
P
a
s

J
a

b

a

A
R
R
A
A

K
F
M
P
G

1

n
a
h
m
a
c
D
r
p
o
w
p
[
i

0
d

Journal of Chromatography A, 1218 (2011) 2841–2847

Contents lists available at ScienceDirect

Journal of Chromatography A

journa l homepage: www.e lsev ier .com/ locate /chroma

reparation of Fe3O4@C@PANI magnetic microspheres for the extraction and
nalysis of phenolic compounds in water samples by gas chromatography–mass
pectrometry

iaoran Menga, Chenyi Shia, Biwen Weib, Wenjia Yub, Chunhui Denga,∗, Xiangmin Zhanga

Department of Chemistry, Fudan University, Handan Road, No. 220, Shanghai 200433, China
Shanghai Entry-Exit Inspection and Quarantine Bureau, Shanghai 200135, China

r t i c l e i n f o

rticle history:
eceived 3 February 2011
eceived in revised form 15 March 2011
ccepted 17 March 2011
vailable online 12 April 2011

eywords:
e3O4@C@PANI magnetic microparticles

a b s t r a c t

In this work, core–shell structure Fe3O4@C@polyaniline magnetic microspheres were synthesized using
simple hydrothermal reactions. The carbon-coated magnetic microspheres (Fe3O4@C) were first synthe-
sized by a hydrothermal reaction, and then aniline was polymerized on the magnetic core via another
hydrothermal reaction. Then, the obtained Fe3O4@C@polyaniline magnetic microspheres were applied
as magnetic adsorbents for the extraction of aromatic molecules due to �–� interactions between
polyaniline shell and aromatic compounds. In our study, five kinds of phenols including phenol, 2,4-
dichlorophenol (DCP), 2,4,5-trichlorophenol (TCP), pentachlorophenol (PCP) and bisphenol A (BPA) were
agnetic separation
henolic compounds
as chromatography–mass spectrometry

selected as the model analytes to verify the extraction ability of Fe3O4@C@PANI microspheres. After
derivatization, the phenols were detected using gas chromatography–mass spectrometry (GC–MS). The
dominant parameters affecting enrichment efficiency were investigated and optimized. Under the opti-
mal conditions, the proposed method was evaluated, and applied to the analysis of phenols in real
water samples. The results demonstrated that our proposed method based on Fe3O4@C@polyaniline
magnetic microspheres had good linearity (r2 > 0.991), and limits of quantification (2.52–29.7 ng/mL),
high repeatability (RSD < 13.1%) and good recovery (85.3–110.6%).

© 2011 Elsevier B.V. All rights reserved.
. Introduction

Nowadays, synthesis and application of functionalized mag-
etic particles have caused great interest [1,2]. The development
nd application of magnetic separation techniques have been as a
ot topic. Magnetic materials are always synthesized based on a
agnetic magnetite (Fe3O4) or maghemite (�-Fe2O3) core, which

re afterwards modified with different compounds to form various
onfigurations [2,3], such as the conventional core–shell structure.
ue to their magnetic properties, magnetic particles are easy to

etrieve from matrices with a magnetic field, which makes sample
retreatment fast, simple, as well as highly effective. As a result
f that, magnetic materials have been applied successfully and

idely in sample pretreatment, especially in biochemistry at early
eriod, such as cell image, drug delivery, and biomolecule detection
4–8]. Magnetic particles have turned to be used as the adsorbents
n solid-phase extraction since 1999, when Safarikova and Safarik

∗ Corresponding author. Tel.: +86 21 65643983; fax: +86 21 65641740.
E-mail address: chdeng@fudan.edu.cn (C. Deng).

021-9673/$ – see front matter © 2011 Elsevier B.V. All rights reserved.
oi:10.1016/j.chroma.2011.03.044
reported the new separation method called magnetic solid-phase
extraction [9].

As one of the most widely used magnetic particles, naked Fe3O4
particles have good solubility in water. However, they are easy
to aggregate and cannot adsorb analytes effectively due to the
simplicity of its surface. So they are usually modified with dif-
ferent functional groups to prevent aggregation and extend their
application. These functional groups include silica, metal oxides,
polymers and so on [10–14]. Our group has achieved much success
in synthesis of core–shell structure Fe3O4@metal oxides and the
application of the magnetic materials to bio-separation [15–19].
Recently, we successfully synthesized a new magnetic particle
of Fe3O4@SiO2@PMMA and applied to the enrichment of pep-
tides and proteins [20]. Apart from extraction and separation
of biomolecules, we have started to pay more attention on the
extraction of small molecules from environmental matrices using

functionalized magnetic materials [21].

Among these modified functional groups, conducting polymers
are one of the most attractive compounds due to their versa-
tile properties especially the electric conductivity [22–24]. Many
synthetic methods about magnetic particles modified with dif-

dx.doi.org/10.1016/j.chroma.2011.03.044
http://www.sciencedirect.com/science/journal/00219673
http://www.elsevier.com/locate/chroma
mailto:chdeng@fudan.edu.cn
dx.doi.org/10.1016/j.chroma.2011.03.044
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Fig. 1. Synthetic steps of

erent kinds of conducting polymers have been reported, such
s polypyrrole, polystyrene and poly (N-isopropylacrylamide)
25–28]. Among these polymers, polyaniline (PANI) is studied most
ecause it has advantages of hydrophilic, environmental stabil-

ty and also oxidation- or protonation-adjustable electro-optical
roperties [29,30]. In addition, the large benzene ring system con-
ributes to the remarkable interaction with aromatic compounds
y �–� interaction [31]. Due to these superiorities, polyaniline has
xceptional potentiality in solid-phase extraction from water sam-
le. Up to now, many works have been published to synthesize
olyaniline-coated magnetic particles. Wan et al. reported chem-

cal polymerization method to synthesize polyaniline magnetic
anoparticles [32,33]. Deng et al. synthesized a core–shell structure
f Fe3O4@PANI nanoparticles via in situ polymerization and dode-
ylbenzene sulfonic acid sodium (NaDS) was used as surfactants
n the procedure [34]. Lu et al. introduced aniline dimer-COOH to
ssist the preparation of well dispersed Fe3O4@PANI nanoparticles
30,35]. However, these polymerization procedures were always
edious, and took very long time, which limited their real applica-
ion in extraction and separation.

In this work, we developed a facile method to synthe-
ize polyaniline-coated magnetic particles. First, according to
ur previous method [36], Fe3O4@C microspheres were synthe-
ized by a hydrothermal reaction. Then aniline was polymerized
n the Fe3O4@C microspheres to form a core–shell structure
ia another hydrothermal reaction. Finally, to demonstrate that
e3O4@C@polyaniline magnetic microspheres have the extraction
bility of aromatic compounds, five kinds of phenolic compounds
ere selected as the model analytes. Phenolic compounds are a kind

f common environmental contaminants, among which bisphenol
is an important monomer in the production of polycarbonate

lastics, and it can probably be found in environmental water sam-
le [37]. Many other methods have been reported to detect phenolic
ompounds from water sample [38–42]. In this study, we selected
ve kinds of phenolic compounds as the model analytes, and the

e3O4@C@PANI particles were successfully applied in the extrac-
ion and detection of phenolic compounds from real water sample,
hich showed that the Fe3O4@C@PANI microspheres have great

pplication potential in the extraction of aromatic compounds from
ater systems.
@C@PANI microspheres.

2. Experimental

2.1. Chemicals and reagents

Phenolic compounds were purchased from Dr. Ehrenstor-
fer (Augsburg, Germany). Copper(II) acetate (CuAc2) was from
Alfa Aesar (Ward Hill, MA). Bis-(trimethylsilyl)-trifluoroacetamide
(BSTFA) with 1% trimethyl chlorosilane (TMCS) was purchased from
Fluka (Buchs, Switzerland). Deionized water was purified by a Milli-
Q system (Milford, MA, USA). All other chemicals and reagents
were the highest grade and commercially available. Phenolic stock
solution was prepared by dissolving five phenols in methanol at
a concentration of 10 �g/mL and was stored at 4 ◦C for following
usage.

2.2. Synthesis of Fe3O4 and Fe3O4@C

As the scheme of the synthesis approach shows (Fig. 1), Fe3O4
microspheres were first synthesized according to the previous
method [36,43]. 1.35 g FeCl3·6H2O and 75 mL glycol were added in
a dry beaker, and the solution was under stirring until it turned to
be transparent. Then 3.6 g sodium acetate (NaAc) was added in the
solution. After NaAc was dissolved totally, the mixture was trans-
ferred to an autoclave, ultrasonicated for 5 min, and then heated at
200 ◦C for 16 h. The obtained particles were washed with deionized
water and ethanol for several times and dried at 50 ◦C for 24 h.

In the following step, 0.4 g Fe3O4 microspheres were treated
by 0.1 M HNO3 followed by ultrasonicated for 10 min, and washed
with deionized water. Then, the microspheres were introduced in
80 mL glucose aqueous solution (0.5 M), and dispersed under ultra-
sonic for 5 min. Next, the mixture was transferred to an autoclave
and heated at 180 ◦C for 6 h. When it was cooled to room tempera-
ture, the Fe3O4@C microspheres were isolated with a bar of magnet,
and washed with deionized water and ethanol successively. Finally,
the obtained microspheres were dried at 50 ◦C for the following
work.
2.3. Synthesis of Fe3O4@C@PANI microspheres

The synthetic method of Fe3O4@C@PANI microspheres was con-
ducted according to the previously reported method with some
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spiked water samples at a concentration of 100 ng/mL. The extrac-
tion process lasted 20 min to ensure a large amount of analytes
adsorbed on the solid phase, and then the magnetic adsorbents
were attracted by a magnetic field to be removed from water. In
order to elute the adsorbed analytes, 1 mL ethyl acetate was added

Table 1
The retention time and characteristic ion of the analytes.

Compound Characteristic ion (m/z) Retention time (min)
Fig. 2. Procedure of magnetic so

odification [44]. In Tan’s work [44], a template-free method was
roposed to synthesize mono-dispersed polyaniline microspheres.
e introduced this method with some modification and made the

olymerization occurred on the surface of magnetic particles. The
rocedure was as follows: 0.2396 g CuAc2 and 85.6 �L aniline were
rst dissolved in 16 mL and 64 mL deionized water, respectively
the deionized water needed to be bubbled with N2 for at least
0 min in advance). Then both of the two solutions were trans-
erred into an autoclave, and 50 mg Fe3O4@C particles were added
n at the same time. The mixture was then heated at 180 ◦C for 4 h.
he obtained microspheres were washed with water and ethanol,
nd dried at 50 ◦C for 24 h.

.4. Characterization of Fe3O4@C@PANI particles

The size and structure of Fe3O4@C@PANI microspheres were
haracterized by JEOL JSM-6500F scanning electron microscope
SEM) and JEOL JEM-2010 transmission electronic microscopy
TEM). Powder X-ray diffraction (XRD) patterns were conducted
y Bruker D4 X-ray diffractometer with Ni-filtered Cu Kaá radiation
40 kV, 40 mA). The success of forming and coating of polyaniline
as proved by Fourier-transform infrared (FT-IR) spectra, which
ere collected on a Nicolet Fourier spectrophotometer using KBr
ellets (USA).
.5. Gas chromatography–mass spectrometry instrumental

In this work, gas chromatography–mass spectrometry (GC–MS)
as introduced to determine the analytes. The GC–MS instrument
ase extraction of water sample.

was HP6890/5973, and the column was HP-5MS (30 m × 250 �m,
0.25 �m). Helium (99.999%) was used as carrier gas with a flow
rate of 1.0 mL/min. The temperature of injection was set to 250 ◦C,
and 1 �L sample was injected at a splitless mode. The tempera-
ture programming was set as followings: the initial temperature
was 60 ◦C, holding for 3 min; and it was heated up to 280 ◦C at a
rate of 10 ◦C/min, holding for 5 min at the final temperature. All
the analytes were detected in selected ion mode (SIM), and the
characteristic ions for each analyte are shown in Table 1.

2.6. Procedure of magnetic solid phase extraction coupled with
gas chromatography–mass spectrometry (MSPE-GC–MS)

In the proposed extraction procedure (Fig. 2), 40 mg
Fe3O4@C@PANI was used to extract the analytes from 10 mL
Phenol 151, 166 7.24
DCP 93, 219 10.66
TCP 217, 253 11.75
PCP 93, 323 14.70
BPA 357, 372 16.80
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Fig. 3. SEM (a) and TEM (b) images of Fe3O4@C@PANI.
844 J. Meng et al. / J. Chromat

n the vial followed by an ultrasonic oscillation of 5 min. After
lution, 400 �L solutions were taken out, introduced to a 4 mL vial
nd was dried under N2. Then the analytes were derivatized with
00 �L BSTFA by a microwave reaction under 300 W for 10 min.
fter that, 1 �L derivative was injected in GC–MS to analyze.

.7. Sample collection and analysis

Tap water sample was collected from our laboratory and the
aste water was collected from the river in Yangpu District, Shang-
ai, which were both stored at 4 ◦C and analyzed within one day.
o special treatment was taken before analysis.

. Results and discussion

.1. Characterization of Fe3O4@C@PANI microspheres

In this work, polyaniline-coated magnetic particles were syn-
hesized by a facile hydrothermal method. In this approach, aniline
as polymerized on magnetic Fe3O4@C microspheres with the
resence of small amount of CuAc2 as an initiator, and the polymer-

zation procedure only took 4 h via a hydrothermal reaction without
ny templates. So, unlike other synthetic method, this novel syn-
hetic approach was very fast and simple. In the following work,
haracterizations of the synthesized Fe3O4@C@PANI microspheres
ere carried out by electron microscopy, X-ray diffraction (XRD)

nd infrared spectra (IR).
The morphology of Fe3O4@C@PANI microspheres was con-

ucted by SEM and TEM images. The SEM image shown in Fig. 3a
uggests that the particles formed a sphere-like shape with a rough
urface. These microspheres appeared to be well-distributed with
n average diameter of about 200 nm. From TEM image in Fig. 3b,
t was found that a distinguished core–shell structure was formed.
he light-colored layers of C and PANI were successful coated on
he black core of magnetic Fe3O4 microspheres, and the thin coat-
ng layer had a thickness about 30 nm. The XRD patterns in Fig. 4
how that Fe3O4@C@PANI, Fe3O4@C and Fe3O4 microspheres had
imilar locations of diffraction peak, which were in good agreement
ith the previous report [30], so that the synthesized Fe3O4@C and

e3O4@C@PANI microspheres had same crystal structure as naked
e3O4 particles.

In addition, the infrared spectra of Fe3O4, Fe3O4@C and
e3O4@C@PANI microspheres (Fig. 5) demonstrated the success-
ul functionalization of forming and coating of polyaniline on the

agnetic core. First, the most intense signal at 570 cm−1 was Fe–O
tretching of Fe3O4 [45], and the bonds at 1700 and 1606 cm−1 illus-
rated the successful coating of carbon on magnetite. For the spectra
f Fe3O4@C@PANI the broad peak from 3400 cm−1 to 3500 cm−1

as observed as N–H stretching. Then, the bonds at 1592 cm−1 and
488 cm−1 were assigned to quinoid ring and benzene ring, respec-
ively. The bonds at 1296 cm−1 and 1387 cm−1 were related to C–N
tretching absorptions and –CH3-substituted group, respectively
46,47]. What is more, the bands around 433 cm−1 were probably
ssociated with the o-substituted aromatic rings [44]. Therefore,
e considered that the magnetic cores were successfully coated by
olyaniline.

.2. Application of Fe3O4@C@PANI microspheres to the extraction
f phenolic compounds in water sample

The polyaniline coating of Fe3O4@C@PANI microspheres has

arge conjugated systems of benzene rings, so it is easy to cap-
ure aromatic compounds due to �–� interaction. In this work, we
elected five common phenolic contaminants (phenol, DCP, TCP,
CP and BPA) to verify the extraction ability of Fe3O4@C@PANI
icrospheres. At first, the dominant extraction parameters were

Fig. 4. XRD patterns of Fe3O4, Fe3O4@C and F3O4@C@PANI.
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Fig. 5. The FTIR spectra of Fe3O4 (a), Fe3O4@C (b) and Fe3O4@C@PANI (c).

ptimized, including organic solvent, amounts of adsorbents,
xtraction time and pH of water sample.

.2.1. Organic solvent selection
Organic solvent is one of the most important factors which

nfluenced the extraction procedure directly, and the extraction
fficiency strongly relies on the different properties of eluents, so
e worked first on the solvent selection. In this study, three kinds

f organic solvents were chosen to compare their eluting efficiency,
hich were methanol, chloroform and ethyl acetate. As seen from

ig. 6, the experiment results show that the extraction efficiency
hanged a lot for different analytes and eluents. First, methanol had
est eluting results of BPA obviously, but its eluting abilities of phe-
ol, DCP and TCP were the least of all. In a similar way, chloroform
lso had lower eluting efficiency of both DCP and TCP, and it was
ven difficult to determine these two analytes when the concen-
ration was lowered. It was very likely caused by the hydrophilic
ifferences among analytes and eluents. Among these three sol-
ents, methanol had the highest polarity, so it could elute more
olar analytes, such as BPA, while for ethyl acetate, although it
luted less BPA than methanol, it eluted much more of phenol, DCP

nd TCP compared with methanol and chloroform, so that these
nalytes could be detected at a considerable lower concentration.
herefore, we sacrificed some efficiency benefit of BPA and selected
thyl acetate as eluent in the following work.

Fig. 6. Comparison of the eluting abilities of different organic solvent.
Fig. 7. The different effects on the extraction efficiency of different amounts of
adsorbents.

3.2.2. Amounts of Fe3O4@C@PANI particles
The effect of the amounts of adsorbents on the extraction effi-

ciency was investigated. The enrichment experiments of the five
analytes in water samples were performed using different amounts
(from 10 mg to 50 mg) of the synthesized materials. As results
shown in Fig. 7, the extraction efficiency increased gradually when
more adsorbents were used. However, due to the different proper-
ties of each analyte, the extraction equilibriums were achieved with
different amounts of the particles. For PCP, 20 mg particles could
largely extract it, and 40 mg particles were needed to ensure the
fully extraction of phenol. What is more, the extraction efficiency
of BPA still slightly increased even when the amount of adsorbent
reached 50 mg. So, taking all factors into consideration, we selected
40 mg as the optimal amount.

3.2.3. Adsorption time
The influence of adsorption time was studied by preconcentra-

tion of analytes with spiked distilled water sample (100 ng/mL),
and the extraction times were 10, 20, 30 and 45 min. Due to good
dispersibility of polyaniline in water, the particles could disperse

in aqueous phase easily and totally with slight vibration, instead of
aggregation in a short time. As a result of that, as seen from Fig. 8,
all the curves turned to be flatten out when the extraction time
reached 20 min, which showed that the system achieved extraction

Fig. 8. The Influence of different extraction time on the adsorption of phenols.
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Table 2
The validation data of MSPE-GC–MS procedure.

Compound Calibration equation r2 Linearity range (ng/mL) RSD (%) (n = 3) LOD (ng/mL) LOQ (ng/mL) Recovery (%) RSD of recovery (%)

Interday Intraday

Phenol y = 3036x + 11912 0.992 5–200 5.9 10.6 2.13 7.10 90.0 5.0
7.7 5.55 18.5 87.7 8.9

15.8 7.58 25.2 98.0 8.3
12.2 3.22 10.7 103.1 5.5
11.2 0.89 2.97 103.2 9.8
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DCP y = 1835x + 740.5 0.998 10–200 8.7
TCP y = 2065x + 2337 0.998 10–200 13.1
PCP y = 1038x + 1065 0.991 5–200 5.7
BPA y = 5914x + 21752 0.998 1–200 10.9

alance after 20 min. Virtually, there was no obvious change on PCP
rom 10 min to 45 min, compared with the noteworthy increase of
PA from 10 min to 20 min. In a word, it was sufficient to get plen-
iful analytes extracted during a moderate time of 20 min, which
as therefore chosen as the best adsorption time.

.2.4. Influence of pH value of solution
The pH value of the solution could change the superficial charge

istribution of polyaniline, which would influence the adsorption
apacity of polyaniline. To investigate the effect of pH, we adjusted
he solution pH by adding hydrochloric acid or NaOH solution
rom acidic to basic, including pH values of 2, 5, 7, 9 and 12. The
esults are shown in Fig. 9. We found that, at higher solution pH
pH = 12), the extraction efficiency dropped apparently. Under this
H condition, the polyaniline coating became deprotonated, so that
oulombic repulsion between polyaniline coating and negatively
harged phenolates probably hinder the interaction between each
ther. Moreover, for BPA only, the best adsorption efficiency was
chieved at pH 7, while for the other analytes, there was no notable
hange when pH was below 10. Therefore, there was no need to
djust pH value before analyzing general water sample.

.3. Method evaluation

A series of experiments were conducted to further validate
ur proposed method, such as linearity, reproducibility, limit of
etection (LOD), and limit of quantification (LOQ). All the parallel
xperiments were repeated three times and the results are tabu-
ated in Table 2. Calibration curves were conducted by analyzing
0 mL distilled water spiked with different analytes in the range
rom 1 ng/mL to 200 ng/mL (1, 5, 10, 50, 100 and 200 ng/mL). The

elative standard deviations (r2) of these curves were all above
.991. Reproducibility of inter- and intra-day was carried out to
nalyze spiked water sample (100 ng/mL), and the RSD values of
ntra-day were slightly larger than those of inter-day. The detec-
ion and quantification limits were calculated on the basis of S/N = 3

Fig. 9. The effect of solution pH on the adsorption efficiency.
Fig. 10. The chromatogram of spiked tap water sample. (a: phenol; b: DCP; c: TCP;
d: PCP; e: BPA).

and S/N = 10, with the values from 0.89 to 7.58 ng/mL and from
2.52 to 29.7 ng/mL, respectively. Compared other conventional SPE
method [48,49], our procedure had equivalent abilities to analyze
phenolic compounds from water sample, and these results showed
that our method had good linear range, low detection limits and
high reproducibility, which could be further introduced to the real
water sample analysis.

3.4. Analysis of real water samples

To further verify our proposed method, tap water and river
water sample were collected to be analyzed. Since none of the five
kinds of phenols were detected in non-spiked tap water sample,
spiked tap water samples were analyzed to calculate the recoveries
of the five phenolic compounds. Fig. 10 shows the chromatogram
of the spiked water sample, and the recoveries of the analytes are
listed in Table 2. The results demonstrated that all the recover-
ies were in the ranges of 85.3–110.6%, with a relative standard

deviation ranging from 5.0 to 9.8%. What is more, river water sam-
ple was also analyzed and three kinds of phenolic compounds
were detected, except for DCP and TCP. The concentrations of the
detected three compounds are tabulated in Table 3. All the results
illustrated that the Fe3O4@C@PANI magnetic microspheres have

Table 3
The concentrations of phenolic compounds in waste water sample obtained after
MSPE-GC–MS procedure.

Compound Concentration (ng/mL)

Phenol 8.15
DCP ND
TCP ND
PCP 11.67
BPA 7.94

ND: not detected.



ogr. A

p
w

4

s
m
p
C
h
f
F
t
o
i
c

A

F
T
t
2
P

R

[

[
[
[

[
[

[

[
[

[
[
[
[
[
[
[
[
[
[
[
[

[
[
[
[

[

[

[
[
[

[
[
[
[

[

J. Meng et al. / J. Chromat

otential application in the analysis of phenolic compounds from
ater sample.

. Conclusions

In this work, a facile approach was successfully introduced to
ynthesize Fe3O4@C@PANI magnetic microspheres. First, Fe3O4@C
agnetic microspheres were synthesized, and then aniline was

olymerized and coated on this magnetic core in the presence of
uAc2. In this procedure, all the reactions were solvothermal or
ydrothermal reactions, which were simple, fast, low-cost, solvent-

ree and easy to realize in large-scale production. Finally, the
e3O4@C@PANI magnetic microspheres were successfully applied
o the preconcentration of phenols from water sample. We also
btained low limits of detection, good linearity and recovery, which
ndicated that our Fe3O4@C@PANI magnetic microspheres had a
onsiderable potential use in sample preparation of water sample.
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