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Abstract 10 

Four analytical techniques are compared: AGNES (Absence of Gradients and Nernstian 11 

Equilibrium Stripping), LASV (Anodic Stripping Voltammetry with Linear stripping), 12 

DGT (Diffusive Gradients in Thin films) and PIM (Polymer Inclusion Membranes). 13 

These techniques have been designed to provide the free ion concentration or a labile 14 

fraction, complementarily contributing to an integrated description of speciation and 15 

availability. Their simultaneous application to the determination of free Zn 16 

concentrations or labile fluxes in seven solutions of a hydroponic medium reveals 17 

characteristics of each technique and correlations between their results. All dynamic 18 

results can be interpreted in terms of a general theoretical framework on fluxes. Indeed, 19 

in techniques under diffusion-limited conditions in the sample, the flux can be split into 20 

the free contribution (linearly proportional to the free fraction), plus the contribution of 21 

the complexes (where mobility, lability and abundance of complexation are 22 

intertwined). A methodology to compute lability degrees is developed. Measurements 23 
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with PIM devices confirm that diffusion in the sample solution is not rate limiting, so its 24 

flux is proportional to the free metal in the donor solution. A proportionality between 25 

the responses of any given two techniques is observed, which suggests that, for the low 26 

ligand-to-metal concentration ratios used in the present work, any of these techniques 27 

would correlate similarly with uptake, toxic or nutritional measurements. 28 

 29 

Keywords: Diffusive Gradients in Thin Films; Absence of Gradients and Nernstian 30 

Equilibrium Stripping; Polymer Inclusion Membrane; Voltammetry; Zinc ; Speciation 31 

 32 

1. Introduction  33 

Hegemonic paradigms, such as the Free Ion Activity Model (FIAM)  [1] and the Biotic 34 

Ligand Model (BLM) [2], correlate the toxicity (or nutritional capacity) of a trace metal 35 

to the free metal ion concentration (or activity) in the medium in contact with the 36 

organism. However, some exceptions to this key role of the free metal ion have been 37 

pointed out [3, 4]. The uptake of Zn and Cu by spinach and tomato plants, for  fixed free 38 

metal ion concentrations ([Zn2+] and [Cu2+]), increased when more metal was also 39 

bound to ligands [5], indicating that metal complexes might contribute to the uptake by 40 

dissociating close to the root surface according to their lability [6]. More recent reports 41 

[7-9] also indicate the contribution of complexes, either by their dissociation or by their 42 

direct internalization on the roots, in some cases, while the key role of the free metal ion 43 

is confirmed in most cases.  44 

 45 
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So, there is a current debate on the extent of the contribution of the different chemical 46 

species towards the resulting uptake of a metal. Clearly, there is a need for knowing not 47 

only the equilibrium concentrations (i.e. the distribution of the element amongst 48 

different chemical species, which is called the equilibrium speciation of the element), 49 

but also the rate of contribution to the uptake from the dissociation of the complexes 50 

(i.e. the dynamic speciation) in the medium [10-12]. The answer to this need is the 51 

development of analytical techniques able to quantify concrete fractions of an element, 52 

such as the concentration of the free fraction or the so-called “labile fraction”. Some of 53 

these fractions have shown good correlation with the metals accumulated in plants [13-54 

15]. Central to this development is the improvement of their interpretation, i.e. the 55 

assessment of which species and to which extent do they contribute to the fluxes. 56 

Comprehensive reviews of the main developments of dynamic and equilibrium 57 

techniques have been recently published [12, 16-19]. 58 

 59 

Free metal ion concentrations can be directly measured by a few techniques. The use of 60 

an Ion Selective Electrode (ISE) [20] would be a simple way to determine the free Zn2+ 61 

concentration, but, up to date, there is no commercial ISE for Zn. Membrane based 62 

techniques have also been developed for the determination of the free metal 63 

concentration. The Donnan Membrane Technique (DMT) [21] uses a cation exchange 64 

membrane to measure free ion concentrations based on Donnan membrane equilibrium. 65 

In the Resin Titration Technique[16] and in the Ion-Exchange Technique [22] the 66 

analyte is accumulated in an ionic exchange resin. The electroanalytical technique 67 

AGNES [19, 23] has proved successful in measuring the free concentration of Zn in a 68 

range of systems including natural waters [24-27], dispersions of nanoparticles [28, 29] 69 

or wine[30].  70 
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Labile fractions are accessed via the dynamic techniques. The general recorded signal of 71 

these techniques is an arriving flux of metal to a sensor. Apart from the direct supply of 72 

the free metal to this flux, there might be other contributions. In some cases, the 73 

complexes might contribute directly (e.g. second wave in stripping techniques [31]), but 74 

usually some prior dissociation of the complexes generating free metal is required [32]. 75 

The rate of such dissociation (in comparison with the diffusion rate) determines the so-76 

called “lability degree”(ξ) of the complex [33, 34]. 77 

 78 

One of the classical dynamic techniques is Anodic Stripping Voltammetry (ASV), with 79 

many variants such as the one with the application of a linear potential scan in the 80 

stripping stage (LASV). Along the deposition stage of any ASV variant, the arriving 81 

metal species is reduced to M0 forming a metal amalgam at the mercury electrode, 82 

which is later on stripped from the mercury by oxidation, yielding an intensity current 83 

which is the response signal [16].  The correct interpretation of such a signal remains 84 

still a challenge, given complications such as the electrodic adsorption of humic matter. 85 

Since time ago [35, 36] operational correlations of ASV lability and bioavailabity were 86 

indicated. More recent investigations have also correlated stripping signals with the 87 

uptake of Zn2+ to a diatom [37] or to wheat roots [9]. 88 

 89 

Diffusive Gradients in Thin films (DGT) is based on the accumulation of metal in a disc 90 

of gel with embedded beads of Chelex resin, while another disc of gel serves to 91 

(practically) define the diffusion domain [38]. DGT has been applied to natural waters, 92 

sediments and soils [8, 39] and to hydroponic media [7, 40].  93 

 94 
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The Permeation Liquid Membrane (PLM) technique relies on the selective 95 

transportation of the analyte across a hydrophobic membrane via a carrier [41-43] and 96 

can be tuned to determine the free species (or to some labile fraction). Polymer 97 

Inclusion Membrane (PIM) is a membrane based technique where ion transfer requires 98 

binding to a carrier molecule [44], similarly to PLM, but much more robust. PIM have 99 

been recently shown to measure free ion concentrations [45]. 100 

 101 

The aim of the present work is to apply different techniques to determine the free (with 102 

AGNES and PIM) and labile fractions (with DGT and LASV) of Zn available in 103 

hydroponic medium at different concentrations of ligand (EDTA or humic acid).  Zinc 104 

is an essential metal for plants (and its deficiency has been reported in soils of many 105 

arid regions of the world [7]), so its uptake attracts much attention.  The relevant 106 

medium for plants is the soil solution, which can also be approximated by hydroponic 107 

media, much more controlled. Comparison of PIM, DGT and LASV results is 108 

performed by converting their respective responses to fluxes [40]. Special emphasis is 109 

devoted to the interpretation of the fluxes obtained with the dynamic speciation 110 

techniques.  111 

2. Materials and Methods 112 

2.1 Reagents 113 

For the preparation of the nutrient solution the following reagents were used: 114 

KNO3·4H2O, Ca(NO3)2, KH2PO4, MgSO4·7H2O, NH4NO3, H3BO3, MnCl2·4H2O, 115 

CuSO4·5H2O, Na2MoO4·2H2O, ZnSO4·7H2O; they were all purchased from Panreac 116 

(Barcelona, Spain). As an iron source, the commercial product Kelamix Fe was used 117 
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(Sicosa, Girona, Spain). According to the producing company, 6% of the mass 118 

corresponds to Fe, which is chelated by ethylenediamine-N,N'-bis(2-119 

hydroxyphenylacetic acid)  (EDDHA); but the complete formulation is undisclosed. The 120 

ESI-MS spectra of the product are shown in Fig SI-1. The buffer employed was 2-(N-121 

morpholino) ethanesulfonic acid (MES) obtained from Fluka (Bern, Switzerland). 122 

Organic ligands such as humic acid sodium salt (technical grade, HA) and EDTA were 123 

provided by Sigma-Aldrich (St Louis, Missouri, USA). Elemental composition of HA, 124 

used as received, is presented in Table SI-1. 125 

 126 

For PIM preparation, the polymer polyvinyl chloride (PVC) and the carrier di-2-127 

ethylhexyl phosphoric acid (D2EHPA) were from Fluka (Bern, Switzerland) and 128 

Sigma-Aldrich (St Louis, Missouri, USA), respectively. Tetrahydrofuran (THF) solvent 129 

was from Panreac (Barcelona, Spain). 130 

 131 

A standard solution 1000 mg L-1 Zn (Merck, Darmstadt, Germany) and solid KNO3 132 

(Fluka, St Louis, USA) TraceSelect grade were used to prepare the calibration standards 133 

for AGNES and LASV.  134 

 135 

HNO3 69% (Fisher Chemical, Loughborough, UK) was used for DGT elutions prior to 136 

ICP-MS analysis. A standard solution 1000 mg L-1 Zn (High Purity Standards, 137 

Charleston, USA) was used to prepare the calibration standards for ICP-MS. 138 

 139 
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All reagents and solvents used in this study were of analytical grade except the ones 140 

whose different quality has been specified. 141 

 142 

Ultrapure water with 18 MΩ cm resistivity (Synergy UV purification system Millipore) 143 

was used in all preparations. 144 

 145 

2.2 Preparation of hydroponic media 146 

The nutrient solution was based on Hoagland growth medium [46]. The concentrations 147 

were modified by dilution to reach a final composition as follows: 2.5 mmol L-1 148 

KNO3.4H2O, 2.5 mmol L-1 Ca(NO3)2, 0.25 mmol L-1 KH2PO4, 1 mmol L-1 149 

MgSO4.7H2O, 0.5 mmol L-1 NH4NO3, 23 µmol L-1 H3BO3, 4.2 µmol L-1 MnCl2.4H2O, 150 

0.1 µM CuSO4.5H2O, 0.25 µmol L-1 Na2MoO4.2H2O, 0.38 µmol L-1 ZnSO4.7H2O, and 151 

12 µmol L-1  Fe (from Kelamix). This solution composition is referred to as half-152 

strength Hoagland medium. The pH was adjusted to 6.0±0.1 by using 2.5 mmol L-1 153 

MES buffer. It has been reported that MES does not complex Zn significantly [47]. 154 

 155 

 Different media have been considered in this work, with Zn added according to a 156 

previous work [45] and EDTA or HA concentrations to provide similar [Zn2+]: 157 

i. The control medium, with the composition detailed above. 158 

ii. The control medium with an added Zn concentration: either 35.0 µmol L-1 (Zn_1) or 159 

69.6 µmol L-1 (Zn_2), added as ZnSO4.7H2O. 160 
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iii. The medium with added Zn (35.0 µmol L-1 and 69.6 µmol L-1), and also with the 161 

presence of 20 µmol L-1  EDTA (Zn+EDTA_1 and Zn+EDTA_2, respectively). 162 

iv. The medium with added Zn (35.0 µmol L-1 and 69.6 µmol L-1), and also with the 163 

presence of 60 mg L-1 humic acid (Zn+HA_1 and Zn+HA_2, respectively). 164 

 165 

2.3 Experimental setups and instrumentation 166 

PIMs containing 70% PVC and 30%D2EHPA were prepared using a procedure similar 167 

to that reported by Sugiura [48]. Briefly, 400 mg of PVC were weighted and dissolved 168 

in 12 mL of THF. After two hours stirring, one mL of the carrier solution, 0.5 mol L-1 169 

D2EHPA in THF, was added to the mixture and stirred for 1 more hour. Finally, the 170 

resulting mixture was poured into a 9.0 cm diameter flat bottom glass petri dish, which 171 

was set horizontally and covered loosely. The organic solvent was allowed to evaporate 172 

over 24 h at room temperature, and the resulting film was carefully peeled off from the 173 

bottom of the petri dish. Circular pieces of 2 cm diameter were cut from the centre of 174 

the membrane and were, then, incorporated in a dedicated device, used as passive 175 

sampler [45]. The membrane device was partially immersed in 250 mL of the 176 

hydroponic solution under study, which was contained in a glass beaker placed on a 177 

magnetic stirrer, whereas 5 mL of 0.01 mol L-1 HNO3 was used as acceptor phase. After 178 

a given contact time, the device was removed from the solution and the nitric acid 179 

solution was analyzed for total Zn content using a sequential inductively coupled 180 

plasma atomic emission spectrometer (ICP-AES) (Liberty RL, Varian, Mulgrave, Vic., 181 

Australia). PIM determinations were run at room temperature (23±1ºC). 182 

 183 
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AGNES and LASV voltammetric measurements were carried out with Eco Chemie 184 

Autolab PGSTAT101 and µAutolab Type III potentiostats attached to Metrohm 663VA 185 

Stands being controlled from a computer by means of the NOVA 1.11 software. The 186 

working electrode was a Metrohm multimode mercury drop electrode. The smallest 187 

drop in our stand was chosen, which according to the catalogue corresponds to a radius 188 

around r0 = 1.41×10-4 m. The auxiliary electrode was a glassy carbon electrode and the 189 

reference electrode was Ag/AgCl/3 mol L-1 KCl, encased in a jacket containing 0.1 mol 190 

L-1 KNO3. 191 

 192 

A glass combined electrode (Crison) was attached to an Orion Research 720A+ or to an 193 

Orion Dual Star ion analyzer (Thermo) and introduced in the cell to control the pH. A 194 

glass jacketed cell provided by Metrohm was used in all measurements. The vessel was 195 

thermostated at 25.0 °C. 196 

 197 

DGT holders (piston type, 2 cm diameter window), polyacrylamide gel discs (diffusive 198 

disc, 0.8 mm thick, and Chelex resin disc, 0.4 mm thick) from DGT Research Ltd and 199 

cellulose nitrate membrane filters (0.45 µm Whatman) were used. DGT devices were 200 

prepared as described elsewhere[49]. The sensors have been left to equilibrate in a 201 

solution at the same pH and ionic strength as the sample (0.011 mol L-1  KNO3 and 2.5 202 

mmol L-1 MES) for at least 18 hours (see Supporting Information of ref. [49]). After 203 

that, the sensors have been deployed, for 24 and 48 h, inside a plastic bucket containing 204 

2 L of medium kept at 240 rpm stirring rate and at 25.0ºC in a thermostated bath. 205 

Deployment solutions and metal accumulations (once eluted with HNO3) in DGT 206 
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experiments were analysed, in triplicate, with an ICP-MS 7700x (Agilent 207 

Technologies, Inc, Tokyo, Japan).  208 

 209 

2.4 Procedures 210 

2.4.1 Determination of free Zn concentrations with AGNES  211 

AGNES consists in applying two stages [23, 29]: i) A first stage where we apply a 212 

deposition potential for a long enough time to reach Absence of Gradients in the 213 

concentration profiles and Nernstian Equilibrium at the electrode surface (these specific 214 

conditions are the main difference with other stripping techniques, like LASV); and ii) a 215 

second stage where we apply a reoxidation program and we measure the total charge or 216 

the diffusion-limited current after a certain time. In this work, we use the variant 217 

AGNES-I where the reoxidation program is a (constant) potential pulse under diffusion-218 

limited conditions and we measure the current. 219 

 220 

At the end of the first stage a preconcentration factor Y has been achieved 221 

( )
0

0'
12+

[M ] 2
exp

[M ]

F
Y E E

RT
 = = − −  

 (1) 222 

where F is the Faraday constant, R the gas constant, T the temperature, E1 is the applied 223 

deposition potential and Eº’ the standard formal potential of the redox couple. Y is the 224 

gain in metal concentration across the surface due to its preconcentration in the 225 

amalgam following the application of E1 and, in practise, is usually computed from the 226 

peak potential of an ancillary Differential Pulse Polarogram (DPP) with just metal and 227 

the background electrolyte. 228 
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 229 

The measurement of the faradaic current in the second stage allows the quantification of 230 

the free metal ion concentration 231 

2+
f MI Yη  =    (2) 232 

where I f is the faradaic current (obtained from the subtraction of the blank to the total 233 

current) and η is the normalised proportionality factor. 234 

 235 

Prior to AGNES measurements, a calibration to obtain η is needed at the same ionic 236 

strength as the sample. The calibrations were performed at 0.011 M KNO3 given the 237 

predictions of Visual MINTEQ [50] with the composition of the hydroponic medium 238 

described in Section 2.2. 239 

 240 

The quantification of the free metal concentration in each hydroponic medium has been 241 

performed applying AGNES with two different Y-values as an extra checking. The Y 242 

ranged from 2 to 200 depending on the free concentration. For the control medium (the 243 

lowest free Zn concentration) Y of 100 and 200 were required. Only for this medium, to 244 

avoid large deposition times, AGNES with 2 Pulses in the deposition stage [51] was 245 

applied with t1,a = 70 s and t1,b =210 s (when preconcentrating to Y=100) or t1,a=140 s 246 

and t1,b=420 s (when aiming at Y=200). In all the cases, the waiting time at the desired 247 

gain (Y) without stirring was 50 s and the preconcentration factor applied in the 248 

stripping stage was 10-8. 249 

 250 
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2.4.2 Determination of labile fluxes with LASV using linear stripping scan 251 

Essentially, LASV technique provides an accumulation resulting from the flux of 252 

analyte under diffusion-limited conditions acting throughout the deposition time. 253 

Indeed, the very negative potential during the deposition stage creates a flux, due to the 254 

reduction -at the electrode surface- of Zn2+ (resulting directly from the free Zn flux or 255 

from the diffusion and dissociation of labile complexes). Steady state can be assumed 256 

during this deposition stage due to the vigorous stirring in the electrochemical cell and 257 

the short life of the transient regime. The linear stripping scan quantifies the amount of 258 

Znº accumulated in the amalgam (which corresponds to the steady-state accumulation 259 

during the deposition stage plus a small amount of Znº accumulated at the beginning of 260 

the linear stripping scan, when the stripping potential is still close to the deposition one, 261 

before Znº re-oxidation starts), without further complications (as in the Differential 262 

Pulse mode, where repeated oxidation/reduction cycles are much more difficult to 263 

interpret). The interfering impact of adsorption (e.g. humic acid complexes on the 264 

electrode surface) on the final stripped charge in this variant of LASV is expected to be 265 

mild, because diffusion-limited conditions in the deposition stage hinder electrodic 266 

adsorption [52] and any possible adsorption along the stripping step might distort a 267 

transient intensity current, but not the final charge (that, due to Faraday law, has to be 268 

proportional to the total accumulated concentration of Znº).  269 

 270 

In the first stage of the LASV experiment, a deposition potential of -1.3V is applied 271 

during 60 s, followed -in the second stage- by a linear scan from -1.3V to 0 V at a scan 272 

rate of 0.0198 V s-1(v) which produces a peak in the I vs E representation. The area of 273 

the peak is measured and allows the determination of the flux (J) as 274 
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LASVpeak

2 2
= =

AreaQ
J

F A t v FAt
 (3) 275 

where Q is the charge (corresponding to the moles of reoxidated metal) which can be 276 

obtained from the peak area AreaLASVpeak and the scan rate (v). A is the surface area of 277 

the mercury electrode (0.25 mm2)  and t  is the deposition time. 278 

 279 

2.4.3 Determination of labile fluxes with DGT  280 

Under the assumption  of steady-state regime along the deployment time (which will be 281 

checked for the hydroponic systems), the flux (J) can be computed from the number of 282 

(measured) accumulated moles of analyte in the resin disc, nZn, with the expression [53]: 283 

Znn
J

A t
=  (4) 284 

where A is the area of the opening (3.14 cm2) and t the deployment time.  285 

 286 

In many works, the accumulation of the analyte into the binding phase is associated 287 

with a labile fraction or the so-called DGT-concentration cDGT [53] assuming a steady-288 

state regime under diffusion-limited conditions: 289 

M DGT
g

D c
J

δ
=  (5) 290 

where DM is the diffusion coefficient of the metal analyte and δg is the thickness of the 291 

diffusion domain (usually the aggregate thickness of disc gel, filter and diffusive 292 

boundary layer). 293 

 294 
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 295 

2.4.4 Determination of free concentration with PIM  296 

The PIM technique is based on carrier-mediated transport of the metal across the 297 

polymeric membrane. The carrier, D2EHPA in this case, forms a neutral complex with 298 

the Zn2+ ion at the membrane/donor interface. Then, the complex diffuses across the 299 

membrane, and when reaching the membrane/acceptor interface, the metal is released 300 

into the acceptor phase due to the protonation of the carrier in the aqueous phase with 301 

existing HNO3. This chemical pumping allows the accumulation of the analyte in the 302 

acceptor solution. Recent work [45] has proposed that there is a co-limitation by 303 

transport both across the membrane and in the acceptor solution (rather than a limitation 304 

by diffusion in the source solution), leading to an accumulation proportional to the free 305 

ion concentration in the source solution, analogously to some cases of the PLM 306 

technique.  307 

 308 

3. Results and discussion 309 

3.1 Free concentration and fluxes provided by each technique 310 

The free Zn concentration in the different hydroponic media considered in this work has 311 

been determined with AGNES (see Fig 1 or Table SI-2), using the parameters detailed 312 

in section 2.4.1. The [Zn2+] found in the control medium, 0.111 µmol L-1, is negligible 313 

in front of the free concentrations in media with spiked Zn. As expected, the free Zn 314 

concentration increases when increasing the total metal concentration of the medium 315 

(compare full and empty blue square markers in Fig 1), while the free Zn concentration 316 

decreases with the addition of a ligand like EDTA (red triangles) or humic acid (green 317 
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circles). For the conditions and concentrations considered in this work, 60 mg L-1 humic 318 

acid (equivalent to a concentration of sites of 342 µmol L-1, according to the generic 319 

parameters of the NICA-Donnan model [54]) binds less Zn than 20 µmol L-1 EDTA, 320 

given the found lower free Zn concentrations in the EDTA-enriched solutions.  321 

 322 

For the sake of simplicity, when quantifying the contribution of the different complexes, 323 

one can consider that the Hoagland medium acts as an equivalent ligand (labelled 324 

“Hoag”) to form an effective 1:1 complex labelled “MHoag”. We neglect any variation 325 

of the effective free ligand due to its complexation with the metal (the so-called ligand 326 

excess conditions), so that 327 

MHoag Mc K c′≈   (6) 328 

where K’ is the excess (conditional) stability constant (or stability coefficient).  The 329 

mass balance (when other complexes are still not added) can be written as 330 

( )T,M M M Hoag M1c c c K c′= + = +   (7) 331 

K’ has been evaluated as 0.21 ± 0.06 from the regression of the data (free and total) of 332 

AGNES experiments with the control and with just added Zn (i.e. Zn_1 and Zn_2), 333 

while also forcing the regression to pass through the origin. Using only one K’ for the 334 

Hoagland mixture is valid, for exemple, when the free concentrations of all participating 335 

ligands (including EDDHA not bound to Fe) are constant despite Zn complexation. The 336 

linearity observed in the plot cT,M vs cM lends support to the use of just one K’ as a first 337 

approximation to describe the binding properties of the Hoagland medium. 338 

 339 
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Fluxes recorded with LASV followed a similar pattern to the concentrations measured 340 

with AGNES (see Table SI-2 in Supporting Information, and Fig 2): lower fluxes for 341 

lower total concentrations or solutions with an added ligand. The flux computed with 342 

eqn. (3) from the LASV peak area measured in the control medium was 10.3 nmol m-343 

2s-1. The flux of Zn_2 is approximately twice that of Zn_1, consistent with the 344 

approximation of labile complexation with the Hoagland medium. The decrease (with 345 

respect to fluxes of Zn_1 and Zn_2) due to EDTA addition is similar for both total Zn 346 

concentrations, as expected for a formed strong inert complex. The impact of EDTA in 347 

reducing the analytical signal is, again, more important than that of humic acid.  348 

 349 

For DGT, the accumulations were measured after 24 and 48 h. The almost direct 350 

proportionality between accumulation and deployment time seen in Fig. 3 indicates that 351 

the system is under steady-state regime. Under these conditions, equation (4) can be 352 

applied to compute the flux. DGT fluxes follow a similar trend to the free 353 

concentrations measured with AGNES: the presence of EDTA or HA reduce the 354 

accumulation (for a given time) as seen in Fig. 3. The reduction of the flux due to the 355 

addition of a ligand can be understood as due to a partial complexation of the Zn ions, 356 

leading to a reduced availability (compared with that resulting if the total concentration 357 

of Zn was free). This decrease in availability can be due to a much lower diffusion 358 

coefficient of the complex (the expected case for a macromolecular entity like humic 359 

acid diffusing in a gel),  due to a lower lability degree (the expected case for EDTA), as 360 

described below in section 3.2 or due to a combination of both effects. From the point 361 

of view of DGT, the fluxes with EDTA and HA have essentially the same value (within 362 

experimental error) which is compatible with the diffusion coefficient of ZnHA being 363 

smaller than that of ZnEDTA. 364 
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 365 

As with DGT technique, the direct proportionality between accumulation and 366 

deployment time seen in Fig. SI-2 for PIM experiments indicates that the system is 367 

under steady-state regime and can be computed with using equation (4). PIM fluxes due 368 

to ligand additions can be seen in Fig. 4 and can be interpreted along the lines of the 369 

previous paragraph. In agreement with the measurements of the other techniques, JPIM 370 

decreases when EDTA is added, as expected for the formation of a complex, and 371 

remains below JPIM corresponding to the system with HA. Moreover, the declines in the 372 

computed fluxes due to the addition of EDTA or humic acid are similar to those seen 373 

with AGNES, LASV and DGT.  374 

 375 

3.2. Relationship between the information provided by different techniques 376 

The interpretative framework developed for DGT (see, for instance [53]) can be 377 

extended to other techniques yielding fluxes. A key idea is to split the total flux of metal 378 

into the contribution from the free metal (Jfree, represented as dotted lines in Figs. 5-6) 379 

plus the contribution from the complexes.  These complexes can be classified as those 380 

complexes existing in the Hoagland medium and those complexes due to a ligand 381 

addition (EDTA and HA), with the general label ML: 382 

HoagM ML
total free Hoag ML M M Hoag Hoag ML MLξ ξ

δ δ δ
= = + + = + +

DD D
J J J J J c c c  (8) 383 

where Di is the diffusion coefficient of the species (free metal, M; complex with the 384 

medium MHoag; complex with added ligand, ML),  ci is the concentration of each 385 

species, 
iξ  is the lability degree of each species (see Introduction), and δ is the 386 
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thickness of the diffusion layer of the technique. In DGT, δ corresponds to the 387 

summation of gel, filter and Diffusive Boundary Layer thicknesses, while in LASV δ 388 

will depend on the stirring rate with no fixed term. If one considers δ an operational 389 

parameter to reproduce fluxes in well defined hydrodynamic regimes (such as laminar 390 

flow), it will depend on (some powers of) the diffusion coefficients of the participating 391 

species [55, 56]. However, turbulence (or natural convection due to local 392 

inhomogeneities in temperature o density of solution) renders the consideration of 393 

laminar flow also approximate, supporting the rough first approximation of considering 394 

δ as fixed. This is the satisfactory standard approach to deal with the DBL in DGT [57]. 395 

For PIM, eqn. (8) would apply if the limiting step was diffusion in the solution. On the 396 

other hand, if the liming step is not diffusion in the solution, then the flux does not 397 

contain any information on the lability or amount of complexes in the sample, but just 398 

on the free metal ion[45]. 399 

 400 

Given that the ligands of the Hoagland medium are not macromolecular, one can 401 

assume DHoag=DM. As the expected (inorganic) complexes of Zn with the medium are 402 

weak, one can assume that they are fully labile, so ξHoag=1. Combining eqns. (8) and 403 

(7): 404 

( )M ML
M ML ML1

D D
J K c c ξ

δ δ
′= + +   (9) 405 

 406 

From the particular case of experiments Zn_1 and Zn_2 (i.e. when cML=0), one can 407 

compute M /D δ  which could be called the flux factor 408 
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( )
M

M T,M1

D J J

c K cδ
= =

′+
  (10) 409 

 410 

For DGT, the experimentally retrieved flux factor (0.52×10-6 m s-1) is close to the 411 

theoretical one (0.55×10-6 m s-1) computed from DZn=6.08×10-10 m2s-1 for Zn diffusion 412 

in the gel (from DGT research website) and δ=1.1 mm. For LASV, (DM/δ)exp=3.4×10-5 413 

m s-1 while (DM/δ)theor=3.6×10-5 m s-1 (taking δLASV=2×10-5 m [23, 58, 59] and 414 

DZn=7.3×10-10 m2s-1 for Zn diffusion in water). 415 

 416 

According to equation (9), a representation of the flux in terms of the free metal 417 

concentration, for solutions where the second term was negligible, would yield a 418 

straight line passing through the origin. Such a “medium line” can be drawn from the 419 

experimental flux factor of each technique and the obtained K’ (see brown continuous 420 

lines in Figs. 5-6). These lines should go through markers corresponding to Zn_1 and 421 

Zn_2 (square blue markers), which is approximately the case in Figs. 5-6. 422 

 423 

The ordinate difference between any of the rest of experimental markers and this brown 424 

continuous line can be called “offset” and physically corresponds to the contribution to 425 

the flux of the complex (other than the complexes with the medium, MHoag) expressed 426 

by the last term in eqn. (9): 427 

ML ML
ML ML

D c
J ξ

δ
=  ((11) 428 

 429 
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For cases with an added ligand, the lability degree can be computed from the 430 

corresponding offset of the marker with respect to the medium line (brown continuous 431 

line), just by solving for ξML in eqn (11) and taking cML as: 432 

( )ML T,M M 1c c c K′= − +   (12) 433 

 434 

In the technique DGT, see Fig 5, EDTA offsets can be converted into lability degrees by 435 

assuming DML=DM. For the low Zn concentration, one finds ξEDTA=0.31, while for the 436 

higher concentration ξEDTA=0.60. The difference has to be mostly ascribed to 437 

experimental errors and inaccuracies in the input parameters (total concentrations, free 438 

concentration, K’, DGT fluxes, etc.) required for the calculations. Indeed, as most of the 439 

analytical signal (i.e. the flux) comes from the free Zn concentration, the small 440 

difference between the total and this free contribution (i.e. the offset) accumulates 441 

(relatively) large uncertainties. The key conclusion is a rather low ξEDTA, consistent with 442 

the inert nature of ZnEDTA, but it could also be consistent with an insufficient effective 443 

affinity of Zn for the iminodiacetic resin (of the Chelex resin used in our DGT) in front 444 

of the strong ligand (EDTA), see [60, 61].  445 

 446 

To extract lability degrees for HA complexes from the offsets, we take 447 

DM=DZn=6.08×10-10 m2s-1 and DML=4.77×10-10 m2s-1 (average value of the range 448 

reported recently [62])  which lead to a ratio DML/DM=0.78. 449 

 450 

For the probed HA solutions with DGT, Fig 5, assuming DML=0.78×DM, the offsets 451 

translate to ξHA=0.10 for Zn+HA_1 and ξHA=0.99 for Zn+HA_2, respectively. The 452 
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increase of the lability degree of humic acid when the Zn concentration increases can be 453 

understood due to the increasing occupation by Zn ions of humic sites with decreasing 454 

affinity. Assuming Eigen’s complexation mechanism [63], a decrease in the affinity of a 455 

site can be ascribed to an increase of the dissociation rate constant, increasing in this 456 

way the lability. For the higher concentration of the present work, ξHA is higher than for 457 

EDTA, in broad agreement with some quite labile behaviour reported for Zn complexes 458 

with humic acids [64]. Notice that the knowledge of the diffusion coefficient value is 459 

necessary to compute the lability degree. In this regard, an equation previously used in 460 

the literature, eqn (7) in [5] and eqn. (6) in [9] would not be valid for a complex with a 461 

diffusion coefficient different from that of the metal (as it is the case with HA). The 462 

equation can be corrected as follows: 463 

M
ML

free ML ML

1
cJ

J D c
ξ

 
= − 
 

 (13) 464 

where Jfree is the flux obtained in a system which has only metal and whose free 465 

concentration is just the same as in the solution where there is also the complex. This 466 

equation is not applied in this work because this special solution with just metal has not 467 

been prepared. 468 

 469 

For the technique LASV, triangle markers in Fig 6 reflect a positive offset for 470 

Zn+EDTA_1, while for the higher concentration, the offset is negative. As both are of 471 

the same order of magnitude, and considering that a negative offset renders meaningless 472 

any computation with Eqn. ((11), we can conclude that the lability degree of ZnEDTA 473 

is close to zero for this technique.  The offsets for HA are too disperse to be subject to a 474 

qualitative mathematical analysis. We speculate that perhaps a low reproducibility of 475 
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stirring between days (which impacts on the thickness of the diffusion layer) might be 476 

responsible for an accuracy insufficient for the low ligand to metal ratio of these 477 

experiments. 478 

 479 

One can highlight that the lability degree of a complex is not an intrinsic property of the 480 

complex, but it is also sensor and technique dependent. Actually, the lability depends 481 

not only on the ability of the complex to dissociate (dissociation rate constant, 482 

composition of the media), but also on the spatial and time scale where this dissociation 483 

takes place (e.g. the characteristics of the sensor) [65].  484 

 485 

A well-known effect is that lability increases when the thickness of the diffusion layer 486 

increases [33, 65]. Thus, one expects that lability degrees measured by DGT are higher 487 

than those measured by LASV in the same chemical system, because the main 488 

difference between both techniques is the thickness of the diffusion layer (of the order 489 

of 1.1 mm for DGT and just 20 µm for LASV [58]). Additionally, the penetration of 490 

complexes in the resin disc, where free metal is absent and dissociation proceeds, 491 

renders them more labile in DGT [66, 67]. Although this is the trend of ξ values 492 

obtained above for EDTA, unfortunately, they do not allow a clear confirmation of this 493 

expectation. In this respect, DGT computations of the lability degree are more trustable, 494 

because of the smaller variation between experiments and a better defined value of δ in 495 

the technique.  496 

 497 
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In the PIM technique, eqn. (8) does not apply, because the flux is not determined by 498 

diffusion in the solution [45]. So, with PIM -despite measuring a flux - no information 499 

on the lability of the complexes in the solution can be gained.  Fig 7 confirms -within 500 

the experimental error- the proportionality between PIM fluxes and the measurements 501 

of free Zn concentrations provided by AGNES. This is expected from PIM fluxes being 502 

proportional to the free Zn concentration [45].   503 

 504 

If we compare now directly the results between techniques, we observe that DGT and 505 

LASV are very well correlated (see Fig 8).  The LASV fluxes also correlate well with 506 

PIM fluxes (see Fig SI-3). These correlations can be attributed to the low ligand to 507 

metal ratio used in these experiments. 508 

 509 

4. Conclusions 510 

Equation (9) supports the representation (seen in Figs  5, and 6) of the fluxes in front of 511 

the free ion concentration (provided by AGNES or PIM). The last term in Equation (9) 512 

is visualized as the distance (or offset) between a marker and the line corresponding to 513 

the contribution of the fixed ligands of the medium. From this last term, lability degree 514 

can be computed, though more work is needed to obtain more reliable estimates. Those 515 

lability degrees derived here from DGT measurement are the most robust, probably 516 

because of the better controlled thickness of the diffusion layer. 517 

 518 

The results from this work (see Fig 7) confirm that, in these conditions, PIM can be 519 

used to measure free metal ion concentrations. So, plots like Figs  5 and 6 could also be 520 
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drawn taking as abscissae the values of the PIM fluxes (or its conversion into free 521 

concentrations via a calibration) instead of AGNES free concentrations. 522 

 523 

In principle, the different techniques provide access to different fractions of the 524 

analyzed system and their information can be considered as complementary [32]. 525 

However, for some conditions, the differences might be not large enough to be 526 

quantified. This leads to a kind of equivalence of the techniques (for such systems) 527 

which results in more robust and confirmed conclusions when there is general 528 

agreement between them. Due to this equivalence (under the present conditions this 529 

might be related to a relative large proportion of free Zn in comparison with the 530 

complexed forms), other criteria for selecting a technique can be adopted. For instance, 531 

the application of LASV with the mercury electrode has the advantage of the reduced 532 

time of the experiment when compared with DGT and PIM. LASV does not requires the 533 

analysis with a complementary technique (ICP-MS or ICP-OES). On the other hand, 534 

DGT and PIM can be applied in situ, which avoids contaminations in sampling and 535 

storage (though there is also a transport of the accumulated analyte towards the 536 

laboratory for an instrumental analysis). 537 

 538 

 539 

The found correlations between the assayed techniques also suggests that in some 540 

systems, like the one shown here, a correlation between the results of one technique 541 

with a particular plant uptake or toxicity might not be proof of the free metal or a given 542 

labile fraction being their relevant determinant. 543 

 544 
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Figures	766 

 767 

Figure 1. Free [Zn2+] measured with AGNES in the different hydroponic media. Empty 768 

markers correspond to an added cT,Zn =3.50×10-5 mol L-1 and full markers to 6.96 10-5 mol 769 

L-1. Orange cross: control medium (see Section 2.2); blue squares: control media with an 770 

added extra Zn concentration; red triangles: control media with added Zn and EDTA (20 771 

µmol L-1); green circles: control media with added Zn and humic acid (60 mg L-1). Error 772 

bars represent the standard deviation (if larger than the markers) corresponding to 773 

replicates of two independent samples. 774 
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 781 

782 
  783 

Figure 2: Zn flux measured with LASV (with linear stripping)  in the different media. 784 
Markers as in Fig 1. Error bars represent the standard deviations (n=3), whenever larger 785 
than the marker, corresponding to different determinations in the same sample.  786 
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 787 

 788 

 789 

Figure 3. Zn accumulated in DGT devices after 24 and 48 h. Markers as in Fig 1. Lines are 790 

an aid to the eye to show the linear regime for the case with just added metal. Error bars 791 

represent the standard deviations (n=3), whenever larger than the marker, corresponding 792 

to different determinations in the same sample.  793 
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 795 

Figure 4. Zn flux measured with PIM-based devices in the different media. Markers as in 796 

Fig 1. Error bars represent the standard deviations (n=2 or 3) corresponding to replicates 797 

of three independent samples.  798 
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  799 

Figure 5. Zn flux with DGT versus free Zn concentration with AGNES. Markers as in Fig 1. 800 

Error bars as in previous figures. The brown continuous line quantifies the contribution to 801 

the flux of free metal plus the complexes in the Hoagland medium, i.e. 802 

( )M
medium M1

D
J K c

δ
′= + . The purple dotted line quantifies the free metal contribution to 803 

the flux, i.e. M
free M

D
J c

δ
=  with M /D δ  obtained from equation (10).    804 
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  805 

Figure 6. Zn flux obtained with LASV versus free Zn concentration obtained with AGNES. 806 

Markers as in Fig 1. Error bars as in previous figures. Lines as in previous figure.  807 
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  808 

Figure 7. Zn flux measured with PIM versus free Zn concentration with AGNES. Markers as 809 

in Fig 1. Error bars as in previous figures . The added straight line is the global regression 810 

of the plotted data .  811 
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 814 

Figure 8. Zn flux with DGT versus Zn flux with LASV. Markers as in Fig 1. Error bars as in 815 
previous figures.  The added straight line is the global regression of the plotted data. 816 
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HIGHLIGHTS 

 

• Different speciation techniques provide complementary information on the system 

 

• AGNES and PIM measure free Zn concentrations, while LSAV and DGT measure fluxes 

 

• A plot of fluxes vs. free concentrations provides dynamic speciation information 

 

• Lability degrees can be computed combining results of speciation techniques 


