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Abstract 
AGNES (Absence of Gradient and Nernstian Equilibrium Stripping) senses the free ion 

concentration of Zn(II) in solutions containing different ligands, being unaffected by the 

lack of reversibility of the Zn
2+
/Zn

0
 couple under the assayed conditions. In the presence 

of oxalate, the determination of  [Zn
2+
] agrees with the stability and solubility constants 

of this sparingly soluble salt, once the precipitation kinetics is taken into account. 

Different strategies have been analysed and implemented in order to reduce the 

preconcentration time with the standard electrode of the polarographic stand (smallest 

drop radius around 0.141 mm): i) using a lower preconcentration factor when there is no 

need of enhanced limit of detection; ii) splitting the deposition stage into two, with a 

first potential step under diffusion limited conditions; iii) the analysis of the 

chronoamperometric response along the deposition stage allows adjusting its duration, 

especially if non-inert complexes contribute to the arriving flux of metal to the mercury 

electrode. The two potential steps strategy is assessed as the most suitable in a general 

case.   
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1. Introduction 
AGNES (Absence of Gradients and Nernstian Equilibrium Stripping) has been recently 

suggested as a new electroanalytical technique [1] providing access to the free ion 

activity of metal ions. We can highlight the environmental relevance of the knowledge 

of these activities, as the largely accepted Free Ion Activity Model (FIAM) [2-5] 

ascribes the biological effect of the element to the fraction present as free ion species. 

Thus, AGNES can become an alternative to other standard techniques such as ion 

selective electrodes (ISE), especially for cases –such as Zn- where a commercial 

selective electrode is not available [6-9] 

 

A limitation of the first implementation of AGNES with a standard electrode described 

in  [1] was the need of a relatively long preconcentration stage. In the work, different 

strategies to cut down this time are analysed and experimentally tested.  For this reason, 

in the unavoidable compromise between lowering the limit of detection (LOD) and 

reducing the time of the experiment, we clearly favour here the latter, leaving the aim of 

lowering the LOD to a forthcoming work (using both standard equipment and 

microelectrodes). 

 

On the other hand, the lack of reversibility of the metallic couple might pose a potential 

difficulty for the conditions of AGNES to be met [10] under some circumstances. For 

this reason we choose Zn as a classical example of non-Nernstian electron transfer and 

check if AGNES can sense the concentration of free Zn
2+
 at least for some combination 

of the parameters. Moreover, among the ligands to see the speciation capability of 

AGNES with Zn, we study oxalate with greater detail because the formation of a 

sparingly soluble salt is an even more involved system [11], which also bears 

environmental interest [12-14]. 
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In this work, after revising the principles of AGNES, we show its speciation capability 

with several ligands and follow the slow precipitation kinetics of zinc oxalate. Then, we 

move to analyse four possible strategies: using a lower preconcentration factor for the 

deposition stage, reducing the deposition time along a titration with ligand, splitting the 

deposition step into 2 sub-stages and splitting the deposition step into 3 or more sub-

stages. Guidelines for the splitting strategies are deduced from a simplified model 

mathematically analysed in the appendix.  

 

2. AGNES: its principles and simplified model 
As described elsewhere [1], AGNES consists of two conceptual steps or stages: 

1) A deposition (or preconcentration) stage whose aim is to reach –at the end of it- a 

situation of no concentration gradient (neither inside the mercury electrode nor in the 

solution in contact with the electrode), while keeping a fixed ratio of the electroactive 

couple concentrations due to the Nernstian equilibrium (determined by the applied 

potential E1) 

( )0

*

M
1*

M

exp º '
c n F

Y E E
c RT

 = = − −  
   (1) 

where Eº’ stands for the formal standard potential of the redox couple of the metal M 

and 0

*

M
c  refers to the final homogeneous (flat) concentration value inside the mercury 

electrode. The duration of the deposition stage is denoted t1.  

2) A stripping stage in order to measure the final concentration 0

*

M
c . In the simplest 

implementation (as done in [1]), we apply a potential step (E2) under diffusion limited 

conditions, so that the measured current (at a certain  t=t1+t2) is just proportional to the 

free ion concentration: 

*

MfaradaicI hc=  (2) 
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This proportionality between the faradaic current (obtained via subtraction of the 

corresponding current Ib of a blank experiment without zinc in the solution) and the free 

Zn concentration can be seen in Fig 1, where different markers indicate variants 

(described below) to fulfil the aim of the first stage. Notice that no special effect from 

Zn irreversibility on AGNES is observed. This is in agreement with the results[10] for 

not too negative deposition potentials obtained by Scanned Stripping 

ChronoPotentiometry (SSCP), which is a technique sharing similar principles with 

AGNES [15;16].  

 

We have presented [1] a simplified model for the evolution of concentration profiles 

along the first stage and currents of AGNES by assuming spherical electrode, reversible 

couple, flat concentration profile for Mº inside the amalgam (due to its small finite 

volume)  and steady-state profile for M in the solution. Although these assumptions 

cannot fully represent the systems considered here, the model can be used to provide 

some guidelines because the deviation of the spherical drop is small and the time 

characteristics of the irreversibility of the Zn
2+
/Zn

0
 couple is much shorter than the time 

needed to fulfil the absence of gradients.  Irreversibility cannot affect the currents at the 

stripping stage due to the imposed diffusion limited conditions. According to the simple 

model, the proportionality factor between current and free metal concentration (in a 

solution without complexes) can be approximated by: 

1

M 1

* *

M M 0

3
1 exp

faradaic faradaic

t t t

I I D t

c c Yr δ
= =∞

     
= − −       

      
 (3) 

where δ is the diffusion layer thickness and DM is the diffusion coefficient of the metal 

ion. Notice that, for a sufficiently long deposition time t1, the proportionality factor 

practically reaches the fixed value ( )
1

*

M/faradaic t
I c h∞=∞

= .  
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3. Materials and Methods 
3.1 Reagents and Instrumentation 

Zinc stock solution was prepared from Zn(NO3)2.4H2O  (Merck analytical grade) and 

standardised by means of a complexometric endpoint titration with EDTA [17]. 

Potassium nitrate was used as inert supporting electrolyte at 0.1 mol L
-1
 and prepared 

from solid KNO3 (Merck, Suprapur). Nitrilotriacetic acid (NTA) in the H3L form, 

ethylenediaminetetraacetic acid (EDTA) as disodium salt dihydrate and potassium 

oxalate (all Fluka, analytical grade) were used as ligands. KOH and HNO3 titrisol 

(Merck) were added to fix the pH to the desired values. 

 

Ultrapure water (Milli-Q plus 185 System, Millipore) was employed in all the 

experiments. Purified water-saturated nitrogen N2(50) was used for deaeration and 

blanketing of solutions. 

 

Voltammetric measurements were carried out with an Eco Chemie Autolab PGSTAT30 

and with a PGSTAT10 potentiostat attached to a Metrohm 663 VA Stand and to a 

computer by means of the GPES4.9 (Eco Chemie) software package. The working 

electrode was a Metrohm multimode mercury drop electrode. The smallest drop in our 

stand has been chosen,  which according to the catalogue corresponds to a radius around 

r0= 1.41×10-4 m. The auxiliary electrode was a glassy carbon electrode and the 

reference electrode was Ag | AgCl | (3 mol l
-1
) KCl, encased in a 0.1 mol L

-1
 KNO3 

jacket.  

 

A glass combined electrode (Orion 9103) was attached to an Orion Research 720A 

Ionanalyzer and introduced in the cell to control de pH. A glass jacketed cell provided 

by Metrohm was used in all measurements. The vessel was thermostated at 25.0ºC. 
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3.2 Procedure 

Solutions were initially purged with oxygen-free nitrogen, then a nitrogen blanket was 

maintained during measurements.  

 

The values of the diffusion coefficients used to calculate the preconcentration factor Y 

(see eqn. 10 in [1]) are 0 9 2 -1

Zn 1.81 10 m sD −= ×  [18] and 10 2 -1

Zn 7.03 10 m sD −= × [19]. 

 

Strictly speaking, AGNES measures activities (due to its fundamentals on Nernst 

equation), however, due to the fixed ionic strength (0.1 M) used in this work one can 

refer to concentrations instead of activities. 

 

AGNES, for the implementation of one potential step along the first stage, was 

performed as described previously [1] following the scheme drawn in Fig 2. A waiting 

time (tw) of 50 s and the required potential E2 for a Y2 of 10
-8
 have been applied in all 

experiments. A magnetic stirrer has been used to stir the solution at a 700 rpm speed. 

 

The free metal concentration of a solution containing a mixture of metal and ligand has 

been computed from AGNES currents through equation (2) taking faradaic bI I I= −  and 

the proportionality factor h obtained previously in a calibration from different replicates 

in a solution with Zn ion but without any ligand.  

 

4. Speciation of Zn2+ followed with AGNES  
In our previous work [1], we showed that AGNES could successfully sense the free 

Cd
2+
 concentration in solutions containing NTA. In this work, we consider Zn

2+
 which 

is a potentially more difficult case because of the electron transfer process not being 
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fully reversible. As already seen in Fig 1, the calibration (i.e. the determination of the 

proportionality factor h relevant to our set-up) is correct and shows no distortion. We 

have performed similar calibration plots at the beginning of each speciation experiment 

designed to follow the free Zn
2+
 concentration along a titration with a ligand. 

 

Fig 3 shows the [Zn
2+
] determined by AGNES (i.e. measuring the current at a certain t2 

and applying the fundamental eqn. (2) with the h-value from the corresponding 

calibration) along a titration of a fixed amount of Zn with increasing additions of NTA. 

Comparison with the theoretically expected results using the program VMINTEQ [20] 

indicate a good agreement. The maximum deviation (around 20%) occurs at large NTA 

concentrations and could be related to the limit of detection of AGNES for the 

conditions used in the experiment. 

 

A similar experiment was conducted with EDTA as seen in Fig 4. AGNES results agree 

quite well with the computed free Zn
2+
 concentration. Only some discrepancies arise at 

the end of the titration, where, due to the huge stability constant of EDTA, [Zn
2+
] falls 

down steeply close to the equivalence point and any small inaccuracy there results in an 

important variation in [Zn
2+
] . 

 

Results with the third tested ligand, oxalate, will be commented in the next section and 

also confirm that, at least with the used settings, Zn
2+
 exhibits no fundamental 

difference with respect to Cd
2+
 when sensed by AGNES. 

5. Precipitation in the system Zn2+/Oxalate 
Sparingly soluble salts, such as zinc oxalate, can generate precipitates with crystals 

exhibiting a wide range of sizes [11]. Thus, the application of AGNES to this kind of 
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systems can assess on potential limitations of this technique due to the precipitation 

process.  

 

We have carried out several titrations starting with 25 mL of oxalate  10
-2
 M (i.e. always 

the same fixed starting amount of oxalate common for all the titrations, which can be 

distinguished one from the other through the differents markers in Fig 5) with 

increasing amounts of added Zn. The dashed line stands for the theoretical values 

expected without precipitation, while the solid line stands for the theoretical values 

including the precipitation phenomenon. For low added Zn concentration (cT,Zn < 5×10-4 

M) there is a good agreement between theory and experiments. For larger added 

amounts of Zn (in the range 5×10-4 M < cT,Zn  < 3×10-3 M), the concentration retrieved 

by AGNES (measured immediately after each addition) is slightly less than the 

expected concentration without precipitation. Open diamonds in Fig 5 at cT,Zn  = 3.5×10-

3 
M correspond to values of the free concentration of Zn in the same solution 

determined by AGNES at intervals of approximately 30 min, except the last point which 

was left overnight. These results can be understood as due to the slow kinetics of 

precipitation (clearly seen in the cell as white particles depriving transparency through 

the cell) in the supersaturated solution and confirm the good capabilities  of AGNES. 

6. Strategies to reduce the required deposition time 
6.1 Using a lower gain factor Y 

As discussed with greater detail in [1], the desired situation of absence of gradients and 

Nernstian Equilibrium (which could be labelled the target), mathematically speaking, 

cannot be reached within a finite time. So, for a certain prescribed proximity to the 

target, we need a certain time, say t1. The required value of t1 depends on several 

factors, among which the gain factor Y can be experimentally controlled via the applied 
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potential E1. From the model –see eqn. (3)  – one notices that smaller gains Y require 

shorter deposition times t1 (i.e. the found proportionality factor is closer to the desired 

h-value, which is denoted h∞, for a fixed t1, when Y is smaller). The reduction in the 

required t1 can be clearly seen in the experiments shown in Fig 6. For Y=100 (square 

marker), 90% of h∞ is not yet reached for t1 shorter than 200 s, indicating that this 

concentration gain cannot be achieved within less time (in our set-up). For Y=50 (circle 

marker), 90% of h∞ is already reached at t1 around 100 s.  

 

So, reducing the gain factor should allow to work faster. The drawback of using lower Y 

is that the limit of detection becomes higher  because the difference between the sample 

(with a lower faradaic component) and the blank signals decreases. Despite a deeper 

consideration of the limit of detection is scheduled for further work, we can give a 

rough estimate for the current conditions of around 5×10-8 M for Y=50 and of around 

3×10-8 M for Y=100. Morevover, Fig 6 indicates that the proportionality factor h∞ 

(which can be seen as a measure of the sensitivity of AGNES with certain settings) for 

Y=50 is just half the one for Y=100, as expected from the proportionality between h and 

Y demonstrated elsewhere [1].  

 

A suitable Y–value for a given fixed t1 can be experimentally found for a particular set-

up by plotting ln h in front of the applied potential E1 (this kind of plot is parallel to the 

SSCP wave where stripping time τ  is depicted against deposition potential [15]). 

Indeed, taking into account the definitions of h (eqn. (2)) and  Y (eqn. (1)), and denoting 

by C1 the proportionality factor between the measured stripping current and the metal 

concentration inside the amalgam 0

*

M
c , we expect 
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ln ln ln ln º '
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c c RT RT

  
= = = − − = −       

   (4) 

(where C2 is just a constant) provided t1 has been long enough for the gain Y (associated 

to E1) to be practically achieved. In other words, eqn. (4) is only fulfilled when the 

measured h corresponds to h∞.  Fig 7 shows that the linear behaviour of ln h vs E1, as 

prescribed by eqn. (4), is followed by our set-up with Zn
2+
 for E1 more positive than 

approximately –1.02 V (which corresponds to Y< 126) when t1= 400 s. The expected 

slope -77.9 is close to the slope defined by the 3 rightmost points (-77.1). For higher Y, 

there is not enough time along the deposition step to approach the target (i.e. the 

concentration inside the electrode is less than Y 2
*

Zn
c + , there is a gradient of Zn

2+
 in the 

solution and the recovered current is less than expected). The approximate constancy 

obtained around ln h=-1 for higher Y corresponds to the maximum amount of Znº able 

to arrive (under diffusion limited conditions) and pass inside the drop within the fixed 

time t1= 400s.  

 

From the coincidence between the theoretical straight line and the experimental markers 

in Fig 7 one sees that Y=100 is just at the border of the potentials which allow the target 

situation to be approached within t1=400 s. So, in order to be on the safe side (e.g. to 

compensate for uncontrolled small changes in the hydrodynamic conditions), in the 

following we have generally used Y around 50, (instead of 100 as used in our previous 

work [1]), because the purpose here is to compare different strategies to reduce the 

deposition time and changing from Y=100 to Y=50 implies practically halving the time 

of the experiments (see comments on Fig 6 above at the beginning of this section). 
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As seen in Fig 8, the measured free Zn
2+
 concentration by AGNES in the titration of Zn 

with oxalate using Y=50 and Y=100 are essentially identical (at least for these not too 

low free ion concentrations), indicating the suitability of using the lower gain (because 

of its shorter deposition time) along this work. 

 

6.2 Adjusting the deposition time to non-inert complex contribution  

The free metal concentration decreases along a titration of a fixed amount of metal with 

increasing amounts of ligand. So, for a fixed Y, the required concentration of Mº 

decreases, as well as the number of moles needed inside the mercury electrode, parallel 

to the decrease in *
M
c . But it is well-known [21-29], that the dissociation of complexes 

along the diffusion layer can play a very relevant role in the transport of the metal ions 

towards the electrode. Thus, along the successive metal-to-ligand ratios of a titration, 

the contribution of the complexes to the flux of metal towards the electrode reduces the 

required time to practically reach the target [30], especially if most of the metal is 

present as non-inert complexes. This effect can be deduced from the observation of the 

currents along the first stage in Fig 9 where the currents for the just metal case can be 

compared with those in a system with a metal complex. Open squares in the figure show 

the evolution of the current for a sample containing only metal: the absolute value of the 

current decreases steeply during the first seconds (metal is entering fast inside the 

mercury drop) and soon reaches a practically constant value (this residual current can be 

ascribed mostly to oxygen, so that practically no more Zn is then entering the drop). 

This result indicates that we could have stopped our preconcentration step sooner (say at 

some 150 s instead of the actually waited t1-tw=350 s). This possible reduction in t1-tw 

(and so in t1, if we keep tw constant) is even more dramatic when there are complexes: 
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see how solid circles in Fig 9 show the fast evolution of the current towards the residual 

current in just some 40 s.  

 

The previous considerations can be used to design a strategy to reduce the global 

deposition time along a titration of a fixed amount of metal with ligand originating a 

non-inert complex. After each addition of ligand, the free metal concentration decreases, 

so a lower Y *
M
c  requires the transport of a lower amount of metal towards the electrode, 

while the potentiality for transport via complex dissociation is enhanced. This means 

that t1 could be reduced –for a fixed Y- after each ligand addition. The extend of the 

reduction can be assessed from the evolution of the current at the end of the first stage 

of the previous AGNES experiment in the titration: if no significant variation in the 

current is seen from a certain t=tx onwards, then tx can be taken as the new value of t1 in 

the next experiment (i.e. after the addition of more ligand). This strategy has been 

applied to the titration of Zn with oxalate seen in Fig 8: the quality of the result is not 

lost (see agreement with other variants of AGNES and VMINTEQ), while the total time 

of the first stage has been reduced from t1=400 s (first addition) to t1=150 s  (last 

addition), all of them sharing a common fixed tw= 50 s.  

  

6.3 Using two potential steps along the deposition stage 

This strategy consists in splitting the first stage leading to the target situation into two 

sub-stages:  

a) A potential step corresponding to a large concentration gain Y1,a (under diffusion 

limited conditions or very close to these) during a time t1,a, so that –at least- most of the 

required number of moles needed inside the electrode are supplied from the medium. 
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b) A potential step at the desired concentration gain Y (which could also be denoted 

Y1,b), so that the profiles become sufficiently homogeneous after t1,b seconds. The tw 

seconds without stirring within the first stage are considered just as an extra time to be 

on the safe side. 

 

The potential program corresponding to this strategy is schematised in Fig 10. 

Preliminary experiments on the applicability of the 2 potential-steps program for a case 

with just metal are shown in Fig 11 and clearly indicate that this strategy can reduce the 

deposition time (see how the square markers for the two-potential-steps strategy reach 

the same height as the round markers of the one-potential-step strategy at shorter 

deposition times). 

 

If the potential step corresponding to Y1,a is applied for a too long time t1,a then an 

excess of metal enters the mercury electrode (i.e. we have an overshooting of the metal 

concentration inside the amalgam), and then we need also a sufficiently long (t1,b) 

second potential step at the desired gain Y to avoid an overshooting of the final current. 

Experimental evidence of the existence of the overshooting (for a case with Zn
2+
 and 

without added ligand) can be seen when analysing the evolution of the currents along 

the deposition stage in Fig 12. The currents of the two-potential-steps program (solid 

squares) exhibit a practically constant current (around 50 nA) for the first t1,a=60 

seconds (due to a gain Y1,a practically in the diffusion limited regime), and then a 

sudden change in the current sign: the new prescribed gain Y is lower than the currently 

already achieved preconcentration gain, so that excess of Znº preconcentrated inside the 

drop now is forced to abandon it. The duration of the second potential step in Fig 12 is 

long enough for the residual current to be recovered at the end of the deposition stage 
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(see agreement with the residual current of the one potential step program for the 

deposition stage in open diamonds), so the measured current at t2 will yield a correct h. 

However, if the second potential step was not long enough, then an h-value larger than 

the true one (for that particular Y) would have been obtained. The optimal time (t1,a) for 

the case of a solution without any complex could be easily computed, but this lacks of 

interest for speciation purposes. 

 

The overshooting difficulty is more critical in the case of non-inert complexes 

contributing to the flux (recall description of the phenomenon in the previous section): 

then the amount of metal arriving along the first sub-stage can be much larger than that 

expected just from the free metal supply. To understand this effect we extend the simple 

model (presented in [1]) related to eqn. (3) to the strategy of 2 potential-steps with a 

fully reversible couple. A further assumption is made: the contribution of the complexes 

is equivalent to an enhancement of the effective diffusion coefficient by a given factor 

α  (unknown and different for different solutions). This assumption is reasonable if we 

think that the steady-state limiting current for a system of metal forming only one fully 

labile complex ML  can be written as 

( ) ** * * *
M M2 2 2M M ML ML ML M

0 0 M ML 0*

M

4 4 4
D cD c D c c c

I nF r nF r D D nF r
c

α
π π π

δ δ δ δ
  

= + = + =  
   

 (5) 

 

The normalised preconcentration  *
M
c / 0

Mc  at the end of the time t1,a+t1,b for this case of 

2 potential-steps with the  aforementioned assumptions can be derived from eqn. (A-3): 

M 1,a M 1,

0 1,a 0

3 3

Mº
1,a*

M

1 e e

b
D t D t

r Y r Yc
Y Y Y

c

α α
δ δ

− −  
  = − − −

  
  

 (6) 
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(where Y1,a is the gain related to the potential E1,a) and embraces the only metal case by 

just taking α=1. The evolution of the normalised preconcentrations for 3 cases can be 

seen in Fig 13, all of them stopped when the difference with the aimed gain Y=100 is 

less than 1%.  

 

We aim at finding suitable Y1,a, t1,a and t1,b  in order to reach the desired proximity (say 

1%, for the sake of simplicity) to the target with a minimum t1,a+ t1,b  when applying 

AGNES to an unknown solution. We notice that, when applying AGNES with more 

than one potential step to an unkown solution,  there are two possible approaches to the 

target (see Fig 13) : a) Reaching 99% of the desired gain after t1,a+ t1,b seconds have 

been ellapsed and b) Reaching 101% of the desired gain after t1,a+ t1,b seconds (due to 

some overshooting). According to the mathematical analysis detailed in the appendix, 

the “most unfavourable” combination of these two possibilities of approaching to the 

desired gain until 1% proximity corresponds to α−=1 and α+ given by eqn. (A-21). It is 

also shown that the optimum Y1,a corresponds to a potential step under diffusion limited 

conditions. These optimum parameters (for the worst case) prescribe to set t1,b=2.63 t1,a 

(see eqn.  (A-25)) to compensate for any possible overshooting due to complex 

contribution to the flux. However, in order to work on the safe side we have usually 

implemented the ratio t1,b=3×t1,a along our experiments as a “rule of thumb”. In the 

practical implementation, we have preferred to use this fixed ratio of 3 between the 

characteristic times and increase t1,a progressively until stabilisation of h (i.e. check 

experimentally the minimum time), rather than to rely directly on the theoretical optimal 

minimum time (as computed at the end of the appendix). 
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The free Zn
2+
 concentrations found using this strategy agree with both the theoretical 

ones and those experimentally obtained with the one-potential-step strategy as seen in 

Fig 1 (for the metal only case) and in Fig 8 (for the speciation case with oxalate). In this 

latter case the total time of the 2 potential-steps strategy t1,a+t1,b+tw= 190 s is about 50% 

of the time (400 s) used with the one potential step classical methodology. However, 

part of this reduction could be due to the very safe value for t1 taken in the case of one 

potential step, as the theoretical analysis indicates that the application of two potential 

step should lead to a reduction of around one third of the required t1.  

 

6.4 Using three or more potential steps along the deposition step  

As shown in the appendix (see conclusion of section A2), the mathematical analysis for 

of a spherical drop indicates that (under the assumed hypotheses of the simplified model 

for the contribution of non-inert complexes) no reduction of deposition time can be 

obtained with the use of 3 or more potential steps along the deposition stage. 

 

7. Conclusions 
Successful sensing of Zn by AGNES, despite the not fully reversible behaviour of the 

couple Zn
2+
/Znº, has been observed without any ligand and with the addition of the 

following ligands: NTA, EDTA and oxalate. In the case of  a supersaturated solution of 

oxalate and Zn
2+
, AGNES can follow the free metal concentration along the slow 

precipitation process. 

 

As the time required to reach Nernstian equilibrium in the deposition stage can be a 

limiting factor for the practical application of AGNES, three different strategies have 

been developed, analysed and experimentally tested here: 
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i) A first strategy consists in reducing the preconcentration factor. Changing from 

Y=100 to Y=50 implies practically halving the time of the experiments. A gain factor of 

50 and a deposition time of 400 s have been selected for this work to be on the safe side. 

The drawback of this strategy is that a lower Y implies a higher limit of detection.  

 

ii) A second strategy takes advantage of the contribution of the non-inert complexes to 

the total flux of metal towards the electrode, reducing the time needed to reach 

equilibrium. The deposition time can, then, be progressively shortened along a titration 

of a fixed amount of metal with any ligand forming a non-inert complex. This strategy 

has been checked along a titration of Zn with oxalate, where the time of the experiment 

could be reduced by one half. The limitation of this strategy is that can only be applied 

along titrations with complexes being sufficiently labile and mobile. 

 

iii) A third alternative consists in splitting the deposition stage into two. In the first sub-

stage a potential under diffusion limiting conditions is applied to accelerate the 

preconcentration of metal inside the drop. The second sub-stage (at the desired Y) 

should last close to 3 times the first sub-stage period in order to avoid overshooting 

effects. While a two-potential-steps strategy allows a reduction of the deposition time 

(predicted around 33%), the use of a larger number of potential steps is useless 

(according to mathematical analysis based on fully reversible behaviour). Despite the 

reduction of time is not dramatic, the two-potential-steps  strategy does not affect the 

detection limit (which depends on Y) and can be applied for any system (i.e. not only 

along titrations adding ligand), so we assess it as the most convenient in a general case 

where the irreversibility is not strong. 
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Appendix. Minimisation of the required total deposition time for 
a sequence of potential steps.  
A1.- Obtained gain at the end of the sequence 

In the simple steady-state model under spherical geometry [1], equating the variation in 

the number of moles inside the drop with the flux (arriving from a solution of M 

without any ligand) times the electrode area allows to write the differential equation 

 
( )

*Mº M Mº
M

0

d 3
=

d

c D c
c

t r Y tδ
 

−  
 

 (A-1) 

for the unknown ( )Mºc t  with Y(t) as the instantaneous gain applied at each t. Let us 

assume that, along the deposition stage, we apply a sequence of n potential steps whose 

corresponding gains are Y1,Y2..Yn. Notice that Y2 in this appendix corresponds to Y1,b in 

the rest of this work and has nothing to do with the second (stripping) stage. By 

introducing a new variable  

0

3t

r
τ

δ
≡  (A-2) 

and solving (A-1) with prescribed initial Mº 0c =  and continuity of ( )Mºc t  with each 

change of potential having place at τ1 (from Y1 to Y2), τ 2 (from Y2 to Y3).. and τ n-1(from 
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Yn-1 to Yn, which is the desired gain Y), one finds that the gain achieved at the end (τ=τn) 

of the sequence of steps is 

  

( ) ( ) [
( ) [
( ) [
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−

− −
− −

− −
− −

− − −

= − − +

+ − +

+ − +

 + − + 
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 (A-3) 

Introducing the new variables 

  
( )M 1M 1 1

//

1

1

e ; e 2, ,

2, ,

i i iD YD Y

i

i i i

x x i i

Y Y i i

τ ττ

µ

−− −−

−

≡ ≡ =
≡ − =

⋯

⋯

 (A-4) 

expression (A-3) reads 

  
( )0

M

1 1 2 2 1 2 2 1 1*

M

· · · ·
n

n n n n n n n n n n n n

onlymetal

c
Y x x x x x x x x Y x x

c

τ
µ µ µ µ− − − − −= − − − − − −⋯ ⋯ ⋯ (A-5) 

This equation is easily reformulated in a general way so as to include possible 

complexes contributing to the flux with an effective diffusion coefficient MDα  (with 

α≥1)  

  
( ) ( ) ( ) ( )

0

M

1 1 2 2 1 1*

M

· · · ·
an

n n n n n n n n

c
Y x x x x x Y x x

c

α αατ
µ µ µ− −= − − − − −⋯ ⋯ ⋯  (A-6) 

being α=1 the particular case of just metal. 

A2.- Minimising ττττn 

Our goal is finding the optimum parameters of the sequence (i.e. the sets of τi and Yi 

associated to the experimental times and potentials to apply) so that the final ratio 

*

Mº M/c c  is at 1% proximity (extension to other prescribed proximity is straightforward) 

of the desired gain Yn whatever the  value of α (assumed to be an unknown constant for 

the sample under examination):   
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( )0

M

*

M

0.99 1.01
n

n n

c
Y Y

c

τ
≤ ≤  (A-7) 

Varying α, for a fixed combination of all other parameters, one finds different values 

for the obtained gain ( )0 *

M M/nc cτ . Let α+ denote the value of α (for a fixed combination 

of all other parameters) leading to the maximum gain (pathological cases when there is 

no overshooting are of no interest). Let α- denote the value of α  leading to the 

minimum gain (within the range α≥1).  Then, condition (A-7) can be written just for 

these two extreme cases 

( )0

M

*

M

1.01
n

n

c
Y

c
α α

τ

+=

≤  (A-8) 

and 

( )0

M

*

M

0.99
n

n

c
Y

c
α α

τ

−=

≥  (A-9) 

By formally considering these two extreme cases of α (at this stage we do not need to 

know the values of α- or α+), any of the unknown possible values of α from the sample 

will fulfil (A-7).  

 

By adding the logarithms of xi, we can write the function to minimise (for any given 

combination of the parameters including the prescribed gains Yi) as 

  
1M

1
ln

n

n i i

i

Y x
D

τ
=

= − ∑  (A-10) 

where the independent variables are now the set of xi (which represent the lengths of the 

intervals for each Yi) . 

 

The minimisation of (A-10) without any restriction leads to Yi/xi=0 which is 

meaningless. So, we must take into account the two restrictions (A-8) and (A-9).  
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In a first phase, we seek minima on the boundaries given by the restrictions[31]. For 

instance, one Lagrangian is  

  ( )( )1 1

1

ln · · ... 0.01
n

i i n n n n

i

L Y x Y x x x Y
α αλ µ− −

=
= − + + + −∑ ⋯  (A-11) 

differentiation with respect to x1 and equating to 0 leads to the equation  

  ( )1· · · 1nx x
αα λ −

− ⋅ =⋯  (A-12) 

differentiation with respect to x2 and equating to 0 leads to the  

  ( )2· · · 1nx x
αα λ −

− ⋅ =⋯  (A-13) 

and similarly for successive values of the index i, up to  1· 1xαα λ −
− ⋅ = . From these 

equations, the solution one obtains is 

  1 2 1nx x x= = = =⋯  (A-14) 

which is a solution of no interest as it corresponds to potential steps of null duration. 

Similar reasonings for the other boundary lead to the conclusion that there is no 

minimum on either of the boundaries. 

So, in a second phase, we must seek the minimum among couples of compatible 

restrictions (given by the equalities in (A-8) and (A-9))  

( )( ) ( )( )1 1 1 2 1 1

1

ln · · 0.01 · · 0.01
n

i i n n n n n n n n

i

L Y x Y x x x Y Y x x x Y
α αα αλ µ λ µ− +− +

=

= − + + − + + +∑ ⋯ ⋯ (A-15) 

Differentiation and further algebraic manipulation leads to the system of eqns.  
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 (A-16) 

where, for the sake of notation simplicity, we have used 
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  1· ·i i i ny x x x+≡ ⋯  (A-17) 

It can be shown that (except for the particular case n=2 treated in the next section 

below) the system of eqns. (A-16) provides no useful solution (i.e. different from null 

length intervals). Thus, we conclude that the use of more than 2 potential steps along the 

deposition stage is not expected –under the present hypotheses- to reduce the required 

time. 

A3.- Finding the optimum times ratio for 2 potential steps 

In the case n=2, the system (A-16) boils down to 

  1 1 2 2 0.01 0Y y y Yα αµ− −+ − =  (A-18) 

  1 1 2 2 0.01 0Y y y Yα αµ+ ++ + =  (A-19) 

because there is no need of using the derivatives.  

 

In a first stage of this case of n=2, we now do proceed to determine the values of α+ and 

α-. The gain achieved at the end of the sequence of the two steps is given by eqn. (6), 

which can alternatively be written as 

( ) M 1,a M 1,
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3 3
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*
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bD t D t

r f Y r Y
c t t
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δ δ

− −  +
  = − − −

    

 (A-20) 

where f is the ratio 1 2 1/ /Y Y Y Y=  (or 1,a 1,b/Y Y  outside this appendix). By differentiating 

eqn (A-20) with respect to α and equating to 0, one isolates 

1,a

1,b0

M 1,a

ln
3 1

t
f

tf r Y

D t f

δα+

 + 
 =
 −
 
 

 (A-21) 

This α+ is the α-value corresponding to the overshooting which decays (taking 

decreasing values) the most slowly towards the desired gain. From the analysis of the 

derivatives of eqn (A-20) with respect to α, it is easy to conclude that the other extreme 
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case, corresponding to the slowest approach (taking increasing values) towards the 

desired gain, arises for the lowest acceptable value of α in the model, which is 1. 

 

Equation (A-18) with α-=1, which can be physically interpreted as the case due to just 

metal in the solution, can be re-written analogously to (A-20) as: 

M 1,a M 1,

0 0

3 3

1 1 e e 0.01

bD t D t

r f Y r Y
f

δ δ
− −  

  − − =
    

 (A-22) 

 

Equation (A-19) with α+ given by eqn. (A-21) corresponds to a complex contribution 

case when the approach to the target occurs after the “worst” overshooting and becomes 

( )
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1,a1,
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1
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1
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−
 + −   =
 − 

+       

 (A-23) 

For a given assumed f, one can find its corresponding optimum ratio 1,b 1,a/t t  by solving 

eqn. (A-23). Then, from eqn. (A-22) one can find the particular values of t1,a and t1,b, 

and then their addition, which is the value to minimise. The numerical experiments 

show that the larger the f-value, the shorter the global time t1,a + t1,b. Thus, we conclude 

that the first potential step should be under diffusion limited conditions (Y1,a tending to 

infinity). 

 

Eqn. (A-23) with f tending to infinity becomes, 

1,b

1,a

1
1,a

1,b

0.01

t

tt
e

t

 
− +  
  =  (A-24) 

from which we find the optimum ratio of times to be 
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 1,a

1,b

2.63
t

t
=  (A-25) 

 

Assuming DM=7.03×10-10 m2
s
-1
, r0=1.41×10-4 m, δ=1×10-5 m (estimated for our set-up 

from Fig 12), one can find that for Y=Y1,b=50 (Y2 in eqns. (A-18) and (A-19)), the 

optimum time t1,a would be around 30 s.  
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Fig 1: Plot of  the faradaic current vs. the free metal concentration (computed with 

VMINTEQ to account for the practically negligible complexation of Zn
2+
 with species 

such as NO3
-
 and OH

-
) in a solution containing Zn(NO3)2 and KNO3 0.1 M as 

supporting electrolyte and pH=5.1. Markers: diamonds for the variant with one potential 

along the first stage (Y= 50 with t1=400s) and squares for the variant with two potential 

steps (Y1,a=10
10
 with t1,a=35 s and Y1,b=50 with t1,b+tw=155 s) along the first stage. 

Settings: tw=50s, Y2=10
-8
,  t2=0.2 s. 
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Fig 2: Outline of the potential program of a simple implementation of AGNES 

principles. E1 is the deposition potential controlling the concentration gain Y. E2 

corresponds to a potential for re-oxidation under diffusion limited conditions. tw is the 

duration of the period of no stirring at the end of the deposition stage. 
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Fig 3:  Plot of free Zn concentration along a titration of a solution initially 1.96×10-5 M 

in total Zn with increasing amounts of NTA. Circle markers stand for the free metal 

concentration determined with AGNES (2 replicates) using 1 potential step along the 

first stage and settings as in figure 1. Triangle markers stand for the theoretical value of 

free Zn expected according to VMINTEQ. 
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Fig 4:  Plot of free Zn concentration along a titration of a solution initially 1.09×10-5 M 

in total Zn with increasing amounts of EDTA. Circle markers stand for the free metal 

concentration determined with AGNES (1 potential step along first stage, other settings 

as in figure 1). Triangle markers stands for the theoretical value of free Zn expected 

according to VMINTEQ.  
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Fig 5: Plot of the free Zn concentration determined by AGNES in several experiments 

(different markers) where Zn was added to a solution initially 10
-2
 M in oxalate and 

pH=6. The solid line stands for the thermodynamically expected concentration value 

(allowing precipitation) while the dashed line stands for the expected values if 

precipitation is not allowed. Settings as in Fig. 1: Y1,a=50, Y2=10
-8
, Y1,a=10

10
, Y1,b= 50, 

tw=50 s, t2=0.2 s. One-potential-step experiments (open markers) and two-potential-

steps experiments (full markers). The rightmost diamond markers correspond to 

AGNES determinations in the same solution (total added Zn 3.5 mM) at intervals of 

around 30 min, except the lowest value, obtained after leaving the solution overnight. 
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Fig 6: Proportionality factor h obtained applying preconcentration gains of Y=100 

(square marker) and Y=50 (circle marker) to a solution 10
-5
 M in total Zn plotted versus 

deposition time. The error bars of 3 replicates of each point are shown whenever they 

are larger than the marker. 
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Fig 7:  Plot of ln h vs. E1 in 3 replicates (the error bar is shown whenever it is larger 

than the marker). Experimental points following the line with slope –nF/(RT) 

(according to eqn. (4)) correspond to potentials E1 whose associated gain factor Y (see 

eqn. (1)) is low enough for t1=400s to be sufficient for AGNES requirements to be met. 

The top abscissas axis converts the deposition potential E1 to gain Y.  Experimental 

conditions: tw= 50s , t2=0.2 s,  Y2=10
-8
,  cT,Zn=1.01×10-5 M.  
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Fig 8: Free Zn
2+
 concentration along a titration of a 1.13×10-5 M Zn solution with 

oxalate according to different variants of AGNES: one potential step Y=50 along the 

first stage (t1=400 s, circle), one potential step Y=100 (t1=  800 s, diamond), two 

potential steps (Y1,a=10
10
, t1,a=35 s, Y1,b=50, t1,b=105 s, square) and reducing t1 (see 

section 6.2, marker *). Other settings and conditions as in Fig 1. For comparison, 

theoretical concentrations predicted with VMINTEQ are included with ∆ marker.  
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Fig 9: Currents along the first stage for only Zn 1.13×10-5 M (square markers) and the 

same solution with (added) oxalate 1.49×10-3 M (round markers), showing how the 

target situation of absence of gradients and nernstian equilibrium is reached sooner in 

the case of complex contribution to the flux. 
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Fig 10: Outline of the potential and stirring program applied in the strategy of splitting 

the first stage into two potential steps. Notice that the total deposition time t1 is the sum 

of the first potential step time (t1,a) and second potential step (which comprises the 

stirring period t1,b and the rest period tw). The concentration gain associated to E1,a is 

denoted by Y1,a and that associated to E1,b by Y1,b or Y  indistinctly. 
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Fig 11: Plot of h vs. t1 showing how the application of 2 potential steps along the first 

stage (square markers) reduces the deposition time. For the 2 potential-steps 

experiments t1,b=2.33 t1,a. Round markers stand for just one potential step in the first 

stage (or conceptual step). The error bars of the 3 replicates of each point are shown 

only when they are larger than the marker. Experimental settings: Y1=50, Y2=10
-8
, 

Y1,a=10
10
, Y1,b= 50 , tw= 50s , t2= 0.2s, cT,Zn=1.01×10-5 M   
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Fig 12: Currents along the first stage corresponding to an experiment of one potential 

(open diamond) or two potential steps (solid square) showing how a too long first step 

(in the two potential steps case) leads to an overshooting at the beginning of the second 

potential step. Experimental settings: Y=50 (one-potential-step program), Y1,a=10
10
, 

Y1,b= 50, cT,Zn=1.01×10-5 M.    
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Fig 13: Time evolving gain ( ( ) *

Mº M/c t c  ) according to the application of the model 

given by eqn. (6). Parameters: DM=7.03×10-10 m2
s
-1
, r0=1.41×10-4 m, δ=10-5 m, Y=50. 

Dotted line: one potential step along the deposition stage (at Y=50) for just metal. 

Dashed line: two potential steps with just metal. Solid line: two potential steps for a 

case with complex leading to a factor α=2.5 in the effective diffusion coefficient. For 

the application of 2 potential-steps strategy,  t1,a=90 s, Y1,a=10
8
. All lines stop when a 

difference less than 1% with the target is achieved.    
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