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Abstract
This research reported a glassy carbon electrode modified with electropolymerized poly(L-arginine) (poly(L-Arg))/GCE 
for the detection of zinc ions (Zn(II)) by anodic stripping voltammetry (ASV). A bismuth (Bi) film was subsequently 
formed via in situ plating onto the poly(L-Arg)/GCE, resulting in a Bi/poly(L-Arg)/GCE composite electrode. The fabrica-
tion and operational conditions were optimized by adjusting the L-Arg concentration, the number of electropolymerization 
cycles for poly(L-Arg) modification, the Bi(III) concentration, the pH of the acetate buffer solution, the preconcentration 
potential, and the preconcentration time. Under optimal conditions, the anodic peak current response exhibited a linear 
increase within the concentration range of 7.5–400 µg L⁻¹ (r = 0.999). The detection limit was determined to be 0.78 µg 
L⁻¹, while the quantitation limit was found to be 2.6 µg L− 1, demonstrating excellent sensitivity and accuracy. This modi-
fied electrode was successfully applied to detect Zn(II) in soil samples from Phuket pineapple plantations, with recovery 
rates ranging from 84.1 to 94.7%. The analytical results were also compared with those obtained from inductively coupled 
plasma–optical emission spectrometry (ICP-OES), demonstrating that this developed sensor offered good accuracy, preci-
sion, and reliability.
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1  Introduction

Phuket pineapple is an important agricultural product in 
Thailand [1]. Zinc (Zn) is an essential micronutrient for 
plant growth and crop quality. It plays a vital role in enzy-
matic processes, protein and carbohydrate metabolism, 
and the regulation of auxins, particularly indoleacetic acid 
(IAA), which is essential for plant development [2]. How-
ever, zinc deficiency is a common problem in agricultural 
soils worldwide [3], including pineapple cultivation in 
regions such as Hawaii, French Guiana, and Queensland 
in Australia [2, 4]. This is mainly attributed to the sandy 
or loamy sand soils in these areas, which have a low nutri-
ent retention capacity. In addition, excessive application 
of N–P–K fertilizers, particularly phosphate (PO3-

4 ), can 
reduce zinc availability through the formation of insoluble 
zinc phosphate (Zn3(PO4)2). Other contributing factors 
include high soil pH, elevated bicarbonate (HCO-

3) levels, 
and nutrient imbalance [5]. The zinc requirement of plants 
varies depending on the species and their physiological 
characteristics. In general, the appropriate level of zinc in 
soil for most crops ranges between 0.5 and 3.0 mg kg⁻¹. 
For pineapple cultivation, the optimal zinc level in soil is 
approximately 3 mg kg⁻¹ [4]. When the soil zinc concentra-
tion falls below 0.5 mg kg⁻¹, it is considered deficiency and 
may significantly affect plant growth and lead to reduced 
crop yields [6]. Furthermore, soil zinc content has been 
reported to correlate with pineapple sweetness and product 
quality. Therefore, accurate determination of zinc in soil is 
essential for effective agricultural management and quality 
control of pineapple production.

Various analytical techniques, including atomic absorp-
tion spectrophotometry (AAS) and inductively coupled 
plasma mass spectrometry (ICP-MS), have been employed 
for zinc determination. Although these methods provide 
high sensitivity and accuracy, they require expensive instru-
mentation, high operating costs, and complicated opera-
tions [7, 8]. Electrochemical techniques, particularly anodic 
stripping voltammetry (ASV), have attracted considerable 
attention due to their high sensitivity, low detection limits, 
low reagent consumption, and rapid analysis [7–9]. In the 
past, the determination of metal ions by ASV predominantly 
relied on mercury electrodes [7]. However, due to mercury’s 
high toxicity and potential harm to researchers, users, and 
the environment, there is a growing emphasis on developing 
analytical methods that align with the principles of green 
chemistry [10]. As a result, alternative electrode materi-
als, such as metal-based films and carbon-based materials, 
have been developed to improve environmental compatibil-
ity and analytical performance [11–14]. In addition, such 
materials and surface modifications can offer improved 

sensitivity, selectivity, and stability, while also supporting 
miniaturized, portable, and on-site electrochemical analysis 
[15]. Polymer film-modified electrodes, prepared via elec-
tropolymerization, offer attractive advantages such as excel-
lent stability, homogeneity, good adhesion to the electrode 
surface, insolubility, increased surface area, and numerous 
active sites [16].

Numerous studies have reported the modification of 
glassy carbon electrode (GCE) surfaces with polymer films 
for metal ion determination. These polymers typically con-
tain donor atoms (e.g., N, S, and – COOH), which facili-
tate metal ion binding through electrostatic attraction and 
significantly enhance complex formation on the electrode 
surface [7, 9, 16, 17]. The electropolymerization technique 
provides a simple and efficient method for forming stable 
polymer films on the electrode surface. Substances such as 
L-arginine [18], L-cysteine [19], and 2-amino-4-thiazole-
acetic acid [20], which are amino acid-based compounds, 
have been used for polymer electrode modification in the 
determination of various analytes. These compounds con-
tain functional groups, particularly amine (–NH₂) and car-
boxyl (–COOH) groups. Additionally, some compounds 
possess specific functional moieties, such as thiol (–SH) 
groups or heterocyclic rings containing donor atoms (e.g., 
N or S), which can interact with ions through electrostatic 
attraction depending on their charge state and promote the 
formation of coordinate covalent complexes with metal 
ions. To further improve sensitivity, bismuth film electrodes 
combined with polymer coatings have been widely applied 
in ASV for metal ion determination [21–23]. In addition, 
bismuth-based electrodes generally exhibit low sensitivity 
to dissolved oxygen (O₂), allowing stripping measurements 
to be carried out without prior deaeration in many cases 
[23, 24]. This is attributed to the ability of bismuth to facili-
tate intermetallic compound formation with target metals, 
thereby enhancing the stripping response [21]. L-arginine, 
an amino acid, presents a particularly attractive option for 
polymer electrode modification due to its cost-effective-
ness, environmental friendliness, and ability to form poly-
mer films on GCE surfaces. In addition, poly(L-arginine) 
contains amine groups (–NH₂) that can effectively interact 
with cations, making it a promising candidate for electrode 
modification [25].

However, despite extensive research on polymer- and 
bismuth-modified electrodes, there has been no report on 
the application of poly(L-arginine) (poly(L-Arg)), which 
contains guanidinium groups, with bismuth for metal ion 
determination, particularly Zn(II). This integration can 
facilitate bismuth–zinc alloy formation during the precon-
centration step, thereby enhancing sensitivity and lowering 
the limit of detection (LOD). Furthermore, its application 
in real soil samples remains limited. Therefore, this study 
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aims to develop an environmentally friendly bismuth/
poly(L-Arg)-modified glassy carbon electrode (Bi/poly(L-
Arg)/GCE) for sensitive Zn(II) determination using anodic 
stripping voltammetry (ASV), and to evaluate its analytical 
performance in soil samples from Phuket pineapple planta-
tions. A glassy carbon electrode (GCE) was first modified 
with poly(L-Arg) via electropolymerization. Subsequently, 
for Zn(II) determination by ASV, a bismuth film was plated 
in situ onto the poly(L-Arg)/GCE, resulting in a Bi/poly(L-
Arg)/GCE. Optimization of several key operational param-
eters was conducted, including the L-arginine concentration 
and the number of electropolymerization cycles for the mod-
ified electrode, as well as the Bi(III) concentration, acetate 
buffer pH, preconcentration potential, and preconcentration 
time. Furthermore, the analytical performance of the pro-
posed method was evaluated in terms of linear range, LOD, 
limit of quantitation (LOQ), and repeatability, followed by 
its application to Zn(II) determination in soil samples.

2  Experimental

2.1  Chemicals and reagents

L-arginine monohydrochloride (C₆H₁₄N₄O₂·HCl, 99.0% 
purity) was obtained from Loba Chemie (Mumbai, India). 
Bismuth(III) nitrate pentahydrate (Bi(NO₃)₃·5 H₂O, 99.5% 
purity), dipotassium hydrogen phosphate (K₂HPO₄, 99.0% 
purity), potassium dihydrogen phosphate (KH₂PO₄, 99.0% 
purity), sodium acetate trihydrate (CH₃COONa·3 H₂O, 99.0% 
purity), and zinc acetate dihydrate (Zn(CH₃COO)₂·2 H₂O, 
99.5% purity) were obtained from Ajax Finechem (Taren 
Point, Australia). Acetic acid (CH3COOH, 99.7% purity), 
hydrochloric acid (HCl, 37.0% w/w), hydrogen peroxide 
(H₂O₂, 30.0% w/w), nitric acid (HNO₃, 65.0% w/w), potas-
sium chloride (KCl, 99.5% purity), potassium ferricyanide 
(K₃[Fe(CN)₆], 99.0% purity), potassium hydroxide (KOH, 
85.0% purity), and sulfuric acid (H₂SO₄, 97.0% purity) were 
obtained from Merck (Darmstadt, Germany). All solutions 
were prepared using deionized water (dH₂O, 18.2 MΩ·cm) 
from a type II water purification system (Model Micra, 
ELGA, UK).

2.2  Apparatus

All electrochemical measurements were conducted in a 
conventional three-electrode cell and controlled by a 910 
PSTAT mini potentiostat (Metrohm Autolab B.V., The 
Netherlands). A poly(L-Arg)-modified glassy carbon elec-
trode (GCE; 3.0 mm diameter) served as the working elec-
trode, while a silver/silver chloride (Ag/AgCl, 3  M KCl) 
electrode and a platinum wire were used as the reference 

and counter electrodes, respectively. For pH measurements, 
a SevenCompact™ S220 pH/ion meter (Mettler-Toledo, 
Switzerland) was employed. The surface morphology of the 
modified electrode was characterized using scanning elec-
tron microscopy (SEM; JSM-5800, JEOL, Japan).

2.3  Procedure

2.3.1  Fabrication of the poly(L-Arg)-modified GCE

Initial electrode preparation involved polishing the work-
ing electrode with alumina powders (1.5, 0.5, and 0.05 μm), 
followed by rinsing with dH₂O. The cleaned electrode then 
underwent electrochemical activation by cycling the poten-
tial from 0.00 to + 1.80 V at a scan rate of 0.05 V s⁻¹ for 
10 cycles in 0.1 mol L⁻¹ H₂SO₄, yielding an activated GCE 
(GCE*). Subsequently, for the poly(L-Arg) electropolymer-
ization, the pretreated GCE* was immersed in 10.0 mmol 
L⁻¹ L-arginine solution in 0.1 mol L⁻¹ phosphate buffer (pH 
7.0). The electropolymerization procedure was conducted 
for 10 cycles, scanning from − 1.10 to + 1.80 V at 0.10 V 
s− 1. After electropolymerization, the resulting poly(L-Arg)/
GCE was thoroughly washed with dH₂O and air-dried at 
room temperature.

2.3.2  ASV measurements

ASV measurements were performed in a 5.0 mL electro-
chemical cell containing 0.1 mol L⁻¹ acetate buffer (pH 5.0). 
The analytical procedure consisted of two steps. In the pre-
concentration step, Zn(II) at concentrations of 50–500 µg 
L⁻¹ (for optimization) and Bi(III) at a fixed concentration of 
1.0 mg L⁻¹ were simultaneously deposited onto the poly(L-
Arg)/GCE surface at − 1.40  V for 60  s under continuous 
stirring. Stirring was then ceased for a 5  s equilibration. 
In the stripping step, Zn(II) was stripped from the poly(L-
Arg)/GCE surface. The ASV operating conditions were as 
follows: preconcentration potential, − 1.40  V; preconcen-
tration time, 60 s; amplitude, 0.01 V; frequency, 10.0 Hz; 
step potential, 0.01 V; potential increment, 0.01 V; and scan 
range, − 1.40 to − 0.50 V. Dissolved O₂ was not removed 
prior to the electrochemical measurements, as no significant 
interference was observed under the experimental condi-
tions employed.

2.3.3  Sample preparation

Soil samples were collected from a pineapple farm in Baan 
Manik, Si Sunthon, Thalang District, Phuket, Thailand. 
Digestion followed US EPA Method 3050B [26]. Each 
1.0 g soil sample was first digested with 10.0 mL of 1:1 
(v/v) concentrated HNO₃:dH₂O at 95 ± 5 °C for 15 min for 
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initial oxidation. Additional 5.0 mL aliquots of concentrated 
HNO₃ were added with heating until brown fumes dissi-
pated, ensuring complete oxidation, and the volume was 
reduced to ~ 5.0 mL. After cooling, 2.0 mL dH₂O and 3.0 
mL 30% H₂O₂ were added. Further 1.0 mL aliquots of H₂O₂ 
(total ≤ 10.0 mL) were introduced under gentle heat until 
no further reaction occurred to decompose residual organ-
ics, and the solution was again concentrated to ~ 5.0 mL. 
Finally, 10.0 mL concentrated HCl was added and the mix-
ture was heated at 95 ± 5 °C for 15 min for complete metal 
oxide dissolution. After cooling, the solution was filtered 
(Whatman No. 41) and diluted to 100.0 mL with dH₂O. For 
ASV analysis, the pH of the digests was adjusted to 5.0 with 
3.0 mol L⁻¹ KOH, and the digests were analyzed directly 
without further dilution by ASV using the Bi/poly(L-Arg)/
GCE and by inductively coupled plasma–optical emission 
spectrometry (ICP-OES) using a PerkinElmer Optima 8000 
DV instrument.

2.4  Use of AI tools in manuscript preparation

No AI tools were used in the experimental work, data analy-
sis, interpretation of the results, or scientific conclusions.

3  Results and discussion

3.1  Electropolymerization and morphological 
characterization of poly(L-Arg) on GCE

The cyclic voltammograms documented the electropoly-
merization of poly(L-Arg) on the GCE surface. This pro-
cess occurred within a potential range − 1.10 to + 1.80 V vs. 
Ag/AgCl, at a scan rate of 0.10 V s⁻¹, over 10 cycles. The 
experiment was conducted with a 10.0 mmol L⁻¹ L-arginine 
solution in 0.1 mol L⁻¹ phosphate buffer (pH 7.0) (Fig. 1A). 
The voltammograms showed that the current gradually 
decreased with each successive scan until the electropo-
lymerization was complete. This observation confirms the 
deposition of a thin poly(L-Arg) film onto the GCE surface 
[27].

The surface morphology of the poly(L-Arg)/GCE was 
characterized using SEM. As shown in Fig. 1B, a bare GCE 
exhibits a smooth surface, whereas Fig. 1C clearly displays 
a structured, interconnected, net-like pattern of the poly(L-
Arg) film on the GCE surface. This observation confirms the 
successful formation and adherence of the poly(L-Arg) film 
on the GCE [28].

3.2  Electrochemical behavior of poly(L-Arg) on GCE

Typically, electrochemical behavior can be evaluated from 
the relationship between peak current and scan rate or the 
square root of scan rate, depending on the controlling mech-
anism. In this study, the electrochemical response of the 
poly(L-Arg)/GCE was explored using CV with 5.0 mmol 
L⁻¹ K3[Fe(CN)6] in 0.1 mol L⁻¹ KCl at various scan rates 
(20–200 mV s⁻¹). As shown in Fig. 2A-B, the well-defined 
redox peak currents of K3[Fe(CN)6] on the poly(L-Arg)/
GCE increase with increasing scan rate. To clarify the con-
trolling mechanism, the relationships of both anodic (Ip.a.) 
and cathodic (Ipc) peak currents with scan rate (ν) and the 
square root of scan rate (ν1/2) were examined. The Ip.a. and 
Ipc show a linear dependence on the square root of scan rate, 
as described by the following regression equations:

Ipa(µA) = (12.30 ± 0.04) ν1/2 + (3.5 ± 0.6) ; R2 = 0.9998

Ipc(µA) = (−12.49 ± 0.04) ν1/2− (1.2 ± 0.6) ; R2 = 0.9998

The linear dependence of the peak currents on ν1/2 indicates 
that the ferri/ferrocyanide ([Fe(CN)6]³⁻/⁴⁻) redox process at 
the poly(L-Arg)/GCE is diffusion-controlled rather.

than adsorption-controlled [29, 30]. As shown in Fig. 2C, 
the cyclic voltammograms show.

the redox peaks of K3[Fe(CN)6] on both the bare GCE 
and the poly(L-Arg)/GCE, with the poly(L-Arg)/GCE 
exhibiting a notably higher response than the bare GCE. 
Specifically, anodic peak potential (Epa) was observed at 
+ 0.35 V for poly(L-Arg)/GCE and + 0.45 V for bare.

GCE (vs. Ag/AgCl), while the cathodic peak potential 
(Epc) was observed at + 0.25 V for poly(L-Arg)/GCE and 
+ 0.15 V for bare GCE (vs. Ag/AgCl). The peak-to-peak 
separation (ΔEp) for the poly(L-Arg)/GCE is 0.10 V, which 
is lower than that of the bare GCE (0.30 V), indicating 
improved electron-transfer kinetics upon modification. Peak 
currents were quantified and, where appropriate, interpreted 
using the Randles-Ševčík Eqs [29, 30]. 

Ipa = 2.69 × 105n3/2A0D
1/2
0 υ1/2

where Ip.a. is the anodic peak current, n is the number of 
electrons transferred, A0 is the electroactive electrode 
area (cm²), D0 is the diffusion coefficient of [Fe(CN)6]³⁻/⁴⁻ 
(7.6 × 10⁻⁶ cm² s⁻¹), C0 is the concentration of K3[Fe(CN)6] 
(mol cm⁻³), and υ is the scan rate in V s⁻¹. The electroac-
tive surface areas were estimated from the slopes of the Ip.a. 
versus ν1/2 plots using the Randles-Ševčík equation. The 
electroactive surface areas of poly(L-Arg)/GCE and the 
bare GCE were determined to be 0.13 cm² and 0.08 cm², 
respectively. Notably, the poly(L-Arg)/GCE exhibits an 
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Fig. 1  A Cyclic voltammograms recorded during the electropolymer-
ization of poly(L-Arg) on a GCE in 10.0 mmol L⁻¹ L-arginine (0.1 mol 
L⁻¹ phosphate buffer, pH 7.0); potential window − 1.10 to + 1.80 V vs. 
Ag/AgCl; scan rate 0.10 V s⁻¹; 10 cycles. The voltammograms rep-
resent successive scans; the 1st and 10th cycles are indicated in the 

figure, and the scan direction is shown by arrows. B An SEM image 
shows a bare GCE (30,000×). C An SEM image shows the poly(L-
Arg) film showing an interconnected, net-like morphology on the GCE 
surface
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approximately 1.62-fold higher electroactive surface area 
than the bare GCE.

This observation confirms that the enhanced electroac-
tive surface area of the poly(L-Arg) film contributes to the 
improved electrochemical response of the modified elec-
trode compared to the bare GCE. Furthermore, the electro-
chemical behaviors of both the bare GCE and.

poly(L-Arg)/GCE were explored using electrochemical 
impedance spectroscopy (EIS). In this study, EIS measure-
ments were conducted on both the bare GCE and poly(L-
Arg)/GCE within a frequency range of 0.01–100 kHz. 
These measurements were performed in a solution contain-
ing 5.0 mmol L⁻¹ [Fe(CN)6]³⁻/⁴⁻ in 0.1 mol L⁻¹ KCl. The EIS 
data were fitted to the equivalent circuit Rs(CPE(RctZw)), 
and the charge transfer resistance (Rct) values were 
obtained from the fitted parameters for spectra exhibiting 
a discernible semicircular feature. Figure 2D illustrates the 
resulting Nyquist plots. The bare GCE exhibited a large 
semicircle, and the fitted result gave an Rct value of 6.93 

± 0.05 kΩ, indicating sluggish electron transfer during the 
[Fe(CN)6]³⁻/⁴⁻ redox reaction. In contrast, the poly(L-Arg)/
GCE showed a nearly linear Nyquist response, suggesting 
reduced interfacial impedance and enhanced electron trans-
fer after electrode modification. Such a nearly linear Nyquist 
response may be qualitatively associated with diffusion-
related impedance behavior, particularly in the low-fre-
quency region where the impedance response is influenced 
by the Warburg diffusion element, whereas the diminished 
semicircular component generally indicates a lower charge-
transfer resistance and improved electron-transfer kinet-
ics at the modified electrode surface [31, 32]. Because no 
discernible semicircle was observed for the poly(L-Arg)/
GCE, a reliable Rct value could not be obtained, and the 
EIS response was therefore discussed qualitatively.

Fig. 2  Electrochemical behavior of the poly(L-Arg)/GCE. A Cyclic 
voltammograms of 5 mmol L⁻¹ K3[Fe(CN)6] in 0.1  mol L⁻¹ KCl 
recorded on the poly(L-Arg)/GCE at scan rates of 20–200 mV s⁻¹. B 
Linear relationships of Ip.a. and Ipc versus the square root of scan rate. 

C Comparison of cyclic voltammograms of 5.0 mmol L⁻¹ K3[Fe(CN)6] 
(0.1 mol L⁻¹ KCl) at the bare GCE and the poly(L-Arg)/GCE. D EIS 
results for the bare GCE and the poly(L-Arg)/GCE recorded in 5.0 
mmol L⁻¹ K3[Fe(CN)6] (0.1 mol L⁻¹ KCl; 0.01–100 kHz)
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3.3  Comparison of GCE, Bi/GCE, poly(L-Arg)/GCE, 
and Bi/poly(L-Arg)/GCE for Zn(II) detection using 
anodic stripping voltammetry

For various electrode modifications, the sensitivity was 
determined from the slope of the calibration curve, which 
correlates the oxidation peak current with Zn(II) concentra-
tion. These calibration plots, ranging from 50 to 500 µg L⁻¹ 
Zn(II) in a 0.10 mol L⁻¹ acetate buffer.

(pH 4.5), are shown in Fig. 3. The sensitivity of Zn(II) 
at the Bi/poly(L-Arg)/GCE was 27.2, 1.8, and 1.7 times 
higher than that at the bare GCE, Bi/GCE, and poly(L-
Arg)/GCE, respectively. These results suggest that the high 
anodic peak current at the Bi/poly(L-Arg)/GCE is attributed 
to the adsorption of Zn(II) onto the amine groups (–NH₂) 
within the poly(L-Arg) molecule on the GCE surface via a 
coordinate covalent bond [25]. Additionally, the formation 
of a bismuth-zinc (Bi–Zn) alloy further contributes to the 
observed peak current enhancement [33, 34].

3.4  Optimization of the fabrications of poly(L-Arg)/
GCE

3.4.1  Effect of L-arginine concentration

The effect of L-arginine concentration, ranging from 1.0 to 
20.0 mmol L⁻¹, was investigated for the electropolymeriza-
tion of poly(L-Arg) on the GCE surface. Experiments were 
conducted in 0.1 mol L⁻¹ phosphate buffer (pH 7.0) using 
ten scans at a scan rate of 0.10 V s⁻¹ within the potential 
range of − 1.10 to + 1.80 V. As shown in Fig. S1A, Zn(II) 
and Bi(III) were simultaneously deposited onto the poly(L-
Arg)/GCE surface at − 1.40 V for 60  s. The sensitivity of 
Zn(II) detection exhibited an initial increase within the 1.0–
10.0 mmol L⁻¹.

L-arginine range. This increase is attributed to the 
enhanced availability of active ligand sites on the GCE 
surface, including oxygen and nitrogen atoms, which facili-
tate complex formation with zinc [35, 36]. However, when 
L-arginine concentrations exceeded 10.0 mmol L⁻¹, the sen-
sitivity of Zn(II) decreased. This phenomenon was attrib-
uted to the formation of an excessively thick poly(L-Arg) 
film on the GCE surface, which impedes electron transfer. 
Consequently, 10.0 mmol L⁻¹ L-arginine was selected for 
further experiments [37].

Fig. 3  Comparison of the analytical performance of GCE, poly(L-
Arg)/GCE, Bi/GCE, and Bi/poly(L-Arg)/GCE for Zn(II) detection. 
Calibration plots of stripping peak current versus Zn(II) concentra-
tion (50–500 µg L⁻¹) with the corresponding regression lines used to 
determine sensitivity. Inset: Anodic stripping voltammograms of all 

electrodes recorded at the same Zn(II) concentration (300  µg L⁻¹). 
Measurements were performed in 0.10 mol L⁻¹ acetate buffer (pH 4.5). 
ASV operating conditions: preconcentration potential, − 1.40 V; pre-
concentration time, 60 s; and a square-wave potential scan from − 1.40 
to − 0.50 V
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3.4.2  Effect of the number of cyclic voltammetric scans of 
poly(L-Arg) on the GCE surface

The effect of number of cyclic voltammetric scans on the 
electropolymerization of poly(L-Arg) on the GCE surface 
was studied. Experiments were conducted using 10.0 mmol 
L⁻¹.

L-arginine at a scan rate of 0.10 V s⁻¹ within a poten-
tial range of − 1.10 to + 1.80 V, with the number of cycles 
varying from 5 to 20. The results are shown in Fig. S1B. 
The sensitivity of Zn(II) detection initially increased with 
the number of cycles ranging from 5 to 10 cycles, due to 
the increasing number of active ligand sites [33]. However, 
when the number of cycles exceeded 10, the sensitivity 
of Zn(II) decreased, possibly due to an excessively thick 
poly(L-Arg) film on the GCE surface that impedes elec-
tron transfer [37]. Therefore, 10 cyclic voltammetric scans 
for poly(L-Arg) electropolymerization on the GCE surface 
were selected for further experiments.

Furthermore, the sensitivity of Zn(II) detection at 
L-arginine concentrations of 7.5 and 12.5 mmol L⁻¹ was 
also examined with a varying numbers of cyclic voltam-
metric scans for electropolymerization on GCE surface, as 
shown in Fig. S1C. The numerically highest sensitivity for 
Zn(II) detection was observed at 12.5 mmol L⁻¹ L-arginine 
and 7 cyclic voltammetric scans. However, the sensitivity 
obtained at 10.0 mmol L⁻¹ L-arginine and 10 scans was very 
similar (0.05623 vs. 0.05628 µA (µg L⁻¹)⁻¹). Therefore, 10.0 
mmol L⁻¹.

L-arginine and 10 cyclic voltammetric scans for poly(L-
Arg) electropolymerization on the GCE surface were 
selected for further experiments, because they provided 
practically comparable analytical performance while 
requiring a lower L-arginine concentration, thereby reduc-
ing chemical consumption and better supporting the green-
chemistry concept [29].

3.5  Optimization of the operational conditions for 
zinc detection by anodic stripping voltammetry at 
the Bi/poly(L-Arg)/GCE

3.5.1  Effect of bismuth concentration

The Bi(III) concentration for in situ plating on the poly(L-
Arg)/GCE was investigated for Zn(II) detection by ASV 
technique, ranging from 0.1 to 2.0 mg L⁻¹ Bi(III). Zn(II) 
and Bi(III) were simultaneously deposited onto the poly(L-
Arg)/GCE surface at − 1.40 V for 60 s in 0.1 mol L⁻¹ acetate 
buffer (pH 4.5), as shown in Fig. S2 (A). The sensitivity of 
Zn(II) detection initially increased within 0.1–1.0 mg L⁻¹ 
Bi(III) concentration. This increase is attributed to greater 
Bi film deposition on the poly(L-Arg)/GCE, which resulted 

in increased Bi-Zn alloy formation on the electrode surface 
and, consequently, an elevated anodic peak current. How-
ever, when the Bi(III) concentration exceeded 1.0 mg L⁻¹, 
the sensitivity of Zn(II) decreased. This phenomenon may 
be attributed to the Bi film on the poly(L-Arg)/GCE surface 
becoming excessively thick, which in turn inhibits Zn(II) 
adsorption and thereby decreases the anodic peak current 
during the stripping step [38]. In the present study, the strip-
ping response increased with Bi(III) concentration up to 1.0 
mg L⁻¹, whereas a further increase in Bi(III) concentration 
led to a decrease in signal, consistent with the formation of 
an excessively thick bismuth layer on the poly(L-Arg)/GCE 
surface [39]. Therefore, 1.0 mg L⁻¹ Bi(III) was selected for 
further experiments, while the calculated apparent surface 
coverage (Γ) values are provided in the Supporting Informa-
tion (Table S1).

3.5.2  Effect of the pH of the acetate buffer solution

The effect of pH of a 0.1 mol L⁻¹ acetate buffer solution on 
Zn(II) detection was studied in the range of pH 4.0–6.0, as 
shown in Fig. S2 (B). The sensitivity of Zn(II) detection ini-
tially increased within the pH 4.0–5.0, but decreased when 
the pH was higher than 5.0. This behavior is attributed to 
the availability of oxygen and nitrogen donor sites (from 
the hydroxyl, –OH, and amine, –NH₂, groups) within the 
poly(L-Arg) film on the poly(L-Arg)/GCE surface, which 
facilitate the adsorption of Zn(II) via coordinate covalent 
bonds [25]. At a pH lower than 5.0, a decrease in Zn(II) 
detection sensitivity was observed. This may be attributed to 
the electrostatic repulsion between the protonated polymer 
and the metallic cation. Conversely, at a pH higher than 5.0, 
the sensitivity of Zn(II) detection also decreased, possibly 
due to the formation of hydroxide precipitates, specifically 
zinc hydroxide (Zn(OH)2), thereby reducing the amount of 
Zn(II) in solution [16]. Therefore, 0.1 mol L⁻¹ acetate buffer 
at pH 5.0 was selected for further experiments.

3.5.3  Effect of the acetate buffer solution’s concentration 
at pH 5.0

The effects of acetate buffer concentration at pH 5.0 on 
Zn(II) detection were investigated over the range 0.05–0.20 
mol L⁻¹ as shown in Fig. S2(C). The sensitivity of Zn(II) 
detection increased initially in the range 0.05–0.10 mol L⁻¹, 
but decreased when acetate concentration was higher than 
0.10 mol L⁻¹. This decrease is more plausibly attributed 
to increased complexation of Zn(II) with acetate at higher 
acetate levels, which shifts Zn(II) from free/electroactive 
forms to acetate-bound species and thereby lowers the frac-
tion available for preconcentration [40, 41] Conversely, 
acetate concentrations below 0.10 mol L⁻¹ likely provided 
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insufficient supporting electrolyte, which can increase solu-
tion resistance and ohmic (iR) drop and reduce the sup-
pression of ionic migration, thereby lowering the measured 
anodic peak current [42]. Therefore, 0.1 mol L⁻¹ acetate buf-
fer solution at pH 5.0 was selected for further experiments.

3.5.4  Effect of the preconcentration potential

The effect of the preconcentration potential on Zn(II) detec-
tion sensitivity at the Bi/poly(L-Arg)/GCE was investigated, 
ranging from − 1.30 to − 1.70 V at a preconcentration time 
of 60 s, as shown in Fig. S2 (D). The Sensitivity of Zn(II) 
detection initially increased within the − 1.30 to − 1.50 V 
range. However, at potentials more negative than − 1.50 
V, it decreased, due to enhanced hydrogen evolution at the 
electrode surface, where the generated hydrogen gas might 
inhibit Zn(II) adsorption [16, 43]. Conversely, preconcen-
tration potentials less negative than − 1.50 V were insuf-
ficient to stimulate Zn(II) reduction, resulting in a decreased 
anodic peak current during the stripping step. Therefore, a 
preconcentration potential of − 1.50 V was selected for fur-
ther experiments.

3.5.5  Effect of the preconcentration time

The effect of preconcentration time on Zn(II) detection sen-
sitivity at the.

Bi/poly(L-Arg)/GCE was investigated, ranging from 30 
to 300 s at a preconcentration potential of − 1.50 V, as shown 
in Fig. S2 (E). The Sensitivity initially increased within the 
30–150 s range. However, beyond 150 s, it remained essen-
tially constant or showed only a slight change, probably 
due to saturation of Zn(II) on the poly(L-Arg)/GCE surface 
[16, 44]. Therefore, a preconcentration time of 150 s was 
selected for further experiments, as this condition provides 
high analytical sensitivity while keeping the analysis time 
short.

In summary, the optimum conditions for fabricating 
poly(L-Arg)/GCE were 10.0 mmol L⁻¹ L-arginine and 10 
cyclic voltammetric scans. Subsequently, the optimal opera-
tional parameters for Zn(II) detection by ASV were estab-
lished as 1.0 mg L⁻¹ Bi(III), 0.10 mol L⁻¹ acetate buffer at 
pH 5.0, a preconcentration time of 150 s, and a preconcen-
tration potential of − 1.50 V.

3.6  Performances of the Bi/poly(L-Arg)/GCE for zinc 
detection by ASV

3.6.1  Calibration curve, LOD, and LOQ

Following the determination of optimal conditions for both 
poly(L-Arg)/GCE fabrication and Zn(II) detection via the 

bismuth-coated ASV technique, a calibration study was 
performed. A calibration curve was generated for Zn(II) 
concentrations in the range of 7.5–400 µg L⁻¹, as shown in 
Fig. 4. The anodic peak current of Zn(II) at the Bi/poly(L-
Arg)/GCE was observed at a potential of − 1.04 V (vs. Ag/
AgCl). The linear regression equation for Zn(II) was deter-
mined to be ip = (0.1153 ± 0.0030)x - (1.11 ± 0.03) (r = 
0.999), where x is the Zn(II) concentration in µg L⁻¹. The 
observed negative intercept is attributed to a small residual 
background/baseline offset at zero analyte concentration, 
rather than to poor linearity of the analytical method. Con-
sequently, the regression was not forced through the origin, 
and the full calibration equation was retained for quantifica-
tion. The sensitivity, defined as the slope of the regression 
equation, was 0.1153 ± 0.0030 µA (µg L⁻¹)⁻¹. The calculated 
limit of detection (LOD) and limit of quantification (LOQ) 
were 0.78 and 2.6 µg L⁻¹, respectively, obtained using the 
equations LOD = 3Sa/b and LOQ = 10Sa/b, where Sa is the 
standard deviation of the intercept and b is the slope of the 
calibration curve [45]. Based on the sample preparation pro-
cedure, these values correspond to 0.078 and 0.26 mg kg⁻¹ 
on a soil basis, respectively. These values are both below the 
lower limit of the linear range, confirming the consistency 
of the analytical performance of the proposed method.

  
All linear ranges and LOD values are expressed in µg L⁻¹ 

for comparison. Values originally reported in molar concen-
tration or other concentration units were converted to µg L⁻¹ 
using the molar mass of Zn (65.38 g mol⁻¹), where appro-
priate. BiFE, bismuth film electrode; DPASV, differential 
pulse anodic stripping voltammetry; ASV, anodic strip-
ping voltammetry; SWASV, square-wave anodic stripping 
voltammetry; DPV, differential pulse voltammetry; SWV, 
square-wave voltammetry; LOD, limit of detection.

In Table  1, the analytical performance of the proposed 
Bi/poly(L-Arg)/GCE sensor is compared with previously 
reported electrochemical Zn(II) sensors. Direct comparison 
should be made with caution because the reported systems 
differ in electrode materials, voltammetric techniques, and 
sample matrices. The literature sensors exhibit a wide range 
of LODs and linear ranges depending on the electrode mate-
rial, sensing platform, and analytical conditions. Among the 
sensors summarized in Table  1, the HDPBA-MWCNT/
CPE sensor had the lowest LOD among the listed sensors 
(0.162  µg L⁻¹), whereas BiFE and Bi-In/GCE exhibited 
LOD values of 2.95 and 2.3 µg L⁻¹, respectively. However, 
some of these systems involve more elaborate electrode 
modification procedures and/or were demonstrated in dif-
ferent sample matrices. In comparison, the Bi/poly(L-Arg)/
GCE developed in this work achieved an LOD of 0.78 µg 
L⁻¹ using a convenient ASV protocol. Its linear range (7.5–
400 µg L⁻¹) is suitable for environmentally relevant Zn(II) 
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levels, and its successful application to Phuket pineapple 
cultivation soil samples demonstrates its practical utility.

3.6.2  Repeatability

The repeatability of the Bi/poly(L-Arg)/GCE sensor (intra-
electrode repeatability) was first assessed using a single 
electrode. Measurements were performed on standard Zn(II) 
solutions of 50–400 µg L⁻¹ using ASV, with three replicate 
determinations at each concentration (n = 3), giving a total 

of 18 measurements, as shown in Fig. 5A. Additionally, 
the inter-electrode reproducibility of six independently 
fabricated Bi/poly(L-Arg)/GCE electrodes was assessed at 
each Zn(II) concentration, as shown in Fig. 5B. Both the 
single electrode and the six fabricated electrodes demon-
strated good intra-electrode repeatability and inter-electrode 
reproducibility, respectively. The relative standard deviation 
(RSDs) for the single electrode ranged from 1.5% to 9.8%, 
while those across six electrodes ranged from 0.6% to 4.1%. 
These results meet the requirements of the AOAC Official 

Table 1  Comparison of the analytical performance of the proposed Bi/poly(L-Arg)/GCE with previously reported electrochemical Zn(II) sensors
No. Electrode / sensor Technique Linear range

(µg L⁻¹)
LOD
(µg L⁻¹)

Sample / application References

1 BiFE DPASV 5–110 2.95 water samples  [46]
2 Bi/GO/GCE ASV 20–8000 6 Seminal fluid  [47]
3 Bi–In/GCE ASV 2.5–500 2.3 Krebs buffer  [48]
4 HDPBA-MWCNT/CPE SWASV 1.31–653.8 0.162 Water samples  [14]
5 f-MWCNT/CS/PB/Au DPV 200–7000 17.0 Drinking water  [49]
6 Zincon/CNT SWV 125–1000 20 (saliva)

30 (urine)
Urine / saliva  [50]

7 G/HNFQ/CPE SWV 30.7–6133 18.3 River water  [51]
8 Bi/poly(L-Arg)/GCE ASV 7.5–400 0.78 Phuket pineapple cultivation soil This work

Fig. 4  The calibration curve for Zn(II) showing the linear relation-
ship between the anodic peak current and analyte concentration from 
7.5–400 µg L⁻¹. The inset displays the corresponding anodic stripping 

voltammograms. ASV operating conditions: preconcentration poten-
tial of − 1.50 V, a preconcentration time of 150 s, and a square-wave 
potential scan from − 1.20 to − 0.50 V
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Fig. 5  Precision of Zn(II) detection using the Bi/poly(L-Arg)/GCE. 
Measurements were performed on standard Zn(II) solutions in the 
range of 50–400  µg L⁻¹. A Intra-electrode repeatability, evaluated 
using a single electrode with three replicate measurements at each con-

centration. B Reproducibility (inter-electrode across six independently 
prepared electrodes; replicate measurements per electrode). Results 
are expressed as mean ± SD; RSD values are given in %
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Methods of Analysis criterion of ≤ 15% repeatability at 0.1 
mg L⁻¹ (100 µg L⁻¹) [52].

3.6.3  Interference study

The influence of coexisting ions on Zn(II) detection was 
evaluated by adding Cd(II), Cu(II), Fe(III), Pb(II), Mn(II), 
and Mg(II) to the Zn(II) solution under the optimized condi-
tions. Using a tolerance criterion of 95–105% of the Zn(II) 
signal obtained in the absence of the interferent, Cd(II), 
Cu(II), Fe(III), Mn(II), and Mg(II) were tolerated up to Zn: 
interferent ratios of 1:6, 1:3, 1:7, 1:3, and 1:2, respectively, 
whereas Pb(II) caused pronounced interference even at a 
1:1 ratio. These results indicate that the proposed sensor has 
limited tolerance toward some coexisting ions, particularly 
Pb(II). Nevertheless, the matrix-matched calibration results 
and the agreement with ICP-OES suggest that such inter-
ference was not severe under the conditions of the tested 
soil samples. The detailed interference data are provided in 
Table S2.

3.7  Determination of zinc in Phuket pineapple 
cultivation soil samples

The effects of matrix components in real soil samples on 
the anodic peak current were investigated to evaluate the 
performance of the developed Bi/poly(L-Arg)/GCE. This 
study was conducted under the optimized conditions by 
comparing the response from a standard calibration curve 
with matrix-matched calibration curves. The slopes of the 
standard and matrix-matched calibration curves for all real 
samples were not significantly different at a 95% confidence 
level (P > 0.05). This indicated that matrix components in 
the soil samples do not significantly affect Zn(II) determi-
nation by ASV using the Bi/poly(L-Arg)/GCE. Since the 
matrix effects were negligible, the standard calibration 
curve was used directly for Zn(II) quantification in real soil 
samples. The zinc content in six Phuket pineapple cultiva-
tion soils ranged from 0.50 to 1.00 mg kg⁻¹, as determined 

by ASV using the Bi/poly(L-Arg)/GCE. Statistical analysis 
using the Wilcoxon Signed-Rank test at a 95% confidence 
level (P > 0.05) showed no significant difference compared 
with the standard method (ICP-OES), as detailed in Table 
2. Although no significant difference in the mean Zn con-
centrations was observed between ASV and ICP-OES, the 
SW-ASV measurements showed higher relative variabil-
ity in some cases, likely because electrochemical strip-
ping measurements are more sensitive to small variations 
in electrode surface condition, in situ Bi-film formation, 
solution composition, and matrix-related effects [42]. By 
contrast, ICP-OES is a laboratory-based instrumental refer-
ence method operated under highly controlled conditions, 
and therefore typically exhibits lower signal dispersion and 
better precision [53]. Additionally, recovery was evaluated 
by standard addition under the optimized conditions. For 
clarity, the added Zn(II) levels are reported in Table 2 as 
equivalent spiked concentrations of 0.05, 0.30, and 0.50 mg 
kg⁻¹ on a soil basis. The recoveries were 84.1–94.7%, which 
is consistent with the AOAC Official Methods of Analysis 
requirements of 80–110% for recoveries at the 0.1 mg kg⁻¹ 
level [52, 54], These results are presented in Table 2.

An investigation of six soil samples from Phuket pineap-
ple plantations revealed Zn concentrations of 0.50–1.00 mg 
kg⁻¹. These levels are generally considered sufficient for 
most plant requirements, which typically fall between 0.5 
and 3.0  mg kg⁻¹. Although some samples (specifically 3, 
4, 5, and 6) showed relatively low Zn concentrations, all 
remained above the critical deficiency level of 0.5 mg kg⁻¹. 
However, considering the specific Zn requirements for 
pineapple (ideally 3 mg kg⁻¹), the Zn concentrations in all 
studied soil samples are below the optimal threshold for 
pineapple cultivation. These findings highlighted the needs 
for Zn supplementation in these soils to promote optimal 
growth and maximize pineapple yield.

Zinc supplementation can be effectively achieved using 
zinc sulphate heptahydrate (ZnSO4·7H2O), a highly soluble 
compound readily absorbed by plants. This can be applied 
either to the soil or as a foliar spray. For soil application, 
30 kg ha⁻¹ can be incorporated into previously uncultivated 
soils, with repeat applications may be necessary in very light 
sandy soils under replant conditions. Alternatively, for foliar 
application, a rate of 2 kg per 2,000 L of water per hectare, 
applied twice with a one-month interval, is sufficient to cor-
rect deficiency symptoms [4].

4  Conclusions

An environmentally friendly Bi/poly(L-Arg)/GCE was suc-
cessfully developed for the voltammetric determination 
of Zn(II) in soils, with particular relevance to agricultural 

Table 2  Determination of zinc content and recovery in Phuket pineap-
ple-cultivation soils by ASV using the Bi/poly(L-Arg)/GCE and com-
parison with ICP-OES
Sample ICP-OES

(mg kg⁻¹)
Proposed 
method
(mg kg⁻¹)

% Recovery (proposed 
method)
Spiked Concentration (mg 
kg⁻¹)
0.05 0.30 0.50

1 0.980 ± 0.002 1.00 ± 0.20 86 ± 2 91.0 ± 0.3 88.3 ± 0.3
2 1.020 ± 0.005 1.00 ± 0.30 93 ± 2 90 ± 1 88.2 ± 0.2
3 0.850 ± 0.007 0.80 ± 0.10 84 ± 7 93 ± 2 90 ± 1
4 0.550 ± 0.001 0.50 ± 0.20 94 ± 3 93 ± 2 94.7 ± 0.6
5 0.780 ± 0.001 0.80 ± 0.10 90 ± 9 92 ± 2 90.4 ± 0.5
6 0.880 ± 0.005 0.87 ± 0.05 90 ± 8 90 ± 1 91 ± 1
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monitoring, specifically for measuring zinc in Phuket pine-
apple cultivation soils. The glassy carbon electrode was first 
modified by electropolymerizing poly(L-arginine) and then 
coated in situ with a bismuth film, yielding a composite 
surface that enabled sensitive and reliable anodic stripping 
voltammetry measurements. Operating parameters—includ-
ing L-arginine concentration and electropolymerization 
cycles, Bi(III) concentration, acetate buffer pH, and the 
preconcentration potential and time—were systematically 
optimized to achieve optimal analytical performance. Under 
the optimized conditions, the method demonstrated excel-
lent analytical characteristics, providing a linear response 
over 7.5–400 µg L⁻¹ (r = 0.999), with a limit of detection of 
0.78 µg L⁻¹ and a limit of quantitation of 2.6 µg L⁻¹. The sen-
sor successfully delivered accurate and reproducible Zn(II) 
determinations in soil samples from Phuket pineapple plan-
tations, affording recoveries of 84.1–94.7%, and its results 
were in good agreement with those obtained by ICP‑OES, 
confirming the method’s reliability. The mercury‑free Bi 
film and the aminated poly(L-Arg) interface collectively 
provide high sensitivity, reduced reagent consumption, and 
operational simplicity, while also offering a low-toxicity 
and environmentally friendly alternative due to the elimina-
tion of hazardous mercury and minimized chemical usage, 
in line with the principles of green chemistry. These fea-
tures indicate that the proposed approach is well suited for 
routine, on-site monitoring of Zn(II) in agricultural soils 
and has strong potential for deployment in portable electro-
chemical instrumentation.
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