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ABSTRACT
Accurate, rapid, and cost-effective validation of water quality is essential to ensure that the World Health Organization’s (WHO)

standards are met and that the United Nations Sustainable Development Goal 6—Clean Water and Sanitation is achieved. To this

end, the development of additive-manufactured electrodes using recycled polylactic acid, nanocarbon black, and micro-sized

bismuth oxide is reported. These electrodes, that are fabricated using a thermal mixing approach, can be customized to incorpo-

rate varying amounts of bismuth oxide (1, 2.5, and 5 wt%) maintaining the integrity of the base polymer. The electrodes developed

in this work demonstrate significant potential for the electrochemical detection of lead (II) within water, achieving limits of

detection of 0.79, 0.93, and 4.29 μg L−1 (3σ), for the 1, 2.5, and 5 wt% bismuth oxide sensors, respectively. These detection limits

are notably below the WHO recommended threshold of 10 μg L−1 for lead in domestic water and even achieve the 2036 European

Union targets of 5 μg L−1. The 2.5 wt% bismuth oxide electrodes exhibit excellent reproducibility and specificity, achieving average

recovery rates of 98.28% and 100.15% in the analysis of spiked lead (II) samples in deionized and condensed atmospheric water,

respectively. This approach is further validated against inductively coupled plasma mass spectroscopy measurements.

1 | Introduction

Lead is a common toxic metal with no safe level and it has
widespread use globally. The Institute for Health Metrics and
Evaluation (IHME) reports that lead exposure accounts for more
than 33 million years lost to disability, globally [1]. Lead poison-
ing can occur upon entry to the body through contaminated
water, air, dust, food, or consumer products and can cause prob-
lems in the bones, teeth, blood, liver, kidneys, and brain [2].
Both acute and chronic lead exposure at any level has the poten-
tial to be harmful. Elevated blood lead levels in children have
been linked to neurological effects such as behavioral and learn-
ing problems, hearing problems, hyperactivity, lower IQ, and

impaired development, while in contrast, low lead levels have
been linked with irreversible neurocognitive, maladaptive, and
behavioral, developmental disorders [2, 3]. Important sources
of environmental contamination of lead include manufacturing,
mining, smelting, and recycling activities due to its use in a
range of products including jewelry, toys, lead crystal glassware,
pigments, paints, solder, stained glass, and ceramic glazes.
Moreover, lead can contaminate drinking water through plumb-
ing systems containing lead pipes, solders, and fittings. The risk
of lead poisoning can be through drinking tap water if your resi-
dence (property) has lead pipes, lead water tank, and pipework
with lead fittings which can result in lead contaminating the
water supply. Therefore, the need to accurately detect trace
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amounts of this heavy metal ion, among other of similar impor-
tance, in drinking water is not just crucial but urgent for effec-
tively measuring water pollution and protect human health. The
World Health Organization’s (WHO) and US Environmental
Protection Agency (EPA) guidelines recommended guideline val-
ues for maximum allowable concentration of lead in drinking
water, set at 10 μg L−1 [4].

Traditional analytical techniques such as atomic absorption spec-
troscopy (AAS), inductively coupled plasma mass spectroscopy
(ICP-MS), and X-ray fluorescence spectrometry offer certain ben-
efits for detecting heavy metal ions; however, these methods
involve expensive equipment, trained personnel, and complex
operations. In contrast, electrochemical analysis methods have
gained attention due to their high sensitivity, quick analysis,
affordability, ease of operation, and convenient field monitoring.
Specifically, anodic stripping voltammetry is widely applied
for the measurement of lead and provides a cost-effective, rapid,
simple to operate, and highly sensitive analytical method for
detecting heavy metal ions [5]. Traditionally, mercury-based
electrodes were utilized as a beneficial approach for the sensing
of lead, but nowadays this is limited by its toxicity. Another
alternative approach extensively reported in the literature
is the use of bismuth-based electrodes which offers lower
toxicity [6]. In this way, the creation of multicomponent alloys
can create fusible alloys with various heavy metals, which show
well-defined, undistorted and highly reproducible responses,
favorable resolution of neighboring peaks with good signal-
to-background characteristics comparable to those of common
mercury electrodes [6]. This approach has been reported for
ex-situ formation [7], in situ formation, [8] and more recently
modified screen-printed electrodes [9–12].

One innovative approach to fabricate electrochemical-based
sensors is through utilizing additive manufacturing [13].
Additive manufacturing, often called 3D printing, encompasses
a group of processes that transform computer-aided design files
into physical objects by depositing material in successive thin
layers. Among the most widely used and cost-effective methods is
fuzed filament fabrication, also known as fuzed depositionmodel-
ing. This technique works through the deposition of thermoplas-
tic polymers and is notable for its affordability, with printers
available for a few hundred pounds, compared to the thousands
or even hundreds of thousands required for other types of print-
ers. Using additive manufacturing to create electrodes involves
selecting filaments or materials that meet the electrical, chemical,
and mechanical requirements of the application. The choice of
filaments depends on the type of electrode (e.g., for batteries, fuel
cells, sensors, or supercapacitors) and the additive manufacturing
technology being employed. There are commercially available
conductive filaments on the market, but these have poor conduc-
tivity and stability. Therefore, researchers are developing new
filaments allowing them to realize next-generation electrochemi-
cal-based sensors with different carbon compounds inducing
significantly improved conductivities [13–15]. Researchers are
beginning to take this further through the incorporation of nano-
materials and metallic modifiers to improve the performance of
filament further for specific applications [16, 17].

In this paper, we report additive-manufactured electrodes with
the development of recycled polylactic acid, nanocarbon black

(CB), and micro-sized bismuth oxide. We show that these can
be readily tailored to encompass different amount of bismuth
oxide, namely, 1, 2.5, and 5 wt%, which are shown to be beneficial
for the sensing of lead (II) in water samples.

2 | Experimental Section

2.1 | Chemicals

All chemicals used in the experiment were of analytical
grade and were used as received without any additional purifi-
cation. The solutions were prepared using deionized water
(DIW) with a resistivity of at least 18.2 MΩ cm, obtained from
a Milli-Q Integral 3 system from Millipore UK (Watford, UK).
Hexaammineruthenium (III) chloride (98%), castor oil, sodium
hydroxide (>98%), acetic acid (>99%), sodium phosphate dibasic
(>99%), lead and copper standards for AAS (1 g L−1), micro-sized
bismuth oxide (>99%), and potassium chloride (99.0%–100.5%)
were purchased fromMerck (Gillingham, UK). Nano-CB (>99+%)
was purchased from Pi-kem (Tamworth, UK). Recycled poly
(lactic acid) (rPLA) was purchased from Gianeco (Turin, Italy).

2.2 | Production of Recycled Filament

This follows our previous work, where we have reported the
use of rPLA using castor oil as a bio-based plasticizer and with
a conductive element using nano-CB [18]; see Scheme 1 for an
overview. In this approach, we manufacture a polymer blend
comprising rPLA, castor oil, and nano-CB. All recycled rPLA
was dried in an oven at 60°C for at least 2.5 h to eliminate
any remaining moisture in the polymer. The polymer composites
were mixed in a chamber at 190°C with Banbury rotors at
70 rpm for 5 min using a Thermo Haake Polydrive dynameter
equipped with a Thermo Haake Rheomix 600 (Thermo-Haake,
Germany). The resulting polymer composite was allowed to cool
down to room temperature and then granulated to achieve a finer
granule size using a Rapid Granulator 1528 (Rapid, Sweden). The
granulated sample was collected and processed through the hop-
per of the EX2 extrusion line (Filabot, VA, United States) with
heat zone set at 195°C. The molten polymer was extruded from
a 1.75 mm die head, pulled along an airpath cooling line (Filabot,
VA, USA) through an in-line measure (Mitutoyo, Japan), and col-
lected on a Filabot spooler (Filabot, VA, USA). The filaments
modified with Bi2O3 were prepared in the same way, with 1,
2.5, and 5 wt% Bi2O3 added to replace CB, hence producing
the following: 1% Bi2O3, 55 wt% rPLA, 10 wt% castor oil, and
34 wt% nano-CB; 2% Bi2O3, 55 wt% rPLA, 10 wt% castor oil,
and 33 wt% nano-CB; 5% Bi2O3, 55 wt% rPLA, 10 wt% castor
oil, and 30 wt% nano-CB. The filaments are then ready to use
for additive manufacturing.

2.3 | Additive Manufacturing

The computer designs and 0.3MF files in this manuscript were
created using Fusion 360 by Autodesk. These files were then pre-
pared for additive manufacturing using PrusaSlicer, specific to
Prusa Research’s printers. A 0.6 mm nozzle was used, with a
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nozzle temperature of 225°C, an extrusion ratio of 1.6 (160%),
100% rectilinear infill [19], a 0.2 mm layer height, and a print
speed of 35 mm s−1. The increased extrusion ratio was necessary
because the filament’s diameter was approximately 1.6 mm,
slightly below the de facto 1.75 mm standard used by
PrusaSlicer for extrusion calculations. This produced an addi-
tive-manufactured lollipop shape with Ø 5 mm disc with 8
mm connection length and 2 × 1 mm thickness.

2.4 | Physicochemical Characterization

X-ray photoelectron spectroscopy (XPS) data were acquired using
a Kratos AXIS Supra instrument with a monochromated Al X-ray
source operating at 225 W. The instrument was set to fixed
transmission mode for survey and region scans. The collimator
operated in slot mode for an analysis area of approximately
700 × 300 μm. Scanning electron microscopy (SEM) was carried
out using a Carl Zeiss Supra 40VP field-emission instrument
with an average chamber and gun vacuum of 1.3 × 10−5 and
1 × 10−9 mbar, respectively. The samples were sputtered with
a thin layer of Au/Pd to enhance image contrast.

2.5 | Electrochemical Studies

All electrochemical experiments were performed on an Autolab
100N potentiostat controlled by NOVA 2.1.7 (Utrecht, The
Netherlands) and Ivium Compactstat potentiostat controlled

by IviumSoft software. Identical additive-manufactured electro-
des were used throughout this work for all filaments, printed
in a lollipop shape (Ø 5mm disc with 8mm connection length
and 2 × 1mm thickness) [20] alongside an external commercial
Ag|AgCl/KCl (3M) reference electrode with a Nichrome
wire counter electrode. All solutions of [Ru (NH3)6]

3+ were
purged of O2 thoroughly using N2 prior to any electrochemical
experiments. The additive-manufactured electrodes are activated
as documented in the literature [15], which use chronoamperom-
etry at a voltage of +1.4 V for 200 s, followed by applying
−1.0 V for 200 s within 0.5 M sodium hydroxide. The additive-
manufactured electrodes were then thoroughly rinsed with
DIW and dried under compressed air before further use.

2.6 | Real Sample Analysis

To acquire atmospheric water for sample analysis, a medium-
sized sample bag was filled with DIW and securely sealed to pre-
vent contamination. This sealed bag was placed inside a larger
sample bag, ensuring that it did not contact any surfaces. The
bag was then frozen overnight to turn the water into ice. The
resulting ice was then positioned near a laboratory window close
to the experimental workstation for around 6 h, causing it to melt
and condensed water to collect in the larger sample bag. This
process was repeated twice to obtain almost 200 mL of condensed
atmospheric water (CAW) for use in the sample analysis. Two
separate solutions were meticulously prepared for analysis using
DIW and CAW samples. To ensure accurate measurements, a

SCHEME 1 | An overview of how the BiO filament is made with the resulting electrode shown (dimensions: Ø 5mm disc with 8mm connection

length and 2 × 1 mm thickness).
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supporting electrolyte of 0.1 M acetate buffer solution at pH 4.5
was incorporated into each solution. The electrochemical deter-
mination of the lead (II) was carried out by using square-wave
anodic stripping voltammetry (SWASV). For this purpose,
10 mL of each water sample was spiked with Pb2+, where the
standard addition method is employed.

2.7 | Validation Using ICP-MS Analysis

Water sample analysis for lead was performed using an Agilent
7900 ICP-MS with Agilent integrated autosampler. A six-point
calibration series was created by dilution from QMX Multi
Element Standard 2a for ICP-MS, spanning 0.1–100 μg L−1.
The sample sequence was developed with initial rinses, the cali-
bration series, a quality control (10 μg L−1 QC), method blanks,
the samples, and a 10 μg L−1 QC sample at the end. The calibra-
tion line fit for all four elements were better than 0.999, QC sam-
ples showed no significant drift across the analysis time.

3 | Results and Discussion

3.1 | Physicochemical Characterization of Bi2O3

AdditiveManufactured Electrodes

Initially, additive-manufacturing filaments comprising rPLA and
nano-CB and using castor oil as the plasticizer using our previous
approach (please see Experimental Section) were fabricated [18].

Of note, we have used castor oil as an inedible oil that can be
extracted through solvent or mechanical pressing from the plant
Ricinus communis (Euphorbiaceous family). This is a bio-based
plasticizer helping, in part, to transition to the sustainable pro-
duction of filament [18]. In this work, we created filament with
10 wt% higher loading of nano-CB when compared to previous
reports. This highlights the excellent plasticizing performance of
the castor oil. Alongside this, filament containing bismuth oxide
(Bi2O3) added to replace CB was fabricated in the following
compositions: 1 wt% Bi2O3, 55 wt% rPLA, 10 wt% castor oil,
and 34 wt% nano-CB; 2.5 wt% Bi2O3, 55 wt% rPLA, 10 wt% castor
oil, and 33 wt% nano-CB; 5 wt% Bi2O3, 55 wt% rPLA, 10 wt% cas-
tor oil, and 30 wt% nano-CB. We term these simply as 1%, 2.5%
and 5% Bi2O3 additive-manufactured electrodes. We explore the
additive-manufactured electrode with SEM and XPS. As shown
within Figure 1A, the SEM is shown of the surface of a 2.5% Bi2O3

additive-manufactured electrodes and also, the EDX, as illus-
trated in Figure S1. These effectively demonstrate the presence
of bismuth oxide in the additive-manufactured electrode, where
one can observe the presence of carbon, oxygen, and bismuth.
The chemical composition of the additive-manufactured electro-
des are investigated through XPS; the spectra of the additive-
manufactured electrode are shown in Figure 1B–D. Figure 1B
shows the full spectra scan where part C and D shows the
C 1s (Figure 1C) and Bi 4f regions (Figure 1D).

The analysis of the C 1s spectra (Figure 1C) indicates the pres-
ence of the following moieties where three smaller symmetric
peaks are assigned to O─C═O, C═O, and C─O, while a fourth

FIGURE 1 | The SEM images of (A) the 2.5% Bi2O3 additive-manufactured electrode. XPS survey spectra of (B) the additive-manufactured electrode

with the regions shown are (C) C 1s and (D) Bi 4f. SEM= scanning electron microscope; XPS=X-ray photoelectron spectroscopy.
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larger symmetric peak is assigned to C─C and C─H bonding.
There was also the requirement for fitting an asymmetric peak
at 284.5 eV, which corresponds to the X-ray photoelectron emis-
sion from graphitic carbon [21]. Two symmetrical peaks are
shown in Figure 1D, corresponding to the bismuth 4f7/2 and
f45/2, with peaks located at 159.0 and 164.3 eV, respectively.
This shows agreement with the well-defined separation of
Bi 4f spin–orbit components of 5.3 eV [22].

3.2 | Electrochemical Characterization and
SWASV Optimization

The 2.5% Bi2O3 additive-manufactured electrode was bench-
marked using an outer sphere probe, using [Ru (NH3)6]

3+

(1 mM in 0.1 M KCl), which produced a heterogeneous rate con-
stant, k0, of 1.61 ± 0.45 × 10−3 cm s−1. In comparison, the com-
mercial additive-manufactured electrodes using Protopasta (only
containing CB) had a k0 value of 0.30 (± 0.03) × 10−3 cm s−1 [18],
demonstrating the enhanced performance of this filament in fab-
ricating additive-manufactured electrodes. Through the use of
the quasi-reversible Randles–Ševčík equation, the real electro-
chemical surface area (Ae) is determined to be 0.76 (± 0.07) cm2.

Next, we explore the use of 0%, 1%, 2.5%, and 5% Bi2O3 additive-
manufactured electrodes toward the sensing of lead (II). Note
that this approach avoids the need for ex-situ bismuth film plat-
ing or in-situ bismuth film formation via the addition of bismuth
salts. As shown within Figure 2, bismuth oxide is electrochemi-
cally reduced forming bismuth metal when a sufficiently nega-
tive potential is held and in the presence of lead undergoes the
following transformation [9, 23]:

Bi2O3 sð Þ+ 3H2O aqð Þ+ 6e− mð Þ→ 2Bi0 sð Þ+ 6OH− aqð Þ (1)

Pb2+ aqð Þ+ 2e− mð Þ→ Pb Bialloyð Þ (2)

On the anodic sweep, two peaks are observed which
correspond to

2Bi0 sð Þ→ Bi3+ aqð Þ+ 3e− (3)

Pb Bi alloyð Þ→ Pb2+ aqð Þ+ 2e− mð Þ (4)

Using a 1% Bi2O3 additive-manufactured electrode does not show
a stripping peak from bismuth due to the low amount contained
within the electrode surface but it is readily seen when a 2.5%
Bi2O3 additive-manufactured electrodes is used. One can readily
see that the use of bismuth oxide results in a sharp peak where
the nucleation kinetics is favorable against that of the bare addi-
tive-manufactured electrodes. To detect lead (II) using SWASV,
we explored the optimal deposition potential and time. During
the study, other instrumental parameters, such as the step poten-
tial, amplitude, and frequency, were held constant: amplitude
of 60 mV, potential step of 4 mV, and a frequency of 10 Hz.
This allowed for a comprehensive and controlled analysis of
the detection process. The impact of deposition time (ranging
from 60 to 180 s due to stirring) on the lead (II) voltammetric
responses was initially investigated employing 80 μg L−1 of
lead (II) analyte in 0.1 M acetate buffer using a 2.5% Bi2O3

additive-manufactured electrode. As anticipated, the peak

FIGURE 2 | SWASV (−1.1 V deposition potential; 120 s deposi-

tion time at 800 rpm) of 30 μg L−1 of lead (II) in 0.1M acetate buffer

recorded using 0% Bi2O3 (dotted line) alongside 1%, 2.5%, and 5% Bi2O3

additive-manufactured electrodes. All potentials are against Ag/AgCl.

SWASV= square-wave anodic stripping voltammetry.

FIGURE 3 | (A) Optimized SWASV for the increasing concentration

of lead (II) (0.1 M acetate buffer) using 2.5% Bi2O3 additive-manufactured

electrode. (B) Calibration curves for the response of the peak height

against increasing concentrations of lead (II) (0.1M acetate buffer) for

the 1%, 2.5% and 5% Bi2O3 additive-manufactured electrodes. An average

of three measurements are shown where the standard deviation is rep-

resented. SWASV= square-wave anodic stripping voltammetry.
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currents exhibited a consistent increase with longer accumula-
tion times of up to 120 s, followed by a sharp and steady decline.
This observed pattern aligns with previous findings, traditionally
associated with the saturation of the electroactive area of the
electrode [24]. Maintaining the accumulation time at 120 s, we
proceeded to examine the influence of the deposition potential,
which varied from −1.2 to −0.8 V, where the highest current
response was observed at −1.1 V. Consequently, the optimal val-
ues for the deposition potential and time were determined based
on the maximum current values at −1.1 V and 120 s, respectively,
and were selected for further experiments.

Attention is turned to explore the sensing of lead (II) using
the 1%, 2.5%, and 5% Bi2O3 additive-manufactured electrodes,
as shown in Figure 3A, where it can be seen that typical

SWASV for the increasing concentration of lead (II) using
the 2.5% Bi2O3 additive-manufactured electrodes, where also
shown are the calibration curves for the response of the peak
height against increasing concentrations of lead (II) 0−300 μg L−1

for the 1%, 2.5%, and 5% Bi2O3 additive-manufactured electrodes;
further lead (II) additions resulted in deviation. Regression
equations are as follows: 1% Bi2O3: Ip/μA= 0.0876 μg L−1 –

0.0532, R2= 0.9997; 2.5% Bi2O3: Ip/μA= 0.1451 μg L−1 – 0.2313,
R2= 0.9996; and 5% Bi2O3: y Ip/μA= 0.1884 μg L−1+ 0.037,
R2= 0.9930. Interestingly, more comprehensive concentration
range of 0–300 μg L−1 was achieved which is taken forward to
the real sample analysis. A summary of the sensor is compared
to other reports. These values nonetheless fall far below the limits
set by the WHO [25], which is 10 μg L−1, and are comparable to
results found in existing literature (see Table 1), where one can

TABLE 1 | Comparison of additive-manufactured electrodes for the sensing of lead (II) with literature reports.

Electrode composition Technique
Linear
range

Limit
ofdetection Sample medium Reference

Bi film SPE/Nafion SWASV 20–300 μg L−1 3 μg L−1 River and tap water [26]

Bi film SPE SWASV 20–100 μg L−1 2.3 μg L−1 River water [27]

AME: PLA/nano-sized Bi/PGE DPASV 10–100 μg L−1 0.39 μg L−1 Bottled water [17]

AME: PLA/CB/micro-sized Bi2O3 DPASV 5–60 μg L−1 0.45 μg L−1 Bottled water [28]

Bi2O3/bulk SPE SWASV 5–150 μg L−1 5.00 μg L−1 — [29]

AME: 1% Bi2O3, 55 wt% rPLA, 10 wt% CO,
34 wt% CB

SWASV 0–240 μg L−1 0.79 μg L−1 — This work

AME: 2.5% Bi2O3, 55 wt% rPLA, 10 wt% CO,
and 33 wt% CB

SWASV 0–300 μg L−1 0.93 μg L−1 DIW; CAW This work

AME: 5% Bi2O3, 55 wt% rPLA, 10 wt% CO,
and 30 wt% CB

SWASV 0–120 μg L−1 4.29 μg L−1 — This work

Abbreviations: AME: additive-manufactured electrodes; CAW: condensed atmospheric water; CB: carbon black; CO: castor oil; DIW: deionized water;
DPASV: differential pulse anodic stripping voltammetry; PGE: polyethylene glycol dimethyl ether; SPE: screen-printed electrode; and SWASV: square-wave anodic
stripping voltammetry.

TABLE 2 | Investigation of lead (II) within spiked deionized water (DIW) and condensed atmospheric water (CAW) samples.

DIW Sample (Pb2+) Spiked (μg L−1) Detected (μg L−1) Recovery (%) RSD (%)

1 15 14.94 99.63 14.53

2 30 28.05 93.50 3.47

3 60 60.97 101.62 9.83

Average 98.28 9.28

CAW sample (Pb2+) Spiked (μg L−1) Detected (μg L−1) Recovery (%) RSD (%)

1 15 15.79 105.23 19.33

2 30 28.21 94.05 9.72

3 60 60.70 101.17 13.45

Average 100.15 14.16

Technique SWASV ICP-MSa SWASVa ICP-MS % Contrast

DIW BDL 0.05 14.94 ± 2.08 16.55 10.78

CAW BDL 0.04 15.79 ± 2.46 13.21 16.34

Abbreviations: BDL: below detection limit; CAW: condensed atmospheric water; DAW: deionized water; ICP-MS: inductively coupled plasma mass spectroscopy;
SWASV: square-wave anodic stripping voltammetry.
a15 ppb of Pb2+ spiked in each sample. The standard deviation is the result of three electrode-to-electrode repetitive runs using the proposed technique taken at a
95% confidence level. Relative standard deviation (RSD).
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observe that our additive manufacturing electrochemical system
provides competitive outputs.

3.3 | Interference Studies and Electroanalytical
Application for Lead (II) Detection

Prior studies have indicated that the presence of nontarget
Cu2+ can interfere with the accurate determination of Pb2+

in bismuth-based electrodes [10, 30], while other nontarget ions
such as K+, Na +, Ca2+, Cl−, NO3

−, and Fe3+ may not have
the same effect [31]. We explored the impact of varying
concentrations of 50–1000 μg L−1 copper (II) using 2.5% Bi2O3

additive-manufactured electrodes for the sensing of 30 μg L−1.
In the presence of 50 μg L−1 of copper (II), the electrode sensi-
tivity decreased by only 8.53% (n= 3) but in the presence of
1000 μg L−1 Cu2+ the electrode sensitivity was reduced by 63%,
leading to a substantial decrease in the average recovery rate.
See Figure S2 which shows the effect on the sensing of lead (II)
in the presence of 10 and 1000 μg L−1 copper (II). Wang et al. [32].
have attributed this to the competition between electrodeposited
bismuth and copper for surface sites on the electrode, as well as
the formation of intermetallic compounds between copper and
lead. Therefore, it is important to pretreat water samples contain-
ing high concentrations of copper (II) before conducting meas-
urements [11].

Last, we turn to the measurement of lead (II) with real samples.
A 10 mL sample of DIW and CAWwas used for real sample anal-
ysis using 2.5% Bi2O3 additive-manufactured electrodes. Both
water samples were spiked with a 5 μg L−1 standard solution,
resulting in a noticeable stripping peak for Pb2+. By using the
standard addition method, a final solution of 60 μg L−1 was
achieved in both water samples to determine the concentration
of Pb2+. The results are specified in Table 2, where the spiked
Pb2+ recoveries in the water samples ranged from 93.50% to
101.1% (average 98.25 ± 4.23)% in DIW and from 94.05% to
105.23% (average 100.15 ± 5.66)% in CAW. In a validation study,
the analytical efficacy of the engineered 2.5% Bi2O3 additive-
manufactured electrodes was ascertained through standard
ICP-MS analysis. The ICP-MS detected Pb 2+ concentrations in
acidified (2% v/v nitric acid) DIW and condensed water samples
at 0.05 and 0.04 μg L−1, respectively, values that fall below the
detection thresholds of the developed methodology and
instrumentation. Subsequently, these samples were enriched
with a 15 μg L−1 Pb2+ standard solution and subjected to
analysis using the proposed approach (Table 2). The additive-
manufactured sensor are demonstrated to provide an analyte
concentration that was comparable to the ICP-MS value, with
a better recovery rate compared to the ICP-MS. In summary,
we show that the use of 2.5% Bi2O3 additive-manufactured sensor
is accurate and precise in determining Pb2+ in DIW and CAW
samples.

4 | Conclusions

In summary, we have engineered additive-manufactured electro-
des with the development of recycled polylactic acid, nano-CB,
and micro-sized bismuth oxide. We show that these can be

readily tailored to encompass different amount of bismuth oxide
(1, 2.5, and 5 wt%) and are beneficial for the sensing of lead (II).
Using 1, 2.5, and 5 wt% bismuth oxide additive-manufactured
electrodes, we show that limits of detection of 0.79, 0.93, and
4.29 μg L−1 (3σ) are feasible. Such an approach removes the need
for ex-situ bismuth plating or in-situ bismuth film formation via
the addition of bismuth salts. The detected limits are significantly
lower than the WHO recommended guideline values for
domestic water, set at 10 μg L−1. The 2.5% bismuth oxide
additive-manufactured electrodes show a good level of reproduc-
ibility and specificity, with an average recovery rate of 98.28%
and 100.15% in the analysis of spiked lead (II) DIW and CAW
samples, respectively, and our approach is validated against
ICP-MS.
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