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Abstract

Absence of gradients and nernstian equilibrium stripping (AGNES) is a new electroanalytical technique designed to determine free
heavy metal ion concentrations in solutions. AGNES had been applied, up to date, with conventional equipment such as the hanging
mercury drop electrode (HMDE). Due to their much smaller volume, microelectrodes can reach a given preconcentration factor within
a much shorter deposition time, so their use for AGNES has been evaluated in this work. For the particular case of the mercury micro-
electrode deposited onto an Ir disk (radius around 5 pm), AGNES has been successfully used for speciation purposes in the system
Pb + PDCA (pyridinedicarboxylic acid). However, due to a relatively large capacitive current, which decays slowly, the limit of quan-
tification for such microelectrodes has only been reduced by one half with respect to that of the HMDE.

© 2007 Elsevier B.V. All rights reserved.
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1. Introduction

Absence of gradients and nernstian equilibrium  strip-
ping (AGNES) is a recently electroanalytical technique
[1] specifically designed for the determination of free metal
ion concentration of amalgamating elements. One essential
feature is the need to reach a special situation (called “‘tar-
get” for convenience) by the end of the deposition (or first
stage), so that key parameters of this technique, such as
deposition time and deposition potential have to be
selected judiciously, especially if one desires to achieve
the target within the minimum deposition time (or to reach
the lowest limit of detection for a given deposition time).
In previous works [2,3], we have developed different strat-
egies to reduce the deposition time such as the use of a
lower gain factor Y (controlled via the deposition poten-
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tial) or the use of two potential steps along the deposition
stage.

In this work we aim at analyzing the potential of micro-
electrodes to perform AGNES. Microelectrodes have been
gaining importance in trace metal studies [4-7] due to their
unique properties, such as a decreased ohmic potential
drop, current increase due to enhanced mass transport at
the electrode boundary, fast establishment of a steady state
signal and increased signal to noise ratio, which originates
in the changing conditions of the mass transport from the
bulk towards the electrode as compared with a macroelec-
trode [8]. These characteristics together with the possibility
of miniaturization are driving an increasing use of micro-
electrodes for in situ measurements [9,10].

According to the theoretical analysis developed for
AGNES, a reduction of the volume of the amalgam can
help in achieving the target conditions sooner, because
much less amount of metal is needed to be deposited in
order to reach a given preconcentration. The spherical
(or hemispherical) geometry of the electrodes is helpful as
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this shape corresponds to a large ratio of the accessible areca
over the volume, and takes advantage of the convergence
of the spherical diffusion along the deposition step. So, here
we aim at testing the use of reduced drop sizes because if
the value of the radius ry is smaller, we will need shorter
times to achieve the sought equilibrium. In this implemen-
tation we have used well described mercury microelec-
trodes deposited on Ir discs with radius around 5 um [4,11].

2. Theory

The basic principles of AGNES have been described
elsewhere [1]. Briefly, we recall that the first stage is the
deposition (or preconcentration) stage whose aim is to
reach a situation of no concentration gradient at either side
of the electrode surface, while keeping a fixed ratio (given
by the gain or preconcentration factor Y, determined by
the applied potential E)) of the electroactive couple concen-
trations due the Nernstian equilibrium

nF 0/
Y= exp |2 (51 - £7)| (n
where Ej stands for the formal standard potential of the re-
dox couple of the metal M, Fis the Faraday, R the gas con-
stant, T the temperature, and ¢, and ¢y refer to the final
homogeneous (flat) concentration value inside the mercury
electrode and the bulk free metal concentration, respec-
tively. The duration of the deposition stage is denoted #;.

The second stage is a stripping phase designed to mea-
sure the final concentration cyp. In the current implementa-
tion, we apply a reoxidation potential (E,) under diffusion
limited conditions and, at a certain time #,, we measure the
current from which, through subtraction of the blank cur-
rent, we obtain the faradaic current. As the faradaic cur-
rent is linearly related with ¢, (due to the linear nature
of the diffusion equation for ¢, inside the mercury elec-
trode), and, as ¢y is just Ycy, the faradaic current is pro-
portional to the free metal ion concentration

1= hCM (2)

We can extend a simple model [1], which consists in start-
ing from a balance of the number of the arriving moles (by
diffusion) with the change in concentration inside the amal-
gam. With a variable m we can embrace the case of spher-
ical electrode (m = 4) and hemispherical electrode (m = 2):

d /m Dy ey — 22
a (3 TEVSCMO) = Wmnré (3)
where Dy, 1s the diffusion coefficient in solution and ¢ is the
effective diffusion layer which is ry for microelectrodes [6]
but depends on the stirring conditions for the HMDE.
The r.h.s. stands for diffusion under steady state condi-
tions. This means that this model neglects transient effects
(which can be a more drastic approximation for the
HMDE) and considers that steady state is instantaneously
achieved. By integration of previous Eq. (3) one finds
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Fig. 1. Gain (Y) (up to 99%, i.e. fixing 1 — ¢yp/Yem = 0.01 in Eq. (4))
attained with a microelectrode (black continuous line) and with a standard
HMDE (dotted-dashed line) in terms of the deposition time. The
horizontal dashed line indicates a fixed gain ¥ = 300. The grey continuous
line corresponds to the ratio of gains Ymicro/ Yumpe (referred to the right
vertical axis). Parameters of the simulation: Dy; = 9.45x 1071 m~" s [18];
HMDE: ro=1.41x10"*m, 6 =1.5x10"°m and 1, = 50s; microelec-
trode: 6 =ro=5x10"°m and ¢, = 0.
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We have applied this equation in Fig. 1 to compute the
time (in the abscissas) needed to reach 99% of any re-
quested gain (in ordinates) for the smallest drop of a con-
ventional HMDE (rq = 141 pym for the Metrohm stand)
and for the Hg—Ir microelectrode (o = 5 um). In both cases
larger gains require larger deposition times. One can see
that, for a fixed gain, the microelectrode reaches the vicin-
ity of the prescribed gain faster than the HMDE. The hor-
izontal dashed line indicates a typical (working with
HMDE) gain of Y = 300, from which one sees that HMDE
would require around 1000s whilst the microelectrode
would require just some 12s. The plot also includes (re-
ferred to the right vertical axis) the ratio of gains Ypicro/
Yumpe at each time. For standard times (say 400 s) the ex-
pected ratio of gains is around 95. We conclude, then, that
the microelectrode is expected to reach much higher gains
than HMDE within a given deposition time.

3. Materials and methods
3.1. Reagents

All solutions were prepared in ultrapure water (Milli-Q
plus 185 System, Millipore). Lead standard solutions were
prepared by adequate dilution from a Merck 1000 mg L'
stock solution. Potassium nitrate was used as the inert sup-
porting electrolyte and prepared from solid KNO; (Fluka,
Trace Select). Pyridinedicarboxylic acid (Fluka, p.a.) was
used as complexing agent. A stock solution of MES buffer
(2-N-morpholino)ethanesulphonic acid was prepared from
the solid (Sigma, SigmaUltra), and the pH was adjusted to
pH 6.1 with KOH. Mercuric acetate, KSCN and potassium
hexacianoferrate (all Fluka, p.a.) and HCIO,4 (J.T. Baker,
Baker Instra-Analyzed Reagent) were also used for the
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preparation and characterisation of the microelectrode.
Purified water-saturated nitrogen N,(50) was used for
deaeration and blanketing of solutions.

3.2. Instrumentation

Voltammetric measurements were carried out with an
Eco Chemie Autolab PGSTAT30 potentiostat attached
to a Metrohm 663 VA Stand and to a computer by means
of the GPES (Eco Chemie) software package. The working
electrode was either a Metrohm multimode mercury drop
electrode (with the smallest drop of the stand, ro = 1.41 X
107*m) to which we refer to as macroelectrode, or a
mercury-coated iridium microelectrode (Idronaut, Italy,
ro =5x10"%m). The auxiliary electrode was a glassy car-
bon electrode and the reference electrode was Ag/AgCl/
3mol L™! KCI, encased in a 0.1 mol L~' KNOjs jacket.

In all experiments with the HMDE, stirring was accom-
plished with the PTFE tip stirrer of the Metrohm 663 VA
Stand, which is screwed onto the driving axis. The rotation
rate is set on the 663 VA Stand and it was fixed at
1500 rpm. A glass cell provided by Metrohm was used in
all measurements, which were performed at room
temperature.

When working with the microelectrode, the specified set-
up suffered dramatic interferences. To avoid these interfer-
ences, a home-made Faraday cage was specially designed
to shield the cell, the electrodes and all the wires. A simple
box covered with aluminium foil was used for the cell and
the electrodes. This box was attached to a wide aluminium
tube, which enclosed all the electrical wires.

3.3. Preparation and characterization of the microelectrode

The working microelectrode consisted of a hemispheri-
cal mercury droplet electrodeposited onto an iridium disk
microelectrode. The iridium surface was initially prepared
by successively wet grinding with 10 um and 5 um silicon
carbide paper (Struers pads 2400 and 4000, respectively),
followed by final polishing with 1 pm diamond paste (Stru-
ers, KITON) on a DP-Mol polishing cloth (Struers,
DEKOL) lubricated with DP-Lubricant Blue (Struers,
DEPT1). All polishing steps were performed using an auto-
mated polishing system (see [4]).

Mercury was plated onto the Ir substrate at —0.40 Vin a
solution of 5 x 10~ M mercuric acetate and 0.1 M HCIO,
solution. The deposition was halted when the charge
reached Q = 6 puC [4], which is consistent with the forma-
tion of a hemispherical drop of Hg having ry around
6 um on top of the Ir disk. Limiting currents recorded with
potassium hexacianoferrate confirmed this radius for the
analyzed Hg drops. However, we stress that the actual size
(and shape) of the electrode is not essential in the validity
of AGNES experimental results, as long as the same elec-
trode is used both in the calibration and in the measure-
ment (as done in this work) and provided the target is

achieved by the end of the first stage (i.e. using safe depo-
sition times).

Following deposition of the mercury droplet, the micro-
electrode was rinsed with distilled water and transferred to
the solution to be analysed. A fresh mercury electrode sur-
face was prepared daily. The mercury was removed at the
end of each set of experiments by scanning the potential
linearly from —0.30 to 0.30 V at 5mV s 'ina 1 M KSCN
degassed solution [4]. In this way we could check that prac-
tically all the Hg initially deposited was present until the
end of the experiments.

3.4. AGNES procedures

For a typical experiment with microelectrode, Fig. 2
shows the potential program of the simplest AGNES
experiment (E, referred to the right axis, versus 7) depicted
as a thick solid line in the plot, together with the measured
current (I, referred to the left axis versus f). A strategy
(called ““2 pulses” or “2P”) developed to reduce the time
of the experiment [2] (and applied here with HMDE) con-
sists in splitting the first deposition stage into two
substages, with diffusion limited conditions for the deposi-
tion along the first substage.
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Fig. 2. Plot of the measured currents (open diamonds, referred to left
vertical axis) and the applied potential program (thick solid line, referred
to the right vertical axis) against time of the experiment.
[Pb”]mml:lO’5 M. Panel (a) First stage with deposition potential
Y =5000; panel (b) the first points of the stripping (or second) stage
with ¥, =35x10"".
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4. Results and discussion
4.1. Selection of the optimum t,

The subtraction of the blank current is required to
obtain the faradaic current. The first developed blank [1],
which could be called the “‘synthetic” blank, consists in
applying essentially the same potential program to the
same solution, but without the targeted metal ion. In this
work we have used the “shifted” blank introduced in
Ref. [3], which mostly corresponds to the capacitive cur-
rent. Indeed, in the shifted blank, the deposition potential
E, g, corresponds to a very low gain (Y, =0.01) and we
apply a FE,, keeping the same potential jump (AE =
E> 5o — E1sp) than with the ordinary or “main” (i.e. when
we apply the typical gains, say Y = 5000) measurements,
AE = E, — E;. Despite some authors [12] have reported
low capacitive currents for solid band electrodes, we have,
rather, found relatively large charging currents with our
Hg—Ir microelectrodes (even with the bare Ir basal elec-
trode and no Hg deposited on it). For instance, for
[Pb>"]= 10" M with #; = 400 s, at 7, = | ms we have mea-
sured a shifted blank current of 5.33 x 10~° A and a main
current of 4.5x 1077 A when we used Y = 500, while for
a HMDE (#, =0.255s) typical blank values are around
2.5%x107? A in the case of the shifted blank and main cur-
rent of 1.44 x 107% A working with Y = 50. Moreover, the
capacitive current of our Ir-Hg microelectrodes decays
more slowly than the faradaic one, as seen in Fig 3, where
we have normalised the blank currents (mostly capacitive,
see upper lines) and the faradaic current obtained by sub-
traction of the shifted blank to the main measurements
(see lower lines) so that they have a unity value at 1 ms.
To avoid effects from the residual oxygen current present
along the experiments, all currents in this plot are referred
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Fig. 3. Decay of normalised stripping currents along the second stage of
AGNES. Upper curves (markers x, * and +): shifted blanks (mostly
capacitive) current. The normalization of this current is: (Iy—1p o)/
(Ip(1 ms)—1p ). Lower curves: faradaic currents due to Pb° reoxida-
tion. The normalization of this faradaic current is: ((J-Ioo)-(Iv—1b.o0))/
[(Z(1 ms)—L.)~(Ip(1 ms)—Ip o). Markers: O, [Pb* o =4.17x 107" M;
O, [Pb low=1.02x10"M; A, [Pb* o =4.07x10"°M; O,
[Pb?t ot = 1.01 x 107> M; ¥ = 5000. #; =400 s. The normalisations of
the currents imply that they all cross the unity value at 1 ms.

to the residual (final) current value achieved (/) at very
large stripping time (usually 21 s). Notice how, for different
metal concentrations, all normalised faradaic currents
(lower curves) collapse, indicating the linearity between far-
adaic current and concentration (see Eq. (2)) regardless of
the measurement time.

We have performed some experiments to verify whether
the blank current is affected by oxygen concentration in the
solution or it is mainly capacitive. We recorded several
(synthetic and shifted) blanks along the purging process
which, as expected, resulted in residual currents 7, (i.e.
at a very long time after the application of the stripping
pulse) decreasing when the concentration of oxygen in
solution was reduced. This residual current 7, can be, thus,
considered as a measure of the O, present in the sample
and was taken as abscissas in Fig. 4. This figure shows that
the level of oxygen has little impact on the total current of
the blanks at the short time of the measurement (e.g. 1 ms).
A similar irrelevance of oxygen in microelectrodes was
already described when using fast electrochemical tech-
niques [13].

As seen in Fig. 5 the ratio of blank current over total
current goes through a minimum around 1 ms, so we have
chosen this time as the standard #, for this work. This value
of 1 ms is also the one leading to the minimum Limit of
Quantification (see Section 4.3) because it is a compromise
between a sufficiently short time (so that /4 is large) and a
sufficiently long time (so that the capacitative current is
low).

4.2. Calibration

Firstly, we performed a calibration of our setup and
conditions with solutions containing known concentrations
of Pb(II) and background electrolyte. Within the 1 pulse
strategy (i.e. the simplest potential program consisting of
only one deposition potential [1], see Fig. 2), we applied
different values of deposition gains (Y = 500, 1000, 2000,
5000 and 10,000) and in each of them we measured the
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Fig. 4. Plot of the blank current (once its residual current I, has been
subtracted) versus the residual current ... Each point represents a
measurement performed in a KNO;3 0.1 M solution after a certain time
during the degassing process with pure N,. [J, shifted blank. Y; =0.01,
t; = 50 s. O, synthetic blank. Y; =100, ¢, =50s.
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Fig. 5. Ratio of blank current over total current along the stripping step
(second stage) for a concentration of [Pb>"]=2.03 x 107® M and ¥; = 500
showing the convenience of choosing #, = 1 ms. The two markers stand for
two replicates.

currents for different values of the deposition time ¢;. In
Fig. 6, we can see that -for a fixed Y-the current initially
increases with increasing deposition time up to a practically
constant /I-value, which indicates us the minimum time
needed for accepting that AGNES conditions have been
achieved. For example, using Y = 5000, we achieve
AGNES conditions with the microelectrode in around
400 s. This deposition time is clearly less than the one
required by the HMDE (ro = 1.41 x 10"°m) to reach the
same Y, which can be estimated, from extrapolation of val-
ues reported in experiments previously published [2]:
Y = 50 usually requires #;—t,, = 350 s, so Y = 5000, given
the proportionality between Y and #,—¢,, seen in Eq. (4),
would require #;—t, = 35,000 s to which we have to add
the standard resting time ¢, =50s, to finally reach
35,050 s. This reduction (from 35,050 s to 400 s) is consis-
tent with the theoretical reduction factor of around 95
(see Section 2). As expected, we also see in Fig. 6 that
higher gains Y require longer deposition times and that
there is a proportionality between the achieved current
and the applied Y (given that 4 is directly proportional

to Y).
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Fig. 6. Plot of the faradaic current at #, = 1 ms versus deposition time (¢).
Markers: A, Y;=500; x, Y;=1000; OO, Y; =2000; *, Y;=5000; O,
Y, =10,000. AE = 0.2958 V was fixed in all experiments by changing Y>.
Solution: [Pb* o = 2.03 x 107 M; [MES] = 10> M; [KNO5] = 0.1 M;
pH 6.1. “Shifted”” blank applied with Y, = 0.01.

In order to check the proportionality (prescribed by Eq.
(2)) between measured current and free metal concentra-
tion, in Fig. 7 we have plotted I vs. ¢y at two different
Y-values (2000 and 5000). The slope of each straight line
yields the value of the proportionality factor, /2, which lies
around A ~0.071 for Y=2000 and Ah~0.187 for
Y =5000. As predicted by Eq. (A.7) in Ref. [1] and as pre-
viously observed in Fig. 6, there is a direct proportionality
between /& and Y (i.e. 0.187/0.071 ~ 5000/2000).

4.3. The limit of quantification

With the values reported in previous sections we can
perform an estimation of the LOQ (Limit of Quantifica-
tion) obtained with our microelectrode. We computed this
value from six shifted blank replicates corresponding to the
calibration experiment using

Tb N 105‘,,,1
=2 W " 5

where T, and s,,_; are the mean and the standard deviation
of the blank replicates, respectively [14].

In Table 1, we compare the LOQ obtained with the mac-
roelectrode and the microelectrode for the same deposition
time (z; = 400 s). These results show that working with the
microelectrode we can reduce the limit of quantification
almost by a factor of two.

LOQ(M)

4.4. System Pb—-PDCA (2,6-Pyridinedicarboxylic acid)

We move now to assess the speciation capabilities of
AGNES with the well-known system Pb—PDCA. We have
performed a titration by adding different concentrations of
PDCA into a solution that contains a total Pb(II) concen-
tration of 1.82x10°°M and a MES concentration of
1072 M to fix the value of the pH to 6.1.

We used the two-pulse (2P) strategy for the experiments
with HMDE, where the deposition time is split into a
diffusion limited substage during #;, seconds and an
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Fig. 7. Plot of the intensity current versus free concentrations of Pb
(computed with MINTEQ) allowing the calibration of AGNES. <,
Y, = 2000; ¢, = 200 s; slope = 0.071; R?>=10.998; 0, Y; = 5000; ¢; = 400 s;
slope = 0.187; R* = 0.9991. AE = 0.2958 V fixed in both cases by changing
Y, as required.
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Table 1

Estimation of the limit of quantification with the macroelectrode and the
microelectrode at the same deposition time (fixed #; =400 s) applying 1
pulse strategy

Y h/A To/A Sp_1/A LOQ/M
M—l
HMDE 50 0.130 2.76x107° 7.16x107'° 7.92x1078
Microelectrode 5000 0.187  5.33x107° 3.63x1071° 479x 1078

equilibration (at the desired gain) substage during ¢, 4, sec-
onds. The gain Y was selected so that the blank was prac-
tically negligible in front of the measured current, while the
characteristic times ¢, , and ¢, ;, were found by a bisection
method [15], consisting in seeking that there is no signifi-
cant variation in the measured current when the equilibra-
tion time (#;1,) is enlarged.

Experiments with the microelectrode followed the sim-
plest strategy of one potential (1P), whose potential
program is depicted in Fig. 2. Y values where selected so
that the required deposition times could be taken #; =
200 s, leading to a main measurement current around 3-5
times that of the blank. We were able to increase Y with
increasing concentration of ligand because of the contribu-
tion of the complex [2].

Fig. 8 gathers the different free concentrations of Pb
measured with the microelectrode. These results satisfacto-
rily agree with theoretical expected values computed with
MEDUSA [16] (using KT =5.01 x 10 M~ and fi° =
398x 10" M? and K{'=479x10*M~" and B} =
6.03 x 10° M2 [17]) and with the results obtained experi-
mentally using AGNES technique with HMDE (rg=
1.41 x 10~°m) and the strategy of two pulses [2] (i.e. the
first stage is split into two substages, with diffusion limited
conditions for the deposition along the first one). A slight
difference between theoretical and experimental values
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Fig. 8. Speciation measurements of AGNES with microelectrodes.
Measured free concentration of Pb versus total concentration of PDCA.
Markers: [0, MEDUSA calculations; ¢, AGNES with microelectrode,
11 =200s, Y changing from 10 when there is no ligand up to ¥ =10’
when the added [PDCA]is 2.77 x 107° M; O, AGNES with HMDE. Y
changes from 10 when there is no ligand up to ¥ = 10* when the added
[PDCA] is 2.77 x 107% M. In all experiments [Pb> Jo = 1.82 x 107 M;
[MES]=10"2 M; [KNO;]= 0.1 M; pH 6.1. “Shifted” blank applied with
Y=0.01.

appears when the total concentrations of metal and ligand
are similar. This fact could be due to uncertainties in the
stability constants or in the composition of the solution.

5. Conclusion

AGNES had been applied up to now with conventional
equipment, such us the Hanging Mercury Drop Electrode
(HMDE). The use of microelectrodes, with a much smaller
volume, has been evaluated in this work. Experiments per-
formed here confirm their capability to reach a preconcen-
tration factor with shorter times.

For the particular case of a microelectrode of mercury
deposited onto an Ir disk the limit of quantification
appears to be reduced approximately by a factor of two
with respect to the conventional HMDE. A relatively high
capacitive current seems to be responsible for not obtaining
a larger reduction.

The Hg-Ir microelectrode has been shown to be useful
for speciation purposes, since the free lead concentration
was successfully measured in the system Pb—PDCA. The
capabilities of performing speciation studies with AGNES
using microelectrodes is specially interesting if we keep in
mind the possibility to bring them to the field and the pos-
sible use of smaller samples, specially in cases where an
ISE does not exists (Zn) or is not always very reliable
(Pb). Future work, focussed on the reduction of the longer
time of preparation and on the increase of the mechanical
resistance of the drop is needed to improve the practical
application of Hg—Ir microelectrodes with AGNES in the
field.
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