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a b s t r a c t

Monitoring heavy metal ion levels in water is essential for human health and safety. Electroanalytical
techniques have presented important features to detect toxic trace heavy metals in the environment due
to their high sensitivity associated with their easy operational procedures. Square-wave voltammetry is
a powerful electrochemical technique that may be applied to both electrokinetic and analytical
measurements, and the analysis of the characteristic parameters of this technique also enables the
mechanism and kinetic evaluation of the electrochemical process under study. In this work, we present a
complete optimized study on the heavy metal detection using diamond electrodes. It was analyzed the
influence of the morphology characteristics as well as the doping level on micro/nanocrystalline boron-
doped diamond films by means of square-wave anodic stripping voltammetry (SWASV) technique. The
SWASV parameters were optimized for all films, considering that their kinetic response is dependent on
the morphology and/or doping level. The films presented reversible results for the Lead [Pb (II)] system
studied. The Pb (II) analysis was performed in ammonium acetate buffer at pH 4.5, varying the lead
concentration in the range from 1 to 10 μg L�1. The analytical responses were obtained for the four
electrodes. However, the best low limit detection and reproducibility was found for boron doped
nanocrystalline diamond electrodes (BDND) doped with 2000 mg L�1 in B/C ratio.

& 2014 Elsevier B.V. All rights reserved.

1. Introduction

The trace detection of toxic or heavy metal ions in water is
essential for the human health and environmental safety. There
are numerous health problems caused by the exposure of humans
with high levels of heavy metal ions (Cd2þ , Pb2þ , Hg2þ , As3þ /5þ).
Moreover, these toxic ions tend to accumulate in the body with
a slow removal rate. For example, the biological half-life of
cadmium is from 10 to 30 years, while the presence of lead in
the bone is more than 20 years [1]. The Environmental Protection
Agency (EPA) estimates that about 20% of human exposure to lead
occurs through contaminated drinking water [1]. The monitoring
of these contaminants with adequate selectivity, sensitivity and
reproducibility is essential for the government rules impose the
maximum permissible exposure levels of these heavy metals in
the water to protect public health. The monitoring process is
available using various techniques, such as: atomic absorption,

atomic emission, and electrochemical techniques [1]. Alternatively,
electroanalytical techniques have attractive features, including
sensitivity, easy operational procedures, and portability. However,
the conventional electroanalytical determination of metals typi-
cally involves the use of mercury-based electrodes, for example,
hanging mercury drop electrode (HMDE) [2,3] or electrodes coated
with mercury, and glassy carbon [1,4] or iridium [5,6] substrates.
The mercury electrode is considered standard for analysis of
dissolved metals. However, mercury toxicity has been a great
concern of environmentalists and it has motivated several
researches for the development of mercury-free electrodes [1,5].

Boron doped diamond (BDD) electrodes have been extensively
studied due to their attractive electrochemical properties, mainly
including: high thermal conductivity; high hardness and chemical
inertness; a wide electrochemical potential window in aqueous
and non-aqueous media; a very low capacitance and a very high
electrochemical stability [1,2,7]. These properties have favored the
use of diamond to detect a variety of analytes, including traces of
heavy metals as well as pesticide determinations, substituting the
mercury electrodes in analytical techniques [8–11]. Taking into
account the boron-doped diamond films, the production of nano-
crystalline diamond films (BDND) may result in the increase of
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electroactive area due to the reduction of diamond grain size,
promoting their improving of analytical sensibility and selectivity
[1,12,13]. Considering the electrochemical characteristics of sen-
sors based on boron-doped nanocrystalline diamond (BDND),
several studies have reported promising results for these electro-
des as fast response, low detection limit, high stability, and
excellent response accuracy [14–17]. In addition, nanocrystalline
films provide a better catalytic activity, decreasing the overpoten-
tial of certain oxidation–reduction reactions [18].

Some studies found in the literature have demonstrated the
importance of boron-doped nanocrystalline diamond electrodes.
May et al. [19] have studied the relationship between the film
morphology, conductivity and boron doping level. They suggested
that the production of electrodes with controlled roughness and
conductivity can be considered excellent candidates for electroche-
mical applications. Sonthalia et al. [20] made a comparison between
the boron-doped nanodiamond electrodes with mercury electrodes
for the detection and quantification of Ag (I), Cu (II), Pb (II), Cd (II)
and Zn (II) in several water samples. They concluded that the
diamond electrode has the same properties from those of mercury,
but without toxicity in addition to its chemical inertia and non-
volatility. Recently, Honório et al. [21] used nanocrystalline boron-
doped diamond electrode for the determination of Cu(II), Pb(II), Cd
(II) and Zn(II) in honey by differential pulse anodic stripping
voltammetry (DPASV) and showed detection limits of 0.37, 0.40,
1.28 and 0.16 mg L�1 were found for Cu, Pb, Cd and Zn, respectively.

Many electroanalytical methods employ the adsorptive accu-
mulation in the HMDE combined with different stripping voltam-
metric techniques. One of the most sensitive techniques is the
square-wave voltammetry [22,23]. Square-wave voltammetry
(SWV) is a powerful electrochemical technique applied in both
electrokinetic and analytical measurements. The detection limits
can be compared with the chromatographic and spectroscopic
techniques [24–27]. Furthermore, the analysis of the characteristic
parameters of this technique enables to estimate the mechanism
and kinetic of the electrochemical processes in study. Thus, SWV
allows analyzing the reversible, irreversible and quasi-reversible
electrode reactions, considering the correlations between the
following parameters: frequency, period, square-wave potential,
and amplitude [21,26,28].

In this work, four types of diamond electrodes of BDD, BDND, and
BDUND were produced and characterized in addition to their
application to lead detection in ultra pure synthetic electrolytes,
using square wave anodic stripping voltammetry (SWASV) techni-
que. For this purpose, a systematic study was conducted using
theoretical models of SWV [20–24,29,36,37] to investigate the
mechanisms and kinetics for these different diamond electrodes,
considering the Pb (II) system as a function of their doping level and
grain size. The voltammetric parameters were optimized for all
electrodes, taking into account the following results: (1) SWV curves
for the net current (I); its forward (If) and backward (Ib) components;
(2) the dependence of the net peak current of reversible reaction as
a function of the frequency square-root; (3) the dependence of the
net peak current (I) and net peak current /peak current width at
half-height ratio (I/ΔEp/2) as a function of the square wave amplitude
(ESW); and (4) the dependence of the net peak current (I) as a
function of the step potential (ΔEs). Afterwards, these parameter
optimizations for Pb (II) system and the analytical curves were
obtained in pure electrolyte by the standard addition method.

2. Experimental

Four different types of diamond films were produced in a hot
filament chemical vapor deposition (CVD) reactor with two
different boron doping levels in silicon substrates. Boron was

obtained from an additional H2 line passing through a bubbler
containing trimethyl borate (Aldrich, 99%) dissolved in methanol
with dissolution of 2000 or 20,000 mg L�1. BDD films were grown
at 800 1C for 16 h at 40 Torr with a gas mixture of 1.5% CH4 and
98.5% H2. BDND_2000 and BDND_20,000 films were obtained at
650 1C for 16 h at constant pressure of 30 Torr and gas mixture of
1.5% CH4, 80% Ar and 18.5% H2. The morphologies of the films were
observed by scanning electron microscopy (SEM) using a JEOL
JSM-5310 model. Diamond film quality were verified by micro-
Raman scattering spectroscopy (Renishaw microscope system
2000) using the 514.5 nm line of an argon ion laser, taking the
spectra covering in the range from 300 to 3500 cm�1. The crystal-
linity and the grain size of the films were investigated by XRD
using a high resolution Philips diffractometer, X'Pert model, with
CuKα radiation (λ¼1.54 Å) in grazing incidence mode, incident
angle of 21 and resolution limit of 0.021 for all samples.

The electrochemical measurements were made using an Auto-
lab PGSTAT 302 equipment with a three-electrode cell. The BDD or
BDND films obtained with two B/C ratios were used as working
electrode. The geometric area of the BDD films in contact with the
electrolyte was 0.23 cm2. A platinum coil wire served as counter
electrode and Ag/AgCl was used as reference electrode. The Mott–
Schottky plots (MSP) measurements were performed for each
sample at single sine wave potential of 10 mV peak-to-peak
potential perturbations. The MSP curves were taken in 0.5 mol L�1

H2SO4 solution at three different frequencies (1, 10 and 50 kHz).
The square wave anodic stripping voltammetry (SWASV)

experiments were performed in the Pb (II) standard solution using
100 μg L�1 Pb(NO3)2 in 0.2 mol L�1 ammonium acetate buffer (pH
4.5) at pH 4.5, purging nitrogen for 5 min in the following different
steps: (a) the pre-conditioning step, applying the potential of 0.9 V
vs. Ag/AgCl for 45 s before each measurement in order to ensure
the dissolution of the remaining deposits on the electrode surface,
(b) the pre-concentration step procedure at �1.2 V vs. Ag/AgCl for
180 s, the solution was stirred during the electrodeposition step
and (c) the SWASV voltammograms recorded from �0.8 V to 0.0 V.
For the optimization of SWASV parameters, the Lead concentration
was 100 μg L�1.

After optimization of the voltammetric parameters, analytical
curves were obtained in pure electrolyte by the standard addition
method in the lead concentration in the range from 1 to 10 μg L�1.
In order to estimate the detection and quantification limits (DL
and QL), three blank voltammograms were measured in purified
electrolyte at oxidation potential of Pb (II). The standard deviation
(Sb) was obtained by the average current of these voltammograms.
The slope of the straight line (b) was obtained from the analytical
curves (DL¼3Sb/b and QL¼10Sb/b) [22,23].

3. Results and discussions

3.1. Diamond characterization

The morphology and structure of these films showed different
properties. The SEM images allowed observing the morphology of
diamond films, as shown in Fig. 1. Significant changes in the
diamond grain sizes were observed due to the doping level and
addition of argon to the gas mixture. For BDD films (Fig. 1a and b),
the decreasing in the diamond grain size is expected when is
increased the boron incorporation, causing a reduction in the
growth rate [25]. According to Issaoui et al. [30] boron affects the
nucleus formation during the first step of growth. Consequently,
high doping levels promote a low growth rate compared with the
values obtained using low doping levels. However, the change in
growth rate cannot be related only to the influence of boron.
A small amount of oxygen from the solution can also contribute to
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the growth rate variation. Oxygen is known to lead to potential
chemical reactions with species in the gas phase and to the
consumption of some carbon and boron species in the plasma,
which usually reduces the diamond growth rate. The films grown
without argon, and with 2000 and 20,000 mg L�1 in B/C ratio
presented an uniform morphology with well-faceted microcrystal-
line surface and grain sizes at around 3.0 and 1.5 μm, respectively.
Furthermore, for the BDND films grown with 80% of argon, in both
doping levels there is a surface with small grains which tend to
form small agglomerates, suggesting a secondary nucleation or re-
nucleation process [26]. In relation to the BDND growth process,
its non-columnar characteristics reflect in a low surface roughness
formed by grain clusters. The addition of argon caused the lower
dissociation of molecular hydrogen on the filament, decreasing the
amount of atomic hydrogen that reaches the substrate and,
consequently, reducing the diamond grain size [31–33].

According to the Raman spectra (Fig. 2), the films grown without
the presence of argon showed a clear and intense diamond peak at

1332 cm�1, which is characteristic of microcrystalline films [34].
Nevertheless, for the films grown with 80% of argon, the diamond
peak is overlapped by the D band (1345 cm�1). This behavior is
commonly observed in visible Raman spectra of nanocrystalline
diamond films [26,28]. The bands located at 1150 and 1490 cm�1,
which are arising from the transpolyacetylene (TPA) present in the
grain boundaries, were identified only in samples with high argon
concentration (80%) [35,36]. For the BDND films, the graphite G band
at around 1550 cm�1 indicates a high presence of sp2 carbon. The
bands at 500 and 1220 cm�1, related to the boron doping, were
found in all spectra and they are more evident for the BDD films.
These bands are still subject of debate and they are commonly
associated with the real incorporation of boron into the diamond
lattice [18,37]. The presence of the band at 500 cm�1 is attributed to
the local vibration modes caused by the increase of boron concen-
tration [38]. In addition, the broad band centered at 1230 cm�1 is
associated to the Fano effect interference between the discrete
phonon state and electronic continuum. This effect is ascribed to

Fig. 1. SEM images of diamond films: (a) BDD 2000, (b) BDD 20,000, (c) BDND 2000 and (d) BDND 20,000.

Fig. 2. Raman spectra of (a) BDD 20,000 and BDD 2000 and (b) BDND films with 80% Ar with 20,000 and 2000 ppm B/C ratio.
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the transition from the broadened impurity band to continuum states
composed of excited acceptor and valence band states [12]. Compar-
ing the BDD and BDND films in the same doping level, the bands at
500 and 1220 cm�1 in the Raman spectra are less evident for the
films grownwith the presence of Ar. This behavior may be associated
with the increase of boron incorporation in the diamond grain
boundaries for BDND films because of their high sp2 content. May
et al. [18] used Raman spectroscopy to detect substitutional boron in
nanodiamond films, and estimated that 80% of the boron incorpo-
rated into the BDNDwas found in the surface region of the grains and
sp² bonds in the grain boundaries. They concluded that the band at
1220 cm�1 is less prominent for nanodiamond films that present
cauliflower-like morphology, than those with faceted morphology.
This behavior was clearly observed in our films, as it can be seen in
Fig. 2. Ferrari et al. [39] showed that this band disappear when the
morphology changes from micro to nanocrystalline. The reason is
that the majority of the B is present at sites that do not contribute for
the continuum electronic states. These sites include interstitials,
crystallite surfaces, or nondiamond carbon impurities verified in
the grain boundaries.

The XRD patterns of all films are shown in Fig. 3, where the
diamond diffraction peaks at around 441, 751, and 911 correspond
to the (111), (220), and (311) crystallographic planes, respectively,
confirming the existence of crystalline diamond [25]. On the other
hand, the high intensity of the (111) peak in these films has been
reported as a sign of the existence of a high quality diamond phase
[23]. A competitive effect between the different planes occurs
during the growth of polycrystalline film, i.e., some crystalline
orientations grow faster than others. As the film becomes thicker,
some orientations overlap the others [25,26]. For the CVD dia-
mond, it is well established that the growth rate of the (111) planes
is higher than those in the (110) and (100) planes [25]. For the
BDNC films, which showed an absence of well-faceted crystals, it is
reasonable to assume that the nanometric (110) growth sectors
develop faster than the others, resulting in structures elongated
along the (110) axis. Silva et al. [40] have proposed a mechanism
where the first growth sectors develop randomly around the seed
grains and some of them could have their fastest growth direction
assumed to be the (110) axis. The full width at half maximum
(FWHM) of the (111) peak decreased with the increase of doping
level for the BDD films. The FWHM of the BDND films increased
with the doping level. This behavior can be explained due to the
presence of both argon and boron, which influences in the growth
of grains. The films with higher doping, BDND characteristic,
exhibited a broader line width due to a smaller grain size and
a higher sp2 fraction of grain boundary. Particularly, for the BDND

films, some authors have used the Scherrer's equation to estimate
the crystal size from the most intense diffraction peak, i.e., (111)
plane [25,34]. The crystal size (L) calculated vs. the doping level
decreased from 11 to 7 nm when the doping level increased from
2000 to 20,000 mg L�1 B/C. It is important to point out that the
crystallite size, calculated from the XRD broadening line of peaks
may be strongly affected by the crystal defect density [28].

The measurements of differential capacitance in the space
charge region for semiconductor/electrolyte interface can extend
the understanding of the interfacial process. In addition, the
number of acceptor densities can be calculated from the slope of
the linear region of the Mott–Schottky plots (MSP) [41]. The
results of acceptor concentrations using different values of fre-
quency were very similar. The MSP analysis of the films showed an
increase in the acceptor concentrations from 1019 to 1020 B cm�3

when the boron carbon/ratio increased from 2000 to 20,000 ppm
for the BDD films. On the other hand, for the BDND films, the
acceptor concentrations were approximately 1020 B cm�3 for both
doping levels. The higher boron incorporation was verified for the
BDND film of 2000 mg L�1 than those of BDD film of 2000 ppm,
which can be associated with the reduction of grain size. The high
density of diamond grains detected in the film BDND can be
responsible for the higher acceptor values observed on the MSP
measurements.

3.2. Parameters optimization for square wave anodic stripping
voltammetry

The square wave voltammetry (SWV) has advantages of obtain-
ing the peak current defined at high scan speeds with better
sensitivity and reduced background noise compared to those of
other voltammetric techniques. This sensitivity is associated with
the applied pulse to generate the forward and backward currents,
which causes a symmetrical peak current concerning its position,
width, and intensity characteristic for each evaluated system
[25,26,42]. Theoretical calculations were performed by Osteryoung
[42] and Lovric [43] using simulation of reversible, irreversible and
quasi-reversible reactions to explain the SWV measurements.
These calculations showed that the voltammogram characteristics
(Ip, Ep and ΔEp/2) are linearly depending on some parameters used
in the SWV (ν, Esw and ΔEs) as well as the kind of redox system
employed. In this sense, the optimization of the initial measure
parameters, such as: frequency (ν), amplitude (Esw), and step
potential (ΔEs) has significant importance for the understanding
of the system in analysis. Therefore, the response evaluations, after
setting the parameters involved in the technique, the data inter-
pretation is able to define the kind of reaction involved in each
system studied. Moreover, it is possible to obtain information on
the mechanism and the kinetics involved in the electrodic process.

The voltammogram is characterized by the maximum net
response, which is also called the net peak current, denoted as
Ip¼ If� Ib. In this case, If is the forward current (oxidative) and the
Ib is backward current (reductive). The increase in the SWV
sensitivity depends on the reversibility of the redox process [22].
The corresponding staircase potential is the net peak potential.
Other characteristics are the minimum of the reductive compo-
nent, the maximum of the oxidative component and their poten-
tials. The net peak potential and the peak potentials of both
components are independent of the SWV frequency. This is one
of various indications that the electrode reaction is electrochemi-
cally reversible within the range of applied frequencies [21–25].
Using the above considerations, the square wave anodic stripping
voltammetry (SWASV) experiments were performed to confirm
the Pb (II) redox process on BDD and BDND at two different doping
levels. The solution used was 100 μg L�1 Pb (II) standard in
0.2 mol L�1 ammonium acetate buffer (pH 4.5) for the potential

Fig. 3. XRD of diamond films: (a) BDD 20,000, (b) BDD 2000 (c) BDND 20,000 and
(d) BDND 2000.
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scan from �0.8 to 0.0 V, with ν¼150 Hz, Esw¼50 mV and
ΔEs¼2 mV. For the four electrodes studied, one voltammetric
peak towards the forward component and one peak towards the
backward component of the currents were observed. A well-
defined and symmetrical resultant curve was observed for all
electrodes, as shown in Fig. 4, indicating that the voltammetric
responses for the lead oxidation do not achieve the steady-state
condition, as observed by Manivannan et al. [2] and McGaw et al.
[7] using anodic stripping voltammetric analysis. The voltammo-
grams in Fig. 4 showed that the contributions of the forward and
backward currents for the net current are approximately equal and
the difference between the two peak potentials (ΔEp) is only
0.008 V. This behavior suggests that the oxidation of Pb to Pb (II)
is reversible. The separation between Ep in forward and backward
components for the Pb (II) was practically constant, with Ep values
closer from those observed in resultant responses. In addition, the
width at half-height (ΔEp/2) of the resultant peak and also the ratio
between the forward and backward peaks decreased when ν
values were increased. These responses are in agreement with
the theoretical predictions for the SWV voltammograms in rever-
sible redox reactions, which are affected by the surface electrode
reactions with adsorbed reactants and products [22,41]. Some
authors [22,23,39,43] consider the frequency used to apply the
potential pulses is one of the most important variables in SWV
because, keeping the concentration of the analyte constant, it is
responsible for estimating the signal intensity, and consequently,
the sensitivity obtained in the analysis.

The behavior of the peak current (Ip) as a function of the
frequency variation applied to the potential pulses of (1/τ) is
related to the reversibility of the reaction. It is observed that for
reversible systems, the increase in the current is proportional to
square-root of frequency [24]

Ip ¼ krυ1=2 ð1Þ
where kr is the reaction rate constant and ν is the frequency.

The increase of frequency in the applied potential pulses
caused an increase in the current response, which improves the
sensitivity analysis. However, this increase of frequency occurs by
means of a reversible process and the peak current exponentially
increases. Thus, this optimization must be considered in analytical
curves. Fig. 5 shows that for all films, micro and nanocrystalline
with 20,000 and 2000 mg L�1 B/C ratio, the relationship between
the peak current and the square root of the frequency is linear.
Consequently, these systems can be considered reversible in
good agreement with Eq. (1). Considering initially the microcrys-
talline electrodes, both presented reversibility in the frequency

range evaluated. Nevertheless, the electrode with higher doping
(B/C: 20,000 mg L�1) showed higher electrochemical sensitivity,
considering the frequency variation due to its higher slope, as
shown in Fig. 5(b). This behavior may be attributed to its higher
doping level leading to its higher conductivity, as it was observed
in the MSP measurements.

Fig. 6 shows the variation on the pulse amplitude at the peak
current in the micro and nanocrystalline diamond films. The
amplitude variation in the pulse potentials allows the evaluation
of the kind of redox process. For the reversible reactions with
adsorption of product and reactant, the peak current increases
only in proportion to amplitude values less than 50 mV. The
application of high pulse amplitude caused an increase in width
half-heigth (ΔEp/2) of the peak current, influencing the voltam-
metric response. According to the theoretical models for the SWV
[44], the increase in nEsw promotes a continuous decreasing in the
∂I/∂nEsw slope, while the ∂ΔEp/2/∂nEsw gradient increases. The
maximum ratio I/ΔEp/2 appears at around Esw¼50 mV, as it can
be seen in Fig. 6b and d. At higher amplitude values, the peak
resolution decreased slightly [23]. This behavior agrees with the
literature for the SWV [45–47] indicating that a higher hetero-
geneous electron transfer rate can be obtained. Similarly, several
studies [48–51] for the polycrystalline diamond films have demon-
strated that the heterogeneous electron-transfer reactions were
considered because the physicochemical properties of sp2 and sp3

carbon electrodes influence their response, depending on the
mechanistic aspects of the particular redox analyte.

The increase in step potential (ΔEs) also improves the SWV
analytical sensitivity as well as the increase of amplitude in the
range from applied pulses. The effective variation in potential rate
for the SWV is the product between the frequency and scan
increment. Therefore, the last parameter also increases the signal
and sensitivity of this technique. On the other hand, large ΔEs
values can promote a peak broadening, decreasing the measure-
ment resolution. The influence of the step potential variation in
net peak current is similar for the BDD films in both doping levels
(Table 1) and the increase in ΔEs not causes peak broadening.
On the other hand, in both nanocrystalline films the step potential
influences in the net peak current to the lead and the increase in
ΔEs promote a peak broadening. High ΔEs values lead to a
significant increase in the width of the peak current, resulting in
a decreasing in the selectivity and sensitivity of SWV. One possible
explanation for this behavior can be the difference in the reaction
speed between one film and other. When the reaction speed is
slow, the influence of ΔEs is not observed, whereas for rapid
reaction kinetics, there is a significant influence of ΔEs in the lead

Fig. 4. SWASV for 100 μg/L Pb2þ in ammonium acetate buffer (0.2 mol L�1), deposition time¼180 s, Esw¼40 mV, ΔEs¼2 mV and ν¼150 Hz. The net current (I) with its
forward (If) and backward (Ib) components. (a) BDD 20,000 and (b) BDND 2000.
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electrochemical response. The peak potential constantly shifts
towards more positive values when ΔEs is increased. However,
the peak current has a significant initial increment and then, a
leveling when ΔEs is greater than 4 mV. Therefore, a value of 2 mV
was chosen for the analytical determinations in all films.

3.3. Lead detection

After the voltammetric parameter optimization for the SWV,
analytical curves were obtained in pure electrolyte by the standard
addition method using BDD and BDND films with both B/C ratios
of 2000 or 20,000 ppm. Fig. 7a and c shows the SWASV stripping
peaks for the Pb deposited from solutions with different Pb2þ

concentrations from 0 to 10 μg L�1 in ammonium acetate buffer
(pH 4.5), which presented a peak potential around �0.55 V vs. Ag/
AgCl. The increase in the differential current as a function of the Pb
concentration has practically a linear dependence. Fig.7b and d
shows the analytical curve for the BDD 20,000 ppm and BDND
2000 ppm films, i.e, the linear dependence of Ip with Pb concen-
tration for the studied interval (1–10 μg L�1).

Thus, in this concentration range, the least-squares analysis
yielded for the calibration graph merit figures [2,6,52], such as
sensitivity, detection and quantification limits (DL and QL) which
were calculated and listed in Table 2. DL is the lowest analyte
concentration analysis that can be detected, but it can be not
necessarily quantified by employing a given experimental proce-
dure. QL is defined as the lowest analyte concentration that can be
quantitatively determined. QL is the minimum concentration of

detectable metal ion in each diamond film, as demonstrated in
Table 2. The lead concentrations in the range from 1 to 10 μg L�1

were detectable using BDD and BDND, and showed similar values
that the observed for the mercury electrodes and Hg-GC [2,7,47].
In addition, Table 2 shows the sensitivity, an important parameter
in order to obtain the low detection limits. BDND exhibits
a response sensitivity that is around five times greater than BDD
for lead metal ions. Typically, a higher sensitivity result in a lower
detection and quantification limits for which both nanodiamond
films (BDND 2000 and 20,000 mg L�1 B/C ratio) is the minimum
concentration detectable (μg L�1). According to Dragoes et al. [47]
in their study on the heavy metal detections with BDD films
compared with mercury films in glass carbon (GC), while a direct
comparison of the sensitivity is often useful for determining how
well two electrodes perform analytically, it is not good to compare
these two electrodes (diamond films and mercury electrodes). The
metal phase formation on diamond is a 3-D process that depends
on the surface area, whereas the formation of metal phase with Hg
depends on its available volume. The relatively large volume of Hg
formed on GC during the preconcentration step causes a higher
sensitivity; however, because of the higher noise/background
current, the Hg-CG values are comparable or inferior to BDD.
Another work related to the detection of heavy metals using
diamond electrodes was to McGaw et al. [7]. They used BDD for
the anodic stripping voltammetric (ASV) determination of heavy
metal ions such as, Cd (II), Pb (II) and Zn (II) and showed the linear
dynamic range for BDD was three to four orders of magnitude
(r240.995), similar to Hg-GC, but the sensitivity for BDD was

Fig. 5. SWASV curves as a function of the frequency for electrodes (a) and (b) microcrystalline films, (c) and (d) nanocrystalline, repectively. SWASV for 100 μg L�1 Pb2þ in
a ammonium acetate buffer (0.2 mol L�1), deposition time¼180 s, Esw¼40 mV and ΔEs¼2 mV.
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three to five times lower. The minimum concentration of each
metal ion detectable with BDD was 50 μg L�1 Zn2þ , 1.0 μg L�1

Cd2þ and 5.0 μg L�1 Pb2þ . The authors also observed BDD
exhibited an electrode-to-electrode and run-to-run variability of
less than 5%, which is comparable to that for Hg-GC. Comparing
the work of these authors with our was observed that was
obtained higher sensitivity and lower detection limit (o1 μg L�1)
with them, this results can be explained with better sensitivity and
reduced background noise of the SWV compared to those of other
voltammetric techniques such as ASV used for these authors.

Another important analytical parameter to compare is the
linear dynamic range, which is taken from the response curves.
The response curves exhibited a linear behavior for all the metal
ions in both electrodes ranging from low to high 100 μg L�1 level
with linear regression correlation coefficients of 0.99 or greater.
Some studies have shown that BDD provides a linear dynamic

range four times higher for various metal ions [2,7,25]. This range
is comparable with those of mercury electrodes and it is more
adequate in most analytical applications. Finally, BDD and BDND
must be able to provide the same reproducible results as an Hg-
based electrode. For all films tested, BDD and BDND showed a run-
to-run variability of less than 5% R.S.D. (N¼3) and it is comparable
to values for Hg-GC [7,49]. The reproducibility of the electrode was
excellent with a variability of 3.8% for the BDD and 2.8% for the
BDND both 20,000 mg L�1, and the best result is shown in the
nanocrystalline film with 2000 mg L�1.

4. Conclusions

SWV parameter optimizations for lead detection using BDD and
BDND films with two different doping levels were studied. The
optimization study shows that lead system is reversible for all
electrodes, micro and nanocrystalline films, and independent from
doping level or grain size. However, the sensitivity of BDD films of
2000 ppm was significantly low, making the material useless for
application in the detection of low levels of lead concentration.
The results described above demonstrate that anodic stripping
voltammetry in the BDD and BDND electrodes is a suitable
mercury-free method for the determination of trace levels of lead
in drinking water. Due to the unique electrochemical features of
the polycrystalline diamond, a linear dependence between the
stripping peak current and the lead concentration was found
below 10 μg L�1. The low detection limit, around 1 μg L�1, which
was shown in diamond films using the SWASV technique is similar

Fig. 6. The dependence of the net peak current (I) and net peak current /peak current width at half-height ratio (I/ΔEp/2) for (a) and (b) BDD 20,000 and (c) and (d) BDND
2000 with the square wave amplitude for experiments carried out under the following conditions: 100 μg/L Pb2þ in a ammonium acetate buffer (0.2 mol L�1), deposition
time¼180 s, ΔEs¼2 mV and ν¼150 Hz.

Table 1
Dependence of the peak current width at half-height ratio as a function of the step
potential increase.

Sample ΔEp/2 (mV)
ΔEs (mV)

2 4 6 8 10

BDD 2000 75 78 79 83 89
BDD 20,000 94 95 96 99 98
BDND 2000 59 70 75 79 80
BDND 20,000 68 75 82 93 95
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compared to mercury electrodes. Furthermore, the results were in
excellent agreement with those reported for lead detection using
HMDE polarography, demonstrating that diamond electrodes are
a suitable mercury-free method to determine lead trace levels
in water.
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