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In this paper we reported on a new promising nanosorbent constituted by core-shell few layer graphene 
coated metal nanoparticles (G-FeCo). It combines the superparamagnetism of the FeCo alloy and the strong 
adsorption ability of the carbon materials to give a direct excellent absorption efficiency and rapid separation. 
Two PAHs as model analytes, fluoranthene and anthracene, were determined by the combination of magnetic 
solid phase extraction (MSPE) and GC-MS analysis. Limits of detection of PAHs were found for analytes 
solutions in the linear range of 2-200 ng l-1. The accuracy of the method was evaluated by the recoveries of 
spiked samples. Very good recoveries was achieved with G-FeCo. Our results proved that the present 
approach is sensitive and efficient for the extraction of PAHs traces. This simple method provided a very high 
extraction efficiency and short analysis times. 

1. Introduction  

PAHs (Polycyclic Aromatic Hydrocarbons) are very difficult to degrade due to their high stability and complex 
molecular structures and are considered very significant environmental pollutants. The PAHs structural 
features make them carcinogenic, mutagenic, and teratogenic (Srogi, 2007). There is an increasing interest in 
the detection of PAHs in environmental water sources for the protection of health and environment. Magnetic 
Solid-Phase Extraction (MSPE), that is a magnetic based Solid-Phase Extraction (SPE), has gained more and 
more attention in trace analysis (Liu et al., 2012). To ensure rapid separation high magnetization value are 
required. Many studies have been focused on magnetite nanoparticles (NPs) (Metaxa et al., 2016; Adamaki et 
al., 2016; Sarno et al., 2016b). Carbon materials, including activated carbon, graphitized carbon black, porous 
graphitic carbon and graphene, possesses strong adsorption ability (Sreeprasad et al., 2013). Carbon-
encapsulated metal or metal carbide nanocrystallites have been generated by the Kratschmer arc-discharge 
process already in 1995 (Scott et al., 1995). Since then, many studies have shown that in the presence of 
metal nanoparticles (Co, Fe, Ni, Cr, Au, etc), graphitized carbon structures, such as carbon nanotubes and 
carbon onions, are formed under arc-discharge, laser ablation, and electron irradiation (Ang et al., 2004). 
Gedanken and co-workers reported a sonochemical procedure that leads to air-stable cobalt nanoparticles 
(Nikitenko et al., 2001). Johnson et al. describe a simple method to prepare carbon-coated magnetic Fe and 
Fe3C nanoparticles by direct pyrolysis of iron stearate at 900 °C under an argon atmosphere (Geng et al., 
2004). Moreover, carbon-coated nanoparticles are usually in the metallic state, and thus have a higher 
magnetic moment than the corresponding oxides. Chemical Vapor Deposition (CVD) technique offers the 
advantage of being the easiest to scale up towards an economically viable production (Seo et al., 2006). On 
the other hand, at the best of our knowledge, FeCo NPs covered by graphene have been never tested for this 
purpose although it is very promising. In this paper, we reported on a new promising nanosorbents constituted 
by core-shell few layer graphene coated metal NPs (G-FeCo). It combines: (i) the superparamagnetism of the 
FeCo alloy (a very high saturation magnetization value of 238 e.m.u./g was found in Sarno et al. 2016a (Sarno 
et al., 2016a)) permitting a faster separation than that previously obtained (Sarno et al., 2016b); and (ii) the 
strong adsorption ability of graphene, that avoiding further functionalization, allows an excellent absorption 
efficiency. The stable core-shell G-FeCo NPs were synthesized by catalytic chemical vapor deposition 
(CCVD) of methane at atmospheric pressure using a catalyst prepared by wet impregnation of gibbsite (γ-
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Al(OH)3) powder with cobalt acetate and iron acetate solutions (Sarno et al., 2014; Sarno et al., 2016a). 
Raman Spectroscopy, Transmission Electron Microscopy (TEM) and X-ray diffraction (XRD) were employed 
for characterization. To examine the feasibility of this method, we selected two representative PAHs as model 
compounds: fluoranthene (Flu) and anthracene (Ant), their determination was carried out by the combination 
of MSPE and gas chromatography-mass spectroscopy (GC-MS) analysis. Limits of detection of PAHs was 
found for analytes solutions in the linear range of 2-200 ng l-1. The accuracy of the method was evaluated by 
the recoveries of spiked samples. Our results proved that the present approach is sensitive and efficient for 
the extraction of trace PAHs. This method provided a very high extraction efficiency and short analysis times. 

2. Experimental Section 

2.1 Preparation of G-FeCo nanoparticles 

The Co, Fe catalyst (50 wt.% of each metal) was prepared by wet impregnation of gibbsite (γ-Al(OH)3) powder 
(Sarno et al., 2012; Giubileo et al., 2012; Sarno et al., 2014) with cobalt acetate and iron acetate solutions 
followed by drying at 80°C for 3 h.  
CCVD was performed in a continuous flow microreactor fed by a methane–hydrogen gas mixture. 
The typical procedure for the preparation of G-FeCo nanoparticles includes (1a) feeding the reacting gas to 
the analyzers to verify the steady state inlet concentration. (1b) N2 is fed to the reactor by another feed line to 
pre-treat the catalyst. (2) The pre-treatment nitrogen flow was stopped using the bypass valve, and the 
reacting gas stream was started to feed the reactor. (3a) After 5 min, the reacting gas stream was stopped, 
and nitrogen was fed to the reactor. Next, (3b) the reacting gas was fed to the analyzers. (4) The reactor was 
extracted from the furnace and allowed to cool under ambient temperature conditions. (5) Chemical attack, in 
a diluted HF solution 15 vol. % and for 3 h, followed by a centrifugation and washing, in distilled water, under 
filtration, to separate the G-FeCo from alumina. 
Transmission electron microscopy (TEM) images were acquired using a FEI Tecnai electron microscope 
operated at 200 KV with a LaB6 filament as the source of electrons. XRD measurements were performed with 
a Bruker D8 X-ray diffractometer using CuKα radiation. The KBr technique was applied for determining the 
FT-IR spectra of the samples by using Vertex 70 apparatus (Bruker Corporation). Spectra were recorded the 
scanning range was from 4000 a 400 cm-1.  
 

 
 

Figure 1: Scheme of core-shell G-FeCo. 

2.2 Extraction procedure 

First of all, 4 mg of G-FeCo NPs were cleaned and activated with acetonitrile and distilled water in sequence. 
After sample solution preparation (Figure 2-step 1), water was added to the stock solution to get various final 
concentrations of PAHs over a range of 2 and 200 ng/l (2, 10, 20, 30, 50, 80, 100, 150, 200 ng/l), followed by 
adding an appropriate amount of G-FeCo NPs (Figure 2-step 2). 
A sonication step was performed to promote the adsorption (Figure 2-step 3). The NPs were then separated 
within few minutes (about 5 min) under an external magnetic field (Figure 2-step 4).  
PAHs were eluted from G-FeCo NPs sorbents adding acetonitrile a typical elution solvent (Sarno et al., 2016b) 
four times followed by a further magnetic separation to recovery NPs, in order to reuse them in subsequent 
MSPE tests (Figure 2-step 5 and 6).  
Finally the eluent was collected and evaporated under a gentle nitrogen flow at ambient temperature (Figure 
2-step 7). The eluting solution, about 100 ml, was analysed by gas chromatography. 
Determination of PAHs was carried out by gas chromatography-mass spectroscopy (GC-MS, ThermoFisher) 
analyses. PAHs concentration was analysed by injecting the aliquots of the eluting solution in a gas 
chromatograph equipped with HP-5 capillary column (0.25 mm´0.25 mm´30 m). The analysis conditions were 
set as follows: run time, 40 min; injector temperature, 200 °C; detector temperature, 250 °C. Helium was used 
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as the carrier gas at a flow rate of 1,2 ml/min. Most appropriate method of operation has been set: the column 
temperature was kept at 80 °C for 2 min, raised to 185 °C at a rate of 15 °C/min and held for 1 min, then 
increased to 260 °C at a rate of 10 °C/min and held for 5 min. 

 

Figure 2: Scheme of the process extraction, showing the different steps as indicated by progressive numbers 
from 1 to 7. 

3. Results and discussion 

G-FeCo have an average diameter of 4.02 nm, standard deviation 0.84 nm (measured for ~200 nanocrystals), 
see Figure 3 TEM image. In particular, the nanoparticles are covered by 1-2 layers of graphene, not shown 
here, see a previous reference (Sarno et al., 2014).  
In Figure 4, the X-ray diffraction pattern of G-FeCo is shown. The peaks at ~45, 65 and 83 2ϑ are typical of a 
crystalline body-centered-cubic Co/Fe alloy. It is important to note the absence of the diffraction peak at ~26  
2ϑ due to the stacking of the AB graphite. By applying the Scherrer equation to the 110 diffraction peak: La 
=0.9λ/Bcosϑ, where La is the metal core diameter, λ is the X-ray wavelength, B is the peak half-maximum 
width and ϑ is the Bragg angle, the La value was determined to be 4.12 nm, which is very similar to that 
measured in the HRTEM image.  
 

  

Figure 3. TEM image of G-FeCo nanoparticles. 

In Figure 5a, the Raman spectrum of G-FeCo is shown. In particular, the most prominent features (Sarno et 
al., 2013) of the sp2 carbon materials, which are known as the G band and the 2D band, were observed at 
1581 cm-1 and approximately 2700 cm-1, respectively, using 514 nm excitation wavelength. A broad 2D band 
and a pronounced D band, which are characteristic for curved graphene layers (Tan et al., 2004), are 
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observed. In Figure 6, two photographs of G-FeCo nanoparticles as prepared and in response to Gd magnet 
are shown. For our G-FeCo nanoparticles, a very high saturation magnetization value of 238 e.m.u./g was 
found (Sarno et al., 2016a). 
 

 

Figure 4. X-ray diffraction pattern of G-FeCo nanoparticles. 

 

Figure 5. Raman spectrum (a) and optical image at 50X of magnification (b) of G-FeCo nanoparticles. 

 

Figure 6.  Photographs of G-FeCo nanoparticles: as prepared (a) and in response to Gd magnet (b). 

FT-IR spectroscopy is a useful tool to understand the functional group of any organic molecule. In Figure 7, 
the infrared spectra of G-FeCo NPs and G-FeCo NPs before elution, and Flu are shown. In the range 1400-
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1600 cm-1 vibrational bands from Flu, some up-shifted due to the adsorption on the nanoparticles surface,  
resulted from the benzene skeleton vibration can be seen in the spectrum of G-FeCo NPs before elution.  
To investigate the adsorption of G-FeCo NPs for PAHs, 4 mg of the NPs were added into 200 mL of water 
solution containing the two PAHs at 200 ng/l level. 

 

Figure 7. FTIR spectra of G-FeCo NPs and G-FeCo NPs before elution and Flu . 

The adsorption amount qa expressed as milligrams of adsorbed  for grams of G-FeCo adsorbent NPs was 
calculated according to the Eq(1). : 

	 = 	 ( − )
 (1) 

where C0 and Ce represent the initial and final concentrations of the analyte in aqueous solution (mg/l), V is 
the volume of the solution (l), and m is the mass of the adsorbent (g). The values of qa for G-FeCo NPs were 
about 0.01 mg/g for both the analytes. 
Finally, we evaluated, with the help of GC-MS linearity range, limit of detection, accuracy and repeatability,  
the results are shown in Table 1.  

Table1: Analytical parameters of the proposed method. 

PAHs Linear range  
(ng/l) 

Correlation 
coefficient (R2)

LOD 
(ng/l) 

R.S.D. (%) 

Ant 2-200 0,99957 0,32 3,8 
Flu 2-200 0,99998 0,78 4,5 

 
The LOD was calculated based on the standard deviation of the response and the slope of calibration curve 
from the following equation (Shrivastava et al., 2011): LOD = 3 Sb/m; where Sb is the standard deviation of 
the y-intercept of regression line and m is the slope of the calibration curve. Good linearity is observed for both 
analytes throughout the concentration range of 2 to 200 ng l-1, with R2 close to 1 in both cases (0.99957 for 
Ant and 0,99998 for Flu).  Additionally, the LOD values for Ant e Flu were 0,32 and 0,78 ng l-1 respectively, 
showing great sensitivity, the repeatability was calculated by the 3-time determinations of 100 ng l−1 standard 
sample showing good repeatability. These results indicate that the magnetic adsorbent nanocomposite 
prepared can enrich the PAHs from water sample efficiently (Sarno et al., 2016b; Bai et al., 2010; Ballesteros-
Gòmez et al., 2009; Zhang et al., 2010; Zhang et al., 2012; Ding et al., 2010; Liu et al., 2009), in a simple 
manner and without requiring further functionalization.   

4. Conclusion 

In this research, core-shell graphene coated G-FeCo magnetic nanoparticles prepared by catalytic chemical 
vapor deposition on a Co/Fe catalyst in the presence of methane at atmospheric pressure were applied to 
enrich trace level PAHs from water in a short extraction time. In particular,  Magnetic Solid-Phase Extraction 
(MSPE) was tested for pre-concentration of anthracene (Ant) and fluoranthene (Flu) in water at a trace level. 
Very low LOD value was found after short MSPE time.  The performances of the method indicate that it has a 
great prospect in pre-concentrating and detecting trace pollutants in real samples. 
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