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Magnetic solid phase extraction with octahedral
structured Fe;0,@SiO,@polydimethylsiloxane
magnetic nanoparticles as the sorbent for
determining benzene, toluene, ethylbenzene and
xylenes in water samples

Maosheng Zhang, {2 *2 Guobin Huang,? Jiarong Huang,? Ling Zhong?®
and Weilan Chen®

Novel octahedral structured FezO,4@SiO,@polydimethylsiloxane magnetic nanoparticles (Fez0,@SiO,@PDMS
MNPs) have been successfully synthesized for the first time. The magnetic nanoparticles (MNPs) were
characterized by scanning electron microscopy, transmission electron microscopy, X-ray diffraction, Fourier
transform infrared spectrometry and vibrating sample magnetometry. The FezO,@SIO,@PDMS MNPs were
used as the sorbent for magnetic solid phase extraction (MSPE) to determine benzene, toluene,
ethylbenzene and xylenes (BTEX) in water samples. Extraction parameters, the amount of sorbent, the
extraction time, the stirring rate, the salt effect, the type of desorption solvent, the volume of desorption
solvent and the desorption time were optimized. The optimal extraction conditions were amount of
sorbent, 100 mg; extraction time, 15 min; rate, 200 no salt; desorption solvent,
dichloromethane; volume of desorption solvent, 0.5 mL; and desorption time, 1.0 min. Good linearity was

stirring rom;
observed in the calibration range from 0.05 to 20 ug L™2, and the coefficient of determination (%) was more
than 0.9980. The limits of detection (LODs) and limits of quantitation (LOQs) for BTEX were observed to be
0.002-0.005 pg L™t and 0.008-0.017 pg L7%, respectively. The intra- and inter-batch relative standard
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1 Introduction

Benzene, toluene, ethylbenzene and o-, m- and p-xylene (BTEX)
are widely used in the chemical industry and its related fields.
As we know, these compounds can cause adverse health effects,
such as cancer, liver damage and central nervous system
disease.! In response to this problem, the WHO drinking water
guidelines has established the permissible levels for BTEX
(benzene of 10 pg L™, toluene of 700 pg L™, ethylbenzene of
300 pg L™ and xylenes of 500 ug L™ ") in drinking water.? The
normalized quality limit for drinking water according to the
EPAis 5 ug L™ for benzene, 1000 pg L™ for toluene, 700 ug L™*
for ethylbenzene and 10 000 ug L™ for xylenes, respectively.?
Therefore, establishing a sensitive, reliable, convenient and fast
analytical technique to determine BTEX in the environment is
urgently required.

Sample preparation is a crucial step for systematic analytical
techniques. However, this step is also a significant bottleneck
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deviations (RSDs) were less than 11.6% and 15.0%, respectively.

for obtaining an accurate result in an analysis. Several
disadvantages of traditional methods of liquid-liquid extrac-
tion (LLE) are the use of significant volumes of toxic organic
solvents, being time-consuming and causing difficulty in
automation. Sorbent-based extraction methods, such as solid
phase extraction (SPE) and solid phase microextraction
(SPME), use little to no toxic solvents and are the widely used
sample preparation methods.*® However, SPE and SPME have
some disadvantages such as expense, tediousness and limited
lifetime. Recently, magnetic solid phase extraction (MSPE),
a sorbent-based extraction technique, has been developed to
overcome these limitations.” In MSPE, a magnetic sorbent is
dispersed into a sample solution where the target analytes are
adsorbed onto the sorbent and then separated rapidly and
effectively from the solution using an external magnet. Finally,
the analytes on the sorbent are eluted using a small amount of
organic solvent. The virtues of MSPE, such as magnetic oper-
ational simplicity, rapid separation times, analyte retriev-
ability and high extraction efficiency, have allowed it to be
successfully used for the determination of different analytes,
such as drugs,®® insecticides,' phthalic acid esters (PAEs),"
polycyclic aromatic hydrocarbons (PAHs),"»"* and metal
ions."

This journal is © The Royal Society of Chemistry 2017
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For MSPE, the first issue to resolve is the choice of magnetic
material. Fe;0, MNPs are mainly used as a magnetic material to
prepare the magnetic sorbents due to ease of their synthesis and
high magnetic characteristics. For one thing, Fe;0, MNPs can
be divided into spherical structure and octahedral structure.
According to our knowledge, nearly all the previous research of
MSPE has used spherical structured Fe;O0, MNPs as magnetic
material. On the other hand, pure Fe;O, MNPs show the poor
adsorption performance to analytes in MSPE. To overcome the
limitation, Fe;O, MNPs coated with functional polymers have
attracted tremendous interest both theoretically and experi-
mentally. Currently, many studies have modified the surface of
Fe;O, MNPs using silica materials,” carbon materials,'® poly-
dopamine,”” ionic liquids,"” polypyrrole’® and molecular
imprinted polymers™ depending on the physical coating
desired or the presence of covalent binding.

Due to the sorptive enrichment of organic analytes, poly-
dimethylsiloxane (PDMS) has been utilized as the adsorbing
material in many analytical techniques, such as SPME and stir
bar sorptive extraction (SBSE). Previous studies demonstrated
that PDMS has excellent adsorption characteristics for non-
polar compounds, such as BTEX,* PAHSs,* pesticides® and
pharmaceuticals.”® More importantly, PDMS appears to be
highly suited for sampling in complex matrices, since the
enrichment is based on the partitioning of analytes into and
their dissolution within the polymer. Correspondingly, PDMS
has been applied to increasingly complex matrices including
foods,** soils*® and biological samples.>®

For the first time, novel octahedral structured
Fe;0,@Si0,@PDMS MNPs have been successfully synthesized.
First, Fe;0,@Si0, MNPs were obtained by forming a thin amor-
phous silica layer on the octahedral structured Fe;O, MNPs.
Second, PDMS was coated onto the surface of the Fe;0,@SiO,
MNPs by a sol-gel process. There are two advantages to this
design. The Fe;0,@Si0,@PDMS MNPs effectively combines the
powerful magnetic properties of octahedral structured Fe;O,
MNPs with the high adsorptivity of the PDMS coating, which
facilitates the separation and preconcentration of BTEX from
environmental water samples. Additionally, the introduction of the
SiO, coating onto the Fe;0, MNPs provides a silica-like surface for
the Fe;O, that made surface modification with organic silane
molecules, such as PDMS, easier. The Fe;0,@SiO,@PDMS MNPs
were used as a sorbent for MSPE coupled with gas
chromatography-flame ionization detector (GC-FID) for the
enrichment and analysis of BTEX in water samples. The experi-
mental parameters affecting the MSPE were studied and opti-
mized. Finally, the applicability of the proposed method to
determine BTEX at trace levels in real water samples was evaluated.

2 Experimental
2.1 Chemicals and reagents

Standards containing benzene, toluene, ethylbenzene and
xylenes (purity = 99%) were purchased from the Institute for
Reference Materials of SEPA (Beijing, China). A mixed stock
standard solution of BTEX was prepared with a concentration of
1.00 mg L' in acetone (LC grade) from Sigma-Aldrich
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(Steinheim, Germany) and stored in the dark at 4 °C. Aqueous
working solutions were prepared daily in ultrapure water
(resistivity of 18.2 MQ cm at 25 °C). The ultrapure water was
purified with a Milli-Q water purification system (Millipore
Corporation, Billerica, MA, USA). Fe;0, MNPs (diam.
50-100 nm) were purchased from Jingkang Co., Ltd. (Changsha,
China). Tetraethyl orthosilicate (TEOS) was purchased from
Xilong Chemical Co., Ltd (Shantou, China). Methyltrimethoxy-
silane (MTMOS) and hydroxy silicone oil (HSO) were purchased
from Guobang Chemical Co., Ltd (Jinan, China). Trifluoroacetic
acid (TFA) was purchased from Aldrich (Allentown, PA, USA).

2.2 Instruments

A Shimadzu GC-14C gas chromatograph (Shimadzu, Tokyo,
Japan) equipped with a split-splitless injector and flame ioni-
zation detector (FID) was used for BTEX Analyses. An Rtx-50
fused-silica column (50% phenyl and 50% methyl poly-
siloxane) 30 m long, 0.25 mm internal diameter, 0.25 pm film
thickness (Restek, USA) was used. High purity nitrogen (purity
= 99.999%) was employed as the carrier gas at a flow rate of
1.0 mL min". The injector temperature was set at 200 °C. The
GC oven temperature was initially held at 40 °C for 1 min and
then programmed to increase to 80 °C at 5 °C min~ " and held
for 3 min. The detector temperature was maintained at 250 °C.
Hydrogen and air were used as the detector gases at 48 and
450 mL min ", respectively. The injection volume was 1 pL in
the split mode (split ratio 1 : 10). Clarity Shimadzu Chemstation
was utilized to control the system and to acquire the analytical
data. Under these conditions, the three xylene isomers were
separated into two peaks, one contained a mixture of m- and
p-xylene, and the other contained o-xylene. For quantification,
we combined the integrated the area of the two peaks to
calculate the overall concentration of xylenes.

The morphologies of the materials were observed by scan-
ning electron microscopy (SEM) using a Hitachi S4800 (Tokyo,
Japan) and transmission electron microscopy (TEM) using
a Tecnai G20 (FEI, American). The crystalline structures of the
materials were determined by powder X-ray diffraction (XRD,
Rigaku Ultima IV) using a Cu Ke. radiation (A = 1.5418 A) with 26
ranging from 5° to 80° with a scan rate of 0.02° per second. The
Fourier transform infrared (FTIR) spectra were obtained using
a Nicolet iS 10 infrared spectrometer. Magnetic properties were
analyzed using an SQUID-VSM (American) at room temperature
under an ambient atmosphere.

2.3 Preparation of Fe;0,@Si0,@PDMS MNPs

For the preparation of Fe;0,@SiO, MNPs, 2 g Fe;O, was
dispersed into in 100 mL of isopropanol and sonicated for
10 min at room temperature. Next, 10 mL of TEOS and 60 mL of
NH;3;H,0 (25%) were added and stirred for 12 h at room
temperature under a N, atmosphere. The obtained Fe;0,@SiO,
MNPs were separated by an external magnet and washed with
water and methanol five times. Finally, the preparation was
dried under vacuum at 60 °C for 6 h for further use.

Next, 1 g of the dried Fe;0,@SiO, MNPs were dispersed in
20 mL of ethanol. Then, 20 mL of MTMOS and 5 mL of HSO
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Fig. 1 The schematic representation of proposed MSPE method.

were added and mixed thoroughly by ultrasonic agitation for
20 min. 180 pL of TFA (95%) was sequentially added to the
resulting solution with ultrasonic agitation over 3 h. Finally, the
product was separated with a magnet, washed repeatedly with
water and ethanol, and dried under vacuum at 60 °C.

2.4 MSPE procedure

One hundred milligrams of the Fe;0,@Si0,@PDMS MNPs was
added to a 20 mL sample solution containing 5 pg L™ of BTEX.
The mixture was continuously stirred at a constant speed (i.e.,
200 rpm) with a magnetic stirrer to allow the analytes to be fully
adsorbed onto the MNPs. After 15 min, the MNPs were quickly
separated from the sample solution using an external magnet.
The supernatant was decantated and the MNPs were eluted with
0.5 mL of dichloromethane. The eluting solvent was isolated
from MNPs using an external magnet and filtered with
a 0.45 pm membrane. Finally, 1.00 pL of the eluting solvent was
injected into the GC instrument for subsequent analysis. A
schematic representation of the MSPE method is shown in
Fig. 1.

3 Results and discussion

3.1 Characterization of the materials

The morphological structure of the Fe;0,@SiO,@PDMS MNPs
was characterized with SEM and TEM. The SEM image (Fig. 2a)
shows the Fe;O, MNPs have an octahedral structure and
uniform size. The estimated average size was 50-100 nm. The
TEM image (Fig. 2b) indicates that the bilayer structured
SiO,@PDMS polymerized coatings are homogeneously and
uniformly distributed on the surface of the Fe;0, MNPs. The
EDX mapping of the Fe;0,@Si0,@PDMS MNPs presented in
Fig. 2c contains localized elemental information. This analysis
confirms the existence of the elements Si, C, Fe and O in the
structure of the Fe;0,@Si0,@PDMS MNPs. Additionally, it
shows that the molar ratios of Fe : Si: C are 41:5 : 6.

The XRD patterns of the Fe;0,, Fe;0,@SiO, and
Fe;0,@Si0,@PDMS MNPs are shown in Fig. 3a. In the
pattern from the Fe;O, MNPs, the diffraction angles at 26 =
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Fig.2 The SEM image (a), the TEM image (b) and the EDX mapping (c)
of the Fez0,4@SiO,@PDMS MNPs.

18.29°, 30.10°, 35.42°, 43.04°, 53.50°, 56.98° and 62.60°, cor-
responding to the crystal surface of Fe;0, (111), (220), (311),
(400), (442), (511) and (440), respectively, confirm the exis-
tence of pure Fe;0, (JCPDS 65-3107). The pattern from the
Fe;0,@Si0, MNPs shows almost the same features as the
pattern from the Fe;O, MNPs in Fig. 3a. No diffraction peaks
corresponding to SiO, were observed because the prepared
SiO, is amorphous. The same set of characteristic peaks were
also observed for the Fe;O0,@Si0,@PDMS MNPs, indicating
the stability of the crystalline phase of the Fe;0, throughout
preparation.

This journal is © The Royal Society of Chemistry 2017
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Fig. 3b shows the FTIR spectra of the Fe;0,, Fe;0,@SiO, and
Fe;0,@Si0,@PDMS MNPs. The stretching vibration modes of
Fe-O bands are observed at 573 cm™ " in the FTIR spectrum of
the Fe;0, MNPs. The characteristic peaks of Si-OH (963 cm ™)
and Si-O-Si (1095 cm™ ') observed in the spectrum of
Fe;0,@SiO, MNPs suggest that the SiO, coating has been
successfully distributed onto the surfaces of the Fe;0, MNPs.
Compared with the spectra of Fe;0, and Fe;0,@SiO, MNPs, the
spectrum of Fe;0,@Si0,@PDMS MNPs also displays the char-
acteristic peaks of PDMS, including -CH; at approximately
2900 cm ', which confirms that the PDMS coating was
successfully applied onto the MNPs.
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Fig. 3 The XRD patterns (a), the FTIR spectra (b) and the hysteresis
loops (c) of the FezO4, Fes04@SiO; and Fez0,4,@SiO,@PDMS MNPs.
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Fig. 4 The effect of amount of the Fez0,@SiO,@PDMS MNPs (a),
extraction time (b), stirring rate (c) and ionic strength (d) on the relative
peak area of BTEX.

Fig. 3c shows the hysteresis loops of the Fe;0,, Fe;0,@SiO,
and Fe;0,@Si0,@PDMS MNPs. All of the hysteresis loops for
the MNPs show an “S” shape and are almost absent of residual
magnetism and coercivity force. The saturation magnetization
of the Fe;0,, Fe;0,@Si0O, and Fe;0,@Si0,@PDMS MNPs are
82.2 emu g ', 56.2 emu g~' and 41.8 emu g, respectively.
These results demonstrate that the magnetization decreases
with coating. However, the magnetization is still sufficiently
high for the MNPs to be separated by an external magnet. These
results demonstrate that the sorbents can easily be separated
and recovered by an external magnetic field.

3.2 Optimization of extraction conditions

Several parameters, including the amount of sorbent, extraction
time, stirring rate, salt effect, the type of desorption solvent, the
volume of desorption solvent and desorption time, were
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Fig. 5 The effect of type of desorption solvent (a), volume of
desorption solvent (b) and desorption time (c) on the relative peak area
of BTEX.
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Table 1 Linearity range, coefficient of determination (r%), LODs, LOQs and repeatability of the method

Repeatability (RSD%)

Linearity range Coefficient of LODs LOQs
Analytes (gL determination (%) (gL (gL Intra-batch Inter-batch
Benzene 0.05-20 0.9985 0.005 0.017 8.9 13.4
Toluene 0.05-20 0.9991 0.005 0.017 7.5 11.5
Ethylbenzene 0.05-20 0.9993 0.002 0.008 10.2 15.0
Xylenes 0.05-20 0.9980 0.002 0.008 11.6 14.8

investigated to optimize the extraction efficiency of BTEX by the
Fe;0,@Si0,@PDMS MNPs. The concentration of BTEX was set
at 5 ug L. All of the optimization experiments were conducted
three times.

3.2.1 Amount of sorbent. The mass transfer of the analytes
from the solution to the sorbent strongly depends on
the amount of sorbent. The effect of the amount of the
Fe;0,@Si0,@PDMS MNPs was studied in the range 10-130 mg.
Based on the results shown in Fig. 4a, the peak areas of the
BTEX significantly increased when amount of sorbent increased
from 10 to 100 mg and reached a maximum at 100 mg. No
significant increase of peak areas was observed with additional
sorbent. Therefore, 100 mg of sorbent was selected for further
optimizations.

3.2.2 Extraction time. It is necessary to provide sufficient
contact time for the analytes and sorbents to reach the
adsorption equilibrium. The effect of extraction time on
the extraction efficiency of the analytes was examined with the
results displayed in Fig. 4b. The peak areas of the BTEX
increased continuously when increasing the time from 2 to
15 min, and remained constant with additional time. Accord-
ingly, 15 min was selected as the optimal time.

3.2.3 Stirring rate. Stir was applied to facilitate extraction of
BTEX on the sorbent. To evaluate the effect of sample stirring
rate, the analytes were extracted at different stirring rates
(50, 100, 200, 300 and 400 rpm) and the results are displayed in
Fig. 4c. The results reveal that the peak areas of BTEX increased
as the stirring rate increased from 50 to 200 rpm and then did
not observably increase at higher stirring rates. These results
indicate that the 200 rpm stirring speed is suitable for this work.

3.2.4 Salt effect. Ionic strength of sample solution plays an
important role in determining sensitivity and precision of the
method. The influence of ionic strength on the extraction
performance of the sorbent was investigated by adding 0-20%

Table 2 Determination results of BTEX in real samples (n = 6)

(w/v) NaCl to the solution (Fig. 4d). The results show that the
presence of salt has a negative effect on the extraction perfor-
mance. Therefore, further studies were performed without salt.

3.3 Optimization of desorption conditions

3.3.1 Type of desorption solvent. To achieve complete
desorption of the analytes from the surfaces of the
Fe;0,@Si0,@PDMS MNPs, different solvents (dichloro-
methane, acetone, n-hexane, chloroform and methanol) were
tested. The results in Fig. 5a show that dichloromethane gave
the greatest peak areas for BTEX. Therefore, dichloromethane
was preferred as a desorption solvent for further experiments.

3.3.2 Volume of desorption solvent. Volume of desorption
solvent was another important factor required to be optimized.
To evaluate the effect of the volume of desorption solvent on the
extraction efficiency, the desorption volumes were varied from
0.2 to 2.0 mL. The results in Fig. 5b demonstrate that the
greatest peak area of BTEX was achieved with 0.5 mL of the
desorption solvent. Thus, 0.5 mL was selected as the most
appropriate desorption volume.

3.3.3 Desorption time. Desorption time also plays a very
important role in the recovery of the analytes from the sorbent.
Desorption time was studied from 0.5-5.0 min. Fig. 5c clearly
shows that the peak area increased with desorption times from
0.5-1.0 min and then remained nearly constant. For further
experiments, a desorption time of 1.0 min was chosen.

3.4 Analytical performance

A series of experiments regarding linearity and limits of detec-
tion (LODs), limits of quantitation (LOQs), and reproducibility
were performed to validate the proposed MSPE method under
optimal conditions. The linear concentration range was deter-
mined from plots of the peak areas versus the concentration of

Jiulong River of Zhangzhou

Inner lake in a school

Sewage treatment plant

Detected Recovery*® RSD Detected Recovery RSD Detected Recovery RSD
Sample analyte (g L™ (%) (%) (g L) (%) (%) (gL (%) (%)
Benzene ND? 102.6 9.4 ND 87.4 11.0 ND 111.5 5.7
Toluene ND 106.5 8.2 ND 90.6 11.5 0.32 106.7 6.5
Ethylbenzene ND 93.5 4.0 ND 118.0 6.9 ND 89.0 6.7
Xylenes ND 107.8 3.5 ND 100.4 10.5 ND 101.5 8.5

“ Recoveries determined at spiked levels of 5 pg L. * Not detected.
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Fig. 6 The representative chromatograms of (a) sewage treatment
plant water sample, (b) its corresponding spiked solution with 5 pg Lt
BTEX and (c) 5 pg L~* of BTEX standard solution. Peaks: (1) benzene; (2)
toluene; (3) ethylbenzene; (4) m-, p-xylene; (5) o-xylene.

the respective analytes. These plots were for quantitative
purposes. The LODs and LOQs were calculated at concentra-
tions where the signal-to-noise ratios were equal to 3 and 10. All
of the results are summarized in Table 1. Good linearity
occurred from 0.05-20 pg L~ " and the coefficient of determi-
nation (7*) was more than 0.9980. The LODs and LOQs for BTEX
were found to be 0.002-0.005 pg L™" and 0.008-0.017 pg L7,
respectively. To determine the reproducibility of the method, six
parallel experiments in quintuple of 5 pug L' of BTEX with
separate intra- and inter-batch preparations were performed.
The results show that the intra- and inter-batch relative stan-
dard deviations (RSDs) are less than 11.6% and 15.0%, respec-
tively, revealing acceptable reproducibility.

3.5 Analysis of real samples

The developed method was applied to the analysis of BTEX in
environmental water samples. Water samples were collected
from the Jiulong River of Zhangzhou City, the inner lake of
a school and a sewage treatment plant, filtered through 0.45 pm
microporous membranes and stored at 4 °C. All samples were
analyzed within 3 days of collection to avoid storage losses. The
results in Table 2 show that a trace level of toluene (0.32 pg L™)
was detected in the sewage treatment plant water sample. The
recovery of the 5 ug L' of BTEX added to the water samples
ranged from 87.4 to 111.5% demonstrating that the accuracy of
the suggested method is acceptable. A representative chro-
matogram of the sewage treatment plant water sample is shown
in Fig. 6.

4 Conclusions

In this paper, a new MSPE procedure using Fe;0,@SiO,@PDMS
MNPs as sorbents was developed for the determination of BTEX in
environmental water samples. The prepared Fe;0,@SiO,@PDMS
MNPs have a high surface area, strong magnetic properties,
and good adsorption performance for analytes. Under

This journal is © The Royal Society of Chemistry 2017
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optimal conditions, the proposed MSPE method exhibits
high sensitivity, satisfactory recovery in spiked samples and
good repeatability for the analysis of BTEX in real water
samples.
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