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Abstract 27 

The free metal ion concentration and the dynamic features of the metal species are 28 

recognized as key to predict metal bioavailability and toxicity to aquatic organisms. 29 

Quantification of the former is, however, still challenging. In this paper, it is shown for 30 

the first time that the concentration of free copper (Cu2+) can be quantified by applying  31 

AGNES (Absence of Gradients and Nernstian equilibrium stripping) at a solid gold 32 

electrode. It was found that: i) the amount of deposited Cu follows a Nernstian 33 

relationship with the applied deposition potential, and ii) the stripping signal is linearly 34 

related with the free metal ion concentration. The performance of AGNES at the vibrating 35 

gold microwire electrode (VGME) was assessed for two labile systems: Cu-malonic acid 36 

and Cu-iminodiacetic acid at ionic strength 0.01 M and a range of pH values from 4.0 to 37 

6.0. The free Cu concentrations and conditional stability constants obtained by AGNES 38 

were in good agreement with stripping scanned voltammetry and thermodynamic 39 

theoretical predictions obtained by Visual MinteQ. This work highlights the suitability of 40 

gold electrodes for the quantification of free metal ion concentrations by AGNES. It also 41 

strongly suggests that other solid electrodes may be well appropriate for such task. This 42 

new application of AGNES is a first step towards a range of applications for a number of 43 

metals in speciation, toxicological and environmental studies for the direct determination 44 

of the key parameter that is the free metal ion concentration. 45 

 46 
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 53 

1. Introduction 54 

When entering in a natural aquatic environment, trace metals are rapidly complexed by 55 

biotic and abiotic ligands, thus modifying their speciation and their bioavailability. The 56 

understanding and prediction of their ecotoxicological impact is dependent on our ability 57 

to measure the most relevant fractions of the trace metals in terms of bioavailability, i.e., 58 

the free and labile metal ion concentrations.  59 

The critical importance ascribed to the free ion in models, such as the free-ion activity 60 

model (FIAM) and the biotic ligand model (BLM) [1], has led to an increasing interest in 61 

quantifying these species in environmentally relevant media. However, there is only a 62 

limited number of techniques able to quantify the free ion concentration with the required 63 

selectivity and detection limit. These include potentiometry with ion-selective electrodes 64 

(ISEs) [2], the Donnan membrane technique (DMT) [3], the permeable liquid membrane 65 

(PLM) [4, 5], the ion-exchange technique (IET) [6], and the absence of gradients and 66 

Nernstian equilibrium stripping technique (AGNES) [7]. Reviews of these (and other) 67 

techniques are available [8-10]. Although all these techniques have the ability to measure 68 

the free metal ion concentration, each of them has its own limitations. For instance, the 69 

main drawback of commercial ISE is its restricted use to the quantification of proton and 70 

those elements present in total concentrations above 10-6 M due to the solubilization and 71 

contamination/adsorption of the electrode membrane. In the last decades potentiometric 72 

sensors using polymeric membranes and special inner solutions were developed 73 

increasing the ISE’s detection limit (10-10-10-13 M), however, their operation is still 74 

difficult and most are not commercially available [11, 12]. DMT performs simultaneous 75 

measurements of several elements at very low detection limit (dependent on the analytical 76 

technique used to quantify the metal content; e.g., 10-11-10-12 M by using inductively 77 

coupled plasma mass spectrometry), but the equilibration time is very long, often 24 or 78 
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48 h. PLM is a dynamic technique where the speciation answer depends on the rate-79 

limiting step; the free metal ion can be measured when the diffusion across the membrane 80 

is governing the flux. However, despite the multielement quantification at the 10-11-10-12 81 

M level (also dependent on the analytical technique used for the elemental analysis) when 82 

using PLM, there is a high risk of measurement of lipophilic metal complexes together 83 

with the free ions. The detection limits in IET are directly related with the quantity (and 84 

binding capacity) of the resin (10-9-10-6 M) and in some systems the equilibration times 85 

might be long. Moreover, positive interferences do occur in the presence of complex 86 

amino acid ligands. 87 

AGNES, which has been increasingly used in the past decade, has been suggested as a 88 

free metal ion quantification technique overcoming most of the limitations shown by the 89 

above described techniques [13-16]. This electroanalytical technique was specifically 90 

designed at a Hg electrode to quantify low free metal ion concentrations (as low as 10-10 91 

M), via two stages: i) deposition, where a potential E1 is applied to preconcentrate the 92 

metal inside the working electrode until the redox couple reaches Nernstian equilibrium 93 

(i.e., until there are no concentration gradients of reduced or oxidized metal); ii) stripping, 94 

where the concentration of the reduced metal is quantified. The analytical signal is the 95 

response taken from the electrochemical technique used in the stripping stage. One clear 96 

advantage of AGNES is its predictable Nernstian response, similar to an ISE, since a 97 

suitable analytical signal is linearly related with the free metal ion concentration with a 98 

proportionality factor obtained from the calibration. However, two main disadvantages 99 

need to be pointed out: i) AGNES typical implementation can only quantify free ion 100 

concentrations of metal ions that can amalgamate reversibly on a Hg electrode, and ii) the 101 

time involved in the preconcentration stage to reach equilibrium can vary from minutes 102 

to hours, although much shorter than when using techniques such as DMT or even IET. 103 

AGNES had been originally applied only at mercury electrodes, with these arising 104 
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concerns due to Hg toxicity and not ideal for Cu quantifications due to the proximity of 105 

their reduction potentials (see [17] and references therein). Recently, AGNES was 106 

successfully implemented at bismuth film electrodes, highlighting the possibility of 107 

applying AGNES at other solid electrode materials [18]. Unfortunately, copper speciation 108 

is not possible at Bi electrodes due to the similarity of their reduction potentials. 109 

Contrarily, gold electrodes are well suited for Cu speciation [19-22], without the need for 110 

oxygen removal, since the metal reduction wave is at more positive potentials than the O2 111 

wave [19]. Evidently, this is a significant advantage in analysis of environmental samples, 112 

since both CO2 and pH are maintained in the sample, avoiding changes in metal speciation 113 

[23]. Another advantage is that the gold electrodes can be used as such, without an 114 

electrodeposited film (like for thin film Hg [24], Bi [18] and Sb [25] electrodes), which 115 

could become an issue over long measuring time periods. 116 

Traditionally, gold electrodes are not widely employed in environmental samples since 117 

they can be easily contaminated and their detection limit is not sufficiently low. Recently, 118 

a vibrating gold microwire electrode (VGME) was proposed [20], and appears to be an 119 

optimal candidate for the Cu quantification in natural samples due to its high sensitivity. 120 

These gold electrodes have already been shown to successfully quantify i) total metal 121 

concentrations of various metals, including Cu [19], and ii) the conditional complex 122 

stability of inert metal complexes by scanned stripping voltammetry (SSV) [21]. The 123 

electrode vibrations offer additional advantages over other common electrode setups: i) 124 

they eliminate the need for external stirring of the solution, thus also simplifying the in 125 

situ detection in the environment [20], ii) they produce much more stable hydrodynamic 126 

conditions at the surface of the electrode leading to better reproducibility and, thus, lower 127 

detection limits [26, 27], iii) they produce a significantly higher flux of species towards 128 

the electrode due to a smaller diffusion layer, again decreasing detection limits [26], and 129 
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iv) the stripping can start immediately after stopping the vibration, without any 130 

equilibrium time.  131 

AGNES theoretical framework was recently developed for solid electrodes [18]. The key 132 

requirement for AGNES is the attainment -by the end of the deposition stage- of Nernstian 133 

equilibrium involving the activity of the free metal ion in solution and that of the reduced 134 

metal. The AGNES principle offers the possibility to choose the activities ratio (which, 135 

in an amalgam, is proportional to the concentrations ratio or gain) just by changing the 136 

deposition potential. When Mº deposits on a solid electrode as a bulk solid phase (i.e., 137 

when depositing a metal on its own substrate), its activity is always unity regardless of 138 

the metal amount deposited and in that case, AGNES cannot be applied. Fortunately, the 139 

activity of the reduced metal can be changed by varying the coverage of adsorbed atoms 140 

on the foreign solid surface, leading to the possibility of performing AGNES also at solid 141 

electrodes in conditions of sub-monolayer coverage [18].  142 

The aim of this work is to develop and test an optimal electrochemical methodology based 143 

on AGNES principles for the direct determination of the free metal ion concentration at 144 

the solid gold electrode. The system was tested in the presence of ligands forming labile 145 

Cu complexes and results (free metal ion concentrations and conditional stability 146 

constants) were compared with speciation modeling predictions (Visual MinteQ). 147 

Additional validation was obtained by comparison between the performances of AGNES 148 

and scanned stripping voltammetry (SSV).  149 

 150 

2. Experimental setting 151 

2.1. Reagents and solutions 152 

All solutions were prepared in ultrapure water from a MilliQ Integral 3 (resistivity > 18 153 

MΩ cm). The Cu stock solutions were prepared by dilution of its standard solution (1000 154 

mg L-1 Fluka), and the NaNO3 used to adjust the ionic strength solution was prepared 155 
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from the solid (Merck, suprapur). HCl (Merck, suprapur) and H2SO4 (Panreac), NaCl 156 

(Merck, 99.6 %), potassium hexacyanoferrate (III) (K3[Fe(CN)6]; Merck, p.a. 99 %), and 157 

KCl (Merck, p.a., 99.5%) were used for the preparation and characterization of the 158 

VGME. Malonic acid (MAL) and iminodiacetic acid (IDA) were purchased from Sigma-159 

Aldrich (ReagentPlus 99 and 98%, respectively). HNO3 (Merck, suprapur) and NaOH 160 

(Merck, p.a.) solutions were used to adjust the pH, which was measured using a Denver 161 

Instrument (model 15) and a Radiometer analytical combined pH electrode.  162 

 163 

2.2 Instrumentation, electrode preparation and maintenance   164 

Voltammetric experiments were performed using an Eco Chemie µAutolab III 165 

potentiostat in conjunction with a Metrohm 663VA stand and a personal computer using 166 

the GPES 4.9 software (Eco Chemie). Electrodes included a calomel reference electrode 167 

with a 0.1 M NaNO3 salt bridge, a platinum counter electrode, and the VGME as the 168 

working electrode. The measurements were carried out at room temperature (20-23 °C). 169 

The gold microwire (99.99%, hard, Goodfellow, diameter (d) = 25 µm) was heat-sealed 170 

in a 200 μL polypropylene pipette tip together with a copper wire (to make contact with 171 

the working electrode cable) that was previously dipped in a conductive silver solution 172 

(Leitsiber L100; that is used as a conductive adhesive), and this tip was then fitted onto a 173 

1 mL polypropylene pipet tip, which had a vibrator incorporated [20, 28]. The vibrator 174 

was driven by a 1.5 V power supply (home-built converter of 5 to 1.5 V), which was 175 

interfaced to, and powered by, the IME (Autolab, Metrohm, Switzerland), and controlled 176 

by the stirrer on/off trigger in the software (GPES, Autolab). The surface of the VGME 177 

was cleaned electrochemically by hydrogen generation at -2 V for 60 s in 0.5 M H2SO4 178 

and its behavior was checked by running 5 cyclic voltammetry scans between 0 and 1.5 179 

V (0.1 V s-1) until the response was stable, which was usually from the second scan 180 

onwards [19]. The thickness of the diffusion layer (δ) of the microwire electrode was 181 
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determined as described previously [19]. Briefly, an oxide monolayer was first formed 182 

by running (at 100 mV s-1) a cyclic voltammogram between 0 and 1.5 V in 0.5 M H2SO4 183 

and its reduction charge used to calculate the total area, assuming a 450 μC cm-2 charge 184 

density for an oxide monolayer. The length was calculated from the chronoamperometric 185 

current obtained in a solution of 0.01 M K3[Fe(CN)6] (prepared in 0.5 M KCl) at -0.3 V 186 

during 15 s (at a sampling frequency of 0.01 s-1) assuming a constant diameter of 25 µm 187 

(commercial specification). The δ was calculated from the diffusion-limited current 188 

obtained under vibrated conditions. 189 

 190 

2.3 Measuring procedure 191 

Contrary to the Hg drop electrode where a new surface is produced for each single 192 

measurement, an electrochemical procedure must be used to ensure a reproducible surface 193 

of the solid electrode (in terms of adsorbed species) before each measurement. This was 194 

done here by applying at least 5 times (until the analytical signal of interest is undistorted 195 

and shoulderless) a desorption step including two consecutive potentials in the same 196 

solution as that being measured: E = -2 V during 15 s and E = 0.550 V during 5 s. A 197 

similar cleaning procedure of the electrode between measurements was also required for 198 

optimum stability in seawater [29]. However, in presence of ligands, a more efficient 199 

cleaning procedure was necessary; after each measurement 5 cyclic voltammetry scans 200 

between 0 and 1.5 V (100 mV s-1) in a solution of HNO3 0.02 M were performed.  201 

Each AGNES measurement consisted in the application of a deposition potential, E1, for 202 

a specific time (t1) followed by a desorption pulse (E = - 2 V, t = 1 s), limiting the 203 

adsorption of species that can interfere with the stripping peak, and, thus, contributing for 204 

a reproducible gold surface. This desorption pulse must be applied after each 30 s of 205 

deposition, to avoid build-up of adsorbed species leading to a continuously changing of 206 

the gold surface, and thus irreproducible replicates. For depositing times larger than 30 s, 207 
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sequential procedures of 30 s deposition at E1 followed by the desorption pulse were 208 

applied while keeping a standby potential (Estandby = E1) between them (i.e., the total 209 

number of sequential deposition procedures times 30 s equals the total deposition time). 210 

Such sequential procedure was previously found to significantly increase the linear range 211 

of Sb(III) at the gold electrode in similar electrolyte conditions, presumably by limiting 212 

the building-up of adsorbed acetate anions at the gold surface [30]. Because only mobile 213 

and labile complexes are tackled here, differential pulse with anodic stripping 214 

voltammetry (DPASV) was used in this work for the stripping stage. A background scan 215 

was made after each analytical scan consisting of the desorption pulse (-2 V for 1 s) 216 

followed by the same stripping as for the analytical scan, and was subtracted from the 217 

analytical scan allowing the removal of this pulse (indeed negligible compared with the 218 

main signal) from the analytical signal. The background scan was kept the same, 219 

irrespective of the deposition time and thus, irrespective of the number of desorption 220 

pulses that were applied during the deposition step. The metal reoxidation was performed 221 

by using a scan rate of 0.040 V s-1 and modulation amplitude of 0.025 V, modulation time 222 

of 0.008 s, and interval time 0.1 s. The derivative (i.e., the sum of the two highest 223 

derivative values corresponding to the inflection points of the peaks) of the background-224 

corrected peak signal was used for quantification. 225 

 226 

2.4 Cu deposition on gold 227 

The nature of Cu deposition on gold was evaluated by applying a stepwise DPASV, i.e., 228 

a DP stripping scanned voltammetry (SSV). A forward and backward SSV were 229 

performed by doing scans from 0.000 to 0.300 V and from 0.300 to 0.000 V, respectively, 230 

with a deposition time of 30 s. The SSV waves were performed with 1.0×10-7 M of Cu at 231 

pH 4 and I = 0.01 M.  232 

 233 
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2.5 AGNES at the VGME 234 

2.5.1 Effect of deposition potential and deposition time 235 

The possibility of applying AGNES by using a VGME was first evaluated by performing 236 

the so-called “trajectory” studies where the peak intensity is measured as a function of 237 

deposition time and this is repeated at various deposition potentials. These studies 238 

together with linearity evaluation were obtained in 0.01 M NaNO3 solutions adjusted at 239 

pH 4 with HNO3. 240 

Trajectories (i.e., time profiles) were determined by applying a set of deposition potentials 241 

(0.185, 0.200, 0.205, 0.215, 0.230 and 0.250 V) for sufficiently long deposition times 242 

(450 to 1200 s) until the attainment of the equilibrium. A set of E1 and t1 that were found 243 

sufficient to attain AGNES conditions (E1 = 0.230 V and t1 = 240 s) were chosen for the 244 

evaluation of the linearity between the stripping signal and the free metal ion 245 

concentration (cCu,free = 4.9×10-9 to 4.9×10-6 M). 246 

 247 

2.5.2 Complexation studies of Cu-MAL and Cu-IDA  248 

AGNES measurements were carried out by applying an E1 = 0.230 V and t1 = 240 s in 20 249 

mL of 0.01 M NaNO3 solutions. The calibration plot included Cu concentrations from 250 

5.0×10-9 to 1.0×10-7 M measured at pH 4 designed to avoid Cu losses by adsorption onto 251 

the polystyrene container walls. Solutions of the MAL and IDA were prepared by dilution 252 

of the stock solution (prepared from the solids) into the prepared electrolyte solution 253 

(Milli-Q water with adjusted pH and ionic strength) to give the desired final 254 

concentrations of 1.0×10-5 and 1.0×10-4 M for the MAL and 1.0×10-6 and 1.0×10-5 M for 255 

IDA. Samples were prepared using a range of solution conditions: pH 4.0-6.0 for 256 

solutions containing MAL and pH 4.0-5.5 for IDA, ionic strength (I) 0.01 M, and Cu 257 

concentration of 1×10-7 M added as metal salt. 258 
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The results are the mean and standard deviation of at least three replicates, performed on 259 

different days using freshly prepared samples.  260 

 261 

2.6 Scanned Stripping Voltammetry (SSV) 262 

The conditional stability constants of the formed metal complexes was evaluated by 263 

performing DP SSV [21, 27] from 0.000 to 0.300 V with a td = 30 s (scan rate of 0.080 V 264 

s-1 and modulation amplitude of 0.05 V, modulation time of 0.004 s, and interval time 0.1 265 

s). The same desorption step and pulse as explained in section 2.3 was applied as well as 266 

the background scan subtraction. The calibration plot was performed with 1.0×10-7 M of 267 

Cu at pH 4 and I = 0.01 M (NaNO3). Samples were prepared using a range of solution 268 

conditions: cCu,T = 1.0×10-7 M, cMAL,T = 1.0×10-5 M, cIDA,T = 1.0×10-5 M, pH 4.5-6.0, I = 269 

0.01 M. 270 

The results are the mean, minimum and maximum of at least three replicates, performed 271 

on different days using freshly prepared samples. The indicated error arises from that of 272 

the analytical signal (5 %) together with that propagated from the +/- 2 mV uncertainty 273 

in the half-wave deposition potential (estimated error of the reference electrode on 274 

different days). 275 

 276 

3. Results  277 

3.1 The nature of Cu deposition on gold 278 

The electrodeposition of metals at solid electrodes proceeds via (i) the formation of a 279 

monolayer of reduced metal onto the electrode, the so-called underpotential deposition 280 

(UPD), followed by (ii) the formation of new layers of metal atoms on top of previously 281 

deposited metal, which is called the bulk metal deposition that occurs at a less positive 282 

potential [31]. Thus, at a solid electrode, two (or more) reduction and stripping processes 283 

can occur, which may result in a complex interpretation of the analytical signal. Under 284 
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the conditions used here (0.01 M NaNO3 and up to 1.0×10-7 M of total Cu), only UPD 285 

occurs with the stripping potential of the copper monolayer from the gold surface 286 

occurring at ca. 0.275 V vs. SCE (Figure 1). This value is in accordance with previous 287 

studies where the stripping potential of the UPD peak was found at 0.255-0.305 V vs. 288 

SCE, while the stripping peak of the bulk deposition occurred at much less positive 289 

potentials, 0.005-0.105 V vs. SCE [31-33].  290 

 291 

The influence of the deposition potential on the UPD signal in a non-complexing medium 292 

was evaluated by sequential SSV performed from 0.000 to 0.300 V (forward wave) and 293 

from 0.300 to 0.000 V (backward wave). Half-wave deposition potentials (Ed,1/2) values 294 

were 0.218 and 0.219 V for the forward and backward scans, respectively (Figure 2). A 295 

reasonable fit between the sequential waves was obtained indicating that the cleaning 296 

procedure that is applied between each measurement is efficient. 297 

 298 

3.2 Implementation of AGNES using the VGME 299 

There are two stringent requirements for AGNES to be successfully implemented: i) at 300 

any selected E1, the equilibrium must be attained for sufficiently long deposition times t1, 301 

and ii) there must be a fixed (preferably linear) relationship between the stripping signal 302 

and the free metal ion concentration (for the chosen set of E1 and t1). 303 

A third check performed here, though not a strict requirement for the application of 304 

AGNES, is the Nernstian behavior of the measured signal with the applied potential (i.e., 305 

the linearity between obtained signal and applied gain, see next section). 306 

 307 

3.2.1 Trajectories 308 

The possibility of performing AGNES with the VGME is strictly related with the 309 

possibility to reach equilibrium at a certain E1 for sufficiently long deposition times (t1). 310 
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Evidently, while larger t1 values will favor the attainment of Nernst equilibrium, too long 311 

deposition times will render the technique less useful or even unworkable. The 312 

performance of the AGNES signal as a function of t1 at various E1 (ranging from 0.185 313 

to 0.250 V) was evaluated (Figure 3), and the equilibrium (recognized by a plateau) was 314 

attained after 2 to 15 minutes, depending on E1; whereas for an E1 between 0.250 to 0.230 315 

V the equilibrium was reached within 200 s, it is necessary to wait around 900 s when 316 

using a less positive E1 of 0.185 V. In the following AGNES experiments, a compromise 317 

between the intensity of the signal and the time needed to reach the equilibrium led to the 318 

choice of using the set E1 = 0.230 V and t1 = 240 s. 319 

A typical parameter in AGNES is the gain (Y), the preconcentration or accumulation 320 

factor, which -following Nernst equation- relates the concentration ratio of reduced to 321 

oxidized species in the case of Hg electrodes. At solid electrodes, the gain can relate the 322 

obtained surface coverage of reduced species with the bulk concentration of oxidized 323 

species [18]. Given the difficulties in finding the standard formal potential, E0', at this 324 

type of gold polycrystalline wire electrode, we work here with the operational definition:  325 

𝑌𝑌 = exp �− 𝑛𝑛𝑛𝑛
𝑅𝑅𝑅𝑅
�𝐸𝐸1 − 𝐸𝐸d,1/2��         (Equation 1) 326 

where, R is the gas constant, T the temperature, n the number of exchanged electrons, F 327 

the Faraday constant and  𝐸𝐸d,1/2 is the half wave potential of the SSV waves (0.218 V; 328 

section 3.1). The real gain will differ from the operational one by a multiplying factor, 329 

but this factor cancels out between calibration and measurement, so it does not affect the 330 

determined free metal concentration. 331 

The equilibrium signal intensities (that were obtained on the plateau of the various E1 332 

curves displayed in Figure 3) show a linear behavior (slope = 2.6×10-6 with a R2 = 0.988; 333 

Figure 4) with the gain Y,  confirming that the AGNES conditions were attained. 334 

 335 

3.2.2 Variation of the signal with free metal concentration 336 
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The linearity between the AGNES signal (peak derivative) and the concentration of Cu2+ 337 

was evaluated for the E1 and t1 set chosen above (E1 = 0.230 V and t1 = 240 s). Moreover, 338 

the range of Cu concentrations that can be used with this potential-time set was defined. 339 

For the chosen experimental setting, a linear behavior was obtained between the DP signal 340 

and the range of free Cu concentrations of 7.5×10-9 to 9.8×10-8 M ((y = 19.2 (± 0.3) x + 341 

7.5 (± 1.6)×10-8, R2 = 0.999; Figure 5a). In fact, a linear behavior is still obtained up to a 342 

free copper concentration of 9.8×10-7 M (y = 15.97 (± 0.09) x + 2.1 (± 0.3)×10-7, R2 = 343 

0.998), with a deviation from the linearity observed at higher concentrations (Figure 5b). 344 

Obviously, the linearity range can be modified by using different experimental settings.  345 

The limit of detection (LOD =  (3.3 𝑆𝑆𝐸𝐸𝑆𝑆) 𝑚𝑚⁄ ; where SEy is the standard error for the y 346 

estimate, and m is the slope) for the E1 and t1 set chosen (E1 = 0.230 V and t1 = 240 s) is 347 

1.1×10-8 M. It was not the focus of this study to reach lower LOD. However, this can 348 

easily be achieved by applying higher gains, although longer deposition times would be 349 

required to attain AGNES conditions (Figures 3 and 4), leading to analysis time between 350 

15 and 30 min per measurement. Another option is the use of smaller diameter electrodes 351 

and/or increasing vibrations to increase the diffusion flux, allowing the achievement of 352 

higher gains with similar deposition times. 353 

 354 

3.3. Equilibrium Speciation  355 

The possibility to perform AGNES on the VGME was tested by quantifying the 356 

equilibrium speciation of Cu in presence of the two ligands forming labile complexes, 357 

malonic acid (MAL) and iminodiacetic acid (IDA) (Tables 1 and 2, respectively; obtained 358 

by using the set E1 = 0.230 V and t1 = 240 s; for the lability calculation see section 3.4). 359 

The free copper concentration at various concentrations of ligands and pH were directly 360 

determined from the calibration curve (Figure 5a) [7]. This concentration can be then used 361 

to calculate the conditional stability constant (K) by using the following equation: 362 
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 𝐾𝐾 = ( 𝐶𝐶M,T
CM,free

− 1)/𝑐𝑐L,dep                     (Equation 2) 363 

where, cM,T and cM,free are the total and free metal concentrations, respectively, and cL,dep  364 

being the fully-deprotonated ligand concentration available for Cu complexation at each 365 

specific pH value and ionic strength (computed using Visual MinteQ [34]).  366 

Both the quantified free Cu concentrations and the calculated log K values were compared 367 

with those obtained by Visual MinteQ (Tables 1 and 2). As expected, for both systems, 368 

the free Cu concentrations were found to decrease with an increase of pH, and at fixed 369 

pH, an increase of the ligand concentration resulted in lower free Cu concentrations. For 370 

both ligands, the free Cu concentrations (and, consequently, the conditional stability 371 

constants) determined by AGNES in all conditions of ligand concentrations and pH were 372 

found identical, within the experimental error, to the values obtained by the equilibrium-373 

based computer code.  374 

In fact, these results clearly show that AGNES at the VGME can successfully quantify 375 

free metal concentrations in simple systems at acidic pH and relatively low ionic 376 

strengths. Despite the quite laborious electrochemical set-up (optimization is underway), 377 

the data obtained are reproducible (shown by the errors associated with measurements). 378 

 379 

3.4. Comparison between AGNES and SSV 380 

The results obtained by AGNES were also compared to another analytical technique, the 381 

SSV analysis. The possibility of performing SSV of Cu using the VGME had already 382 

been shown by Gibbon-Walsh et al. [21]. SSV determinations allow the direct 383 

determination of the conditional stability constant (K) of labile systems from the shift in 384 

the half-wave deposition potentials considering the formation of a reversible complex 385 

[38]: 386 

𝐾𝐾 = �exp �− �𝑛𝑛𝑛𝑛
𝑅𝑅𝑅𝑅
�∆𝐸𝐸d,1 2⁄ − 𝑙𝑙𝑙𝑙 �𝑠𝑠ML

∗

𝑠𝑠M
∗ �� − 1 � 𝑐𝑐L,dep�             (Equation 3) 387 
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where, ∆𝐸𝐸d,1 2⁄  is the shift in the half-wave deposition potential between M in absence 388 

and in presence of the ligand, and 𝑠𝑠M∗  and 𝑠𝑠ML∗  the diffusion limiting values of the stripping 389 

signal in absence and in presence of the ligand. 390 

Therefore, it is possible to directly compare the speciation data of AGNES with that of 391 

SSV, although the former measures directly the free metal concentration which allows 392 

calculation of the conditional stability constant K (equation 2), while for SSV it is the 393 

other way round (it measures directly K allowing retrieval of free metal concentration by 394 

using the same equation 2). 395 

An extra information that can be obtained when using SSV (not possible with AGNES) 396 

is the lability coefficient of complexes, which can be calculated from the ratio between 397 

the limiting kinetic flux, Jkin, and the limiting diffusive flux, Jdif [35]: 398 

𝐽𝐽kin
𝐽𝐽dif

= 𝑐𝑐ML𝑘𝑘d𝜇𝜇
𝛿𝛿

𝐷𝐷M𝐶𝐶M,T
         (Equation 4) 399 

where, cML is the complex concentration, µ is the reaction layer thickness, and kd the 400 

dissociation rate constant. The thickness of the diffusion layer (δ) of the VGME used in 401 

this experimental set up was determined to be 5 µm, whereas the reaction layer thickness 402 

is given by: 403 

𝜇𝜇 = �𝐷𝐷M
𝑘𝑘a′
�
1 2⁄

          (Equation 5) 404 

where, 𝑘𝑘a′ = 𝑘𝑘a𝑐𝑐L,dep and ka is the association rate constant which is generally consistent 405 

with a mechanism in which the formation of an outersphere complex between the metal 406 

and the ligand, with an electrostatically determined stability constant (Kos), is followed 407 

by a rate-limiting removal of water from the inner coordination sphere of the metal (k-w). 408 

This is commonly known as the Eigen mechanism [36]: 409 

𝑘𝑘a = 𝑘𝑘−w𝐾𝐾os           (Equation 6) 410 

where, k-w, which is intrinsic for each metal ion, is 1.0×109 s-1 for Cu [37], and Kos is 411 

given by: 412 
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𝐾𝐾os = 4𝜋𝜋𝑁𝑁Av𝑎𝑎3

3
exp (−𝑈𝑈os)               (Equation 7) 413 

where, NAv is the Avogadro number, a is the charge center-to-center distance of closest 414 

approach between the reagents, and Uos is the electrostatic energy which is determined by 415 

a combination of the primary Coulombic energy between the metal and the ligand, with 416 

the energy for the screening effect due to the electrolyte. 417 

The characteristic regimes of both metal complex systems, Cu-MAL and Cu-IDA, were 418 

calculated (Table 3) considering the conditions where more complexation occurs, i.e., 419 

higher ligand concentration and higher pH (stability constants obtained by Visual MinteQ 420 

were used; Tables 1 and 2). The results show that both systems are dynamic since the 421 

rates for the volume reactions are fast on the experimental time scale; 𝑘𝑘d𝑡𝑡,𝑘𝑘a′ 𝑡𝑡 ≫ 1 (Table 422 

3). The slightly larger than 1 values for the ratio of the kinetic to the diffusive fluxes 423 

indicate that both systems are still labile under these physicochemical conditions when 424 

using the VGME.  425 

Table 1 shows the obtained values by SSV (log K, and the free metal concentrations 426 

calculated from the stability constants) for 1.0×10-7 M of total Cu in presence of 1.0×10-427 

5 M of MAL at pH 4.5, 5.0 and 6.0 and I = 0.01 M. They are in very good agreement with 428 

AGNES, despite at pH 5.0 a slight difference is obtained, although still within the 429 

experimental error. The same good agreement was also obtained for the Cu-IDA system 430 

at pH 4.5 and 5.0 (Table 2). The good correlation between the data supports the SSV 431 

calculation methodology for VGME used to calculate the free metal ion concentration, 432 

however, with the AGNES procedure leading to less error than the corresponding shift in 433 

potential in SSV. 434 

 435 

4. Conclusions 436 

AGNES was successfully implemented at the VGME allowing for the first time the direct 437 

quantification of free Cu concentrations using a solid electrode, where a linear calibration 438 
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plot was obtained from 4.9×10-9 to 9.8×10-7 M of free Cu. The validity of AGNES at the 439 

gold electrode was verified by the trajectories reaching equilibrium values and by the 440 

linear dependency of the applied gain Y. 441 

There are not many techniques that can perform the measurement of free metal ion 442 

concentration at low levels, although this is a key parameter to any speciation study and/or 443 

interpretation of the dynamic speciation data obtained with other electroanalytical 444 

techniques [16]. The AGNES methodology at the VGME could thus provide (after further 445 

developments) a powerful alternative technique for Cu speciation at the low concentration 446 

levels existing in natural waters especially due to: i) the non-toxicity of the working 447 

electrode, and ii) the ability to perform measurements without oxygen removal. 448 

Obviously, further optimization of the electrochemical set-up, which is already under 449 

way, is needed to decrease the detection limit that is reported here (11 nM). Such 450 

optimization consists in, for example, the decrease of the electrode diameter and/or 451 

increase of the vibration frequency to lower lower detection limits, which is required for 452 

applications in natural waters. Further testing of the method (e.g., in the presence of humic 453 

substances, and at wider pH and ionic strength ranges) is under way at solid gold 454 

electrodes, as well as at other material substrates (e.g., Ag and C). 455 
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Table 1 – Free copper concentrations and log K values obtained from AGNES, SSV and Visual MinteQ for a total copper concentration of 1.0×10-7 M 596 

and different total malonic acid (MAL) concentrations at I 0.01 M and various pH values. Deprotonated MAL concentrations (cMAL,dep) were computed 597 

by using Visual MinteQ. Diffusion coefficients: DCu = 7.14×10-10 m2 s-1; DMAL = 8.45×10-10 m2 s-1. AGNES results are the mean and standard deviation, 598 

whereas for SSV mean values are presented together with minimum and maximum values obtained from the SSV waves (values within square brackets). 599 

  AGNES SSV VisualMinteQ 

pH cMAL,dep /M cCu,free /M log K cCu,free /M log K ∆Ed,1/2 /V cCu,free /M log K 

4.0 9.99×10-6 (9.0 ± 0.5)×10-8 4.1 ± 0.1 - - - 9.2×10-8 4.0 

4.5 9.98×10-6 (7.6 ± 0.7)×10-8 4.5 ± 0.2 
7.1×10-8  

[(4.4-8.7) ×10-8] 

4.8 [4.2-5.1] -0.002 
8.1×10-8 4.4 

5.0 9.96×10-6 (6.12 ± 0.06)×10-8 4.80 ± 0.01 
7.5×10-8  

[(5.4-9.9) ×10-8] 

5.2 [3.4-5.6] -0.014 
6.2×10-8 4.8 

5.5 9.94×10-6 (4.24 ± 0.08)×10-8 5.14 ± 0.01 - - - 4.4×10-8 5.1 

6.0 9.93×10-6 (3.2 ± 0.2)×10-8 5.34 ± 0.04 
3.3×10-8  

[(2.6-4.3) ×10-8] 

5.4 [5.3-5.6] -0.020 
3.3×10-8 5.3 

4.0 1.00×10-4 (5.5 ± 0.3)×10-8 3.91 ± 0.05  - - 5.8×10-8 3.9 
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4.5 9.99×10-5 (3.5 ± 0.4)×10-8 4.27 ± 0.08  - - 3.1×10-8 4.3 

5.0 9.99×10-5 (1.5 ± 0.2)×10-8 4.74 ± 0.08  - - 1.4×10-8 4.8 

 600 

 601 

 602 

 603 

 604 

 605 

 606 

 607 

 608 

 609 

 610 

 611 

published in ANALYTICA CHIMICA ACTA 920 (2016) 29-36 reprints also from galceran@quimica.udl.cat



Table 2 – Free copper concentrations and log K values obtained by AGNES, SSV and Visual MinteQ for a total copper concentration of 1.0×10-7 M 612 

and different total iminodiacetic acid (IDA) concentrations at I 0.01 M and various pH values. Deprotonated IDA concentrations (cIDA,dep) were 613 

computed by using VisualMinteQ; IDA constants [39, 40] were added to the database (protonation constants: 2.98 and 9.89; formation constant of Cu-614 

IDA: 11.21). Diffusion coefficients: DCu = 7.14×10-10 m2 s-1; DIDA = 7.19×10-10 m2 s-1. AGNES results are the mean and standard deviation, whereas 615 

for SSV mean values are presented together with minimum and maximum values obtained from the SSV waves (values within square brackets). 616 

  AGNES SSV VisualMinteQ 

pH cIDA,dep /M cCu,free /M log K cCu,free /M log K ∆Ed,1/2 /V cCu,free /M log K 

4.0 9.98×10-7 (9.27 ± 0.03)×10-8 4.90 ± 0.02 - - - 9.6×10-8 4.7 

4.5 9.92×10-7 (8.70 ± 0.09)×10-8 5.18 ± 0.04 - - - 9.0×10-8 5.0 

5.0 9.79×10-7 (7.56 ± 0.08)×10-8 5.52 ± 0.02 - - - 7.7×10-8 5.5 

5.5 9.55×10-7 (5.19 ± 0.04)×10-8 5.987 ± 0.006 - - - 5.4×10-8 6.0 

4.0 9.98×10-6 (7.4 ± 0.3)×10-8 4.55 ± 0.07 - - - 7.8×10-8 4.4 

4.5 9.95×10-6 (5.2 ± 0.2)×10-8 4.97 ± 0.04 
5.3×10-8  

[(3.4-9.4) ×10-8] 

4.9 [3.8-5.3] -0.0037 
5.3×10-8 4.9 

5.0 9.93×10-6 (2.6 ± 0.1)×10-8 5.46 ± 0.02 2.8×10-8  5.4 [5.2-5.6] -0.0059 2.7×10-8 5.4 
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[(2.1-3.9) ×10-8] 

 617 

 618 
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Table 3 – Characteristic regimes of the metal complex systems. Cu-MAL: total copper 629 

concentration of 1.0×10-7 M in presence of 1.0×10-4 M of malonic acid at I 0.01 M and 630 

pH 5.0. Cu-IDA: total copper concentration of 1.0×10-7 M in presence of 1.0×10-5 M of 631 

iminodiacetic acid at I 0.01 M and pH 5.0. The experimental time scale is given by 𝑡𝑡 =632 

 𝛿𝛿2 𝐷𝐷M = 0.035 s⁄ . Other parameters: k-w = 1.0×109 s-1, Kos = 4.4×101 M-1, Uos = -4.9, DM 633 

= 7.14×10-10 m2 s-1, KCu-MAL,VisualMinteQ = 4.8, KCu-IDA,VisualMinteQ = 5.4. 634 

System 𝑘𝑘a′ 𝑡𝑡 𝑘𝑘d𝑡𝑡 𝐽𝐽kin 𝐽𝐽dif⁄  

Cu-MAL 1.5×105 2.6×104 56 

Cu-IDA 1.5×104 5.6×103 33 

 635 
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 636 

Figure 1 – Current as a function of potential for a total copper concentration of 1.0×10-7 637 

M at pH 4 and I 0.01 M (adjusted with NaNO3) obtained by DPASV after subtraction of 638 

the background scan (Ed = 0.230 V, td = 240 s).  639 
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 654 

Figure 2 – Forward () and backward () SSV of 1.0×10-7 M of total Cu at pH 4.0 and 655 

I 0.01 M. Other parameters: Ed = 0.000 to 0.300 V and td = 30 s. 656 
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 673 

Figure 3 – Peak derivative as a function of deposition time (t1) for a total copper 674 

concentration of 1.0×10-7 M at pH 4.0 and I 0.01 M, and for a range of deposition 675 

potentials (E1 = 0.185 to 0.250 V). Panel (b) is a zoom of graph in panel (a). The range of 676 

deposition potentials used was: 250 (), 230 (), 215 (), 205 (), 200 (★), and 185 677 

() mV. 678 
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 685 

 686 

Figure 4 – DP analytical signal after attainment of equilibrium as a function of the gain 687 

for a total copper concentration of 1.0×10-7 M at pH 4.0 and I 0.01 M, and for a range of 688 

deposition potentials (0.200 to 0.250 V) and sufficiently long deposition times (240 to 689 

750 s).  690 
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 704 

 705 

Figure 5 – Peak derivative as a function of free copper concentration at pH 4.0 and I 0.01 706 

M; cCu,free: a) 4.9×10-9 to 9.8×10-8 M, and b) 4.9×10-9 to 4.9×10-6 M. The data points are 707 

representative of 8 replicates performed in different days, the solid line represents the 708 

average and the blue long dash lines represent a 95 % confidence level of the root mean 709 

square error. Other parameters: E1 = 0.230 V, t1 = 240 s. 710 
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