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a b s t r a c t

A novel solid-phase extraction sorbent, metal-organic frameworks and graphite oxide hybrid composite,
was prepared by a solvothermal technique. The morphology and properties of the resultant material
were examined by Fourier transform infrared spectroscopy, X-ray diffraction and field emission scanning
electron microscopy. To evaluate the extraction performance of the resultant sorbent, luteolin was
chosen as a model analyte. The extraction conditions were optimized. Based on these, a convenient and
efficient solid-phase extraction procedure for the determination of luteolin was established and the
subsequent quantification step was performed by square wave anodic stripping voltammetry. Under the
optimal conditions, the oxidation current increased linearly with increasing the concentration of luteolin
in the range of 5.0�10�9–5.0�10�7 mol L�1 with a correlation coefficient of 0.9983 and a detection
limit of 7.9�10�10 mol L�1. The relative standard deviation of seven successive scans was 4.20% for
5.0�10�8 mol L�1 luteolin. This work not only proposes a useful method for sample pretreatment, but
also reveals the great potential of metal-organic frameworks based hybrid materials as an excellent
sorbent in solid-phase extraction.

& 2014 Elsevier B.V. All rights reserved.

1. Introduction

As one of the more common flavonoids, luteolin plays an
important role in the human body. It is a frequent component of
the human diet and has gained increasing interest because of its
positive health effects. Luteolin has antioxidant, anti-inflamma-
tory, anti-allergic, anticancer and immune-modulating properties
to suppress hyperactive immune systems [1–3]. In clinic it is a
promising agent for use in ophthalmology, cardiovascular disease,
hepatitis, etc. Consequently, the development of reliable methods
for the determination of luteolin is of particular significance.

So far, several methods have been investigated to determine
trace amount of luteolin, such as gas chromatography [4], high-
performance liquid chromatography [5] and capillary zone electro-
phoresis [6]. The determination of luteolin using these techniques
shows high sensitivity, but they also requires expensive instruments,
time-consuming pre-treatment steps, skilled operators and large
quantity of organic solvents. Moreover, these techniques cannot be
used for in situ assay. Electrochemical sensors show advantages of
cheap instrument, simple operation and time-saving, and many
electrochemical methods have been reported for luteolin sensor
[7,8]. For instance, Wu et al. used a heated pencil lead disk electrode

to determine luteolin in simulated human urine [9]. Franzoi et al.
constructed a electrochemical biosensor for luteolin based on silver
or gold nanoparticles in ionic liquid and laccase immobilized in
chitosan modified with cyanuric chloride [10]. Liu et al. depicted the
determination of luteolin at a glassy carbon electrode (GCE) for
pharmaceutical analysis [11].

Due to low concentrations of analytes and complexity of matrices,
preconcentration is usually necessary before instrumental analysis.
Some extraction methods, for example, liquid–liquid extraction [12],
cloud point extraction [13], and solid-phase extraction (SPE) [14,15],
have been employed to extract desired organic compounds from a
sample matrix. Among these techniques, SPE offers an excellent
alternative to the conventional sample preparation methods because
of their simplicity, consumption of small volumes of organic solvent,
and ability to achieve a higher enrichment factor and sensitivity.

Metal-organic frameworks (MOFs), formed by coordination bonds
between metal clusters and organic linkers, have shown significant
potential for hydrogen storage, gas sorption and separation, and
catalysis owing to their high specific surface areas and tunable pore
sizes [16–18]. More efforts have been made to fabricate MOFs based
hybrid composites for analytical applications, such as n-alkanes
separation [19], lead ion sensing [20], polycyclic aromatic hydro-
carbons extraction [21,22] and electrocatalytic oxidation [23].
Graphene is the most recent member of the multi-dimensional
carbon-nanomaterial family. As one of the most important deriva-
tives of graphene, graphene oxide (GO) has attracted significant
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attention as a precursor of chemically converted graphene because of
the advantages of large surface area, excellent conductivity and strong
mechanical strength. These properties made GO as a superior
candidate for solid-phase extraction [24,25]. However, the combina-
tion of metal-organic frameworks with graphene oxide (Cu3(BTC)2/
GO) as a selective sorbent has not been explored until now. The
purpose of this study is to examine the feasibility of Cu3(BTC)2/GO
hybrid composites for the application in solid-phase extraction.
Luteolin was selected as a model analyte for its potential impact on
human health. The factors influencing the efficiency of solid-phase
extraction were systematically studied prior to its determination with
square wave voltammetry. The proposed method was successfully
applied to determine luteolin in real samples and satisfactory results
were obtained.

2. Experimental

2.1. Instrumentations

Electrochemical measurements were carried out with a CHI 852C
electrochemical workstation (Shanghai Chenhua Instrument Com-
pany, China). A three electrode-system, with glassy carbon electrode
(GCE) as the working electrode, an Ag/AgCl electrode as the reference
electrode, and a platinum wire as the auxiliary electrode, were used
in the measurements. All potentials were given with respect to the
Ag/AgCl electrode. A Tensor 27 spectrometer (Bruker Co., Germany)
was used to obtain Fourier transform infrared (FTIR) spectra. The
scanning electron micrographs (SEM) images were obtained by
scanning electron microscope (Hitachi S-4800, Japan). The crystalline
materials were analyzed by X-ray diffraction (XRD) using a D8 Super
Speed (Bruker AXS, Germany).

2.2. Reagents and materials

A 0.01 mol L�1 luteolin stock solution were prepared by dis-
solving 0.2862 g luteolin (Aladdin, Shanghai, China) in 100 mL
0.005 mol L�1 NaOH. Working standard solutions was obtained by
step-wise dilution. Copper nitrate trihydrate (Cu(NO3)2 �3H2O),
benzene-1,3,5-tricarboxylate (BTC), and N, N-dimethylformamide
(DMF) used in this work were of analytical grade and were
purchased from Sinopharm Chemical Reagent Co., Ltd. (Shanghai,
China) unless indicated otherwise. Phosphate buffer solution was
prepared by mixing the stock solution of 0.1 mol L�1 NaH2PO4 and
0.1 mol L�1 Na2HPO4 and adjusting the pH with 0.1 mol L�1H3PO4

or 0.1 mol L�1 NaOH. Graphite oxide was prepared using the
Hummers method by graphite powder (Jinshan Chemicals, Shang-
hai, China) [26]. Double deionized water (18 MΩ cm) was prepared
by Milli-Q water purification system (Millipore, Bedford, MA, USA).

2.3. Preparation of Cu3(BTC)2/GO hybrid composites

Cu3(BTC)2/GO was synthesized according to a previous report
after a minor modification [27]. Briefly, Cu(NO3)2 (10 g) and H3BTC
(5 g) were dissolved in DMF (85 mL), which was stirred and
sonicated for 5 min. Then, ethanol (85 mL) and deionized water
(85 mL) were added to the solution in turn with stirring for 5 and
30 min, respectively. After that, GO powder (consisted of 10 wt% of
the final material weight) was added to the well-dissolved MOF
precursors with sonicating the resulting mixture for 30 min.
Finally, the mixture was then transferred to a round-bottom flask
and heated at 85 1C in an oil bath for 21 h under shaking. After
cooling to ambient temperature, the products were filtered and
washed several times with sufficient volume of water and ethanol
and then dried at 60 1C for 6 h before use. Moreover, Cu3(BTC)2

was also prepared according to the above-mentioned procedure
without the adding of GO powder for comparative analysis.

2.4. Sample extraction and preconcentration procedure

The procedure for the solid-phase extraction is as follows: a
portion of 10 mL sample solution containing analyte was transferred
to a beaker; the pH value was adjusted to 6 with 1 mol L�1 HNO3 or
1 mol L�1 NaOH. Then, 15 mg of sorbent was added, and the solution
was stirred for 20 min to facilitate adsorption of the luteolin onto the
sorbent. After the extraction, the suspension was separated and the
sorbent was shaken with 2.5 mL ethanol and phosphate buffer
solution mixture (pH¼5). Finally, elution solvent was transferred
into an electrochemical cell for subsequent detection by square wave
voltammetry.

3. Results and discussion

3.1. Characterizations of the Cu3(BTC)2/GO hybrid composites

Fig. 1 exhibits the FTIR spectra of GO, Cu3(BTC)2 and Cu3(BTC)2/
GO. For GO, the FTIR spectrum indicate the presence of C¼O
(1725 cm�1), C–O (1052 cm�1), C–O–C (1223 cm�1) and C–OH
(1428 cm�1) in the GO samples. The peak at 1615 cm�1 is related
to a resonance peak of C–C stretching and absorbed hydroxyl groups
in the GO [28]. As for Cu3(BTC)2, the peaks at 1442 and 1371 cm�1

are attributed to the symmetric stretching of carboxylate group in
the BTC linker. The peak appeared at 1442 cm�1 is produced by a
combination of benzene ring stretching and deformation modes,
and the peak around 700 cm�1 is related to bending vibration of
C�H. The FTIR absorption band observed at 507 cm�1 is assigned to
a vibrational mode directly involving the Cu center [29–31]. After GO
incorporation, the high intensity Cu3(BTC)2 peak swamped the
characteristic GO peak due to the rather small content of GO. Hence,
the FTIR spectrum of Cu3(BTC)2/GO are similar to that of Cu3(BTC)2.

Fig. 2 shows the X-ray diffraction patterns of the samples GO,
Cu3(BTC)2 and Cu3(BTC)2/GO. The GO spectrumwas displayed at 2θ
value of 121, which suggests that the as-prepared GO has a high
degree of orientation with an interlayer distance of 7.3 Å. The
diffraction pattern of Cu3(BTC)2 is in agreement with those found
for well-defined Cu3(BTC)2 crystals, indicating that the current
material has the expected structure [32]. The XRD patterns of
GO incorporated Cu3(BTC)2 showed the same diffraction patterns
as of Cu3(BTC)2, confirming that GO incorporation did not disturb
or destroy the Cu3(BTC)2 crystal structure. This phenomenon is

Fig. 1. FTIR spectra of (a) GO, (b) Cu3(BTC)2, and (c) Cu3(BTC)2/GO.
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attributed to the exfoliation/dispersion of GO in the polar solvents
used during the material preparation [29]. Moreover, based on the
Scherrer equation, the size of Cu3(BTC)2/GO hybrid composite
crystals was 73 nm.

SEM pictures of Cu3(BTC)2 and Cu3(BTC)2/GO are presented in
Fig. 3. The SEM image of Cu3(BTC)2 was obtained as face-centered
cubic crystals, demonstrating the good crystallinity of the material.
The average crystal size of Cu3(BTC)2/GO was 12 mm. A signifi-
cant surface roughness and several defects were observed for the
Cu3(BTC)2/GO samples, indicating that the GO are indeed well
admixed with Cu3(BTC)2.

3.2. Optimization of the solid-phase extraction conditions

Because the phenolic hydroxyl groups from luteolin could
interface with the neighboring benzene ring through ρ–π interac-
tions, pH could change its existing form of luteolin [33]. The effect
of sample pH on the adsorption of Cu3(BTC)2/GO hybrid compo-
sites toward luteolin was studied with varying the pH from 4 to
8 and the results were presented in Fig. 4a. The results showed
that the peak current increased with solution pH ranging from 4 to
6, and then the decrease of the peak current was observed when
the solution pH was higher than 6. Considering the determination
sensitivity, pH of 6 was chosen in the following investigation.

In order to choose the optimum amount of sorbent required for
quantitative recoveries of luteolin, 5, 10, 15, 20 and 25 mg of
Cu3(BTC)2/GO hybrid composites were tested and Fig. 4b showed
that the signal intensity achieved by 15 mg of hybrid composites was
much higher than that of by 5 and 10 mg sorbent, but almost the

same with that of by 20 and 25 mg. This was because a fixed
concentration and volume of sample solution was employed, which
could be adsorbed completely on the surface of 15 mg hybrid
composite. Although more amounts of sorbent were used, the
quantity of analyte remained constant. Hence, the signal intensity
kept unchanged, and 15 mg was found to be the optimum value.

The amount of analyte adsorbed dependent on the rate of its
mass transfer from the aqueous phase to the sorbent in the SPE
procedure. Therefore, adsorption time is another important factor to
be considered, and the investigation of the influence of the adsorp-
tion time was studied by varying the mixing time of Cu3(BTC)2/GO
hybrid composites and sample solution from 10 to 30 min. The
amount of Cu3(BTC)2/GO hybrid composites was 15 mg and it was
added into 5.0�10�8 mol L�1 spiked luteolin aqueous sample.
Results in Fig. 4c showed that the signal intensity increased rapidly
with increased adsorption time up to 20 min, but unchanged with
the adsorption time augment. Therefore, an adsorption time of
20 min was chosen for the subsequent evaluation.

The luteolin is relatively hydrophobic and a suitable organic
solvent was needed to increase the desorption strength. At the
same time, the luteolin oxidation occurred in the presence of acid
medium, choosing a suitable elution solvent was important to
ensure compatibility of the subsequent stripping procedure. In this
study, eluent was prepared and optimized to achieve accurate
desorption of the analytes by varying ethanol and phosphate
buffer solution mixture at different volume ratios (8:2, 7.5:2.5,
7:3, 6:4 and 5:5). It was found that luteolin could be completely
desorbed from the sorbent with 2.5 mL of ethanol and phosphate
buffer solution mixture (6:4, v/v). The elution solvent pH of 4, 5, 6,
7 and 8 was further investigated (Fig. 4d). No lower pH value
was tested, because the hybrid composites began to dissolve with
a pH less than 4. The results showed that a pH of 5 was enough
for subsequent work. For achieving the more efficient desorption
condition, the elution time was also investigated in the range
of 5–25 min with 2.5 mL elution solvent. The results showed that
the signal intensity of luteolin was increased with an increase
in the elution time from 5 to 15 min and kept constant up to 25.
An elution time of 15 min appeared to be sufficient for complete
desorption. After the first desorption, the sorbent was further
desorbed with elution solvent for a second time to test the
possible carryover effects. No analytes were detected after the
second desorption step, indicating that the sorbent could be
reused without any pretreatment.

In order to obtain the highest sensitivity and preconcentration
factor, the sample volume needs to be optimized. In this case the
sample solutions of 50, 100, 150, 200 and 250 mL were prepared
containing fixed amounts of luteolin (5.0�10�8 mol L�1). The
signal intensity was increased with the sample volumes up to
150 mL and above this amount, it remained constant. The phe-
nomenon could be attributed to the fact that the increase of
analyte enrichment with increasing sample volume whereas aFig. 2. X-ray diffraction patterns of (a) GO, (b) Cu3(BTC)2, and (c) Cu3(BTC)2/GO.

Fig. 3. SEM pictures of (a) Cu3(BTC)2 and (b) Cu3(BTC)2/GO.
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limit of this enrichment is reached when the adsorption sites are
fully saturated with the analytes. Therefore, a sample volume of
150 mL was chosen as an optimum volume. The preconcentration
factor is calculated from the following equation:

enrichment factor¼the volume of sample/the volume of eluent
By applying of 150 mL sample volume under optimum condi-

tions and eluting of luteolin with 2.5 mL of elution solvent, a
preconcentration factor of 60 was obtained. However, for conve-
nience, all the experiments were carried out with 10 mL of the
aqueous phase.

3.3. Optimization of the determination conditions

The cyclic voltammogram of luteolin at GCE was performed
between 0.1 and 0.8 V at a scan rate of 0.1 V s�1. A pair of redox
peaks appeared with the anodic peak potential (Epa) as 0.428 V and
the cathodic peak potential (Epc) as 0.397 V. The anodic (Ipa) and
cathodic (Ipc) peak current was obtained as 0.454 and 0.371 mA,
respectively. The peak-to-peak separation (ΔEp) was obtained as
31 mV, which is close to 2.3RT/nF, indicating that the number
of electrons involved in the reaction was n¼1.9E2. Cyclic voltammo-
grams of 1.0�10�7 mol L�1 luteolin in ethanol and phosphate
buffer solution mixture with different solution pH values are shown
in Fig. 5. Both the reduction and oxidation peak potentials of
the luteolin shifted negatively with the increase in the solution pH
values. The redox peak potential of luteolin varied linearly in the
range of pH values from 4 to 8 with the slope of 55 and 58mV
pH�1 (Epa¼�0.055 pHþ0.724, r¼0.9956; Epc¼�0.058 pHþ0.696,
r¼0.9994), which was close to the theoretical value of 59 mV pH�1.
This result was agreement with the Nernst equation for a two-electron

and two-proton transfer reaction, and the similar behavior has also
been reported by Liu and co-workers [11].

Fig. 6 showed the cyclic voltammograms of 1.0�10�7 mol L�1

luteolin at different scan rates. The redox peak current increa-
sed linearly with the scan rate in the range of 20–450 mV s�1

(Ipa¼0.06225þ0.00372v, r¼0.9987; Ipc¼�0.08685–0.00278v,
r¼0.9916). It indicates that adsorption-controlled surface adsorp-
tion kinetics played a more important role in the electrode
process. In addition, with the increase of scan rate, the Epa shifted
more positively and the Epc shifted more negatively, indicating

Fig. 4. Effects of (a) sample solution pH, (b) amount of sorbent, (c) adsorption time, and (d) elution pH on the peak current.

Fig. 5. Influence of buffer solution pH on cyclic voltammograms of
1.0�10�7 mol L�1 luteolin at glassy carbon electrode. Solution pH: 4, 5, 6, 7, and
8 (from a to e). Inset: Dependence of redox peak potentials on solution pH.
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that the electron-transfer rate decreased and the electrochemical
reaction of luteolin tended to less reversible.

It was believed that accumulation can improve the amount of
luteolin absorbed on the electrode surface, and then improve
determination sensitivity and decrease detection limit. The accu-
mulation under different potentials and times on the peak current
was investigated. The peak current increased remarkably when
the accumulation potential was increased from 0.2 to 0.4 V.
However, with the further increase of the accumulation potential,
the peak current decreased. Therefore, the accumulation potential
was set at 0.40 V. The influence of the accumulation time on
the peak current was studied at a fixed accumulation potential
of 0.4 V. The current increased gradually with the accumulation
time up to 300 s. With further increase of the accumulation time,
the peak current increased slightly. It was probably due to the
adsorptive equilibrium between the luteolin and GCE surface was
saturated after 300 s. So the accumulation time is set at 300 s.

3.4. Investigation in the interferences

Prior to the application of the proposed method on real
samples, it was vital to investigate the effect of some interfering
ions and compounds on the signal intensity of luteolin. The
adsorption and desorption of luteolin was tested in the presence
of spiked known amounts of interfering species. The tolerance
limit was defined as the amount of the foreign ion causing a
change of 75% in the signal intensity. The results showed that the
presence of 5-fold of quercetin and rutin; 50-fold of guanine
would cause an increase in the signal intensity of luteolin,
50-fold of hypoxanthine and hesperidin would cause a decrease
in the signal intensity of luteolin. The experiments also showed
that 200-fold of chlorogenic acid, cysteine and dopamine; 500-fold
of glucose and ascorbic acid do not interfere in the adsorption and
desorption of luteolin. 1000-fold of most common matrix consti-
tuents, Naþ , Kþ , Ca2þ , Mg2þ , Fe3þ , Cu2þ , NO3

� , SO4
2� , Cl– is also

tolerable. In addition, simply diluting the sample can sometimes
minimize analyte matrix interference if the interferent produces
no significant interference effect below a certain concentration
level.

3.5. Analytical performance

Under the optimized conditions, a serial of experiments with
regard to the linearity, limit of detection and repeatability were

performed to validate the proposed method. Fig. 7 shows the
square wave voltammogram profiles of luteolin in different con-
centrations and a clear oxidation peak appeared at 0.35 V.
It can be seen that the anodic current increases with the luteolin
concentration and a linear relationship could be established
between the anodic current and the luteolin concentration in the
range of 5.0�10�9–5.0�10�7 mol L�1 (inset of Fig. 7). The
detection limit was calculated to be 7.9�10�10 mol L�1, which
was defined as LOD¼3s/s, where s is the standard deviation
of the blank signals and s is the slope of the linear calibration
graph. The repeatability of the method was evaluated and the
relative standard deviation towards a 5.0�10�8 mol L�1 of luteo-
lin solution was 4.20% for six successive assays. Moreover, the
hybrid composites exhibited good stability under the experimental
conditions, which could be used for more than 30 experiments
without any loss in its sorption behavior. Table 1 lists the linear
ranges and detection limits for luteolin determination using
different analytical methods, including HPLC, CE and electroche-
mical methods with modified electrodes. It can be observed that
the detection limit of the proposed method is lower than or
comparable with the results of previous studies [5–11,33]. Accord-
ingly, the proposed method showed a very good sensitivity, high
enrichment factor and low detection limits. The sorption processes
between luteolin and Cu3(BTC)2/GO can be attributed to the fact
that luteolin molecules can penetrate into the Cu3(BTC)2/GO
channel, and the shape and size of the pores lead to shape- and
size-selectivity over the guests which may be adsorbed. Another
important factor for this behavior is primarily through the hydro-
phobic and π–π stacking interactions between luteolin and
Cu3(BTC)2/GO hybrid composites.

3.6. Analytical applications

The performance of the proposed method was tested by
analyzing tablets and chrysanthemum tea samples. The tablet
and chrysanthemum tea were purchased from local Chinese
pharmacy store and finely pulverized by electric blender before
the experiment. 0.5 g of powdered samples was transferred into a
beaker together with 10 mL ethanol for 20 min with the aid of
ultrasonication. After being filtered through a filter paper, the
extract was diluted to 50 mL conical beaker with ethanol, and then
the contents of luteolin were analyzed after appropriate dilution.
All samples obtained were analyzed in three replicates. The results
are outlined in Table 2 with the recoveries between 97.0 and

Fig. 6. Cyclic voltammograms of 1.0�10�7 mol L�1 luteolin at different scan rates
(from a to k: 20, 40, 80, 100, 150, 200, 250, 300, 350, 400, and 450 mV s�1.) in
ethanol and phosphate buffer solution mixture (pH¼5.0). Inset: Dependence of
redox peak current on scan rate.

Fig. 7. Square wave voltammograms of luteolin at the following concentrations:
(a) 0.5; (b) 1; (c) 5; (d) 10; (e) 30, and (f) 50�10�8 mol L�1 at step increment 4 mV,
square wave amplitude 25 mV and wave frequency 25 Hz. Inset: calibration curves
of luteolin.
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102.0%. To further evaluate the accuracy of the proposed method,
the conventional HPLC method was also adopted to analyze the
real samples for comparison. For HPLC analysis, the sample solutions
were analyzed under the following conditions: Methanol-phosphoric
acid (0.4%) (55: 45, v/v) was used as the mobile phase at a flow rate of
1 mLmin�1; UV detector wavelength was set at 350 nm; and sample
injectionwas 20 mL. The peak retention time for the elution of luteolin
was 8.0 min. The results obtained showed that there was no obvious
difference between these two methods.

4. Conclusions

In this study, a novel Cu3(BTC)2/GO hybrid composites was
synthesized, and used as an extraction media for the separation
and enrichment of luteolin. The experimental results showed that
hybrid composites had good adsorption capacity for target ana-
lytes, and the developed SPE exhibited many merits for the
enrichment. The optimal method had attained acceptable analysis
results of tablets and chrysanthemum tea samples with a little
amount of sorbents with detection by square wave voltammetry.
The feasibility of this method would considerably expand the
application of metal-organic frameworks based composites and
become a cost effective and useful extraction tool in analytical
chemistry.
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Table 1
Comparison of analytical properties for the determination of luteolin.

Methods Linear range (mmol L�1) Detection limit (mmol L�1) Ref.

High-performance liquid chromatography 0.31–89 0.070 5
Capillary zone electrophoresis 6.60–528 0.45 6
Differential pulse voltammetry using multiwalled carbon nanotubes modified glassy carbon electrode 0.0002–0.003 0.00006 7
Differential pulse voltammetry using macroporous carbon modified glassy carbon electrode 0.3–30 0.0013 8
Square wave voltammetry using heated pencil lead disk electrode 0.004–1 0.001 9
Square wave voltammetry using Ag or Au nanoparticles dispersed in BMI � PF6 0.099–5.825 0.054 10
Differential pulse voltammetry using glassy carbon electrode 0.01–1 0.005 11
Liquid phase microextraction combined with high-performance liquid chromatography 0.01–1.75 0.00175 33
Square wave voltammetry combined with solid-phase extraction 0.005–0.5 0.00079 This work

Table 2
Analytical results of real samples (mean7S.D., n¼3).

Sample Original (mg g�1) Added (mg g�1) Found (mg g�1) HPLC (mg g�1) Recovery (%)

Tablet 2.6670.13 0.5 3.1770.15 2.6170.08 102.0
1 3.6370.18 97.0

Chrysanthemum tea 0.31070.03 0.5 0.80770.02 0.31570.01 99.4
1 1.3270.05 101.0
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