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Abstract 12 

Free concentrations of Zn2+, Fe3+, Ca2+ and Mg2+ in a red wine (Raimat, Catalonia, 13 

Spain) have been determined, with the Donnan Membrane Technique (DMT) for the 14 

first time. The required equilibration time benefits from the acceptor solution including 15 

major cations. K+ and Na+, mainly unbound to any ligand in the sample, have been 16 

identified as suitable reference ions. A free Zn concentration of 1.76 mol L-1 17 

determined with DMT was in excellent agreement with the free Zn concentration 18 

independently provided by the electroanalytical technique Absence of Gradients and 19 

Nernstian Equilibrium Stripping (AGNES), 1.7 mol L-1, amounting to 14.4% of the 20 

total Zn. The free concentrations found in this wine were 1.79 mol L-1 Fe3+, 1.11 mmol 21 

L-1 Ca2+ and 3.4 mmol L-1 Mg2+ (8.82%, 40% and 57% of their total concentrations). 22 

Prior to the application of the techniques to the red wine, they had been cross-validated 23 

in Zn-tartrate solutions. 24 

 25 

Keywords: Donnan Membrane Technique; Absence of Gradients and Nernstian 26 

Equilibrium Stripping; Zinc; Iron; free metal; wine  27 
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1. Introduction  28 

Speciation usually refers to the distribution of a given element (such as a metal) over a 29 

variety of chemical species (such as the hydrated cation, different complexes with 30 

different ligands, different redox states, etc.). Great interest is devoted to speciation 31 

because it is well known that many biological effects (be toxic or nutritional) do not 32 

depend on the total concentration of the element in the medium, but on that of the free 33 

form or of a group of species. Bioavailability depends on speciation, because different 34 

species of a given element diffuse and react with different rates, and only certain species 35 

can be taken up directly. 36 

Speciation of metal elements is also relevant for wine (Ibanez et al., 2008; Pyrzynska, 37 

2007). For instance, Cu (and Fe) speciation is reported to be related to oxidative 38 

spoilage and stalling, so various techniques have been employed to pinpoint different 39 

forms of these elements in wine (see (Pohl and Sergiel, 2009; Rousseva et al., 2016) and 40 

references therein). 41 

Additionally, mineral content of wine has been used to authenticate its region of origin 42 

(Coetzee et al., 2014). Free metal concentrations are expected to be more specific 43 

properties (i.e. more particular of a wine type) than the total concentration 44 

measurements, since they will depend not only on the total mineral content, but also on 45 

the concentration of ligands present. Thus, free concentrations are well suited as 46 

fingerprint markers, not only of a production region but also as ageing (due to the time 47 

evolution of compounds present in wine that act as metal ligands) and quality 48 

identifiers, another issue of great commercial relevance.  49 

There is a need for developing and consolidating techniques that can access the free ion 50 

concentrations in all kinds of matrices (Feldmann, Salaun and Lombi., 2009; Pesavento 51 

et al., 2009). A standard technique for some metals is the use of Ion Selective 52 

Electrodes (Bakker and Pretsch, 2007). However, for some other elements, despite 53 

intense work (in Zn, (Fu et al., 2012); in Mg (Lamaka et al., 2009); in Fe, (Ali et al., 54 

2015), etc.) there is still no commercial ISE or the commercial electrodes show  limits 55 

of detection too high for being of interest in certain samples (this might be the case for 56 

Cd and Pb in many food matrices). Other techniques that can determine the free metal 57 

concentration are the Permeation Liquid Membrane (PLM) (Gramlich et al., 2012) and 58 

the Ion-Exchange Technique (Cremazy et al., 2015). 59 
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The Donnan Membrane Technique (DMT) (Temminghoff et al., 2000) is a technique 60 

designed for the simultaneous determination of various free ion concentrations relying 61 

on the selective permeation of cations through an ion exchange membrane. The sample 62 

(or donor solution) reaches equilibrium with a synthetic acceptor solution, both in 63 

separate compartments. DMT has been extensively used in soils and  waters (Jones et 64 

al., 2016). A few DMT works have tackled food matrices. For instance, Gao et al. 65 

(2009) studied synthetic and reconstituted milk, but, to the best of our knowledge, the 66 

use of DMT in wine (or any hydroalcoholic medium) has not yet been reported. 67 

AGNES (Absence of Gradients and Nernstian Equilibrium Stripping) (Galceran et al., 68 

2004) is another technique for determining free metal ion concentrations of 69 

amalgamating elements. Some of the systems analysed are seawater (Diaz-de-Alba et 70 

al., 2014; Galceran et al., 2007), river water (Parat and Pinheiro, 2015), dispersions of 71 

nanoparticles (Galceran et al., 2014), quantum dots (Domingos et al., 2011), clays 72 

(Rotureau, 2014), etc. AGNES has been applied to find the free Zn concentration 73 

(Companys et al., 2008) and the complexation capacity (Chito et al., 2013) of wine. A 74 

recent work (Chito et al., 2012), cross-validating and comparing advantages and 75 

drawbacks of DMT and AGNES, dealt with soil extracts and river water. 76 

This study aims to show that DMT can be used to determine the free metal 77 

concentrations of Zn, Fe, Ca and Mg in wine. This should pave the way for future 78 

applications of DMT to other alcoholic beverages or to more detailed studies with other 79 

types of wines or musts. The results of this work first deal with the determination of Zn 80 

in synthetic (model) wine samples (essentially, with tartaric acid to simulate the 81 

principal metal-complexing ligand in wine) to validate the use of DMT with AGNES. 82 

Then, the core of this work discusses the need of reaching equilibrated concentrations 83 

and the choice of suitable reference cations, to finally compute the free concentrations 84 

of the target analytes.  85 

2. Materials and Methods 86 

2.1. Reagents and wine samples 87 

Synthetic wines, either in aqueous medium or in hydroalcoholic one (13.5% of ethanol), 88 

consisted of cT,Zn= 1.16×10-5 mol L-1 (the total concentration determined by elemental 89 

analysis) and potassium hydrogentartrate (KHTar) cT,KHTar= 0.011 mol L-1 (Bradshaw et 90 

al., 2002) at pH= 3.422. DMT analysis of the synthetic wines was performed with 0.1 91 
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mol L-1 NaNO3 as background electrolyte in both donor and acceptor solutions. To 92 

compensate for cT,KHTar= 0.011 mol L-1 in the donor (i.e. to have the same initial K 93 

concentration), 0.011 mol L-1KNO3 was added in the acceptor. K+ was used as the 94 

reference cation.  95 

For DMT analysis of the red wine Raimat Clamor Tinto Roble 2012  (to act as donor 96 

solution), two homogenizations were prepared from 8 bottles of 0.75 L by putting half 97 

of each bottle of wine in homogenization 1 and the other half in homogenization 2, to 98 

finally have 3L for each homogenization. 99 

Elemental analysis of the red wine yielded total concentrations: cT,Zn=12±1 mol L-1, 100 

cT,Fe=20±2 mol L-1, cT,Cu=14±1 mol L-1, cT,Na=0.93±0.04 mmol L-1, cT,K=33±2 101 

mmol L-1, cT,Ca=2.8±0.2 mmol L-1 and cT,Mg=6.0±0.3 mmol L-1 (mean ± standard 102 

deviation, with n=8). All these values are in the usual ranges in wines (Pyrzynska, 2007; 103 

Tariba, 2011). Two acceptor solutions were assayed: Acceptor 1 with only K in the 104 

acceptor that will be referred to as "just K" and Acceptor 2 with the four principal 105 

cations (K, Na, Mg and Ca) at total concentrations given at the beginning of this 106 

paragraph. This latter acceptor will be called "multimetal". 107 

Potassium hydrogen L-tartrate (Fluka, analytical grade), ethanol absolute 99.9% 108 

(Merck, p.a.), 1000 mg L-1 Zn, Fe, Cu, K, Na, Ca, and Mg standards solutions (High 109 

Purity Standards), potassium nitrate (Fluka, Trace Select), sodium nitrate (Sigma-110 

Aldrich, p.a.), calcium nitrate tetrahydrate (Fluka, p.a.), magnesium nitrate hexahydrate 111 

(Merck, p.a.), 0.1 M KOH and HNO3 (Riedel de Haen) were used to prepare the 112 

solutions. A multielement isotopically-enriched standard (IES-WAK, ISC Science) with 113 

2000 ng g-1 of Fe (2.91% 56Fe and 95.15% 57Fe), 2000 ng g-1 of Cu (0.90% 63Cu and 114 

99.10% 65Cu) and 2000 ng g-1 of Zn (3.88% 66Zn and 89.60% 67Zn) was used for the 115 

quantification of Fe, Cu and Zn. 116 

In all the experiments ultrapure water (Milli-Q, Millipore) was employed. 117 

 118 

2.2. Instrumentation 119 

Total Zn, Fe, Cu, K, Na and Mg concentrations were quantified using a 7700x ICP-MS 120 

(Agilent Technologies, Inc, Tokyo, Japan) with Ni sampler and skimmer cons, a 121 

MicroMist glass concentric nebulizer and a He collision cell.  122 
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DMT experiments were performed using lab DMT cells (see (Chito et al., 2012;  123 

Temminghoff et al., 2000)) and two peristaltic pumps (Gilson Minipuls 3) (one for each 124 

homogenization). A membrane (BDH Laboratory Supplies, Poole, UK) of polystyrene 125 

and divinylbenzene with sulfonic acid groups was used as cation exchange membrane in 126 

DMT experiments. The ion-exchange capacity of the membrane is 0.8 mmol g−1 and its 127 

thickness is 0.15–0.17 mm (Weng et al., 2005). Prior to the measurement of the sample, 128 

the membranes were allowed to equilibrate with the same electrolyte solution of the 129 

acceptor. Each pump was connected to 4 DMT cells to have 4 measurements for each 130 

homogenization, in which two cells were connected to acceptor solutions containing 131 

“just K” and two with K, Na, Mg and Ca ("multimetal") (see section 2.1.). 132 

500 mL of wine was used as donor solution while 26 mL of “ just K” or “multimetal” 133 

solution was used as initial acceptor solution. Aliquots of 1mL from the acceptor and 134 

donor solutions were taken at chosen time intervals and diluted 10 times (Gonzalvez et 135 

al., 2008) with a mixture of 1% HNO3 and 0.5% HCl for further total elemental analysis 136 

by ICP-MS.  137 

Voltammetric measurements were carried out with an Eco Chemie Autolab PGSTAT12 138 

or a -Autolab type III potentiostat attached to a Metrohm 663VA Stand and to a 139 

computer by means of the NOVA 1.7 (Eco Chemie) software package. The working 140 

electrode was a Metrohm multimode mercury drop electrode. The smallest drop in our 141 

stand was chosen for AGNES experiments (r0=1.41×10−4 m). The auxiliary electrode 142 

was a glassy carbon electrode and the reference electrode was Ag/AgCl/3 mol L−1 KCl, 143 

encased in a 0.1 mol L−1 KNO3 jacket. A glass jacketed cell thermostated at 25.0 ºC was 144 

used in all measurements. N2 (99.999%) saturated in a hydroalcoholic medium (13% 145 

ethanol) was used for deaeration and blanketing the wine. 146 

A glass combined electrode (Crison 5103) was attached to a Dual Star Orion ion 147 

analyser to control the pH.  148 

 149 

2.3. Procedures 150 

2.3.1. Determination of free metal ion concentrations using DMT  151 

The Donnan Membrane Technique relies on the equilibration between a sample (or 152 

donor solution) and an acceptor solution, separated by a cationic exchange membrane 153 
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blocking the practical permeation of negative species. This equilibration between the 154 

transferable cations means that their electrochemical potential is eventually the same in 155 

the acceptor as in the donor solutions. After simple algebra, the activity of an analyte M 156 

in the donor solution can be computed from the activity of this analyte in the acceptor 157 

and the activities of a reference cation (R): 158 
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where subscripts D and A label the Donor and Acceptor solutions and zj stands for the 160 

charge of the cation j (Temminghoff et al., 2000).  161 

Equation (1) indicates that equilibrium might have not been reached when the activities 162 

of a given cation have a common value in both donor and acceptor solutions. Instead, 163 

both actitivities can differ at equilibrium by the presence of a Donnan factor represented 164 

by the second factor of the right hand side due to the arising of an electric potential 165 

between both solutions. Indeed,  166 
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167 

 corresponds to the Donnan factor for a monovalent cation, so that for a probe cation of 168 

charge zM, its Donnan factor corresponds to the last factor appearing in Eqn. (1). 169 

If the activity coefficients are similar in the donor and acceptor solutions, the free 170 

concentration of M in the donor solution, can be computed from concentrations as:  171 
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               
 (3) 172 

 173 

In practice, to avoid a slow step due to mass transport, the acceptor and donor solutions 174 

are recirculated (by means of a peristaltic pump) until they impinge on the cationic 175 

exchange membrane within a specially designed chamber. For details, see refs (Weng et 176 

al., 2005; Weng et al., 2011).  177 

 178 
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2.3.2. Elemental analysis by ICP-MS 179 

The operating conditions were as follows: RF power 1550 W, carrier gas flow rate 1.01 180 

L min-1, helium collision gas flow rate 4.3 mL min−1, spray chamber temperature 2.0 ºC, 181 

sample depth 10.0 mm, nebulizer pump 0.1 rps, extract lens 1 voltage 0.0 V and extract 182 

lens 2 voltage -195.0 V. For Fe and Zn, the measurement was conducted through 183 

isotope dilution analysis, using the multielemental isotopically-enriched spike solution. 184 

The monitored isotopes were 56Fe and 57Fe for Fe, 63Cu and 65Cu for Cu and 66Zn and 185 

67Zn for Zn. The isotopic ratio is determined from a metal solution with a known 186 

concentration which is prepared from a standard. Once this ratio is established it is 187 

possible to know the concentration of any sample by comparing the isotopic ratios. For 188 

Na, Mg, K and Ca, 23Na, 24Mg, 39K and 44Ca were monitored, respectively, and external 189 

calibration was conducted for the quantification. Compared to the direct mass 190 

measurement, the isotope dilution analysis is less vulnerable to matrix effect in the ICP-191 

MS analysis and more accurate (Centineo et al., 2001; Quetel et al., 2001).  192 

The limit of detection (LOD) of DMT strongly depends on the quantifying technique 193 

used for the total element in the acceptor compartment (Pesavento et al., 2009). For the 194 

ICP-MS configuration used in this work, a LOD of 1 g/L for Zn, 9g/L for Fe, 48 195 

g/L for Ca and 0.3 g/L for Mg has been reported.  196 

 197 

2.3.3. Determination of free Zn concentrations using AGNES  198 

Absence of Gradients and Nernstian Equilibrium Stripping consists of two stages. In the 199 

first stage, the reduced form (Mº) of the analyte (Mz+) is accumulated in a mercury 200 

electrode until a special situation of equilibrium is reached: the concentration profiles 201 

inside and outside the electrode are flat and there is a fix relationship (gain, Y) between 202 

these concentrations: 203 

 
o

1

M
exp º '

M z

zF
Y E E

RT

            
 (4) 204 

where F is the Faraday constant, R is the gas constant, T is the absolute temperature and 205 

E0’ is the standard formal potential. In the case of wine, E1, the deposition potential 206 

corresponding to the desired gain Y, can be computed for the peak potential of a 207 

Differential Pulse Polarogram obtained in the same hydroalcoholic medium via: 208 
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0M
EtOH peak EtOH

EtOH M

ln
2j j

DE RT
E E Y

nF D

æ ö÷çD ÷ç ÷= + + ç ÷ç ÷ç ÷÷çè ø
 (5) 209 

where pre-subscript EtOH indicate the 13.5% ethanolic medium. This equation is the 210 

correct form of eqn. 4 in (Chito et al., 2013) and of eqn. 10 in (Companys et al., 2008), 211 

where an error of transcription led to an undue replacement of by .   212 

The second stage of AGNES quantifies the amount of Mº in the mercury electrode. A 213 

simple derivation (Galceran et al., 2014) leads to a direct proportionality between the 214 

faradaic current and the free Zn concentration in the sample 215 

2+
faradaic 1 ZnI Y      (6) 216 

The proportionality factorcan be found from a calibration. 217 

3. Results and discussion 218 

3.1. Synthetic solutions 219 

In the aqueous synthetic wine (see Section 2.1), two major cationic species containing 220 

Zn can be identified: free Zn2+, and HZnTar+, so that both species could have reached 221 

equilibrium across the DMT membrane. However, the retrieved free Zn2+ concentration 222 

from DMT analysis [Zn2+]DMT= 5.2 ± 0.5 µmol L-1 is consistent with the prediction of 223 

the speciation code VMinteq (Gustafsson, 2010) [Zn2+]VMinteq= 5.35 µmol L-1 (see  Fig 224 

1), assuming that only free Zn2+ species reached equilibrium. Actually, if other positive 225 

or neutral Zn species (e.g. HZnTar+ or ZnTar) had also reached equilibrium, the total Zn 226 

concentration measured in the acceptor would have increased by more than 30% (see 227 

table SI-1,  with the predicted species distribution). The preferential "filtering" of just 228 

the free divalent cations can be justified considering the membrane as an extra phase 229 

domain (which we will label with the subscript "membrane") so that 3 phases are 230 

present in the system: donor, membrane and acceptor. Applying the Donnan equilibrium 231 

conditions at the donor/membrane interphase, a Boltzmann (or partitioning) factor 232 

≈35 appears for a monovalent cation, following from the application of (Puy et al., 233 

2014; Temminghoff et al., 2000) 234 

exp arcsinh
2I

         
 (7) 235 

0M
D w M
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considering an estimated =-3.5 mol L-1 charge density of the membrane phase and a 236 

ionic strength of the background electrolyte I=0.1M NaNO3. This factor indicates that 237 

the equilibrium concentration of a monovalent cation at the membrane/donor interface 238 

in the membrane side is 35 times its concentration at the donor side. A rough model for 239 

the (initial) ratio of fluxes of Zn-containing species can consider the initial 240 

concentrations in donor and acceptor solutions with a steady-state profile stablished 241 

inside the membrane for each Zn species (see schematic diagram in Fig SI-1). So, for a 242 

concentration ratio of 12.3 (in solution, as predicted by VMINTEQ, see Table SI-1) 243 

between Zn2+ and ZnHTar+, the same ratio of concentrations in the cation exchange 244 

membrane (at the interface with the donor solution) becomes: 245 

2+ 2+ 2

membrane solution
+ +

membrane solution

Zn Zn 35
12.3 35 432

ZnHTar ZnHTar 35

          
       

 (8) 246 

For the concentrations in this synthetic solution, even assuming a common diffusion 247 

coefficient for these two species, the initial flux across the membrane of ZnHTar+ will 248 

be 432 times smaller than that of Zn2+ assuming zero concentration at the 249 

acceptor/membrane interface. Similarly, the ratio of Zn2+ to the neutral species ZnTar is 250 

1.87 in the solution, and the flux of Zn2+ is 2289 times that of the neutral species. In 251 

addition, the absence of tartrate in the initial acceptor solution will lead to dissociation 252 

of HZnTar+ or ZnTar once they enter the acceptor, further slowing down the 253 

equilibration of these species (while favouring the attainment of the equilibrium for free 254 

Zn). 255 

Measurements in the ethanolic medium required longer equilibration times (Fig 2) than 256 

in aqueous medium. This longer equilibration time might be related to a slower 257 

permeation process in the membrane. Comparison with the expected VMINTEQ 258 

concentrations (shown in Fig 2) serves just as a guideline, given that VMINTEQ does 259 

not take into account the presence of ethanol. At equilibrium, the free Zn concentration 260 

measured with AGNES (at two gains, each with 2 different deposition times: Y=11.4, 261 

t1=75s and t1=100 s; Y=22.74, t1=150s and t1=200s) resulted in [Zn2+]AGNES= 6.50 ± 0.10 262 

µmol L-1, which agrees (within the experimental error) with [Zn2+]DMT= 7.3 ± 0.7 µmol 263 

L-1. 264 

3.2. Analysis of real wine 265 
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To compute the free concentration with eqn. (3), one needs to identify a suitable 266 

reference cation. In the following, several candidates are considered, starting with K, a 267 

typical choice. 268 

The total concentration of K in the acceptor of the replicates with initially "just K" in 269 

the acceptor experienced a clear decrease, while no such a change in the "multimetal" 270 

acceptors was observed (Fig 3). To explain this change in the "just K" acceptor, one 271 

starts by noticing that the concentrations of the rest of principal cations (Ca, Mg and 272 

Na) can only increase in the acceptor due to their initial absence in the acceptor and 273 

their trend towards equilibration close to the concentrations of those cations in the donor 274 

(see Fig SI-2). Thus, the required transference of Ca, Mg and Na from donor to acceptor 275 

has to be compensated with transference of K from the acceptor to the donor in order to 276 

keep electroneutrality. We conclude that K can be used as reference cation in the 277 

"multimetal" acceptor configuration, but the "just K" configuration might be unreliable 278 

(due to the requirement of longer time to reach true equilibrium of all species). Indeed, 279 

in these experiments of “just K”, the concentrations of Mg, Ca and Na in the acceptor at 280 

200 h are still increasing (see Fig SI-2). Notice that, in general (see Figs 3-5), the found 281 

equilibration times are even slightly longer than those needed for synthetic alcoholic 282 

wine.  283 

 284 

Na concentration remains stable in the "multimetal" acceptor (see Fig 4). This indicates 285 

that its free concentration in the acceptor is very close to the free concentration in the 286 

donor solution, and both solutions have similar ionic strength. So, Na can also be used 287 

as reference cation in this case.  288 

At 216 hours D D

A A

Na

Na

 

 

      
      

K

K
 in "multimetal", but not in "just K" acceptors. This 289 

equality confirms the attainment of equilibrium for K+ and Na+ in "multimetal” 290 

conditions. 291 

Ca and Mg concentrations decrease with elapsing time in the "multimetal" acceptor (Fig 292 

4). This could be due to the fact that these divalent cations are relevantly complexed in 293 

the wine (and not just free), so the free concentration in the acceptor is initially higher 294 

than in the donor, so that some transference of Ca and Mg to the donor is needed for 295 
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equilibration. Because of the much larger volume of the donor, the change in the 296 

composition of the wine is negligible. Due to the significant difference between the total 297 

and free concentration of Ca or Mg in the donor (of the order of the drop from the initial 298 

to equilibrium concentrations seen in Fig 4), none of them can be safely used as 299 

reference cation. 300 

The evolution of the trace analytes in the acceptor can be considered to have reached 301 

equilibrium also around 200 h (see Figs 5 and SI-3). The application of equation (3) 302 

directly with the average values of the ICP-MS concentrations for times longer than 150 303 

h leads to results in Table 1. According to what has been said up to now, the safer [Zn2+] 304 

is the one obtained in “multimetal” acceptors when taking K (or Na) as the reference 305 

cations. The average of these eight data (considering the 2 replicates at each 306 

homogenization) is 1.76 ± 0.07 mol L-1 which is in excellent agreement with the 307 

totally independent AGNES technique that yielded 1.7 ± 0.2 mol L-1. Reported free Zn 308 

concentrations in similar red wines (with AGNES) were within the same order of 309 

magnitude: 0.45 mol L-1 (Companys et al., 2008) and 1.49 mol L-1 (Chito et al., 310 

2013). Computations of [Zn2+] with equation (3) when using either Ca or Mg as 311 

reference ion (see table 1) are clear overestimations, though by a factor not larger than 312 

2.5 (i.e. the order of magnitude is correct). The use of "just K" acceptors (with Ca, Mg 313 

and Na away from equilibrium) produced either around 20% underestimation (acceptors 314 

homogenization 1), or around 8% overestimation (acceptors homogenization 2). 315 

For Fe, we assume that the relevant oxidation form is its trivalent state given that the 316 

acceptor solution and the wine are in contact with the atmosphere. Similar reasonings 317 

(on the various acceptor solutions) to those expound for Zn apply also to Fe(III). The 318 

average of the most reliable data (those with K and Na as reference ion in equilibrated 319 

“multimetal” acceptors) is 1.79±0.08 mol L-1, which represents an 8.82% of free 320 

Fe(III) with respect to the total Fe content in the wine. Comparison with previous works 321 

(Ajlec and Stupar, 1989; Costa and Araujo, 2001; Pyrzynska, 2007) is hindered by the 322 

fact that there the speciation is considered between total Fe(II) and Fe(III) without 323 

distinguishing free and complexed fractions of each oxidation state.  Some Fe(II) 324 

(Danilewicz, 2016) might be still present in the wine at the equilibration time. However, 325 

it will be probably mostly preserved in the form of strong complexes rather than free 326 

Fe(II), so that [Fe2+] in the acceptor can be assumed to be negligible in comparison with 327 

[Fe3+] given that the acceptor solution has no compounds able to keep a redox cycle 328 
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while the solution is open to the air. In any case, the current results about Fe (III) have 329 

to be taken as a first rough approximation. 330 

   331 

The free concentrations of Ca and Mg in the wine can also be estimated taking K or Na 332 

as reference ion (see Table 1) in the configuration with “multimetal” acceptor. Their 333 

averages are 1.11± 0.09 mmol L-1 and 3.4± 0.3 mmol L-1, respectively. They represent a 334 

40% of free Ca and 57% of free Mg in wine. The measured percentage of free Ca in this 335 

wine is in the range  from 33 to 64% of ionised Ca found by Cardwell et al. (1991) 336 

using an ion selective electrode in different kind of wines.  337 

In this work, the Cu free concentrations could not be accurately determined.  The data 338 

indicate a level around 0.10 mol L-1. This concentration represents a 0.71% of the total 339 

Cu, lower than the free copper range of 3.3–31% reported in Wiese and Schwedt 340 

(1997). However, the lack of a clear stabilization of the acceptor Cu concentration leads 341 

us to point it just as a very rough estimation. Future work could be devoted to tackle Cu 342 

speciation in wine using DMT technique. 343 

4. Conclusions 344 

DMT measurement of cations in complex matrices, such as wine, would benefit from an 345 

iterative procedure where, in successive experiments, the acceptor composition of the 346 

non-analyte ions (or even of the analytes) approached the composition of the free ions in 347 

the sample. However, for practical reasons it might be simpler to endure longer 348 

equilibration times (rather than prepare and equilibrate the acceptors with closer 349 

compositions) once certain proximity to the ideal initial configuration is obtained.  350 

Faster designs of DMT are needed to tackle some complex media (as wine and other 351 

food matrices). Even if, currently, there are relatively long equilibration times, DMT 352 

gives access to the key information of the free ion concentration, which is a rigorously 353 

defined physicochemical quantity (in contrast to many operationally defined ones). This 354 

method is different and complementary to those currently prescribed in international 355 

wine legislation (e.g. the International Organisation of Vine (OIV) or European Union), 356 

which relies just on total metal concentrations.  357 
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Figures	484 

 485 

	486 

 487 

 488 

Figure	1.	Evolution	of	total	Zn	concentrations	with	time	in	the	donor	(pink	squares)	and	489 
the	acceptor	solutions	(blue	circles)	for	the	synthetic	solution	in	aqueous	medium.	The	490 
orange	dashed	line	stands	for	the	free	zinc	concentration	in	the	donor	solution	predicted	491 
by	VMinteq	considering	the	measured	total	Zn	concentration	at	equilibrium	(cT,Zn=	9.64	492 
µmol	L‐1).	The	green	dotted	line	stands	for	the	sum	of	free	zinc	and	the	positive	complexes	493 
and	the	purple	dotted‐dashed	line	for	the	sum	of	free	zinc	and	the	neutral	complexes.	494 
Other	conditions	for	donor:	cT,KHTar=	0.011	mol	L‐1	pH=3.422	.	Initial	conditions	for	495 
acceptor:	cT,NaNO3	=	0.1	mol	L‐1,	cT,KNO3=	0.011	mol	L‐1,	pH=3.422.The	error	bars	represent	496 
the	standard	deviation	(n=3).	497 

  498 

0

2

4

6

8

10

12

14

0 10 20 30 40 50 60 70 80 90 100

c T
,Z

n
/ µ

m
o

l L
-1

t /h

DONOR

ACCEPTOR



   18 

 499 

 500 

 501 

  502 

 503 

Figure	2.	Evolution	of	total	Zn	concentrations	with	time	in	the	donor	(pink	squares)	and	504 
the	acceptor	solutions	(blue	circles)of	the	synthetic	solution	in	ethanolic	medium.	The	505 
orange	dashed	line	stands	for	the	free	zinc	concentration	predicted	in	the	Donor	by	506 
Vminteq	–if	the	solution	was	aqueous‐	considering	the	measured	total	Zn	concentration	507 
(cT,Zn=	11.5µmol	L‐1).	The	green	dotted	line	for	the	sum	of	free	zinc	and	the	positive	508 
complexes	and	the	purple	dotted‐dashed	line	for	the	sum	of	free	zinc	and	the	neutral	509 
complexes.	The	red	diamond	marker	corresponds	to	AGNES	data.	Other	conditions	for	510 
donor:		cT,KHTar=	0.011	mol	L‐1,	13.5%	ethanol,	pH=3.422.	Initial	conditions	for	acceptor:	511 
cT,NaNO3	=	0.1	mol	L‐1,	cT,KNO3=	0.011	mol	L‐1,	pH=3.422	The	error	bars	represent	the	512 
standard	deviation	(n=4).	513 
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 515 

 516 

 517 

 518 

Figure	3.	Plot	of	total	concentration	of	K	versus	time	in	the	acceptor	for	the	four	replicates	519 
of	homogenization	1	(full	markers)	and	homogenization	2	(empty	markers)	of	wine.	520 
Orange	triangle	markers	correspond	to	the	acceptor	solutions	with	just	K	and	blue	squares	521 
with	K,	Na,	Mg	and	Ca	("multimetal").	The	error	bars	represent	the	standard	deviation	522 
(n=2).	523 
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 524 

Figure	4.	Plot	of	the	total	concentration	of	a	metal	M	(such	as	K,	Na,	Mg	and	Ca)	versus	time	525 
in	the	acceptors	for	the	four	replicates	of	homogenization	1	(full	markers)	and	526 
homogenization	2	(empty	markers)	of	wine.	The	red	diamond	markers	correspond	to	Na,	527 
green	triangle	markers	to	Mg	and	grey	square	markers	to	Ca.	The	error	bars	represent	the	528 
standard	deviation	(n=2).	529 
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 534 

Figure	5.	Plot	of	the	total	concentration	of	Zn	versus	time	in	the	acceptors	of	535 
homogenization	1	(full	markers)	and	homogenization	2	(empty	markers)	of	wine.	The	blue	536 
circle	markers	correspond	to	“multimetal”	acceptors	and	the	green	triangle	markers	to	537 
”just	K”	ones.	Initial	conditions	in	the	acceptor:	pH=3.422.	The	error	bars	represent	the	538 
standard	deviation	(n=2).	539 
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Tables	542 

 543 

Table	1.	Free	Zn2+,	Fe3+,	Ca2+	and	Mg2+	concentrations	determined	in	the	Raimat	wine	after	544 
the	application	of	the	correction	equation(3).	n=2	replicates.		Bold	figures	indicate	reliable	545 
determinations. 546 

Acceptor/Sample    Reference 
ion 

[Zn2+] 

/µmol L-1 

[Fe3+] 

/µmol L-1 

[Ca2+] 

/mmol L-1 

[Mg2+] 

/mmol L-1 

Acceptor "just K" 
homogenization 1 

K 1.35±0.06 2.8±0.2 0.49±0.05 1.65±0.08 

Acceptor 
"multimetal" 
homogenization 1 

K 1.78±0.05 1.81±0.09 1.2±0.2 3.7±0.2 
Na 1.70±0.03 1.69±0.06 1.11±0.04 3.2±0.1 
Mg 2.54±0.02 3.09±0.06   
Ca 3.39±0.07 4.8±0.2   

Acceptor "just K" 
homogenization 2 

K 2.1±0.1 3.4±0.2 0.80±0.04 2.57±0.09 

Acceptor 
"multimetal" 
homogenization 2 

K 1.81±0.09 1.86±0.05 1.04±0.07 3.3±0.2 
Na 1.8±0.1 1.81±0.06 1.08±0.04 3.4±0.1 
Mg 2.9±0.3 3.7±0.3   
Ca 4.1±0.4 6.4±0.5   

 547 

 548 
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 11 

Figure SI-1. Schematic representation of the concentration profiles of Zn2+ and Zn-12 

Tar+(aq) for a very rough model to justify the large difference between fluxes across the 13 

membrane according to charge of the transported species.   14 
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 16 

Figure	SI‐2.	Plot	of	cT,M	vs	t	in	the	acceptor	(with	“just	K”)	for	the	four	replicates	of	17 
homogenization	1	(full	markers)	and	homogenization	2	(empty	markers)	of	wine.	The	red	18 
diamond	markers	correspond	to	Na,	green	triangle	markers	to	Mg	and	grey	square	19 
markers	to	Ca.		Initial	conditions	in	the	acceptor:	cT,K=33.1	mmol	L‐1,	pH=3.422		20 
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 23 

Figure	SI‐3.	Plot	of	the	total	concentration	of	Fe	vs	t	in	the	acceptor	of	homogenization	1	24 
(full	markers)	and	homogenization	2	(empty	markers)	of	wine.	The	blue	triangle	markers	25 
correspond	to	“multimetal”	acceptors	and	green	square	markers	to	”just	K”	ones.	Initial	26 
conditions	in	the	acceptor:	pH=3.422.		27 
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Table SI-1. Concentration and % Zn of selected species (free Zn and main neutral and 29 
positive species) predicted by VMinteq for the aqueous synthetic wine 30 

Specie Concentration 

/mol L-1 

% Zn 

Zn2+ 5.35×10-6 55.5 

Zn-Tartrate (aq) 2.86×10-6 29.7 

Zn-(Tartrate)2
2- 5.13×10-7 5.3 

ZnNO3
+ 4.77×10-7 4.9 

ZnH-Tartrate+ 4.33×10-7 4.5 

 31 


