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In this paper, Fe;04 nanoparticle (Fe304 NPs) grafted graphene oxide (Fe304,@GO), are successfully syn-
thesized and used for the extraction of 2,4,4'-trichlorobiphenyl (PCB 28) from a large volume of water
solution. With the magnetic solid-phase extraction (MSPE) technique based on the Fe304,@GO sorbents,
it requires only 30 min to extract trace levels of PCB 28 from 200 mL water samples. The Fe;0,@GO
was analyzed by using powder X-ray diffraction (XRD), transmission electron microscopy (TEM), Fourier
Transform infrared (FT-IR) spectroscopy, and Vibrating sample magnetometer (VSM), specific surface
area analyzer. The adsorption kinetics, adsorption capacity of the adsorbent, and the effect of the solution
pH and desorption conditions on the removal efficiency of PCB 28 were investigated. The second-order
kinetic equation best describes the sorption kinetics. The results showed that Fe3;0,@GO was a suitable
material in the pre-concentration and immobilization of PCB 28 from large volumes of aqueous solutions

Trace levels

in polychlorinated biphenyl pollution cleaning.

© 2012 Elsevier B.V. All rights reserved.

1. Introduction

Polychlorinated biphenyls (PCBs) are a class of chlorinated aro-
matic hydrocarbon chemicals that are now known as a part of the
persistent organic pollutants (POPs)[1]. The occurrence of polychlo-
rinated biphenyls (PCBs) in water systems is currently a major prob-
lem of global concern because of their harmful impact on ecosystem
health and on the safety of human food supplies [2]. Moreover, PCBs
are an example of the typical persistent organic toxins present in the
natural environment ubiquitously, and they are highly toxic, resis-
tant to degradation, and have the property of high bioaccumulation
[3]. Therefore, the determination of trace PCBs in water samples
turned out to be a great challenge due to the poor aqueous solubility
of PCBs. The effective enrichment and identification of lowly
concentrated PCBs in the environment is attracting a great deal of
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research attention due to human health concerns [4-9]. Low chlori-
nated PCBs are significant for the evaluation of the transport and
overall fate of PCBs because of their relatively high aqueous solubil-
ity [10]. Herein, 2,4,4'-trichlorobiphenyl (PCB 28), a primary conge-
ner of toxic PCBs in the environment, is selected as the model
substance to investigate the sorption properties of PCBs.

In recent years, a new procedure for SPE, based on the use of
magnetic or magnetically modified adsorbents called magnetic
solid-phase extraction (MSPE), has been developed [11]. The mag-
netic adsorbents have emerged as a new generation of materials
for environmental decontamination since magnetic separation
simply involves applying an external magnetic field to extract
the adsorbents. So the separation process in MSPE can be per-
formed directly in crude samples containing suspended solid
material without the need of additional centrifugation or filtration,
which makes separation easier and faster [12,13]. At the same
time, loading of the magnetic nanoparticles can avoid or decrease
the possibility of serious agglomeration and restacking of the
graphene sheets.
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Now, carbon nanostructure materials, due to their extremely
large surface area and excellent adsorption capacity, have been
successfully used as the adsorbent in SPE for the trapping or sepa-
rating of some organic compounds [14,15]. Graphene oxide reduc-
tion (rGO) nanoparticles are relatively new adsorbents which have
been proven to possess excellent adsorption capacity for aromatic
hydrocarbon compounds due to their -7 interactions [16,17].
However, to our knowledge, there is less study concerning the
adsorption capacity of persistent organic pollutants in solution
with graphene oxide (GO). Chemically derived graphene oxide
(GO) from graphite has revealed a variety of potential uses because
of its flexibility and relatively cheap fabrication. GO also is an inter-
esting material because of its excellent dispersibility in water, un-
like graphite. Therefore, the introduction of magnetic properties
into GO would combine the high adsorption capacity of GO and
the separation convenience of magnetic materials. This provides
a higher available surface area and, therefore, an enhancement of
adsorption capacity, owing to the spacing effect of the magnetite
nanoparticles between the neighboring graphene oxide sheets.

Recently a few researchers have managed to fabricate magnetic
graphene and graphene oxide nanocomposites [18-21]. The mag-
netic graphene oxide (GO) are relatively new adsorbents and they
have been proven to possess excellent adsorption capacity to elim-
inate many kinds of organic pollutants and heavy metal ions [22-
26] from large volumes of wastewaters. The results suggested that
Fe;0,4@GO is very suitable material in the removal of organic and
inorganic pollutants from large volumes of aqueous solutions.
However, to our knowledge, there has been no report yet about
the use of graphene oxide magnetic nanocomposite for the re-
moval of trace levels of POPs from water samples. In the present
study, we reported the preparation of Fe30,@GO and their poten-
tial applications in the enrichment of PCB 28 from environmental
water samples. We had selected six kinds of major toxic PCBs
(PCB 28, PCB 52, PCB 101, PCB 138, PCB 153, PCB 180) to evaluate
the performance of the method. The nanocomposite was character-
ized by transmission electron microscopy (TEM), powder X-ray dif-
fraction (XRD), Fourier transform infrared (FTIR) and Vibrating
sample magnetometer (VSM), specific surface area analyzer. The
adsorption characteristics of this magnetic nanocomposite and
the impact of some experimental factors on its adsorption power
were also investigated. Coupling this novel MSPE technique with
GC-MS separation and detection, a highly selective and sensitive
MSPE-GC-MS analytical method was established.

2. Experimental
2.1. Chemicals and materials

PCB 28 was obtained from Accu Standard (New Haven, CT, USA).
Graphite powder (purity 99.9995%) and sulfuric acid (95-97%)
were obtained from Aladdin Chemistry Co. Ltd. Ferric chloride
hexahydrate (FeCl3-6H,0), ferrous chloride tetrahydrate (FeCl,
-4H,0), sodium hydroxide, ammonia, n-hexane and dichlorometh-
ane were purchased from Beijing Chemicals Corporation (Beijing,
China). The syringe filters was purchased from Xingya (Shanghai).
All reagents used in the experiment were of analytical reagent
grade and used without further purification.

2.2. Preparation of GO

The graphite oxide was synthesized from natural graphite pow-
der based on a modified Hummers method [27-29]. Then, exfolia-
tion of graphite oxide to GO was achieved by ultrasonication for
1 h (200 W, 40 kHz). Finally, a homogeneous GO aqueous disper-
sion was obtained and used for further characterization.

2.3. Synthesis of Fe30,@0GO

The magnetic graphene oxide-Fe;04 nanoparticles hybrid (Fe;
0,@GO0) was synthesized by the in situ chemical co-precipitation
of Fe?* and Fe** in an alkaline solution in the presence of GO.
Firstly, 100 mL GO (3 mg mL~') aqueous was sonicated for 1 h to
transform the carboxylic acid groups to carboxylate anions. Then
the solution of 0.02 mol of FeCl;-6H,0 and 0.01 mol of FeCl,-4H,0
in water (10 mL) was purged with N, for 30 min. This solution was
added dropwise to the GO solution at room temperature under a
nitrogen flow (30 mL min~!) with vigorous stirring for 2 h. Then
a 28% ammonia solution was added drop by drop (with dropping
rate of 10 d min~!) to give the solution pH 11-12 for synthesis of
magnetic Fe304 NP. The mixture was kept stirring at 65 °C for a fur-
ther 2 h. Then the mixture was washed thoroughly with water to
neutral pH and dried under vacuum at 40 °C [30,31].

2.4. Material characterization

The particle size and structure of the sorbents were observed by
using a JEOL 2100 transmission electron microscope (TEM). The
infrared (IR) spectra of the obtained sorbents were taken in KBr
pressed pellets on a NEXUS 670 infrared Fourier transform spec-
trometer (Nicolet Thermo, Waltham, MA). Magnetic property was
analyzed using a vibrating sample magnetometer (VSM,
LDJ9600). The XRD characterization was performed using X-ray
diffraction (Bruker, D8 Focus) with Cu Ko radiation at room tem-
perature. The surface areas were determined by nitrogen adsorp-
tion-desorption isotherms (ASAP 2020, Micromeritics Co., USA).

2.5. Adsorption experiments

The removal of PCB 28 from aqueous solutions by the Fe3;0,@GO
sorbents was carried out using following experimental procedures.
The standard stock solution (14.7 mg L") of PCB 28 was prepared
in n-hexane and stored at 0 °C. All the working solutions of PCB 28
were 1.47 mg L' and prepared daily by appropriate dilution of the
stock solutions with ultra-pure water. The adsorption experiments
were carried out in beakers at room temperature. Firstly, 0.05 g of
the Fe;0,@GO sorbents were rinsed and activated in 2 mL of meth-
anol, and then dispersed into 200 mL working solutions. The mix-
ture was sonicated for 5 min and stirred for 60 min. Subsequently,
an Nd-Fe-B strong magnet was deposited at the bottom of the bea-
ker and the sorbents were isolated from the solution. After about
30 s, the solution became clear and the supernatant was decanted.
The adsorption process is shown in Fig. 1.

2.6. Desorption studies

For the desorption step, firstly, the pre-concentrated analytes
were transferred to the syringes of organic membrane (0.45 pm),
drying at 40 °C under vacuum for 1 h. Secondly, 14 mL n-hexane/
dichloromethane (70:30, v/v) mixture was injected into the syringe
with infusion pump at 2 mLmin ! and the eluate was collected
with the 15 mL centrifugal tubs. Thirdly, the eluate was dried with
a stream of nitrogen at 40 °C and the residue was dissolved in 1 mL
of n-hexane with concentrated sulfuric acid to further acidification.
Finally, 1 uL of the supernate was injected rapidly into the gas
chromatograph for the analysis by GC-MS.

2.7. GC-MS analysis

The GC-MS analysis was performed on SHIMADZU QP2010E
GC-MS system equipped with a DB-5 MS column (30 m x 0.25 mm
L.D. x 0.25 pm film thickness). The temperatures of injector and ion
source were 280 °C and 220 °C, respectively. A 1 uL sample was
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Fig. 1. Adsorption process.

injected manually in split stream mode. The carrier gas was helium
at 0.7 mL min~'. The oven temperature was programmed as fol-
lows: initial temperature 110 °C for 3 min, heated to 230°C at
20°Cmin~'and held for 5 min, then ramped at 5°Cmin' to
250°C and held for 2min, finally ramped at 20°Cmin~! to
290 °C; EI (70 eV); ion source temperature 220 °C; scan range 45—
650 amu s~'; solvent delay time 7 min. Selected ion monitoring
(SIM) was used to quantify the analytes.

3. Results and discussion
3.1. Characterization of sorbents

The XRD pattern of the GO, Fes0,4 and Fe;0,@GO are presented
in Fig. 2a. The appearance of diffraction peak at 20 =10.3° (001)
could be ascribed to the reflection of the GO. Six diffraction lines
are observed in the representative XRD pattern of Fes0, at
20 =30.1°, 35.4°, 43.3°, 54.5°,57.3° and 62.8°. These diffraction
lines can be assigned to the (220), (311), (400), (422), (511)
and (440) reflections, respectively, of the pure cubic spinel crystal
structure of Fe;04 with cell constant « =8.397 A (JCPDS card no.
19-0629). From the XRD pattern of Fe30,@GO analysis, the main
characteristic peaks of Fes04 and GO are located at 10.3°, 30.1°,
35.4°, 43.3°, 54.5°, 57.3°and 62.8°, indicating that the product is
composed of two phases: Fe;04 and GO.

The magnetic property of the Fe30,@GO nanocomposite is
investigated by VSM. Fig. 2b shows the supermagnetization curves
of Fe30,4 (0.005 g) and Fe30,@GO (0.0049 g) at room temperature.
Maximum saturation supermagnetizations of Fes04 and Fe;0,@GO
are measured at 51.57 and 43.85 emu g~ !, respectively. Although
the addition of nonmagnetic portion leads to decreased saturation
supermagnetizations, the obtained Fe;0,@GO still have a high sat-
uration supermagnetization of 43.85 emu g~'. According to Ma’s
study, a saturation supermagnetization of 16.3 emu g~ ! is enough
for magnetic separation from solution with a magnet [32]. These
imply that Fe30,@GO sorbents can be dispersed into water solu-

tion readily and the magnetic sorbent loaded with analytes can
be isolated from the matrix conveniently by using an external
magnet when necessary. Once the external magnetic field is taken
away, these sorbents can re-disperse rapidly.

The microstructure transformations and differences of GO,
Fe;0,4 and Fe;0,@GO can be observed by TEM images (Fig. 3). As
to exfoliated GO (Fig. 3A), large sheets (a few 100 square nanome-
ters) were observed to be situated on the top of the grid, where
they resembled silk veil waves. They were transparent and entan-
gled with each other. On the basis of the HR-TEM image (Fig. 3B),
the planar space of lattice fringes is about 0.5 nm. And the selected
area electron diffraction (SAED) pattern indicates that GO nanopar-
ticles are polycrystals. Fig. 3C shows the TEM images of (Fe304
NPs). Fes04 NPs appear quasi-spherical in shape with an average
diameter of about 20 nm. Fig. 3D shows that the Fe;04 particles
uniformly disperse on graphene oxide sheets. We can see that
the small Fe;0,4 particles are also polycrystals. And the BET surface
area of Fe;0,@GO is 145.8 m? g .

Fig. 4 shows the FTIR spectra of GO and Fe;0,@GO powders. The
intense bands at 3450 and 1250 cm™! are attributed to stretching of
the O—H band of CO—H. The band at 1680 cm™! is associated with
stretching of the C=0 bond of carboxyl groups. Deformation of the
C—O0 band is observed at the band present at 1100 cm~!. The FTIR
spectrum of Fe3;04,@GO differs from that of GO as evidenced by
the weakening of the peak at 3450 cm™!. Moreover, the peak at
580 cm™! can be ascribed to lattice absorption of iron oxide, indi-
cating the strong interaction of the nanoparticles with O [33].

3.2. Kinetics analysis

The effect of adsorption time on the removal of PCB 28 by the
Fe;0,@G0 nanocomposite is shown in Fig. 5. The result indicates
that a fast adsorption process of the PCB 28 occurred during the
first few minutes and the adsorbed amount of the PCB 28 reached
its equilibrium value very quickly. It was observed that the equilib-
rium time for PCB 28 was about 30 min.
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Fig. 2. (a) X-ray diffraction (XRD) patterns of GO, Fe30,4 and Fe;0,@GO; (b) vibrating sample magnetometer (VSM) supermagnetization curves of Fe304 and Fe30,@GO, the
inset picture in (b) shows the Fe;0,@GO dispersed in the PCB 28 solution and magnetic separation.

d

Fig. 3. Transmission electron microscope (TEM) images of (A) graphene oxide (GO), (C) Fe304 and (D) Fe30,@GO; (B) HR-TEM image of the nanoparticles of the composite
with the inset image, the inset in (B and D) depict the corresponding SAED pattern of GO and Fe;0,@GO.

In order to show the most suitable model for the experimental
data, two different kinetic models were used in this study. They are
pseudo-first-order rate model and pseudo second-order rate mod-
el. Pseudo-first-order rate equation is expressed as follows:

In(qe — q;) = Inq. — kt 1)

where g is the amount of PCB 28 (mg g~') adsorbed per unit mass
of adsorbent at equilibrium, g is the amount of PCB 28 (mg g~ ') ad-

sorbed at time t (min~'), and k is the equilibrium rate constant of
pseudo first-order. The pseudo second-order model can be ex-
pressed as follows:

t 1 1
—=——4—t 2
qa kg q. @

where k; (g mg~! min~!) is the pseudo second-order rate constant.
Based on the two models, curve fitting was performed and the
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parameters in the models and regression coefficients (R?) for the
two kinetic models were obtained. For PCB 28, R? for the pseudo-
first-order and pseudo second-order equations were 0.986 and
0.9972, respectively. For the pseudo-first-order model, the calcu-
lated values of g and k were 0.725 mg g~ ! and 0.135 min !, respec-
tively. The experimental q. value of 0.708 mg g~! was consistent
with the g. value calculated from the pseudo-first-order model.
For the pseudo-second-order model, the experimental values of g
and k; were 0.718 mg g ! and 0.262 ¢ mg~! min~!, respectively. It
was indicated that experimental kinetic data for PCB 28 adsorption
by Fe30,4,@GO followed the pseudo-second-order rate model better
than the pseudo-first-order model.

3.3. Adsorption isotherms

Sorption isotherm is important to understand the sorption prop-
erties of PCB 28 on Fe30,@GO. The experiment used 50 mg Fe;0,@
GO to absorb saturated concentration (0.147 mg L~') [34] of PCB 28
in 200 ml water solution. We found that Fe;0,@GO’s absorption
mechanism to PCB is still linear in Fig. 6 which suggests that the
sorption of PCB 28 is far from saturation. The large sorption ability
of PCB 28 on Fe;04@GO indicates that Fe;0,@GO is a very suitable
material in the removal of PCB 28 from large volumes of aqueous
solutions. Yang et al. [35] reported that 2,4,5-trichlorobiphenyl
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Fig. 6. Sorption isotherm of PCB 28 on Fe;0,@GO.

(2,4,5-TCB) was rapidly adsorbed on activated carbon felt (ACF)
and the sorption of 2,4,5-TCB on ACF was irreversible chemical
sorption. Pan and Xing [36] reported that benzene rings may act
as hydrogen bond donors and form hydrogen bonds with oxygen-
containing functional groups on organic chemicals. Therefore, PCB
28 can form hydrogen bonds and electron donor-acceptor interac-
tions with the introduced functional groups of GO on Fe;0,@GO
surfaces.

3.4. Optimization of extraction conditions

In this experiment, several parameters, including sample pH
and desorption conditions were investigated to achieve the best
extraction efficiency for the PCB 28. 200 mL double-distilled water
spiked with 100 ng mL™" of PCB 28 was used for the study of the
extraction performance of the MSPE under different experimental
conditions. All the experiments were performed in triplicate and
the means of the results were used for optimization.

3.4.1. Effect of the solution pH

Solution pH can play an important role for the adsorption of the
analytes by affecting both the existing forms of the target com-
pounds and the charge species and density on the sorbent surface.
In this work, the effect of solution pH on the extraction of target is
investigated in the pH range of 3.0-10.0. As can be seen from
Fig. 7a, the sorption percentage of PCB 28 on Fe30,@GO fluctuates
very little in pH range of 3-8, which suggests that Fe;0,@GO are
excellent adsorbents for PCBs’ removal from large volumes of
aqueous solutions. When the pH is greater than 8, the sorption per-
centage of PCB 28 on Fe30,@GO decreases with increasing pH val-
ues. This can be ascribed to the fact that more oxygen containing
groups (such as —COOH and —OH) on Fe30,@GO surfaces are ion-
ized (carrying negative charge) at high pH values. More water mol-
ecules are then adsorbed to prevent PCB 28 from getting closed to
the adsorbent. The formation of a water cluster on oxygen-contain-
ing groups blocks the access of PCB 28 to the adsorption sites of
Fe30,4@GO and thereby results in less adsorption of PCB 28. As seen
from our experiment, the pH independent adsorption of PCB 28 on
Fe;0,4@GO at pHs less than 8 is quite important for the application
of Fe;0,@GO in PCB 28 pollution cleanup in real work.

3.4.2. Desorption conditions

The most commonly used solvents are dichloromethane and n-
hexane in PCB 28 analysis. In this study, we also apply these sol-
vents to elute PCB 28 from the Fe30,@GO-SPE syringe. Moreover,
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Table 1 To study the effect of desorption volume, desorption solvent

Comparison of Fe304@GO-SPE with other extraction methods for the determination of
PCB 28 in water samples.

Methods LODs (ngmL™')  RR (%) Time of pretreatment (h)
GO-SPE 0.028-0.051 70.9-97.5 6.4
Fe;0,@GO-SPE  0.027-0.059 77.2-99.7 3.0
C18-NH,-SPE  0.007-0.023 74.6-1014 6.0

the recoveries of PCB 28 were compared by the proportion of mix-
ture which was loaded at 2.5 mL on the syringe. As the results
shown in Fig. 7b, different solvents possess different elution effi-
ciency. N-hexane is known as a non-polar solvent and dichloro-
methane is a polar solvent with a polarity index of 3.1. In fact,
the mixture of n-hexane and dichloromethane is often used to
elute PCBs from silica gel column due to its proper polarity index.
The performance of n-hexane/dichloromethane (70:30) is better
and more stable than other proportions of the mixture. Therefore,
the mixture of n-hexane/dichloromethane (70:30) becomes the
solvent to elute the Fe;0,@GO-SPE syringe in the following tests.

amounts from 4 mL to 20 mL are used to elute the analytes after
sample extraction and the washing step. From the Fig. 8a, the target
is eluted by 14 mL of n-hexane/dichloromethane (70:30), and the
recoveries of PCB 28 exceeded 91% at 14 mL. After elution, volume
becomes higher than 14 mL, recovery rates do not increase; they
even occasionally decrease. In addition, less than 14 mL of n-
hexane/dichloromethane (70:30, v/v) mixture cannot elute the ex-
tracted PCB 28 from the Fe;0,@GO-SPE syringe totally. Therefore,
14 mL of n-hexane/dichloromethane (70:30) become the best
choice to elute PCB 28 from the Fe;0,@GO-SPE syringe in the follow-
ing tests.

The desorption flow rate is optimized in the range of 0.5-
5mL min~!. Low flow rate may prolong the whole analysis time
while too high of a flow rate may cause high back pressure which
will not favor the operation of extraction. In the Fig. 8b, although
the recovery rate of the desorption flow rate of 0.5-1.5 mL are rel-
atively high, the elution time becomes quite long. When the flow
rates go over 2 mL min~!, the recovery rates of the PCB 28 begin
to decline. This is probably because that the speed of flow rate is
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too fast, while the PCB 28 is still partly retained on the absorbent,
causing the recovery rate to decline. Therefore, a flow rate of
2mLmin~! is chosen to obtain satisfactory desorption efficiency
within a short time.

3.5. Comparison of Fe30,@GO-SPE with other extraction methods of
PCB 28

We have investigated the Fe304 and the reduced GO/Fe304 com-
posites on the adsorption of PCB 28. We found that there was no
signal when we used the Fe;04 only. And the reduced graphene
and graphene oxide on the adsorption of PCB 28 almost had the
similar signal. We guess that is because the concentration of PCB
28 is very low in the solution. So in the same concentration factor
cases, Table 1 summarized the LODs, relative recovery (RR) and
analysis time and comparison of GO-SPE, Fes0,@GO-SPE and
C18-NH,-SPE, the extraction and determination of PCB 28 in water
samples, expressed as mean value (n=3). In the experiment, we
employ all the materials except Fe;0,@GO-SPE as stationary phase
of SPE to enrich and purify PCB 28 in aqueous solutions. The recov-
eries of PCB 28 range from 70.9% to 97.5%, 77.2% to 99.7% and 74.6%
to 101.4% for GO-SPE, Fe30,@GO-SPE and C18-NH,-SPE methods,
respectively. From Table 1, we can see that the method of Fe;0,@
GO-SPE is the most time-saving with its simple operation, which
only took 3.0 h. The results also show Fe30,@GO-SPE is an efficient
and simple method to analyze PCB 28 in sewage water samples.

3.6. Determination of PCBs in environmental water samples

To test the Fe;0,@GO-SPE method, this paper analyzes school
water, and river water samples. We had selected six kinds of major
toxic PCBs (PCB 28, PCB 52, PCB 101, PCB 138, PCB 153, PCB 180) to
evaluate the performance of the method. As shown in Fig. 9, the re-
sults indicated that school water was contaminated by PCB 28 and
PCB 52.

4. Conclusions

In this study, magnetic nanoparticles were successfully synthe-
tized, functionalized with GO groups to improve their hydrophilic-
ity and dispersibility in aqueous solution, and had been
characterized by TEM, XRD, FTIR and VSM techniques. Through a
chemical deposition method, Fe304 nanoparticles in size of about
10-20 nm were homogeneously dispersed onto graphene oxide

sheets. The results presented in this work regarding the kinetics
and equilibrium of PCB 28 adsorption, showed that Fe;0,@GO
had great potential as an effective absorbent for removing PCB 28
in water solution. Kinetic data of PCB 28 adsorption on Fe;0,@GO
can be satisfactorily described by a pseudo second-order kinetic
model. With the magnetic solid-phase extraction (MSPE) technique
based on the Fe;0,@GO sorbents, it requires only 30 min to extract
trace levels of PCB 28 from 200 mL water samples. When the eluate
condensed to 1.0 mL, concentration factors for PCB 28 became over
200. To combine SPE technique with gas chromatography-mass
spectrometry (GC-MS) detection, a highly efficient and fast SPE-
GC/MS analytical method was established.
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