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Abstract: Arsenic poisoning in the environment can cause severe effects on human health, hence
detection is crucial. An electrochemical-based portable assessment of arsenic contamination is
the ability to identify arsenite (As(Ill)). To achieve this, a low-cost electroanalytical assay for the
detection of As(Ill) utilizing a silica nanoparticles (5iNPs)-modified screen-printed carbon electrode
(SPCE) was developed. The morphological and elemental analysis of functionalized SiNPs and a
SiNPs/SPCE-modified sensor was studied using field emission scanning electron microscopy (FESEM),
transmission electron microscopy (TEM), energy dispersive X-ray spectroscopy (EDX), and Fourier
transform infrared spectroscopy (FTIR). The electrochemical responses towards arsenic detection
were measured using the cyclic voltammetry (CV) and linear sweep anodic stripping voltammetry
(LSASV) techniques. Under optimized conditions, the anodic peak current was proportional to the
As(I1I) concentration over a wide linear range of 5 to 30 pg/L, with a detection limit of 6.2 ug/L.
The suggested approach was effectively valid for the testing of As(Ill) found within the real water
samples with good reproducibility and stability.
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1. Introduction

Arsenic, a highly toxic element, is commonly found in many different minerals. Most arsenic
compounds are often detected as a by-product of copper and lead refining. In the electronics industry,
small quantities of arsenic can be mixed with germanium and silicon by heating, resulting in a sublime
arsenic and the end product of iron (II) sulfide for transistor production. Small amounts of arsenic
are essential to the electronics industry—heating a mixture of arsenic, germanium, and silicon for
the purpose of transistor production causes arsenic to sublime and leave behind iron (II) sulfide.
On the other hand, the arsenic-gallium arsenide (GaAs) compound is used to make light-emitting
diodes (LEDs). LEDs produce the lit numbers in hand-held calculators, clocks, watches, and other
electronic devices. Despite its benefits, arsenic pollution can endanger human lives and affect the
sustainability of the ecosystem [1,2]. In fact, arsenic is four times more poisonous in comparison with
mercury, a known harmful metal. Arsenic is mainly found in drinking water and in groundwater,
and its contamination has affected more than 140 million people across 70 different countries [3].
Arsenic exists in four oxidation states: —III, 0, III, and V, and can be found in nature as organic or
inorganic arsenic. Inorganic arsenic, namely As(V) and As(II), is categorized as the most dominant
form of arsenic contamination in groundwater. Among both those forms, up to 80% toxicity of total
arsenic is contributed by As(III) [4,5]. The toxicity of As(III) is 50 times higher than As(V) due to the
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enzymatic reaction in the human respiratory system [6]. Meanwhile, organic arsenic can be defined as
arsenic atoms bonded with carbon elements. Organic arsenic is found mainly in seafood such as fish
and shellfish, and is not harmful to human health [7].

Presently, numerous detection techniques have been established to detect and quantify As(III),
such as atomic absorption spectrometry (AAS) [8], atomic fluorescence spectrometry (AFS) [9],
and inductively coupled plasma mass spectrometry (ICP-MS) [10]. However, these techniques are
unable to detect individual arsenic species and must be used with an upstream separation scheme.
These techniques also possess limitations due to the high operational and maintenances costs, long
analysis time, low selectivity and sensitivity, and can only be handled by a trained operator [11]. Thus,
this highlights the necessity to develop a simple, economical, fast, selective, and precise detection
method for trace levels of heavy metals [12]. Electrode-based electrochemical sensing systems satisfy
many requirements for both qualitative and quantitative analyses to replace the conventional methods,
as they offer the advantages of simple instrumentation, easy handling, rapid analysis, and portability.
The use of screen-printed electrodes (SPEs) is found to be prominent for on-site detection, since the
screen-printed technology enables mass production of highly reproducible, single-shot (disposable)
electrodes [13,14]. Moreover, an easily modifiable SPEs configuration, including microelectrodes
and chemically modified electrodes [15], allows the development of specific sensors that are suitable
for decentralized assays. As such, SPEs are favored to be used as sensing surfaces due to their
cost effectiveness, design versatility, and commercial availability in comparison with other types of
electrodes [15,16]. Hence, the development of an inexpensive and reliable technology for the rapid
determination of arsenic is crucial for monitoring the environment and human safety.

The design and construction of a nanoparticle-modified electrode could be the key factor to
improving the sensitivity and selectivity of the electroanalytical measurement [17]. In this context,
the modification of a sensing electrode using various materials, such as gold nanoparticles (AuNPs) [18],
gold-palladium nanoparticles (Au-PdNPs) [19], gold-platinum nanoparticles (Au-PtNPs) [5], and silver
nanoparticles (AgNPs) [20,21], was proven to be effective for arsenic quantification. Most of these
approaches involve the use of metal-based nanoparticles for electrode modification, particularly for
gold nanoparticles, since they provide a more sensitive anodic current reaction [17]. Considering that,
a previous work had demonstrated the development of an electrochemical sensor utilizing gold
nanoparticles combined with silica nanoparticles (Au-SiNPs) as a sensing platform for arsenic
detection. In this two-steps of nanoparticles-modified screen-printed carbon electrode (SPCE) approach,
the developed sensor showed good sensitivity and selectivity towards As(IIl) determination, with a low
detection limit of 5.6 ppb [22]. Although the AuNPs-modified electrode has been widely used in arsenic
determination, such electrodes still come with disadvantages, including the high cost of noble metals
that makes the system inefficient for routine analysis, as well as the non-uniform coatings caused by the
easy agglomeration of small-sized nanoparticles, therefore, complicating the fabrication protocols [23].
Since an SPCE-based disposable electrochemical assay may be of particular interest for the in-field
detection of arsenic in a simple and cost-effective way, non-metals become a great alternative to replace
metal-based nanomaterials for electrode modification. Moreover, non-metal-based nanomaterials have
remarkable advantages, such as higher catalytic activities, good stability, and abundance in occurrence,
all of which contribute to economical fabrication and their capability to act as a sensor [23,24].

For the aforementioned reasons, the silica nanoparticles-based SPCE is seen to have great potential
for use in the electrochemical detection of heavy metal ions, including As(Il), in the environmental
field. It is imperative to note that silica nanoparticles (S5iNPs) have been established as one of
the most promising support elements due to their high surface area, biocompatibility, and ease
of functionalization that can further enhance the sensor performance [25]. Therefore, this work
demonstrates the fabrication of SiNPs/SPCE-modified electrodes to narrow the gap of the unexplored
strategy in improving the electrochemical detection of As(Ill) ions via the linear sweep anodic
stripping voltammetry (LSASV) technique. The SPCE was modified with 3-aminopropyltriethoxysilane
(APTES)-functionalized SiNPs through the drop-casting method, and subsequently applied as an
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electrochemical interface, as illustrated in Figure 1. Through this simple work-up process, the high
specificity and sensitivity of the sensor can be achieved from the abundant amino (NHj)-containing
active groups on the electrode surface, which are favorable for the LSASV determination of As(III) [25].
The proposed scheme can be introduced as a new route for a simple, fast, and practical method in
the advancement of sensor studies from the existing scheme, in which the latter requires complicated
fabrication protocols using high-cost materials.
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Figure 1. Schematic representation of the fabrication process of the silica nanoparticles (SINPs)/screen-
printed carbon electrode (SPCE) electrochemical sensor.

Evidently, although the SiNPs/SPCE was unable to demonstrate the lowest limit of detection
(LOD) in comparison with the previous reported works [5,22], the SINPs/SPCE reported in this research
had not only offered a competitive detection limit but a simplification of the analytical procedure
through the alleviation of the requirement for electrode modification. Moreover, the proposed sensor
had performed satisfactorily in a range of real samples analyses. It is worth noting that the combination
of an SPCE with SiNPs, where the latter are low-cost materials with adequate efficiency and selectivity,
may represent an interesting platform for an affordable and disposable detection system that can be
extensively used for in-field applications of arsenic contamination monitoring.

2. Materials and Methods

2.1. Materials

All reagents were analytical grade and used without further purification. Ultrapure water (mili-Q
ultrapure water system, Waltham, MA, USA) was used in all of the experiments. Tetraethylorthosilicate
(S5i(OC;Hs)4) (98%) and 3-aminopropyltriethoxysilane (CoHp3NO35i) (99%) were obtained from Sigma
Aldrich (St. Louis, MO, USA). Hydrochloride acid (HCI) (37%), ammonium hydroxide (NH;OH) (25%),
sulphuric acid (H504) (98%), and phosphate buffer (PBS) were purchased from R&M Chemicals
(Essex, UK). Ethanol, (CH30,) (95%) and As(III) standard solution (1000 mg/L) were obtained from
HmbG Chemicals and Merck (Hamburg, Germany), respectively. The screen-printed carbon electrode
(SPCE, DRP-C110DIEL) with a diameter of 4 mm and working area of 0.11 cm? was purchased from
Dropsense Company (Oviedo, Spain). The reference electrode was made of silver, while the working
and auxiliary electrodes were made of carbon. All the electrodes were fabricated on a ceramic substrate
(3.4 cm length x 1.0 cm width X 0.05 cm thick).
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2.2. Instruments

Electrochemical studies were performed using a potentiostat electrochemical system (Eco
Chemie B. V., Utrecht, The Netherlands) equipped with a computer-controlled ptAUTOLAB III.
The electrochemical data were analyzed by the NOVA 1.11 software (Eco Chemie B. V., Utrecht,
Netherlands). Field emission scanning electron microscopy (FESEM) and energy dispersive X-ray
(EDX) were performed on a JSM 7600F electron microscope (JEOL, Ltd., Tokyo, Japan). Transmission
electron microscopy (TEM) was conducted on a H-7100 electron microscope (Hitachi, Ltd., Tokyo, Japan).
The Fourier transform infrared spectrum (FTIR) was recorded using a Perkin Elmer spectroscopy
(Waltham, MA, USA). In addition, the inductively coupled plasma mass spectrometry (ICP-MS)
was conducted to validate the performance of the fabricated SiNPs/SPCE towards As(III) detection.
All measurements were conducted at room temperature.

2.3. Synthesis and Fabrication of SiNPs-Modified SPCE

SiNPs were synthesized by mixing 47 mL of EtOH, 3.3 mL of NH;OH, and 4 mL of TEOS (4.38 M)
under stirring. The mixture was incubated for 24 h at room temperature. Afterwards, 0.3 mL of 98%
APTES (4.11 M) was added to the mixture and incubated overnight at room temperature. The solution
was centrifuged at 40,000 rpm for 2 h and dried in a drying oven at 70 °C for 30 min to obtain
APTES-functionalized SiNPs. Next, the electrode was pre-treated to remove the physically adsorbed
impurities on the electrode surface by applying the potential of 0.1 to 0.7 V using the cyclic voltammetry
(CV) technique in 0.1 M NaOH for 30 cycles, at a scan rate of 0.1 V/s, and dried at room temperature [26].
Prior to use, 3 mg of the product was sonicated with 1 mL of deionized water for 60 min. After that,
the working electrode was prepared by drop-casting 10 uL of the SiNPs solution onto the surface
and dried overnight at room temperature. The modified electrode was then thoroughly rinsed with
deionized water to remove the excess SiNPs. Finally, the modified electrode was characterized using
CV in 5 mM [Fe(CN)s]*/4~ containing 0.1 M KCl as a supporting electrolyte at the potential range of
—0.51t0 0.6 V with the scan rate of 0.1 V/s. Figure 1 illustrates the fabrication process of the SiNPs/SPCE
for arsenite detection.

3. Results and Discussion

3.1. Characterization of SINPs and SiNPs/SPCE

The TEM image of the nanoparticles (Figure 2a) shows that the particles were monodispersed
with sizes ranging from 200 to 250 nm and their size distribution was uniform with the spherical
shape of the nanostructures. As reported by previous studies, the smaller size of SiNPs of less than
100 nm is well-known as an excellent modifier employed in constructing electrochemical sensors by
providing high sensitivity and selectivity towards analyte detection [27]. Although the smaller size of
SiNPs provides great advantages, the particles also possess some limitations due to the high surface
energy and particle-particle interactions. The small particles show low colloidal stability and tend to
aggregate very fast. This aggregation reduces the available surface area for the reduction of metal ions,
As(III). In this work, although the synthesized SiNPs resulted in a larger size, the nanoparticles still
exhibited extraordinary properties and offered unique features, as well as enhanced the performance
of the developed sensor.

Meanwhile, in order to confirm the successful synthesizing of functionalized SiNPs, the surface
morphology of SiNPs was examined using FESEM as shown in Figure 2b. The SiNPs particles were
directly attached to a sample holder using a carbon paste coated with gold to reduce the charging
effect. The SEM image showed the SiNPs were uniformly dispersed with spherical morphologies.
The elemental composition of SiNPs was further obtained using EDX analysis as shown in Figure 2b
(inset). Two strong peaks of O and Si were observed, which confirmed the presence of silica and
oxygen with the weight percentages (wt %) of 38.03 and 61.97, respectively. This indicates that the
synthesized silica has high purity [28].
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The FTIR spectra of SiNPs were analyzed to study the functional group that exists in the synthesized
SiNPs. As shown in Figure 2¢, the absorption bands exhibited at 3346.65 and 1634.36 cm™! were
attributed to the stretching mode of NH; and OH, respectively. Meanwhile, the characteristic band at
1044.33 cm™! corresponded to the Si-O-Si symmetric stretching. The peaks at 546.73 and 430.76 cm ™!
indicated the stretching vibration of Si-O and Si-O-5i bending vibration [29]. The results confirm
the effective incorporation of amino groups on the silica surface. In addition, XRD analysis of the
nanoparticles was conducted at room temperature in the ranges of 10° to 90° in 20 scale to determine
whether the synthesized SiNPs were amorphous or crystalline. As shown in Figure 2d, the amorphous
properties of the SiNPs were confirmed by a single broad diffraction peak in the XRD pattern at the 26
value of 23.08° [30].
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Figure 2. (a) TEM image, (b) FESEM image and the EDX profile (inset), (c) FTIR spectra, and (d) XRD
pattern of the synthesized SiNPs.

The surface morphology and elemental composition of the SiNPs/SPCE-modified electrode were
characterized using FESEM and EDX, respectively. Figure 3a shows the distribution of carbon on
the surface of the electrode which originates from the carbon-based SPCE. The CI peak present in
the EDX spectrum of the unmodified SPCE originates from the binder or solvent [31]. Meanwhile,
the images illustrated in Figure 3b evidenced the distribution of silica on the electrode surface of the
SPCE. As shown in the image, the presence of SiNPs on the electrode surface was confirmed and it was
uniformly distributed on the working area of the screen-printed carbon electrode. The SiNPs exhibited
a spherical shape and the size was in the range of 200-250 nm. The presence of silica and oxygen on
the sparked electrode surface was confirmed by EDX analysis, as shown in Figure 3.
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Figure 3. FESEM images coupled with EDX spectra for the (a) bare SPCE and (b) SiNPs/SPCE.
3.2. Electrochemical Characterization

The electrochemical performance of the fabricated sensor was investigated using the CV technique
in 5 mM of [Fe(CN)g]3>~4~ solution as a redox probe containing 0.1 M KCl as a supporting electrolyte
at the potential range of —0.4 to 0.6 V, with a scan rate of 100 mV/s. As illustrated in Figure 4a,
the unmodified electrode and SiNPs/SPCE exhibited a pair of well-defined redox due to the oxidation
and reduction process of [Fe(CN)g]>4~. The SiNPs/SPCE produced a higher peak current compared
with the bare SPCE. The anodic and cathodic peak current of the modified SPCE was significantly
enhanced after the surface modification with SiNPs. It is probably due to the unique properties of
SiNPs, which can increase the surface area and improve the electrode performance of the modified
electrode. The peak separation was calculated for both the bare SPCE and SiNPs/SPCE. As can be seen
from the result, the SINPs/SPCE produces a small peak potential separation (0.17 V) compared with
the bare SPCE (0.23 V), indicating faster kinetics of the electron transfer rate provided by the SiNPs.

The results were further confirmed by the electrochemical impedance spectroscopy (EIS)
technique as shown in Figure 4b. EIS is an efficient method for probing the interfacial properties of
surface-modified electrodes [32]. The measurements were recorded in 5 mM [Fe(CN)g]> 74~ containing
0.1 M KCl at an electrode potential of 0.218 V, with a frequency range of 100 kHv to 0.01 Hz, and its
equivalent Randle’s circuit. In the Nyquist plots of the EIS, the diameter of the semicircle equals the
charge transfer resistance (Rct), which controls the electron transfer kinetics of the redox probe at the
electrode surface. As shown in Figure 4b(a), the bare SPCE displays a large semicircle diameter with an
Rct value of 12.9 k() at the high-frequency region. Meanwhile, the semicircle of the SiNPs/SPCE was
significantly reduced with an Rct value of 121 Q) (Figure 4b(b)), demonstrating that the SINPs-modified
electrode surface formed a high electron conductor, which can be ascribed to the excellent conductivity
of SiNPs. In summary, the EIS result shows the successful construction of the sensor.
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Figure 4. (a) Cyclic voltammetry (CV) responses of the a) bare SPCE and b) SiNPs/SPCE. (b) Nyquist
plots of electrochemical impedance spectroscopy (EIS) for the a) bare SPCE and b) SiNPs/SPCE. The inset
shows the Nyquist plot of the SiNPs/SPCE.

Meanwhile, the effective surface areas of the bare SPCE and SiNPs-modified SPCE were calculated
using the Randles—Sevcik formula. The anodic peak current (Ipa) increased linearly with the square
root of the scan rate. The effective surface area values of the bare SPCE and SiNPs/SPCE-modified
electrode was calculated as 0.0309 and 0.4967 cm?, respectively. It was shown that the utilization
of the SiNPs/SPCE as an electrochemical sensing material can enhance the effective surface area for
about 16 times. Figure 5 shows that the oxidation peak current of the SiNPs/SPCE was proportional to
the square root of the scan rate, which indicated that the electrochemical reaction of the SiNPs/SPCE
behaved as a standard diffusion-controlled process [33]. It is worth noting that a direct response
between the peak current and the bulk concentration was observed due to the interaction of the
abundance active sites on the electrode surface with all incoming ion molecules, which is a crucial
requirement for the electrochemical sensor [32]. This behavior makes the SiNPs/SPCE an effective
electrode for the determination of As(III).
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Figure 5. CV responses at different scan rates for the (a) bare SPCE and (b) SiNPs/SPCE. The insets
show the corresponding linear calibration plot of the peak current against square root of the scan rate.

3.3. Parameters Optimization

The effect of experimental parameters such as supporting electrolytes, pH, deposition potential,
and deposition time were examined in order to gain a high sensitivity of the electrochemical performance
of the SiNPs/SPCE towards heavy metal ions, As(IlI). In the voltammetric analysis, the supporting
electrolyte plays a vital role in increasing the conductivity of the analyte solution and maintaining the
pH and ionic strength [21]. In this work, different kinds of supporting electrolytes were examined
such as 1 M HCl, 1 M Tris-HCl, 1 M PBS, and 1 M KCI. Based on the analysis, 1 M HCI provides
the optimum sensitivity and an intense peak current toward As(Ill) compared with other supporting
electrolytes, as shown in Figure 6a. No visible peak current was observed in 1 M Tris-HCl, 1 M PBS,
and 1 M KCl. Thus, 1 M HCl solution was selected as the optimized supporting electrolyte due to the
sharp stripping peaks current observed.

The pH solution is another important factor that can affect the sensitive determination of As(IlI),
since the speciation of arsenite varies with pH. As(IIl) exists predominantly in the low-pH region,
which is less than 8 and gradually turns to anionic species beyond pH 8 [34]. A further phenomenon
worth noting is the range of pH in which the surface charge densities of amine-functionalized SiNPs
influence the confrontation of As(Ill). The nanoparticles retain a net positive charge at pH values below
6.84 and carry a net negative charge at a higher pH (pH > 6.84) [35,36]. It is, therefore, predicted that
negatively charged arsenite ions could be effectively migrated to the electrode surface under acidic
conditions. By considering both factors, the pH dependence studies were conducted by varying the
pH values of HCl from 1 to 6 in response to the 10 pg/L of As(Ill). As shown in Figure 6b, it is clear that
the highest peak current was observed at pH 1 and gradually decreased as the pH value increased.
The trend was similar to that previously reported [23,32], showing that the reaction efficiency decreased
at higher pH conditions, possibly due to the reduction of hydrogen that hindered the As(III) detection.
Therefore, pH 1 was chosen as the optimum pH for all subsequent experiments.

The dependence of the anodic peak current concerning the applied deposition potential was
analyzed from —1.0 to —0.2 V. As can be seen in Figure 6¢, the intense stripping peak current appeared
at —0.5 V during the detection of As(III). From the observation, the peak current increased significantly
in the range of —0.1 to —0.5 V. However, as the deposition potential becomes more negative, the peak
current leveled off due to the increasingly competitive Hy production which brought about the hydrogen
evolution reaction occurring at the electrode surface at a more negative potential, which resulted in
decreasing the current signals [37]. Hence, —0.5 V was adopted as the optimal deposition potential.

The influence of the deposition time on the current signals was investigated in the range of 30 to
330 s for As(Ill) detection. As illustrated in Figure 6d, the current peak increases with an increase in
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the deposition time from 30 to 300 s and decreases at 330 s after a prolonged accumulation time as
a result of saturation. The decrease in the peak current was attributed to the limiting values of the
deposited ions on the electrode surface at a higher deposition time [38]. Therefore, 300 s was chosen as
the optimum deposition time and was used throughout this study:.
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Figure 6. Effect of the (a) supporting electrolyte, (b) pH, (c) deposition potential, and (d) deposition
time on the voltammetric response of the SiNPs/SPCE in the presence of 1 mg/L As(III).

3.4. Electrochemical Detection of As(Ill) on Modified Electrode

The applicability of the fabricated SiNPs-modified electrode towards As(IIl) detection was
investigated using linear sweep anodic stripping voltammetry (LSASV). Figure 7a presents the
electrochemical performance of the bare SPCE and SiNPs/SPCE, which was conducted in 1 mg/L of
As(III) solution containing 1 M HCl (pH 1) as a supporting electrolyte at a deposition potential of
0.5V and a deposition time of 300 s at the potential range of —0.4 to 0.2 V. As illustrated in Figure 7a,
the bare SPCE displayed a weak oxidation peak and poor electrocatalytic activity compared with that
by the SiNPs/SPCE-modified electrode. The higher sensitivity of the SiNPs/SPCE electrochemical
sensors compared with the bare SPCE could be attributed to the distinctive electron transport and high
adsorption properties of the SiNPs towards As(IlI). Thus, the fabricated SiNPs/SPCE showed better
electrocatalytic activity, thereby capable of providing more remarkable electrochemical performances
towards As(III) detection. Figure 7b demonstrates the sensing mechanism of arsenic detection using
an APTES-functionalized SiNPs/SPCE. In this case, As(IIl) ions were adsorbed on the surface of
the working electrode and reduced to As(0) by the employment of the applied deposition potential.
This deposition process can be attributed towards the NHj,-containing active groups on the SPCE
and the conductivity of the SiNPs. Continually, the stripping mechanism was further performed by
supplying a specific stripping voltage, which caused the reoxidation of As(0) to As(III) ions and their
removal from the electrode surface [39]. The corresponding oxidation current (stripping current) is
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measured as a function of the scan potential, allowing the highly selective and sensitive detection of
As(III) ions via the SiNPs/SPCE sensor through the LSASV approach.
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Figure 7. (a) Linear sweep anodic stripping voltammetry (LSASV) responses of the bare SPCE and
SiNPs/SPCE in the presence of 1 mg/L As(Ill) in 1 M HClI solution (pH 1). (b) LSASV sensing mechanism
of the SiNPs/SPCE towards As(III) detection. (c¢) LSASV responses of the SiNPs/SPCE towards As(III)
in a concentration range of 5 to 30 pug/L and (d) the corresponding linear calibration plots of the net
current against As(III) concentrations.

Under the optimized experimental conditions, the performance of the SiNPs/SPCE sensor was
further analyzed using an LSASV measurement in the presence of various concentrations of As(III).
Figure 7c shows the LSASV responses of the SiNPs/SPCE for a range of As(III) concentrations from
5 to 30 ug/L. It was found that the stripping current had increased when the value of the arsenite
concentration was increased. This behavior can be accredited to the presence of a moiety that actively
reacted to the positively charged target analyte [23], indicating that the peak response was controlled
by the amount of As(III) ions adsorbed on the surface of the electrode modifiers, SiNPs. The calibration
plot was linear over the concentration range of 5 to 30 ug/L of As(IIl), with the regression equation of
IP (nA) = 1.6449C (ug/L) + 5.1673 (R? = 0.9933), as depicted in Figure 7d. The findings showed that the
detection of As(IlI) in aqueous media had been efficiently obtained, even at a very low concentration
of arsenic. The LOD was further determined using the equation of LOD = 35;,/b, where S}, is the
standard deviation of the blank measurements (n = 3), and b is the slope of the calibration curve [40].
The LOD was calculated as 6.2 ug/L, which is lower than the maximum guide value of 10 ug/L by the
World Health Organization (WHO). The LOD obtained in the present study was comparable to those
reported previously, as in Table 1. Although previous reports had achieved higher sensitivity and
lower detection limits, some issues still arise, particularly in terms of its expensiveness, complicated
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fabrication protocol, and the use of toxic materials. It is imperative to note that in addition to offering a
competitive limit of detection in comparison with existing reports, critically, the SiNPs/SPCE also allows
for the detection of As(Ill) at a lower LOD than that observed using IrO,/GCE [41] and TiO,/GSE [42],
with the linear range being wider than reported using AuNPs/SPE [18] and Pt/GCE [43].

Table 1. Comparative study on the performance of different electrochemical sensors for arsenite detection.

Modified Linear Range LOD

Electrode Detection Method (ug/L)/ppb (ug/L)/ppb Ref.
AuNPs/SPE Ccv 0.5-12 0.22 [18]
IrO,/GCE DPV 0-80 7.7 [41]
TiO,/GSE LSV 10-80 10 [42]
PY/GCE CV/LSV 2-14 2.1 [43]
Au-Cu/GCE cv 30-130 5.64 [44]
Au- MnFe,04/GCE SWASV 0-60 3.37 [45]
EG-Bi/GCE SWASV 20-100 5.0 [46]
MnFe,0,4/GE SWASV 0-100 1.95 [47]
5nO,/GE SWASV 5-300 5.0 [48]
SiNPs/SPCE LSASV 5-30 6.2 This work

AuNPs: gold nanoparticles; Au-Cu: gold-copper; Au-MnFe,;O4: gold-manganese ferrite; EG-Bi: exfoliated
graphite-bismuth; IrO,: iridium oxide; MnFe;O4: manganese ferrite; Pt: platinum; SnOj: tin dioxide; TiO,: titanium
dioxide; SiNPs: silica nanoparticles; GE: gold electrode; GCE: glassy carbon electrode; GSE: gold strip electrode;
SPE: screen-printed electrode; SPCE: screen-printed carbon electrode; CV: cyclic voltammetry; DPV: differential
pulse voltammetry; LSV: linear sweep voltammetry; LSASV: linear swept anodic stripping voltammetry; SWASV:
square wave anodic stripping voltammetry.

The reproducibility, repeatability, and stability of the developed sensor were investigated under
optimum conditions and the results are presented in Table 2. The reproducibility was examined using
a series of six sets of a similarly constructed SiNPs/SPCE. The relative standard deviation responses
(RSD) were found to be 4.78%, showing good reproducibility. Meanwhile, the repeatability of the
fabricated sensor also was evaluated for six repetitive measurements of a single SiNPs/SPCE in 10 pg/L
As(III) solution. The RSD value of 12.48% suggests that the fabricated sensors are not repeatable,
and hence allows for a single-shot (disposable) analysis. Additionally, the stability of the SINPs/SPCE
also was studied by recording the current each day using a single SiNPs/SPCE electrode. The modified
electrode was stored at room temperature. From the results obtained, the responses current decreases
from day-to-day. This shows that the best current responses can only be achieved when a freshly
prepared SiNPs/SPCE is used. From the observation, the color of the reference site turned black after a
few days at room temperature due to the oxidation process.

Table 2. Reproducibility, repeatibility, and stability study of the SiNPs/SPCE sensor.

Reproducibilit Repeatabilit Stabilit
No. of Sample/Day (Peai Current, u};&) (PeakPCurrent, iILA) (Peak Curren};, uA)

1 56.75 52.47 55.32

2 51.00 52.08 52.83

3 50.65 48.93 50.04

4 53.65 45.99 47.87

5 54.65 37.99 44.34

Mean 53.34 47.49 50.08
Standard deviation 2.55 5.93 4.26
RSD (%) 4.78 12.48 8.51

3.5. Interference Measurements

Studies of a possible interference from foreign ions that exist in natural water have been conducted.
Figure 8 shows the effect of various foreign ions such as Hg2+, S0,2~, Pb%*, Zn%*, Ni?*, and Cu?*,
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which were tested for the interference study of the SiNPs/SPCE-modified electrode under optimum
conditions. The degree of interference was studied by adding some possible interfering metals into
1 M HCl containing 10 pg/L As(III) at 1:1 of the As(III) concentration to foreign substances. The results
show that the fabricated sensor has good selectivity towards As(III) ions. Only Cu(Il) ions were found
to suppress the peak current. It is due to the natural existence of Cu(Il) in the water system, and it
was found present in relatively high levels in the world’s water supply. During the deposition step in
the electrochemical measurement, copper and arsenic were co-deposited on the electrode and formed
an intermetallic compound Cu3As; alloy [49]. Thus, due to this reason, Cu(II) shows a significant
interference in arsenic detection. This finding is in good agreement with previous studies that reported
a major interference from Cu(Il) ions in the electrochemical detection of As(III) in water [49].

180

-
(=]
(=]

Percentage of Interferences (%)

40
0

Nz $0,> Pb** Zn** Hg** Cu®
Foreign lons

Figure 8. Interference study of the SiNPs/SPCE in the presence of various competitive foreign ions.
3.6. Real Sample Analysis

A series of tests was performed on real water samples to evaluate the practical application of
the SiNPs/SPCE towards detecting the target analyte, As(Ill), in the environment. The samples were
collected from river water (Balok River, Kuantan, Malaysia) and tap water (Universiti Putra Malaysia).
Prior to the electrochemical analysis, the water samples were diluted with 0.1 M HCI, and no further
treatment was performed. The unknown concentrations of As(IIl) were initially tested. Then, 10 mg/L
of As(IIl) was spiked into the samples and measured using the developed sensor. It is clear that no
apparent peak of As(Ill) was observed, suggesting that no As(Ill) was found in the diluted samples for
Tap water A and River water A, respectively. However, when As(IlI) was spiked into the samples,
an obvious signal change was detected corresponding to the As(Il) concentration increasing in the
samples of Tap water B and River water B, respectively. The results obtained by the proposed method
were comparable to those obtained by the inductively coupled plasma-mass spectrometry (ICP-MS)
analysis as presented in Table 3. The recovery test was further studied to validate the accuracy
of the developed SiNPs/SPCE sensor for arsenic detection by spiking 10 mg/L of As(III). As there
was a 97.6% recovery for the Tap water B sample and 98.5% recovery for the River water B sample,
these findings demonstrate that the proposed sensor is feasible and has a good applicability for real
samples application.
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Table 3. Real sample analysis using the developed SiNPs/SPCE sensor for As(III) detection.

SiNPs/SPCE ICP-MS
S | As (III) Spiked
ample (mg/L) As (IIT) Found Recovery (%) As (ITIT) Found

(mg/L) i (mg/L)
Tap water A 0 0.68 £ 0.01 - 1.09 £ 0.26
Tap water B 10 10.54 £ 0.43 97.6 10.37 £ 0.62
River water A 0 0.95+0.18 - 0.58 £ 0.01
River water B 10 10.77 + 0.65 98.5 10.84 + 0.79

4. Conclusions

An efficient electrochemical sensor for As(IlI) detection with high electrochemical performance
was successfully developed using the LSASV technique. The fabricated sensor exhibited good electrical
performance and provided an excellent response towards As(IlI) detection with high selectivity and
sensitivity. A reasonable limit of detection was obtained from the calibration study, in which the
obtained LOD value was 6.2 11g/L, which was below the threshold limits of drinking water, as suggested
by WHO, 10 ug/L. The SiNPs/SPCE-modified sensor also showed good reproducibility with an RSD
value of 4.78 %. Combined with the disposable SPCE, this cost-effective analytical assay has proven to
be successful for the detection of As(IIl) in real water samples and continues to hold great promise to
be used as a screening platform for environmental analysis.
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