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In this study, boron-doped diamond nanoparticles modified on the surface of a screen-printed
electrode (SPE) were prepared for the sensitive and selective determination of Sb*" using square
wave voltammetry. The effect of electrochemical parameters such as the type of supporting
electrolyte, pH, signal per background, and scan rate on the sensitivity of the sensor for the
detection of Sb3" was investigated. Under optimized conditions with an amplitude of 0.05 V, a
frequency of 50 Hz, and an E-step of 0.05 V, the square wave voltammogram between —1.0 and
1.0 V gave a limit of detection of 2.41 x 1078 M for an Sb*>* concentration range from 0.19 to 0.59
uM. The method was used to determine Sb*" ions in river water with satisfactory results. The
modified electrode displayed benefits such as high sensitivity and selectivity, long-term stability,
easy preparation, and wide linear range.

1. Introduction

Some toxic metal ions are widely distributed in water and food resources owing to human
activities. One such metal ion is antimony (Sb), which is toxic and causes serious problems to
human health, such as dizziness, headache, and depression, at low doses of around 2.15 pg/L,
and it damages the kidneys and heart at higher doses of around 9 pg/L.() Sb and its compounds
are toxic, and Sb(III) possesses a high affinity towards red blood cells and the sulfhydryl groups
that are the constituents of those cells.?) Sb is utilized in the production of ceramic materials,
glass, polymerization catalysts, pharmaceuticals, pigments, textiles, paper, and especially
polyethylene terephthalate, which is widely used in the packaging of alcoholic and nonalcoholic
beverages.®) Thus, the rapid and sensitive detection of heavy metals at trace levels in fresh water
sources is becoming very important as heavy metal ions have serious toxicological effects on
living organisms.®
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Several different techniques are utilized for the detection of Sb>*, such as spectroscopy,
chromatography, and electrochemistry.®) However, the spectroscopic and chromatographic
techniques are time-consuming and cumbersome, and are also unsuited for the in situ
measurements of metal ions owing to the complexity of the instruments. In contrast,
electrochemical techniques are becoming important as they are cost-effective, portable, and easy
to operate.(>7) Square wave voltammetry (SWV) is considered one of the sensitive
electroanalytical techniques for the determination of trace quantities of heavy metal ions.®

Meanwhile, the screen-printed electrode (SPE) has gained popularity as it is an alternative to
traditional electrodes for the development of a rapid in situ analytical method.”’» Nanomaterials
are an attractive choice for the development of SPE, as they enhance the sensitivity of electrodes
for a particular analyte species.” The modification of the SPE with nanomaterials such as
boron-doped diamond nanoparticles (BDDNPs) improves the limit of detection (LOD).(D
BDDNPs can be used as modifiers in SPE, as they possess several advantages such as high
sensitivity due to the wide potential window and low background current.!?) BDDNPs have
several characteristics that are appropriate as coatings of working electrodes (WEs), such as an
inert surface with low adsorption, long service life with high stability and performance, and
corrosion resistance even in strong acidic media. In this study, BDDNPs are modified on SPE
(SPDE) for the detection of Sb>" ions in river water samples. The SPDE modification results in a
larger surface area for detection; thus, more Sb*>* ions can be detected on the electrode surface
with highly sensitive measurements.

2. Materials and Methods
2.1 Chemicals

All chemicals used were of analytical reagent grade. Glacial acetic acid (CH;COOH, >99.7%)
and sodium acetate (CH;COONa, >99.0%) were obtained from Sigma Aldrich (USA). Standard
solutions of iron [Fe(NO;);] in HNO;z (1000 mg/L), lead [Pb(NOs),] in HNO; (1000 mg/L),
cobalt [Co(NO3),] in HNO5 (1000 mg/L), and cadmium [Cd(NO3),] in HNO; (1000 mg/L) were
obtained from Merck (Germany), whereas BDDNPs with sizes between 0 and 250 nm were
purchased from Hunan Boromond EPT (China). SPE was purchased from TailKuKe (China). All
chemicals were used without further purification.

2.2 Instrumentations

SWYV experiments were carried out using an automated handheld power-driven PalmSens
electrochemical analyzer (PalmSens BV, The Netherlands). The SPE for this study comes with a
carbon WE strip, a carbon auxiliary electrode strip, and a silver reference electrode strip
embossed on a plastic substrate. The functional groups of nanocomposites were identified by
Fourier transform infrared spectroscopy (FTIR, IR Tracer-100, Shimadzu, Japan) and were
recorded in the range of 500—4000 cm™!. A UV-visible scanning spectrophotometer (UV-Vis,
Shimadzu UV-1800, Japan) and X-ray diffraction (XRD, PANalytical B.V, Netherlands) were
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used to investigate the constituents of the nanocomposite. The surface morphology of the
BDDNP-modified SPE was studied using a field emission scanning electron microscope
(FESEM, JEOL JSM-7600F) attached with an energy-dispersive X-ray (EDX) spectrometer.

2.3 Preparation of modified electrode and electrochemical analysis

The BDDNP ink was prepared by mixing 10 mg of BDDNPs in 0.5 mL of 30% ethanol using
an ultrasonicator until the BDDNPs were completely dispersed. To prepare SPDE, the
modification was carried out by drop-casting the BDDNP ink suspension (20 pL) onto the
surface of the WE part of the SPE and dried at 60 °C for 90 min in an oven. The drying of the
modified SPE in the oven evaporates the solvent and prevents the BDDNPs from leaching out
during the experiments.

All electrochemical measurements were carried out by pipetting 1.33 uL of 60 uM Sb** in 60
puL of 0.1 M acetate buffer solution and drop casting onto the SPE. Cyclic voltammetry (CV) and
SWV were performed with a Sensit smart Palmsens potentiostat. The mixed solution was
allowed to equilibrate for 5 s before scanning from —1 to 1 V at an amplitude of 0.05 A, a
frequency of 50 Hz, and an E-step of 0.05 V.

3. Results and Discussion
3.1 Characterization of modified electrode

Figure 1(a) shows the FESEM image of the surface of the SPDE. The FESEM image provides
useful information about the surface topography of the sample on the surface of the WE. The
FESEM image of the SPDE reveals a homogeneous and nonporous surface morphology. From
the analysis performed using the ImagelJ software, the average size of the SPDE was found to be
192.22 nm. The XRD pattern of the BDDNP material confirms that the peaks at 26 = 43, 85 and
75°, 36° correspond to the lattice planes of (111) and (220) of diamond, respectively [Fig. 1(b)].0?
The FTIR spectrum of SPDE in Fig. 1(c) shows medium or strong bands at 2168, 1630, 1438, and
1092 cm™!. The main peaks in the spectrum are related to the boron—carbon (B—C) vibration at
1438 cm™!. These peaks have been identified and associated with substitutional boron in
diamond.'® On the other hand, the band at 1092 cm™! is assigned to the boron—oxygen (B—O)
species present on the grain boundaries. The band of the carbonyl group at 1630 cm™! indicates
the possible oxidation of the sp? bond. Figure 1(d) shows the UV-vis spectrum of the SPDE,
where a prominent absorption spectrum is observed at approximately 242 nm, which corresponds
to the electronic transition of the boron atom in the BDD lattice.(14)

3.2 Electrochemical characterization of antimony
3.2.1 Signal per background (S/B)

The measurement of the signal per background (S/B) on the SPE and SPDE is useful for
studying the sensitivity of Sb>" analysis. The S/B on the SPE and SPDE was determined by the
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Fig. 1.  (Color online) (a) FESEM image of surface of SPDE, (b) XRD pattern of SPDE, (c) FTIR spectrum of
SPDE, and (d) UV-vis spectrum of SPDE.

SWYV method. The quotients between the peak signal current and the background in the SPE and
SPDE are 4.648 and 12.052, respectively (Fig. 2). It is confirmed that the SPDE provides a higher
S/B signal ratio than does the SPE, which provides better sensitivity, at the same concentration,
where the resulting sample current signal was greater than that with SPE. The use of
nanomaterials as modifiers results in a larger surface area of SPDE, more active sites, and higher
adsorption.(1®)

3.2.2 Effect of scan rate variation

The scan rate variation of Sb>* on the SPE and SPDE was determined by the CV method.
Scan rate measurements were carried out with scan rate variations of 40, 50, 60, 70, 80, 90, and
100 mV/s. The current peak shifts to a more positive linear potential value with the increase in
the scan rate, indicating quasi-irreversibility in the electro-oxidation process.(19)

Figure 3 shows that the peak current increases with the scan rate. The peak current was
higher in SPDE than in SPE, indicating that the transfer of electrons occurred faster on the
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Fig. 2. (Color online) SWV voltammogram of 0.39 uM Sb>" in 0.1 M acetate buffer when using (a) SPE and (b)
SPDE in the determination of S/B ratio.
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Fig. 3. (Color online) Calibration plot of peak current vs root scan rate in 0.39 uM Sb>" in 0.1 M acetate buffer with
pH 4.5 over a scan rate variation range of 40—100 mV/s.

surface area of SPDE. A larger scan rate promotes a faster ion diffusion towards the electrode
surface, which causes a greater current response.(!”) Figure 3 also shows a linear plot between
the anodic and cathodic peak currents as a function of the square root of the scan rate, for the
redox reaction in 0.39 uM Sb3* in 0.1 M acetate buffer at pH 4.5, with the curves of the linear
regression equations of 7,, (A) = 0.0715v° — (mV/s)*> — 0.0261 (R? = 0.9949) and 1,, (A) =
0.14829-5— (mV/s)?2—0.2736 (R2 = 0.9978), for the SPE and SPDE, respectively. This confirms
that the electron transfer at the electrode is diffusion controlled.

3.2.3 Effect of pH

The electrochemical performance of the fabricated electrodes is significantly affected by the
pH of the solution medium. The pH values of the acetate buffer are 3, 3.5, 4, 4.5, 5, and 5.5. The
current increases with the pH of the solution but decreases after reaching the pH with the
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maximum current. The acetate buffer was selected as the solution in this study as the acetate
buffer solution contains a CH;COO" group that forms a complex compound with the antimony
ions (Sb-CH;COO?"), which stabilizes the Sb*" ions and supports the anodic stripping.() The
formation of the complex compound Sb-CH;COO?" in the proposed system is as follows.

Sb(OH); + 3H* + CH;COO™ — 3H,0 + Sb(CH;CO0)>* )
Sb(OH); + 3H* + 2CH;CO0~ — 3H,0 + Sb(CH;COO0)," ®)

Figure 4 shows plot of peak potential and peak current vs pH. It was confirmed that the
maximum current peak was obtained at a pH of 4.5, which is attributed to the greater adsorption
of the Sb** reduction product on the electrode surface. The difference in pH also affects the peak
potential; thus, the peak potential at each pH differs from one another. As a result, at a fairly low
pH, a large amount of added H* will promote the equilibrium reaction to shift towards a negative
potential; therefore, the oxidation process requires a higher potential.!® Finally, it can be
concluded that the lower the pH, the more the response of the oxidation current shifts towards a
positive potential, and with higher pH, the response of the oxidation current shifts towards a
negative potential.1?)

3.3 Sensitivity and limit of detection

Sb>* was quantitatively analyzed on SPDE by the SWV method. The Sb*" peak current is
linear in the concentration range from 0.19 to 0.59 uM, including blank measurements. Figure 5
shows voltammograms and a linear correlation between the Sb>" concentration and the current
response with the equation y = 29.18x + 19.1 (R?>=0.9974) (inset). By employing the 3S,/m, S, =
standard deviation of the blank sample and m = slope of the calibration graph,?%2D the LOD
becomes 2.41 x 1078 M. The sensitivity of the SPDE is expressed by the gradient (y/x) in the
regression equation and is 29.18 (uA/uM). The analytical performance of the Sb>' detection
using various modified WEs was reported previously. It can be concluded from Table 1 that the
LOD of Sb*" on the SPDE is comparable to those shown in previous reports. In addition, the
proposed work in SPDE has the advantages of simplicity, portability, and environmental
friendliness compared with the use of Hg with a comparable LOD.

3.4 Interference study

The selectivity of the sensor electrode is defined by its ability to accurately detect the target
analyte in the presence of other interferent components that may be present in the sample matrix.
The selectivity of the proposed sensor for the detection of Sb>" was determined by studying the
effects of interferent metal ions (Cd?", Fe’*, Co?*, and Pb?") that are present together with Sb>* in
natural water by the SWV technique under optimum conditions. The interferent metals were
chosen on the basis of a previous article in which it was stated that Cd?", Fe’*, Co?", and Pb**
metals have a great impact on Sb>" signal peaks.?? Sb3" was first measured in the absence of
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Fig. 4. (Color online) Plot of peak potential and peak current vs pH of Sb3" 0.39 uM in 0.1 M acetate buffer at pH
3-5.5 using (a) SPE and (b) SPDE.
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Fig. 5. (Color online) SWV voltammogram of 0.39 uM Sb3" in 0.1 M acetate buffer of pH 4.5 using SPDE over a
concentration variation range of 0.19—-0.59 uM. (Inset) Linear correlation between Sb*>* concentration vs current
response using SPDE in the variation range of 0.19—0.59 uM.

Table 1

LOD values of Sb>" measurements using various electrodes.

Method Working Electrode LOD Ref.
DPSV AuNPs/CPE 6.67x 10 M 23
DPASV SPE/Hg 127x10°%M 24
SWASV GCHGO 4.90 x 10°* M 22
SWV SPDE 241 x10%M This work

interferent metal ions, then, in the presence of the interferent metal ions at a concentration ratio

of 1:1. The voltammogram of the selectivity between Sb and the interferent metal ions is shown
in Fig. 6.

3.5 Analytical application of developed electrode

The application of the modified electrode in real samples was tested by determining the
concentration of Sb’" in river water. In general, the Sb’" concentration in river water is around
1.1 pg/L. The level of precision was evaluated by spiking the sample with a typical Sb>* solution.
The samples spiked with Sb>" show excellent recovery (Table 2). This confirms that the process



4174 Sensors and Materials, Vol. 35, No. 12 (2023)

50 100
ssd =—srca 00 4 — S+Ph
40 = e Sy S0 =
1 3By e—Cd ﬁ_ 70 o
S 30 = g 60 =
2254 T 50 -
e 20 : 40
= - = 407
O 154 Q 304
10 20 =
5 10 =
0 T T T 0 T T T T
-1 -0.8 -0.6 -0.4 -0.2 0 -1 08 0.6 -04 -02 0 0.2
Potential/V Potential’'V
(@) (b)
50
45 =——sbiFe
40 4 m—Fe
135 4 =
= 304
2 % 3
@ 25+ =
20 =
= &
Q154 =
10 4 &}
5 -
0 —_—— 0
-1.2 - - - - 02 2
2o sty 2 15 13 11 09 -07 05 -03 -01
Potential’'V
(© (d)

Fig. 6.  (Color online) Selectivity of Sb>* with interferents (a) Cd%", (b) Co?", (c) Fe’™, and (d) Pb*" in 0.1 M acetate
buffer pH 4.5 using SPDE.

Table 2

Analysis of Sb>" in river water samples.

Sample Electrode Sb added (uM) Sb found (uM) % Recovery % RSD

River water SPE 0.39 0.40 102 0.31
SPDE 0.39 0.42 107 0.74

is selective and appropriate for the determination of Sb*' in real samples. SPE yielded more
accurate and stable results, because the surface area of SPDE modified with BDDNP was not
more stable than that of the SPE without modification. These results indicate that the SPE and
SPDE can be utilized for the detection of Sb*" in real samples by the SWV method with high
accuracy. In addition, the relative standard deviation (RSD) of the measurements is lower than
5%. This indicates that the proposed method and modification can meet the requirements for a
high-performance Sb*" sensor for real samples.

4. Conclusions

An innovative BDDNP-modified SPE was developed for the stripping analysis of Sb*". This
electrode was derived by merging the distinctive features of BDDNPs. The effectiveness of the
electrode was demonstrated by its ability to detect Sb>" ions in river water samples in the
presence of other Cd?*, Fe3*, Co?*, and Pb*" ions. The modified electrode sensor possesses high
sensitivity as well as high selectivity for the detection of Sb>" ions.
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