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Abstract A pipette-tip solid-phase extraction (PT—SPE)
method using a sol—gel hybrid adsorbent has been developed.
The method could be used for rapid screening of vegetable
matrices for cyanazine and atrazine; assay of cucumbers is
reported as an example. The sol-gel hybrid adsorbent was
synthesized from tetraethyl orthosilicate (TEOS) as the pre-
cursor and y-(methacryloyloxy)propyltrimethoxysilane
(KH570) as both surface modifying agent and monomer for
the polymerization. Under the optimized conditions, good
calibration linearity was obtained in the range 0.022-
1.65 ug g ' with correlation coefficients () >0.9996. Recov-
ery at three spike levels ranged from 87.6 to 93.8 % with
relative standard deviations <7.8 %. This extraction strategy
has several advantages, for example ease of assembly, low
cost, and high extraction efficiency, and is a potential pretreat-
ment strategy for rapid screening of cyanazine and atrazine in
vegetables.

Keywords Pipette-tip solid-phase extraction - sol-gel hybrid
adsorbent - y-(methacryloyloxy)propyltrimethoxysilane -
Cucumber

Introduction

Throughout the world, cyanazine and atrazine are the most
widely used triazine herbicides for protection of crops from
weeds, but they and their degradation products can do harm to
human health because of their toxicity and persistence in
water, soil, and food [1, 2]. The European Union, US, and
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China have legislated to limit levels of triazine herbicide
residues [3—6]. However, amounts of the residues often ex-
ceed these levels because of insufficient control or monitoring.
Therefore, it is important to monitor and analyze levels of
triazine herbicide residues in foodstuffs and the environment.

Because of the trace amounts of analytes and the complex-
ity of biological matrixes, sample pretreatment is often needed
to concentrate analytes and eliminate interferences before
further instrumental analysis [7, 8]. Miniaturized SPE (mini-
SPE) has been widely used, because of its ability to isolate and
concentrate analytes from extremely dilute sample solutions
and its versatility and flexibility in the preconcentration step of
most instrumental analysis [9, 10]. Varieties of mini-SPE
techniques have been reported elsewhere, including miniatur-
ized on-line SPE developed in 1999 by Nilsson [11], minia-
turized SPE with resin disks described in 2001 by Fritz [12],
pipette tip SPE recommended in 2006 by Kumazawa [13],
microextraction in packed syringes introduced in 2004 by
Abdel-Rehim [14], a similar assembly named a needle-trap
device presented in 2009 by Pawliszyn [15], micro-SPE pro-
posed in 2009 by Basheer [16], and dispersive micro-SPE
reported in 2009 by Tsai [17]. However, the adsorbents used
in these methods are mostly made from silica chemically
bonded with different functional groups (for example Cisg,
Cs, C,, Ph, CH, CN, NH,, and diol), and they are not stable
at extreme pH. Sometimes, some of the silanol groups are not
functionalized [18]. Some adsorbents are different forms of
carbon, for example activated carbon, graphitized carbon
black (GCB), and porous graphitic carbon (PGCs), but some
of these adsorb some compounds irreversibly [19, 20]. In
addition, polymeric adsorbents are restricted because of their
mechanical instability and swelling in some organic solvents
or at high operating temperatures [21, 22]. Recently,
polymeric/inorganic hybrid adsorbents have emerged as a
new class of adsorbent which combines the advantages of
inorganic and organic materials and combines large surface
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area with high mechanical stability [23]. Sol-gel technology,
which enables the preparation of multi-component materials,
can be used to prepare customized hybrid adsorbents, and
enables the preparation of surface-bonded coatings on un-
breakable substrates [24, 25]. This technique has potential
for preparation of hybrid adsorbents.

In this work, a new hybrid adsorbent was prepared
by sol-gel polymerization, using tetraethyl orthosilicate
(TEOS) as precursor, and a silane coupling agent
v-(methacryloyloxy)propyltrimethoxysilane (KH570) as
both surface-modifying agent and monomer for the po-
lymerization. No other monomers, for example methac-
rylates, methacrylamides, acrylates, and acrylamides,
were added to the polymerization system. The pipette
tip SPE (PT-SPE) method using the sol-gel hybrid
adsorbent has several advantages, for example easy
self-assembly and operation, low cost, and high extrac-
tion efficiency, so is a potential pretreatment strategy for
screening of vegetables for cyanazine and atrazine.

Experimental
Chemicals and reagents

Cyanazine and atrazine were obtained from Aladdin Chemis-
try (Shanghai, China). Tetraethyl orthosilicate (TEOS),
v-(methacryloyloxy)propyltrimethoxysilane (KH570), and
ethylene glycol dimethacrylate (EGDMA) were purchased
from Sigma—Aldrich (St Louis, MO, USA). Acetone and
acetic acid were obtained from Guangfu Chemical (Tianjin,
China). Dichloromethane and ethyl acetate were ordered from
Huadong Chemical Reagent (Tianjin, China). Methanol, 2,2-
azobisisobutyronitrile (AIBN), acetonitrile, ethanol, and aque-
ous ammonia were purchased from Kermel Chemical
(Tianjin, China). Multiwalled carbon nanotubes (MCNT;
10-30 pwm) were obtained from Chengdu Organic Chemical
of the Chinese Academy of Sciences (Chengdu, Sichuan,
China). Bakerbond octadecyl C;g adsorbents (40—-60 pm)
were from Mallinckrodt Baker (Phillipsburg, New Jersey,
USA). Oasis HLB adsorbents (30 pm) were from Waters
(Milford, MA, USA). All water used was double-deionized
and filtered through a 0.45-um filter membrane.

Instrumentation and conditions

Morphological evaluation was performed with a KYKY-
2800B scanning electron microscope (SEM; FEI, Hillsboro,
USA; http://www.fei.com). A Shimadzu (Kyoto, Japan)
FTIR-8400S Fourier transform infrared spectrometer was
used to examine the infrared spectra of the hybrid adsorbent
in the range 400-4200 cm '. The BET specific surface area
instrument was from Quantachrome Instruments (Florida,
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USA). Particle size was measured by use of a laser diffraction
analyzer (Beckman Coulter, California, USA). HPLC analysis
was performed with a Shimadzu system equipped with two
LC-20AT solvent delivery units, an SUS-20A gradient con-
troller, and an SPD-20A UV-visible Detector. An LC solution
workstation (Shimadzu) was used for system control and data
processing. The analytical column was a C;g column
(150 mmx=4.6 mm 1.D., 5 um) from Dalian Institute of Chem-
ical Physics, Chinese Academy of Sciences (Dalian, China).
The mobile phase was 52:48, (v/v) methanol-water, contain-
ing 0.8 % acetic acid, at a flow rate of 1.0 mL min '. The
detection wavelength of the UV—visible detector was 224 nm,
and the injection volume was 20 pL.

Synthesis of the sol-gel hybrid adsorbent

The sol-gel hybrid adsorbent was synthesized as shown in
Fig. la. TEOS (10 mmol), ethanol (30 mL), aqueous ammonia
(1.0 mL), and water (2.0 mL) were mixed in a flask with
stirring at 300 rpm for 15 h. Then 10 mL acetonitrile solution
containing 4 mmol KH570 was added dropwise to the above
solution, and the mixture was continuously stirred at 300 rpm.
After 15 h, the solution was adjusted to neutral with acetic
acid, and subsequently, EGDMA (20 mmol) and AIBN
(100 mg) were added. The polymerization mixture was stirred
at 500 rpm in a water bath (60 °C) for 8 h. Finally, the polymer
obtained was washed successively with water and ethanol
then dried before further experiments.

Preparation of cucumber samples and standard solutions

Cucumbers were purchased from local supermarkets in
Baoding, China. Pieces of cucumber were squeezed by
use of a juice extractor and the juice obtained was
centrifuged at 4000 rpm for 15 min. After homogenization
and centrifugation, 2.0 mL of the supernatant solution was
used for the PT-SPE procedure.

Stock standard solutions (200 g mL ") were prepared by
dissolving cyanazine and atrazine in methanol. Working stan-
dard solutions of the analytes were prepared by serial dilution
of the stock standard solutions with double-deionized water.
Spiked juice samples containing the analytes at concentrations
of 0.022-1.65 ng g_1 were prepared by adding appropriate
microliter amounts of working standard solutions to the su-
pernatant juice after centrifugation.

PT-SPE procedure

The main PT-SPE device and operating procedures are shown
in Fig. 2. The device is constructed from an empty polypro-
pylene cartridge (50 mmx8 mm i.d.), a 100-pL pipette tip,
and a syringe. Hybrid adsorbent (3 mg) was packed in a
pipette tip, and absorbent cotton was placed at both ends of
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Fig. 1 Schematic illustration of
the synthesis of the hybrid
adsorbent (a), and scanning
electron micrographs (b and ¢)
and FTIR spectrum of the
adsorbent (d)

Fig. 2 Schematic illustration of
PT-SPE procedure
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the adsorbent to fix it in position. After preconditioning with
methanol (1.0 mL) then water (1.0 mL), a cucumber sample
(2.0 mL) was loaded on to the cartridge. The cartridge was
washed with water (0.7 mL), then eluted with methanol
(0.9 mL). A syringe was used to adjust the flow rate to one
drop per approximately 15 s for all solvents by drawing the
liquid from the tip of the pipette. The eluent was collected and
evaporated to dryness by gentle nitrogen blowing, and the
residues were then redissolved in the mobile phase (0.5 mL)
for HPLC analysis.

Results and discussion
Synthesis of the sol-gel hybrid adsorbent

The hybrid adsorbent was synthesized by sol-gel polymeri-
zation. This method has several advantages, including low
processing temperature, high molecular homogeneity, and
self-assembly of individual nanowhiskers [26]. TEOS and
water were dispersed quickly in ethanol to form a colloidal
solution, known as a “sol”, so molecular homogeneity was
rapidly obtained. Reactants were dispersed uniformly at the
molecular level during formation of the “gel” matrix, so the
reaction was initiated easily. The silica matrix could therefore
be formed easily after polycondensation between TEOS
molecules at room temperature.

KH570 was used as both surface-modifying agent and
monomer in the polymerization process, and promoted firmer
conglutination of the outer organic polymer on the silica
matrix. The C=C of KH570 can be cross-linked with
EGDMA, and the silicate ester bond can be embedded in the
silica matrix after condensation. No other functional mono-
mer, for example methacrylates, methacrylamides, acrylates,
and acrylamides, were added to the reaction system, so the
polymerization method using KH570 to synthesize the sol—gel
hybrid adsorbent saves the cost of raw materials to some

Fig. 3 Number distribution of
particle diameter

extent. EGDMA and AIBN are the crosslinker and the initia-
tor, respectively, in synthesis of the outer organic polymer
under thermal initiation. Acetonitrile is a good porogenic
agent, and its use resulted in an adsorbent with a satisfactory
binding capacity [27, 28]; 10 mL acetonitrile was added to the
reaction mixture.

Characterization of the sol—gel hybrid adsorbent

Fourier transform infrared (FTIR) spectra (Fig. 1d) revealed
the presence of hydrophilic groups on the sol-gel hybrid
adsorbent, for example hydroxy (OH) and carbonyl (C=0)
groups, corresponding to peaks at 3500 cm ' and 1700 cm ',
respectively. The peaks of these hydrophilic groups were of
similar intensity to those of lipophilic C—C bonds at
1400 cm . This indicates the sol-gel hybrid adsorbent is an
adsorbent with hydrophilic-lipophilic balance; that is to say,
the adsorbent could be used to screen analytes with a wide
range of polarity [18].

Scanning electron micrographs of the sol-gel hybrid ad-
sorbent are shown in Fig. 1b, c. Most of the particles obtained
are in the size range <10 um (Fig. 1b; magnificationx 1,000).
It is clearly apparent that the hybrid adsorbent is rough,
agglomerate, and irregular (Fig. 1b; magnification x30,000).
The skeleton enlarged the surface area of the adsorbent, and
this can embed analyte molecules in the cavities of the adsor-
bent. Moreover, the adsorption cumulative surface area of the
pores on the adsorbent was 40.1 m* g ' (BET method), the
pore volume was 0.14 cm® g~ (BJH adsorption and desorp-
tion, cumulative volume of pores between 1.7 nm and
300.0 nm diameter), the pore size of the material is mostly
in the range 5-30 nm, and the adsorption average pore diam-
eter is 13.8 nm (BJH adsorption and desorption, average pore
diameter, 4 V/A). These could facilitate ready adsorption and
desorption of the analytes by the sol—gel hybrid adsorbent.

Figure 3 shows the particle size distribution of the material.
It is apparent the diameters of most (91.5 %) of the particles
are in the range 1,283.8-4,369.8 nm. The average diameter is
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Fig. 4 Effect of the volume of
sample (a) and the amount of
sorbent (b)

2.96 um, the polydispersity index is 0.832, and the diffusion
constant is 1.662x10°° cm® s ' in water at 25 °C. Some
particles were probably broken in the ultrasonic dispersion
process before detection by use of the laser particle size
analyzer, so there are some small particles (8.3 %) in the range
196.2-409.2 nm.

PT-SPE device

An empty polypropylene cartridge (50 mmx8 mm i.d.) and a
100 uL pipette tip are used to construct the PT-SPE cartridge.
The adsorbent (3 mg) was placed in the tip of the homemade
device as shown in Fig. 2. The amount of adsorbent was
weighed precisely with an electronic balance (to an accuracy
0f0.01 mg), to ensure the difference between tips was as small
as possible. The size of our hybrid adsorbent material was
1.3-4.4 um, and the adhesivity of the particles is probably
negligible after the complete drying process used in the prep-
aration. The adsorbent was therefore evenly distributed in the
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Fig. 5 Effect of washing solvent (a) and elution solvent (b)
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PT-SPE cartridge. The operation was performed carefully to
achieve the same compaction and same height of the adsor-
bent column during loading with adsorbent. SPE with a pi-
pette tip is easier and more rapid than with conventional SPE
cartridges. The small bed volume and sorbent mass enable use
of a reduced volume of solvent, short evaporation time, and
higher throughput [13]. The conical shape of the pipette tip
(1 mm and 1.5 mm i.d., 7 mm height) could substantially
reduce the effect of eddy diffusion, which would help sample
solution penetrate the adsorbent sufficiently during an appro-
priate analysis time. Moreover, because the adsorbent particles
are approximately a factor of 10 smaller than those of con-
ventional SPE adsorbents, they increase the mass transfer
resistance between liquid and adsorbent, and impede perme-
ation of the adsorbent bed by the liquid. It was difficult for an
SPE pump to maintain an invariable flow rate for different
liquids with different viscosity during the whole procedure. A
syringe was used to control an invariable flow rate (one drop
per 15 s, approx.) for all solvents passing through the PT-SPE
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cartridge, and the liquid was driven downward through the
adsorbent by the traction of negative pressure from the tip end
of the pipette during the whole PT-SPE procedure.

Optimization of PT-SPE conditions

In accordance with traditional SPE procedures, the volume of
sample loaded, washing solvent, elution solvent, and sample
pH were investigated to optimize the PT-SPE procedure. On
the basis of the minimum loss ratio, the optimized extraction
conditions were obtained by use of a series of experiments
(the concentration of the spiked sample was 0.55 pg g ). The
results are shown in Figs. 4, 5, and 6. First, when the loading
volume was 2.0 mL (from 3.6 g cucumber juice), 98.5 %
cyanazine and 97.2 % atrazine in spiked cucumber samples
were adsorbed on the sol-gel hybrid adsorbent (3 mg). The
more aqueous sample solution functioned as a washing sol-
vent, reducing recoveries for analytes extracted by the adsor-
bent. If the amount of adsorbent was increased, greater force
was needed to drive the sample solution through the bed of

Voltage (uV)

0 2 4 6 8 10 12
Time (min)

adsorbent. This resulted in more difficult operation and the
adsorption ratio was not increased substantially. Second, when
0.7 mL water was chosen as washing solvent to remove
hydrophilic impurities, 96.5 % of the cyanazine and 96.2 %
of the atrazine were retained by the adsorbent. Third, when
0.9 mL of methanol was used to elute the analytes, 90.6 % of
the cyanazine and 90.8 % of the atrazine were eluted from the
adsorbent, and use of more methanol did not elute more of the
analytes. Fourth, impurities were inevitably extracted by the
adsorbent and desorbed by the elution solvent, as shown in
Fig. 7. The cumulative integral of the area of interference
peaks, which accounted for more than 2 % of the total chro-
matographic peaks was chosen as the Y, ordinate of Fig. 6, to
investigate the effect of pH on the PT-SPE. The results show
that sample pH did not need further adjustment, because high
recovery and relatively few impurities can be obtained without
adjusting sample pH. Finally, when 0.9 mL methanol was
loaded on to the cartridge, some methanol molecules evapo-
rated during the several minutes of the procedure, so the actual
volume of eluent is reduced. In this work, the eluents were
collected and evaporated to dryness, by gentle blowing with
nitrogen, and the residues were then redissolved in the mobile
phase (0.5 mL) to eliminate interference from differences
between the mobile phase solution and the eluent solvent in
subsequent HPLC analysis. The final results confirmed the
balanced hydrophilic—lipophilic nature of the sol-gel hybrid
adsorbent, and a clear chromatogram and satisfactory recov-
ery were obtained.

Validation of the PT-SPE-HPLC method

Under the optimized extraction conditions, experiments
were performed to determine linearity, limit of detection
(LOD), limit of quantification (LOQ), precision, and
accuracy of the PT-SPE-HPLC method. Calibration
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Fig. 7 Comparison of different adsorbents (a) and chromatograms obtained from spiked sample, real sample, and blank sample after PT-SPE (b) (HA4,

hybrid adsorbent)
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Table 1  Performance of the PT-SPE-HPLC method
Analytes Cucumber juice Regression equation r Linearity (ng g ") LOD (ug kg ™" LOQ (ug kg ™"
Cyanazine + »=9.7x10°x +3.6x10° 0.9997 0.022-1.65 35 11.6

- ¥ =9.6x10°x +1.2x10* 0.9996
Atrazine + y=12x10%+1.2x10° 0.9996 0.022-1.65 52 17.5

- y=1.2x10% +2.7x10° 0.9998

+Standard working solutions prepared in cucumber juice

—Standard aqueous working solutions

curves were constructed for seven spiked levels over the
range 0.022-1.65 pg g '; good linearity of the PT—
SPE-HPLC method was observed throughout this con-
centration range for cyanazine and atrazine, with corre-
lation coefficients (r) >0.9993, as shown in Table 1.
LODs and LOQs were 3.5-5.2 ug kg ' and 11.6—
17.5 ug kg ' on the basis of signal-to-noise ratios of
3 and 10, respectively. The effect of the cucumber
matrix on the accuracy of the PT-SPE-HPLC method
was studied by comparing the slopes of calibration
graphs in the absence (for aqueous standards) and pres-
ence of the cucumber juice; the regression equations are
given in Table 1. The results indicate there was little
difference between the slopes of two calibration graphs
(9.7x10° and 9.6x10°, and 1.2x10° and 1.2x10°, as
shown in Table 1), so it could be concluded that the
sample matrix would not affect the accuracy of the
method. In addition, recovery experiments were con-
ducted for three spiked levels of cucumber samples,
and recoveries of the PT-SPE-HPLC method were in
the range 87.6-93.8 % for cucumber, with relative stan-
dard deviations (RSDs) <7.8 %, as shown in Table 2.
The recoveries of the two analytes during by the PT—
SPE procedure (90.6 % and 90.8 %) are in concordance
with this recovery range. Precision and accuracy were
evaluated by analyzing five replicates of spiked samples
at three levels on the same day and on three different
days; intra-assay and inter-assay precision, as RSD, was
3.9-4.1 % and 4.8-8.7 %, respectively. The high recov-
eries and good reproducibility (low RSDs) all demon-
strate that there is little effect of sample matrix components
on extraction performance.

Comparison with other adsorbents and pretreatment methods

The purification performance of different adsorbents
(MCNTs, Cig, HLB, and hybrid adsorbent) was investi-
gated for cucumber samples spiked at concentration of
0.55 pg g ' by use of previously optimized methods [7,
29, 30] in which these adsorbents were used to screen
triazine herbicides. The purification performance is sim-
ilar for MCNTs, C;g, and hybrid adsorbent, as shown
by the chromatograms in Fig. 7a. The hydrophobicity of
MCNTs and C;g may weaken their compatibility with
aqueous sample solution, and reduce recoveries for
cyanazine and atrazine. HLB adsorbent resulted in
higher recoveries for cyanazine and atrazine than
MCNTs and C;g, but more impurities from the sample
matrix were coextracted. High recoveries (>90.6 %) and
clean chromatograms were obtained by use of the PT-
SPE method with the hybrid adsorbent.

Assay of cyanazine and atrazine in cucumber samples

The feasibility of the PT-SPE-HPLC method was eval-
uated by rapid screening of cucumber samples for
cyanazine and atrazine. When cucumbers from four
different supermarkets in Baoding were pretreated as
described above, one was observed to contain a trace
amount of atrazine (0.03 pug g ' which is less than the
MRL, <0.05 ug g ' [5]). The chromatograms obtained
from cucumbers are much cleaner after the PT-SPE
process, as seen in Fig. 7b; there are no interfering
peaks originating from the cucumber matrix. It can be
concluded that PT-SPE-HPLC is a reliable method for

Table 2 Recoveries of cyanazine

and atrazine from spiked samples Spiked analyte  0.044 ug g ' 077 ngg! 132 ug g
after PT-SPE (n =3)
Recovery (%)  RSD (%)  Recovery (%)  RSD (%)  Recovery (%)  RSD (%)
Cyanazine 89.8 7.8 90.6 4.1 87.6 3.8
Atrazine 92.4 5.1 93.8 4.0 90.3 2.8

@ Springer



1238

M. Wang et al.

screening of in vegetables for triazine herbicides. The
low LOQs show sensitive assay can be achieved without the
need for expensive equipment.

Conclusions

A PT-SPE method with a sol-gel hybrid adsorbent was
developed for screening of cucumbers for cyanazine and
atrazine. The sol-gel hybrid adsorbent was obtained by use
of the silane coupling agent (KH570) as both surface modify-
ing agent and monomer for the polymerization. The new PT—
SPE method with the synthesized hybrid adsorbent has several
advantages including ease of assembly, low cost, and high
extraction efficiency, and it is a potential method for screening
of vegetable samples for herbicide residues.
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