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Abstract: This paper describes a procedure for the determination of antimony (I11) by
differential pulse anodic stripping voltammetry using a mercury film screen-printed
electrode as the working electrode. The procedure has been optimized using experimental
design methodology. Under these conditions, in terms of Residual Standard Deviation
(RSD), the repeatability (3.81 %) and the reproducibility (5.07 %) of the constructed
electrodes were both analyzed. The detection limit for Sb (111) was calculated at a value of
1.27x107® M. The linear range obtained was between 0.99 x 107 - 8.26 x 10 M. An
analysis of possible effects due to the presence of foreign ions in the solution was
performed and the procedure was successfully applied to the determination of antimony
levels in pharmaceutical preparations and sea water samples.

Keywords: antimony; anodic stripping voltammetry; mercury film electrode; screen-
printed.

1. Introduction

Heavy metals belong to a class of pollutant that can produce undesirable effects, even though they
might be present in minuscule quantities [1]. They are extremely toxic, non-biodegradable and tend to
bio-accumulate in animal and vegetable tissues [2]. Antimony and its compounds are listed as
pollutants of priority interest by the Environmental Protection Agency of the United States and the
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Council of the European Communities [3]. Antimony may be found in the environment because of
various anthropogenic activities. Antimony-containing compounds are used in the manufacture of
glass and ceramics as well as in fire retardants. Road traffic is also a significant source, as it is used in
brake linings and tire vulcanization processes that require Sb-containing additives [4]. Furthermore,
ultra-trace level concentrations of antimony are commonly found in environmental materials such as
seawater and marine organisms [5-7]. In the other hand, water bottled commercially in polypropylene
(PP), often suffers from antimony contamination from the containers [8].

Environmental measurements of antimony levels are normally carried out using conventional
analytical techniques such as atomic absorption spectroscopy [9], inductively coupled plasma-atomic
emission spectroscopy (ICP-AES) and inductively coupled plasma-mass spectrometry (ICP-MS).
These techniques are impractical for on-site screening or for quantification as part of a decision tool
owing to their size and high labor and analytical costs. Hence, there is a need for portable analytical
systems that can be met using electrochemical methods [10]. Electroanalytical techniques bring with
them important advantages such as, high sensitivity, low detection limits, relative simplicity, low costs
and portable field-based equipment able to determine trace elements. For this reason, electrochemical
techniques offer an interesting alternative to methods that are currently in use. Voltammetric methods
are among the electrochemical techniques described for the analysis of antimony. These are relatively
widespread and, due to their accuracy and sensitivity, have contributed greatly to its determination at
trace level [11]. Adsorptive stripping voltammetry has also been used in the determination of antimony
following adsorptive accumulation of antimony complexes using chloranilic acid as a complexing
agent [12, 13].

Screen-printed electrodes (SPEs) are planar devices with plastic substrates that are coated with
layers of electroconductive and insulating inks at controlled thickness. The advent of screen-printed
(thick-film) technology has made it possible to mass-produce inexpensive disposable electrodes for use
with electrochemical instruments [14-19]. Their use in potentiometric, amperometric and voltammetric
devices have been reported for the detection of heavy metals such us copper [2, 20-23], lead [9, 21, 24-
27], cadmium [2, 9, 21, 25, 27] and mercury [22] although they have not been frequently used in the
determination of antimony.

The aim of this work is to determine antimony (111) by means of a new differential pulse anodic
stripping voltammetry (DPASV) method using SPEs. In order to do this, a three-electrode
configuration (a graphite-working electrode, a silver-counter electrode and a silver/silver chloride-
reference electrode) was produced using screen-printing technology. The graphite surface was
modified by the deposition of a mercury film.

2. Methods
2.1. Optimization of Experimental Variables

It is well known that the voltammetric determination of Sb(lll) using carbon screen printed working
electrodes is not suitable, however, a modification of the graphite electrode by the deposition of a

mercury film can produced signals of a high quality. In Figure 1 is possible to observe the analytical
signal obtained for Sb(l1l) using SPCEs modified with mercury.
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The intensity of the observed electrochemical response is influenced by various factors related to
the DPASV technique used and by the characteristics of the mercury coating (thickness, resistance),
which in turn are conditioned by a number of experimental parameters that affect its formation. For
this reason, it is necessary to optimize all experimental parameters, which may have an influence on
the electrochemical response in order to ensure the quality of the results. The response to be optimized
was the intensity (Ip) of the electrochemical peak obtained for a sample containing a concentration of
Sb (111) of 1.00 x 107° M (Figure 1).

Figure 1. Differential Pulse Anodic Stripping VVoltammogram of 10° M Sb (111) in 3.00 M
HCI, Egp = —0.70 V and tgep = 718 s, using a mercury film modified graphite screen-
printed electrode (Mercury film: Cpg = 800 mg/l, Egep = —-0.90 V and tgep = 600 S).
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In the formation of the mercury film, the factors to be optimized were the concentration of the Hg
[28] solution and time and deposition potential of the mercury film [tep, (Hg film)]. In the
determination of Sb (111) by anodic stripping voltammetry, the factors to be optimized were the acidity
and features of the supporting electrolyte and the potential and time of deposition (Egep, tdep)-

Taking into account previous experiences described for the determination of Sb (111) [29, 30] using
mercury film glassy carbon electrodes, an accumulation potential of —-0.90 V was chosen for the
formation of the mercury film. In effect, it can be experimentally proved that for potentials more
positive than —0.90 V, no deposition of the mercury film was observed and for potentials lower than
—0.990 V poor results were obtained.

The concentration of the mercury solution was fixed at 800 mg L™. For lower mercury
concentrations of mercury no mercury film deposition was observed.

The use of 3.00 M HCI as the supporting electrolyte in the DPASV determination of Sb(lll) gave
rise to high and well-defined oxidation peaks [30].

For optimization of the three remaining factors, experimental design methodology was applied.
Both 2" (n = number of variables) factorial design and 2 (k = number of variables) central composite
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designs were applied, with replication in the central point in order to estimate the experimental error. A
high and a low level were selected for each of the experimental design factors to be optimized. The
next step consisted of experiments using all the possible combinations.

The first phase in the optimization process involved a 2° factorial design. The values of the high (+)
and low (-) levels and the central point [31] for each factor were as follows:

taep (Hg film) (+) = 600 s taep (Hg film) (0) =390 s taep (Hg film) (-) =180's
taep (+) = 600 s tgep (0) =390 s taep (-) = 180's
Egep (+) =-0.40 V Egep (0) =-0.60 V Egep (-) =-0.80 V

From analysis of the variance (ANOVA) in Table 1, it may be deduced that tse, (Hg film) is not a
significant factor and can be fixed, although the others are significant factors. Analysis of the principal
factors, set out in Figure 2, indicates that the signal is improved when higher values are assigned to the
tsep and when more negative accumulation potentials are used. As already mentioned, tgep (Hg film) is
not a significant factor, nevertheless, it may be seen in Figure 2 that the signal is slightly higher when
working with higher times. For that reason, a typ (Hg film) = 600 s was selected for subsequent
experiments.

Figure 2. Influence of the main factors in the response in the 2° factorial design for
optimization of experimental variables in Sb (111) determination by DPASV.
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Table 1. ANOVA with the data of the 2° factorial design for optimization of experimental
variables in Sb (111) determination by DPASV.

Effect SS* DF* MS* Fratio™ Plever™
A Tdep (Hg 58.70 1 58.70 3.01 0.22
B: Eqep 844.40 1 844.40 43.25 0.02 (a)
C: taep 2118.68 1 2118.68 108.51 0.01 (a)
AB 313.12 1 313.12 16.04 0.06
AC 2.75 1 2.75 0.14 0.74
BC 280.49 1 280.49 14.37 0.06
Lack of fit 300.04 2 150.02 7.68 0.11
Pure error 39.05 2 19.52

Total 3957.23 10

R*=0.91

* SS, sum of squares; DF, degrees of freedom; MS, mean squares; F o :
MStactor/ MSerror; P 1ever, Probability level; (a) Significant factor at o = 0.05.

Table 2. ANOVA with the data of the 2% central composite design for optimization of
experimental variables in Sb (I11) determination by DPASV.

Effect SS* DF* MS* Fratio™ Plevel™
A: Egep 1973.24 1 1973.24 92.76 0.01 (a)
B: tgep 1526.14 1 1526.14 71.74 0.01 (a)
AA 7142.17 1 7142.17 335.7 0.003 (a)
AB 110.25 1 110.25 5.18 0.15
BB 2096.10 1 2096.10 98.53 0.01 (a)
Lack of fit ~ 1066.40 3 355.45 16.71 0.06
Pure error 42.55 2 21.27

Total 12340.20 10

R*=0.91

* SS, sum of squares; DF, degrees of freedom; MS, mean squares; F o :
MStactor/ MSerror; P 1ever, Probability level; (a) Significant factor at o = 0.05.
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Mindful of previous observations, the second phase involved a 2° central composite design. The
new high (+), low (-) and central [29] levels for each factor were:

tgep (+) =900 s taep [29] (0) = 600 s taep (-) = 300's
Egep (+) =-0.40 V Edep [29] (0) =-0.80 V Egep (-) =-1.20 V

From the analysis of these results (Table 2), it may be deduced that both parameters are significant
factors. Nevertheless, a point of maximum intensity may also be observed in Figure 3 that corresponds
to an accumulation potential of —0.70 V and an accumulation time of 718 s.

Figure 3. Level curves for the 2% central composite design for optimization of experimental
variables in Sb (111) determination by DPASV.
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On the basis of these results, the optimum values of the experimental variables for the determination
of Sb (111) by anodic stripping voltammetry are as follows:

Mercury film: Crg= 800 mg L™, Egep = —0.90 V and tgep = 600 s
Determination of antimony: HCI 3.00 M, Egep =—0.70 V and tgep = 718 s

This design led to a 21-fold improvement in the peak current, ip, and to more easily quantifiable
signals.

3. Results and Discussion

Calibration was performed using least-median-squares regression (LMS) to detect the existence of
anomalous points [32], which might have led to incorrect adjustments altering the sensitivity and the
detection limit. The criterion is to minimize the median of squares of the differences between the
experimental and the calculated values. LMS regression has the advantage of being able to detect
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anomalous points regardless of whether they are “outliers” or “leverage” points, seeking a linear range
in which at least 50% of the data are aligned.

The strategy followed consisted of two steps. In the first, the LMS regression was used to detect
anomalous points, taking “outliers” to be points where the absolute value of the standardized residual
was greater than 2.50 and “leverage” points as those where the absolute value of their resistant
diagnostic was greater than 2.50. When both of these parameters were above 2.50, the point was
considered as an “outlier-leverage”. In the second step, the anomalous points detected in this way were
eliminated and a regression based on the ordinary least squares (OLS) criterion was carried out, to
obtain optimal precision and accuracy of both slope and intercept.

The calibration equation obtained by DPASV for standard solutions containing Sb (l11)
concentrations of between 0.99 x 107 and 8.26 x 107 M was:

| =1.25+0.13 + (0.36 + 0.03) x 10° C
(Number of experimental points n = 8; R? = 0.99 and Standard deviation (Syx) = 0.08)

A key feature of an analytical method is the detection limit, the smallest concentration of the
analyte that can be detected to a specified degree of certainty. The calculation of the detection limit,
based on the variability of ten samples with a very low analyte concentration, was calculated according
to [33] and 1SO 11843-2 [34]. At the chosen probability level of 5% (o = 3 = 0.05), the detection limit
was 1.27 x 107° M.

3.1. Repeatability and Reproducibility

The repeatability of the procedure was analyzed by making successive measurements with the same
sensor. Three calibration lines were constructed for Sb (111) concentrations ranging from 2.97 x 10~ M
to 10.09 x 10~" M. Having eliminated the anomalous points, the calibration parameters shown in Table
3 were obtained. The standard deviation (RSD) associated with the slopes of these calibrations curves
was 3.81 %.

Table 3. Calibration parameters obtained for electrode repeatability calculation.

1% Calibration 2" Calibration 3" Calibration
Sensitivity x 107 (uA mol™ M~ dm?) 3.34 3.59 3.55
Intercept (LA) —6.67 -5.74 -4.49
Residual Standard Deviation 0.56 0.45 0.19

Coefficient of determination. (R?) 0.99 0.99 0.99
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The reproducibility of the method was also checked. The slopes of the five calibration lines (having
eliminated the anomalous points), constructed with different sensors were analyzed. The calibration
curves were constructed for Sb (111) concentrations ranging from 2.97 x 10" M to 10.09 x 10~ M. The
residual standard deviation (RSD) associated with the slopes of these calibrations curves was 5.21%.

3.2. Interferences

An analysis of any possible effects caused by the presence of foreign ions produced the following
results. From among all the metallic ions analyzed — As (111), As (V), Cd (1), Cu (I1), Fe (1), Fe (111),
Ni (11), Pb (11), Zn (11) and Ga (111) - only Cu (I1), at concentrations higher than 10° M, and As (l11)
and Pb (11), at concentrations higher than 10~ M, gave rise to peaks in the same range of potentials.

3.3. Analytical Applications

Leishmaniasis is an inflammatory disease, occurring in tropical regions, which affects 12 million
people worldwide, and 1.5-2 million new cases of leishmaniasis are estimated to occur annually [35].
Treatment with antimonial drugs is the preferred method of fighting off this disease. The first
generation of antimonial drugs contained Sb (l11). However, despite its clinical benefits, because of its
toxic side effects, a second generation of antimonial drugs was developed based on Sb (V).

The procedure described in this paper was applied to the determination of total antimony
concentration in a commercial sample of Glucantime®. Reduction of Sb (V) to Sb (I11) is necessary
step prior to measurement. Substances that have been used for this purpose include hydrazine sulphate,
sulphur dioxide and a combination of sodium disulphate and potassium iodide [36-40]. The use of L-
cysteine to reduce and stabilize antimony in solution, as well as to decrease interference from
transition metals and complex copper ions, has been reported [30, 41, 42]. In this work, the Sb (V)
contained in the sample was reduced to Sb (I11) with L-cysteine.

The analysis of the total concentration of Sb in the drug was made by standard addition. The
analysis, completed in triplicate, obtained a total antimony concentration of 6.86 x 10™ + 0.34 x 10™
M (n=3, a = 0.05). Good agreement was obtained between the concentration found and the values as
supplied by the manufacturer (6.98 x 10" + 0.35 x 10" M). These results were also checked using
ICP-MS as a reference technique obtaining 6.90 x 10" + 0.46 x 10 M (n = 3, a = 0.05) for total
antimony concentration.

An analysis of Cantabrian Sea water near an industrial area, was performed using mercury film
screen-printed electrodes. The reduction of Sb(V) to Sb(lll) was also carried out as above was
described. The total antimony concentration 1.58 x 107 + 0.06 x 10 M (n = 3, o = 0.05) found by the
proposed method and the values 1.62 x 10 + 0.33 x 10 M (n = 3, o = 0.05) obtained using ICP-MS
as reference technique show good agreement.
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4. Experimental Section
4.1 Reagents and Apparatus
4.1.1. Reagents

All solutions were prepared with deionised water obtained with a Barnstead NANO Pure Il system.
Stock standard solution of Sb (Il1l) was obtained by dissolving potassium antimony tartrate (I11)
(analytical-reagent grade, Sigma, Steinheim, Germany) in water. A solution of Hg (11) 800 mg L™ was
prepared by dissolving the appropriate amount of mercury [28] chloride (analytical-reagent grade,
Panreac, Barcelona, Spain) in 1.30 M hydrochloric acid (30 % suprapur grade, Merck, Darmstadt,
Germany). Electrodag PF-407 A (carbon ink), Electrodag 418 SS (silver ink), Electrodag 6037 SS
(silver/silverchloride ink) and Electrodag 452 SS (dielectric ink) were obtained from Achenson
Colloiden (Scheemda, The Netherlands).

4.1.2. Apparatus

SPEs were produced on a DEK 248 printing machine (DEK, Weymouth, UK) using polyester
screens with appropriate stencil designs mounted at 45° to the printer stroke. Voltammetric
measurements were taken using an Autolab PGSTAT 12 electrochemical system with GPES software
(Eco Chemie, Utrecht, The Netherlands).

4.1.3. Software

Data analysis was performed using the Statgraphics statistical software package [31] for the
experimental design and Progress [32] for the robust regression.

4.2. Procedure
4.2.1. Construction of SPEs

In this study, hand-made SPEs were used in the determination of Sb(lll). A three-electrode
configuration (working electrode, reference electrode and an auxiliary electrode) was constructed for
the determination of Sb(lll). Since, shape, surface area and spatial arrangement of the electrodes
significantly influence the quality of the analytical response, an important stage in the construction of
the electrode system is their design. In order to assemble the SPEs, successive layers of different inks
were printed onto a PVC strip substrate (30 mm x 10 mm, 0.5 mm thick) using four different screens
with an appropriate stencil in order to reach the required design. The design and printing procedure
employed in this work has been described in previous works [43, 44]
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4.2.2. Mercury Film Preparation

In a separate process, the mercury film was coated over the screen-printed working electrode
surface, using a solution containing 800 mg L™"of Hg (I1). The deposition was performed by applying a
potential of — 0.90 V for a period of time under stirring.

4.2.3. Anodic Stripping Voltammetry Measurements

Voltammetric measurements were taken using the following procedure. In a solution of 3.00 M HCI
containing the required antimony concentration a deposition potential of —0.70 V was applied for a
period of time. The deposition step was performed under stirring. When that time had elapsed, the
stirrer was subsequently switched off, and the solution was left to settle for 10 s, after which the
voltammogram was recorded by making an anodic sweep from —0.70 V to 0.00 V, using a potential
step of 0.006 V. The modulation time was 0.04 s and the interval time of the applied pulses was 0.60 s.
In the cell solution a 8.00 mg L™"of Hg (1) concentration is always present in order to recondition the
mercury film between each measurement [29, 30].
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