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Development of magnetic solid-phase extraction coupled with dispersive
liquid–liquid microextraction method for the simultaneous determination

of biphenyl and biphenyl oxide in water samples
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A new and sensitive method, termed magnetic solid phase extraction combined with dispersive liquid–liquid micro-
extracton (MSPE–DLLME), has been developed for the simultaneous determination of biphenyl and biphenyl oxide
in water samples. Different parameters influencing the extraction efficiency, including the amount of sorbent, sorp-
tion time, type of elution solvent and its volume, type of extraction solvent and its volume, and elution time were
optimized. The calibration curves were linear in the range of 0.5–100 μg/L for both of them. The limits of detection
(LODs) were achieved, 0.03 μg/L for biphenyl and 0.07 μg/L for biphenyl oxide, respectively. Ultimately, the ap-
plicability of the method was successfully confirmed by the extraction and determination of biphenyl and biphenyl
oxide in sea, river, tap, and water well.

Keywords: Magnetic solid-phase extraction, dispersive liquid–liquid microextraction, biphenyl, biphenyl oxide,
gas chromatography
Introduction

Biphenyl is used as dry carrier for polyesters, feedstock, espe-
cially in the production of alkyl biphenyls, and a citrus fruit im-
pregnated wrapping material to reduce spoilage. Biphenyl is also
an intermediate for the production of a host of other organic com-
pound, such as emulsifier, optical brighteners, crop protection
products, and plastics. Biphenyl oxide (BPO) is used in the pro-
duction of emulsifiers, surfactant, and textile dye labeled as a
chemically reacted intermediate. The main application of this
mixture is heat transfer in the distillation tower and fatty acid pro-
duction liner. This liquid has an optimum heat coefficient with
maximum service temperature up to 400 °C. There are many
problems in fatty acid distillation tower, i.e., this liquid leaks from
stocks to environment. The mixture is very harmful for human
and ecological system [1]. Workers exposed to these toxins expe-
rience nausea, vomiting, and irritation of the respiratory tract and
later result in damage to the liver and nervous system [2]. Toxins
enter the aquatic environment through waste effluents from textile
mills, industrial processes, and leaking heat exchangers [3, 4].
Conventional methods for analysis of this liquid are liquid–liquid
extraction and gas chromatographic analysis, which are very time
consuming and use large amount of organic solvent. Reported
method for measurement of biphenyl and biphenyl oxide are very
limited, and in all of them, solution is directly injected into the in-
struments: (1) direct injection to gas chromatograph equipped
with flame ionization detector (GC–FID) with limits of detection
of 5 mg/L [5], (2) direct injection to gas chromatograph equipped
with a mass spectrometer detector (GC–MS) with limits of detec-
tion of 10 μg/L [6], and (3) direct injection to high-performance
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liquid chromatograph equipped with a fluorescence detector
(HPLC–FLD) with limits of quantitation of 0.1 μg/mL [7].

Sample preparation prior to instrumental analysis is one of the
most crucial steps in the overall analytical process. Generally,
liquid–liquid extraction (LLE) and solid-phase extraction (SPE)
are considered as the most commonly used techniques for the
preconcentration of compounds from various samples [8]. SPE
is a well-established method for the preconcentration and isola-
tion of various analytes from different matrices. In SPE, selec-
tion of an appropriate sorbent is an important strategy in the
elaboration of analytical procedure, and nano-sorbents have
proved to be especially effective because of their high specific
surface areas, highly active surface sites, and the absence of in-
ternal diffusion resistance in the separation process [9].

Magnetic nanoparticles (MNPs) have gained more attention in
analytical field for trace analysis and speciation research owing to
their susceptibility for bulk solution suspension, easy control, and
fast magnetic separation under an external magnetic field [10, 11].
MNPs, such as Fe3O4, are good candidates for magnetic carrier
technology considering the following main advantages: (1) MNPs
can be produced in large quantity using a simple method, (2) it
can be expected that their sorption capacity is high due to their
large surface area, (3) they have strong magnetic properties and
low toxicity [12, 13], and (4) these particles are super paramag-
netic, which means metal-loaded sorbent can be easily separated
from the treated water via an external magnetic field. However,
the drawbacks of utilizing MNPs for sample preparation are their
low selectivity toward target analytes, low stability in strong
acidic aqueous media, and low dispersibility in various sample
matrices. Therefore, the modification of MNPs with suitable coat-
ing has been proven to be one of the most efficient approaches.
There has been an increasing interest in establishing new coating
materials for MSPE [14, 15]. In magnetic solid phase extraction
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Development of magnetic solid-phase extraction
(MSPE), achieving high extraction efficiency and recovery might
be due to the specific surface area of MNPs, while the whole pro-
cedure is rapid, inexpensive, and easy to handle [16–18].

Among the applications of nanocomposites in various fields,
magnetic nanocomposites produced by functionalizing polymers
with magnetic nanomaterials are becoming popular. The incorpo-
ration of both magnetism and polymeric features throughout the
nanocomposite structure lead to great potentials in various appli-
cations. So far, different magnetic nanocomposites have been
synthesized [19], in which among them, magnetic iron oxide
(e.g., maghemite γ-Fe2O3 or magnetite Fe3O4) nanoparticles
have attracted tremendous attentions due to their low toxicity,
stability, and biocompatibility in the physiological environment
[20–22]. The extraction and adsorption capacity of Fe3O4

nanoparticles can be improved by coating and/or functionaliz-
ing their surface [23]. Among different types of coating sor-
bents used for the extraction of organic analytes, composite of
conductive polymers due to their multifunctional properties, in-
cluding hydrophobicity, acid–base character, π–π interaction,
polar functional groups, ion exchange property, hydrogen
bonding, and electroactivity are quite prominent [24, 25]. Poly-
pyrrole (PPy) is a conducting polymer with unique properties,
namely, high electrical conductivity, relatively good environ-
mental stability, nontoxicity, relatively low cost, and ease of
preparation, which are favorable for various types of applica-
tion in batteries, sensors, supercapacitor, microwave shielding,
hybrid material, and as adsorbents [26, 27]. Also, polypyrrole
was coated on fused silica capillary's inner surface (GC precol-
umn) by chemical polymerization. This coated capillary was
used successfully for automated in-tube solid-phase microex-
traction (SPME) [28]. Direct electrochemical deposition of
polyaniline–polypyrrole blend coating on the surface of stain-
less steel wire was used for solid-phase microextraction [29].
Polypyrrole-coated magnetic particles for micro solid-phase ex-
traction were used [30].

Dispersive liquid–liquid microextraction (DLLME) was intro-
duced by Rezaee et al. in 2006 [31]. In this method, an appropri-
ate mixture of extraction and disperser solvents is used. This
method has attracted a lot of attention due to its advantages, such
as short extraction time, low consumption of organic solvent, and
simplicity [32–34].

In this study, polypyrrole as a conductive polymer was coated
on the surface of Fe3O4 nanoparticles. The analytes were
extracted from the water samples using magnetic solid-phase ex-
traction (MSPE), followed by dispersive liquid–liquid microex-
traction. The effect of principle factors, including sorbent
amount, extraction time, type of elution solvent, volume of elu-
tion solvent, type of extraction solvent, volume of extraction sol-
vent, and desorption time, were studied.

Experimental

Chemical and Reagents. Biphenyl and biphenyl oxide were
provided by Paksan Company (Tehran, Iran). Carbon
tetrachloride, tetrachloroethylene, chloroform, chlorobenzene,
acetone, acetonitrile, ethanol, and methanol were obtained from
E. Merck (Darmstadt, Germany). Double distilled water was
used for the preparation of aqueous solutions. Stock standard
solutions of the analytes were prepared by the dissolution of
each analyte in methanol, having a concentration of 100 mg/L.
Fresh standard solutions were prepared by diluting the standard
solution of the analytes with deionized water of required
concentration. Ferric chloride, ferrous chloride, sodium
hydroxide, reagent-grade NaCl, and polypyrrole were purchased
from Merck.

Instrumentation. The chromatographic analysis was carried
out on an Agilent GC-7890 system equipped with a split/splitless
2

injector system and a flame ionization detector. Ultrapure helium
gas (99.999%, Air Products, UK) was passed through a
molecular sieve and oxygen trap (CRS, USA) and was used as a
carrier gas with a flow rate of 2 mL/min. The injection port was
held at 250 °C and operated in the splitless mode for 1 min, then
split valve was opened, and a split ratio of 1:5 was applied.
Separation was carried out on a DB5, 25 m × 0.32 mm i.d. and
0.25 μm film thickness from SGE (Victoria, Australia) capillary
column. The oven temperature was kept at 100 °C for 2 min,
and then increased to 250 °C at the rate of 10 °C/min, and was
held for 3 min. The FID oven temperature was maintained at
270 °C. Hydrogen was generated by hydrogen generator
(OPGU-2200S, Shimadzu) for FID at a flow rate of 40 mL/min.
The flow of air (99.999%, Air Products) for FID was 400 mL/min.
The model 2010 D centurion scientific centrifuge (Westsussex,
UK) was used for separation of sediment phase from sample
solution.

Preparation of Magnetic Nanoparticles of Fe3O4. The
chemical co-precipitation method was used in the preparation of
the Fe3O4 nanoparticles (NPs) (26). First, for preparing a stock
solution, 10.4 g FeCl·6H2O with 4.0 g FeCl2·4H2O and 1.7 mL
HCl (12 mol/L) were mixed and dissolved in 50 mL deionized
water in a beaker, which was then degassed using nitrogen gas
for 20 min before use. Simultaneously, 500 mL of 1.5 mol/L
NaOH solution was degassed (for 15 min) and heated to 80 °C
in a reactor. The stock solution was then added dropwise using a
dropping funnel for 30 min under nitrogen gas protection and
with vigorous stirring (1000 rpm) using a glassware stirrer.
During the whole process, the solution temperature was
maintained at 80 °C, and nitrogen gas was used to prevent the
intrusion of oxygen. After the reaction, the obtained Fe3O4 NPs
precipitate was separated from the reaction medium using
magnetic field and then washed four times with 500 mL of
deionized water. Finally, the obtained NPs were resuspended in
500 mL of degassed deionized water. The obtained NPs were
stable under these conditions for up to about one month.

Preparation of the PPy/Fe3O4 Nanocomposites. The
PPy–Fe3O4 nanocomposites were synthesized via in situ
polymerization of Py monomer in the presence of FeCl3 as
oxidant at an ambient temperature, where suspended Fe3O4

nanoparticles were encapsulated by the precipitating PPy moieties.
In a typical polymerization technique, 0.2 g Fe3O4 was added
into 25 mL deionized water in a conical flask and ultrasonicated
for 10 min for better dispersion of Fe3O4 into water. Three grams
of FeCl3 oxidant was added into the deionized water containing
Fe3O4 and was shaken for 10 min. To this mixture, 0.8 mL of
polypyrrole was syringed. Then, the reaction mixture was kept
under constant shaking for 3 h at ambient temperature. Finally, to
stop the reaction, acetone was added into the reaction mixture.
The black powder obtained was filtered, washed with distilled
water until the filtrate became colorless, and finally washed with
acetone. Then, the composites were dried at 100 °C for 8 h.

MSPE–DLLME Procedure. 10 mL of the aqueous sample
solution was transferred to a beaker and spiked at the given
concentration of the target analytes. 25 mg of Fe3O4@PPy NPs
was added to the solution and mechanically stirred for 10 min
(Figure 1a). After extraction, the magnetic adsorbents were
isolated from the solution with the magnet (Figure 1b). After
decanting the supernatant solution, the adsorbed analytes were
eluted with 800 μL acetonitrile under fierce vortex for 0.5 min
(Figure 1c). Then, the eluent was separated from the NPs with
the magnet (Figure 1d). In the next step, 20 μL of
tetrachloroethylene was added to the eluting solvent of MSPE
(Figure 1e). The resulted solution was rapidly injected into 5 mL
water with syringe. A cloudy solution resulting from the
dispersion of fine droplets of tetrachloroethylene in the aqueous
solution was formed in the test tube with a conical bottom



Figure 1. Schematic illustration for the MSPE-DLLME method. NPs was added to the solution and mechanically stirred (a), the magnetic adsorbents
were isolated from the solution with the magnet (b), analytes adsorbed were eluted with acetonitrile (c), the eluent was separated from the NPs with the
magnet (d), tetrachloroethylene was added to the eluting solvent of MSPE (e), a cloudy solution resulting from the dispersion of fine droplets of tetra-
chloroethylene in the aqueous solution (f), the solution was centrifuged (g), and the dispersed fine particles of extraction phase settled at the bottom of
the conical test tube (h)
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(Figure 1f). Then, the solution was centrifuged for 5 min at
2000 rpm (Figure 1g), and the dispersed fine particles of
extraction phase settled at the bottom of the conical test tube
(Figure 1h). After that, 2 μL of the settled phase was injected
into GC–FID for analysis.

Results and Discussion

In this work, MSPE–DLLME–GC–FID was applied to the si-
multaneous determination of biphenyl and biphenyl oxide com-
pounds from water samples. To achieve a high extraction
recovery (ER) and preconcentration factor (PF), the MSPE and
DLLME conditions were optimized. In order to obtain the best
extraction performance, different parameters affecting the
Figure 2. (a) TEM images of Fe3O4@PPy. SEM images of Fe3O4@PPy NP
extraction process, such as sorbent amount, extraction time, elu-
tion solvent, volume of elution solvent, type of extraction sol-
vent, volume of extraction solvent, type of disperser solvent,
volume of disperser solvent, and desorption time, were studied
and optimized. Optimization of the variables mentioned was per-
formed using one-variable-at-a-time method.

Characterization of Fe3O4@ PPy Nanoparticles. The
shape, size, and morphology of the synthesized Fe3O4@PPy NPs
were determined by transmission electron microscopy (TEM)
and scanning electron microscopy (SEM). In addition, the
existence and amount of coated PPy were confirmed by Fourier
transform infrared (FTIR) spectroscopy. The shape and size of
the nanoparticles were observed by TEM (Figure 2a). The TEM
images of Fe3O4@PPy particles show that an obvious coated
s: (b) 20,000× and (c) 40,000× magnification
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PPy is immobilized on the surface of Fe3O4 NPs. The coated
PPy layer is clearly seen due to the different electron densities of
magnetic nanoparticles core (with dark color) and PPy coating
(with light color) in the TEM micrograph. The synthesized
Fe3O4@PPy NPs showed a spherical shape with an average
diameter of about 5–10 nm; however, the nanoparticles tended to
aggregate to large particle. According to SEM images (Figure 2b
and c), the Fe3O4@PPy NPs have a nearly spherical shape with
a smooth and uniform surface morphology. Due to the
agglomeration of the particles and less resolution of SEM as
compared to TEM, the size of the particles in the SEM image is
larger than that in the TEM image.

The coated PPy was characterized by FTIR in a range of
4000 and 400 cm−1. The FTIR spectra for bare and PPy-coated
Fe3O4 NPs were illustrated in Figure 3. The characteristic ab-
sorption peaks of Fe3O4 NPs, appeared in two spectra (a and b),
correspond to the stretching vibrations of hydrogen-bonded sur-
face water molecules and hydroxyl groups at 3400 cm−1, and
the Fe−O transverse vibration at 580 cm−1 is observable. Coat-
ing of PPy onto Fe3O4 NPs was confirmed by the appearance of
characteristic PPy bands in spectrum (b). The weak bands at
2800 and 2900 cm−1 were assigned to the stretching vibrations
of C–H bonds. The absorption peak at 1050 and 1314 cm−1

were attributed to the bending vibration of C–H bond in the pyr-
role ring and C–N stretching vibration. The absorption bands at
1549 and 1460 cm−1 belong to C–C asymmetric and symmetric
stretching vibrations of the pyrrole ring, respectively. These
results indicate that PPy has been successfully coated on the
surface of Fe3O4 NPs.

Effect of Sorbent Amount. Fewer amounts of nano-
adsorbents, due to their greater aspect ratios, might lead to more
satisfactory results than micro-adsorbents. To find the optimized
amount of adsorbent for the extraction, different amounts of
Fe3O4@PPy magnetic nanocomposite powder, ranging from
10–40 mg, were examined. Our studies show that the maximum
recoveries are achieved when 25 mg of magnetic sorbent was
used. When higher amounts of sorbent were used, some of the
Fe3O4@PPy magnetic nanocomposite might be lost during the
collection process by the external field within 1 min duration
which leads to a decrease in the recovery values. Therefore, a
sorbent amount of magnetic nanocomposite of 25 mg was used
for the further experiments.

Effect of Extraction Time. The effect of the extraction time
on the extraction recovery of biphenyl and biphenyl oxide was
investigated. Due to the shorter diffusion route for NPs and
magnetically assisted separation of the MNPs from the sample
Figure 3. FTIR spectra of (a) Fe3O4 and (b) Fe3O4@PPy
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solutions, extraction can be achieved in less time even for larger
volumes of samples. The effect of the extraction time on the
extraction recovery was investigated, the findings ranged from
2–20 min. For this work a time duration of 10 min was sufficient
to collect the magnetic sorbent by external magnetic field.

Effect of the Type of Elution Solvent and its Volume. In
order to select the most suitable solvent for desorption process,
acetonitrile, methanol, ethanol, and acetone were utilized, and
the best results were obtained from acetonitrile (Figure 4b).

The volume of acetonitrile was also studied. As depicted in
Figure 4c, the best results were obtained from 800 μL of ace-
tonitrile. Since the desorption solvent in MSPE step plays the
role of dispersive solvent in the DLLME process, further vol-
ume increase resulted in decreasing DLLME efficiency due to
the raise in solubility of the analytes.

Effect of Type of Extraction Solvent and its Volume. The
extraction solvent must be immiscible with water, higher density
than water, compatible with the analysis instrument, and have high
extraction capability for the analytes. According to these criteria,
different organic solvents, such as chloroform, chlorobenzene,
tetrachloroethylene, and carbon tetrachloride, were used. The
obtained results (Figure 4d) revealed that tetrachloroethylene was
the suitable extraction solvent in this method.

In order to study the effect of tetrachloroethylene volume
on the extraction performance, different volumes of C2Cl4 in
range of 10–40 μL were investigated. According to the results
(Figure 4e), 20 μL of tetrachloroethylene was chosen as the
optimum volume in further work.

Desorption Time. Desorption times were evaluated in the
range of 0.5–10 min. The results showed that the time of 0.5 min
is sufficient to quantitative desorption of the analytes.

Sorption Capacity. In order to investigate the sorption
capacity of the magnetic sorbent, 10 mL of aqueous solution
containing 1 mg of biphenyl and biphenyl oxide was used. To
evaluate the maximum sorption capacity of each analyte, the
difference between the concentration of the solution before and
after extraction under the optimal condition was calculated. The
sorption capacity of nanosorbent, for three parallel experiments,
was found to be 21 and 30 mg/g for biphenyl and biphenyl
oxide, respectively.

Quantitative Aspects. As summarized in Table 1, the
calibration curve was obtained under the optimized MSPE–
DLLME–GC–FID conditions. The analytes exhibited good
linearity in the range 0.5–100 μg/L with proper correlation
coefficients r2 = 0.999 for both of the analytes. The limits of
detection (LODs), based on signal-to-noise ratio (S/N) of 3, were



Table 1. Quantitative results of MSPE–DLLME and GC–FID method for biphenyl and biphenyl oxide

Analyte Calibration curve equation Linear range (μg/L) LODa (μg/L) RSD (%)b R2c

Biphenyl Y = 29.69X + 58.07 0.5–100 0.03 5.1 0.999
Biphenyl oxide Y = 16.83X + 32.61 0.5–100 0.07 7.2 0.999

aLOD, limit of detection for S/N=3.
bRSD, relative standard deviation (n = 5).
cCoefficient of determiantion.

Figure 4. Effect of (a) amount of sorbent, (b) type of disperser solvent, (c) volume of disperser solvent, (d) type of extraction solvent, and (e) volume of
extraction solvent on the extraction efficiency of the analytes obtained from MSPE–DLLME. Extraction conditions: desorption time of 30 s, extraction
time of 10 min, and sample volume of 10 mL
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0.03 and 0.07 μg/L for biphenyl and biphenyl oxide,
respectively. The precision of the method was evaluated by
carrying out five independent measurements of the studied
compounds at 10.0 μg/L. The result showed that the relative
standard deviations (RSDs) were 5.1 and 7.2% for biphenyl and
biphenyl oxide, respectively.

Table 2 compares the proposed method with the other ex-
traction methods for the determination of the target analytes in
the water samples. The quantitative results of the proposed
method are better than those of single drop microextraction
(SDME) [1], solid-phase extraction (SPE) [36], and liquid-liquid
extraction [37] methods. The comparison of extraction time of
the proposed method with that of single drop microextraction
Table 2. Comparison of the proposed method with other extraction methods for t

Methods RSD (%) Dynamic linear range (μg/L)

DLLME–GC–FID 5.5–8.3 0.125–100
SDME–GC–FID <5 5–500
SPE–GC 2.1–5.9 50–1500
LLE–GC <4 1000–1000000
MSPE–DLLME–GC–FID 5.1–6.7 0.5–100
[1] and liquid–liquid extraction [37] for the extraction of the tar-
get analytes indicates that this novel method has a very short
equilibrium time as compared to the mentioned methods, and
the extraction time needed for the proposed method is a few sec-
onds. The quantitative results of the proposed method are compa-
rable with the dispersive liquid–liquid microextraction (SDME)
[35]. However, the proposed method has potential for the deter-
mination of the target analytes in complex matrices such as waste
water because of the MSPE clean-up before DLLME method.
Also, it can be used in a large volume of sample, in contrast to
the DLLME method. Finally, the proposed method has great po-
tential for determining the selected analytes at the trace levels in
water samples.
he determination of biphenyl and biphenyl oxide compounds

Limit of detection (μg/L) Extraction time (min) Ref.

0.015 A few seconds [35]
1.1–1.8 30 [1]
0.01 3 [36]
- 25 [37]

0.03–0.07 10 This work
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Figure 5. GC–FID chromatograms of the sample (A) before spiking with the analytes in river water and (B) 10.0 μg/L spiked of the analytes in
river water after extraction via the proposed method under optimum conditions

Development of magnetic solid-phase extraction
Analysis of Real Samples. The proposed MSPE–DLLME
technique was applied for the determination of biphenyl and
biphenyl oxide compounds in the river water sample to
elucidate the applicability and reliability of this method. The
water sample was spiked with biphenyl and biphenyl oxide
standard solution (10.0 μg/L concentration level) to assess the
matrix effects. The obtained relative recovery was 91% for
biphenyl and 95% for biphenyl oxide. The results show that
matrix has negligible effect on MSPE–DLLME of biphenyl and
biphenyl oxide. Figure 5 shows the GC–FID chromatograms of
river water prior to (A) and after (B) spiking with biphenyl and
biphenyl oxide at 10.0 μg/L level.

Conclusion

In the present study, combination of polypyrrole-coated
Fe3O4-based MSPE and DLLME was successfully applied as an
efficient sample pretreatment method for the trace determination
of biphenyl and biphenyl oxide in different water samples. The
analytical methodology offers numerous advantages such as ease
of operation, high pre-concentration factor, low consumption of
organic solvent, and feasibility for large volume samples. Further-
more, the proposed method is promising for the trace analysis of
biphenyl and biphenyl oxide in natural water samples.
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