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Research Article

Magnetic solid-phase extraction based on a
polydopamine-coated Fe3O4 nanoparticles
absorbent for the determination of bisphenol
A, tetrabromobisphenol A,
2,4,6-tribromophenol, and
(S)-1,1’-bi-2-naphthol in environmental
waters by HPLC

Polydopamine-coated Fe3O4 magnetic nanoparticles synthesized through a facile solvother-
mal reaction and the self-polymerization of dopamine have been employed as a magnetic
solid-phase extraction sorbent to enrich four phenolic compounds, bisphenol A, tetrabro-
mobisphenol A, (S)-1,1′-bi-2-naphthol and 2,4,6-tribromophenol, from environmental wa-
ters followed by high-performance liquid chromatographic detection. Various parameters
of the extraction were optimized, including the pH of the sample matrix, the amount of
polydopamine-coated Fe3O4 sorbent, the adsorption time, the enrichment factor of analytes,
the elution solvent, and the reusability of the nanoparticles sorbent. The recoveries of these
phenols in spiked water samples were 62.0–112.0% with relative standard deviations of
0.8–7.7%, indicating the good reliability of the magnetic solid-phase extraction with high-
performance liquid chromatography method. In addition, the extraction characteristics of
the magnetic polydopamine-coated Fe3O4 nanoparticles were elucidated comprehensively.
It is found that there are hydrophobic, �–� stacking and hydrogen bonding interactions
between phenols and more dispersible polydopamine-coated Fe3O4 in water, among which
hydrophobic interaction dominates the magnetic solid-phase extraction performance.
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1 Introduction

Over the past decades, phenolic compounds, commercially
available compounds used worldwide in the manufactur-
ing processes of plastics, dyes, pharmaceuticals, pesticides,
and papers, have been a major group of environmen-
tal pollutants influencing the human health due to their
high toxicity, long persistence, and carcinogenic proper-
ties [1]. Bisphenol A (BPA), as one of the typical pheno-
lic estrogens, has been a high-production-volume industrial
chemical used to make polycarbonate plastics and epoxy
resins ranging from plastic bottles to the inner coating
of food packages to even feeding bottles [2–4]. Many offi-
cial regulatory organizations have banned BPA use in baby

SQUID, superconducting quantum interference device;
TBBPA, tetrabromobisphenol A; TBP, 2,4,6-tribromophenol;
Tris, trihydroxymethylaminomethane; VSM, vibration sample
magnetometry; XRD, X-ray diffraction
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bottles for the adverse health issues [5, 6]. Tetrabrom-
bisphenol A (TBBPA) and 2,4,6-tribromophenol (TBP) are
both halogenated phenolic compounds that are found in a
general range of consumer products, such as telephones,
refrigerators, and packaging material. They have endocrine-
disrupting potencies that cause growing concerns for scien-
tific communities and governmental agencies [7–9]. (S)-1,1′-
Bi-2-naphthol (S-BINOL) is an aromatic compounds widely
applied to molecular recognition, asymmetric catalytic syn-
thesis, and materials [10]. However, the health risk of this
naphthalene-based phenol has been rarely mentioned. Phe-
nolic compounds have become an international concern
nowadays, and therefore, their determination from environ-
mental and biological samples is a meaningful project. The
effective enrichment and identification of trace phenols in the
environment are attracting a good deal of research attention
due to human health concerns.

Like other pollutants, trace analysis of phenolic com-
pounds in environmental samples generally requires a pre-
treatment step to isolate and enrich the target analytes be-
fore instrumental determination. Many sample preparation
technologies have been developed to extract and concen-
trate phenols from complex matrices, including SPE [11],
SPME [12], LPME [13], and stir bar sorptive extraction [14].
SPE is a universally employed sample-preparation technique
for its strong separation capacity and rapid extraction dynam-
ics [11]. Magnetic solid-phase extraction (MSPE) is a novel
SPE method combined with magnetic materials, usually pos-
sessing facile preparation process, large surface area, high
adsorption capacity, simple separation procedure, and good
environment friendliness [15–17]. Among different magnetic
materials, iron oxides such as magnetite (Fe3O4) are most fre-
quently used because of their biocompatibility, facile prepa-
ration process, low price, simple separation procedure, good
environmental friendliness, and reusability. For high adsorp-
tion capacity to organic compounds, multiple carbon materi-
als have been modified on the surface of Fe3O4 to extract trace
phenols from environmental and biological samples, such
as carbon-coated Fe3O4 nanoparticles (Fe3O4/C) [18], carbon
nanotubes [19], graphene [20, 21], and reduced graphene ox-
ide [22, 23], and the like [24–26]. However, several carbon
materials, for example, graphene-doped Fe3O4 nanocompos-
ites (Fe3O4@G), could not well disperse in aqueous matrix
attributed to their strong hydrophobicity, affecting the extrac-
tion efficiency for phenols.

Well known as a catecholamine neurotransmitter mimic
of adhesive proteins, dopamine has attracted much inter-
est in different fields including drug delivery, biosensing,
interfacing with cells, and so on [27–30]. Besides, it allows
the formation of a surface-adhesive film onto a very wide
range of organic and inorganic materials owing to its simple
self-polymerization in weak alkaline conditions at room tem-
perature, and the generated polydopamine (PDA) was suc-
cessfully grafted on metal oxides, polymers, and carbon nan-
otubes [31]. The coexistence of amino and catechol groups of
dopamine makes polydopamine coated Fe3O4 nanoparticles
(PDA@Fe3O4) more hydrophilic and dispersive in aqueous

matrices. In addition, PDA@Fe3O4 is an environmentally
friendly material that originates from all nontoxic reagents. It
has been successfully utilized as an MSPE sorbent for several
polycyclic aromatic hydrocarbons (PAHs) in environmental
waters [32, 33]. Hu et al. applied the same material in the
MSPE of polyphenolic antioxidants in polygonatum odora-
tum [34]. Socas-Rodriguez et al. used PDA@Fe3O4 as sor-
bent in the micro-dispersive SPE for enriching estrogenic
compounds in water sample [35]. Chai et al. also utilized the
material as a dispersive SPE sorbent of water-soluble syn-
thetic colorants in beverage samples [36]. Wang et al. further
synthesized magnetic graphene coated with PDA and used
it as MSPE sorbent of several phthalates [37]. In these previ-
ous reports, it has been realized that PDA@Fe3O4 has excel-
lent enrichment ability to PAHs mainly due to �–� stacking
and hydrophobic interactions of PDA coat to hydrophobic
molecules [32, 33], while to polyphenolic compounds mainly
due to �–� stacking and hydrogen-bonding interactions to
hydrophilic molecules [34]. To date, however, there are de-
tailed studies about the mechanism on how PDA@Fe3O4

can extract phenolic compounds.
In this present report, PDA@Fe3O4 was employed to si-

multaneously extract four important phenolic compounds,
BPA, S-BINOL, TBP, and TBBPA, from environmental wa-
ters followed by HPLC detection. Extraction conditions in-
cluding pH of sample matrix, amount of nanoparticle sor-
bents, adsorption time, enrichment factor of analytes, elution
solvent, and reusability of the PDA@Fe3O4 adsorbents were
optimized comprehensively. Inspired by our previous work
on Fe3O4/C for PAHs and other aromatic compounds [16],
brominated flame retardants (BFRs) and pentachlorophenol
(PCP) [18], and Fe3O4@G for BFRs [20], we detailed the ex-
traction mechanism by comparing the extraction efficiency
of five typical phenolic compounds BPA, S-BINOL, TBP,
TBBPA, and 1-naphenol (NAT). It is revealed that there are
hybrid hydrophobic interactions, �–� staking interaction and
hydrogen bonding between PDA@Fe3O4 and analytes.

2 Materials and methods

2.1 Materials and reagents

All reagents used in the experiment were analytical reagent
grade and used without further purification. Ferric trichloride
(FeCl3·6H2O), anhydrous sodium acetate (CH3COONa), and
diethylene glycol (DEG) were purchased from Nanjing Chem-
ical Reagent Company (Nanjing, China). Trihydroxymethy-
laminomethane (Tris) was bought from Sinopharm Chemi-
cal Reagent (Shanghai, China). 2-(3,4-Dihydroxyphenyl) ethy-
lamine hydrochloride (dopamine) was obtained from Flu-
oroChem (Hadfield, UK). BPA was acquired from Tianjin
Guangfu Chemical Engineering Research Institute, S-BINOL
and TBP were from Sigma–Aldrich (Shanghai, China), and
TBBPA (98%) was from TCI development (Shanghai, China).
1-Napthol (NAT) was obtained from J&K Chemicals (Shang-
hai, China). HPLC-grade acetonitrile and methanol were
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supplied by Fisher Scientific Corporation (Fair Lawn, NJ,
USA). Purified water (Wahaha Group, Hangzhou, China)
was used throughout the experiment. Water samples were
obtained from different districts of Nanjing.

The working standard solution of phenols was prepared
by dissolving these phenols in methanol at a concentration of
100 �g mL−1 and was stored at 4�C for the following usage.
Tap water was taken from our laboratory in the downtown
campus. Rain water was collected in the downtown campus.
River water was obtained from Yangtze River. All water sam-
ples were collected randomly and filtered through 0.22 �m
membranes to remove suspended particles. The filtered water
samples were analyzed within one day.

2.2 Apparatus

The pH was controlled by a Mettler-Toledo SevenMulti pH
meter (Mettler-Toledo, Shanghai, China). A KQ3200DE ul-
trasonic bath with temperature control (Kunshan Shumei
Ultrasonic Instrument, Suzhou, China) was used to disperse
the nanoparticles in solutions. The magnetism measurement
of Fe3O4 and PDA@Fe3O4 nanoparticles was examined us-
ing a superconducting quantum interference device (SQUID)
magnetometer (Quantum Design, San Diego, CA, USA) at
room temperature. FTIR spectra (4000–400 cm−1) in KBr
were recorded on a Nicolet-6700 spectrometer (Nicolet, Madi-
son, WI, USA). The morphology and particle size analysis of
nanoparticles were obtained by a S-3400N II scanning elec-
tron microscope (SEM, Hitachi, Tokyo, Japan) and a high-
resolution transmission electron microscope (HR-TEM) on
a JEM-200CX microscope (JEOL, Tokyo, Japan) with mea-
surement operating at 200 kV. The X-ray diffraction (XRD)
patterns were collected on a Shimadzu XRD-6000 diffrac-
tometer with CuK� radiation (Shimadzu, Kyoto, Japan).
Energy-dispersive X-ray spectroscopy (EDX) was carried out
with an EX 250 spectroscope (Horiba, Kyoto, Japan) attached
to the S-3400N II SEM. The elemental analysis (EA) of
nanoparticles was performed with a Vario MICRO elemen-
tal analyzer (Elementar Analysen systeme, Hanau, Germany).
An Nd-Fe-B cylindrical magnet (8.0 mm × 6.0 mm × 1.6 mm)
was used for magnetic separation. The concentrations of phe-
nols were quantitatively analyzed by HPLC on an Agilent 1200
equipped with a vacuum degasser (G1322A), a quaternary
pump (G1311A), an autosampler (G1329A), a diode array de-
tector (DAD) (G1315A) and an Agilent ChemStation (Agilent,
Palo Alto, CA, USA).

2.3 Preparation of polydopamine-coated Fe3O4

nanoparticles

The synthetic route for preparing the nanocomposites based
on the previous reports with minor modifications [38, 39] is
presented in Fig. 1. First, Fe3O4 nanoparticles were fabricated
by a facile solvothermal reaction. Briefly, anhydrous sodium
acetate (3.6 g) and DEG (40 mL) were mixed and stirred with

Figure 1. Schematic representation of preparation of
PDA@Fe3O4 nanoparticles and MSPE procedures.

a magnetic stirrer for a period of time until CH3COONa dis-
solved completely to form a transparent solution, and then
FeCl3·6H2O (1.35 g) was added and reacted vigorously to ac-
quire uniformity solution. Afterward, the mixture was trans-
ferred into a Teflon-sealed autoclave, and maintained at 200�C
for 8 h. The obtained black products were cooled naturally,
separated by an Nd-Fe-B magnet, washed several times with
water and ethanol to remove residual reagents, and finally
dried at 60�C for future use. As-prepared Fe3O4 nanoparti-
cles (100 mg) were first washed with water several times,
and dispersed into 50 mL 10 mmol L−1 Tris buffer solution
(pH 8.5) with sonication for 10 min, and subsequently mixed
with 50 mL Tris buffer solution containing 300 mg dopamine.
The mixture was continuously sonicated for 30 min in water
bath and then mechanically stirred at a speed of 800 rpm
at room temperature for 16 h. Under the typical alkaline
environment, Fe3O4 nanoparticles were embedded into the
PDA polymer to form PDA@Fe3O4 nanoparticles. The ob-
tained PDA@Fe3O4 products were isolated with a magnet
and washed several times with water and ethanol. At last,
they were dried at 60�C for future use.

2.4 MSPE experiments

The MSPE procedures for phenols referred to the previously
reported work with minor modifications [18]. Briefly, 1.0 mL
of 1.0 mol L−1 ammonium acetate buffer solution (pH 4.5)
and 100 mL water sample were transferred into a beaker
to obtain the sample solution. Afterward, 80 mg of the pre-
pared PDA@Fe3O4 magnetic nanoparticles were added into
the beaker and the mixture was stirred vigorously for 15 min
to make the adsorbents dispersed uniformly in the solution.
Then, an Nd–Fe–B magnet was put under the bottom of the
beaker to separate the sorbents from the solution. The solu-
tion became limpid and the upper clear liquid was decanted
10 min later. After dried by air, the adsorbed target com-
pounds were eluted from the sorbent with 2.0 mL methanol.
After sonication for 3 min and then magnetic separation for
2 min, 20 �L of the obtained desorption solution was injected
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into HPLC system for detection. The synthesis and MSPE
scheme is illustrated in Fig. 1.

2.5 HPLC analysis

The chromatographic column used for HPLC analysis of
phenols was a TSK-GEL ODS-100V, 5 �m, 150 mm ×
4.6 mm i.d. (TOSOH, Tokyo, Japan). A mobile phase of
acetonitrile/water/perchloric acid (65:35:0.1, v/v/v) was em-
ployed at a flow rate of 1.0 mL min−1. The injection vol-
ume was 20 �L. The UV detection wavelengths by DAD were
230 nm.

3 Results and discussion

3.1 Characterization of magnetic nanoparticles

Several characterization methods were employed to identify
the correct phase and composition of the Fe3O4 nanoparticles
as well as to investigate the polymerization of dopamine onto
their surface.

3.1.1 SEM

Figure 2 shows the SEM images of Fe3O4 and PDA@Fe3O4

nanoparticles. The surface of Fe3O4 was rough, and Fe3O4

could be well dispersed in the aqueous solution (Fig. 2A).
When PDA was decorated on Fe3O4 nanoparticles, the surface
of Fe3O4 became smooth and the nanoparticles aggregated
(Fig. 2B).

3.1.2 TEM

The TEM image of Fe3O4 nanoparticles is shown in
Fig. 2C. It revealed that Fe3O4 was mono-dispersed nanopar-
ticles with quasi-spherical regular shape, and had nearly uni-
form distribution of particle size with an average diame-
ter of about 200 nm. Figure 2D shows the TEM image of
PDA@Fe3O4 nanoparticles with polymerization time of 16 h.
It could be clearly observed that several dark Fe3O4 nanopar-
ticles were embedded in light PDA coat of about 40 nm in
thickness. The Fe3O4 nanoparticle showed a tendency to form
agglomerates during the polymerization of dopamine. The
catechol and amino groups of the PDA provided covalent and
noncovalent interactions to stick to almost everything, sug-
gesting that target analytes could be adsorbed through the
interaction with PDA.

3.1.3 FTIR spectroscopy

FTIR spectra were employed to examine functional groups
of Fe3O4 and PDA@Fe3O4 nanoparticles. As shown in Sup-
porting Information Fig. S1, the strong adsorption peak at
573 cm−1 of Fe3O4 and PDA@Fe3O4 hybrid material was
ascribed to the vibration of the Fe–O–Fe bond. In the spec-

trum of PDA@Fe3O4 new peaks at 1590, 1510 and 1280 cm−1

resulted from the aromatic C=C vibration in the PDA coat-
ing. Compared with Fe3O4 nanoparticles, the peak at around
3380 cm−1 of PDA@Fe3O4 exhibited a tendency to become
broad and divided, which was attributed to the peak over-
lapping of hydroxyls, adsorbed water, and amines of PDA
polymer. All the FTIR results indicated the successful com-
bination of Fe3O4 and the polymer.

3.1.4 Elemental composition

The EA of Fe3O4 shows that the contents of carbon, nitrogen,
and hydrogen for nanoparticles were 2.09, 0.02, and 0.45%,
respectively. When Fe3O4 nanoparticles were immersed in
dopamine solution, the contents of carbon, nitrogen, and
hydrogen increased dramatically to 25.42, 4.20, and 2.31%,
respectively, indicating that the PDA coat covered Fe3O4

nanoparticles. In addition, the EDX spectra of Fe3O4 and
PDA@Fe3O4 nanoparticles are shown in Supporting Infor-
mation Fig. S2. A small carbon peak, which may come from
the reagent and the air, was observed in the spectrum of
Fe3O4 nanoparticles (Supporting Information Fig. S2A). By
comparison, the weight percentage (wt%) and atom number
percentage (at%) of carbon from PDA@Fe3O4 (Supporting
Information Fig. S2B) were more than those form Fe3O4,
demonstrating that PDA materials were successfully grafted
onto the surface of Fe3O4 nanoparticles.

3.1.5 Vibrating sample magnetometry

Strong magnetism is of great importance for MSPE sep-
aration and concentration of target analytes in solutions.
To study the influence of surface decoration on the mag-
netic behavior of Fe3O4, the magnetometry measurement was
performed using vibrating sample magnetometry (VSM). It
can be observed from Supporting Information Fig. S3 that
Fe3O4 and PDA@Fe3O4 nanoparticles both exhibited typical
superparamagnetic property with the maximal saturation
magnetizations of 73 and 39 emu g−1, respectively. The satu-
ration magnetization of PDA@Fe3O4 was lower than Fe3O4

mainly ascribed to the encapsulated nonmagnetic PDA coat-
ing over Fe3O4.

3.1.6 X-ray diffraction

The phase composition and the crystallite size of Fe3O4 and
PDA@Fe3O4 nanoparticles were examined by XRD. It can be
seen from Supporting Information Fig. S4 that seven charac-
teristic peaks occurred at 2� region of 10–80� correspond to
the indices (111), (220), (311), (400), (422), (511), and (440), re-
spectively. They matched the standard XRD data card of Fe3O4

crystal (JCPDS No. 1–0629) in accord with Ref. [16]. The re-
sults indicated that the coated polymer did not change the
crystal phase of Fe3O4 during the formation of PDA@Fe3O4

nanoparticles [39].
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Figure 2. The SEM images of Fe3O4 (A) and PDA@Fe3O4

(B); TEM images of Fe3O4 (C) and PDA@Fe3O4 (D).

3.2 Optimization of MSPE conditions

In this work, BPA, S-BINOL, TBP, and TBBPA were selected
as test analytes to evaluate MSPE extraction efficiency of the
prepared PDA@Fe3O4 nanoparticles for phenols. The initial
concentration of each phenol was 0.04 mg L−1. Their concen-
trations after the MSPE were determined by HPLC according
to the conditions in Section 2.5 to evaluate the extraction
performance of PDA@Fe3O4 to phenolic compounds using
their recoveries. To achieve the best extraction efficiency, a
variety of parameters such as pH of sample matrix, amount
of sorbents, adsorption time, enrichment factor of analytes,
elution solvent, and reusability of sorbents were optimized in
detail.

3.2.1 pH of sample matrix

The pH of the sample solution plays an important role for
the adsorption process. This is owing to the dissociation of
hydroxy groups of phenolic compounds at alkaline medium
and the protonation of amino group on Fe3O4 nanoparticles
at acidic medium. The pH of aqueous solutions containing
BPA, S-BINOL, TBP, and TBBPA were controlled by 1.0 mL
ammonium acetate buffer solution (1.0 M) with different pH.
The pH of the buffer ranging from 3.0 to 10.0 was adjusted by
acetic acid or ammonia. Fig. 3A illustrates the dependence of
recoveries of the four ionizable phenolic analytes upon pH.
In strongly acidic matrix (pH < 4.0), the recoveries of the four
analytes were all lower than 85%. With the ascent of pH from
4.0 to 6.0, their extraction efficiencies were all kept high levels
stably. Once pH was higher than 7.0, the extraction efficiency
decreased sharply for TBP and TBBPA. The recoveries of BPA
and S-BIONL decreased slightly when pH ranged from 7.0 to
9.0. At more alkaline condition (pH > 10.0), the recoveries of
these two phenols declined significantly. Consequently, the
following experiments were conducted at pH 4.5.

3.2.2 Amount of sorbents

As shown in Supporting Information Fig. S5, the amount
of the sorbent was optimized by varying PDA@Fe3O4 mag-
netic nanoparticles from 20 to 100 mg. With the increase of
sorbent dosage, the recoveries of BPA, S-BINOL, TBP, and
TBBPA increased and reached maximum value when using
80 mg of PDA@Fe3O4. In the following experiments, 80 mg
PDA@Fe3O4 nanoparticles were used to ensure the complete
adsorption of phenols.

3.2.3 Adsorption time

Owing to the superparamagnetism and high saturation mag-
netization, the magnetic separation of PDA@Fe3O4 nanopar-
ticles from water or organic solvents is very easy with a power-
ful Nd-Fe-B magnet under the bottom of the vessel. Adsorp-
tion time is an essential condition to assure the sufficient
contact between the PDA@Fe3O4 sorbent and target ana-
lytes. Supporting Information Fig. S6 displays the effect of
adsorption time in the range of 1–30 min on the adsorption
efficiency of BPA, TBBPA, S-BINOL, and TBP. On account
of the excellent hydrophilicity of dopamine, the nanoparti-
cles could well disperse in aqueous solution with pH 4.5 and
the results indicated that phenols can be adsorbed on the
PDA@Fe3O4 within 15 min. Rapid adsorption avoided time-
consuming step of column passing, which was much feasible
in operation than other common SPE procedures for phenols.

3.2.4 Elution solvent

Elution solvent is an important part of the desorption pro-
cess. In this work, three common organic solvents, methanol,
ethanol and acetonitrile, were used as desorption solvents, re-
spectively. Supporting Information Fig. S7 shows the recov-
eries of BPA, S-BINOL, TBP, and TBBPA with different elu-
tion solvents. Acetonitrile had the least elution ability, while
methanol produced the best recovery. The recoveries of four
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Figure 3. The recoveries of phenolic
compounds at different pH (A) and as il-
lustrated in histogram at pH 4.5 (B). The
concentrations of the analytes were all
0.04 mg L−1.

phenols were all over 80% with 2.0 mL methanol, indicat-
ing the characteristic that could interact with phenolic com-
pounds. Therefore, methanol was used as desorption solvent
throughout the experiments.

3.2.5 Enrichment factor of analytes

The enrichment ability of the magnetic nanoparticles for phe-
nolic compounds is presented in Supporting Information
Fig. S8. The solutions containing four analytes with differ-
ent volumes (50, 80, 100, 200, and 500 mL) were extracted
by 80 mg PDA@Fe3O4 nanoparticles and then eluted by
2 mL methanol. The enrichment factors were 25, 40, 50,
100, and 250 times, respectively. It can be found that with
the increase of enrichment factor the recoveries of phenols

reduced accordingly. In our experiments, therefore, 50 times
enrichment was adopted for 100 mL solution.

3.2.6 Reusability of sorbents

Regeneration is another significant factor for valuing the per-
formance of MSPE material. The used PDA@Fe3O4 nanopar-
ticles were washed several times with water and methanol
in turn, and then dried for reuse. Supporting Information
Fig. S9 exhibits that there was no obvious reduction in re-
covery of BPA, S-BINOL, TBP and TBBPA after 10 runs of
MSPE with a batch of PDA@Fe3O4 nanoparticles. The good
reusability indicates that this magnetic sorbent is stable and
durable during the extraction procedure.
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Table 1. The log Kow, HA, and B of phenolic compounds

Analyte BPA NAT S-BINOL TBP TBBPA

logKow [40] 3.641 ± 0.232 2.724 ± 0.189 4.861 ± 0.261 4.404 ± 0.48 9.693 ± 0.698
HA [40] 1 0.5 1 0.42 0.49
B [40] 0.79 0.45 0.88 0.15 0.4
pKa 9.7 ± 0.4 (pKa1), 9.4 ± 0.1 [40] 9.2 ± 0.8 (pKa1), 5.95 [41] 7.7 ± 0.4 (pKa1),

10.5 ± 0.4 (pKa2) [41] 11.6 ± 0.9 (pKa2) [40] 8.5 ± 0.4 (pKa2) [41]

3.3 MSPE characteristics of phenolic compounds on

polydopamine-coated Fe3O4 nanoparticles

It has been already recognized that PDA@Fe3O4 nanoparti-
cles adsorb aromatic compounds by �–� staking, hydropho-
bic, and/or hydrogen-bonding interactions [32–34]. However,
little further demonstration has been made on the adsorption
characteristic of PDA@Fe3O4 in a whole extraction process.
In our previous work on Fe3O4/C for PAHs and other aro-
matic compounds [16], BFRs and PCP [18], and Fe3O4@G for
BFRs [20], the MSPE methods of aromatic compounds and
extraction mechanisms of Fe3O4/C and Fe3O4@G nanoparti-
cles were investigated systematically. It has been interpreted
that the co-existing and association of hydrophobic, hydro-
gen bonding, and �–� staking interactions between modified
Fe3O4 nanoparticles and analytes influence the extraction of
solutes. This present work is aiming to establish the MSPE
protocol of BPA, S-BNIOL, TBP, and TBBPA from environ-
mental waters with hydrophilic PDA@Fe3O4 nanoparticles.
On the other hand, the clear elucidation of extraction mecha-
nism is crucial for future application extension for other phe-
nols and even more compounds analysis. Therefore, we tried
to explain the MSPE mechanism of PDA@Fe3O4 for phe-
nolic compounds using BPA, S-BNIOL, TBP, and TBBPA,
as well as NAT, with different hydrophobicity, �–� bonding
ability, hydrogen bonding property and dissociation ability as
test compounds for the proposed MSPE procedure. Although
the determination of NAT was not carried out in the follow-
ing experiment owing to the rather low extraction recovery by
PDA@Fe3O4 nanoparticles, it is useful to aid to elucidate the
adsorption characteristics of phenols on the sorbent. Their
octanol-water partition coefficient (logKow), dissociation con-
stant (pKa), number of hydrogen bond acceptor (HA) and
hydrogen bond basicity (B) are listed in Table 1.

It can be seen from Fig. 3B, the order of extraction recov-
ery of NAT, BPA, TBP, and TBBPA at pH 4.5 was consistent
with that of hydrophobicity (logKow, NAT, 2.742 < BPA, 3.641
< TBP, 4.404 < TBBPA, 9.693), implying the conclusiveness
of hydrophobic interaction between phenols and hydrophobic
phenylethyl skeleton on PDA@Fe3O4 nanoparticles. Notably,
the logKow of S-BINOL (4.861) is higher than TBP and BPA. In
addition, not only the �–� stacking ability (two naphthalene
nucleus) but also hydrogen bonding ability (1 and 0.88 for HA
and B, respectively) of S-BINOL is strongest among these
five phenolic compounds. The existence of the most abun-
dant �-electrons in S-BINOL is also supported by the highest

adsorption response among the five phenols by HPLC–UV
detection (Fig. 4). However, its recovery was lower than TBP
even than BPA. This is probably correlated with the spatial re-
sistance of two naphthalene rings in S-BINOL that weakened
its hydrophobic interaction toward PDA@Fe3O4. Another po-
tential reason for this phenomenon is the intramolecular hy-
drogen bond of two hydroxyls of S-BINOL, leading to its re-
duced hydrogen bonding interaction with PDA layer. More
interestingly, the recovery of TBP was very close to that of
TBBPA although the hydrophobicity of TBP is much lower
than TBBPA, and was apparently higher than that of BPA
although the hydrogen binding ability of TBP (0.42 and 0.15
for HA and B, respectively) is much weaker than BPA (1 and
0.79 for HA and B, respectively). This is likely attributed to
the association of �–� stacking interaction with hydrophobic
interaction. TBP has only one benzene ring and the delocal-
ized �-electrons are less than other four phenols consisting
of two or four benzene rings. The recovery of TBP was higher
than other analytes except TBBPA with extremely strong hy-
drophobicity because three Br atoms in the benzene ring of
TBP lead to strong conjugation effect caused by additional
lone pairs from Br atoms in the structure. On the other hand,
there is a carbon atom between two benzene rings of TBBPA
and BPA, not increasing their conjugation effect however.

Moreover, TBP, TBBPA, S-BINOL, BPA, and NAT have
different dissociation properties in aqueous solution, result-
ing in the variation of extraction performance at different pH
(Fig. 3A). The extraction effect of these five phenols was signif-
icantly low under strong acidic condition (pH < 4.0). This was
interpreted that the hydrophobic and/or hydrogen binding in-
teractions decreased between phenolic compounds and pro-
tonated amino groups in PDA layer, in spite that these phe-
nols could exist in molecule status owing to ion-suppression
at enough acidic medium. Interestingly, the strong hydro-
gen bonding between hydroxyl groups in BPA and amino
groups in PDA was destroyed due to protonation of the amino
groups. Therefore, the extraction recovery of BPA decreased
even more obviously than that of S-BINOL. Under weakly
acidic conditions (pH 4.0 to 6.0), the extraction effect of each
phenolic compound was higher than that under other pH
range. The reason here is that these phenols and PDA coating
could both exist in molecule status. The hydrophobic interac-
tion between sorbent and each phenolic compound was the
strongest during this pH range. In alkaline conditions, how-
ever, the recoveries of these phenolic compounds declined in
varying degrees. This was majorly attributed to the decreased
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Figure 4. The HPLC–UV chro-
matograms of river water (A)
and river water spiked with 0.04
mg L−1 of each analyte by MPSE
procedure (B), and 2.0 mg L−1 of
standard solution of four phe-
nolic compounds without MSPE
(C). Detection wavelength:
235 nm.

hydrophobic interaction between dissociated hydroxys of phe-
nols and PDA layer of PDA@Fe3O4 nanoparticles. Because
BPA (9.7 and 10.5 for pKa1 and pKa2, respectively) and S-
BNIOL (9.2 and 11.6 for pKa1 and pKa2, respectively) were
ionized not much, the recoveries of them decreased less than
TBP (5.9 for pKa) and TBBPA (7.7 and 8.5 for pKa1 and pKa2,
respectively). Finally, the recovery of NAT was the least among
the whole pH range tested. This is mainly because NAT is of
the smallest logKow value, and thus the hydrophobic interac-
tion between NAT and PDA@Fe3O4 was the weakest among
the five tested phenols. However, the retention of NAT on C18

bonded silica stationary phase was stronger than BPA based
on HPLC retention times of the peaks in Fig. 4C. This is due
to the stronger space effect of BPA from four Br atoms in its
structure.

In summary, it is reasonably concluded that the hy-
drophobic interaction is the dominating factor in the extrac-
tion process of phenolic compound on PDA@Fe3O4. It can be
further proven that there are hydrophobic, �–� stacking and
hydrogen bonding interactions participating in the extraction
process of the sorbent. This conclusion not only appropriately
explains the order in extraction recovery of different typical
phenols on PDA@Fe3O4 but also accords well with the re-
sults about the influence of pH on extraction performance of
phenolic compounds.

3.4 Analysis of environmental waters

With the overall optimized MSPE procedure and HPLC–UV
detection, the calibration curves of BPA, S-BINOL, TBP, and
TBBPA were established, such as the linearity, LOD, LOQ,
and precision. All results are listed in Supporting Information

Table S1. In this work, linearity of the calibration curves was
obtained in wide ranges with the correlation coefficients (r)
of 0.9999 for these four phenols. The LODs and LOQs varied
from 0.16 to 1.2 �g L−1 and from 0.50 to 4.0 �g L−1 on
the basis of S/N = 3 and 10, respectively. These results have
demonstrated that the protocol based on MSPE technique was
reliable and the proposed method could be used to analyze
environmental water samples.

Under the optimized operation conditions, the proposed
method was applied to analyze BPA, S-BINOL, TBP, and
TBBPA in different environmental water samples including
tap, river and rain waters (Table 2). To determine the availabil-
ity of this method, the water samples were spiked with 0.02
and 0.04 mg L−1 of each analytes, respectively. The recoveries
of the four analytes fell in the range of 62.0–112.0% with RSDs
of 0.8–7.7%. A typical HPLC–UV chromatogram for river wa-
ter is shown in Fig. 4. Although there were no residues of
phenolic compounds detected in these water samples, the
proposed method indicated a good accuracy, precision and
reliability, as well as simplicity and environmental friendli-
ness.

3.5 Method comparison

This MSPE protocol can be evaluated by comparing with other
reported works from the viewpoint of sample volumes, pre-
treatment time, LODs, and recoveries. It can be shown from
Table 3 that the MSPE based on PDA@Fe3O4 nanoparti-
cles is comparable with other SPE, SPME, polymer mono-
lith microextraction (PMME), or MSPE methods. In gen-
eral, this MSPE protocol is a satisfactory means to enrich
and determine phenols from environmental waters without
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Table 2. Recoveries of four phenols in real water samples (n = 3)

Water sample Spiked (mg L−1) Detected (mg L−1) Recovery (%)

BPA S-BINOL TBP TBBPA BPA S-BIONL TBP TBBPA

Tap 0 nd nd nd nd n/a n/a n/a n/a
0.02 0.017 0.020 0.020 0.021 87.0 (2.0) 87.5 (7.7) 98.0 (6.3) 106 (2.9)
0.04 0.035 0.032 0.039 0.040 86.5 (2.1) 81.5 (3.4) 98.0 (1.2) 99.0 (2.0)

Rain 0 nd nd nd nd n/a n/a n/a n/a
0.02 0.015 0.013 0.019 0.021 73.0 (2.5) 63.5 (5.8) 93.0 (4.1) 100.0 (5.2)
0.04 0.032 0.025 0.039 0.037 79.0 (0.8) 62.0 (4.4) 98.0 (2.8) 93.0 (3.0)

River 0 nd nd nd nd n/a n/a n/a n/a
0.02 0.018 0.016 0.022 0.022 89.0 (4.4) 80.0 (7.0) 112.0 (1.1) 107.0 (3.1)
0.04 0.032 0.026 0.037 0.035 80.0 (1.6) 65.0 (1.6) 98.0 (3.6) 88.0 (6.8)

Table 3. Comparison of the present work with previously reported alternatives for the determination of four phenols by HPLC–UV

Method Matrix Sample volume Pretreatment LOD (�g L−1) RSD (%) Recovery (%) Ref.

time (min) (mL) BPA S-BINOL TBP TBBPA

SPE Tap river and lake waters 2 15 n/a n/a n/a 2 2.8–6.5 85–97 [42]
SPME River water and wastewater 10 32 0.7 n/a n/a 0.9 4.9–6.5 87.1–103.6 [43]
PMME Tap, lake and rain waters 2.4 45 n/a n/a 0.2 0.15 1.3–4.4 78.7–106.1 [44]
MSPE Tap, lake, rain and snow waters 100 15 n/a n/a 0.5 0.4 0.3–6.8 80.0–110.0 [18]
MSPE Tap and snow waters 100 15 n/a n/a 0.4 0.3 1.1–7.1 80.0–105.0 [20]
MSPE Water 10 30 1 n/a n/a n/a 2.62 72.1 [45]
MSPE Tap, river and rain waters 100 20 0.33 0.16 1.0 1.2 0.8–7.7 62.0–112.0 This work

troublesome centrifugation or filtration procedure. It may
have a bright prospect in potential application.

4 Concluding remarks

In this study, superparamagnetic PDA@Fe3O4 nanoparticles
have been successfully used as a MSPE sorbent for pheno-
lic compounds followed by the determination with HPLC–
UV. The prepared nanoparticles were characterized by vari-
ous technologies such as SEM, TEM, FTIR, EA, EDX, VSM,
and XRD. A whole set of MSPE parameters for BPA, S-
BINOL, TBP, and TBBPA were optimized comprehensively
for reliable real-world application in environmental waters. It
was demonstrated that this PDA@Fe3O4 nanoparticles based
MSPE–HPLC–UV protocol is a satisfactory analytical method
for trace phenols in large volumes of water samples. More-
over, the adsorption mechanism of PDA@Fe3O4 nanoparti-
cles to phenols has been carefully elucidated by comparing
the extraction performance of five typical phenols BPA, NAT,
S-BINOL, TBP, and TBBPA with different properties includ-
ing hydrophobicity, �–� stacking, hydrogen bonding, and
dissociation. It can be confirmed that the existence of PDA
coated over Fe3O4 sorbent contributes to the MSPE extraction
and that there are hydrophobic interaction coupled with �–�

stacking and hydrogen bonding between PDA@Fe3O4 and
analytes.

This work was supported by National Natural Science Foun-
dation of China (21577057, 21275069), and Analysis & Test
Fund of Nanjing University.

The authors have declared no conflict of interest.

5 References

[1] Lacorte, S., Fraisse, D., Barcelo, D., Efficient solid-phase
extraction procedures for trace enrichment of priority
phenols from industrial effluents with high total organic
carbon content. J. Chromatogr. A 1999, 857, 97–106.

[2] Laws, S. C., Carey, S. A., Ferrell, J. M., Bodman, G.
J., Cooper, R. L., Estrogenic activity of octylphenol,
nonylphenol, bisphenol A and methoxylchlor in rats.
Toxicol. Sci. 2000, 54, 154–167.

[3] Vom Saal, F. S., Hughes, C., An extensive new literature
concerning low-dose effects of bisphenol A shows the
need for a new risk assessment. Environ. Health Persp.
2005, 113, 926–933.

[4] Kang, J. H., Kondo, F., Katayama, Y., Human exposure to
bisphenol A. Toxicology, 2006, 226, 79–89.

[5] European Union, Amending Directive 2002/72/EC as re-
gards the restriction of use of Bisphenol A in plastic in-
fant feeding bottles. Commission Directive 2011/8/EU of
28 January 2011, 2011, L26/11.

[6] U.S. Food and Drug Administration, Amended the regu-
lation 21 CFR 175 as regard no longer use Bisphenol A in

C© 2016 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim www.jss-journal.com



J. Sep. Sci. 2016, 39, 2562–2572 Sample Preparation 2571

the coating of packaging for powdered and liquid infant
formula. Fed. Reg. 78 (July (134)) (2013) 41840.

[7] Environment Health Criteria 172 (1995), Tetrabromo-
bisphenol A and derivatives. International Program on
Chemical Safety, World Health Organization, Geneva,
Switzerland.

[8] Sjodin, A., Patterson, D. G. Jr., Bergman, A., Brominated
flame retardants in serum from U.S. blood donors. Env-
iron. Sci. Technol., 2001, 35, 3830–3833.

[9] Hamers, T., Kamstra, J. H., Sonneveld, E., Murk, A. J.,
Kester, M. H. A., Andersson, P. L., Legler, J., Brouwer,
A., In vitro profiling of the endocrine-disrupting potency
of brominated flame retardants. Toxicol. Sci., 2006, 92,
157–173.

[10] Lin, P., Enantioselective fluorescent sensors: a tale of
BINOL. Acc. Chem. Res., 2012, 45, 150–163.

[11] Poole, C., New trends in solid-phase extraction. TrAC-
Trends Anal. Chem., 2003, 22, 362–373.

[12] Arthur, C. L., Pawliszyn, J., Solid phase microextraction
with thermal desorption using fused silica optical fibers.
Anal. Chem., 1990, 62, 2145–2148.

[13] Rezaee, M., Assadi, Y., Hosseinia, M. R. M., Aghaee, E.,
Ahmadi, F., Berijani, S., Determination of organic com-
pounds in water using dispersive liquid-liquid microex-
traction. J. Chromatogr. A 2006, 1116, 1–2.

[14] Baltussen, E., Sandra, P., David, F., Cramers, C., Stir bar
sorptive extraction (SBSE), a novel extraction technique
for aqueous samples: theory and principles. J. Microcol-
umn Sep., 1999, 11, 737–747.

[15] Jiang, H. M., Yan, Z. P., Zhao, Y., Hu, X., Lian, H. Z. Zincon-
immobilized silica-coated magnetic Fe3O4 nanoparticles
for solid-phase extraction and determination of trace
lead in natural and drinking waters by graphite furnace
atomic absorption spectrometry. Talanta 2012, 94, 251–
256.

[16] Yang, J., Li, J. Y., Qiao, J. Q., Lian, H. Z., Chen, H. Y.,
Solid phase extraction of magnetic carbon doped Fe3O4
nanoparticles. J. Chromatogr. A 2014, 1325, 8–15.

[17] Tang, S., Lin, X. H., Li, S. F. Y., Lee, H. K., In-syringe
dispersive solid-phase extraction using dissolvable lay-
ered double oxide hollow spheres as sorbent followed
by high-performance liquid chromatography for deter-
mination of 11 phenols in river water. J. Chromatogr. A
2014, 1373, 31–39.

[18] Yang, J., Li, J. Y., Qiao, J. Q., Cui, S. H., Lian, H. Z., Chen,
H. Y., Magnetic solid phase extraction of brominated
flame retardants and pentachlorophenol from environ-
mental waters with carbon doped Fe3O4 nanoparticles.
Appl. Surf. Sci. 2014, 321, 126–135.

[19] Li, S. Z., Gong, Y. B., Yang, Y. C., He, C., Hu, L. L., Zhu, L.
F., Sun, L. P., Shu, D., Recyclable CNTs/Fe3O4 magnetic
nanocomposites as adsorbents to remove bisphenol A
from water and their regeneration. Chem. Eng. J. 2015,
260, 231–239.

[20] Yang, J., Qiao, J. Q., Cui, S. H., Li, J. Y. Zhu J. J., Yin, H.
X., Chan, C. Y., Lian, H. Z., Magnetic solid-phase extrac-
tion of brominated flame retardants from environmental
waters with graphene-doped Fe3O4 nanocomposites.
J. Sep. Sci. 2015, 38, 1969–1976.

[21] Zang, X. H., Chang, Q. Y., Hou, M. Y., Wang, C., Wang,
Z., Graphene grafted magnetic microspheres for solid

phase extraction of bisphenol A and triclosan from water
samples followed by gas chromatography-mass spec-
trometric analysis. Anal. Methods 2015, 7, 8793–8800.

[22] Jin, Z. X., Wang, X. X., Sun, Y. B., Ai, Y. J., Wang, X.
K., Adsorption of 4-n-Nonylphenol and bisphenol A on
magnetic reduced graphene oxides: A combined exper-
imental and theoretical studies. Environ. Sci. Technol.
2015, 49, 9168–9175.

[23] Zhang, Y. X., Cheng, Y. X., Chen, N. N., Zhou, Y. Y.,
Li, B. Y., Gu, W., Shi, X. H., Xian, Y. Z., Recyclable re-
moval of bisphenol A from aqueous solution by reduced
graphene oxide-magnetic nanoparticles: adsorption and
desorption. J. Colloid Interf. Sci. 2014, 421, 85–92.

[24] Yang, Z., Zhuo, N., Zhang, S. P., Dong, Y. Y., Zhang, X. T.,
Shen, J. C., Yang, W. B. Wang Y. P., Chen, J. Q., A pH- and
temperature-responsive magnetic composite adsorbent
for targeted removal of nonylphenol. ACS Appl. Mater.
Interfaces 2015, 7, 24446–24457.

[25] Jiang, X. L. Cheng J., Zhou, H. B., Li, F., Wu, W. L., Ding, K.
R., Polyaniline-coated chitosan-functionalized magnetic
nanoparticles: preparation for the extraction and anal-
ysis of endocrine-disrupting phenols in environmental
water and juice samples. Talanta 2015, 141, 239–246.

[26] Yuan, W. Z., Shen, J., Li, L. L., Liu, X., Zou, H.,
Preparation of POSS-poly(epsilon-caprolactone)-beta-
cyclodextrin/Fe3O4 hybrid magnetic micelles for re-
moval of bisphenol A from water. Carbohyd. Polym.
2014, 113, 353–361.

[27] Wang, Y., Ma, X. D., Ding, C., Jia, L., pH-responsive
deoxyribonucleic acid capture/release by polydoamine
functionalized magnetic nanoparticles. Anal. Chim. Acta
2015, 862 33–40.

[28] Liu, R., Guo, Y. L., Odusote, G., Qu, F. L., Priestley, R.
D., Core-shell Fe3O4 polydopamine nanoparticles serve
multipurpose as drug carrier, catalyst support and car-
bon adsorbent. ACS Appl. Mater. Interfaces 2013, 5,
9167–9171.

[29] Han, P. P., Jiang, Z. Y., Wang, X. L., Wang, X. Y., Zhang,
S. H., Shi, J. F. Wu H., Facile preparation of porous mag-
netic polydopamine microspheres through and inverse
replication strategy for efficient enzyme immobilization.
J. Mater. Chem. B 2015, 3, 7194–7202.

[30] Lin, L. S., Cong, Z. X., Cao, J. B., Ke, K. M.,
Peng, Q. L., Gao, J. H., Yang, H. H., Liu, G., Chen,
X. Y., Multifunctional Fe3O4@polydopamine core-shell
nanocomposites for intracellular mRNA detection and
imaging-guided photothermal therapy. ACS Nano 2014,
8, 3876–3883.

[31] Lee, H., Dellatore, S. M., Miller, W. M., Messersmith,
P. B., Mussel-inspired surface chemistry for multifunc-
tional coatings. Science 2007, 318, 426–430.

[32] Wang, Y. X., Wang, S. H., Niu, H. Y., Ma, Y. R., Zeng, T., Cai,
Y. Q., Meng, Z. F., Preparation of polydopamine coated
Fe3O4 nanoparticles and their application for enrichment
of polycyclic aromatic hydrocarbons from environmen-
tal water samples. J. Chromatogr. A 2013, 1283, 20–26.

[33] Ma, Y. R., Zhang, X. L., Zeng, T., Cao, D., Zhou,
Z., Li, W. H., Niu, H. Y., Cai, Y. Q., Polydopamine-
coated magnetic nanoparticles for enrichment and di-
rect detection of small molecule pollutants coupled with
MALDI-TOF-MS. ACS Appl. Mater. Interfaces 2013, 5,
1024–1030.

C© 2016 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim www.jss-journal.com



2572 J.-Y. Li et al. J. Sep. Sci. 2016, 39, 2562–2572

[34] Hu, X., Zhao, H. D., Shi, S. Y., Li, H., Zhou, X. L.,
Jiao, F. P., Jiang, X. Y., Peng, D. M., Chen, X. Q., Sen-
sitive characterization of polyphenolic antioxidants in
polygonatum odoratum by selective solid phase extrac-
tion and high performance liquid chromatography-diode
array detector-quadrupole time-of-flight tandem mass
spectrometry. J. Pharmaceut. Biomed. 2015, 112, 15–22.

[35] Socas-Rodriguez, B., Hernandez-Borges, J., Salazar, P.,
Martin, M., Rodriguez-Delgado, M. A., Core-shell poly-
dopamine magnetic nanoparticles as sorbent in micro-
dispersive solid-phase extraction for the determination
of estrogenic compounds in water samples prior to high-
performance liquid chromatography-mass spectrometry
analysis. J. Chromatogr. A 2015, 1397, 1–10.

[36] Chai, W. B., Wang, H. J., Zhang, Y., Ding, G. S., Prepara-
tion of polydopamine-coated magnetic nanoparticles for
dispersive solid-phase extraction of water-soluble syn-
thetic colorants in beverage samples with HPLC analysis.
Talanta 2016, 149, 13–20.

[37] Wang, X. Y., Song, G. X., Deng, C. H., Development of
magnetic graphene @hydrophilic polydoamine for the
enrichment and analysis of phthalates in environmental
water samples. Talanta 2015, 132, 753–759.

[38] Yan, Y. H., Zheng, Z. F., Deng, C. H., Zhang, X.
M., Yang, P. Y., Facile synthesis of Ti4+ immobi-
lized Fe3O4@polydopamine core-shell microspheres for
highly selective enrichment of phosphopeptides. Chem.
Commun. 2013, 49, 5055–5057.

[39] Si, J. Y., Yang, H., Preparation and characterization
of bio-compatible Fe3O4@polydopamine spheres with

core/shell nanostructure. Mater. Chem. Phys. 2011, 128,
519–524.

[40] Advanced Chemistry Development (ACD/Labs) Soft-
ware,V11.02 ( C© 2010-2015 ACD/Labs).

[41] Johansson, P. A., Potentiometric titration of ionisable
compounds in two-phase systems. IV. The extraction be-
havior of behavior of halogen - and/or nitro-substituted
phenols as acids and ion pairs. Acta Pharm. Suecica
1977, 14, 345–362.

[42] Yin, Y. M., Chen, Y. P., Wang, X. F., Liu, Y., Liu, H. L., Xie,
M. X., Dummy molecularly imprinted polymers on silica
particles for selective solid-phase extraction of tetrabro-
mobisphenol A from water samples. J. Chromatogr. A
2012, 1220, 7–13.

[43] Wang, X. M, Liu, J. Y., Liu, A. F., Liu, Q., Du, X. Z., Jiang,
G. B., Preparation and evaluation of mesoporous cellu-
lar foams coating of solid-phase microextraction fibers
by determination of tetrabromobisphenol A, tetrabro-
mobisphenol S, and related compounds. Anal. Chim.
Acta, 2012, 753, 1–7.

[44] Yang, T. T., Zhou, L. F., Qiao, J. Q., Lian, H. Z.,
Ge, X., Chen, H. Y., Preparation of poly(trimethyl-
2-methacroyloxyethylammonium chloride-co-ethylene
glycol dimethacrylate) monolith and its application in
solid phase microextraction of brominated flame retar-
dants. J. Chromatogr. A 2013, 1291, 1–9.

[45] Wang, X. Y., Deng, C. H., Preparation of magnetic
graphene @polydopamine @Zr-MOF material for the
extraction and analysis of bisphenols in water samples.
Talanta 2015, 144, 1329–1335.

C© 2016 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim www.jss-journal.com


