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Abstract 

A Green and efficient electrochemical sensor for simultaneous detection of cadmium (Cd) and 

lead (Pb) heavy metal ions is proposed in this work. For this aim, biomass-derived porous carbon 

(BPC) along with zero-valent iron nanoparticles (nZVI) have been used to modify glassy carbon 

electrodes (GCE). The carbon substrate herein was obtained from abundant marine biomass, 

Posidonia oceanica. The nZVI particles were in-situ reduced on BPC by combining the 

conventional liquid-phase reduction method of ferric chloride with the impregnating process. 

The physico-chemical and electroanalytical investigations were established by X-ray diffraction 

(XRD), Fourier-transform infrared (FT-IR), Raman, X-ray photoelectron (XPS), transmission 

electron microscopy (TEM), nitrogen adsorption/desorption isotherm, cyclic voltammetry (CV), 

and electrochemical impedance (EIS), all suggesting that the nZVI particles were successfully 

anchored and uniformly dispersed on the carbon substrate, and the synergistic effect between 

the BPC and nZVI properties uplifts the electrocatalytic ability of the modified electrode nZVI-

BPC/GCE. The as-fabricated electrode was then assessed and evaluated for the simultaneous 

detection of Cd2+ and Pb2+ in an aqueous buffered solution containing acetate using square 

wave stripping voltammetry (SWSV). Experimental conditions and parameters such as the effect 

of electrolyte pH, deposition potential, and deposition time for sensing target ions were 

optimized. Results demonstrated that the sensing electrode exhibited a linear detection range of 

2.0–50 μg/L for both metal ions, and detection limits of 0.1926 μg/L and 0.2082 μg/L were 

recorded for the Cd2+ and Pb2+, respectively. Moreover, drinking water samples were further 

analyzed for the practical testing of the developed sensor, where it also revealed adequate 

detection performances.    

Keywords biomass-derived porous carbon (BPC), nanoscale zero-valent iron (nZVI), cadmium 

(Cd2+), lead (Pb2+), modified electrode, electrochemical sensor 
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1. Introduction 

Certain kinds of water contaminants, such as harmful algal blooms, oil slicks, and plastics that 

affect watersheds and aquifers, are often in sight. However, other pollutants are not so readily 

apparent, they dissolve easily, which makes their effects potentially more dangerous. Among 

them, heavy metals presented the greatest threat for the environment1-3. Draining into water 

sources from mining and smelting operations, industrial production sites, or from natural 

atmospheric deposition, these elements can reach taps worldwide. Heavy metals not only are 

unable to biodegrade but also tend to accumulate in body organs and tissues, which thereby 

represents a serious danger to human health according to the World Health Organization 

(WHO)4,5, even in trace levels. Lead (Pb) and cadmium (Cd) are examples of toxicant metals, 

originating from industrial emissions, that showed a worrying increase through the aquatic 

biosphere, and which have been recognized as potential hazards to human safety6-8. Lead is 

typically used in petroleum refining (over 50% of emissions)5, it is a potent neurotoxin and 

suspected carcinogen that can cause harm to the brain, red blood cells, lung disease, and kidney 

problems9,10. WHO established that the limit of Pb in drinking water is 10 ppb9,11. On the other 

hand, cadmium is widely recognized as one of the most toxic and harmful heavy metals, which 

originates from electroplating industries2. It is harmful to the kidneys, bones, and respiratory 

system, and is suspected of being a carcinogenic and an endocrine disruptor2. Trace levels of 

cadmium can substantially magnify the carcinogenic potency by inhibiting the ability to change 

the genetic material (DNA)12. The permitted concentration level of Cd in drinking water set by 

WHO is about 3 ppb13,14. 

Therefore, developing simple and reliable methods for the safe detection and careful monitoring 

of these toxic metal ions in water is of paramount importance. For now, the accurate and robust 

measurement options of Cd2+ and Pb2+ invokes the deployment of expensive pieces of 

equipment and facilities, including atomic-absorption and atomic-emission spectrophotometry, 

mass spectrometry, inductively-coupled-plasma mass spectrometry, X-ray fluorescence 

spectrometry, and high-performance liquid chromatography, etc9,15-17. Although these methods 

are characterized with high sensitivity, specificity, and high resolution, they are time-consuming, 

bulky instrumentation, exhibit high operational cost, and can be performed only in accredited 

laboratories. Thus, the focus on developing portable, accurate, fast, user-friendly, and low-cost 

devices is required for point-of-care detection. Recently, electrochemical sensors have gained 

increasing attention for detecting metal ions into a water source owing to their simpler 

approach, low cost, fast response, compatibility for miniaturization, and ease of assembly and 

adaptability to be integrated into portable devices18,19. They may, however, present great 

advantages in detecting the target analytes in complex systems with low limits of detection 

(LOD) and high sensitivity20. Particularly, stripping voltammetry is a competent electroanalytical 

technique that consists in enabling many chemical reaction processes to provide 

electrochemical signals of target probe binding in real-time and offers the possibility of 



analyzing several trace metal ions simultaneously with ultrahigh sensitivity and excellent 

selectivity.  

However, the electrochemical response of a such target analyte depends on the nature of the 

transducer surface that constitutes the detection platform. Along this line, glassy carbon-based-

electrode (GCE) transducers are widely used in sensing research of trace metal ions analysis due 

to their high conductivity, good biocompatibility, wide potential range, and easy chemical 

surface modification15,21, which give the sensor an outstanding sensitivity and selectivity. 

Previously, many works have initiated the electrode-surface modification to improve the surface-

area-to-volume ratio and boost the rate of electron transfer and hence enhance the sensitivity, 

selectivity, reproducibility, and stability of the electrode6,15,21-25.  

Aiming at developing high-performance electrode materials and providing more sensitive 

electroanalysis, nanoscale zero-valent iron (nZVI) structures are the focal point of this work. nZVI 

is a core-shell structure (Scheme 1), which is very often explored for adsorption and uptake of 

toxic metal ions, due to its unique properties of the surface 

layer such as the high reducing ability and the high surface 

activity5,26,27. The surface layer of nZVI consists of negatively 

charged iron oxides and iron hydroxides layer, which provides 

the structure high-density sites for the detection of metal ions 

likely through correlated mechanisms including adsorption 

(via complexation) and electron transport process, while the 

metallic iron core act as an electron donor that promotes the 

rapid reduction and enrichment of the heavy metal ion5,28. 

Indeed, the reduction of NZVI-based materials for the heavy 

metals involves two distinct pathways:27 (i) direct reduction of 

heavy metal by Fe0 core; (ii) primary adsorption of the heavy metal on the shell and then a 

gradual reduction in the adsorbed metal by the Fe0 core. 

However, despite the prominent properties of nZVI, two major challenges limit its optimum 

performance and efficiency:29 (i) oxidation and (ii) strong propensity for aggregation. To 

overcome these issues, loading and embedding nZVI particles on the surface of a template 

would extend their lifetime and effectively suppress their aggregation and oxidation. For this, 

biomass-derived porous carbon (BPC) is considered to be an ideal stabilizer and suitable 

material for dispersing nano iron particles due to its wide abundance and ecological role, as well 

as its structural, chemical, and thermal stability8,24,30-33. Earlier research conducted by Chen et 

al.,34 and Song et al.,35 have shown that the carbon network could increase the reactivity of the 

iron particles through the Fe/C cross-link and thus increase the detection efficiency of heavy 

metal ions. In addition to the above, the BPC material exhibits a large surface area and relatively 

good electrical conductivity which are considered as paramount properties for the electrode 

modifiers in sensing applications8,24. Benefiting from the synergy between the hierarchically 

Scheme 1. The schematic 

core-shell structure of nZVI. 

 



porous framework of the BPC and the strong adsorption ability or the electrocatalytic activity of 

the nZVI particles, the nZVI-BPC nanocomposite can thus supply more active sites for electrode 

reactions, accelerate the electron transfer between the active species and electrode, and 

improve the signal-to-noise ratio, which all contribute to enhancing the sensor’s detection limit 

against the toxic metal ions.     

Herein, we report a simple and effective synthesis way for the preparation of nZVI particles 

loaded BPC (Scheme 2). Posidonia oceanica marine biomass was employed as a carbon source to 

prepare the porous carbon materials (BPC) following the thermal carbonization process, then 

nZVI particles were randomly and uniformly embedded into the carbon network by combining 

the impregnation-reduction method of ferrous ions by NaBH4. The physico-chemical features of 

the nZVI-BPC nanocomposite were investigated by X-ray diffraction (XRD), Fourier-transform 

infrared (FT-IR), Raman, and X-ray photoelectron (XPS) spectroscopies, transmission electron 

microscopy (TEM), and nitrogen adsorption/desorption isotherm. Next, the so prepared 

nanocomposite was used to modify GCE via the drop-casting technique, characterized by cyclic 

voltammetry (CV) and electrochemical impedance spectroscopy (EIS), and subsequently utilized 

towards the detection of Cd2+ and Pb2+ ions in pH 5.0 acetate buffer solution using the square 

wave stripping voltammetry (SWSV) method. It is shown that the nZVI-BPC/GCE exhibits 

excellent sensitivity, high reproducibility, and good stability, and should be highly praised as a 

practical and cost-effective heavy metal sensor for monitoring drinking water quality. As far as 

we know, there is no report to date describing the electrochemical detection of heavy metal ions 

by using a such composite precursor.   

Scheme 2. Schematic representation of the step-wise fabrication of the Cd2+ and Pb2+ heavy-

metal-sensor. 

 



2. Experimental section 

2.1. Materials and equipement 

The tools used in this work are as follows: a Sartorius BCE224-1S electronic balance, Memmert 

vacuum drying oven, Nabertherm RT331CAN furnace, DU-45 ultrasonic bath sonicator, pyrex 

beakers, neck flask reactor, eppendorf pipette, rotating glassy carbon electrode, Razel syringe-

pump system, αlpha-pH1000 Eutech Instruments, GFL distillers 2104, Velp Scientifica magnetic 

stirrer, and Rod mechanical stirrer were used in the study. 

2.2. Chemicals and reagents 

The main chemicals and reagents were as follows: iron(III) chloride (FeCl3, MW: 162.20, 97%), 

sodium borohydride (NaBH4, MW: 37.83,  ≥98%), lead(II) nitrate (Pb(NO3)2, MW: 331.21, ≥99%), 

cadmium(II) nitrate tetrahydrate (Cd(NO3)2·4H2O, MW: 308.48, 98%), potassium ferrocyanide(II) 

trihydrate (K4Fe(CN)6·3H2O, MW: 422.39, 98.5-102.0%), potassium hexacyanoferrate(III) 

(K3Fe(CN)6, MW: 329.24, ≥99%), potassium hydroxide (KOH, MW: 56.11, ≥85%), hydrochloric acid 

(HCl, MW: 36.46, 37%), ethanol (CH3CH2OH, MW: 46.07, 96.0-97.2%) were analytically pure 

grades, purchased from Sigma-Aldrich and used directly without any further purification. The 

supporting electrolyte solution used in all experiments was 0.1 M acetate buffer (ABS, pH 5.0). 

All solutions were prepared by using distilled water. 

2.3. Synthesis of nZVI-BPC nanocomposite 

For the preparation of the carbon materials, P. oceanica biomass waste was collected from a 

local beach in the province of Bizerte (Mediterranean coast to northern Tunisia). Typically, the 

biomass was firstly washed using distilled water with ultrasonic-assisted treatment to remove 

sand grains and undesirable impurities. Subsequently, the obtained grass was sun-dried for 2 

days, mixed, ground, and sieved to yield the finest and homogenous powders, and then soaked 

in KOH solution while stirring under nitrogen flow for about 24 h. Consequently, the activated 

powdered material was systematically dried at 100° C for 24 h and then undergoes a 

carbonization process at 700° C with a heating rate of 5° C for 3 h in an N2 flow tubular furnace, 

followed by washing cycles with a dilute HCl (1 M) and distilled water until neutral and dried in 

vacuum at 100° C overnight. The final product so obtained was denoted as BPC.  

Later, nZVI particles were in-situ synthesized onto the BPC substrate following the known liquid-

phase reduction method (Eq. 1) and the impregnation process36. In brief, 4.84 g of ferrous 

chloride was dissolved in a 100 mL liquid form consisting of a mixture of 70% (v) distilled water 

and 30% (v) ethanol with thorough stirring for 1 h at 60° C on a mechanical stirrer, under N2 

atmosphere. The obtained solution was then followed by impregnation of 0.5 g BPC for another 

60 min in an ultrasonic bath. Next, 50 mL of NaBH4 solution (1 M) was added dropwise under 

vigorous stirring into the ferrous solution at a flow rate of 0.12 mL/min using the Razel syringe-



pump system. Once the sodium borohydride (NaBH4) addition was completed, the mixture was 

further stirred for another 30 min while being maintained under a constant N2 flow and the 

resulting product was then collected by centrifugation, washed thoroughly with distilled water 

and ethanol, and finally dried at 60° C overnight. The final solid sample was stored in a vacuum 

desiccator and labeled as nZVI-BPC.   

4Fe3+ + 3BH4
- + 9H2O                    4Fe0 + 3H2BO3

- + 6H2 + 12H+ Eq. (1) 

 2.4. Physico-chemical characterizations 

The crystalline structure and phase purity of samples were investigated using X-ray 

diffractometry (XRD). XRD patterns were acquired in ambient air on a Bruker AXS D8 Advance 

with CuKα radiation source (λ = 1.5406 Å). The instrument operates at 40 kV and 30 mA, with 

continuous scanning from 3.5 to 60°, in the step of 0.02° and 57,70 s counting time per step. The 

chemical groups were examined by Fourier transform infrared spectrophotometer (FTIR, Nicolet 

200). Scans were collected in transmittance mode in the scanning range of 4000-500 cm-1 with a 

resolution of 1 cm-1 at room temperature and the samples were ground and mixed thoroughly 

with KBr. Raman analysis was carried out on a Laser Raman spectrophotometer (Renishaw InVia 

Reflex RM3000), operating at room temperature with an emission wavelength of 532.0 nm in 

backscattering geometry. The morphology of the samples was visualized by transmission 

electron microscopy (TEM). TEM graphs were taken using a Tecnai G2 FEI microscope, operating 

at an accelerating voltage of 200 kV. The textural information, including the specific surface area, 

total pore volume, and mean pore size, were analyzed by nitrogen adsorption/desorption 

measurements at 77 K, carried out with ASAP 2020 Plus Physisorption Analyzer from 

Micromeritics Instrument Corporation. The surface composition and chemical state were 

analyzed using X-ray photoelectron spectroscopy (XPS, VG Escalab220iXL instrument) equipped 

with an Mg polychromatic radiation (MgKα = 1253.6 eV) as the excitation source.  

2.5. Preparation of nZVI-BPC/GCE 

Before preparing the modified electrode, a pre-treatment step was initially applied to the GCE to 

remove surface dirt and impurity and also to improve its kinetics to achieve accurate and 

reproducible measurement results. It consists of ultrasonically cleaning the GCE with ethanol 

and distilled water for at least 20 min and polishing it by using sandpaper and 0.5 nm alumina 

slurry37. The polished GCE was then rinsed with ethanol and placed in distilled water for 5 min 

and finally dried at ambient temperature. Next, 5 mg of nZVI-BPC nanocomposite was dispersed 

in 1 mL of aqueous ethanol 70% (v/v), treated in a sonicator for 1 h, and later, 5 μL of the 

dispersion was withdrawn and dripped onto the surface of the smooth and polished GCE, 

followed by drying at 60° C for 1h.   

2.6. Electroanalytical measurements 



All the electrochemical measurements in this work were conducted on an electrochemical 

analyzer (Autolab PGSTAT302N) workstation driven by Nova software, using a conventional 

three-electrode cell. A bare GCE (Ø 3 mm) or modified GCE serves as a working electrode; 

platinum (Pt, Ø 0.5 mm) wire as an auxiliary electrode, and saturated calomel electrode (SCE) as 

a reference electrode. The electrocatalytic activity of the modified electrode was examined 

through cyclic voltammetry (CV) and electrochemical impedance spectroscopy (EIS) in 10 mM of 

[Fe(CN)6]3-/4- redox couple as a probe solution. CV curves were recorded from -600 mV to 600 

mV at the following scan rates 50, 100, 150, 200, 250, 300 mV/s and EIS Nyquist plots were 

performed in the frequency range from 100 mHz to 100 kHz with a 10 mV ac input and riding dc 

potential of 200 mV. The analytical performances of the modified electrode towards Cd2+ and 

Pb2+ detection were evaluated using square wave voltammetry (SWSV) in stripping mode, in 0.1 

M acetate buffer solution (ABS, pH 5.0) in the potential range from -1.0 V to -0.4 V. The SWSV 

measurements were performed as follows: step potential of 5 mV, frequency of 25 Hz and 

amplitude of 20 mV. The experimental conditions such as the effect of pH, deposition potential, 

and deposition time for sensing target ions were also explored and optimized. Before each run 

of the experiment, a desorption scan of 0.3 V for 60 s was applied to the modified electrode in a 

blank solution to eliminate the residual metal ions from the previous measurement under 

stirring conditions. 

3. Results and discussion 

3.1. Sample characterizations 

The crystalline structures of BPC and nZVI-BPC were investigated using XRD analysis (Figure 1A). 

As shown in Figure 1A, two broad diffraction peaks are observed at 2θ values of approximately 

23.2° and 40.7° in the XRD pattern of BPC, which can be indexed to the (002) and (100) 

diffraction planes of the carbon atoms layers arranged in a hexagonal lattice6. The wide peak at 

around 40.7° indicates a higher degree of graphitization in the carbon structure after the KOH 

etching. While upon incorporating nZVI onto the BPC substrate, two additional peaks have 

appeared at a 2θ angle of 31.9° and 46.2° correspond to the (311) and (110) indexed planes of 

nZVI, respectively. The one at 46.2° is typical of pure α-Fe0 crystal36. However, the diffraction 

peak at 31.9° is attributed to the iron oxides (Fe2O3/Fe3O4), produced from the decomposition of 

ferric chloride. Hence, the XRD analysis demonstrates that nZVI has a specific core-shell 

structure with a metallic core of zero-valent iron surrounded by a passivated thin shell of iron 

oxides. Moreover, the d-spacing (d002) of the BPC crystallites decreased from 0.374 to 0.352 nm, 

which demonstrates the successful incorporation and homogenous growth of nZVI particles 

onto the BPC substrate. Further analysis by using the Sherrer calculator in the X'Pert HighScore 

Plus software based on the (110) reflection peak revealed an average crystallite size of 5 nm for 

the Fe0 particles, confirming the nanoscale properties of nZVI particles.         



The path through which nZVI particles were embedded onto the BPC substrate was also studied 

by FT-IR spectroscopy in the scanning range between 500 and 4000 cm-1. Figure 1B shows the 

FT-IR spectra of BPC and nZVI-BPC samples. As shown in Figure 1B, the BPC support exhibited 

characteristic absorption peaks of activated porous carbon appeared at 3431, 2920, 1629, 1507, 

1387, and 1098 cm-1 38. The wide peak observed at 3431 cm-1 can be assigned to the O–H 

stretching bond vibration of hydroxyl groups deduced from both KOH etching and absorbed 

water, while that of 2920 cm-1 is assigned to the C–H stretching bond vibration. The bond at 

1629 cm-1 is due to the stretching vibration of carbonyl groups (C=O) and the bond around 1507 

cm-1 may be attributed to the skeletal vibration of C=C in aromatic rings. The absorption peak 

occurred at 1387 cm-1 suggests the presence of aliphatics and the band that appeared at 1098 

cm-1 is probably resulting from C–O stretching vibrations. Meanwhile, BPC-nZVI revealed three 

additional peaks centering at around 613, 1019, and 2360 cm-1, which could correspond to the 

Fe–O stretch associated with the iron oxides (Fe2O3/Fe3O4) shell surrounding the Fe0 core. On the 

other hand, the O–H bond of the hydroxyl groups has shifted from 3431 to 3398 cm-1 and 

broadened, suggesting therefore that the nZVI particles are successfully loaded onto the BPC 

surface.      

 

 

 

 

 

 

 

 

 

 

 

Figure 1. (A) XRD pattern, (B) FT-IR spectra, (C) Raman spectra, and (D) XPS spectra of BPC 

template and nZVI-BPC nanocomposite. 
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The outcomes described above are consistent with the analysis in conjunction with Raman 

spectroscopy. In fact, the Raman analysis of BPC and nZVI-BPC samples revealed the presence of 

two noticeable peaks centering at 1355 (D-band) and 1609 (G-band) cm-1 (Figure 1C), which 

may be attributed to the defects in the disordered carbon structure and the sp2 graphitized 

carbons, respectively39. Both of the bands suggest an ideal graphitic structure, which would 

enhance the electrochemical performance in the sensing application. Accordingly, the D to G 

band intensity ratio (ID/IG) provides a piece of information on the crystalline structure of the 

graphitic carbon and usually allows access to the graphitization degree of carbon materials40. In 

the case of the BPC sample, the ID/IG ratio was about 0.98, however, this ratio was negligibly 

changed for the nZVI-BPC (1.02) compared to the BPC, indicating that the carbon lattice still 

retains a perfect graphitic structure even after embedding nZVI particles. Furthermore, three 

Raman bands were also observed in the nZVI-BPC spectrum at around 260, 398, and 676 cm-1 33, 

which are expected to be ascribed to the Fe–O stretching vibration.  

The chemical states analysis of the BPC and nZVI-BPC were investigated by XPS measurements 

(Figure 1D). As observed in Figure 1D, the XPS analysis spectra demonstrate the presence of C 

and O elements on the BPC surface and C, O, and Fe on the composite surface. The BPC 

template exhibited two peaks that appeared at 284.6 and 533.3 eV, which are directly related to 

the binding energies of C1s and O1s, respectively. While the nZVI-BPC spectrum exhibited an 

additional peak at 710.6 eV, attributed to the binding energy of Fe2p, which confirms that the 

FeCl2 was composed into Fe0 nanoparticles, and irons with surrounded oxidized shells were 

anchored onto the BPC support. Besides, the peak intensity of C1s is reduced after loading nZVI 

onto the BPC surface, which might be explained by the homogenous dispersion of nZVI particles 

onto the carbon precursor. Contrary to C1s, the peak intensity of O1s is increased upon 

anchoring the iron particles, which may be related to the unavoidable adsorbed oxygen species 

and/or the slight oxidation of the Fe0 core. This is beneficial in providing and exposing more 

active sites and is responsible for the enhancement in the electrocatalytic ability. Overall, all 

those peaks and changes are in good correspondence and identical to the results obtained in 

the previous reports33,35. 

TEM was also employed for the inspection of morphology and microstructure of the as-

prepared BPC and nZVI-BPC materials (Figure 2). Figure 2A provides details on the BPC 

structure. The irregular and layered microstructure can be observed at the edge of a fracture 

referred to as "feathered edge", resulting from the random stacking of sp2-bonded carbon 

sheets. Moreover, atom-thick carbon sheets are set with substantial quantities of dark and white 

spots between the disordered carbon layers, which suggests that abundant micropores and 

mesopores exist in the BPC lattice and these pores are expected to give enough sites, thereby 

maximizing the electroactive surface area where nZVI can be anchored. No lattice distance can 

be discerned in the graph, which further reveals the highly-disordered microstructure of the as-

synthesized porous carbon. Meanwhile, the TEM image of nZVI-BPC (Figure 2B) shows the 



presence of dark and uniformly dispersed nanospheres shape on the carbon matrix in size of 5-

20 nm that corresponds to the nZVI nanoparticles.  

 
Figure 2. TEM graphs of (A) BPC matrix and (B) nZVI-BPC nanocomposite. 

Furthermore, N2 adsorption/desorption measurements were made to investigate the surface 

porosity of BPC and nZVI-BPC, and the isotherm branch and pore size distribution plots are 

shown in Figure S1. Figure S1A shows the isotherms of the samples, both BPC matrix and nZVI-

BPC nanocomposite revealed similar profile and exhibited the emblematic type IV isotherm 

according to the IUPAC classification of isotherms. The existence of hysteresis loops extending in 

the relative P/P0 range between 0.28 and 0.97 together with the steep increase in the N2 gas 

uptake at the relatively low-pressure region (P/P0<0.05) suggests the microporous and 

mesoporous nature of the samples. Furthermore, the corresponding pore size distribution 

patterns of the BPC and nZVI-BPC nanocomposite also confirm the co-existence of both micro- 

and mesoporosities in the samples (Figure S1B). The quantitative textural parameters, including 

the specific surface area and pore analysis of the samples, are listed in Table S1. BPC matrix had 

a specific surface area of 752.58 m2/g, total pore volume of 0.091 cm3/g, and average pore size 

of 4.16 nm, providing ample site for embedding nZVI particles. Upon loading the BPC surface 

with nZVI, the surface area, pore volume, and pore size distribution decreased to 680.91 m2/g, 

0.080 cm3/g, and 3.51 nm, respectively. This decrease in the textural parameters of the 

nanocomposite suggests the successful integration and the improvement of the dispersibility of 

nZVI particles into the distorted and disordered graphitized carbon layers, which caused 

blockage of surface pore sites on the carbon matrix and, consequently the decrease in pore size. 

However, it is noteworthy that the porous structure of the BPC is well maintained even after the 

nZVI loading, which is beneficial for a higher mass transfer process on the electrode surface.  

3.2. Electrochemical characterization of the sensor 

To explore the sensor ability, the electrochemical properties of the stepwise modification of GCE 

were investigated using CV and EIS measurements in 10 mM [Fe(CN)6]3-/4- redox probe solution. 

The results are shown in Figure 3. Figure 3A shows the cyclic voltammograms of bare GCE, 



BPC/GCE, and nZVI-BPC/GCE performed in the potential window from -600 to 600 mV vs SCE 

with a scan rate of 50 mV/s. As indicated in Figure 3A, the graphical analysis shows a pair of 

redox peaks, which belong to the oxidation and reduction reactions of Fe2+ to Fe3+ and Fe3+ to 

Fe2+, respectively, predicting the electron transfer dynamics between the negatively-charged 

redox probe and the electrode surface. On BPC/GCE, the redox peaks increased slightly with an 

increase in the peak-to-peak potential separation owing to its enlarged conductive surface area. 

However, the peak currents were greatly enhanced on nZVI-BPC/GCE, and the peak-to-peak 

separation diminished. Therefore, the presence of nZVI-BPC on the electrode surface can 

substantially improve the electrochemical responses because of the excellent electrocatalytic 

activity of the nZVI nanoparticles. Electrochemical parameters of CV curves for GCE bare, 

BPC/GCE, and nZVI-BPC/GCE are listed in Table S2. As seen in Table S2, the maximum oxidation 

and reduction currents of nZVI-BPC/GCE are 1.30 and 0.97 mA, which are 0.34 and 0.38 mA 

higher than those of GCE, respectively, and the peak potential separation (ΔEp) is 141.09 mV 

lower than that of GCE. These results nonetheless indicate that the nZVI-BPC nanocomposite 

increased the electroactive surface area and improved the electron transfer process, which may 

offer preferred electrochemical heavy metals detection.   

Figure 3B shows the Nyquist plots of GCE bare, BPC/GCE, and nZVI-BPC/GCE recorded at a 

constant applied voltage of 200 mV. As seen, the whole plot revealed a similar trend. Semicircles 

at the high to medium frequencies region were observed, corresponding to the capacitive 

behavior of the electrode41. The measurement of the semicircle diameter in the Nyquist plots 

allows us to estimate the value of the ohmic or solution resistance (Rs) and charge transfer 

resistance (Rct). The ohmic resistance and charge transfer resistance are commonly used to 

access the electrochemical kinetics occurring at the interface between an electrode and an 

electrolyte solution. The ohmic resistance consists of contact, electrode, and solution resistance, 

and directly reflects the conductivity of the electrode. Whereas the charge transfer resistance 

arises from the interface between the electrolyte and electrode, and its value is associated with 

the probe kinetics. By fitting the data of the Nyquist plots using the simple Randles circuit 

[RS(CdlRct)] (inset of Figure 3B, where Rs and Rct represent the ohmic resistance of the electrolyte 

solution and the charge transfer resistance, respectively, while Cdl is the double layer 

capacitance), the calculated Rct and Rs values are listed in Table S2. There is a slightly decrease in 

the Rct and Rs when the GCE is coated with BPC, where Rct = 14.08 kohm.cm2 and Rs = 16.93 

ohm.cm2 for GCE, and 13.69 kohm.cm2 and 14.35 ohm.cm2 for BPC/GCE, respectively. This 

decrease in Rct and Rs occurs due to the good electrical conductivity and large surface area of 

the BPC with respect to the GCE. Upon the addition of nZVI into BPC, a further decrease in the 

Rct and Rs values was observed in the nZVI-BPC nanocomposite. The semicircle domain with Rct 

and Rs values can be estimated to be 11.75 kohm.cm2 and 5.33 ohm.cm2, respectively. This 

significant decrease in resistances indicates that the nZVI particles behaved as a good 

conductor, which accelerated the electron transfer, increased the electrical conductivity on BPC 



and thereby enhanced the electrocatalysis by the nZVI-BPC/GCE. These findings are also in line 

with those obtained by the voltammetric measurements (Figure 3B).  

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3. (A) CV curves and (B) EIS Nyquist plots of GCE bare, BPC/GCE, and nZVI-BPC/GCE; (C) 

10 CV cycles and (D) effect of CV scan rate of nZVI-BPC/GCE, in 10 mM [Fe(CN)6]3-/4- redox probe 

solution. 

To further study the electrochemical stability of nZVI-BPC/GCE, successive CV scans at the 

scanning rate of 50 mV/s within the range between -600 and 600 mV were carried out. Figure 3C 

shows the cyclic voltammetry of nZVI-BPC/GCE over 10 cycles. The cycling measurements 

exhibited diminutive or negligible deterioration from the first scan up to the tenth scan, which 

suggests that the as-fabricated sensor showed excellent stability. In addition, the effect of the 

varying scan rates was tested in the range of 50–300 mV. Figure 3D shows CV curves for nZVI-

BPC/GCE with increasing scan rates of 50, 100, 150, 200, 250, and 300 mV/s. The integrity of the 

CV curves behave similarly and show well-defined redox peaks. However, the current peaks 

show an upward trend in regular gradient slopes with rising scan rates, and there is no glaring 

shift between the potential peaks, thus indicating that the reaction on the electrode surface is an 

approximately reversible process and also invoking that the redox species adsorb onto the 

electrode surface before electron transfer42.   

3.3. Electroanalytical response for Cd2+ and Pb2+ detection  
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 3.3.1. Optimization of SWSV parameters 

To explore the sensitivity of the sensor for the simultaneous detection of Cd2+ and Pb2+, the 

stripping voltammetry technique was used to investigate the electrochemical response of the 

heavy metals. Figure 4A shows the SWSV of 50 μg/L Cd2+ and Pb2+ ions in 0.1 M ABS on GCE 

bare, BPC/GCE, and nZVI-BPC/GCE. As shown in Figure 4A, two well-separated SWV peaks are 

observed at approximately -0.77 and -0.54 V with GCE, around -0.79 and -0.52 V for BPC/GCE, 

and into -0.78 and -0.53 for nZVI-BPC/GCE, accountable to Cd2+ and Pb2+, respectively. The peak 

separation between Cd2+ and Pb2+ was broad enough to discriminate Cd2+ and Pb2+ individually 

and simultaneously. Furthermore, Figure 4A shows that BPC/GCE outperforms the GCE bare in 

terms of the stripping peak current responses, due to the hierarchically porous structure of the 

carbon substrate, which improves the chelating and adsorption capacity of metal ions, resulting 

in faster diffusion and better detection performance. However, much higher peak currents were 

obtained with the nZVI-BPC/GCE compared to those recorded with GCE bare and BPC/GCE, 

thanks to the electroreduction ability and good intrinsic conductivity of the nZVI particles, which 

results in better sensitivity. When nanoscale iron particles are exposed to water media, they 

interact with water and oxygen to form an external surface of iron (hydr)oxide hydrate, thereby 

providing sites for the adsorption of heavy metals. The reduction of metal, herein, involved two 

pathways (Scheme 3): (i) the heavy metal is first adsorbed onto the iron oxide shell of nZVI and 

then (ii) followed by its continuous reduction by the Fe0 core in the following reaction: Cd2+ or 

Pb2++Fe0(s) → Fe2++Cd0(s) or Pb0(s). Hence, the sensing improved performance is part of the 

associated synergy between the porous template of BPC and nZVI particles, where nZVI could 

serve as an excellent electron donor for the reduction of the metallic ions, offering thus an 

adequate electrocatalytic activity and an admirable electrochemical surface with more abundant 

anchor sites for the uptake of heavy metal ions.  

To get the maximum sensitivity of the nZVI-BPC/GCE for the detection of 50 μg/L Cd2+ and Pb2+ 

ions, various analytical parameters, including electrolyte pH, deposition potential, and 

deposition time were optimized sequentially in 0.1 M ABS. The obtained results are shown in 

Figure 4. Figure 4B displays the investigation results for the effect of solution pH on the 

determination of Cd2+ and Pb2+ ions over the range of 3.0–7.0. As depicted in Figure 4B, the 

peak currents were weak at pH 3.0 and then increased tremendously to reach a maximum value 

at pH 5.0. Beyond the pH value of 5.0, the current responses decreased up to pH 7.0. 

Consequently, the pH 5.0 was set as the optimal pH in the subsequent experiments. This 

phenomenon might be attributed to the influence of the pH buffer on the reactivity of the nZVI 

particles. In a lower acidic medium, the metal ions uptake is low due to the formation of iron 

complex species [Fe(H2O)6]2+ with the seemingly slow hydroxyl radical production. Meanwhile, in 

higher pH values, the detection rate declined, which can be related to the following factors: (i) 

the formation of relatively inactive ferryl ions (FeO2+), resulting in the deactivation of the 

catalyst, and (ii) the metal ions converted to metal hydroxide complexes8,43,44. Figure 4C 



illustrates the effect of the deposition potential on peak currents of Cd2+ and Pb2+ detection 

within the range from -1.6 to -1.0 V. It can be observed that the peak currents increased rapidly 

as the potential shifted from -1.6 to -1.3 V and then slowed down abruptly after having 

overtaken the potential -1.3 V. Therefore, -1.3 V was used as the suitable deposition potential 

with the highest current signal. This trend could be explained by the fact that the Cd2+ and Pb2+ 

ions were reduced upon the deposition potential raised to more negative values, however, as 

the deposition potential overcame the threshold value, the peak currents decreased due to the 

electrochemical evolution of hydrogen ions. And finally, the influence of the deposition time. 

Figure 4D exhibits the effect of the applied accumulation time on the sensitivity for Cd2+ and 

Pb2+ detection. As expected, when the accumulation or deposition time of the target metal ion 

was extended from 60 to 300 s, the peak currents greatly influenced and increased linearly until 

equilibrium was reached. Indeed, the current peaks for both metal ions have increased gradually 

up to 200 s, and beyond this time frame, they began to increase slightly until became steady. 

This steady trend is likely due to an oversaturation on the electrode surface caused by the huge 

amount of the target analytes18,45. Hence, 200 s was chosen to be the optimized deposition time 

for the following experiments. 

 

  

 

 

 

 

 

 

 

Figure 4. (A) SWSV of GCE bare, BPC/GCE, and nZVI-BPC/GCE, (B) plots of peak currents vs. pH 

solution, (C) plots of peak currents vs. deposition potential, and (D) plots of peak currents vs. 

deposition time of 50 μg/L Cd2+ and Pb2+ ions in 0.1 M ABS. 
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Scheme 3. Mechanism of Cd2+ and Pb2+ assessment at nZVI-BPC/GCE surface. 

 

3.3.2. Cd2+ and Pb2+ detection assays: calibration plots 

Under the previous optimized experimental parameters, the quantitative determination for the 

simultaneous detection of Cd2+ and Pb2+ on the developed nZVI-BPC/GCE was monitored using 

the SWSV technique at the concentration range from 50 to 2 μg/L in 0.1 M ABS (pH 5). Figure 5 

shows the sensorgrams and the corresponding calibration curves. As demonstrated in Figure 5A, 

the current response of both Cd2+ and Pb2+ decreased proportionally as decreasing 

concentrations of the target metal ions. Hence, the peak current and the concentration of the 

Cd2+ and Pb2+ ions exhibit an appropriate linear relationship. Figure 5B reveals the linear plotting 

of the peak current against the corresponding metal ion concentration. The resulting fit of the 

calibration plots showed a strong correlation with CODs of 0.9919 and 0.9912 for Cd2+ and Pb2+, 

respectively. The data supplied by the linear regression was then used to compute the 

quantitative parameters, such as limit of detection and sensitivity. Table S3 summarizes these 

parameters. As seen, the developed sensor possesses satisfactory detection limits 

(LOD=3Sd/Slope, where Sd is the standard deviation of the blank signal46) of 0.1926 μg/L for the 

Cd ion and 0.2082 μg/L for the Pb ion with sensitivity values of 0.2336 and 0.2160 μA/μg, 

respectively, which were beyond the cutoff level recommended by the WHO (3 μg/L for Cd2+ 

and 10 μg/L for Pb2+) in healthy drinking water47. These significant achievements could be 

attributed to the intrinsic porous nature, efficient adsorptivity, and improved electrocatalytic 

ability of the nZVI-BPC nanocomposite. 

  

 

 

 



 

 

 

 

 

 

Figure 5. (A) Square-wave stripping voltammograms of the nZVI-BPC/GCE and (B) the 

respective calibration plots for the simultaneous detection of Cd2+ and Pb2+ ions at various 

concentrations (2–50 μg/L) in 0.1 M ABS (pH 5). 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 6. (A,B) Square-wave stripping voltammograms of the nZVI-BPC/GCE and (B,C) the 

respective calibration plots for the individual detection of Cd2+ and Pb2+ ions at various 

concentrations (2–50 μg/L) under the influence of 20 μg/L Cd2+ and/or Pb2+ in 0.1 M ABS (pH 5). 
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To investigate whether the simultaneous presence of Cd2+ and Pb2+ influences the individual 

analysis in each, the mutual interference between Cd2+ and Pb2+ for simultaneous detection was 

also examined in the same above-mentioned experimental parameters (Figure 6). Figure 6A 

shows the SWSV signals of Cd2+ over the varying concentration range from 50 to 2 μg/L while 

keeping the Pb2+  concentration at 20 μg/L. It showed that the peak currents of Cd2+ decreased 

linearly in the range from 50 to 2 μg/L while its counterpart of Pb2+ remain undisturbed. 

Likewise, the selective analysis of Pb2+ under the influence of 20 μg/L Cd2+ was also carried out 

in the varied concentration range of 50–2 μg/L. A similar conclusion may be inferred, the current 

responses of Pb2+ decreased linearly upon decreasing its concentrations, while the peak current 

intensities of Cd2+ were practically unaffected (Figure 6B). Figure 6C and 6D present the 

corresponding calibration plots of Cd2+ and Pb2+, respectively, in the competitive system. Both 

plots showed that the peak current intensity has a linear dependence on the ion concentration 

with a correlation of determination of 0.9928 for Cd2+ and 0.9954 for Pb2+. Accordingly, the 

achieved sensitivities and detection limits data obtained from individual detection of Cd2+and 

Pb2+ ions are tabulated and compared with those extracted from binary detection, as shown in 

Table S3. They are comparable to those obtained in simultaneous analysis, indicating the high 

selectivity of the nZVI-BPC/GCE. 

3.3.3. Comparison of analytical performances with other relevant works 

In order to estimate the analytical performances of the actual sensor, formerly relevant sensors 

already published in the literature and covering the simultaneous detection of Cd2+ and Pb2+are 

compared. Table 1 enumerates the performances in terms of detection limit and linear dynamic 

range based on diverse analysis methods and electrode materials. Comparing the results 

enumerated in Table 1 shows how sensitive the designed electrode is towards the detection of 

Cd2+ and Pb2+ ions. The competitivity of this sensor is obvious; it offers superior performance in 

terms of detection limit, sensitivity, and linear working range, which make it appreciated 

precisely for this kind of test. Owing to the synergy between the carbon substrate and zero-

valent iron nanoparticles, the hierarchically porous framework provided by BPC acts as rigid 

support that provides a large number of loading sites for nZVI particles and can effectively 

inhibit their aggregation, which is beneficial to enhance the current response. Moreover, the 

strong adsorption ability and the excellent electrocatalytic activity of the nZVI ensure a highly 

active surface in electrochemical reactions and thus facilitate the reduction of Pb2+ and Cd2+ 

more easily. Therefore, this sensor may help analyze freshly water samples and sort out 

the overall and ongoing condition of the water. It is also worth noting that the proposed sensor 

is cheap and easy to fabricate. 

 

 



Table 1. Comparison performances of the present sensor with reported studies. 
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Technique Material Linear range LOD Reference 

SWASV Pencil-lead carbon 2.0–24 μg/L 
2.0–24 μg/L 

0.4 μg/L 
0.3 μg/L 

48 

SWASV Bi/ERGNO/SPE 1.0–60 μg/L 
10–80 μg/L 

0.5 μg/L 
0.8 μg/L 

49 

SWASV Bi/Nafion/PPy/MES/GCE 0.05–35 g/L 
0.1–25 g/L 

0.03 g/L 
0.04 g/L 

50 

SWASV BONPs-IL-CPE 3.0–30 μg/L 
3.0–30 μg/L 

0.15 μg/L 
0.21 μg/L 

51 

SWASV Sb-MWCNT 10–60 μg/L 
10–60 μg/L 

0.65 μg/L 
0.77 μg/L 

52 

SWASV BiNPs 1.0–100 μg/L 
1.0–100 μg/L 

0.65 μg/L 
0.81 μg/L 

53 

SWSV BiNPs/SPCE 10–100 μg/L 
10–100 μg/L 

5.0 μg/L 
2.0 μg/L 

54 

DPSV Bi/Au 10–80 μg/L 
10–80 μg/L 

0.7 μg/L 
1.2 μg/L 

55 

SWASV Ce-Z 50–500 μg/L 
50–500 μg/L 

0.07 μg/L 
0.46 μg/L 

56 

SWASV BiOCl powder in CPE 10–450 μg/L 
10–400 μg/L 

0.42 μg/L 
0.76 μg/L 

57 

DPV r-CeO2/EG/GCE 5.0–600 μg/L 
5.0–600 μg/L 

0.39 μg/L 
0.21 μg/L 

58 

SWASV CUiO-66/Bi/GCE 10–50 μg/L 
10–50 μg/L 

1.16 μg/L 
1.14 μg/L 

59 

SWASV MoS2-RGO/Nafion/GCE 2.2–112.4 μg/L 
4.1–207.2 μg/L 

0.59 μg/L 
0.13 μg/L 

60 

SWSV nZVI-BPC/GCE 2.0–50 μg/L 
2.0–50 μg/L 

0.19 μg/L 
0.20 μg/L 

Current work 

SWASV: square-wave anodic stripping voltammetry; DPSV: differential pulse stripping voltammetry; PPy: 

polypyrrole; MES: overoxidized 2-mercaptoethanesulfonate-tethered; BONPs-IL-CPE: bismuth oxide 

nanoparticles and ionic liquid modified carbon paste electrode; MWCNT: multiwalled carbon nanotubes; Z: 

zeolite; EG: expanded graphite; CUiO-66: metal-organic framework material; RGO: reduced graphene oxide; 

SPCE: screen-printed carbon electrode; ERGNO: electrochemically reduced graphene oxide film; SPE: screen-

printed electrode; CPE: carbon paste electrode. 

 

3.3.4. Sensor selectivity, reproducibility, and stability  

Selectivity of the developed sensor for simultaneous detection of Cd2+ and Pb2+ ions during 

analysis is a paramount parameter to evaluate the specificity of the nZVI-BPC/GCE for the target 

analyte. Hence, interferences arising from foreign electroactive inorganic ions (K+, Na+, Zn2+, 

Mg2+, Ca2+, Fe2+, and Cu2+) and organic compounds such as pesticides (atrazine and 

metolachlor) expected to co-exist in an aquatic environment were investigated under the same 

optimum experimental conditions, described previously. Typically, a 40-fold tolerate ratio of the 

interferent ion and 10-fold higher concentration for the interferent pesticide were spiked into 

0.1 M ABS (pH 5) containing 20 μg/L Cd2+ and Pb2+ ions. The degree of interference is expressed 

in terms of relative standard deviation (RSD) of the peak currents of Cd2+ and Pb2+ (Table S4). As 



reported in Table S4, most of the interfering species exhibit a low degree of interference with 

the deviations are below or around 5%, suggesting that no obvious influence has occurred on 

the current responses of Cd2+ and Pb2+ ions. Only atrazine and metolachlor caused a relatively 

higher deviation in the signal (slightly above 5%), which may be attributed to the high affinity of 

nZVI for chlorinated pesticides. Commonly, an active ingredient is considered as a potential 

interferent when its influence on the peak current of the target analyte reaches up to ±5% 

deviation54. Anyway, the obtained results demonstrate the high intransigence of the nZVI-

BPC/GCE to interference, which predicts outstanding measuring accuracy for the simultaneous 

detection of Cd2+ and Pb2+ ions in freshwater.   

The reproducibility and stability of the nZVI-BPC/GCE (Figure S2) have been also assessed in the 

same way as that described above. A series of 10 repetitive measurements (Figure S2A) were 

carried out at the same modified electrode for simultaneous detection of 20 μg/L Cd2+ and Pb2+ 

ions in 0.1 M ABS (pH 5). Practically, there has been no noticeable change in the current 

intensities of the metal ions as the relative's standard deviation (RSD, n =10) values are about 

1.12% for Cd2+ and 1.33% for Pb2+, respectively. The stability of nZVI-BPC/GCE was checked 

while storing the working electrode at 4° C and monitoring the variation of the peak current of 

20 μg/L of the Cd2+ and Pb2+ ions at regular intervals (every 5 days) over 1 month (Figure S2B). 

Data showed that the response signals for Cd2+ and Pb2+ detection retained more than 90% of 

its initial response with 94.43% for Cd2+ and 92.7% for Pb2+ upon 30 days. Nevertheless, these 

results confirm the ability of the proposed sensor to withstand long-term operational stability 

and excellent reproducibility. 

3.3.5. Realistic sample tests  

To access the practical application of the developed sensor in routine analysis, the nZVI-

BPC/GCE was run to detect simultaneously Cd2+ and Pb2+ in a drinking tap water sample. In 

short, Cd2+ and Pb2+ at concentrations of 10, 5.0, and 2 μg/L were spiked into drinking water 

samples, respectively, and analyzed using the stripping SWSV method under the same 

conditions. Accordingly, results deducted from sensorgrams are depicted in Table S5 taking into 

account the recovery percentage for the spiked concentration. As shown in Table S5, the 

recovery rates were ranging between 96% and 104 % with RSD values between 2.98% and 

5.76%, suggesting the high potential of the nZVI-BPC/GCE for accurate and reliable 

determination of Cd2+ and Pb2+ in fresh water and therefore qualifies the present sensor to 

monitor water quality.  

4. Conclusions 

In summary, a working nZVI-BPC/GCE modified electrode was developed and subsequently used 

for the simultaneous detection of Cd2+ and Pb2+ ions. Firstly, the nZVI-BPC nanocomposite has 



been prepared following the liquid-phase reduction and impregnation methods. The 

characteristics of the physico-chemical and electrochemical behavior of nZVI-BPC were studied 

using various techniques such as XRD, FT-IR, Raman, XPS, TEM, nitrogen adsorption/desorption 

isotherm, CV, and EIS. The nZVI particles were successfully dispersed throughout the surface of 

the BPC with typically interconnected micro-and mesoporous structures. The as-synthesized 

nZVI-BPC was then employed as a bulk material to modify GCE and applied for the simultaneous 

detections of Cd2+and Pb2+ using stripping voltammetry (SWSV). Due to the outstanding 

properties of the nZVI-BPC nanocomposite, the fabricated sensor exhibited a high and sharp 

stripping peak current for the target metal ions and demonstrated sound sensitivity, low 

detection limit, high selectivity, good reproducibility, and practical stability. In addition, this 

sensor has proved the enormous potential for analysis in real sample assays, which therefore 

could expand the scope of the device from monitoring water quality to ensuring food safety.   
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