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Abstract Alkyl moieties which can retain target analytes due
to their lipophilicity are important in sample preparation. In
this work, hexadecyl-functionalized magnetic core-shell mi-
crospheres (Fe3O4@SiO2-C16) was successfully prepared by
one-pot sol–gel method and used for magnetic solid-phase
extraction of polychlorinated biphenyls (PCBs) in environ-
mental water samples. Optimized preparation method was
achieved by altering the adding moment of hexadecyl-silane.
The resultant materials were systematically characterized by
scanning electron microscope, transmission electron micro-
scope, Fourier transform infrared spectroscopy, energy disper-
sive X-ray spectrometry, tensionmeter, and vibrating sample
magnetometer. The results demonstrated that the optimized
adsorbent exhibited core-shell structure, superparamagnetic
(66 emu/g), and extremely hydrophobic (water contact angle
of 122°) properties. To evaluate the extraction performance,
the prepared material coupled with gas chromatography-triple
quadrupole mass spectrometry (GC-MS/MS) was applied to
determinate PCBs. The extraction conditions were optimized.
Under the optimal conditions, the proposed method showed a
good linearity range of 1–100 ng L−1 with correlation coeffi-
cients (R) of 0.9989–0.9993. Based on a signal-to-noise ratio

of 3 and 10, the limits of detection (LODs) and limits of
quantification (LOQs) were in the range 0.14–0.27 and
0.39–0.91 ng L−1, respectively. The intra- and inter-day rela-
tive standard deviations (RSDs) were less than 9.06%. The
absolute recoveries of PCBs in spiked real water samples were
in the range of 75.17 to 101.20%. Additionally, reusability and
batch-to-batch reproducibility of the resultant material were
acceptable with RSDs less than 5.64 and 3.25%, respectively.
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Introduction

Magnetic solid-phase extraction (MSPE) as a new mode of
SPE has gained increasing attention in sample preparation in
recent years [1–3]. Compared with traditional column SPE,
magnetic adsorbents are commonly incubated directly with a
sample, which not only avoid the cumbersome packing of
adsorbent into column and time-consuming loading of large-
volume samples but also shortens the extraction time and en-
hances extraction efficiency due to the increased contact be-
tween adsorbents and analytes [3, 4]. Moreover, suspended
magnetic adsorbents can be facilely isolated from the solution
by applying an external magnetic field, successfully
circumventing high-speed centrifugation, or tedious filtration
process [5, 6]. Consequently, lots of functionalized magnetic
materials have been developed and used.

In traditional SPE, alkyl moieties (e.g., C18) bonded silica
is one of the most widely used adsorbents and can be applied
for the pretreatment of most hydrophobic analytes based on
their lipophilic character [7–9]. Hence, alkyl-functionalized
magnetic silica spheres are also favored by a number of
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researchers. For instance, C18-functionalized magnetic silica
particles have been synthesized and applied for extraction and
preconcentration of ergosterol in cigarettes [10], endocrine
disruptors in milk samples [11], volatile organic metabolites
in human urine [12], and polycyclic aromatic hydrocarbons,
pesticides, and plasticizers in aqueous samples [13–16].
Additionally, C18/C8-functionalized magnetic silica was dem-
onstrated to be an efficient capture probe for purification of
veterinary drug residues [17]. In the preparation of these mate-
rials, magnetic fraction (usually Fe3O4) was first coated with
silica by the hydrolysis and condensation of tetraethoxysilane,
and then further modified with alkyl-siloxane or trichlorosilane
under harsh conditions, such as heating, nitrogen protection, or
usage of toxic reagent (e.g., toluene). Such kind of time-
consuming and cumbersome process prompted us to explore
other more convenient, rapid, and gentle preparation method
for synthesizing effective hydrophobic adsorbents.

Polychlorinated biphenyls (PCBs) are a group of chlorinat-
ed hydrocarbons in which various degrees of hydrogen atoms
on a biphenyl were substituted by chlorine atoms. PCBs were
widely used decades ago, but its manufacturing has been
banned in late 1970s because of its high toxicity, resistance
to degradation, bioaccumulation, and long-distance transfer
[18]. As such, PCBs were classified as probably carcinogenic
to humans by the International Agency for Research on
Cancer, and also included in Stockholm Convention as persis-
tent organic pollutants in 2001 [19]. Although prohibitions on
the use were carried out many years ago, many studies have
shown that PCBs are ubiquitous in the environment [20, 21].
Consequently, the content of PCBs in different matrices such
as environmental waters is limited under legislation in many
countries and organizations [22]. Therefore, analytical
methods for determining trace amount of PCBs in environ-
ment are of great significance.

Owing to the trace and ultra-trace levels of PCBs in envi-
ronmental waters, sample preparation before their detection is
inevitable [23–25]. Various sample preparation methods have
been reported for the extraction and enrichment of PCBs, such
as liquid-liquid microextraction (LLME) [26, 27], solid-phase
microextraction (SPME) [28–31], and SPE [32, 33], among
which SPE is still one of the preferred pretreatment technique
due to its simplicity, effectivity, and versatility. In recent years,
with MSPE becoming a very useful alternative to traditional
SPE, a variety of functionalized magnetic adsorbents have
been explored for the enrichment of PCBs, including
Fe3O4@MIL-100 [34], magnetic graphene composite
[35–37], magnetic multiwalled carbon nanotube [38],
Fe3O4@chitosan-poly(m-phenylenediamine) [39], and
palmitate- or oleate-coated magnetic nanoparticles [40].
Nevertheless, complex synthetic procedures of materials re-
stricted their routine usage. In this sense, simple, rapid, and
efficient methods for the pretreatment of PCBs in the environ-
mental waters are increasingly in demand.

Conventional detection methods for PCBs are mainly chro-
matographic techniques such as high-performance liquid
chromatography (HPLC) and gas chromatography (GC)
coupled with ultraviolet (UV), electron capture detection
(ECD), or mass spectrometry (MS) [29, 31, 36, 38]. HPLC-
UVand GC-ECD are lacking of selectivity for target analytes,
and might be easily interfered by other substances causing
inaccurate results [29, 31]. Although GC-MS is a selective
detector and lots of researches were carried out with the equip-
ment, the analytical results still have certain uncertainty, espe-
cially when the to-be-detected sample is very complicated [36,
38]. To acquire reliable results, tandem mass spectrometry
especially GC-MS/MS has been used for the determination
of various organic pollutants including PCBs based on its
powerful qualitative and quantitative abilities [34, 35, 40].

Therefore, the aim of this study was to develop an inexpen-
sive and effective sample preparation for the accurate deter-
mination of PCBs in real water samples. Hexadecyl-
functionalized magnetic microsphere (Fe3O4@SiO2-C16)
was prepared with a convenient, rapid, and gentle one-pot
method and used as magnetic adsorbent for the extraction
and preconcentration of PCBs prior to GC-MS/MS determi-
nation. The preparation process was optimized and the pre-
pared magnetic microspheres were systematically character-
ized. Seven PCBs including PCB28, PCB52, PCB101,
PCB118, PCB138, PCB153, and PCB180 were selected as
model analytes to evaluate the extraction performance of
Fe3O4@SiO2-C16. Various experimental parameters affecting
the extraction efficiencies were investigated. Reusability and
reproducibility of Fe3O4@SiO2-C16 were also explored.
Moreover, the performances of PCBs analysis were compared
among other MSPE-GC-MS/MS methods and US EPA
3520C method and US EPA 3535 method. Finally, the appli-
cation of the prepared materials for the determination of PCBs
in environmental water samples was successfully
demonstrated.

Experimental

Reagents and materials

Ferric chloride (FeCl3·6H2O), ethylene glycol (EG), ethylene
diamine (ED), sodium acetate (NaAc), ethanol (EtOH), aque-
ous ammonia solution (NH3·H2O, 25 wt%), and hydrochloric
acid (HCl) were all of analytical reagent grade and supplied by
Shanghai General Chemical Reagent Factory, China.
Te t r a e t h y l o r t h o s i l i c a t e ( T EOS , 9 8% ) a n d
hexadecyltrimethoxysilane (C16-TMOS, 85%) were pur-
chased from Shanghai Aladdin Chemical Reagent Co., Ltd.,
China. Acetone, n-hexane, and dichloromethane of GC grade
were purchased from TEDIA Company (Fairfield, OH, USA).
Anhydrous sodium sulfate (Na2SO4) obtained from Sigma-
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Aldrich (Oakville, ON, Canada) was dried at 450 °C for 4 h
before use. Ultrapure water produced with a Heal Force water
purification system (Cannex Analytic Instrument, Shanghai,
China) was used. PCBs standard solution (10 mg L−1, in iso-
octane) and 13C-PCB 141 (internal standard, I.S.) were obtain-
ed from o2si (Charleston, SC, USA). PCBs standard solution
contains 2,4,4′-trichlorobiphenyl (PCB 28), 2,2′,5,5′-
t e t r a c h l o r o b i p h e n y l ( P CB 5 2 ) , 2 , 2 ′ , 4 , 5 , 5 ′ -
p e n t a c h l o r o b i p h e ny l ( PCB 101 ) , 2 , 3 ′ , 4 , 4 ′ , 5 -
pen t ach lo rob ipheny l (PCB 118) , 2 ,2 ′ , 3 ,4 , 4 ′ , 5 -
hexach lo rob ipheny l (PCB 138 ) , 2 ,2 ′ , 4 ,4 ′ , 5 ,5 ′ -
hexachlorobiphenyl (PCB 153), and 2,2′,3,4,4′,5,5′-
heptachlorobiphenyl (PCB 180). The PCBs and I.S. stock
solutions were diluted in acetone at a concentration of
0.05 mg L−1. All the stock solutions were stored at −4 °C in
darkness.

The rain water, river water, and pondwater were chosen for
real environmental samples. The rain water was collected
from Wuhan after several sunny days; the river water was
taken from Yangtze River, China; and the pond water was
obtained from the campus of our college. All the water sam-
ples were filtered through a 0.45 μm membrane and stored in
brown bottles at −4 °C until analysis.

Preparation of Fe3O4@SiO2-C16

The Fe3O4 was prepared by a solvothermal reduction method
according to previous study [41]. FeCl3·6H2O (5 g) was dis-
solved in 100 mL EG. Then, 15 g NaAc and 50 mL ED were
added in the solution and vigorously stirred for 30 min. The
mixture was poured into a 200-mL teflon-lined stainless-steel
autoclave and heated at 200 °C for 8 h. After cooling down to
room temperature, the obtained Fe3O4 was washed with EtOH
and water for several times and vacuum-dried at 60 °C for 6 h.

With the purpose of simplifying the synthetic procedures,
one-pot sol-gel method was proposed for facile preparation of
Fe3O4@SiO2-C16 in this work which integrating the immobi-
lization of C16 with the sol–gel process of TEOS into only one
process. One gram of resultant Fe3O4 was ultrasonically dis-
persed in 0.1 M HCl for about 10 min. The black precipitate
was washed with deionized water for three times. Then, the
washed Fe3O4 was dispersed in a mixture of 400 mL EtOH
and 100 mL H2O in a 1000-mL three-necked bottle. After
adding 4 mL NH3·H2O, the 1 mLTEOS which was dissolved
in 20 mL EtOH was added in the mixture drop by drop with
stirring vigorously at room temperature. Subsequently, the
0.5 mL C16-TMOS (dissolved in 20 mL EtOH) was added
in the mixture drop by drop at different time intervals (0, 3,
6, and 10 h) after the addition of TEOS. After stirring vigor-
ously at room temperature for another 6 h, the obtained mag-
netic microspheres were magnetically separated and washed
with EtOH for several times, and then dried at 60 °C in vac-
uum. For clarity, the obtained Fe3O4@SiO2-C16 microspheres

prepared by different time intervals of adding C16-TMOS
were labeled as Fe3O4@SiO2-C16-1, Fe3O4@SiO2-C16-2,
Fe3O4@SiO2-C16-3, and Fe3O4@SiO2-C16-4, respectively.

Instrumentation and analytical conditions

The morphology of the adsorbent was observed by field-
emission scanning electron microscopy (FE-SEM, SU8010,
Hitachi, Japan) and transmission electron microscope (TEM,
CM12, Philips, Netherlands). Fourier transform infrared spec-
troscopy (FT-IR) spectra were performed with a Thermo
Nicolet 670 FT-IR instrument (Boston, MA, USA). Energy
dispersive X-ray (EDX) spectroscopy was also determined
by SU8010 FE-SEM. Thewater contact angle was determined
by X100 tensionmeter (KRUSS, German). Magnetization
curves were determined with a PPMS-9 vibrating sample
magnetometer (VSM, Quantum Design, San Diego, CA,
USA).

PCBs samples were analyzed by gas chromatography
(Agilent Technologics 7890B, USA) coupled with triple quad-
rupole mass spectrometry (Agilent Technologics 7000C,
USA). The gas chromatography separation was carried out
on a CP-Sil 8 CB capillary column (Agilent Technologies,
60 m × 250 μm× 0.12 μm). The oven temperature was pro-
grammed from 150 °C at 20°Cmin−1to 200 °C, then increased
to 230 °C at a rate of 5 °C min−1 and held for 1 min, finally
ramped at 10 °C/min to 290 °C and held for 5 min. The total
analysis time was 20.5 min. The injection volume was 1.0 μL,
and pulse splitless injection mode was used. Helium (purity
≥99.999%) was used as carrier gas and quench gas at a flow
rate of 1.0 and 2.25 mL min−1, respectively. The temperatures
of the injection port, ion source, and transfer line were 280,
250, and 280 °C, respectively. MS was operated in EI mode
with standard electron energy of 70 eV. The solvent cut time
was 5 min. Nitrogen (purity ≥99.999%) was used as collision
gas at 1.5 mL min−1. Target analytes were quantified by mul-
tiple reaction monitoring (MRM) mode. The retention time,
qualitative and quantitative ion pair, and collision energy were
presented in Table S1 in the Electronic Supplementary
Material (ESM).

MSPE procedure

Fifty milligrams of adsorbent was rinsed by 2 mL acetone and
dispersed into 30 mL spiked PCBs solution (10 ng L−1) or real
environmental waters. The mixture was sonicated for 10 min.
With the aid of an external magnet, the adsorbent was isolated
from the suspension immediately. The supernatant was
discarded and the adsorbent was eluted with 3 mL of n-hexane
by fierce vortex for 1 min. Similarly, the desorption solution
was collected by the assist of an external magnet and
dehydrated by some amount of anhydrous sodium sulfate.
Subsequently, the solution was concentrated into 0.3 mL
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under a gentle stream of nitrogen. Finally, 1 μL of the con-
centrated solution was injected into GC-MS/MS instrument
for analysis. The internal standard solution (13C-PCB 141)
was added into the spiked water samples after MSPE proce-
dure for calculating recovery. All experiments were repeated
for three times.

Results and discussion

Characterization of materials

The morphologies of the prepared magnetic particles were
observed by FE-SEM and TEM (Fig. 1). SEM images of
Fe3O4, Fe3O4@SiO2-C16-1 , Fe3O4@SiO2-C16-2 ,
Fe3O4@SiO2-C16-3, and Fe3O4@SiO2-C16-4 are showed in
panels a–e of Fig. 1, respectively. Fe3O4 particles were nearly
spherical and homogeneous with a mean diameter of about

180 nm (Fig. 1a). After coating with TEOS and C16-TMOS,
the sizes of the magnetic particles become larger with the
mean diameters of 220 nm (Fig. 1b), 230 nm (Fig. 1c),
210 nm (Fig. 1d), and 210 nm (Fig. 1e), respectively.
Although the particle size of Fe3O4@SiO2-C16 has not
changed much under the four different time intervals, their
morphology has distinct differences. The particles of
Fe3O4@SiO2-C16-1 and Fe3O4@SiO2-C16-2 tend to crosslink
with each other and are coated with some floccule (Fig. 1b, c).
However, the particles of Fe3O4@SiO2-C16-3 and
Fe3O4@SiO2-C16-4 are more dispersed and sphere-like
(Fig. 1d, e). TEM image of Fe3O4@SiO2-C16-3 is further
shown in Fig. 1f. Obvious core-shell structure could be seen
in the particles, and the coating layer was about 20 nm. The
results indicate that Fe3O4 can be successfully covered with a
thin layer of coating under one-pot sol–gel procedure, and the
time of addingC16-TMOS has great influence on themorphol-
ogy of the resultant materials. It has to be mentioned here that

Fig. 2 FT-IR spectra of Fe3O4 (a)
and EDX spectrum of
Fe3O4@SiO2-C16 (b)

Fig. 1 SEM images of Fe3O4 (a), Fe3O4@SiO2-C16-1 (b), Fe3O4@SiO2-C16-2 (c), Fe3O4@SiO2-C16-3 (d) and Fe3O4@SiO2-C16-4 (e) and TEM image
of Fe3O4@SiO2-C16-3 (f)
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only Fe3O4@SiO2-C16-3 was characterized in the following
sections, which was abbreviated as Fe3O4@SiO2-C16.

FT-IR spectra of Fe3O4@SiO2-C16 as well as naked
Fe3O4 were measured to investigate the characteristics of
the resultant materials (Fig. 2a). The peaks at 3420 and
560 cm−1 that appeared in both curves can be attributed to
the O–H and Fe–O vibrations, respectively. After coating
with TEOS and C16-TMOS, the band at 1080 cm−1 is char-
acteristic for Si–O, revealing the presence of SiO2. The
peaks at 2851 and 2921 cm−1 are assigned as the stretching

vibration of C-H group which indicates that alkyl group has
been successfully modified on the surface of magnetic par-
ticles. The chemical composition of Fe3O4@SiO2-C16 was
further examined by EDX. As shown in Fig. 2b, the peaks of
Fe, Si, and O can be obviously observed. The peak of C can
also be detected although its intensity is relatively weak.
These results demonstrated that the strategy reported here
is feasible for simultaneous coating of SiO2 and modifica-
tion of hexadecyl group on the surface of Fe3O4

microparticles.

Fig. 3 The effect of amount of the adsorbent (a), type of desorption solvent (b), volume of desorption solvent (c), extraction time (d), desorption time
(e), and salt concentration (f) on the extraction efficiency of PCBs in ultrapure water (spiked at 10 ng L−1). Error bar shows the standard deviation (n = 3)
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The hydrophobicity of Fe3O4 and Fe3O4@SiO2-C16 was
evaluated by water contact angle measurement. As shown in
ESM Fig. S1, the water drop disperses into Fe3O4 immediate-
ly, showing that Fe3O4 is hydrophilic. Conversely, the contact
angle of Fe3O4@SiO2-C16 is about 122°, which indicates that
the Fe3O4@SiO2-C16 was hydrophobic. These results further
prove the existence of hexadecyl group on the surface of the
prepared material, and Fe3O4@SiO2-C16 has been successful-
ly synthesized.

The magnetic properties of Fe3O4 and Fe3O4@SiO2-C16

were verified by VSM. Magnetization curves of the two ma-
terials are shown in Fig. S2 (see ESM). Both curves have no
magnetic hysteresis loops, which reveal that they are
superparamagnetic. The saturation magnetization values of
Fe3O4 and Fe3O4@SiO2-C16 are calculated to be 83 and
66 emu g−1, respectively. Although saturation magnetization
value decreases lightly after coating with TEOS and C16-
TMOS, themagnetization of Fe3O4@SiO2-C16 is still stronger
than most of magnetic adsorbents prepared in previous reports
[34, 36, 39]. Therefore, Fe3O4@SiO2-C16 microspheres can
be rapidly and efficiently separated from the aqueous solution
with the help of an external magnet, which would benefit the
process of sample preparation.

Comparison in the extraction efficiency of different
adsorbents

The extraction efficiency of different adsorbents, including
Fe3O4, Fe3O4@SiO2, Fe3O4@SiO2-C16-1, Fe3O4@SiO2-
C16-2, Fe3O4@SiO2-C16-3, and Fe3O4@SiO2-C16-4, was
compared by the recoveries of seven PCBs, Fe3O4@SiO2 of
which was prepared under the same conditions without adding
C16-TMOS. As shown in ESM Fig. S3, naked Fe3O4 has little
extraction ability for PCBs. Fe3O4@SiO2 shows better extrac-
tion ability than Fe3O4, but the highest recovery of PCBs is
still below 40%. On the contrary, all of Fe3O4@SiO2-C16

microspheres display good extraction capacities for PCBs
with the recoveries higher than 64%. Additionally, it is inter-
esting to find that the recoveries are varied among the four
Fe3O4@SiO2-C16, and Fe3O4@SiO2-C16-3 showed the best
extraction efficiency. It can be explained by the different den-
sities of hexadecyl group on the surface of the four adsorbents
caused by the various preparation processes. In this way,
Fe3O4@SiO2-C16-3 was chosen for the following experi-
ments, and it was written as Fe3O4@SiO2-C16 for short.

Optimization of MSPE conditions

To achieve the best extraction efficiency of seven indicator
PCBs, several parameters including amount of the adsorbent,
desorption solvent, extraction time, desorption time, and salt
concentration were evaluated (Fig. 3). Because PCBs are non-

polar compounds and pH has limited effect on their extraction,
the effect of pH was not investigated in this work.

The amount of sorbents was evaluated by varying sorbent
dosage at 10, 30, 50, and 70 mg. The result is shown in Fig. 3a.
Generally, the recovery increased with the rise of adsorbent
dosage. Therefore, from 10 to 30 mg, the recovery of all
PCBs markedly increased. The recoveries obtained by 50 mg
adsorbent were a little higher than 30 mg and almost the same
as by 70 mg. Thus, 50 mg adsorbent (the recovery ranged from
88.5 to 98.4%) was used for the following experiments.

Considering the characteristics of adsorbent and PCBs, three
kinds of desorption solvent (n-hexane, acetone, dichlorometh-
ane) were investigated. As shown in Fig. 3b, it is clearly that n-
hexane achieved the best desorption efficiency among the stud-
ied solvents. It can be explained by the similar chain structure
of n-hexane and C16-functionalized adsorbent. Hence, n-hex-
ane was used as the optimal desorption solvent. Additionally,
the optimal volume of n-hexane was also investigated. As
shown in Fig. 3c, 3 mL of n-hexane was enough to obtain a
good result, so it was employed in the following experiments.

The extraction time investigation was carried out by in-
creasing the sonicated time. Figure 3d shows the effect of
extraction time on the recovery. The recoveries of PCBs in-
creased in the range from 5 to 10 min. Whereafter, there was
no significant change from 10 to 20 min. It was clear that
extraction equilibrium was achieved at 10 min. Hence,
10 min was chosen as the optimal extraction time.

The effect of desorption time was investigated by altering
the vortex time from 1 to 5 min (Fig. 3e). It was found out that
the desorption time had no significant influence on the recov-
ery. The desorption equilibrium can be achieved fast after
vortexing 1 min. So, 1 min was chosen as the desorption time
for this study.

The changing of ionic strength can affect the solubility of
target analytes in aqueous solution and their interaction with
adsorbent. The concentration of NaCl from 0 to 80 mM was
added in the extraction solution to evaluate the effect of ionic
strength. The result shows that the recovery decreased dramat-
ically with the increase of salt concentration (Fig. 3f). This
result can be attributed to the Boil effect^ [41, 42]. The

Table 1 Performances of MSPE-GC-MS/MS method for the
determination of PCBs in water samples

Analytes Liner range (ng L−1) R LOD (ng L−1) LOQ (ng L−1)

PCB 28 1–100 0.9992 0.14 0.46

PCB 52 1–100 0.9993 0.12 0.39

PCB 101 1–100 0.9992 0.23 0.77

PCB 118 1–100 0.9992 0.23 0.75

PCB 138 1–100 0.9990 0.14 0.46

PCB 153 1–100 0.9990 0.22 0.74

PCB 180 1–100 0.9989 0.27 0.91
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existence of salt would reduce the interaction PCBs and
Fe3O4@SiO2-C16, leading to the poor extraction efficiency.
Therefore, no salt was added in the following experiments.

Reusability and reproducibility of Fe3O4@SiO2-C16

Reusability and reproducibility are important performance of
in-house prepared magnetic adsorbent. To evaluate the
recycling ability, the regenerated Fe3O4@SiO2-C16 washed
twice by hexane after each MSPE was used again to extract
PCBs under the optimized condition. As shown in ESM
Table S2, the recoveries of PCBs have no obviously change
among six recycles with the relative standard deviations
(RSDs) less than 5.64%. The batch-to-batch reproducibility
of the adsorbent was investigated by preparing three batches
of Fe3O4@SiO2-C16 under the same condition. The RSDs of
the recoveries of PCBs were less than 3.25% (Table S2, see
ESM). All the results indicated that the prepared
Fe3O4@SiO2-C16 was reusable and reproducible.

Analytical performance

The analytical performance of Fe3O4@SiO2-C16 was eval-
uated under the optimized condition. The linearity, limit of
detection (LOD), limit of quantification (LOQ), and repeat-
ability were investigated (Table 1 and ESM Table S3). For
the construction of the calibration curves, triplicate mea-
surements were performed, and the calibration curves were
generated by plotting the mean peak area ratio (y, targeted
analytes/I.S.) versus analytes concentration (x) in the range
of 1–100 ng L−1. As shown in Table 1, the linear correlation
coefficients (R) values of seven curves are higher than
0.9989. The LODs and LOQs based on a signal-to-noise
ratio of 3 and 10 are in the range of 0.14–0.27 and 0.39–
0.91 ng L−1, respectively.

The reproducibility of the method was determined by the
intra-day and inter-day precisions (Table S3, see ESM). The
intra-day and inter-day precisions were investigated at differ-
ent concentrations (1, 10, and 50 ng L−1). The intra-day and

Table 3 The concentrations, spiked recoveries and precisions of PCBs in different environmental water samples

Analytes Rain water River water Pond water

Found
(ng L−1)

Spiked
(ng L−1)

Recovery
(%)

Found
(ng L−1)

Spiked
(ng L−1)

Recovery
(%)

Found
(ng L−1)

Spiked
(ng L−1)

Recovery
(%)

PCB 28 LTDa 8.41 ± 0.35 84.07 0.52 8.96 ± 0.31 84.44 LTQb 8.81 ± 0.35 86.29

PCB 52 LTD 8.99 ± 0.24 89.93 1.08 9.87 ± 0.04 87.90 LTQb 10.03 ± 0.27 100.30

PCB
101

LTD 8.38 ± 0.65 83.85 LTD 8.62 ± 0.16 86.18 LTD 8.98 ± 0.19 89.80

PCB
118

LTD 7.52 ± 0.63 75.17 LTD 8.53 ± 0.19 85.28 LTD 8.49 ± 0.12 84.90

PCB
138

LTD 8.60 ± 0.45 85.98 LTD 8.52 ± 0.11 85.16 LTD 8.33 ± 0.47 83.30

PCB
153

LTD 9.07 ± 0.40 90.70 LTD 9.25 ± 0.34 92.50 LTD 9.91 ± 0.24 99.10

PCB
180

LTD 9.96 ± 0.35 99.59 LTD 9.97 ± 0.19 99.69 LTD 10.12 ± 0.31 101.20

The spiked concentration was 10 ng L−1

a Less than LODs
b Less than LOQs

Table 2 Comparisons of the
proposed method with other
MSPE-GC-MS/MS methods

Adsorbents Sample Sample volume (mL) Desorption

solvent (mL)

LOD

(ng L−1)

Ref.

Fe3O4-grafted
graphene

Water 200 Ethyl acetate (6) 0.03–0.12 [35]

Fe3O4@MIL-100(Fe) Water 10 n-hexane (10) 1.07–1.57 [34]

Palmitate-coated Fe3O4 Water 50 Dichloromethane
(4)

20.1–47.5 [40]

Oleate-coated Fe3O4 Juice 50 Ethyl acetate (4) 1.6–5.4 [19]

Fe3O4@SiO2-C16 Water 30 n-hexane (3) 0.14–0.27 This study
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inter-day RSDs were below 6.87 and 9.06%, respectively. The
results demonstrated that the precision of the present method
was acceptable.

The analytical performance of this method was compared
to the previous reports applying MSPE-GC-MS/MS to an-
alyze PCBs in environmental waters. According to Table 2,
sensitivity of the current method was comparable with other
approaches. However, the consumption of desorption sol-
vent was less than the previous reported materials, and the
dosage of water sample was moderate. Moreover, the satu-
ration magnetization value of Fe3O4@SiO2-C16 was higher
than most of other magnetic adsorbents, which favors the
quick separation of adsorbents from the aqueous solution.
In order to further evaluate the pretreatment of the proposed
method, we did a comprehensive comparison with
Environmental Protection Agency (EPA) pretreatment
methods (EPA 3520C [43] and EPA 3535 [44]) which are
recommended by the EPA 8082A method [45]. Compared
to US EPA method 3520C liquid-liquid extraction which
requires 1 L of the sample and uses 300–500 mL of methy-
lene chloride to extract 18–24 h continuously, our method
only need 30-mL sample, extract 10 min and use 3 mL of n-
hexane to elute. As to US EPA method 3535 solid-phase
extraction, the SPE method requires a special SPE device
and SPE cartridges. The SPE device is not portable and need
electricity. Besides, the water passes through the SPE car-
tridges (e.g., C18 SPE cartridge) at 3–5 mL min−1 and dried
by vacuum for 30–60 min, resulting more than 50-min ex-
traction [33, 46]. Moreover, this method may not be appro-
priate for aqueous samples with greater than 1% suspended
solids, as such samples can be difficult to filter as a result of
clogging the column. In contrast, none special device is
essential in the proposed method except a small portable
magnet which can be applied for sample preparation on site.

The adsorbent were dispersed into water sample which
made the extraction time shorten to 10 min and was appro-
priate for all type of water samples. Furthermore, one
Bblank^ sample spiked with PCBs (standards concentration
was 10.0 ng L−1) was separately analyzed in triplicate using
the optimized MSPE method and the SPE and LLE
methods. The recoveries of the PCBs using the improved
MSPE method were 75.17–101.20%, with RSDs of less
than 8.51%. The recoveries using LLE and SPE method
were 69.70–87.90% (RSDs <14.53%) and 75.77–95.43%
(RSDs <9.94%), respectively. By these comparisons, tradi-
tional SPE and LLE consume large amounts of chemicals
and hazardous organic solvents and extend multistep ex-
traction procedures, and the recoveries and RSDs using
the improved MSPE method were superior to LLE method
and comparable to SPE method. Therefore, the proposed
method is promising for extraction of trace PCBs in water
samples.

Real sample analysis

To demonstrate the applicability of the proposed method, it
was applied to analyze different environmental water samples,
including rain water, river water, and pond water. The water
samples and spiked solutions (10 ng L−1) were all analyzed in
triple replicates, and the results were summarized in Table 3.
PCB 28 and PCB52 were found to be 0.52 and 1.08 ng L−1 in
river water, respectively. The absolute recoveries of spiked
PCBs in three different water samples were in the range of
75.17–101.20% with RSDs ranging from 1.12 to 8.31%. The
chromatograms detected and spiked PCBs in river water of
GC-MS/MS were shown in Fig. 4.

Conclusions

In this work, we have demonstrated a facile one-pot sol–gel
method for the synthesis of magnetic core-shell Fe3O4@SiO2-
C16 microspheres. The preparation method was convenient,
effective, gentle, and repeatable. The resulting Fe3O4@SiO2-
C16 exhibited excellent sorption efficiency and reusability for
the extraction of PCBs. Combinedwith GC-MS/MS, the over-
all method showed excellent sensitivity, accuracy, and preci-
sion. The method was successfully used to analyze PCBs in
different environmental waters. The results also display great
potential of Fe3O4@SiO2-C16 for the MSPE of other trace
organic pollutants from environmental samples.
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