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Reduced graphene oxide supporting silver nanoparticles, obtained by an efficient, “green” and one step “top-
down” solution route, was used for removal from water of chlordane, a known persistent organic pollutants. A
two-step mechanism, involving chlordane degradation by Ag nanoparticles and subsequent adsorption of the
degraded products: ether bis(2-chloro allyl), 1,10-dichlorodecane and octadecanoid acid were detected, on the
reduced graphene oxide surface, leads to a complete removal of chlordane from water solution in only 11
minutes at room temperature.

1. Introduction

The increasing use of noxious compounds led to devastating effect not only for the environment but also for
human health (Kutz et al. 1992). Among various organic and inorganic pollutants, chlorinated pesticides have
significant toxicity to plants or animals, including humans; in particular chlordane (1,2,4,5,6,7,8,8-octachloro-
3a,4,7,7a-tetrahydro-4,7-methanoindane) is a known persistent organic pollutants (POP), classified among the
"dirty dozen" and banned by the 2001 Stockholm Convention on Persistent Organic Pollutants. In the years
1948-1988 chlordane was a common pesticide for corn and citrus crops, it adheres to soil particles and enters
groundwater, requiring many years to degrade. Chlordane is very resistant to chemical and biological
degradation. Once in water bodies, it is not removed by photodegradation, hydrolysis or biodegradation and
has a high bioaccumulation potential. In the last decades, however, with reference to composite materials,
molecular adsorption and reaction on graphene and graphene based composites and their applications in
water purification (Sreeprasad et al. 2011; Sreeprasad et al. 2013) have gained great momentum. Indeed,
special properties, such as large surface area (Zhu et al. 2010) antibacterial nature (S. Liu et al. 2011b),
reduced cytotoxicity (Chang et al. 2011), and tunable chemical properties (Tucek et al. 2014) make these
materials very attractive choices for this application. Metal/graphene nanocomposites are very effective
reducing agent for dehalogenation and can contemporaneously reduce catalytically various halogenated
organics into low- or non- toxic compounds, followed by successive adsorption of the degraded products by
the graphene surface (Sarno et al. 2016a). In particular, silver decorated graphene nanocomposite, due to the
high specific surface area of graphene and the well-known catalytic properties of silver in oxidation reactions
(Wiley-VCH 2011), have been demonstrated to be promising catalyst for numerous applications, such as:
aerobic oxidation of benzyl alcohol (Zahed and Hosseini-Monfared 2015); dye catalysts for wastewater
treatment (Jiao et al. 2015, Casa et al. 2016); but also hydrogenation of phenols (Liu et al. 2017). In this
paper, we report on the chemical reactivity of reduced graphene oxide decorated with silver nanoparticles
(rGO_Ag) in degrading halogenated pesticides, taking chlordane as case study. rGO_Ag have been obtained
by a novel one-step “top-down” synthetic strategy, providing experimental easiness, potential low-cost
fabrication and negligible environmental impact. Homogeneously dispersed nanoparticles (NPs) on completely
exfoliated rGO were prepared, able to degrade chlordane in a very short time also if compared with previously
results (Sarno et al. 2016a). We have found that chlordane removal involves a two-step mechanism:
degradation of chlordane by Ag nanoparticles and subsequent adsorption of the degraded products by the
rGO surface.
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2. Experimental Section
2.1 Materials

Graphite powder (synthetic, 99.9 %, SIGMA ALDRICH), sulphuric acid (H2SO4, 95-97 %, SIGMA ALDRICH),
potassium permanganate (KMnOg4, = 99 %, SIGMA ALDRICH), hydrogen peroxide (H2O,, 30 %, SIGMA
ALDRICH), L-ascorbic acid (vitamin C, = 99 %, SIGMA ALDRICH), AgNOs: silver nitrate, = 99.9 %, SIGMA
ALDRICH, sodium hydroxide (NaOH, =98 %, pellets, SIGMA ALDRICH), ethanol (reaction grade, = 99.8 %,
FlukaAnalytical), bi-distilled water (Fluka Analytical) were used as received.

1000 mg/L of chlordane stock solution was prepared by dissolving the required amount of chlordane in pure n-
hexane (99.9%) and kept under refrigerated condition.

2.2 Synthesis of rGO_Ag

We synthesized reduced graphene oxide (rGO) starting from GO obtained by a modified Hummers method
(Chen et al. 2009). Indeed it has been established that the reduction of graphene oxide provides a shortcut to
mass production of graphene. Then, a one-step procedure provides graphene oxide reduction, and the
simultaneous nanoparticles precipitation, occurring through silver nitrate reduction favoured by the GO
functionalities (a “site selective” precipitation). This is a very easy and fast procedure in which four different
water solution batches: of GO (1 g/l); of reducing agent (Vitamin C, 15 g/l); of silver nitrate (5 g/l); and of
ammonia(few drops),were mixed together and kept for 2 hour at 98 °C. During silver nanoparticles
precipitation, AgNO; dissolves in water solution forming the Tollens’ reagent with ammonia, that in the
presence of a mild reducing agent led to the precipitation of metallic silver.

2.3 Degradation and AdsorptionExperiments

All adsorption studies were done in 20ml batch reactors at room temperature keeping 5 ml of rGO_Ag
dispersion (0.01 wt.%) as working volume. A required amount of chlordane stock solution was spiked to the
rGO_Ag dispersion to get the working concentration of chlordane at 2 mg/I. The solutions were stirred during
11 min. The liquid was separated from the dispersion using a 200 nm membrane filter paper.

The filtrate, extracted with hexane, was analysed for residual chlordane and its degradation products using
gas chromatography (GC) (ThermoFisher). The analysis conditions were set as follows: run time, 16.5 min;
injector temperature, 200 °C; 80°C for 1min+from 80°C to 185°C 10°C/min+185°C for 5 min, 1 ml/min.

2.4 Characterization

Transmission electron microscopy (TEM) images were acquired using a FEI Tecnai electron microscope
operated at 200 KV with a LaBs filament as the source of electrons, equipped with an EDX probe.

Raman spectra were obtained at room temperature with a micro-Raman spectrometer RenishawinVia with a
514 nm excitation wavelength (laser power 30 mW) in the range 100-3000 cm”. XRD measurements were
performed with a Bruker D8 X-ray diffractometer using CuKo. radiation. Thermogravimetric analysis (TG-DTG)
at 10 K/min heating rate in flowing air was performed with a SDTQ 600 Analyzer (TA Instruments) coupled
with a mass spectrometer.

3. Results and discussion

3.1rGO_Ag Characterization

Figure 1 shows the XRD pattern of rGO_Ag. The spectra shows the typical peaks of silver nanoparticles at
about 26 = 38°, 45°, 65°, 78° and 82°, corresponding to (1 1 1), (2 0 0), (2 2 0), (311) and (2 2 2) planes,
respectively (JCPDS File No.: 01-1167), with the majority of particles showing (1 1 1) plane having face-
centered cubic (fcc) structure (Xu and Hu 2012). The particles size has been evaluated by the Scherrer
formula (Singh 2005):

_ K-2

“ (FWHM —b) - cos 6

T

Where K is structural constant (depending on the shape of the particle), A is the wavelength of X-ray, 1 is the
mean size of the nanoparticles, FWHM is full width at half maximum of the signal and b is the instrumental
broadening. Using this formula, the average particle size is 10 nm + 1.9 evaluated as mean from the different
peaks. The lattice spacing (a)of the cubic crystal, namely the distance of the metal atoms in the structure has
been evaluated to be 4.126 A , from the signal position.

Raman spectra of GO, and rGO_Ag, in the wavenumber range 800-2200 cm™', are shown in Figure 2. The
samples show two prominent peaks: the G band at approximately 1590 cm™" due to the first-order scattering
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of the E2g phonons, and the D band around 1350 cm'that is a breathing mode of A1g symmetry involving
phonons near the K zone boundary (Sarno et al. 2016b). The intensity of the D band is related to the size of
the in-plane sp2 domains and the relative intensity ratio (Io/lg) is @ measure of the distance between defects,
Lp, that gives an idea of the extent of disorder (Konios et al. 2014). After GO reduction and Ag precipitation,
the Ip/lg intensity ratio increases from 0.81 of GO to 1.1, indicating an increased Lp distance between defect,
meaning a good reduction level. In addition, it is worth noticing that the intensities of these bands are
enhanced significantly after the decoration of Ag NPs on the surface of rGO. This is due to the Ag NPs
deposited on rGO which enhance the Raman signal via the Surface-Enhanced Raman Spectroscopy (SERS)
effect (Nafiey et al. 2016).
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Figure 1. X-ray diffraction pattern of rGO_Ag
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Figure 2. Raman Spectrum of rGO_Ag and GO

Figure 3 shows a bright-field TEM image of silver coated graphene. It demonstrates that monodispersed silver
nanoparticles dispersed uniformly on graphene surface can be obtained by the one step synthetic approach. It
is worth noticing that silver nanoparticles are present only on the graphene surface also after the sonication
procedure used to prepare sample for TEM images.

Thermogravimetric analysis was used to evaluate the thermal stability and Ag loading for rGO_Ag. The TGA
(TG-DTG) profile is shown in Figure 4. After a weight loss due to water in the range between 25 and 100 °C, a
weight loss due to reduced graphene oxide decomposition/oxidation takes place in different steps, probably
due to the morphology of the sample. At first, the decomposition of the external planes of graphene takes
place, then, around 300°C the inner carbon of the graphene skeletal are oxidised. Unlike the graphitic species,
the carbon lattice oxidation starts at lower temperature (200°C instead of 400-600°C), likely due to a silver
nanoparticles catalytic effect on oxidation reactions (Kim and Ryu 2011). Moreover, the residues at 1000°C
are due to silver nanoparticles.
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Figure 3. rtGO_AgQTEM image
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Figure 4. TG-DTG profiles of rGO_Ag

3.2 Degradation and adsorption tests

Chlordane, from the stock solution, was spiked in a rGO_Ag water dispersion (2 mg/l final chlordane
concentration) to test the composite reactivity. GC analysis was carried out to monitor the chlordane
concentration evolution(see the GC-MS spectrum of chlordane in Figure 5). Before test, the chlordane solution
presented a peak around a retention time of 8 minutes together with a solvent peak (hexane) during the first
two minutes, in the GC spectrum.
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Figure 5. GC-MS spectrum of chlordane (a) and after test (b.
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With increasing the reaction time the chlordane peaks started to disappear, implying its removal from the
solution, new peaks, coming from degradation products (Ether bis(2-chloroallyl), 1,10-dichlorodecane and
octadecanoid acid), became more and more visible at retention time slower than chlordane. Moreover, when
the solution was stirred for 11 min (see Figure 5), the peaks of both chlordane and reaction products
disappeared, it is probably due to the combined degradation and n-n ( Gupta et al. 2015, Liu et al. 2011)
adsorption between the hydrocarbons unsaturation and rGO = orbitals. Thus, chlordane was completely
removed quickly in 11 min due to the excellent catalytic performance of the silver and absorbing properties of
graphene. On the other hand, further analysis at closer times and investigations will be carried out in order to
better understand the reaction and absorption roles in the removal of the pesticide (surface absorption
analysis, e.g. XPS, EDX, ..).

3189 280

Transmittance (%)

T HIGHIARG] J 1141 1066
—rGO_Ag
rGO_Ag after :eaction!adsorp;ion
T T T T T T T
4500 4000 3500 3000 2000 1500 1000 500 0

Wavelenght {cm'1]

Figure 6. IR spectra of chlordane (red), rGO_Ag (violet line), rGO_Ag after reaction/adsorption (green line)

In the IR spectrum of rGO_Ag after reaction/adsorption (Figure 6, green line) new peaks at about 880, 1066
and 1141 cm™" , respect to the rGO_Ag as produced (violet line), due to the bending vibrations of the =C-H
group and a weak peak at 3189 cm™' due to aromatic C-H stretching occurs, giving an indication of the
formation of aromatic products adsorbed on nanocomposites surface. After the reaction with chlordane,
rGO_Ag, well dispersed in water during the tests due to its hydrophilic nature, can be easily separated under
the action of a magnetic field.

4. Conclusion

TEM image of rGO_Ag shows that the nanoparticles have diameter of 10 nm and they are homogeneously
dispersed on graphene surface. Furthermore, a sustainable and efficient way for dehalogenation of
halocarbon using rGO_Ag was presented. This process removes completely in only 11 min a persistent
organochlorine pesticide. The catalyst/adsorber is very efficient and may be employed for the degradation of
other toxic halocarbons.
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