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Highlights:
What are the main findings?

• AGNES technique determines free metal ion concentrations;
• AGNES principles lead to a very robust determination when suitable checks are run;
• Protocols and experimental details are provided in the article and in the Supplementary Materials;
• First AGNES [Zn2+] determined in a natural sample with the Nafion-covered thin mercury film

rotating disc electrode.

Abstract: Free metal ion concentrations of amalgamating elements such as Zn, Cd, In, or Pb can be
determined with absence of gradients and Nernstian equilibrium stripping(AGNES) in a variety of
matrices, ranging from seawater to wine or dissolving nanoparticles. In this hands-on paper, we
review the fundamental concepts and provide the practical steps to implement AGNES, including
ready-to-run files for the software controlling the potentiostat, computation spreadsheets, step-by-
step laboratory protocols, etc. Two case studies with a free Zn concentration determination are
discussed: (i) a synthetic solution with the ligand oxalate and (ii) a natural sample of the Segre river
(Catalonia, Spain). Suggestions for the extension of AGNES to other systems are indicated.

Keywords: electroanalysis; heavy metals; free concentration

1. Introduction

The knowledge of the free metal ion concentration is relevant for studies in ecotox-
icology [1], applied thermodynamics (e.g., stability constant discriminations), biology
(e.g., understanding Zn signalling in the human body) [2], etc. A few analytical techniques
(e.g., ion selective electrodes) are able to provide free metal ion concentrations, but some
of them are not commercially available for some cations, or have a relatively high limit of
detection. Absence of gradients and Nernstian equilibrium stripping(AGNES) is a valid
alternative for some systems, with its own weak and strong points. A weak point is that
AGNES typically requires an amalgamating element with a suitable standard redox poten-
tial. A strong point is that AGNES can be applied in turbid samples [3] without any need of
a previous separation (e.g., when working with nanoparticles [4–6] or quantum dots [7]).

Our lab has been working with AGNES since the internal presentation of the seminal
idea in May 1999. In the first publications [8,9], the basic principles were described and
applied to solutions with Cd and Zn, but many other developments (also by other research
groups) followed, such as the tackling of other elements [10–12], validations of AGNES
against other techniques [13], measurements in a variety of media and systems [14–20],
new variants [21], other electrodes [22], etc. So, there is a wealth of sources in the literature
about successful implementations of AGNES that were reviewed a short time ago [23].
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However, relatively few labs tried to implement AGNES on their own. This can be
due, at least partially, to: (i) the difficulties in understanding the underlying principles of
AGNES that, though simple in themselves, are at odds with typical (dynamic) concepts in
voltammetry, and (ii) the lack of a guide for successive operations with sufficient details for
non-experts. So, the aim of this contribution is to fill this gap by focusing on just one element
(Zn), with hanging mercury drop electrode(HMDE) or rotating disk electrode(RDE), and
just a couple of variants for the first and for the second stage of AGNES, while detailing the
specific operations, providing and commenting scripts for the software NOVA 2.1.5, and
showing the computations in Excel spreadsheets, etc.

The layout of the article is as follows. The theoretical section “Principles of AGNES”
describes the essential background to help understand the technique, with a novel hydraulic
analogy. The “Materials and Methods” section includes experimental details for the specific
focus of this work. The two case-studies follow (synthetic and natural systems). The section
“Some practical issues” includes notes to tackle new conditions. In “Conclusions”, we also
suggest how to extend the gained experience to other systems with other analytes and
other matrices. The Supplementary Materials (SM) contains several files with the protocols,
spreadsheets, NOVA scripts, etc. Interested readers using software (such as GPES) previous
to NOVA 2.1.5 can request examples of scripts from the authors.

2. Principles of AGNES

AGNES is a stripping technique (typically—but not exclusively [24,25]—applied with
a mercury electrode) consisting of two stages: first stage (or deposition) stage and second
stage (or stripping) stage, each with its own specific mission.

2.1. First Stage
2.1.1. Equilibrium Goal. The Gain

The aim of the first stage is the accumulation of the reduced analyte (Zn0 in this article)
in the amalgam, until a special situation of equilibrium (at the deposition potential E1)
is reached [8]: (i) absence of gradients in the concentration profiles of the species (in the
solution and inside the amalgam) and (ii) Nernstian equilibrium at the electrode surface.
The fulfilment of these conditions (stabilization of the output for a series of experiments
with increasingly longer deposition times known as trajectories) will be checked as detailed
at the end of the section devoted to the second stage.

Due to the Nernst equilibrium attained by the end of the first stage, there is a fixed
relationship called “gain” (or pre-concentration factor) Y between the Zn0 concentration
inside the amalgam and the free ion concentration of analyte in the sample:

Y =

[
Zn0

]
[
Zn2+

] = exp
[
− 2F

RT

(
E1 − E0′

)]
(1)

where F is the Faraday constant; R, the gas constant; T, the temperature; and E0′ is the
formal standard redox potential of the Zn0/Zn2+ couple at the mercury electrode surface.

A hydraulic analogy of the gain is represented in Figure 1. A vacuum pump extracts
a negligible amount of liquid from an open-air reservoir. The extracted liquid reaches a
certain total height (variable with the vacuum pressure given by the pump), so that there is
an adjustable ratio (a “gain”) between the two liquid levels. Some points of analogy are:
(a) in AGNES, the amount of reduced metal accumulated in the electrode is negligible in
front of the amount of metal in the sample; (b) the amount accumulated in the electrode
(and the gain) can be adjusted via the deposition potential E1; (c) larger gains take longer
times to achieve; (d) once in equilibrium, there is no flux (of analyte/of liquid) between
compartments.
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Zn0 increases in the amalgam and, after some time, Equation (1) is fulfilled so equilibrium 
is reached. As one potential is applied all the time, this variant for the first stage is called 
“one pulse” or “1P”. To minimize mass transfer limitation, stirring is applied during t1 − 
tw, because quiescent conditions for a waiting time tw (usually 50 s with the hanging 
mercury drop electrode) are convenient not to disturb the measurement of the next stage. 
A schematic representation of the first step in the potential program is shown in Figure 
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Figure 1. Hydraulic analogy of AGNES. The liquid (in blue) in the large vessel at the right hand side
is open to the atmosphere, and its level (h2) is practically not affected by changes in the amount of
liquid in the left hand side tube, where the liquid reaches a higher level (h1) due to the vacuum pump
suction. The gain (Y) would be the ratio between the two levels. file:HydraulicAnalogy.pptx.

2.1.2. How to Reach Equilibrium? Simpler Variant: AGNES-1P

The simplest potential program to reach the sought equilibrium consists of applying
the deposition potential E1 for a sufficiently long deposition time t1. The concentration of
Zn0 increases in the amalgam and, after some time, Equation (1) is fulfilled so equilibrium
is reached. As one potential is applied all the time, this variant for the first stage is called
“one pulse” or “1P”. To minimize mass transfer limitation, stirring is applied during
t1 − tw, because quiescent conditions for a waiting time tw (usually 50 s with the hanging
mercury drop electrode) are convenient not to disturb the measurement of the next stage.
A schematic representation of the first step in the potential program is shown in Figure 2a.
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Figure 2. Schematic representation of the variant AGNES-1P (a) and AGNES-2P (b).

2.1.3. How to Reach Equilibrium? Potentially Faster Variant: AGNES-2P

Alternatively to 1P, one can try to reduce the deposition time by initially inserting
an extra-fast accumulating “pulse” at a very negative potential (labelled E1,a, typically
corresponding to diffusion-limited conditions for the reduction in Zn2+ to Zn0) during a
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time t1,a (with stirring); see Figure 2b. Then, during a time t1,b, the potential E1 for the
desired gain Y is applied, as well as during the waiting time tw. The duration of the
extra-pulse, t1,a, is critical: too short of a time will not help much (“undershoot”), while
too long of a time (“overshoot”) might require (afterwards) a very long t1,b to remove the
excess amount of Zn0 accumulated in the electrode [9].

2.2. Second Stage: The Analytical Response

The aim of the second (or stripping) stage is to quantify the amount of analyte accumu-
lated in the electrode by the end of the first stage (i.e., the equilibrium Zn0 accumulation).
This goal can be achieved with several variants [21], two of which we are going to use here:
AGNES-I and AGNES–SCP.

2.2.1. Current in Variant AGNES-I

A very accurate response can be gained by applying, in the second stage, a relatively
positive potential step (E2), which generates the reoxidation of Zn0 under diffusion-limited
conditions. Then, it can be shown (see Appendix in ref. [8]) that the generated faradaic
intensity current, I, is proportional to the amount of analyte accumulated in the electrode
by the end of the first stage:

I = η
[
Zn0

]
(2)

where the proportionality factor η is found from a calibration.
The faradaic current, I, can be obtained from the total measured current by subtracting

the current of a suitable blank. The shifted blank results from the application, to the sample
solution, of a short first stage with a negligible deposition (e.g., a gain 1000 times lower
than the desired gain for the measurement), and with the same potential jump (when
moving from the first to the second stage) as in the measurements to be conducted in
the sample [26].

2.2.2. Charge in Variant AGNES–SCP

Alternatively to the use of a current, one can measure the stripped faradaic charge, Q
corresponding to the full depletion of Zn0 from the electrode. By just invoking Faraday’s
law and taking into account the volume of the mercury VHg:

Q = nFVHg

[
Zn0

]
= ηQ

[
Zn0

]
(3)

where the proportionality factor ηQ is typically found from a calibration.
The total stripped charge can be evaluated with stripping chronopotentiometry, by

fixing a stripping current Is, recording the evolution of the potential, and measuring the
transition time τ (i.e., the time to strip all Zn0away) [27]. The (parallel) chemical oxidation
of Zn0 during the stripping period by oxidants in the solution is typically small, but
can be taken into account via the “oxidants current” IOx, which is measured along the
waiting step [28]:

Q = τ(Is − IOx) (4)

2.3. Fundamental AGNES Equation

In the case of AGNES-I, by combining Equation (2) with Equation (1), one obtains a di-
rect proportionality between the stripping current and the free Zn concentration in solution:

I = ηY
[
Zn2+

]
(5)

This proportionality could be considered “AGNES fundamental equation” because it
can be used in a calibration (with known [Zn2+] in prepared solutions) to obtain η, and in a
measurement to obtain [Zn2+] (once the calibrated η is established). In the early AGNES
literature, the product Y times η was labelled as h, but the separation of the two factors
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η and Y is more convenient when applying different gains without the need of a specific
calibration to find h for each Y.

A version of the “fundamental AGNES equation” when quantifying the charge [29]
can be derived by combining Equation (3) with Equation (1):

Q = ηQY
[
Zn2+

]
(6)

The interpretation of AGNES response in terms of the free concentration is simpler
than in the case of other voltammetric techniques, because their quantification of the
free fraction typically requires additional parameters such as diffusion coefficients, ligand
concentrations, stability constants, dissociation rate constants, etc. In the case of AGNES, the
simple fundamental AGNES Equation (5) (or (6) if working with charges), only requires the
knowledge of (an estimated working value for) Y and a calibrated proportionality constant.

3. Materials and Methods
3.1. Reagents and Equipment

Zn2+ and Hg2+ solutions were prepared from 1000 mg L−1 standards (Merck, Certipur®,
Darmstadt, Germany). Potassium oxalate monohydrate (p.a ACS > 99.5 %) was used as
ligand. pH was adjusted with 0.1 mol L−1 HNO3 or 0.1 mol L−1 KOH (both from Merck,
Titripur®). Ionic strength was adjusted with KNO3 (Merck, 99.995 Suprapur®). All solu-
tions were prepared with ultrapure water (18.2 MΩ cm, Synergy UV purification System
Millipore, France). A solution at 0.4% of Nafion was prepared by dissolving Nafion® 117 at
5% (Lot BCCC5483, Sigma-Aldrich, Saint Louis, MI, USA) in an ethanol–water (90:10 v/v)
mixture for the coating of the glassy carbon rotating disc. The thin film of mercury was elec-
troplated on this electrode from a solution of 0.24 mmol L−1 Hg(NO3)2 (Merck, Certipur®)
and 0.15 mol L−1 HNO3 (adjusted to pH 1.9). The step by step modification of the working
electrode can be seen in [22]. The cleaning solution of the rotating electrode and the reoxi-
dation solution of the mercury film contained 1 mol L−1 CH3COONH4 and 0.1 mol L−1

NH4SCN (both from Merck, Emsure®), respectively, in 0.5 mol L−1 HCl (FisherScientific,
Darmstadt, Germany, Trace Metal Grade).

An Advantage Lab Sonicator, AL 04-03 was used for the preparation of the thin
mercury film rotating disc electrode(TMF-RDE) covered with Nafion.

Voltammetric measurements were carried out with µAutolab Type III potentiostat
attached to a Metrohm 663 VA stand, controlled with NOVA 2.1.5 software. A conventional
three-electrode system was used. The working electrode was either a Metrohm hanging
mercury drop electrode (drop size 1 for AGNES and size 3 for differential pulse polarogra-
phy (DPP)), or a glassy carbon rotating disc electrode (2 mm diameter, Metrohm, Herisau,
Switzerland). Glassy carbon was used in the auxiliary electrode and the reference electrode
was double-junction Ag/AgCl/3 mol L−1 KCl, with 0.1 mol L−1 KNO3 in the salt bridge.

For the samples of natural medium (water from the Segre river), a Teflon cell (Metrohm)
coupled to the glass cell with jacket was used. pH was monitored inside the cell with a glass
combination electrode (Hach 5209) connected to an Orion Dual Star ion analyzer (Thermo,
Vesenaz, Switzerland). Total zinc was quantified using an inductively coupled plasma mass
spectrometer (ICP-MS 7700x, Agilent Technologies, Inc., Tokyo, Japan) with Ni sampler
and skimmer cons, a MicroMist glass concentric nebulizer, and a He collision cell.

3.2. Sample Preparation
3.2.1. Synthetic Samples

Mixtures of Zn2+ with potassium oxalate were obtained by a titration where pH was
adjusted to 6.0 with 0.1 mol L−1 HNO3 or 0.1 mol L−1 KOH.

3.2.2. Environmental Sample

The sampling was conducted on 8 September 2021, on the right bank of the river
Segre (before its pass through the city of Lleida, Catalonia, Spain) at coordinates N 41.6577,
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W 0.6669. pH, temperature, and conductivity were measured in situ (see Table 1), as they
impact on speciation. An acidified sample was taken for total Zn analysis. Samples for
AGNES (without filtering) were taken in polyethylene bottles, transported to the lab under
refrigeration, and, once in the lab, were frozen at −20 ◦C.

Table 1. Compilation of physicochemical parameters in the sampled Segre water.

Physicochemical Parameters in the Sample Segre Water

Temperature (◦C) 21
pH 8.12

Conductivity (µS cm−1) 720
cT,Zn in filtered sample (nmol L−1) 28

cT,Zn non-filtered sample (nmol L−1) 103
TC (mg L−1) 36.46
TIC (mg L−1) 31.51
TOC (mg L−1) 4.95
TN (mg L−1) 5.14

3.3. Procedures

To control the temperature of the samples during the AGNES measurements, a glass
cell with a jacket was used. Water recirculates at a temperature fixed by the thermostatic
bath.

The synthetic samples were deaerated with N2 to minimize the presence of oxygen,
and the natural samples were given a permanent N2/CO2 flow controlled by a peristaltic
pump to remove oxygen while keeping the pH constant [30–32].

During the measurements with AGNES, the pH glass electrode was disconnected to
avoid possible interferences in the current.

Total Zn concentrations in the river sample were obtained from ICP measurements
of triplicates of 9.98 mL of filtrated sample (0.45 µm), and a non-filtrated sample acidified
with 20 µL of HNO3 70%.

3.4. Calculations

The key computation is the application of the fundamental AGNES Equation (5) (for
currents) or Equation (6) (for charges, which are obtained from Equation (4)). Details
on the calculations are described in Sections B.1.2, B1.7.10, B.2.4, D.2.6, E.5, etc., of the
Supplementary Materials, and can be followed in the Excel files provided.

Predicted concentrations of the various species were computed with the speciation
program Visual MINTEQ (VM) [33].

4. Case Study I: A Synthetic System

Before dealing with a more complex system, we detail firstly experiments in a synthetic
medium with mixtures of Zn2+ and oxalate (so that all concentrations are known from the
preparation and computations with VM).

In this section, we detail how the gains can be computed (from a DPP experiment),
how the reaching of equilibrium can be verified (in trajectories), how the proportionality
factor η or ηQ can be established (from a calibration), and how one can check that AGNES
is yielding proper free concentrations (e.g., in a titration).
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4.1. Determining the Gain with DPP

The gain Y (or pre-concentration factor), see Section 2.1.1, is a key concept in AGNES,
also because it can be controlled via a change in the associated E1. Larger gains allow the
measurement of lower free concentrations, but require enduring longer deposition times.

One way of computing the gains accounting for a possible drift of the reference
electrode, consists of running a DPP experiment in a sufficiently large electrode (HMDE
drop size 3 with an area of 0.52 mm2) and use the determined peak potential (Epeak) in the
following equation (derived assuming planar electrode [8]):

Y =

√
DZn2+

DZn0
exp

[
− 2F

RT

(
E1 − Epeak −

∆E
2

)]
(7)

where ∆E is the modulation amplitude of the DPP experiment. DZn2+ and DZn0 are the dif-
fusion coefficients of Zn2+ in the aqueous solution and of Zn0 in the amalgam, respectively.

The sheet “Calculs_Zn”, in the Excel files, converts a gain into a potential, or vice
versa, according to Equation (7). This equation is also automatically applied in the NOVA
procedure AGNES-I_1P, see Section B.1.2, and Figure S6 in the Supplementary Materials.

DPP was run in 25 mL 0.1 mol L−1 KNO3, a very similar ionic strength to that of
the rest of the experiments with synthetic systems, so that there is no need to apply the
ionic strength correction (see around Equation (11)). The total Zn concentration in the DPP
experiment was 1.0 × 10−5 mol L−1 and T = 25 ◦C (as in the rest of synthetic media). pH in
our experiments was 4.0, but other pH values could be used, as the only required condition
is that dissolved Zn is either in the free form, or in very mobile and labile complexes. The
obtained DPP plot (differential current vs. potential) is a peaked-shaped curve, with a
maximum whose potential is Epeak. In our system, we obtained Epeak = −0.9869 V (this
value was further used to compute gains in the trajectories, in the calibration, and in
the titration with the synthetic systems). More details about how to measure and use
Epeak, together with the NOVA 2.1.5 procedure to implement DPP, can be found in the
Supplementary Materials, Section A.

4.2. Checking the System with a Trajectory

In the synthetic systems, we used the variant AGNES-I_1P, which means that we
measure the current in the second stage, and we only apply one pulse in the first stage.
AGNES-I is very accurate, especially for Zn as analyte, if the free concentration is not
very low, when using the HMDE. The procedure in the file AGNES-I_1P.nox, available as
Supplementary Materials can be run from NOVA 2.1.5 to obtain one AGNES measurement
with these variants. See Section B.1 and Figure S14 in the Supplementary Materials.

A “trajectory” is a collection of AGNES experiments, where the output (current, charge,
or computed concentration regardless of the sought equilibrium being reached or not) is
plotted in front of increasingly longer deposition times (while the gain and other parameters
are kept constant). One can confirm the reaching of the desired AGNES equilibrium when
the trajectory eventually reaches a plateau (i.e., stable values of the output), indicating that
no net flux of Zn then enters into the mercury electrode.

When applying the variant AGNES-I_1P, the trajectory (I vs. t1 − tw) initially increases,
and then stabilizes in the plateau. Two trajectories (for two different gains) are seen in
Figure 3. The higher the gain, the higher the value of the plateau (in accordance with Nernst
law), and the longer it takes to reach this plateau. In fact, in HMDE, with the analytes Zn,
Cd, or Pb in their free form in the solution, a “rule of thumb” for an approximate minimum
deposition time (in seconds) was found [21,34]:

t1 − tw = 7Y (8)

for solutions where there is a negligible contribution of complexes.
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This rule can be observed in Figure 3, as the trajectory with Y = 20 is stabilized at
t1 − tw = 140 s, and the one with Y = 50 at t1 − tw = 400 s (a value close to the predicted
minimum of 350 s).

Now, we consider the question: how can one know which gain to use? The experiment
shown in Figure 3 was run in a solution of 50 mL 0.1 mol L−1 KNO3 + 1.0 × 10−5 mol L−1

cT,Zn at pH 4.0. From the fundamental AGNES Equation (5), with a typical (for Zn, Cd, and
Pb) η of 0.002 A L mol−1, considering a minimum comfortable current of 5.0 × 10−8 A, and
a VM-predicted [Zn2+] = 9.74 × 10−6 mol L−1, the minimum Y results 2.5, but, to be on a
very safe side, we used Y = 20 (E1 = −1.0564 V) as the lowest gain.

Chemosensors 2022, 10, x FOR PEER REVIEW 8 of 17 
 

 

equilibrium when the trajectory eventually reaches a plateau (i.e., stable values of the 
output), indicating that no net flux of Zn then enters into the mercury electrode.  

When applying the variant AGNES-I_1P, the trajectory (I vs. t1 − tw) initially increases, 
and then stabilizes in the plateau. Two trajectories (for two different gains) are seen in 
Figure 3. The higher the gain, the higher the value of the plateau (in accordance with 
Nernst law), and the longer it takes to reach this plateau. In fact, in HMDE, with the 
analytes Zn, Cd, or Pb in their free form in the solution, a “rule of thumb” for an 
approximate minimum deposition time (in seconds) was found [21,34]: 

t1 − tw = 7Y (8)

for solutions where there is a negligible contribution of complexes. 
This rule can be observed in Figure 3, as the trajectory with Y = 20 is stabilized at t1 − 

tw = 140 s, and the one with Y = 50 at t1 − tw = 400 s (a value close to the predicted minimum 
of 350 s). 

 
Figure 3. Trajectories for Y = 20 (blue diamond markers) and Y = 50 (red square markers) obtained 
with the procedure AGNES-I_1P.nox in a solution with total Zn 1.0 × 10−5 mol L−1 in 0.1 mol L−1 

KNO3. Equilibrium is reached from 200 s onwards for Y = 20, and from 400 s onwards for Y = 50. 
(FILE 210716_G_Trayectoria.xls). 

Now, we consider the question: how can one know which gain to use? The 
experiment shown in Figure 3 was run in a solution of 50 mL 0.1 mol L−1 KNO3 + 1.0 × 10-5 
mol L−1 cT,Zn at pH 4.0. From the fundamental AGNES Equation (5), with a typical (for Zn, 
Cd, and Pb) η of 0.002 A L mol−1, considering a minimum comfortable current of 5.0 × 10−8 
A, and a VM-predicted [Zn2+] = 9.74 × 10−6 mol L−1, the minimum Y results 2.5, but, to be 
on a very safe side, we used Y = 20 (E1 = −1.0564 V) as the lowest gain. 

For specific details, see section B (e.g., B.1.2, for an example of calculation of this 
suitable minimum Y) and C (for the protocol of a trajectory) in the Supplementary 
Materials. 

4.3. Calibration 
The purpose of the calibration is to obtain, in the case of AGNES-I variants, the 

(normalized) proportionality factor η (see Equation (5)). We provide here an example of 
using the procedure AGNES-I_1P, with Zn as analyte (in 0.1 mol L−1 KNO3) at 25 °C and 

0.0

0.2

0.4

0.6

0.8

1.0

1.2

1.4

1.6

0 100 200 300 400 500 600 700 800 900

I/
 µ

A

t1 − tw / s

Figure 3. Trajectories for Y = 20 (blue diamond markers) and Y = 50 (red square markers) obtained
with the procedure AGNES-I_1P.nox in a solution with total Zn 1.0 × 10−5 mol L−1 in 0.1 mol L−1

KNO3. Equilibrium is reached from 200 s onwards for Y = 20, and from 400 s onwards for Y = 50.
(FILE 210716_G_Trayectoria.xls).

For specific details, see section B (e.g., B.1.2, for an example of calculation of this
suitable minimum Y) and C (for the protocol of a trajectory) in the Supplementary Materials.

4.3. Calibration

The purpose of the calibration is to obtain, in the case of AGNES-I variants, the
(normalized) proportionality factor η (see Equation (5)). We provide here an example of
using the procedure AGNES-I_1P, with Zn as analyte (in 0.1 mol L−1 KNO3) at 25 ◦C
and pH 4.0. There is freedom in the calibration pH or ionic strength, as long as the free
concentration in the prepared calibration solution can be considered as reliable (e.g., not
depleted by adsorption). In Section 6.4, the dependence of Y on the ionic strength can
be found.

One chooses the range of obtained currents where the calibration is applicable. Typi-
cally, a minimum main-measurement current safely above the blank measurements (with
HMDE) is 5.0 × 10−8 A (as commented above), while an upper current could be around
1.0 × 10−6 A (or more). The current of the main measurement, as seen in Equation (5),
depends on η, the gain to be applied, and the free concentration of analyte. Prior to starting
the experiments, one can adjust the concentrations of the prepared solutions and with the
gains, in order to numerically scan for any desired range of currents in the calibration.

In the following example, we worked with relatively high Zn concentrations, from
1.0 × 10−6 mol L−1 to 9.0 × 10−6 mol L−1 of total Zn. These concentrations were obtained
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via additions of a stock solution 1.53 × 10−3 mol L−1 Zn to the voltammetric cell, which
originally contained 25 mL of 0.1 mol L−1 KNO3. (The specific calculations can be seen in
the sheet “Zn” in the file 210823_G_Cal_Zn.xls of the Supplementary Materials).

Prior to the experiments, for each planned total Zn addition, the expected free Zn
concentration, [Zn2+], was computed with VM. For each VM free concentration, one can
find a minimum suitable gain with AGNES fundamental Equation (5). The first Zn addition
(leading to the lowest [Zn2+]) requires the highest Y. If it is wished, the gain used in the
first addition and the deposition times can be used for further additions (because a higher
[Zn2+] leads to higher currents, but does not impact on the required time if Y is fixed).

In this case, for the four additions of Zn2+, AGNES-I_1P was run with Y = 20 and
t1 − tw = 140 s, because the minimum acceptable gain for the first addition (where
[Zn2+] = 1.81 × 10−6 mol L−1) is 13.8. After the last addition, with the data collected
in Excel, one can build the calibration curve by plotting (I − Ib/Y) versus [Zn2+] for all the
points. From the slope of the plot, one determines η. For instance, from Figure 4, we obtained
η = 0.00219 A L mol−1.
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Figure 4. Calibration plot for Zn2+ in KNO3 background electrolyte, using the variant 1P for the
first stage and AGNES-I for the second stage. All measurement run with Y = 20 and t1 − tw = 140 s.
Found value of η is 0.00219 A mol−1 L (File: 210823_G_Cal_Zn.xls).

The calibration has to be performed at the same temperature and with the same
electrode as the one used for the measurements where the value of η (if working with
current) or ηQ (if working with charge) is to be used.

4.4. Titration

In a titration, one can either add increasing amounts of a metal to a fixed amount of lig-
and, or add increasing amounts of ligand to a fixed amount of metal. We implemented here
an example where increasing amounts of oxalate (up to 6.3 × 10−3 mol L−1) were added to
a solution initially containing Zn2+ 9.65 × 10−5 mol L−1 and pH 6.0 in 0.1 mol L−1 KNO3
at 25 ◦C. In each of the six additions of the ligand, we ran two gains, in order to show
that gains different from that of the calibration can be used. For each gain, we used two
different times (50 and 100 s) to check for equilibrium conditions. In this example, we used
the shifted blank (i.e., in the same sample, but with the potentials shifted to a negligible
accumulation [26]), in order to have a blank for each of the used gains.
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The planning starts with the estimation of the needed gains (and times required),
in the same fashion as performed for the calibration (see Section 4.3 above). As [Zn2+]
decreases when the concentration of ligand increases, it is necessary to use increased gains
for larger oxalate content. The estimated [Zn2+] at each titration point can be taken, in this
example, from VM. Here, we used the gains gathered in Table 2, which derive from the
application of the fundamental AGNES Equation (5). Notice that the gains computed in the
fourth columns of the table correspond to minimum values to obtain a current just above
the set limit of detection. We tended to use gains (see last two columns in Table 2) that are
the product of either 1, or 2, or 5 times an integer power of 10 (e.g., 20, 50, 100, etc.), which
we call “monetary scale” (because of the denominations of Euro coins and banknotes). To
be on the safe side, higher gains were applied in this example; see last column of the Table 2.
Details of the table calculations can be found in the file 210824_G_Tit_Zn+Oxal.xls, sheet
Zn-OXAL, as provided in the Supplementary Materials. Notice that in each addition of
ligand, acid, or base, there is a dilution of the Zn concentration.

Table 2. Minimum, rounded, and applied gains derived from estimated free concentrations as
provided by visual MINTEQ (VM), along the titration of a fixed amount of Zn with increasing
amounts of oxalate.

cT,Zn
/mol L−1

cT,Oxalate
/mol L−1

[Zn2+]/mol L−1

Visual MINTEQ
Estimated

Minimum Y
Rounded

Minimum Y
Applied

Y

9.65 × 10−5 0.00 8.85 × 10−5 0.3 1 2

9.64 × 10−5 9.64 × 10−5 5.89 × 10−5 0.4 1 2; 5
9.63 × 10−5 2.41 × 10−4 3.54 × 10−5 0.7 1 5; 10
9.62 × 10−5 5.29 × 10−4 1.72 × 10−5 1.5 2 10; 20
9.60 × 10−5 1.25 × 10−3 5.93 × 10−6 4.2 5 20; 50
9.56 × 10−5 2.82 × 10−3 1.73 × 10−6 14.5 20 100; 200

9.46 × 10−5 6.34 × 10−3 4.31 × 10−7 58.1 100 200; 500

The steps followed in the titration experiment were: add 25 mL de 0.1 mol L−1 KNO3.
Add the needed volume of Zn2+ solution (in this case of concentration 1.53× 10−2 mol L−1)
in order to obtain, in the cell, the initial concentration cT,Zn = 9.65 × 10−5 mol L−1. Adjust
the pH to 6.0 with KOH 0.1 mol L−1 and HNO3 mol L−1 as necessary, and purge with N2
for 20 min. Check that the temperature is 25 ◦C. Obtain the measurement (in this solution,
with no oxalate) and blank in duplicate by AGNES-I_1P.nox.

After running each point of the titration (including the case of Zn2+ before the first
addition of ligand), one can build up a plot such as the free Zn concentration versus the total
ligand concentration, and compare the results obtained with AGNES and those predicted
by VM (see Figure 5 and, in the Supplementary Materials, section E). In this exercise, the
values obtained with AGNES are close to the ones predicted by VM, being coincident in
the first additions with AGNES concentrations becoming slightly lower than VM for the
last additions (due, perhaps, to a series of factors ranging from inaccuracies in VM default
complexation constants to experimental inaccuracies).
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Figure 5. Comparison of data obtained with AGNES (purple circle markers) and those pre-
dicted by visual MINTEQ (green diamond markers) in a system with an initial Zn2+ concentration
9.65 × 10−5 mol L−1, and progressive additions of oxalate resulting in total oxalate concentrations
from 9.64 × 10−5 mol L−1 up to 6.3 × 10−3 mol L−1. See file 210824_G_Val_Zn+Oxal.xls in the
Supplementary Materials.

5. Case Study II: A Natural System
5.1. Selection of the Variants and Electrode

Given the total Zn concentration measured in the filtered sample (2.8 × 10−8 mol L−1),
and the relatively high TOC value (see Table 1), we started with a first rough estimate
of [Zn2+] around 2.8 × 10−9 mol L−1 (i.e., one order of magnitude less than the total
concentration). Although this is a very low free concentration, it might have been accessed
with the HMDE if the Zn complexes were mostly labile and mobile, (e.g., picomol L−1

concentrations of free Pb2+ were determined with a HMDE and AGNES-2P in mixtures
with humic acids [35]). However, preliminary trials with HMDE (data not shown) did
not reach the desired equilibrium plateau, but rather suffered from irreproducibility. This
could be due to a low contribution of the complexes (non-labile and/or non-mobile), to
a very relevant adsorption of the organic matter, and/or to the adhesion of the (visible)
particulate matter present in the sample (which had not been filtered) to the electrode
surface (reducing the effective area of the interface), which might delay the stripping of
Zn0 from the drop.

We kept the variant 2P (see Section 2.1.3) for the first stage, but we used the rotating
disk electrode due to advantages such as: (i) an enhanced mass transport and (ii) a large
surface-to-volume ratio. To avoid the possible interference of particularly strong adsorption
or particle adhesion: (a) we used the variant SCP for the second stage (which provides a
charge to be processed with the fundamental Equation (6) and there is no need of blank),
and (b) we covered the mercury film with Nafion [22]. The procedure AGNES-SCP_2P.nox
is provided in the Supplementary Materials.

5.2. Calibration for the Segre Sample

The calibration was conducted with the TMF-RDE covered with Nafion at the same
temperature as that of the sample (21 ◦C). The ionic strength of the calibration is not relevant
for the retrieved value of ηQ or η, because these proportionality factors depend on the
characteristics of the electrode (e.g., volume, diffusion coefficient in the amalgam, etc.). We
opted to run the calibration in 0.1 mol L−1 KNO3 with the gain computed from a DPP also
in 0.1 mol L−1 KNO3. The procedure AGNES-SCP_1P.nox was applied (see Section F.2 in
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the Supplementary Materials). The retrieved value of ηQ was 4.12 × 10−5 C mol−1 L (see
Excel file 220210_G_Cal_2_Zn.xls in Supplementary Materials).

5.3. Determination of the Free Zn Fraction in Segre River with AGNES-SCP_2P and
Nafion-Covered Rotating Disk Electrode

The ionic strength of the river water was estimated from the electrical conductivity (in
Table 1) using Russell’s equation [36]

µ = 1.6 × 10−5 × EC (9)

resulting in µ = 0.0115 mol L−1. Gains for the natural sample were computed from a DPP
run at 21 ◦C in 0.0115 mol L−1 KNO3.

As explained for the synthetic system, we calculated a first possible (rounded) gain
of 2 × 105 by using the fundamental Equation (6) with the rough free Zn concentration
estimated (2.8 × 10−9 mol L−1), a minimum comfortable charge for RDE of 2.0 × 10−8 C,
and the found ηQ of 4.12 × 10−5 C L mol−1. To ensure diffusion-limited conditions for
deposition along the first substage of AGNES-2P, we typically prescribe a gain Y1,a at least
1000 times higher than the equilibrium gain Y (which, in the context of 2P, can also be called
Y1,b). In these experiments we set Y1,a = 1.0 × 1010.

We started by adding 25 mL of the river water sample (after thawing) into the voltam-
metric cell, we closed it, and started the purging with the mixture of CO2/N2.

We adopted the strategy of first establishing a suitable t1,a, so that the charge of
the Zn0 accumulated is above the minimum of 2.0 × 10−8 C. We fixed t1,b = 1 s with
Y = Y1,a = 1.0 × 1010. The strategy consists of running experiments with increasingly
longer t1,a. The plot of the retrieved charge in front of t1,a should be practically linear
(as the flux should essentially reach a steady state). In our experiments, the minimum
charge already surpassed at t1,a = 200 s (see Figure 6), so t1,a = 200 s was fixed for all
subsequent experiments.

Chemosensors 2022, 10, x FOR PEER REVIEW 12 of 17 
 

 

relevant for the retrieved value of ηQ or η, because these proportionality factors depend 
on the characteristics of the electrode (e.g., volume, diffusion coefficient in the amalgam, 
etc.). We opted to run the calibration in 0.1 mol L−1 KNO3 with the gain computed from a 
DPP also in 0.1 mol L−1 KNO3. The procedure AGNES-SCP_1P.nox was applied (see 
section F.2 in the Supplementary Materials). The retrieved value of ηQ was 4.12 × 10−5 C 
mol−1 L (see Excel file 220210_G_Cal_2_Zn.xls in Supplementary Materials).  

5.3. Determination of the Free Zn Fraction in Segre River with AGNES-SCP_2P and Nafion-
Covered Rotating Disk Electrode 

The ionic strength of the river water was estimated from the electrical conductivity 
(in Table 1) using Russell’s equation [36] 

μ = 1.6 × 10−5 × EC (9)

resulting in μ = 0.0115 mol L−1. Gains for the natural sample were computed from a DPP 
run at 21 °C in 0.0115 mol L−1 KNO3.  

As explained for the synthetic system, we calculated a first possible (rounded) gain 
of 2 × 105 by using the fundamental Equation (6) with the rough free Zn concentration 
estimated (2.8 × 10−9 mol L−1), a minimum comfortable charge for RDE of 2.0 × 10−8 C, and 
the found ηQ of 4.12 × 10−5 C L mol-1. To ensure diffusion-limited conditions for deposition 
along the first substage of AGNES-2P, we typically prescribe a gain Y1,a at least 1000 times 
higher than the equilibrium gain Y (which, in the context of 2P, can also be called Y1,b). In 
these experiments we set Y1,a = 1.0 × 1010.  

We started by adding 25 mL of the river water sample (after thawing) into the 
voltammetric cell, we closed it, and started the purging with the mixture of CO2/N2. 

We adopted the strategy of first establishing a suitable t1,a, so that the charge of the 
Zn0 accumulated is above the minimum of 2.0 × 10−8 C. We fixed t1,b = 1 s with Y = Y1,a = 1.0 
× 1010. The strategy consists of running experiments with increasingly longer t1,a. The plot 
of the retrieved charge in front of t1,a should be practically linear (as the flux should 
essentially reach a steady state). In our experiments, the minimum charge already 
surpassed at t1,a = 200 s (see Figure 6), so t1,a = 200 s was fixed for all subsequent 
experiments.  

 
Figure 6. Charge (Q) versus t1,a (deposition time under diffusion-limited conditions) in experiments 
fixing Y1,a = Y = 1.0 × 1010 and t1,b = 1 s. It shows that the charge accumulated at t1,a = 50 s is too low, 
but t1,a = 200 s is above the minimum charge (2.0 × 10−8 C), so this time is fixed for other experiments. 
(File 200215_G_RDE_Segre_2P.xls).Then, we turned towards determining a suitable gain. 
Preliminary experiments (not shown) with Y = 5.0 × 105 (and various t1,b-values) exhibit 

0

5

10

15

20

25

0 50 100 150 200 250

Q
/ n

C

t1,a  / s

Figure 6. Charge (Q) versus t1,a (deposition time under diffusion-limited conditions) in experiments
fixing Y1,a = Y = 1.0 × 1010 and t1,b = 1 s. It shows that the charge accumulated at t1,a = 50 s is too low,
but t1,a = 200 s is above the minimum charge (2.0× 10−8 C), so this time is fixed for other experiments.
(File 200215_G_RDE_Segre_2P.xls).

Then, we turned towards determining a suitable gain. Preliminary experiments (not
shown) with Y = 5.0× 105 (and various t1,b-values) exhibit “overshoot” (i.e., when allowing
longer t1,b-values, the retrieved charge decreases). We kept trying higher gains until the
impact of increasing t1,b was relatively mild (i.e., less than 10% variation in the retrieved
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charge when moving from t1,b 30 s to 200 s). This stabilization was found for Y = 5.0 × 106

(E1,b = −1.2134 V), as seen in the red diamonds of Figure 7. The process followed here can
be seen as a simplified version of the ones detailed in the flowcharts of Figure SI-8 in the
Supplementary Information of reference [37], or of Figure 1 of reference [38]. As a guideline
for trying a new gain (to obtain less overshoot or undershoot in the next trajectory, with a
common t1,a), when one has obtained (with the “old” gain Yold) two charges (Qlong and
Qshort) with a longer and a shorter (e.g., 50 s or less) t1,b is:

Y = Yold
Qshort
Qlong

(10)
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Figure 7. Trajectories showing the reaching of AGNES conditions in the river Segre water sample
due to stabilization of the charge and to the convergence of trajectories with different t1,a. In
all experiments Y 1,a = 1.0 × 1010 (E1,a = −1.3138 V). Red full diamond series: Y = 5.0 × 106

(E1,b = −1.2161 V), with t1,a = 200 s. Red open square series: Y = 5.0 × 106, with t1,a = 300 s. Green
triangle series: Y = 1.0 × 107 (E1,b = −1.2250 V), with t1,a = 400 s. (File 200215_G_RDE_Segre_2P.xls).

To verify that we found the desired equilibrium with the combinations (Y1,a = 1.0 × 1010,
t1,a = 200 s, Y = 5.0 × 106) with t1,b = 50 or with t1,b = 200 s, we look for an overshoot (with
this gain Y = 5.0 × 106, which was expected to relax towards the same charge, around
20 nC) increasing t1,a to 300 s. The convergence of both trajectories (see red square markers
and red diamond markers in Figure 7) confirms the reaching of the desired equilibrium at
t1,b = 200 s.

As an additional confirmation, we doubled the gain (with t1,a = 400 s), and obtain a
plateau at about the double charge, as expected (see purple triangle markers in Figure 7).
By averaging the stabilized values (i.e., all points in Figure 7 except the two combining
t1,b = 40 s and t1,a = 300 s), in two replicates (of two samples in two different days) we
found that [Zn2+] = 9.29× 10−11 mol L−1. This very low concentration (in comparison with
previous works in other rivers [31,39–41]), in both the total filtered concentration and in the
free ion concentration, might be due to the large content of organic matter found and/or a
relevant adsorption on inorganic colloidal matter, which was apparent in the milky aspect
of the river water.
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6. Some Practical Issues
6.1. Temperature

DPP and calibration should be run at the same temperature as the measurement in the
sample. In fact, the knowledge of the gains (used in the calibration and in the measurement)
need not to be absolutely accurate (provided all of them are consistent with an implicitly
assumed E0′ ), because if there is a certain off-set factor between the true value of the gain
and the working value (say Yapprox), this off-set is (implicitly) included in the obtained η
(or ηQ) during the calibration, and cancels out with the gain later on, when this Yapprox (or
a multiple) is again combined with η (or ηQ) in the determination of the free concentration,
because we are always applying the Equation (5) (or Equation (3)). For instance, for small
temperature variations, there is no need to change the ratio of diffusion coefficients in
Equation (7), as we can assume that the variations of both diffusion coefficient values are
quite similar.

A change in temperature has a small effect on ηQ (which is related to the volume
of Hg), but might be relevant in η (due to the diffusion coefficient inside the drop, see
Appendix in [8]). Epeak is also impacted by the temperature in a complex fashion (especially
via the standard formal potential variation), so it is recommended that the DPP is run at
the temperature of the sample.

6.2. pH

As already commented in Sections 4.1 and 4.3, the pH of the DPP or of the calibration
do not need to be that of the sample.

6.3. Electrodic Adsorption

AGNES eventual output is quite unaffected by adsorption of organic matter on the
electrode [21], but the reaching of equilibrium might be delayed. For moderate gains
(e.g., free concentrations above 0.1 µmol L−1), the renewal of the HMDE is usually efficient.
For large gains, the covering of the RDE with Nafion [22,42,43] can be a good option.

6.4. Ionic Strength

If DPP and calibration are run at the same ionic strength as in the sample, no correction
(for the gains) is necessary (i.e., a given potential prescribes the same gain in both solutions).

If the ionic strengths are different, from the gain obtained (e.g., from DPP) at a certain
ionic strength (say µ1), one can obtain the gain at another ionic strength (say µ2) with the
expression [41,44]:

Yµ2 =
γ

µ2
Mn+

γ
µ1
Mn+

Yµ1 (11)

where γ is used to indicate an activity coefficient.

6.5. Interferences

Interferences are possible between elements measured by AGNES, because when we
deposit the analyte, other elements (with less negative standard redox potentials than
that of the analyte or close to it) also accumulate in the amalgam. The crucial point is to
discriminate, in the second stage, the response function (charge or current) of the analyte
from the charge or current due to the reoxidation of the non-analytes. The proportionality
factors (η and ηQ) are determined in solutions with only the analyte (and background
electrolyte), and can be used in solutions with other ions, as long as the response function
of the analyte is well-discriminated.

In the case of Zn, this is relatively easy, as its standard redox potential is very far
away from others such as Cd, Pb, or In. In the case of an analyte in a solution with a
non-negligible amount of another amalgamating element (with a more positive standard
redox potential), the variant SCP for the second stage can discriminate the peaks of the



Chemosensors 2022, 10, 351 15 of 17

various elements [28]. In the particular case of Zn, the possible interference of Cu (forming
intermetallic compounds) is restricted to a large proportion Cu:Zn [34].

7. Conclusions

This article shows, in detail, how to apply AGNES for Zn in a couple of systems.
From the experience gained in this guided exercise, interested practitioners can tackle other
systems.

Besides free Zn, AGNES can be applied, with just a few changes, to other divalent metal
ions [23,45,46] such as Cd(II), Pb(II), or Sn(II). For the trivalent In(III), due to its irreversibil-
ity, the gain cannot be accurately estimated from a DPP, so it is more convenient to compute
ηQ from the volume of the mercury electrode and “calibrate” the gain [11,47,48]. Something
similar happens in the determination of [Sb(OH)3] concentration [49], which illustrates
that, with suitable calibrations, species other than the “free” one can be determined.

In solutions with very low ionic strength (as in natural freshwaters), DPP might be not
accurate, and the variant AGNES-I might be not suitable [50].

Whatever the analyte, determining very low free concentrations requires high gains,
which might demand prohibitive deposition times with HMDE, as shown in this work.
The most dramatic time reduction in the deposition time arises from concomitant abundant
labile and mobile complexes [9,51], but, typically, this contribution of the complexes is
usually fixed in the sample solution. Other strategies for accessing low concentrations in
acceptable times are: (i) the use of the 2P variant in the first stage; (ii) the use of electrodes
with larger area-to-volume ratio (e.g., screen-printed electrodes [40]), and (iii) the enhancing
of the supply of analyte towards the mercury surface (e.g., RDE). Therefore, the limit of
quantification of AGNES depends on how long one is prepared to endure as deposition time,
on the properties of the sample (i.e., nature and amount of complexes), on the electrode
used, and on the stirring implemented, etc.
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