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This work presents the detection and quantification of As(I1l) at an exfoliated graphite electrode (EG)
modified with a composite of cobalt nanoparticles and reduced graphene oxide. The materials were
characterised by Raman spectroscopy and scanning electron microscopy & energy dispersive
spectroscopy. Modification of the surface of EG with the composite material led to significant
improvement in its electro-active surface area and thus electrocatalytic activity. The sensor was
utilised for the voltammetric analysis of As(l11) in standard and real samples and the limit of detection
and limit of quantification were found to be 0.31 and 1.01 ppb respectively, under optimum conditions.
The proposed device can be employed for practical analytical purposes.
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1. INTRODUCTION

Increasing industrial activities has birthed pollution of water bodies, leaving many countries
around the world to face the challenge of fresh water scarcity. A major group of water pollutants are
the heavy metals including Pb, Cd, Cr, Ni, As etc [1, 2]. Mining activities contribute significantly to
heavy metals load in the environment, and this presents risks to both humans and animals owing to the
toxicity of these heavy metals [3]. Long-term exposure to arsenic, for instance, can cause hyper-
keratosis, irregular heartbeat and different forms of cancers in humans [4, 5]. The maximum
concentration of arsenic allowed in drinking water according to the World Health Organization (WHO)
is 10 ppb [6]. It is therefore necessary to develop devices to monitor the level of arsenic in surface and
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ground waters since these sources of water are the ones readily available to a large population of
humans in the rural areas. Electrochemical sensors are well suited for this purpose given their
considerable sensitivity, ease of operation and portability amongst others [7]. An electrochemical
sensor is particularly suitable for on-site analysis since it is portable and does not require specially
trained individuals to operate it. This is in contrast to spectrometric equipment that are heavy and
require skilled personnel to handle.

Many authors have proposed different electrochemical sensors for determination of As(lll) in
water samples. Very recently, Bhanjana et al. reported a graphite pencil modified SnO, nanoneedles as
sensing platform for As(111) in standard and real samples [8]. Carrera et al. also developed carbon fiber
microelectrode modified with Au nanoparticles for the detection of As in tap and well waters [9].
Similarly, Yuan et al. modified a gold electrode with a composite of trithiocyanuric acid and reduced
graphene oxide and employed the platform for the sensitive qualitative and quantitative analysis of As
in tap and river samples [10]. Also, Rodriguez et al. utilised ZrO, thin film loaded with Au
nanoparticles for the detection of As in water [11]. In all these reports the authors explored the
adsorption characteristics and the electrocatalytic activities of their chosen platforms to develop
sensors for As in water samples.

Voltammetric detection of both organic and inorganic analytes at modified exfoliated graphite
electrodes has been reported [12-14]. Exfoliated graphite offers considerable conductivity, can be
easily modified and the surface can be regenerated. In this work, we present an As(l11) sensor designed
by modifying the surface of exfoliated graphite with a nanocomposite of cobalt nanoparticles and
reduced graphene oxide (rGO). Both materials exhibit required characteristics for the determination of
As in both standard and real water samples.

2. METHODOLOGY

2.1 Reagents and materials

HNO3, HCI, H,SO4, H,0,, DMF, KMnO4,NaNO3, NaOH, CoCl,, Ks[Fe(CN)g], K4[Fe(CN)g],
arsenic standard, natural graphite flakes (NGF), natural graphite powder, were all purchased from
Sigma Aldrich, South Africa. Conductive silver paint, epoxy resin, copper wire and glass rods were
procured from local stores. All the chemicals were of analytical grade and deionised water was used
for the preparation of all solutions.

2.2 Preparation of EG and EG electrode

EG was prepared following a procedure reported earlier [15, 16]. Preparation of EG electrode
was achieved according to a method by Arotiba and co-workers [17]. Approximately 1 g of the
prepared exfoliated graphite was compressed into pellets of 5 mm in diameter at a high pressure using
hydraulic press. A previously cleaned copper wire (diameter 1 mm) was coiled into a flat surface to
obtain exactly 5 mm diameter to accommodate the formed EG pellet. A conductive silver paint was
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then dropped onto the surface of the coiled wire and one EG pellet was placed on top of it. It was
allowed to dry at room temperature for a few hours. The edges of the pellet were covered with non-
conductive epoxy resin and with teflon tape, leaving only the base exposed. The straight portion of the
wire was inserted into a glass rod (a small portion is left for electrical contact) and sealed.

2.3 Preparation of rGO and Co-rGO composite

Graphene oxide was synthesised from graphite using modified Hummer’s method.
Approximately 2g of natural graphite powder and 2 g of NaNO3 were mixed in a 50 mL of H,SO,. The
mixture was stirred for 2 h, and 6 g of potassium permanganate was added slowly to the mixture while
the reaction was kept at a temperature lower than 15 °C in an ice bath. The reaction was subsequently
stirred at room temperature for 12 h after which about 100 mL of deionized water was added and the
reaction temperature increased to 98 °C. An additional 200 mL of deionized water was added to the
mixture while the solution was continuously stirred. The reaction was then terminated by adding 10
mL of H,O; and the mixture turned yellow. The GO slurry was washed with 10% HCI and deionized
water severally by centrifugation. The obtained material was filtered and dried at 45 °C for 24 h. The
grey powder obtained was kept for use. Reduction of GO was achieved using hydrazine.

A method adapted from Ji et al [18] was used for the preparation of Co-rGO nanocomposite: A
solution of 35 mg of GO dispersed in 80 mL of ethylene glycol was prepared and sonicated for 1 h.
The dispersion was then mixed with 20 mL of ethylene glycol solution of CoCl,. Subsequently, 0.8 mL
of 85% hydrazine hydrate and 3.6 mL of ethylene glycol solution of NaOH were added to the mixture.
After ultra-sonication for 10 min, the mixture was then transferred into a 250 mL round-bottom flask
and refluxed at 110 °C for 3 h under N, atmosphere. The solid material was separated and washed by
centrifugation with water and absolute ethanol successively to remove any impurities. It was then dried
in a vacuum oven at 50 °C for 24 h.

2.4 Modification of EG electrode with rGO and Co-rGO

To modify the EG with rGO or Co-rGO, a measured amount of the rGO or its composite was
dispersed in DMF and thoroughly mixed. A 20 pL of the dispersion was then coated on the surface of
the EG electrode with micropipette. The modified electrode was left to dry under normal room
conditions for 3 h. The surface of the EG electrode was regenerated by polishing with emery sheet and
rinsing with water.

2.5 Electrochemical measurements

All electrochemical measurements were performed on Autolab potentiostat (PGSTAT 302N)
using a three-electrode system. Exfoliated graphite (and modified exfoliated graphite), Ag/AgCI (3M
KCI), and platinum wire were used as working, reference and counter electrodes respectively. The
working electrode has a diameter of 5 mm. All the experiments were conducted at approximately 25
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°C. All solutions for electrochemical analyses were purged with pure argon gas for at least 10 min
before each analysis. Square wave anodic stripping voltammetry (SWASV) method was used for the
electrochemical detection of As(l11).

3. RESULTS AND DISCUSSION

3.1 Scanning electron microscopy and energy dispersive spectroscopy

The images of the rGO and Co-rGO were obtained on a scanning electron microscope. Fig. la
presents the image of rGO, graphene sheets can be readily seen in this image. In fig 1b, particles can
be seen to be evenly distributed on the graphene sheets. EDS elemental mapping (Fig. 1c) reveals the
presence of Co particles in the composite material. a It is important to note that it is possible for rGO
sheets to restack after reduction process has taken place due to strong van der Waals interaction,
rendering them not so effective [19]. Introduction of metal nanoparticles can prevent the sheets from
restacking and hence preserving its unique properties..

o

SEM HV: 20.0 kV WD: 8.69 mm VEGA3 TESCAN
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Figure 1. SEM images a) rGO, b) Co-rGO and c¢) EDS Elemental Mapping of Co

3.2 Raman spectroscopy

Raman spectroscopy is a valuable tool for obtaining information on the crystal structure and
defects in graphene-based materials. The Raman spectra of GO and Co-rGO are displayed in Fig. 2,
two distinct peaks can be observed. The peak centred at around 1592 cm™ is the G band which arises
from the stretching of sp? bonds in the carbon material. The peak at about 1334 cm™ is the D band
which is due to the presence of defects in the graphitic lattice [20]. The ratio of D band intensity to G
band intensity (Ip/lg) is a measure of the extent of disorder in carbon materials. The higher Ip/lg of Co-
rGO compared to GO is indicative of the in situ reduction of GO in the reaction for Co nanoparticles
incorporation.. Expectedly, no peak can be attributed to Co nanoparticles in the Co-rGO spectrum.
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Figure 2. Raman spectra of GO and Co-rGO
3.3 Electrode characterization in redox probe and As(l11)

The cyclic voltammograms (Fig. 3a) of rGO and Co-rGO modified EG electrodes were
obtained in a 5 mM [Fe(CN)e]*™ redox probe. The composite modifier gave rise to a higher peak
current (also with a higher capacitive current) than the rGO modifier. This can be used as an indication
of the incoporation of cobalt nanoparticles into the graphene sheets. The higher current can be
attributed to the increase in the electroactive surface area which improved the sensitivity of the
electrode. Scan rate studies (not shown) revealed that the peak current is directly proportional to the
square root of the scan rate in the presence of 5 mM [Fe(CN)e]*™ redox probe. The implied diffusion
controlled kinetics supports the analytical application of the Co-rGO modified EG electrode.

Electrochemical detection of arsenic is based on the reduction of arsenic from As** to As® [21].
In figure 3b, a reduction peak can be observed at 0.1 V which could be attributed to the transformation
of As** to As” at the surface of the electrode.
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Figure 3. Cyclic voltammograms of a) rGO and rGO-Co electrodes in 5 mM [Fe(CN)e]*™ b) SWV
at rGO and Co-rGO in As(I11) solution

As observed with ferrocyanide redox probe, the current peak due to As reduction at Co-rGO
modified EG electrode is much enhanced compared to that obtained at the rGO modified electrode.
The cobalt nanoparticles increased the current response of the rGO for As reduction by over 50%,
suggesting good electrocatalytic properties of the nanoparticles.

3.4 Optimisation of experimental parameters for As detection and quantification

In order to obtain a maximum efficiency of the proposed method in the detection of As(I1I)
ions in water, variables such as pH, scan rate, supporting electrolyte, deposition potential and
deposition time need to be optimised.

3.4.1 Effects of supporting electrolyte and pH on As detection

It has been reported that voltammetric detection of arsenic can be readily achieved in acidic
media [22, 23]. As a result, three electrolytes, namely, H,SO,4, HNO3; and HCI were compared for As
detection. The current peak observed when HCI was used was higher than that observed when either
H,SO, or HNO3 was used (Fig. 4a) This result is consistent with earlier reports, and complexation of
As to Cl ions has been suggested as possible reason for the improved current response obtained when
HCI is used as a supporting electrolyte [22]. Consequently, HCI was chosen as the supporting
electrolyte for As quantification in this work. An optimum pH of 1 (which gave the highest peak
current) was chosen for HCI.

3.4.2 Effects of deposition potential and deposition time
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A potential range -0.6 to -1.2 V was selected to investigate the effect of potential on the
deposition of As.
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Figure 4. a) SWV showing the effects of different supporting electrolytes on As detection at Co-rGO
modified EG electrode. Plots of b) Current vs E, showing the effect of deposition potential

detection, c) Current vs time, showing the effect of deposition, on As detection

The highest peak current was achieved at -1.0 V (Fig. 4b). This potential was then chosen as
optimum and used in subsequent measurements. Deposition time is another important parameter that
must be investigated in anodic stripping analysis of metal ions. The current response of As, for
instance, is affected by how much time is taken for As(I11) ions to accumulate from the bulk solution
onto the surface of the electrode and how long they stay at the electrode. In this work, deposition time
was varied from 30 s to 180 s, with the highest current response achieved at 90 s (Fig 4c).

3.5 Detection of As(l11) at Co-rGO modified EG electrode

Under the optimum conditions, the square wave anodic stripping voltamograms at a
concentration range 1 - 50 ppb of As (Ill) ions is presented in Figure 5a with the corresponding
calibration plot as Fig 5b. The peak currents varied linearly with As concentrations and the linear
regression equation was y = 6.64608 x 10~* + 1.96169 x 10~> with a correlation coefficient of
0.9984. The detection limit calculated using 3o of blank/slope was 0.31ppb and the limit of
quantification was 1.01ppb. It is significant to note that these values are much lower than the limit set
by the WHO. Compared with some recent reports which dealt with voltammetric detection of As(lI1)
in water (Table 1), this sensor presented an excellent performance.

Table 1. Comparison of the performance of Co-rGO modified EG electrode with some reported
electrodes

Electrode Detection limit (ppb) Reference
TTCA/rGO modified Au electrode 0.054 24
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Au nanoparticles modified carbon fiber electrode 0.900 25
AUNPs/Ce0,-ZrO, modified GCE 0.137 26
Porous Au modified GCE 0.490 27
Au nanoparticles modified GCE 0.180 28
[Ru(bpy)s]**-GO modified screen printed electrode 1.573 29
Co nanoparticles and rGO modified exfoliated graphite  0.310 This work
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Figure 5. a) Square wave anodic stripping voltamograms of various concentrations of As(Il1) (b)
Calibration plot of peak currents vs As(l11) concentrations.

3.6 Reproducibility and repeatability study

The current responses of eight electrodes in 20 ppb As(I11) ions were measured to investigate
the reproducibility of the Co-rGO modified EG electrode. The RSD of the current values was found to
be 5.44%, showing that the sensor is of analytical significance. For repeatability of the proposed
method, eight measurements were done on 30 ppb As(l11) ions and a value of 2.62% was calculated as
the relative standard deviation (RSD).

3.7 Metal interference studies and real water samples analysis
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Figure 6. a) Chart of different interfering metals on the current peak of Arsenic; b) SWASVs of
various concentrations of As(I11) in real water and c) Calibration plot of peak current vs As(l11)
concentrations

Analysis of interferences in Fig 6 shows that the Co-rGO modified EG electrode sensor was not
interference prone in the presence of common ions such as Na*, Ca**, Mg?®*, Cr®* and Pb*" (Fig 6a)
This is consistent with the earlier report by Mafa et al. [12]. Cu*" ions were the major interferences in
the detection of Arsenic. Addition of Cu®* ions to the solution of As** showed the highest interference
of about 12% (Fig 6a), this is a significant increase in the peak current of As (Fig. 6a).

Real water sample was collected from a river in Pretoria, South Africa. Prior to analysis, the
sample was filtered through a 0.2 uM filter to remove any fine particles and was subsequently acidified
with HCI to the optimum pH determined earlier. The concentration of As found in the water sample
using the proposed sensor was 9.35+0.25 ppb (Fig 6b,c). The same water sample was analysed for As
using ICP-OES and the concentration of Arsenic was found to be 9.44+0.18 ppb. A comparison of the
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As concentrations detected in the real water sample by both the sensor and ICP-OES clearly shows that
the sensor is suitable for quantification of As in real environmental samples.

Table 2. As(I11) quantification in river water by this method and ICP-OES

Concentration (ppb)

This sensor 9.35+0.25
ICP-OES 9.44+0.18

4. CONCLUSION

In this study, cobalt nanoparticles were successfully incorporated onto the reduced graphene
oxide sheets and the resulting composite material was used to modify exfoliated graphite electrode for
detection of As (I11) in water. The composite modifier enhanced the electrochemical response of the
EG electrode towards As ions in water. At optimised experimental conditions, the sensor was
employed for the quantification of the analyte in a water sample collected from a river in Pretoria,
South Africa. From the outcome of this study and the versatility of EG electrodes in general, this
sensor can be explored for practical analysis.
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