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The second order voltammetric technique Differential Alternative Pulse Voltammetry was applied in
anodic stripping mode (ASDAPV) for traces of TI* quantifications in excess of Pb*". The potential-
time waveform and the signal processing were modified to allow the DAPV application in anodic
stripping mode. Reliable results for TI" concentrations were obtained by the ASDAPV up to 10-fold
excess of Pb* in 0.1 mol L™ HCI model solutions. Finally ASDAPV was applied for simultaneous
heavy metals quantification in purified industrial waste water real samples without any pre-treatment.
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1. INTRODUCTION

The recent thallium application in the electronic and the optical industries increase due to its
special properties turning it to an irreplaceable material for semiconductor and infrared devices
resulted in increased amount of its industrial wastes as well. On the other hand, the thallium is a co-
product contained in metallurgical residues collected in the smelting of copper, zinc and lead ores.
Also the thallium compounds volatility at high temperature does not allow their retention by the
metallurgical emission control facilities. Thus, large thallium amounts are released into the atmosphere
in form of dust, returned back with the rains contaminating the soil and the waters. [1] Thallium and its
compounds are extremely toxic possessing nervous, reproductive and teratogenic toxicity. The TI
toxicity is superior to that of Pb, Hg and Cd because of its similarity with K allowing its replacement in
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the living cells [3-7]. This defines the need of sensitive and reliable analytical methods for its
quantification.

The dust in the air containing thallium strongly affects the human health and it is quantified by
dust accumulation on air filters combined with its subsequent dissolution followed by the application
of some analytical technique. The thallium concentrations in the purified industrial waste waters is
relatively low and lies in ppb range, but taking into account its toxicity, these concentrations cannot be
neglected. The toxicity of the dissolved thallium depends on its chemical forms (species) [8], but no
speciation procedure for thallium determination has been reported to be applied with the spectral
techniques yielding results for the “total thallium” only. Unfortunately, the application of spectral
analytical techniques such as: inductively coupled plasma-mass spectrometry (ICP-MS) [9-11], flame
atomic absorption spectrometry (FAAS) [12], inductively coupled plasma emission spectrometry (ICP-
ES) [13], laser-induced fluorescence (LIF) [14], neutron activation analysis (NAA), [15], as well as the
ion chromatography [16] for TI" quantification is problematic because of either low sensitivity toward
this element or because of cost inefficiency.

Due to their high sensitivity, speciation ability, reliability, simplicity and cost efficiency, the
voltammetric techniques applied in stripping mode have been widely recognized as a powerful tool for
the heavy metals quantification [17, 18] including the specie TI" [3, 19-29]. Unfortunately, TI" is
almost always accompanied by Pb®" having very close Ey» to that of TI" in all the supporting
electrolytes causing peaks overlapping interfering thus the TI* quantification. The TI* and Pb*
chemical separation could be achieved by some pretreatment procedure application (precipitation,
extraction, etc.), but it will make the analysis long, cost ineffective and less precise. A better
alternative is the application of some second order voltammetric technique possessing high resolution
allowing their simultaneous quantification without any sample pretreatment.

As known, the second order voltammetric technique DAPV introduced by the authors earlier
[30] yields curves shaped as second derivative of the voltammetric wave consisting of consecutive
anodic and cathodic peaks having small half-width for any of the quantified specie. Thus, in case of
species determination having small Ey, difference resulting in peaks overlapping, one of the species
can be determined by its anodic peak, while the other of the species, by its cathodic peak remained on
the voltammogram after the overlapping, as illustrated by the authors in [30, 31]. Unfortunately, the
DAPV cathodic current response in anodic stripping mode and the anodic current response in cathodic
stripping mode respectively are negligible, similar to the other second order techniques when applied
in stripping mode for trace concentrations measurements. As a result, the shape of the registered
DAPV voltammogram and hence its resolution degrades to that of the DPV [32-35], a first order
voltammetric technique, losing the resolution advantage of DAPV.

This consideration lead to the conclusion that to keep the DAPV high resolution due to its
voltammogram shape, unipolar pulses only have to be applied combined with an appropriate signal
processing to yield the original shape of the DAPV curve. As a continuation of the earlier published
works [30, 31] an improvement of the DAPV allowing its application in stripping mode and its
employment for direct TI" quantification in ppb concentration in presence of excess of Pb?* without
sample pretreatment is the aim of the present work.
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2. EXPERIMENTAL

2.1. Instrumentation

EG&G PARC model 303A electrode stand was employed in HMDE mode in all the
experiments. The mercury was chosen as electrode material because of its easily renewable surface.
Ag/AgCI/ KClsy and a Pt wire served as reference and auxiliary electrode respectively, both part of the
EG&G 303A electrode stand. Two minutes purging with N, and 120 s deposition time at -1 VV were
applied in all the experiments.

Potentiostat CompactStat.h 20250 (Ivium Technologies, Netherlands) controlled by IviumPulse
software in mode “Voltammetric Pulse Builder” was employed for the ASDAPV voltammograms
registration. The EG&G 303A electrode stand was also controlled by this software through a special
homemade interface connected to the potentiostat peripheral port.

2.2. Reagents

Standard TI* and Pb** solutions of 1000 ug mL™ (ULTRA Scientific, USA) and HCI (Merck,
Germany) diluted to 0.1 mol L serving as supporting electrolyte, both of analytical grade were
applied in all the experiments.

3. RESULTS AND DISCUSSION

3.1. Potential-Time waveform and the signal processing modification

The DAPV potential-time waveform was modified as presented in Fig. 1, where the repetitive
cycle consists of two consecutive pulses of same polarity but different amplitudes. Both pulses are
anodic in case of anodic striping mode (ASDAPV) or both are cathodic for the cathodic striping mode
(CSDAPV) respectively, applied without pause between them a delay time after the scan step.
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Figure 1. Potential-Time waveform diagram of ASDAPV/CSDAPV: PA1l and PA2 are the pulse
amplitudes and M1, M2, M3 are the measured currents responses.
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The PAL is the basic value for the repetitive cycle of this potential-time waveform in respect to
which the first pulse can be considered “cathodic” and the second “anodic” (in case of ASDAPV).
Thus, modifying the DAPV response equation derived by the authors in [29], one can obtain for the
ASDAPV/CSDAPYV current response Alp (see also Fig. 1):

Alp =M1 + M3 — 2M2 (1)

Here the pulse faradaic current component M2 resulting from the first pulse application serves
as a basic value for the “cathodic” and the “anodic” pulse current components determination, the sum
of which yields the ASDAPV/CSDAPYV current response Al. A typical ASDAPV curve registered by
the modified potential-time waveform diagram and signal processing application is presented in Fig. 2
in comparison with the corresponding DPV curve registered in stripping mode (ASDPV) at the same
conditions. Completely free of overlapping TI* cathodic and Pb®" anodic peak appear on the ASDAPV
curve while the TI" peak is completely overlapped by that of Pb?* in the ASDPV curve registered at the
same conditions.
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Figure 2. ASDAPV and ASDPV curves of 100 ppb TI* and 100 ppb Pb?* in 0.1 mol L™ HCI registered
at the same conditions. Deposition time =120 s at -1 V, PA1 = PA2 =25 mV.

The potential-time waveform and the signal processing timing synchronization with the power
line frequency of 60 (50) Hz together with signal integration for a full power line cycle period are
powerful tools applied in all the experiments to suppress the electrical noise at the low currents
measurement.

3.2. Supporting electrolyte selection

TI" is known to keep almost unchangeable its Ey;, potential in all the supporting electrolytes
because of its negligible ability to form complexes [36]. TI" is almost always accompanied by Pb®* and
the small TI*/Pb?* Ey, difference (less than 100 mV) in almost all the supporting electrolytes [37],
combined with the broader TI" peak (because of its one electron reduction) makes the Pb?*
interferences avoiding very problematic in all the supporting electrolytes [38]. The Ej, difference was
evaluated experimentally registering DPV curves of any of the two species separately at same
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conditions in HCI with different concentration. It was found that the E,/, difference is about 75 mV in
0.1 mol L™ HCI decreasing with the HCI concentration increase. The DPV was chosen because of the
more easily determination of the peak potential than the Ey,.

3.3. Pulse widths optimization for maximal sensitivity

As known, a rectangular pulse superimposition causes capacitive and faradaic pulse current
components appearance. While the capacitive pulse current component decays according to an
exponential law (rapidly), the faradic one dip decays much more slowly according to Eq. 2, where the
time t is the pulse width [30]. Any of the two faradaic pulse current components M2 and M3 resulting
from the PA1 and PA1 superimposition can be calculated by Eq. 2 valid for reversible systems, the
sum of which determines the peak height Alp (the modified technique sensitivity):

M2(3) = dlp = (nF/RT)AC dE (D/xt)"4/P/(1+P)? (2)

with: P = exp[(E — E1z + dE/2) nF/RT], R is the gas constant, T is the absolute temperature, n is
the number of transferred electrons, F is the Faraday constant, A is the electrode area, C is the ion
concentration, dE is the pulse amplitude, D is the diffusion coefficient, t is the current measurement
delay time (the time between the pulse front edge and the moment of the current sampling), E is the
electrode potential and Ej, is the half-wave potential.

As seen from the Eq. 2, longer pulses result in lower pulse faradaic current responses dlp and
as a result lower Alp, e.g. lower sensitivity. Thus, the minimal pulse width will result in maximal
sensitivity and two power line periods long pulse equals to 33.33 ms at 60 Hz and 40 ms at 50 Hz is
the optimal value. During the first power line period the pulse capacitive current decays to negligible
value and along the second one an integration of the current signal is done.

3.4. TI" quantification in presence of prevailed Pb?* concentration
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Figure 3. Left: ASDAPV curves of 100 ppb TI* in 0.1 mol L™ HCI in presence of increasing Pb**
concentration from 200 to 600 ppb. (The entire plot is shown in Fig. 5) Deposition time = 120 s
at -1V, PA1 = PA2 = 25 mV; purging time 30 s, HMDE. Right: The 100 ppb TI" peak height
as a function of the increased Pb®* concentration together with the 95% confidential interval.
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The TI" quantification precision was evaluated applying two approaches: 1) increasing the Pb?*
excess keeping the TI* concentration constant and 2) increasing the TI* concentration keeping the Pb**
excess constant. For this purpose: 1) ASDAPV curves of 100 ppb TI" were registered at increasing
Pb** concentration up to 600 ppb in 0.1 mol L™ supporting electrolyte (see Fig. 3). The TI* cathodic
peak keeps its height intact up to 6-fold excess of Pb** The further Pb®* concentration increase causes a
progressive TI" cathodic peak overlapping, decreasing the precision of its quantification. For
comparison a complete overlapping of the TI* peak occurs even at TI" to Pb** concentration ratio as
low as 1 to 1, applying in stripping mode the most common voltammetric technique, the Differential
Pulse Voltammetry, as shown in Fig. 1.

The variations of the TI* peak height in presence of up to 6-fold excess of Pb** are presented in
Fig. 3 right. The 100 ppb TI" peak heights relative standard deviation RSD was found to be 2.92 % in
presence of Pb*" excess up to 600 ppb. The further (up to 10-fold) Pb** excess increase causes
progressive TI" quantification precision (RSD) degradation up to 4.87 % because of the progressive
overlapping of the TI* and Pb** cathodic peaks.

2) The Pb** excess of 1 ppm was kept constant while the TI* concentrations was varied in the
range from 20 to 100 ppb in 0.1 mol L™ HCI and the registered ASDAPV curves are presented in Fig.
4 left. The increased TI" concentration causes proportional Tl * cathodic peak height rising measured in
respect to the blank curve registered in 0.1 mol L™ HCI supporting electrolyte. As seen in the Fig. 4
left the TI" concentrations augmentation results in the TI" anodic peak increases too. This peak can be
used for analytical purpose too but only in case of constant Pb®* concentration only (constant peak
height).

The corresponding calibration curve built by the data obtained from Fig. 4 left presented in Fig.
4 right together with the 95% confidential interval is characterized with r? = 0.991, slope (sensitivity)
of 3.79 nA ppb™ and intercept of -0.26 nA. A linear concentration range for TI* quantification up to 2.2
ppm was achieved in presence of 1 ppm Pb?*.
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Figure 4. Left: ASDAPV curves of TI" in 0.1 mol L™ HCI in presence of 1 ppm Pb** concentration
(the entire curves are presented in Fig. 5). Deposition time = 120 s at -1 V, PA1 =PA 2 =25
mV; purging time = 30 s, HMDE. Right: The calibration plot for TI" together with the 95%
confidential interval in the concentration range from 20 to 100 ppb in presence of 1 ppm Pb*".
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3.5. Pb** quantification in presence of inferior TI* concentration

Separate and overlapping free anodic Pb®" peaks were registered up to Pb?* concentrations of 2
ppm (partly presented in the Fig, 5 left). The Pb?* calibration plot (Fig. 5 right) build from the data
obtained from the curves presented in Fig. 5 left possesses r*> = 0.999, slope (sensitivity) of 2.04 ppb
nA™ and intercept of -90.6 nA.

The overlapping of the Pb®* cathodic peak and the Tl * anodic one in the central part of the Figs
3 and 4 results in a mixed peak which shape, polarity and height depend on the concentrations ratio
and the determined species E;/, difference. In general, this peak is not utilizable for analytical purpose,
but all the other cathodic and anodic peaks remained intact after the overlapping and can serve for
simultaneous concentration evaluation of both species.
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Figure 5. Left: ASDAPV curves of increasing Pb #* concentration from 200 to 600 ppb in presence of
100 ppb TI" in 0.1 mol L™ HCI. Deposition time = 120 s at -1 V, PA1 = PA 2 = 25 mV;
purging time 30 s, HMDE; Right: Pb*" calibration plot together with its confidential interval
built from the data obtained from the curves presented in Fig. 3 Left.

3.5. Simultaneous Cu*, TI*, Pb?*, Cd** and Zn?" quantification in real samples by ASDAPV

The optimized ASDAPYV values of pulses widths (33.33 ms at 60 Hz power line frequency) and
pulses heights (PAL1 = PA2 = 25 mV) determined by the application of model solutions were applied
for traces of TI" quantification simultaneously with other heavy metals in real samples taken from
industrial waste water purification station. The ASDAPV results were compared with those obtained
by Thermo Scientific iCAP Q ICP-MS with integrated ESI prepFAST Auto-dilution System used in
the purification station for concentration monitoring (see Table 1).

Table 1, Results comparison obtained with ASDAPYV and ICP-MS application

Cu®*, ppb Pb**, ppb TI, ppb Cd**, ppb Zn”*, ppb
12.3 18.4 4.4 22.5 89.9 ASDAPV
11.9 19.0 4.7 23.3 88.1 ICP-MS
3.36 3.1 6.3 3.4 2.0 Error, %
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5 mL of the waste water sample having a pH of 7.6 = 0.2 were added to the voltammetric cell
and 5 mL 0.2 mol L™ HCI was added to adjust the pH to about 0.1 serving as a supporting electrolyte
as well. The measuring procedure described in the Experimental section was applied. The ASDAPV
results are in good agreement with those obtained by ICP-MS.

4. CONCLUSION

The second order voltammetric technique DAPV performance in anodic stripping mode was
improved by its potential-time waveform and signal processing modification. The ASDAPV was
applied for TI" direct quantification in up to 10-fold excess of Pb?* without any sample pretreatment
employing 0.1 mol L™ HCI as supporting electrolyte. Separate peaks for any of the two species were
registered in spite that their Ey, difference is only 75 mV, while complete peak overlapping occurs
applying the most common voltammetric technique, the ASDPV.
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