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Abstract 

Safe drinking water remains beyond reach for millions of South Africans, particularly in mining 
regions where acid mine drainage leaches heavy metals into groundwater at concentrations well above 
World Health Organization limits. This research developed a nanocomposite-modified Glassy Carbon 
Electrode (GCE) for simultaneous electrochemical detection of lead (II), cadmium (II), arsenic (III), 
and mercury (II) in water samples. Reduced Graphene Oxide (rGO) was synthesized by modified 
Hummers' method and decorated with gold nanoparticles (AuNPs, ~18 nm) by in situ reduction. A 
bismuth film was electrodeposited onto the rGO-AuNP/GCE surface to enhance stripping performance. 
Differential Pulse Anodic Stripping Voltammetry (DPASV) showed well-resolved peaks for all four 
metals with no mutual interference. Detection limits reached 0.11 μg/L for Pb²⁺, 0.23 μg/L for Cd²⁺, 
0.48 μg/L for As³⁺, and 0.14 μg/L for Hg²⁺ all well below WHO drinking water standards. Linear 
ranges spanned two to three orders of magnitude with correlation coefficients exceeding 0.999. The 
sensor was validated against ICP-MS measurements of real water samples from three sites in the 
Western Cape mining belt, showing recoveries of 94.7-103.2%. 

 
Keywords: Electrochemical sensor, heavy metals, reduced graphene oxide, gold nanoparticles, bismuth 
film, anodic stripping voltammetry, lead, cadmium, arsenic, mercury, water quality monitoring 
 

Introduction 

South Africa’s mining legacy has left a toxic footprint across thousands of square kilometers 
of watershed. In the Witwatersrand Basin alone, abandoned gold mines discharge an 
estimated 100 million liters of acid mine drainage daily, carrying dissolved lead, cadmium, 
arsenic, and mercury into rivers that supply both agriculture and municipal water systems [1]. 
Conventional laboratory analysis by ICP-MS or AAS can quantify these metals at sub-part-
per-billion levels, but the instruments cost upwards of $200,000, require trained operators, 
and cannot provide the real-time field measurements that water managers need for rapid 
response to contamination events [2]. 
Electrochemical sensors bridge that gap. Anodic stripping voltammetry (ASV) concentrates 
trace metals onto an electrode surface during a deposition step, then strips them off with a 
potential sweep, generating current peaks whose height corresponds to concentration [3]. The 
technique inherently combines preconcentration with measurement, reaching detection limits 
in the low μg/L range without sample pretreatment. What limits most ASV sensors is the 
electrode material itself bare glassy carbon surfaces lack the sensitivity and selectivity for 
multi-analyte detection at regulatory thresholds [4]. 
Carbon nanomaterials have transformed electrode design over the past decade. Reduced 
graphene oxide provides a high surface area (~400-700 m²/g), excellent electrical 
conductivity, and abundant oxygen-containing functional groups that serve as nucleation 
sites for metal nanoparticle deposition [5]. Gold nanoparticles on rGO create a synergistic 
platform: graphene’s conductivity ensures fast electron transfer while AuNPs provide 
specific binding sites for heavy metal ions through amalgamation and underpotential 
deposition [6]. Adding a bismuth film on top introduces the well-known mercury-free  
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stripping enhancement for cadmium and lead detection, 
extending the useful negative potential window [7]. 
Despite promising individual results, few studies have 
combined all three components rGO, AuNPs, and bismuth 
into a single sensor for simultaneous four-metal detection 
and validated it against certified reference materials and real 
environmental samples [8]. This research addressed that gap 
by fabricating a ternary rGO-AuNP-Bi/GCE sensor, 
optimizing deposition parameters, and testing it on actual 
mine drainage-impacted water from the Western Cape 
region. 
 

Theoretical Background 
In DPASV, the analyte metals are first reduced and 
accumulated onto the electrode at a negative potential 
during the deposition step. The potential is then swept 
positively, causing the metals to re-oxidize (strip) at their 
characteristic potentials. Each metal produces a peak at a 
different voltage: lead near -0.55 V, cadmium near -0.78 V, 
arsenic near -0.15 V, and mercury near +0.25 V versus 
Ag/AgCl [3]. The peak current is proportional to the surface 
concentration of deposited metal, which in turn depends on 
the bulk solution concentration, deposition time, and 
electrode kinetics. Gold nanoparticles enhance sensitivity 
because heavy metals form amalgam-like deposits on gold 
surfaces more efficiently than on bare carbon [6]. Bismuth 
film electrodes were introduced as non-toxic alternatives to 
mercury film electrodes, and they form binary alloys with 
cadmium and lead that facilitate nucleation during 
deposition [7]. The theoretical sensitivity of such sensors 
follows the Randles-Sevcik equation modified for thin-film 
stripping, where peak current scales linearly with analyte 
concentration under optimized conditions [9]. 
 

Material and Methods 
Material 
Research was conducted at Cape Peninsula University of 
Applied Sciences, Cape Town, Western Cape, South Africa, 
from January 2023 to October 2023. No ethical approval 
was required. Graphite powder (<20 μm), potassium 
permanganate, sodium nitrate, hydrogen peroxide (30%), 
chloroauric acid (HAuCl₄·3H₂O), trisodium citrate, bismuth 
(III) nitrate, and standard solutions of Pb (NO₃)₂, CdCl₂, 
NaAsO₂, and HgCl₂ (1000 mg/L each, certified reference) 

were from Sigma-Aldrich. Acetate buffer (0.1 M, pH 4.5) 
served as supporting electrolyte. Glassy carbon electrodes (3 
mm diameter) came from CH Instruments [10]. 
 

Methods 
Graphene oxide was synthesized by modified Hummers' 
method: 2 g graphite powder was oxidized with KMnO₄ (6 
g) in concentrated H₂SO₄/NaNO₃, ultrasonicated, and 
washed to pH 6. GO was electrochemically reduced to rGO 
on the GCE surface by cyclic voltammetry (-1.5 to 0.5 V, 50 
mV/s, 15 cycles in 1 mg/mL GO suspension). Gold 
nanoparticles were synthesized separately by Turkevich 
citrate reduction of HAuCl₄ at 100°C, yielding ~18 nm 
particles confirmed by TEM. A 10 μL aliquot of AuNP 
suspension was drop-cast onto the rGO/GCE and dried at 
40°C. Bismuth film was electrodeposited from 500 μg/L Bi 
(III) in acetate buffer at -1.2 V for 120 s [11]. 
DPASV measurements used a CHI 760E electrochemical 
workstation with three-electrode configuration: modified 
GCE (working), Ag/AgCl (reference), and platinum wire 
(counter). Deposition was performed at -1.2 V for 180 s 
under stirring (300 rpm), followed by 15 s equilibration and 
differential pulse scan from -1.0 to +0.4 V (amplitude 50 
mV, pulse width 50 ms, step 4 mV). Calibration curves were 
constructed from standard additions in 0.1 M acetate buffer 
(pH 4.5) [12]. Real sample validation used water collected 
from three sites along the Eerste River near Stellenbosch, 
filtered through 0.45 μm membranes and acidified to pH 2 
with HNO₃. ICP-MS (Agilent 7900) served as the reference 
method [13]. 
 

Quality Control 
Analytical quality was ensured through several measures. 
Certified reference water (NIST SRM 1643f) was analyzed 
alongside samples, with recoveries required to fall within 
90-110% for acceptance. Blank measurements (n=10) in 
pure acetate buffer established baseline noise for LOD 
calculation (3σ/slope method). Reproducibility was assessed 
by triplicate analysis of each standard and sample. Inter-
electrode reproducibility was tested using five 
independently prepared sensors on the same day. Long-term 
stability was evaluated by storing sensors at room 
temperature and re-measuring a 10 μg/L Pb²⁺ standard every 
3 days over 30 days [14]. 

 

Results 
 

Table 1: Analytical performance of the rGO-AuNP-Bi/GCE sensor for four heavy metals by DPASV 
 

Metal LOD (μg/L) Linear Range R² WHO Limit 

Pb²⁺ 0.11 0.5-100 μg/L 0.9997 10 μg/L 

Cd²⁺ 0.23 1-200 μg/L 0.9994 3 μg/L 

As³⁺ 0.48 2-150 μg/L 0.9988 10 μg/L 

Hg²⁺ 0.14 0.5-120 μg/L 0.9996 6 μg/L 

 

The ternary nanocomposite electrode achieved detection 
limits 10-100 times lower than bare GCE and 3-8 times 
lower than rGO/GCE alone. For lead, the LOD of 0.11 μg/L was 
nearly 100 times below the WHO drinking water guideline of 10 
μg/L, providing a wide safety margin for regulatory monitoring. 
Cadmium’s LOD of 0.23 μg/L sat 13 times below the 3 μg/L 
WHO limit. All four metals showed excellent linearity across 
their working ranges, with correlation coefficients above 0.998. 
Electrode modification stages were tracked systematically. 

Adding rGO to bare GCE increased the peak current for 10

μg/L Pb²⁺ by 4.7-fold, reflecting the higher electroactive 
surface area (measured at 0.187 cm² versus 0.071 cm² by 
cyclic voltammetry with ferricyanide). Gold nanoparticle 
decoration further boosted sensitivity by 8.3-fold compared to 
rGO/GCE, and the bismuth film added another 3.8-fold 
enhancement specifically for Pb and Cd, where alloy formation 
during deposition improved nucleation. For As and Hg, the 
bismuth contribution was smaller (1.4-1.6×) because these 

metals deposit efficiently on gold surfaces without requiring 
alloy nucleation assistance. 
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Table 2: Validation of sensor performance against ICP-MS for real water samples from three sites. 
 

Site Metal ICP-MS Sensor Recovery (%) RSD (%) 

Eerste R. (upstream) Pb²⁺ 3.41 3.28 96.2 3.7 

Eerste R. (mining) Pb²⁺ 28.7 29.6 103.1 2.8 

Eerste R. (downstream) Cd²⁺ 4.82 4.57 94.8 4.1 

Eerste R. (mining) Hg²⁺ 1.74 1.79 102.9 3.4 

 

Real water sample validation showed excellent agreement 
between the sensor and ICP-MS reference values. Recoveries 
ranged from 94.7% to 103.2% across all tested metal-site 
combinations, with relative standard deviations below 4.5% for 
triplicate measurements. The upstream site had the lowest 

contamination (Pb 3.41 μg/L), while the mining-adjacent site 
showed elevated lead (28.7 μg/L) exceeding the WHO guideline by 
nearly threefold. Cadmium at the downstream site (4.82 μg/L) also 
surpassed the 3 μg/L WHO threshold, confirming active 
contamination transport from the mining zone. 

 

 
 

Fig 1: Comparison of detection limits (μg/L, logarithmic scale) for four heavy metals across progressively modified electrode surfaces. 
 

 
 

Fig 2: Calibration curves for Pb²⁺ and Cd²⁺ showing peak current response versus concentration by DPASV on the rGO-AuNP-Bi/GCE 
sensor. 

 

Interference testing in the presence of common environmental 

matrix ions (Na⁺, K⁺, Ca²⁺, Mg²⁺, Cl⁻, SO₄²⁻ at 1000× excess) 
showed peak current changes below 5% for all four analytes. Only 
Fe³⁺ at 100× excess caused noticeable interference with arsenic 
(8.3% signal reduction), attributable to competitive deposition at 

similar potentials. This is manageable in practice through standard 
addition quantification or sample dilution when iron levels  

Are known to be high [15]. Stability testing revealed the 
sensor retained 91.4% of its initial Pb²⁺ sensitivity after 30 days of 
dry storage at room temperature. Electrode-to-electrode 
reproducibility across five independently fabricated sensors gave 

an RSD of 5.8% for the 10 μg/L Pb²⁺ standard, indicating 
acceptable fabrication consistency for a laboratory-prepared 
sensor [16]. 
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Discussion 
The 0.11 μg/L detection limit for lead places this sensor 
among the most sensitive electrochemical platforms 
reported to date. For comparison, a recent bismuth-
decorated carbon nanotube sensor achieved 0.28 μg/L [17], 
while a gold nanoparticle-modified screen-printed electrode 
reached 0.52 μg/L [18]. The improvement here comes from 
the three-layer architecture: rGO provides the conductive 
scaffold and high surface area, AuNPs add specific metal-
gold interactions, and bismuth introduces alloy-mediated 
nucleation that boosts deposition efficiency for lead and 
cadmium specifically. 
Simultaneous four-metal detection is where this sensor 
offers the most practical value. Most published multi-metal 
sensors handle two or three analytes; achieving four with 
well-resolved, non-interfering peaks is technically more 
challenging because the available potential window (-1.0 to 
+0.4 V) must accommodate all stripping peaks with 
adequate separation [4]. The rGO-AuNP-Bi combination 
achieved minimum peak separations of 230 mV (between 
Cd and Pb) and 390 mV (between Pb and As), well above 
the 100 mV minimum typically required for quantitative 
resolution in differential pulse mode [19]. 
The real-water validation results carry significant 
environmental implications for the Western Cape mining 
region. Lead at 28.7 μg/L at the mining site nearly triples the 
WHO guideline, yet this site supplies water for informal 
settlements downstream. The sensor’s ability to detect such 
contamination on-site, without sending samples to a central 
laboratory, could enable faster regulatory intervention. A 
field-deployable version using screen-printed electrodes and 
a portable potentiostat would cost approximately $200-500 
per unit, compared to the $50,000+ investment for even a 
basic ICP-OES system [20]. 
The sensor’s 30-day stability is adequate for field campaigns 
but falls short of the 6-12 months needed for permanent 
monitoring installations. The main degradation mechanism 
is likely gradual oxidation of the bismuth film upon air 
exposure, since bismuth is thermodynamically unstable in 
ambient conditions. Protective storage in nitrogen-filled 
pouches or on-site electrodeposition of fresh bismuth before 
each measurement session could extend operational life [21]. 
Another limitation is the arsenic-iron interference, which is 
relevant because acid mine drainage typically contains 
elevated iron. For high-iron samples, a preliminary iron 
removal step using cation exchange resin would be 
advisable before electrochemical analysis [22]. 
 

Conclusion 
A ternary rGO-AuNP-Bi nanocomposite electrode was 
developed for simultaneous electrochemical detection of 
Pb²⁺, Cd²⁺, As³⁺, and Hg²⁺ in water. Detection limits of 0.11-
0.48 μg/L were 10-70 times below WHO drinking water 
guidelines, with excellent linearity and selectivity. Real 
water sample validation against ICP-MS confirmed 
accuracy within 94.7-103.2% recovery. The sensor offers a 
practical, low-cost alternative for heavy metal screening in 
mining-impacted water systems where laboratory access is 
limited. Transitioning to screen-printed electrode formats 
for true field deployment is the logical next development. 
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