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a b s t r a c t

In this work a novel unbreakable sol–gel-based in-tube device for on-line solid phase microextraction
(SPME) was developed. The inner surface of a copper tube, intended to be used as a high performance
liquid chromatography (HPLC) loop, was electrodeposited by metallic Cu followed by the self assem-
bled monolayers (SAM) of 3-(mercaptopropyl) trimethoxysilane (3MPTMOS). Then, poly (ethyleneglycol)
(PEG) was chemically bonded to the –OH sites of the SAM already covering the inner surface of the copper
loop using sol–gel technology. The homogeneity and the porous surface structure of the SAM and sol–gel
coatings were examined using the scanning electron microscopy (SEM) and adsorption/desorption
porosimetry (BET). The prepared loop was used for online in-tube SPME (capillary microextraction) of
some selected polycyclic aromatic hydrocarbons (PAHs), as model compounds, from the aquatic media.
After extraction, the HPLC mobile phase was used for on-line desorption and elution of the extracted ana-
lytes from the loop to the HPLC column. Major parameters affecting the extraction efficiency including
the sample flow rate through the copper tube, loading time, desorption time and sample volume were
optimized. For investigating the sorbent efficiency, four loops based on the copper tube itself, the copper
tube after electrodeposition with Cu and the tubes with the SAMs and SAMs-sol–gel coating were made
and compared. The SAMs-sol–gel coated loop clearly shows a prominently lead of at least 20–100 times
of higher efficiency. The linearity for the analytes was in the range of 0.01–500 �g L−1. Limit of detection

−1 −1
(LOD) was in the range of 0.005–0.5 �g L and the RSD% values (n = 5) were all below 8.3% at the 5 �g L
level. The developed method was successfully applied to real water samples while the relative recovery
percentages obtained for the spiked water samples were from 90 to 104%. The prepared loop exhibited
long life time due to its remarkable solvent and mechanical stability. Different solvents such as methanol,
acetonitrile and acetone were passed through the loop for many days and it was also used for more than
100 extractions/desorption of the selected analytes and no decrease in the peak areas was observed.
. Introduction

Nowadays, SPME is regarded as a rather rapid, solvent free
nd economical technique which is an alternative to traditional
xtraction techniques such as liquid–liquid extraction (LLE) and
olid phase extraction (SPE) [1,2]. These traditional techniques are
ime consuming and laborious with large consumption of toxic
nd expensive solvents. In SPME, a sorbent which could be liq-
id or solid is usually placed onto a solid support such as fused
ilica. Although, SPME has increasingly becoming popular, but
heir fibers possess relatively low recommended operating tem-
eratures and exhibit instability and swelling in organic solvents
greatly restricting their use with HPLC), while the conventional

bers could be broken easily and their coatings are stripped when
hey are exposed to high temperatures and organic solvents. Apart
rom the fiber breakage, most of the problems are due to the phys-
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ical bonds between the solid supports and the coated extracting
media. The fibers instability problem was obviated in 1997, when
the sol–gel technology was used to coat sorbents onto the solid
supports [3]. Applications of the SPME fibers have been increased
ever since the sol–gel technology was used for environmental and
biological analytes in conjunction with gas chromatography (GC)
and gas chromatography–mass spectrometry (GC–MS) [4–15]. The
coupling of SPME and HPLC with the use of a LC loop could be auto-
mated [16–19]. Automation of sol–gel-based SPME technique with
HPLC still has some limitations. This is due to the fact that the LC
loop which, is usually made of stainless steel, could not be func-
tionalized and adhesion of the coating on the inner surface of the
metallic tubes are prominently physical. Malik et al. were used a
capillary column as a HPLC loop for coupling the sol–gel-based CME
with HPLC [20–23]. Although the prepared capillary microextrac-
tion (CME) loop using the sol–gel coating resolved some issues but

the extracting loop remained breakable and needed to be handled
carefully. According to our knowledge, as far as the conjunction of
SPME and HPLC is concerned, no report on the unbreakable sol–gel-
based CME, or so-called in-tube SPME, has been published.

dx.doi.org/10.1016/j.chroma.2011.04.059
http://www.sciencedirect.com/science/journal/00219673
http://www.elsevier.com/locate/chroma
mailto:bagheri@sharif.edu
dx.doi.org/10.1016/j.chroma.2011.04.059
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ig. 1. Preparation of the sol–gel coated HPLC loop. (A) Functionalization of the in
ol–gel sorbent on the inner surface of the prepared loop.

SAMs are ordered monomolecular films, which are spon-
aneously formed from immersing a solid substrate into a
olution containing amphifunctional molecules. The amphifunc-
ional molecule has a head group, which usually has a high affinity
or the solid surface, a tail (typically an alkyl chain) and a termi-
al group that can be used to control the surface properties of the
esultant monolayer. The molecular forces between the tails are
rominently responsible for the order of the monolayer. The most
xtensively studied SAMs are silanes, which are used to modify
ydroxyl terminated surfaces, and organosulfur compounds. The
ffinity of sulfur for gold, platinum, copper and silver could be
herefore justified [24]. For formation of SAMs, the thiol groups are
hemisorbed on the inner surface of the copper tube via the forma-
ion of the copper-thiol bond to produce a densely packed highly
rdered monolayer.

In this work a novel unbreakable sol–gel-based in-tube device
or on-line SPME was developed. The self assembled monolayers
SAMs) technique was used to functionalize the inner surface of a
opper tube. The LC loops are stainless steel and they cannot be used
s a support for sol–gel based SPME. For obviating this problem, a
opper tube was used as a LC loop and for functionalizing the inner
urface, alkanthiol with –OH terminal group was employed. Then,
he appropriate sorbent was coated into the loop using the sol–gel
echnology.

. Experimental

.1. Reagents and standards

Naphthalene (NPH), fluorene (FLU), acenaphthylene (ACY),
cenaphthene (ACE) and anthracene (ANT) were obtained

rom Merck (Darmstadt, Germany). Poly(ethyleneglycol)
PEG), 3-(mercaptopropyl)trimethoxysilane (3MPTMOS) and
-propylmethacrylate trimethoxysilane (3PMTMOS) with purity
igher than 98% were purchased from Aldrich (Darmstadt,
rface of copper tube (HPLC loop), (B) preparation of sol solution, (C) coating of the

Germany). Methanol, acetone, sulfuric acid, copper sulfate and
trifluoroacetic acid (TFA) were supplied from Merck (Darmstadt,
Germany). The stock solution was prepared in methanol at
concentration of 1000 mg L−1 and stored at 4 ◦C.

2.2. Instrumental

A Knauer (Berlin, Germany) HPLC system including a k-1001
HPLC pump, a K-1001 solvent organizer, an on-line degasser, a
dynamic mixing chamber and a fluorescence detector model RF-
10XL was used for separation and determination of analytes. The
separation was performed on the Waters C18 (4.6 × 250 mm) col-
umn (particle size: 3 �m). The solvents used as mobile phase were
acetonitrile HPLC-grade and three-distillated water at flow rate of
1 mL min−1. The analysis was started with 50% acetonitrile, which
was increased linearly up to 80% in 15 min and this percentage was
maintained until end of the run. The fluorescence detection was
performed at 226 nm as excitation wavelength and 330 as emission
wavelength.

2.3. The CME device

The CME device preparation included three major steps. At the
beginning it was necessary to be sure that the inner surface of
the copper tube (12 cm length × 0.7 mm i.d.) is as clean as possible
and no chemical residues remained. The copper tube was placed in
the electrolyte solution containing of H2SO4 (20%, v/v) and CuSO4
(10%, w/v) acting as cathode and a piece of aluminum foil was used
as anode. A peristaltic pump was used to deliver the electrolyte
through the copper tube and while a potential of −0.3 V was applied
for 15 min for electrodeposition of pure Cu on the inner surface of

the copper tube.

The copper tube was, then, placed in a solution of 0.001M of
3MPTMOS for performing the functionalization. A peristaltic pump
was used to deliver the 3MPTMOS solution through the copper tube
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xpecting to be adsorbed on the inner surface of the copper tube
pontaneously. This process was performed for 15 h [25–27].

At this stage it was essential to prepare the sol by adding 400 mL
f 3-propylmethacrylate trimethoxysilane (precursor) to 500 mg of
oly (ethyleneglycol) and sonication for 10 min. Then 100 �L TFA
100%) was added and sonicated for another 3 min. Afterward 30 �L
istilled water was added for initiating the hydrolysis process [28].
fter 5 min of sonication, the sol was ready to be used. A peristaltic
ump was used to pass the prepared sol through the copper tube
or 20 min in order to form the gel into the copper tube. The cop-
er tube was placed into a desiccator for 24 h for further aging and
ventually to increase the number of bonds between the colloids. To
omplete the polycondensation step, the prepared loop was placed
n an oven with a temperature of 50 ◦C for 30 min, and then the
emperature was raised to 200 ◦C during 1 h and maintained at this
emperature for 30 min, finally it was returned to initial temper-
ture during 1 h. After drying, a xerogel of amorphous silica was
btained (Fig. 1).

.4. Extraction–determination procedure

The prepared loop was conditioned daily prior to the first extrac-
ion by pumping the HPLC mobile phase through it. The prepared
oop was used for online in-tube SPME (capillary microextraction)
f some selected PAHs, as model compounds, from the aquatic
edia. Extraction was performed by passing the spiked aqueous

amples through the loop. After extraction, the HPLC mobile phase
as used for on-line desorption and elution of the extracted ana-

ytes from the loop to the HPLC column. In all experiments, distilled
ater was spiked with 10 ng mL−1 standards of PAHs. Fig. 2 shows
typical HPLC-FD chromatogram obtained after extraction of a

istilled water sample spiked with the selected PAHs under the
ptimum conditions.

. Results and discussion

.1. Characteristics and efficiency of the prepared in-tube SPME

Formation of sol–gel composite on the surface of metals is pos-
ible only when functional OH groups are available on the metals
urface. The formation of self monolayers, to impart this type of
unctionality, is one of the possibilities. The use of alkanethiol
ppeared to be an efficient way to functionalize the inner surface
f the copper tube. The details of the bond formation between the
opper and the sulfur is still unclear, but in the case of alkanethi-
ls it can be considered as an oxidative addition of the S–H bond to
he copper surface followed by a reductive elimination of hydrogen
29]:

–S–H + Cu0
n → R–S−Cu+ · Cu0

n + 1
2

H2

Evidence for H2 leaving has been hard to observe, but the pres-
nce of a thiolate has been confirmed by different instrumentations
30–38]. Typically alkanethiols are assembled into copper sur-
aces from dilute mM solutions. Two distinct adsorption stages are
eported in the process. A rapid stage within the first few min-
tes by which time the contact angle is close to its limiting value
nd the thickness is 80–90% of the maximum [25]. The length of
his stage is dependent on the alkanethiol concentration, taking
nly a few minutes at a concentration of 1 mM [26,27]. The latter
tage occurs over several hours as the contact angle and thickness
each their final value [17,39]. Due to the slow reorganization of

he SAM, many workers typically allow a time interval of 12–24 h
or SAM formation prior to use. In this work, a time interval of 15 h
as used for formation of SAMs in order to have rather organized

nd complete monolayers. Then the PEG sol–gel composite was

Fig. 2. A typical HPLC-FD chromatogram obtained after extraction of a distilled
water sample spiked with the selected PAHs under the optimum conditions.
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ig. 3. Scanning electron microscopy (SEM). (a) The SAMs-sol–gel coated copper lo
oated copper loop (250×).

hemically formed via the hydrolysis process. The surface charac-
eristics of the polymer coatings were investigated by SEM. Fig. 3
hows the micrographs of the SAMs and SAMs-sol–gel coatings
long with the cross section of the SAMs-sol–gel coating. The thick-
ess of the coating obtained under this condition was 150 �m
ccording to the SEM study. Also, the images taken from differ-
nt parts of the prepared loop proved that the PEG sol–gel-based
oating was thoroughly homogenous and porous. In order to evalu-
te the porosity of the prepared sorbent, the adsorption/desorption
orosimetry (BET) test was performed. The results revealed that the
ean pore diameter of the sorbent is 14.202 nm, an indication of

ossessing a rather high degree of porosity, and consequently high
xtraction efficiencies.

In order to examine the efficiency of the method for extracting
rganic compounds from water and transferring them into a HPLC
ystem, a number of two-, three- and four-ring PAHs were selected
s model compounds. The extraction was performed using a water
ample spiked with 10 �g L−1 standard solution. Differences in peak
izes in the chromatogram could be attributed to different con-
entration, various fluorescence quantum yields of the analytes
r response factors and using not-optimized excitation and emis-
ion wavelengths for each individual compound. This primary test
evealed that the method is feasible.

For investigating the sol–gel coating efficiency, four loops based
n the copper tube itself, the copper tube after electrodeposition
ith Cu and the copper tubes with the SAM before and after synthe-

izing the sol–gel coating were made and compared. A peristaltic
ump was used to deliver the standard solution containing the
elected analytes through four prepared loops. As it is shown in

ig. 4, the copper tubes could not extract NPH and ACE, although
hey managed to extract ACY, FLU and ANT slightly. Apparently,
he copper loop containing the SAMs exhibits higher extraction

ig. 4. Extraction efficiency of the prepared sol–gel loop. (1) The bare copper tube,
2) the Cu electrodeposited into the copper tube, (3) the SAMs coated copper tube,
4) the SAMs-sol–gel coated copper tube. The insert shows the comparison of NPH
nd ACE.
00×), (b) the SAMs coated copper loop (5000×), (c) the cross section of the sol–gel

efficiency which might be due to the presence of propyl and ethoxy
groups in 3MPTMOS and the involved Van Der Waals forces. The
SAMs-sol–gel coated loop clearly shows a prominently lead of at
least 20–100 times of higher efficiency.

3.2. Optimization

After successful preliminary results, important and influential
parameters including the sample flow rate through the loop, the
loading time, desorption time and the sample volume are needed
to be optimized. The chromatographic peak area, which is related
to the number of extracted moles of analytes, was used to evaluate
the extraction efficiency under different experimental conditions.

3.2.1. The sample flow rate through the loop
It is known that the required time to obtain extraction equi-

librium is proportional to the length of the loop, the analyte
distribution constant and the volume of the coating, while it is
inversely proportional to the extraction flow rate [40,41]. Gener-
ally, the loading flow rate is optimized by keeping the total sample
solution volume and concentration constant. Thus for the loop used
here, the extraction flow rate was initially optimized to obtain
high extraction efficiency while still offering a reasonable analyzing
time.

For doing so, a range of flow rates from 0.15 to 2 mL min−1 were
considered to be investigated. As Fig. 5 shows the higher extraction
efficiencies were achieved at flow rates above 0.5 mL min−1 as a
result of improved mass transfer during more extraction cycles.
However, it was found that at very high flow rates the precision

is affected, possibly owing to the formation of air bubbles at the
edges of the loop [42]. A flow rate of 1.5 mL min−1 was chosen as
the optimum value.

Fig. 5. Sample flow rate through the loop. Loading time: 20 min, desorption time:
10 min; sample volume: 8 mL; analytes concentration: 10 �g L−1.
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Fig. 8. Desorption time. Flow rate: 1.5 mL min−1; sample volume: 8 mL; loading
time: 3 min; analytes concentration: 10 �g L−1.
ig. 6. Loading time. Flow rate: 1.5 mL min−1; desorption time: 10 min; sample vol-

me: 8 mL; analytes concentration: 10 �g L−1. The insert shows the first 5 min of the
xtraction time.

.2.2. Loading time
The amount of analyte adsorbed by a sorbent is dependent on

he distribution constant between sorbent and solution, thickness
f an adsorbing phase and diffusion coefficient of analytes. SPME
s an equilibrium based method in which the extraction efficiency
s expected to increase with time until the equilibrium is reached.
s shown in Fig. 6, the extraction efficiency of analytes improved
lmost linearly as the sample loading time increased. A loading time
f 3 min was selected as for most analytes the equilibrium time was
lmost achievable.

.2.3. Desorption time
In SPME, desorption of analytes should be performed as fast as

ossible to avoid any possible peak broadening. In GC, the rapid des-
rption happens inside the high temperature injection port, while
n HPLC the fast desorption is achievable using the mobile phase

ith strong eluting power. As Fig. 7 shows whenever the extraction
hrough the loop is completed, on-line desorption of analytes could
e simply accomplished by switching the sampling valve from the

oad position to the inject mode. Thus the mobile phase composi-
ion should provide complete desorption of the extracted analytes,
hile still maintaining the proper separation of the analytes in the

nalytical column. According to Fig. 8, the desorption was almost
omplete when desorption time of 30 s was used. However, to avoid
ny possible carryover effect, a time interval of 5 min was chosen
or all further experiments.

.2.4. Sample volume
The mass of an analyte extracted by the polymeric coating is

elated to the overall equilibrium of the analyte in the two phases.

ass of the analyte absorbed by the coating can be expressed as:

= KfsVf VsC0

KfsVf + Vs
(1)

Fig. 7. Schematic diagram of the on-line in tube solid phase microextraction c
Fig. 9. Sample volume. Flow rate: 1.5 mL min−1; desorption time: 10 min; loading
time: 3 min; analytes concentration: 2 �g L−1.

Above equation describes the mass absorbed by the polymeric
coating after equilibrium has been reached in the system. Also it
can be inferred that n is increased as long as sample volume (Vs)
increased, until KfsVf � Vs; At this point amount of analyte extracted
is independent of sample volume:

n = KfsVf C0 (2)

The effect of sample volume was investigated from 1 to 20 mL.
As Fig. 9 shows, the extraction efficiency was increased up to 4 mL of
the sample, and then it was independent of sample volume. Appar-
ently by the use of 4 mL sample, the equilibrium is easily reachable
and the rise of sample volume has no effect on the extraction effi-
ciency.
3.3. Method validation

Based on the developed method, a sampling flow rate of
1.5 mL min−1, loading time of 3 min, desorption time of 5 min

oupled with HPLC. HPLC injector valve position: (A) load and (B) inject.



H. Bagheri et al. / J. Chromatogr. A 1218 (2011) 3952–3957 3957

Table 1
Figures of merit of the method.

Compounds LDR (�g L−1) LODa (�g L−1) LOQb (�g L−1) R2 Regression equation RSD, % (n = 5)c

Naphthalene 1–500 0.5 1 0.9929 y = 0.2094x − 1.7261 2.8
Acenaphthylene 0.05–10 0.01 0.05 0.9996 y = 6.52x + 0.2249 4.5
Acenaphthene 1–100 0.5 1 0.9938 y = 0.1063x + 0.3346 8.3
Fluorene 0.01–10 0.005 0.01 0.9956 y = 47.237x + 8.9457 4.3
Anthracene 0.5–500 0.1 0.5 0.9955 y = 0.6673x + 8.9064 6.1

a S/N = 3.
b S/N = 10.
c Canlytes = 5 �g L−1.

Table 2
Relative recoveries for tap water spiked with 5 �g L−1 of analytes.

Analyte Relative recovery, %* RSD, % (n = 4)*

Naphthalene 104 6.1
Acenaphthylene 103 11.3
Acenaphthene 90 9.3
Fluorene 103 6.2
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* C = 5 �g L−1.

nd sample volume of 4 mL were chosen as the optimum set of
onditions. Distilled water spiked with the selected PAHs was
sed to evaluate the precision of the measurements, LOD and
he dynamic range of method. The linearity of the method was
ested by preparing the calibration curve for each analyte with
–7 points. The linearity for the analytes was in the range of
.01–500 �g −1. The regression coefficient obtained for each ana-

yte was rather satisfactory (R2 > 0.9938). The values of LOD (S/N = 3)
as in the range of 0.005–0.5 �g L−1 and LOQ (S/N = 10) was

etween 0.01 and 1 �g L−1. The precision of the method was
etermined by performing five consecutive extractions from the
queous solutions. The standard deviation of the peak areas of
nalytes, spiked at the concentration level of 5 �g L−1, was in
he range of 2.8–8.3% (Table 1). To evaluate the applicability of
he proposed method, extraction and analysis was performed
n tap water. The water sample was spiked at a concentra-
ion level of 5 �g L−1 and the analysis was carried out under
he optimized conditions. As Table 2 shows good relative recov-
ries were achieved for the selected PAHs ranging from 90 to
04%.

. Conclusion

In this work, an unbreakable online SPME-HPLC method was
eveloped by preparing a sol–gel coated copper loop. Function-
lizing the inner section of the copper tube, intended to be used
s the LC loop, could be facilitated by the SAM technique. The
ol–gel coating technology led to a solvent resistant and unbreak-
ble loop due to the formation of a chemical bond between
he sorbent and the inner section of the loop. The developed

ethod showed good linearity and repeatability while rather low
OD values could be achieved. Homogeneity and porosity of the
repared sol–gel coated loop seem to be responsible for good
epeatability and high extraction efficiency. The extraction and
esorption in this technique are rather rapid. Also, good relative

ecoveries for the selected analytes from the tap water samples
ere obtained. The prepared loop could easily provide the pos-

ibility of on-line coupling between the sol–gel-based SPME and
PLC.
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