks: (1) Toluene (600 ppb), (2) Ethyl benzene
(200 ppb), (3) Cumene (50 ppb), (4) Propylbenzene (50 ppb),
(5) Butylbenzene (50 ppb), and (6) Amylbenzene (50 ppb).

FIG. 7. Illustration of the extraction kinetics of fluorene
((), and hexanophenone (( )obtainedona 40 cm (0.32 mmi.d.
sol-gel TiO2-PDMS-coated capillary using 100 ppb and 300
ppb aqueous solutions, respectively. Extraction conditions
are the same as in the FIG. 5. Other conditions: 25 cmx4.6 (m
i.d. ODS column (5 (m dp.); 85:15 (v/v), and 90:10 (v/v)
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acetonitrile/water (isocratic elution), respectively; 1 ml./min
flow rate; UV detection at 254 nm; ambient temperature.

FIG. 8. A longitudinal, cross-section view of a capillary
column having a surface-bonded sol-gel network.

FIG. 9. Ilustration of surface-bonded sol-gel TiO2-PDMS
network on the fused silica capillary inner walls.

DETAILED DESCRIPTION OF THE INVENTION

In the following detailed description of the preferred
embodiments, reference is made to the accompanying draw-
ings, which form a part thereof, and within which are shown
by way of illustration specific embodiments by which the
invention may be practiced. It is understood that other
embodiments may be utilized and structural changes made
without departing from the scope of the invention.

Sol-gel titania-poly (dimethylsiloxane) (TiO2-PDMS)
coating was developed for capillary microextraction (CME)
to perform on-line preconcentration and HPLC analysis of
trace impurities in aqueous samples. A method is presented
describing in situ preparation of the titania-based sol-gel
PDMS coating and its immobilization on the inner surface of
a fused silica microextraction capillary. To perform CME-
HPLC, the sol-gel TiO2-PDMS capillary was installed in the
HPLC injection port as an external sampling loop, and a
conventional ODS column was used for the liquid chromato-
graphic separation. The target analytes were extracted on-line
for by passing the aqueous sample through this sampling
loop.

The sol-gel titania-PDMS coated capillaries were used for
on-line extraction and HPLC analysis of polycyclic aromatic
hydrocarbons, ketones, and alkylbenzenes. The extracted
analytes were then transferred to the HPL.C column using an
organic-rich mobile phase followed by HPLC separation via
gradient elution. To our knowledge, this is the first report on
the use of sol-gel titania-based organic-inorganic material as
a sorbent in capillary microextraction.

The newly developed sol-gel titania-based CME coatings
demonstrated excellent pH stability and enhanced extraction
capability over the commercial GC coatings that are conven-
tionally used for the same purpose. Extraction characteristics
of a sol-gel titania-PDMS capillary remained practically
unchanged after continuous rinsing with a 0.1 M NaOH solu-
tion (pH=13) for 12 hours.

Sol-gel TiO2-PDMS coated microextraction capillaries
possess excellent pH stability and retain their extraction char-
acteristics 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 sensitivity, and run-to-run repeatability. Low ppb
and sub-ppb level (0.15 ppb-11.60 ppb) detection limits were
achieved for PAHs, ketones, and alkylbenzenes in CME-
HPLC analysis using the newly constructed sol-gel TiO2-
PDMS coated microextraction capillary in conjunction with
UV detection. Through proper optimization of experimental
conditions for sol-gel coating and the capillary microextrac-
tion processes it should be possible to further enhance the
extraction sensitivity. For volatile and thermally stable ana-
lytes, use of sol-gel TiO2-PDMS coated capillaries in CME-
GC provides significant enhancement in sensitivity.

The present invention provides a high pH-resistant, sur-
face-bonded sol-gel titania coatings for capillary microex-
traction, facilitating the effective hyphenation of CME with

10

15

20

25

30

35

40

45

50

55

60

65

6

HPLC. Judicious utilization of unique attributes of sol-gel
chemistry allowed the creation of a surface-bonded hybrid
organic-inorganic titania coating on the inner walls of a fused
silica capillary providing an opportunity for the judicious
utilization of the attributes of sol-gel chemistry to exploit
advanced material properties of titania-based sorbents in cap-
illary microextraction. Unlike the conventional multi-step
coating technology, the sol-gel approach involves a single-
step procedure to accomplish the sorbent coating, its chemi-
cal immobilization, and deactivation.

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-
based sol-gel sorbents compared with those for silica-based
analogs. While sol-gel reactions in a silica-based system is
rather slow and often requires the use of catalysts to acceler-
ate the process, titania-based (transition metal oxide-based in
general) sol-gel reactions are very fast. This is explained by
the fact that titanium alkoxides are very reactive toward
nucleophilic reagents like water. They readily undergo
hydrolysis which results in a very fast sol-gel process.
Because of this, titania-based sol-gel reactions need to be
decelerated by a suitable means to allow for the sol-gel pro-
cess to be conducted in a controlled manner. This is usually
accomplished 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
hindering their participation in the sol-gel reactions. Without
such a chelating agent, the gelation takes place instanta-
neously as the sol-gel solution ingredients are mixed together.
Chelating agents such as acetic acid, trifluoroacetic acid, or
metal beta-diketonates are often used for this purpose.

Sol-gel TiO2-PDMS coated capillaries were prepared
through hydrolytic polycondensation reactions performed
within fused silica capillaries followed by thermal condition-
ing of the created coatings to achieve fine porous structures.
TFA served as a chelating agent, and decelerated the gelation
process for the creation of TiO2-PDMS coating. It has been
shown by infra-red spectra that the acetate ion can serve as a
bidentate ligand (chelating and bridging) to the transition
metal alkoxides, such as Ti(OR), or Zr(OR),.

FIG. 2 presents two scanning electron micrographs (SEM)
showing the fine structural features of a 320-um i.d. fused
silica capillary with sol-gel TiO2-PDMS coating on the inner
surface. As is evident from these images, the sol-gel TiO2-
PDMS coating in the microextraction capillary acquires a
porous structure, providing enhanced surface area and sorp-
tion ability. Based on the SEM data, the thickness of the
sol-gel TiO2-PDMS coating was estimated at ~0.5 um. These
images also show remarkable coating thickness uniformity in
the sol-gel TiO2-PDMS coated microextraction capillaries.

The sol-gel process for the generation and chemical immo-
bilization of the coating involves: (A) hydrolysis of the tita-
nium alkoxide precursor, (B) polycondensation of the
hydrolysis products into a three-dimensional sol-gel network,
(C) chemical incorporation of hydroxy-terminated PDMS in
the sol-gel network, and (D) chemical anchoring of the sol-
gel hybrid polymer to the inner walls of the capillary. Scheme
1 illustrates the hydrolysis and polycondensation reactions of
the sol-gel precursor, titanium (IV) isopropoxide, and scheme
2 represents the final structure of the sol-gel TiO2-PDMS
coating on the inner surface of a fused silica capillary.
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Scheme 1. (A) Hydrolysis of titanium (IV) isopropoxide, and
(B) Polycondensation of hydrolyzed titanium hydroxide
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The formation of Ti—O—Si bonds in the prepared sol-gel
sorbent was examined by FT-IR. The FTIR experiments were
performed by passing IR radiation through a thin layer of
sol-gel titania coating material that was used in the fused
silica capillary. This was done in separate experiments out-
side the fused silica capillary. It has been reported that a
characteristic IR band representing Si—O—Ti bonds is
located at 940-960 cm™". FIG. 3 shows FT-IR spectra of the
sol-gel Ti-PDMS coating with a specific band at 952.63 cm™".
This is indicative of the presence of Si—O—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 capillary,
through derivatization of the free hydroxyl groups in the
coating structure with HMDS and PMHS incorporated 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. has
recently reported the preparation of 70-um thick silica-based
sol-gel coating on conventional SPME fiber. It should be
possible to create such thick coatings (either silica-based or
transition metal oxide-based) on the inner surface of fused
silica capillaries as well. Use of thicker coatings should
enhance the sample capacity and extraction sensitivity in
CME with titania-based sol-gel coatings.

The sol-gel titania-PDMS coatings demonstrated excellent
pH stabilities over conventionally created coatings like those
used in commercial GC capillary columns. FIG. 4 illustrates
the CME performance of a TiO2-PDMS coated microextrac-
tion capillary in CME-HPLC analysis of PAHs before (FIG.
4a) and after (FIG. 4b) rinsing the capillary with a 0.1 M
NaOH solution (pH=13) for 12 h. Analogously obtained data
for a piece of DB-5 GC column are presented in FIG. 4¢ and
FIG. 4d, respectively. Chromatogram 46 (FIG. 4b) was
obtained on the sol-gel TiO2-PDMS coated microextraction
capillary after it was thoroughly rinsed with deionized water.
The extraction of PAHs was performed under the same set of
conditions as in the FIG. 4a. From the comparison of peak
profiles and peak heights in FIGS. 4a and 45, it is evident that
the sol-gel TiIO2-PDMS coating in the microextraction cap-
illary remained unaffected even after the prolonged rinsing
with 0.1 M NaOH solution of pH 13.

On the other hand, the stationary phase coating 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 (compare
FIG. 4¢ and FIG. 44). These results show that a sol-gel Ti02-
PDMS coated capillary possesses excellent pH stability and
retains its extraction ability under extreme pH conditions,
while conventionally prepared GC coatings were found to be
unstable under such extreme pH conditions.

Table 1 shows repeatability and detection limit data for
CME-HPLC analysis using sol-gel TiO2-PDMS coated
microextraction capillaries. Less than 9% RSD in peak area
and detection limits in the range of 0.18~3.72 ppb were
achieved using UV-detection.



US 7,622,191 B2
9 10

TABLE 1

Peak area repeatability and detection limit data for PAHs using a sol-gel TiO,—PDMS-coated capillary
treated with 0.1 M NaOH for 12 hours

Peak area repeatability (n = 3) % Change in Detection limits

Before Rinsing After Rinsing Peak Area Before Rinsing ~ After Rinsing
Mean peak area (A;) RSD  Mean peak area (A,) RSD M % 100% S/IN=3 S/IN=3
Extracted PAHs (Arbitrary unit) (%) (Arbitrary unit) (%) 1 (ppb) (ppb)
Acenaphthylene 235 9.5 23.9 0.5 2.1 3.07 3.72
Phenanthrene 19.8 8.8 20.6 8.9 3.9 0.15 0.18
Fluoranthene 214 9.7 21.2 6.0 0.6 0.84 0.89
FIG. 5 presents a chromatogram illustrating CME-HPLC
analysis of moderately polar aromatic ketones extracted from TABLE 2-continued
an aqueous sample using a sol-gel coated TiO2-PDMS cap- — —
illa Iy. 20 Peak area repeatablhty and detectlonl limit data for PAHs, ketlones,
and alkylbenzenes using a sol-gel TiO,—PDMS-coated capillary
Compared to PAHs samples (FIG. 4a), ketones needed
higher analyte concentrations (300 ppb-1 ppm) for CME- Peak arca
HPLC analysis. This may be explained by the nonpolar nature repellatjlglllty Detection
of the sol-gel TiO2-PDMS coating, higher solubility of =
ketones in water due to higher polarity, and the working 25 Mean peak limits
principles of UV detection. In this case, the run-to-run peak Chemical area (Arbitrary RSD  S/N =
area repeatability was less than 8% RSD. Detection limits for %% Name unit) (#0) 3 (epb)
the extracted ketones ranged between 2.47 ppb for hep- Hexanophenone 27.9 3.5 4.35
tanophenone to 11.60 ppb for valerophenone in conjunction Heptanophenone 21.6 7.9 2.47
with UV detection. From the presented results it is evident 30 Alkylbenzene T‘zlllufge 202 1.9 345
that sol-gel TiO2-PDMS coating is able to extract both non- Emieneen zene ﬁg é:f é:?i
polar and moderately polar analytes with good extraction Propylbenzene 13.6 4.5 0.65
sensitivity. The ability of instant sol-gel coating may be due to Butylbenzene 14.4 9.9 0.84
the presence of two different types of domains (a nonpolar Amylbenzene 94.9 7.4 1.07
35

organic domain based on PDMS and a more polar inorganic
domain based on sol-gel titania materials) in such coatings.

FIG. 6 illustrates on-line CME-HPLC analysis of alkylben-
zenes using a TiO2-PDMS coated capillary. Excellent detec-
tion limits were also achieved for these analytes (0.65-5.45
ppb), using UV detection. Like PAHs, alkylbenzenes are less
polar analytes than aromatic ketones, and they are well
extracted by a sol-gel TiO2-PDMS extraction capillary with
low ppb and sub-ppb level detection limits. Table 2 summa-
rizes the peak area repeatability and detection limit data for
PAHs, ketones, and alkylbenzenes.

FIG. 7 illustrates the extraction kinetic profile for: (A)
fluorene (nonpolar analyte) and (B) hexanophenone (moder-
ately polar analyte) on a sol-gel TiO2-PDMS coated microex-
traction capillary.

TABLE 2

Peak area repeatability and detection limit data for PAHs, ketones,
and alkylbenzenes using a sol-gel TiO,—PDMS-coated capillary

Peak area
repeatability
n=3 Detection
Mean peak limits

Chemical area (Arbitrary RSD S/N =
class Name unit) (%) 3 (ppb)
PAH Acenaphthylene 23.5 9.5 3.07

Fluorene 12.2 8.9 1.40

Phenanthrene 19.8 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
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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 performed using aqueous
samples containing 100 ppb and 300 ppb concentrations of
fluorene and hexanophenone, respectively. A series of capil-
lary 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 arca was then
plotted against the extraction time to obtain the data as pre-
sented in FIG. 7. For both fluorene and hexanophenone,
extraction equilibrium was reached within 40 min as is evi-
denced 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
amore polar analyte, hexanophenone, which has higher affin-
ity for the aqueous medium.

Optimization of capillary preparation methodologies and
operation conditions allow the full analytical potential of the
sol-gel titania coated extraction capillaries to be achieved.
Use of TiO2-PDMS extraction capillary in CME-GC will
likely exhibit improved detection limits, since CME-GC
allows for the use of highly sensitive flame ionization detec-
tor. The use of wider bore capillaries with thicker sol-gel
coatings or monolithic extraction beds should further
enhance the extraction sensitivity.

Sol-gel capillary microextraction techniques as presently
described have great potential for automated operation in
hyphenation with both gas-phase and liquid-phase separation
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techniques. Because of the tubular format of the extraction
device combined with high thermal and solvent stability of
the surface-bonded sol-gel extraction coating, sol-gel capil-
lary microextraction can be expected to offer high degree of
versatility in automated operation.

A sol-gel has the general formula:

s o
i i
---Z—O0¥X Y
0, O j;
—o, o
\ I
—O0—Z2—0—Z4—0—tY—03—Z—0----
\ | I
—o  O., O o)
\“ . k E
Y o----0—7 '
I
0
T
Y
Tube Wall

wherein,

X=Residual of a deactivation reagent (e.g., polymethylhy-
drosiloxane (PMHS), hexamethyldisilazane (HMDS),
etc.);

Y=Sol-gel reaction residual of a sol-gel active organic mol-
ecule (e.g., hydroxy terminated molecules including poly-
dimethylsiloxane (PDMS), polymethylphenylsiloxane
(PMPS), polydimethyldiphenylsiloxane (PDMDPS),
polyethylene glycol (PEG) and related polymers like Car-
bowax 20M, polyalkylene glycol such as Ucon, macrocy-
clic molecules like cyclodextrins, crown ethers, calixare-
nes, alkyl moieties like octadecyl, octyl, etc.

7Z=Sol-gel precursor-forming chemical element (e.g. Si, Al,
Ti, Zr, etc.)

I=An integer=0;

m=An integer=0;

n=An integer=0,

p=An integer=0;,

q=An integer=0; and

1, m, n, p, and q are not simultaneously zero.

Dotted lines indicate the continuation of the chemical struc-
ture with X, Y, Z, or Hydrogen (H) in space.

Various sol-gel reagent systems are known in the art. A sol-gel
solution will typically include two or more sol-gel precur-
sors, a deactivation reagent, one or more solvents and, in
the case of silica-based sol-gels, a catalyst. The sol-gel
precursor generally contains a chromatographically active
moiety selected from the group consisting of octadecyl,
octyl, cyanopropyl, diol, biphenyl, phenyl, cyclodextrins,
crown ethers and other moieties. Representative precursors
include, but are not limited to: Methyltrimethoxysilane,
Tetramethoxysilane, 3-(N-styrylmethyl-2-aminoethy-
lamino)-propyltrimethoxysilane hydrochloride, N-tet-
radecyidimethyl(3-trimethoxysilylpropyl)Jammonium
chloride, N(3-trimethoxysilylpropyl)-N-methyl-N,N-dial-
lylammonium chloride, N-trimethoxysilylpropyltri-N-bu-
tylammonium bromide, N-trimethoxysilylpropyl-N,N,N-
trimethylammonium chloride,
Trimethoxysilylpropylthiouronium chloride, 3-[2-N-ben-
zyaminoethylaminopropyl]trimethoxysilane hydrochlo-
ride, 1,4-Bis(thydroxydimethylsilyl)benzene, Bis(2-hy-
droxyethyl)-3-aminopropyltriethoxysilane, 1,4-bis
(trimethoxysilylethyl)benzene,
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2-Cyanoethyltrimethoxysilane, 2-Cyanoethyltriethoxysi-
lane, (Cyanomethylphenethyl)trimethoxysilane, (Cya-
nomethylphenethyl)triethoxysilane, 3-Cyanopropyldim-
ethylmethoxysilane, 3-Cyanopropyltriethoxysilane,
3-Cyanopropyltrimethoxysilane, n-Octadecyltrimethox-
ysilane, n-Octadecyldimethylmethoxysilane, Methyl-n-
Octadecyldiethoxysilane, Methyl-n-Octadecyltrimethox-
ysilane, n-Octadecyltriethoxysilane,
n-Dodecyltriethoxysilane, n-Dodecyltrimethoxysilane,
n-Octyltriethyoxysilane, n-Octyltrimethoxysilane,
n-Ocyidiisobutylmethoxysilane, n-Octylmethyidimethox-
ysilane, n-Hexyltriethoxysilane, n-isobutyltriethoxysi-
lane, n-Propyltrimethoxysilane, Phenethyltrimethoxysi-
lane, N-Phenylaminopropyltrimethoxysilane,
Styrylethyltrimethoxysilane, 3-(2,2,6,6-tetramethylpip-
eridine-4-oxy)-propyltriethoxysilane, N-(3-triethoxysilyl-
propylacetyl-glycinamide, (3,3,3-trifluoropropyl)tri-
methoxysilane, and (3,3,3-trifluoropropyl)
methyidimethoxysilane, and any other similar precursor
known to those of skill in the art. Sol gel technology is
taught in U.S. Pat. Nos. 6,759,126 B1 and 6,783,680 B2
and U.S. Patent Application Publication Nos. US 2002/
0150923 A1, US 2003/0213732 A1, US 2004/0129141 A1
and US 2005/0106068 A1, the contents of which are incor-
porated herein by reference.

The invention will be further described by way of the

following non-limiting example.

EXAMPLE

Development and Characterization of the
Microextraction Capillary Having Surface-bonded
Sol-gel Titania Coating

1. Equipment

On-line CME-HPLC experiments were carried out on a
Micro-Tech Scientific (Vista, Calif.) Ultra Plus HPLC system
with a variable wavelength UV detector (Linear UVIS 2000).
A Nicolet model Avatar 320 FT-IR (Thermo Nicolet, Madi-
son, Wis.) was used for FT-IR measurements. A reversed-
phase ODS column (25 cmx4.6 mm i.d., 5 pm d,,) was used
for HPLC separation of the extracted analytes. A Fisher
model G-560 Vortex Genie 2 system (Fisher Scientific) was
used for thorough mixing ofthe sol solutions. A Microcentaur
model APO 5760 centrifuge (Accurate Chemical and Scien-
tific Corp., Westbury, N.Y.) was used for centrifugation of sol
solutions. A Barnstead model 04741 Nanopure deionized
water system (Barnstead/Thermodyne, Dubuque, lowa) was
used to obtain ~16.0 MQ-cm water. On-line data collection
and processing were done using Chrom-Perfect (version 3.5)
for Windows computer software (Justice Laboratory Soft-
ware, Denville, N.J.).

2. Chemicals and Materials

Fused silica capillary (250-and 320 pmi.d.) was purchased
from Polymicro Technologies Inc. (Pheonix, Ariz.). A com-
mercial GC column (DB-5,30 mx0.25 mm i.d., 0.25 um film
thickness) was purchased from J&W Scientific (Folsom,
Calif.). Titanium (IV) isopropoxide (99.999%), 1-butanol
(99.4+ %), Poly(methylhydrosiloxane) (PMHS), 1,1,1,3,3,3-
hexamethyidisilazane (HMDS), trifluoroacetic acid (TFA),
polycyclic aromatic hydrocarbons (PAHs) (acenaphthylene,
fluorene, phenanthrene, fluoranthene), ketones (butyrophe-
none, valerophenone, hexanophenone, heptanophenone), and
alkylbenzenes (toluene, ethylbenzene, cumene, propylben-
zene, butylbenzene, amylbenzene) were purchased from Ald-
rich (Milwaukee, Wis.). Hydroxy-terminated poly (dimeth-
ylsiloxane) (PDMS) was purchased from United Chemical
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Technologies, Inc. (Bristol, Pa.). HPL.C-grade solvents (ac-
etonitrile, methylene chloride, and methanol) were purchased
from Fisher Scientific (Pittsburgh, Pa.).

3. Preparation of the Sol Solution

The sol solution was prepared by thoroughly vortexing the
following reagents in a 2-mL polypropylene centrifuge tube:
a sol-gel-active organic component (hydroxy-terminated
PDMS, 50 mg), a sol-gel precursor (titanium (IV) isopro-
poxide, 50 ul), two solvents (methylene chloride and 1-bu-
tanol, 200 ul. each), a mixture of two surface deactivation
reagents (HMDS, 8 pl. and PMHS, 2 uL), and a sol-gel
chelating agent (27% TFA in H20, 18 puL.). The content of the
tube was then centrifuged for 5 min (at 13,000 rpm; 15,682 g).
Finally the top clear solution was transferred to another clean
vial by decantation, and was further used for coating the fused
silica microextraction capillary.

4. Preparation of Sol-gel TiO2-PDMS Coated Microextra-
cion Capillaries

A 1-m long hydrothermally treated fused silica capillary
(250- or 320 um i.d.) was installed on an in-house built gas
pressure-operated capillary filling/purging device, and the
capillary was filled with the prepared sol solution under 10 psi
helium pressure. After filling, the sol solution was kept inside
the capillary for 15 min to facilitate the creation of a surface-
bonded coating due to sol-gel reactions taking place in the
coating solution inside the capillary. Following this, the
unbonded portion of the sol solution was expelled from the
capillary under helium pressure (20 psi), and the capillary
was further purged with helium for 30 min. The coated cap-
illary was then conditioned in a GC oven by programming the
temperature from 40° C. to 320° C. at 1 (C/min under helium
purge. The capillary was held at 320° C. for 180 min. Finally,
the capillary was cooled down to room temperature 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.

5. Capillary Microextraction (CME) and On-line CME-
HPLC Analysis

A schematic of the CME-HPLC setup for on-line capillary
microextraction and HPL.C analysis is presented in FIG. 1. An
ODS column (25 cmx4.6 mm i.d., 5 um dp) was previously
installed in the HPLC system and pre-equilibrated with the
mobile phase consisting of a mixture of acetonitrile and water
(80:20, v/v). A 40-cm segment of the sol-gel TiO2-PDMS
coated microextraction capillary was mounted on the injec-
tion port as an external sampling loop. Analytes were precon-
centrated in the sol-gel TiO2-PDMS coating by passing the
aqueous sample from a gravity-fed dispenser 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 the sampling
loop were then transferred into the HPL.C column by desorb-
ing with 100% acetonitrile for 30 seconds. This was accom-
plished by simply switching the injection valve from the
“load” to “inject” position. The injected analytes were then
separated on the ODS column under gradient elution condi-
tions by programming acetonitrile composition in the organo-
aqueous mobile phase from 80% (v/v) to 100% in 15 min.

6. Treatment of Coated Capillaries With 0.1 M NaOH
Solution

A 40-cm segment of the sol-gel TiO2-PDMS coated cap-
illary was directly installed on the gravity-fed sample dis-
penser, and continuously rinsed with 0.1 M NaOH solution
(pH=13) for 12 hours. The capillary was then flushed out with
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deionized water for 30 minutes, and mounted back on the
HPLC injection port. The target analytes (PAHs) were
extracted on-line for 40 min, followed by their HPL.C analysis
as described in 2.5.

Using the same procedure a 40-cm segment of the com-
mercial GC capillary (DB-5) was treated with a 0.1 M NaOH
solution. CME performances of the used capillaries were
evaluated both before and after the alkaline treatment to
explore pH stability of the used coatings.

7. Safety Precautions

The presented work involved the use of various chemicals
(organic and inorganic) and solvent that might be environ-
mentally hazardous with adverse health effects. Proper safety
measures should be taken in handling strong bases 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.
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What is claimed is:

1. A microextraction capillary for the preconcentration of
trace analytes in a sample, the microextraction capillary hav-
ing a tube structure and an inner surface, the inner surface
further comprising a hybrid organic-inorganic sol-gel titania-
based coating made from two or more sol-gel precursors,
wherein the sol-gel titania-based coating forms the stationary
phase for the microextraction of the analytes and wherein the
sol-gel titania-based coating is chemically bonded to the
fused-silica inner surface of the capillary.

2. The microextraction capillary of claim 1 wherein a first
of'the two or more sol-gel precursors is titanium (IV) isopro-
poxide.

3. The microextraction capillary of claim 1 wherein a sec-
ond of the two or more sol-gel precursors is polydimethylsi-
loxane (PDMS).

4. The microextraction capillary of claim 1 having an outer
surface, the outer surface comprising a protective coating to
prevent against breakage of the capillary.

5. The microextraction capillary of claim 1 wherein the
sol-gel titania-based coating possesses enhanced pH stability
relative to a silica-based coating and retains extraction per-
formance after prolonged treatment with a NaOH solution.

6. The microextraction capillary of claim 1 wherein the
sol-gel titania-based coating is at least about 0.25 um in
thickness.

7. The microextraction capillary according to claim 1,
wherein the sot-gel titania-based coating comprises TiO, and
PDMS.
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On the Title Page:

The first or sole Notice should read --

Subject to any disclaimer, the term of this patent is extended or adjusted under 35 U.S.C. 154(b)
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