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Abstract

A novel zirconia-based hybrid organic—inorganic sol-gel coating was developed for capillary microextraction (CME) (in-tube SPME). High
degree of chemical inertness inherent in zirconia makes it very difficult to covalently bind a suitable organic ligand to its surface. In the present
work, this problem was addressed from a sol-gel chemistry point of view. Principles of sol-gel chemistry were employed to chemically bind
a hydroxy-terminated silicone polymer (polydimethyldiphenylsiloxane, PDMDPS) to a sol—gel zirconia network in the course of its evolution
from a highly reactive alkoxide precursor undergoing controlled hydrolytic polycondensation reactions. A fused silica capillary was filled
with a properly designed sol solution to allow for the sol-gel reactions to take place within the capillary for a predetermined period of time
(typically 15-30 min). In the course of this process, a layer of the evolving hybrid organic—inorganic sol-gel polymer got chemically anchored
to the silanol groups on the capillary inner walls via condensation reaction. At the end of this in-capillary residence time, the unbonded part
of the sol solution was expelled from the capillary under helium pressure, leaving behind a chemically bonded sol—-gel zirconia-PDMDPS
coating on the inner walls. Polycyclic aromatic hydrocarbons, ketones, and aldehydes were efficiently extracted and preconcentrated from
dilute aqueous samples using sol—gel zirconia-PDMDPS coated capillaries followed by thermal desorption and GC analysis of the extracted
solutes. The newly developed sol—gel hybrid zirconia coatings demonstrated excellent pH stability, and retained the extraction characteristics
intact even after continuous rinsing with a 0.1 M NaOH solution for 24 h. To our knowledge, this is the first report on the use of a sol-gel
zirconia-based hybrid organic—inorganic coating as an extraction medium in solid phase microextraction (SPME).
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction In SPME, a sorptive coating (either on the outer surface
of a fused silica fiber or on the inner surface of a fused sil-
Solid phase microextraction (SPME) was developed in ica capillary) serves as the extraction medium in which the
1989 by Belardi and Pawliszyi] to facilitate rapid sample  analytes get preferentially sorbed and preconcentrated. Poly-
preparation for both laboratory and field analyses. It provided meric surface coatings are predominantly used in conven-
a simple and efficient solvent-free method for the extraction tional fiber-based SPMHE—4] as well as in the more recently
and preconcentration of analytes from various sample matri- materialized in-tube SPM5-8] also referred to as capil-
ces. lary microextraction (CMEJ9]. A number of new polymeric
coatings have recently been develofj#d]. Besides poly-
meric coatings, SPME fibers have also been prepared by us-
ing nonpolymeric materiald 1] or by gluing reversed-phase
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onto SPME fiber surfacfl2]. The sorbent coating plays a reported by Malik and co-workef®]. In this format, also
fundamentally important role in the SPME analysis, and fur- known to as in-tube SPME, sample extraction was accom-
ther development and growth of SPME will greatly depend plished using a sol—gel coating created on the inner surface
on new breakthroughs in the areas of sorbent developmentof a fused silica capillary.
and coating technologi 3]. The sol-gel microextraction sorbents reported to date
Sol—gel chemistry offers an effective methodology for the are predominantly silica-based. In spite of many attractive
synthesis of macromolecular materials under extraordinarily material properties (e.g., mechanical strength, surface
mild thermal conditions (typically at room temperature). The characteristics, catalytic inertness, surface derivatization
room temperature operation, inherent in sol-gel chemistry, possibilities, etc.), silica-based materials have some inherent
facilitates the material synthesis process by easing theshortcomings. The main drawback of silica-based sorbents
operational requirements on equipment specification andis the narrow range of pH stability. Under extreme pH condi-
laboratory safety. This greatly simplifies the job to carry out tions, silica-based materials become chemically unstable, and
and/or control sol-gel reactions within small-diameter fused their sorptive properties may be compromised. For example,
silica capillaries. The sol-gel approach provides a facile silica dissolves under alkaline conditions, and their dissolu-
mechanism to chemically bind an in situ created sol—gel tion process starts at a pH value of abo{88]. Under highly
coating to the inner walls of the capillary made out of an acidic pH conditions, silica-based bonded phases become
appropriate sol-gel-active material. Thanks to this chemical hydrolytically unstablg32]. Therefore, developing sorbents
bonding, sol-gel coatings possess significantly higher with a wide range of pH stability is an important research
thermal and solvent stabilitig$4] compared with their con-  area in contemporary separation and sample preparation
ventional counterparts. The sol-gel approach can be appliedechnologies. Transition metal oxides (zirconia, titania, etc.)
to create silica-based as well as the newly emerging transitionare well known for their pH stability33], and appear to be
metal oxide-based sorbents. Furthermore, sol-gel chemistrylogical candidates for exploration to overcome the above-
provides an opportunity to create advanced material systemamentioned drawbacks inherent in silica-based materials.
to achieve enhanced performance and selectivity in analytical ~ Zirconia possesses much better alkali resistance than other
separations and sample preconcentratiénl15]. metal oxides, such as alumina, silica, and titania. It is practi-
Sol—gel organic—inorganic hybrid materials provide desir- cally insoluble within a wide pH range (1-186-39] Zir-
able sorptive properties that are difficult to achieve by using conia also shows outstanding resistance to dissolution at high
either purely organic or purely inorganic materials. Because temperaturef10,41] Besides the extraordinary pH stability,
of this unique opportunity to achieve enhanced selectivity, excellent chemical inertness and high mechanical strength
hybrid sol-gel materials have created a great deal of interestare two other attractive features that add value to zirconia for
in the field of microcolumn separations and sample prepara-being used as a support material in chromatogrgp#land
tion. In the recent past, silica-based organic—inorganic hybrid membrane-based separati¢ds].
stationary phases have been developed in the form of surface Extensive research work has been done on zirconia
coatingg16—18]and monolithic bedgl9]. In 1993, Dabrio particles and their surface modifications for use as HPLC
and co-worker$20] developed a procedure for the prepara- stationary phasept2,43] A number of reports have also
tion of a thin layer of silica gel with chemically bonded4C recently appeared in the literature on the use of zirconia-
moieties on the inner walls of fused-silica capillaries for use modified fused silica capillaries in capillary electrophoresis
as open tubular columns in reversed-phase high-performancgCE) [44—-48] However, the excessive chemical inertness
liquid chromatography. Colon and Gual] used sol-gel  of zirconia particles remains a difficult hurdle to creating
technology to prepare stationary phase coatings for open-surface-bonded stationary phases.
tubular liquid chromatography and electrochromatography.  We approached this problem from a sol-gel chemistry
Malik and co-workers introduced sol-gel coated columns pointofview. We took into consideration the fact that contrary
for capillary GC[22] and sol—gel coated fibers for solid- to the high inertness of zirconia particles that have already
phase microextractiofiL3,23] Subsequently, other groups beenformed and attained highly stable structural characteris-
also got involved in sol-gel research aiming at developing tics, zirconium alkoxides are highly reactive sol—gel precur-
novel sorbents for solid-phase microextractjgn—28]and sors for zirconia. By using appropriate conditions, it should
solid-phase extractiof29,30] Compared with conventional be possible to utilize the reactivity of such zirconia pre-
fibers, sol-gel SPME fibers demonstrated superior perfor- cursors to create organic—inorganic zirconia materials with
mance by exhibiting high thermal stability (up to 38D) covalently bonded organic ligands. In this paper, we report
[24] and solvent stabilityf25]. This enhanced stability of  the preparation of zirconia-based hybrid organic—inorganic
sol—gel coated fibers is attributed to the chemical bonding sol—gel sorbents from a highly reactive precursor, zirconium
between the sol—gel coating and the fiber surface. Comparedoutoxide, and a sol—gel-active organic polymer (hydroxy-
with the conventionally prepared fibers, in many instances, terminated PDMDPS). The covalent bonding of the organic
sol-gel SPME fibers showed better selectivity and extraction ligand to the sol-gel zirconia network structure was accom-
sensitivity,[26] less extraction timg27] and extended life-  plished via condensation reaction in the course of controlled
time [26]. Recently, sol-gel capillary microextraction was hydrolytic polycondensation reactions taking place in the sol
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solution. Here, we demonstrate the outstanding performance
of the in situ created sol-gel zirconia-PDMDPS coating in
capillary microextraction in hyphenation with open-tubular
gas chromatography (CME-GC).

LB

Screw cap

Deactivated glass

2. Experimental
column

2.1. Equipment Acrylic Jacket
All CME-GC experiments were performed on a Shi-
madzu Model 14A capillary GC system equipped with a
flame ionization detector (FID) and a split-splitless injec-
tor. On-line data collection and processing were done us-
ing ChromPerfect (version 3.5) computer software (Justice
Laboratory Software, Denville, NJ). A Fisher Model G-560
Vortex Genie 2 system (Fisher Scientific, Pittsburgh, PA)
was used for thorough mixing of various sol solution ingre-
dients. A Microcentaur model APO 5760 microcentrifuge
(Accurate Chemical and Scientific Corp., Westbury, NY)
was used to separate the sol solution from the precipitate
(if any) at 13,000 rpm (15,68 g). A Nicolet model Avatar Peek Tubing
320 FTIR instrument (Thermo Nicolet, Madison, WI) was
used to acquire infrared spectra of the prepared sol-gel ma-
terials. A Barnstead Model 04741 Nanopure deionized water
system (Barnstead/Thermodyne, Dubuque, 1A) was used to
obtain ~16.0 MQ2 water. Stainless steel mini-unions (SGE
Inc., Austin, TX) were used to connect the fused silica capil- (with 2—3% and 14—-18% contents of the diphenyl-containing
lary GC column with the microextraction capillary, also made component) were purchased from United Chemical Tech-
of fused silica. Anin-house-designed liquid sample dispenser nologies Inc. (Bristol, PA).
(Fig. 1) was used to facilitate gravity-fed flow of the aque-
ous sample through the sol-gel microextraction capillary. A 5 3. Preparation of sol-gel zirconia-PDMDPS coating
homebuilt, gas pressure-operated capillary filling/purging de-
vice [49] was used to perform a number of operations: (@) A carefully designed sol solution was used to create
rinse the fused silica capillary with solvents; (b) fill the ex- e coating. The key ingredients of the sol solution used
traction capillary with the sol solution; (c) expel the sol solu- 5.4 jisted inTable 1 The sol solution was prepared in a
tion from the capillary at the end of sol—gel coating process; ¢|ean polypropylene centrifuge tube by dissolving the fol-
and (d) purge the capillary with helium after treatments like lowing ingredients in mixed solvent system consisting of

Sample containing the
analytes of interest
at room temperature

Screw cap
polypropylene ferrule

connecting plastic nut

Fused silica
extraction capallary

Fig. 1. Gravity-fed extraction system for capillary microextraction.

rinsing, coating, and sample extraction. methylene chloride and butanol (2p0Q each): 10-1%L
of zirconium(lV) butoxide (80% solution in 1-butanol),
2.2. Chemicals and materials 85 mg of silanol-terminated poly(dimethyldiphenylsiloxane)

copolymer, 70 mg of poly(methylhydrosiloxane), 1D of

Fused-silica capillary (320 and 2p®n, i.d.) with 1,1,1,3,3,3-hexamethyldisilazane, and a+4 of glacial
a protective polyimide coating was purchased from acetic acid. The dissolution process was aided by thor-
Polymicro Technologies Inc. (Phoenix, AZ). Naphtha- ough vortexing. The sol solution was then centrifuged at
lene and HPLC-grade solvents (methylene chloride, 13,000 rpm (15,682 g) to remove the precipitate (if any).
methanol) were purchased from Fisher Scientific (Pitts- The top clear sol solution was transferred to a clean vial
burgh, PA). Hexamethyldisilazane (HMDS), poly (methyl- and was further used in the coating process. A hydrother-
hydrosiloxane) (PMHS), ketones (valerophenone, hex- mally treated fused silica capillary (2 m) was filled with the
anophenone, heptanophenone, and decanophenone), aldelear sol solution, using pressurized helium (50 psi) in the fill-
hydes (nonylaldehyden-decylaldehyde, undecylic alde- ing/purging devicg49]. The sol solution was allowed to stay
hyde, and dodecanal), polycyclic aromatic hydrocarbons inside the capillary for a controlled period of time (typically
(PAHs) (naphthalene, acenaphthene, fluorene, phenan-15-30min) to facilitate the formation of a sol—gel coating,
threne, pyrene, and naphthacene), were purchased fromand its chemical bonding to the capillary inner walls. After
Aldrich (Milwaukee, WI). Two types of silanol-terminated that, the free portion of the solution was expelled from the
poly(dimethyldiphenylsiloxane) (PDMDPS) copolymers capillary, leaving behind a surface-bonded sol—gel coating



Table 1

K. Alhooshani et al. / J. Chromatogr. A 1062 (2005) 1-14

Names, and chemical structure of the coating solution ingredients for sol-gel capillary

Ingredient Function

Chemical structure

Zirconium(IV) butoxide

Silanol-terminated poly (dimethyldiphenylsiloxane)

Methylene chloride Solvent

Acetic acid

Poly(methylhydrosiloxane)

1,1,1,3,3,3-Hexamethyldisilazane

Sol—-gel precursor

Sol—-gel-active organic component

Chelating reagent

Deactivating reagent

Deactivating reagent

OCH,CH,CH,CHj,

CH;CH,CH,CH,0—Zr—OCH,CH,CH,CH,

OCH,CH,CH,CH;
CTI3 ?Hg,
HO—PSi—O]‘Si—O-LSi—O]'H
| x| y
CH;3 CH;3
G,
GBOOH
o g S O
H3C‘—Si-O{Si-O}—(Si-O%Si—CH‘«,
| [ /m\| n
CH; CH; H CH;
neg
H3C—S|i—N—SIi—CH3
H;C H CH;

within the capillary. The sol-gel coating was then dried by
purging with helium. The coated capillary was further con-
ditioned by temperature programming from 40 to 180at
1°C/min and held at 150C for 300 min. Following this, the
conditioning temperature was raised from 150 to 32Gt
1°C/min and held at 320C for 120 min. The extraction cap-
illary was further cleaned by rinsing with 3 mL of methylene
chloride and conditioned again from 40 to 3ZDat 4°C/min.
While conditioning, the capillary was constantly purged with
helium at 1 mL/min. The conditioned capillary was then cut
into 10 cm long pieces that were further used to perform cap-
illary microextraction.

2.4. Preparation of the samples

by overnight heating at 10@. The column was then cooled
to ambient temperature, thoroughly rinsed with methanol and
liberal amounts of deionized water, and dried in a helium
flow. The entire Chromaflex AQ column was subsequently
reassembled.

2.6. Sol—gel capillary microextraction-GC analysis

To perform capillary microextraction, a previously con-
ditioned sol—gel zirconia-PDMDPS coated microextraction
capillary (10 cmx 320pm i.d. or 10 cmx 250pm i.d.) was
vertically connected to the bottom end of the empty sam-
ple dispenserKig. 1). The aqueous sample (50 mL) was
then placed in the dispenser from the top, and allowed to
flow through the microextraction capillary under gravity.

PAHs, ketones, and aldehydes were dissolved in methanolWhile passing through the extraction capillary, the analyte

or tetrahydrofuran to prepare 0.1mg/L stock solutions in mMolecules were sorbed by the sol-gel zirconia-PDMDPS
silanized glass vials. For extraction, fresh samples with ppb coating residing on the inner walls of the capillary. The sam-

level concentrations were prepared by diluting the stock so- ple flow through the capillary was allowed to continue for
lutions with deionized water. 30-40 minfor an extraction equilibrium to be established. Af-

ter this, the microextraction capillary was purged with helium
at 25 kPafor 1 min and connected to the top end of a vertically
placed two-way mini-union connecting the microextraction
capillary with the inlet end of the GC column. Approximately,
The gravity-fed sample dispenser for capillary microex- 6.5mm of the extraction capillary remained tightly inserted
traction Fig. 1) was constructed by in-house modification of into the connector, as did the same length of GC column
a Chromaflex AQ column (Kontes Glass Co., Vineland, NJ) from the opposite side of the mini-union facing each other
consisting of a thick-walled glass cylinder coaxially placed within the connector. The installation of the capillary was
inside an acrylic jacket. The inner surface of the thick-walled completed by providing a leak-free connection at the bottom
cylindrical glass column was deactivated by treating with a end of the GC injection port so that top 9 cm of the extraction
5% (v/v) solution of HMDS in methylene chloride followed capillary remained inside the injection port. The extracted

2.5. Gravity-fed sample dispenser for capillary
microextraction
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analytes were then thermally desorbed from the capillary by used as a sol-gel precursor and served as a source for
rapidly raising the temperature of the injector (up to 3G0 the inorganic component of the sol-gel organic—inorganic
starting from 30°C). The desorption was performed over a hybrid coating.
8.2 min period in the splitless mode allowing the released an-  The sol—gel Zirconia-PDMDPS coating presented here
alytes to be swept over by the carrier gas into the GC columnwas generated via two major reactions: (1) hydrolysis of a
held at 30°C during the entire desorption process. Such a sol—gel precursor, zirconium(lV) butoxide; and (2) polycon-
low column temperature facilitated effective solute focusing densation of the precursor and it hydrolysis products between
at the column inlet. Following this, the column temperature themselves and with other sol-gel-active ingredients in the
was programmed from 30 to 32Q at rate of 20C/min. The coating solution, including silanol-terminated PDMDPS. The
split vent remained closed throughout the entire chromato- hydrolysis of the zirconium(IV) butoxide precursor is repre-
graphic run. Analyte detection was performed using a flame sented byScheme 1 [5Q]
ionization detector (FID) maintained at 350. Condensation of the sol-gel polymer growing in close
vicinity of the capillary walls with silanol group on the cap-
illary surface led to the formation of an organic—inorganic

3. Result and discussion coating chemically anchored to the capillary inner walls
(Scheme 2A
Capillary microextractiof9] uses a sorbent coating on A major obstacle to preparing zirconia-based sol-gel ma-

the inner surface of a capillary, and thereby overcomes aterials using zirconium alkoxide precursors (e.g., zirconium
number of deficiencies inherent in conventional fiber-based butoxide) is the very rapid sol-gel reaction rates for these pre-
SPME such as susceptibility of the sorbent coating to cursors. Even if the solution of zirconium alkoxide is stirred
mechanical damage due to scraping during operation, fibervigorously, the rates of these reactions are so high that large
breakage, and possible sample contamination. In CME, agglomerated zirconia particles precipitate out immediately
the sorbent coating is protected by the fused silica tubing when water is addefb1]. Such fast precipitation makes it
against mechanical damage. The capillary format of SPME difficult to reproducibly prepare zirconia sol-gel materials.
also provides operational flexibility and convenience during Ganguliand Kund{62] addressed the fast precipitation prob-
the microextraction process since the protective polyimide lem by dissolving zirconium propoxide in a non-polar dry
coating on the outer surface of fused silica capillary remains solvent like cyclohexane. The hydrolysis was performed by
intact. Inner surface-coated capillaries provide a simple exposing the coatings prepared from the solution to atmo-
way to perform extraction in conjunction with a gravity-fed spheric moisture. Heating to 45G was necessary to obtain
sample dispenserF{g. 1), and thus avoid typical draw- transparent films. The hydrolysis rates of zirconium alkox-
backs of fiber-based SPME, including the need for sample ides can also be controlled by chelating with ligand-exchange
agitation during extraction as well as the sample loss and reagents. Acetic acifb3,54], valeric acid[55], B-diketones
contamination problems associated with this. [56-58] triethanolaming59], and 1, 5-diaminopentari&6]

The sol-gel process is a straightforward route to obtaining have been used as chelating reagents for zirconia sol-gel re-
homogeneous gels of desired compositions. In recent years, iactions. In general, chelation occurs when the added reagent
has received increased attention in analytical separations andeplaces one or more alkoxy groups forming a strong bond.
sample preparations due to its outstanding versatility and ex-The formation of this bond reduces the hydrolysis rate by
cellent control over properties of the created sol-gel materials decreasing the number of available alkoxy grofty.
that proved to be promising for use as stationary phases and In the present work, we controlled the hydrolysis rate
extraction media. of zirconium butoxide by using glacial acetic acfél]

A general procedure for the creation of sol—gel stationary as a chelating agent as well as a source of water released
phase coating on the inner walls of fused silica capillary slowly through the esterification with 1-butanf82,63]

GC columns was first described by Malik and co-workers Two Silanol-terminated poly (dimethyldiphenylsiloxane)
[22]. In the present work, a judiciously designed sol solution copolymers (with 2-3% and 14-18% diphenyl-containing
ingredients Table 1) was used to create the sol-gel zirconia- blocks) were used as sol-gel-active organic components to
PDMDPS coating on the fused silica capillary inner surface. be chemically incorporated in the sol-gel network through
Zirconium(lV) butoxide (80% solution in 1-butanol) was polycondensation reactions with the zirconium butoxide

OCH,CH,CH,CH,
HaCH,CH,CH,CO—2Zr —OCH,CH,CHCH;  + 4H,0 —» (C4H90)K2r—(OH)n+ NCyH 400
OCH,CH,CH,CH,4

where : n =0,1,2,3,0r 4
Zirconium (IV) butoxide Tetrahydroxyzirconia

Scheme 1. Hydrolysis of zirconium(IV) butoxide precursor.



6 K. Alhooshani et al. / J. Chromatogr. A 1062 (2005) 1-14

HyC CHy
HyC-Si—N—Si—CH,

HiC H CH,

+

CH; CHy CH, C
CHe—Si o{—|9'o Sro—si

— ol I [
* [
CH, CH; H C

6 (A)
7\5;.-0H

|

o

)

N

/ 5

—Si |
|-——0—§-o--- ! !
A
—S;—O—ZJr———O—%r{O—Tr
SRR

,  HiC CHj
('5 ;Si/ I
\ o \CH3 —=
nd O
(]
é o
| |
—]5'\ HaC\Si CHs HiC—5—CHy
o o
VAR I
_T, | CHy—&5—CHy
-"0—N—O0--- | i —
o b6 e I
78&0—2;0—%‘(0—& O-—er*O*"
| | | n |
o o o ol" o

Scheme 2. Deactivation and shielding of sol-gel zirconia-PDMDPS coated surface using PMHS and HMDS.

precursor and its hydrolysis products. An IR spectrum of

This advantageous chemical incorporation of an organic

the pure co-polymers (the one with 2—3% phenyl-containing component into the sol-gel network is responsible for the

block) is presented ifrig. 2A where a small stretching at

3068 cnt! indicates the presence of phenyl groups.
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Fig. 2. IR spectra representing: (A) pure silanol-terminated PDMDPS
copolymer with 2-3% diphenyl-containing component; and (B) sol—gel
zirconia-PDMDPS material prepared using PDMDPS copolymer with

14-18% diphenyl-containing component.

formation of an organic—inorganic hybrid material system
that can be conveniently used for in situ creation of surface
coating on a substrate like the inner walls of a fused sil-
ica capillary. Besides, the organic groups help to reduce the
shrinkage and cracking of the sol-gel coatjfd,65] Fur-
thermore, sol—gel process can be used to control the porosity
and thickness of the coating and to improve its mechanical
propertieg66]. Poly (methylhydrosiloxane) and 1,1,1,3,3,3-
hexamethyldisilazane that were used in the sol solution,
served as deactivation reagents to perform chemical derivati-
zation of the strongly adsorptive residual hydroxyl groups on
the resulting sol—-gel material. The purpose of these reactions
was to minimize the strong adsorptive interactions between
polar solutes and the sol-gel sorbent that may lead to sample
loss, peak tailing, sample carry-over and other deleterious
effects. In the presented method for the preparation of the
sol—gel zirconia coated microextraction capillary, the deacti-
vation reactions were designed to take place mainly during
thermal conditioning of the capillary following the sol—gel
coating procedure.

Hydrolytic polycondensation reactions for sol—-gel-active
reagents are well established in sol—-gel chemifgi-70]
and constitute the fundamental mechanism in sol—gel synthe-
sis. The condensation between sol—gel-active zirconia and sil-
icon compounds s also well documenf{@ti—73] According
to published literature datf4,75]the characteristic IR band
for Zr-O-Sibonds s located in the vicinity of 945-980th
Fig. 2B shows an IR spectrum of sol—gel zirconia PDMDPS
material prepared by using a PDMDPS polymer containing
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Glass/Sol-gel coating interface

Magnification: 10,000

Coating thickness

fication: 1000

Sol-gel zirconia-PDMDPS
coating

I§ 102 3430 001000V

103 3430 00OO01.0U

(A) Cross-sectional veiew (1000x) (B) Coating thickness (10,000x)

Fig. 3. Scanning electron microscopic images of a 0.32 mm i.d. Sol-gel zirconia-PDMDPS coated microextraction capillary. (A) lllustrategionags-se
view (1000« ) of roughened surface obtained by sol-gel coating process. (B) lllustrates the coating thickness«(10,000

approximately eight time higher amounts of the phenyl group distortion and tailing. Therefore, appropriate measures need
than that presented ig. 2A. The presence of the stretching to be taken to deactivate these adsorptive sites. This may be
at 954 cnt! indicates to the presence of Zr—O-Si bonds in accomplished by chemically reacting the hydroxyl groups
the prepared sol—-gel mater[aH]. with suitable derivatization reagents. Like silica-based
Metal-bound hydroxyl groups on the created sol-gel sol-gel coatings, the surface hydroxyl groups of sol—gel
coating represent strong adsorptive sites for polar solutes.zirconia coating can be derivatized using reactive silicon
In the context of analytical microextraxtion or separation, hydride compounds such as alkyl hydrosilafi#s,77] and
presence of such groups is undesirable, and may lead to dnhexamethyldisilazang’8]. In this work, we used a mixture
number of deleterious effects including sample loss, repro- of polymethylhydrosiloxane and hexamethyldisilazane
ducibility problems, sample carryover problems, and peak for this purpose: the underlying chemical reactions are

Table 2
Peak area and retention time repeatability data for PAHs, aldehydes, and ketones extracted from aqueous samples using four replicate mg&dEe@eénts b

using sol—gel zirconia-PDMDPS

Analyte Peak area repeatability£ 4) tr Repeatability 6= 4) Detection limit
Chemical class Name Mean peak area (aribitary unit) R.S.D. (%) Ne@min) R.S.D. (%) (ng/mL)
PAHs Naphthalene 11692.42 7.25 15.32 0.11 0.57
Acenaphthene 23560.38 4.58 17.12 0.05 0.16
Fluorene 30970.30 245 17.73 0.12 0.09
Phenanthrene 09010.92 3.46 18.76 0.10 0.06
Pyrene 55005.40 2.78 20.22 0.22 0.03
Naphthacene 22378.12 5.42 21.44 0.14 0.05
Aldehyde 1-Nonanal 15910.25 1.29 15.27 0.03 0.33
1-Decanal 22908.98 5.45 15.94 0.16 0.08
Undecanal 30413.15 5.08 16.61 0.10 0.10
Dodecanal 32182.70 3.72 17.22 0.11 0.05
Ketones Valerophenone 03712.88 3.10 16.79 0.06 0.92
Hexanophenone 13780.88 1.24 17.40 0.07 0.33
Heptanophenone 47398.87 1.24 18.19 0.27 0.08
Decanophenone 83156.67 2.20 19.44 0.11 0.02

Trans-chalcone 06546.25 5.57 19.82 0.03 0.57
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Fig. 4. CME-GC analysis of PAHs using a sol-gel zirconia-PDMDPS coated

extraction capillary. Extraction parameters: 10r@.32 mm i.d. microex- Fig. 5. CME-GC analysis of aldehydes using a sol-gel zirconia-PDMDPS
traction capillary; extraction time, 30 min (gravity fed at room temperature).  coated extraction capillary. Extraction parameters: 16«32 mm i.d. mi-
Other conditions: 10 0.25 mm i.d. Sol-gel PDMS GC column; splitless  ¢rpextraction capillary; extraction time, 40 min (gravity fed at room temper-
desorption; injector temperature rose from 30 to 3D0column tempera- ature). Other conditions: 10 m0.25mm i.d. Sol-gel GC PDMS column;
ture program from 30 to 30QC at rate of 20 C/min; helium carrier gas: FID splitless desorption; injector temperature rose from 30 to°80@olumn
350°C. Peaks: (1) naphthalene; (2) acenaphthene; (3) fluorene; (4) phenantemperature program from 30 to 300 at rate of 20C/min; helium car-
threne; (5) pyrene; and (6) naphthacene. rier gas: FID 350C. Peaks: (1) nonylaldehyde; (&)decylaldehyde; (3)

. . undecylic aldehyde; and (4) dodecanal.
schematically represented 8cheme 2A and B illustrate Y Y )

the chemical structure of the sol—gel zirconia surface coating Walls of a fused silica capillaryrig. 3 represents scanning

before and after deactivation respectively). electron microscopic images of a sol-gel Zirconia-PDMDPS
One of the mostimportant undertakings in CME is the cre- coated fused silica capillary prepared in the present work.

ation of a stable, surface-bonded sorbent coating on the innerThe SEM images A and B were obtained at a magnification

Table 3
Capillary-to-capillary and run-to-run peak area repeatability for mixture of PAHs, aldehydes, and ketones in four replicate measurements@ySIME-G
sol—gel zirconia-PDMDPS coated extraction capillaries

Name of the analyte Peak area repeatabitity 4)

Capillary-to-capillary Run-to-run

Mean peak area (aribitary unit) R.S.D. (%) Mean peak area (aribitary unit) R.S.D. (%)
Undecanal 47940.9 4.60 60364.2 4.03
Hexanophenone 27538.4 1.61 25055.5 2.13
Fluorene 53250.7 5.40 59485.7 2.14

Phenanthrene 51399.9 491 54867.9 2.84




K. Alhooshani et al. / J. Chromatogr. A 1062 (2005) 1-14 9

14 =

13 —

1 —

mV

Minute

Fig. 6. CME-GC analysis of ketones using a sol-gel zirconia-PDMDPS coated extraction capillary. Extraction parameter<) B2emm i.d. microextraction
capillary; extraction time, 40 min (gravity fed at room temperature). Other conditions:x10.26 mm i.d. Sol-gel PDMS GC column; splitless desorption;
injector temperature rose from 30 to 3@D: column temperature program from 30 to 3@at rate of 20C/min; helium carrier gas: FID 35@C. Peaks: (1)
valerophenone; (2) hexanophenone; (3) heptanophenone; (4) decanophenone; and (5) trans-chalcone.
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of 1000 and 10,008, respectively. The microstructural de- avoid undesirable adsorption that causes peak tailing. Sol-gel
tails revealed in these images clearly show that the createdzirconia-PDMDPS coated capillary provided highly efficient
sol—gel zirconia coating possesses a porous make-up whichextraction of the aldehydes, and the used sol-gel GC column
substantially differs from that obtained by us for sol—gel ti- provided excellent peak shapes which is also indicative of
tania coating79]. high quality of deactivation in the used sol-gel GC column.
Sol—gel zirconia-PDMDPS-coated capillaries allowed the This also demonstrates effective focusing of the analytes at
extraction of analytes belonging to various chemical classes.the column inlet after their thermal desorption from the mi-
Experimental data highlighting CME-GC analysis of poly- croextraction capillary. For the aldehydes, sol-gel CME-GC
cyclic aromatic hydrocarbons using a sol-gel zirconia- with the zirconia-PDMDPS coated capillary provided excel-

PDMDPS coated capillary is shown fiig. 4. lent repeatability in peak area (R.S.D.<5%) and retention
CME-GC experiments were performed on an aqueous time (R.S.D. <0.16%).
sample with low ppb level analyte concentrations. Experi-  Fig. 6 shows a gas chromatogram illustrating CME-GC

mental data presented Table 2shows that CME-GC with  analysis of several ketones extracted from an aqueous sam-
a sol—gel zirconia-PDMDPS coating provides excellent run-
to-run repeatability in solute peak areas (3—7%) and the used
sol-gel GC column provided excellent repeatability in reten-
tion times (less than 0.2%). It should be pointed out that the .
column used for GC analyses was also prepared in-house us- o
ing asol-gel method described by usin a previous publication [
[22]. T
The reproducibility of the newly developed method for
the preparation of sol-gel hybrid organic—inorganic zirconia
coated capillaries was evaluated by preparing three sol-gel

1

zirconia PDMDPS-coated capillaries in accordance with the 16 — 2
new procedure and following their performance in CME-GC o '
analysis of different classes of analytes extracted from aque- ’ |

ous samples. The GC peak area obtained for an extracted 14

analyte was used as the criterion for capillary-to-capillary ~

reproducibility which ultimately characterizes the capillary

|
preparation method reproducibility. The results are presented E 12 -
in Table 3For each analyte, four replicate extractions were ] '
made on each capillary and the mean of the four measured T
peak areas was usedTable 3for the purpose of capillary- 10
to-capillary reproducibility. The presented data show that the ] ~ "’1

capillary-to-capillary reproducibility is characterized by an !
RSD value of less than 5.5% for all three classes of com-
pounds used for this evaluation. For a sample preparation .
method, a less than 5.5% R.S.D. is indicative of excellent i~
reproducibility.
Fig. 5illustrates a gas chromatogram of several free alde- T
hydes extracted from an aqueous sample using a sol-gel
zirconia-PDMDPS coated capillary. Here, the concentra-
tions of the used aldehydes were in 80-500ppb range.

The extraction was carried out on a 10&n0.32mm i.d. 2 | J_” ULTUUU
Sol-gel zirconia-PDMDPS coated microextraction capillary T T T T
for 30—40 min. The extraction of the analytes was performed 5 10 15
at room temperature. Aldehydes are known to have toxic and Minutes

carcinogenic properties, and therefore, their presence in theF_  CME-GC analvsis of m - PAHS. aldehvd i _
environment is of great concern because of their adverse ef-"'9: /- CME-GC analysis of mixture of PAHS, aldehydes and ketones using
. . a sol-gel zirconia-PDMDPS coated extraction capillary. Extraction parame-

feCtS. qn pUb_I'C health and vegetati@®]. Aldehydes are ma_' ters: 10 cmx 0.32 mm i.d. microextraction capillary; extraction time, 40 min
jor disinfection by products formed as a result of chemical (gravity fed at room temperature). Other conditions: 1@ ®25mm i.d.
reaction between disinfectant (ozone or chlorine) and organic Sol-gel PDMS GC column; splitless desorption; injector temperature rose
compounds in drinking wat¢81]. Therefore, accurate anal- fff"m 80 to??gﬁf column temperature pmgramgr?m 30to 3?’?“ rate
ysis of trace-level contents of aldehyde in the environment ©f 20°¢/min; hellum carrier gas: FID 3S@. Peaks: (1) napnthalene; (2)

. s .. n-decylaldehyde; (3) undecylic aldehyde; (4) valerophenone; (5) dodecanal;
andin drlnklng water 1S 'mPOTFa'['*?Z]- Aldehydes are polar (6) hexanophenone; (7) fluorene; (8) heptanophenone; (9) phenanthrene;
compounds that are often derivati83] for GC analysis to (10) pyrene; and (11) naphthacene.
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ple. Like aldehydes, there was no need for derivatization of higher affinity toward the non-polar PDMDPS-based sol—gel

the ketones, either during extraction or GC analysis. Sharpzirconia coating than toward water. On the other hand,

and symmetrical GC peaks, evident from the chromatogram, heptanophenone and undecylic aldehyde, being more polar

show the effectiveness of the used CME-GC system, as welland hydrophilic than fluorene showed a slower extraction by

as the practical utility of the mini-union metal connector pro- the coated non-polar sol—gel zirconia-PDMDPS sorbent.

viding leak free connection between the extraction capillary  Sol-gel zirconia-PDMDPS coating showed high pH sta-

andthe GC column. Excellent reproducibility was achievedin bility, and retained excellent performance after rinsing with

CME-GC of ketones using sol—gel zirconia-PDMDPS coated 0.1 M NaOH (pH 13) for 24 h. ChromatogramsHig. %a and

capillary as shown iTfable 2 The peak area RSD% values b show CME-GC analysis of four PAHs beforfed. %a) and

for ketones were less than 5.6% and their retention time re-after (Fig. %) zirconia-PDMDPS extraction capillary was

peatability on used sol-gel PDMS column was characterizedrinsed with 0.1 M NaOH solution.

by R.S.D. values of less than 0.27%. Asis evident frontig. 9, the extraction performance ofthe
Fig. 7 shows a gas chromatogram illustrating CME-GC sol—gel zirconia-PDMDPS capillary remained practically un-

analysis of an aqueous sample containing different classeschanged after rinsing with NaOH as it can be se€Tuible 4

of compounds including PAHSs, aldehydes and ketones, and

shows thatthe sol-gel zirconia-PDMDPS extraction capillary

can provide simultaneous extraction of polar and non-polar

compounds present in the aqueous sample, and demonstrates 10.0 | 7’ 100 o
the advantage over conventional SPME coatings that often ' |
do not allow such effective extraction of both polar and non- - i
polar analyte from the same sample.
In capillary microextraction technique, the amount of 9.0 1 9.0
analyte extracted into the sorbent coating depends not only ] |
on the polarity and thickness of the coated phase, but also on <
the extraction timeig. 8illustrates the kinetic profile for the 8.0 — ol ! 8.0 — ol T
extraction of fluorene (a non-polar analyte), heptanophenone N
and undecylic aldehyde (both are moderately polar analytes) ) - i
on a sol-gel zirconia-PDMDPS-coated microextraction 7.0 — 7.0 — Y
capillary. The CME experiments were carried out using > S
aqueous samples of individual test analytes. The extraction € 7 = 7
equilibrium for fluorene reached in 10 min, which is much 6.0 _J 6.0 —
shorter than extraction equilibrium time for heptanophenone ’
and undecylic aldehyde (both approximately 30 min). This 1 .
is because fluorene exhibits hydrophobic behavior that has 50 5o -
6.00E+04- :gwm‘ .
——undecyfc akdehyde 4.0 — 4.0
E 5.00E+04
= 4 4
=2
E4.00E+04- 3.0 - 50 -
'TE 3.00E+04 . 4
<
§ 2.00E+04 2.0 ~\\MLMUU 2.0 —/\JJLUUL&
—ﬂ_]‘_l—'_ ﬁ—|—'—|—
E 1.00E+04- 0 5 10 o 5 10
e (A) Minute B) Minute
0.00E+00 : . . ;
0 20 40 60 80 Fig.9. CME-GC analysis of PAHs using a sol-gel zirconia-PDMDPS coated
Extraction Time (Min.) microextraction capillary: before (a) and after (b) rinsing the microextrac-

tion capillary with 0.1 M NaOH solution for 24 h. Extraction parameters:

Fig. 8. Extraction kinetics of aqueous undecylic aldehyde, heptanophenone,10 cmx 0.25 mm i.d. microextraction capillary; coating thickness 0.3 mm,
and fluorene on a sol-gel zirconia-PDMDPS microextraction coated capil- extraction time, 30 min (gravity fed at room temperature). Other conditions:
lary. Extraction parameters: 10 cr0.32 mm i.d. microextraction capillary; ~ 10mx 0.25mm i.d. Sol-gel GC PDMS column; splitless desorption; injec-
Other conditions: 10 nx 0.25 mm i.d. Sol-gel GC PDMS column; splitless ~ tor temperature rose from 30 to 300: column temperature program from
desorption; injector temperature from 30 to 3@ column temperature 3010 280°C atrate of 20C/min then from 280 to 300C at rate of 2C/min;
program from 30 to 300C at rate of 20C/min; helium carrier gas: FID helium carrier gas: FID 35TC. Peaks: (1) acenaphthene; (2) fluorene; (3)
350°C. phenanthrene; and (4) pyrene.



12

Table 4

K. Alhooshani et al. / J. Chromatogr. A 1062 (2005) 1-14

Peak area repeatability data for ppb level concentrations of PAHs before and after extraction capillary treated with 0.1 M NaOH

Name of the
analyte

Peak area repeatability

before rinsing with

0.1 M NaOH

Mean peak aref; (aribitary unit)

Peak area repeatability

after rinsing with 0.1 M

NaOH

Mean peak are® (aribitary unit)

Relative change in peak area
[(A2~Aq)/A| x 100 (%)

30380.91
35425.63

47547.31
33884.61

Acenaphthene
Fluorene
Phenanthrene
Pyrene

29432.76
33428.86

46525.33
35636.56

3.12
5.64

2.15
5.17

1o-

18 —
16 — 16—
14 — 14—
12 —

12 —

10 — 10—

mV
mV

L

1 | 1 | I
5
Minute

(A) (B)

Minute

Fig. 10. CME-GC analysis of PAHs using a commercial coated capillary
with 0.25mm coating thickness: before (a) and after (b) rinsing the mi-
croextraction capillary with 0.1 M NaOH solution for 24 h. Extraction pa-
rameters: 10 crx 0.25 mm i.d. microextraction capillary; extraction time,
30 min (gravity fed at room temperature). Other conditions: 20 @25 mm

i.d. Sol-gel GC PDMS column; splitless desorption; injector temperature
rose from 30 to 300C: column temperature program from 30 to 280at

rate of 20°C/min then from 280 to 300C at rate of 2 C/min; helium carrier

gas: FID 350C. Peaks: (1) acenaphthene; (2) fluorene; (3) phenanthrene;
and (4) pyrene.

For comparison, the same experiment was conducted us-
ing a 10cm piece of a conventionally coated commercial
PDMDPS-based GC column as the microextraction capillary.
The results are shown Irig. 1Q A drastic loss in extraction
sensitivity after rinsing the conventionally coated silica-based
microextraction capillary with 0.1 M NaOH solution is obvi-
ous Fig. 10.

These data suggest that the created hybrid sol-gel
zirconia-based coatings have significant pH stability advan-
tage over conventional silica-based coatings, and that such
coatings have the potential to extend the applicability of cap-
illary microextraction and related techniques to highly basic
samples, or analytes that require highly basic condition for
the extraction and/or analysis.

4, Conclusion

Sol-gel zirconia-based hybrid organic—inorganic
sorbent coating was developed for use in microextrac-
tion. Principles of sol-gel chemistry was employed to
chemically bind a hydroxy-terminated silicone polymer
(polydimethyldiphenylsiloxane) to a sol—gel zirconia net-
work in the course of its evolution from highly reactive
alkoxide precursor (zirconium tetrabutoxide) undergoing
controlled hydrolytic polycondensation reactions. For the
first time, sol-gel zirconia-PDMDPS coating was employed
in capillary microextraction. The newly developed sol—gel
zirconia-PDMDPS coating demonstrated exceptional pH
stability: its extraction characteristics remained practically
unchanged after rinsing with a 0.1 M solution of NaOH (pH
13) for 24 h. Solventless extraction of analytes was carried
out simply by passing the aqueous sample through the sol-gel
extraction capillary for approximately 30 min. The extracted
analytes were efficiently transferred to a GC column via ther-
mal desorption, and the desorbed analytes were separated by
temperature programmed GC. Efficient CME-GC analyses of
diverse range of solutes was achieved using sol—gel zirconia-
PDMDPS capillaries. Parts per trillion (ppt) level detection
limits were achieved for polar and non-polar analytes in
CME-GC-FID experiments. Sol-gel zirconia-PDMDPS
coated microextraction capillaries showed remarkable
run-to-run repeatability (R.S.D. < 0.27%) and produced peak
area R.S.D. values in the range of 1.24-7.25%.
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