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Abstract  11 

Temperature effects on metal speciation dynamics were studied using Stripping 12 

Chronopotentiometry at Scanned deposition Potential (SSCP). The temporal and spatial scales 13 

of this study are respectively O(10-1s) and O(10-5M), characteristics of the thin mercury film 14 

rotating disk, used as working electrode. The lability degree and the association rate constant 15 

were evaluated in the temperature interval of 15 to 40°C for a significantly non-labile system, 16 

cadmium binding by nitrilotriacetic acid, and a quasi-labile system, lead binding by 17 

iminodiacetic acid. The results for both systems reveal that the lability of the metal complex 18 

significantly increases with temperature. This lability gain results from the thermal 19 

augmentation of the association rate constant and the broadening of the diffusion layer 20 

thickness. 21 

An evaluation of the metal calibration methodology for SSCP at different temperatures was 22 

conducted. It was found that although the variation of diffusion layer thickness can be 23 

correctly predicted, changes in standard reduction potential of the metals cannot, thus a 24 

calibration must be performed for each temperature studied.  25 

This work constitutes a first step toward the comprehension of the effect of temperature on 26 

metal chemodynamics.  27 
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Introduction  34 

Temperature is a key parameter in electrochemical experiments since it directly affects both 35 

the thermodynamics and kinetics of the chemical reactions and the transport of the species 36 

from the bulk to the electrode surface. 37 

Thermoelectrochemistry is the branch of electrochemistry that focuses on the variation of the 38 

temperature as an independent variable. The increase of temperature is obtained by various 39 

means, either directly (heating the working electrode) or indirectly (using microwaves to heat 40 

the solution) and the experiments can be performed isothermally or non-isothermally.[1] One 41 

interesting analytical aspect is that due to the increased mass transport at high-temperatures 42 

higher current signals are obtained, hence lower detection limits.[2]  43 

Unfortunately there are very few metal chemodynamics or even metal speciation studies at 44 

different temperatures although they are certainly significant as demonstrated recently by 45 

Hassler et al [3] in the study of iron speciation in seawater at 4°C.  46 

For metal speciation studies the common practice is to work at constant temperature, usually 47 

by thermostating the working solution, nevertheless there are some situations where this is not 48 

possible, for example, during on-site studies in environmental waters ranging from almost 49 

freezing conditions in cold climates to warm waters in tropical regions.  50 

In other situations the objective is to examine the effect of temperature, like in the case of the 51 

studies of metal interactions with thermoresponsive polymer nanoparticles in which we are 52 

especially interested. In recent years there has been an increasing interest in these particles 53 

due to their ability to change their properties, such as dimension, structure, interactions, or 54 

aggregation state, in response to external stimuli (temperature, pH, pressure, ionic strength, 55 

etc.). [4,5]  56 

Chemodynamic modeling requires both the knowledge of thermodynamic equilibrium 57 

parameters and the kinetics of the interconversion of metal complex species. Stripping 58 

electroanalytical techniques, like Stripping Chronopotentiometry at Scanned deposition 59 
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Potential (SSCP) are able to provide thermodynamic and kinetic information at the very low 60 

concentration levels of metals concentrations in environmental samples. [6,7] Effectively the 61 

signal of the stripping electroanalytical techniques is determined by the diffusion and/or 62 

kinetic fluxes of the various metal species in solution, both depending on the time-scale of the 63 

technique and on the intrinsic characteristics of the complexing species. 64 

The main scientific question of this study concerns the effect of temperature on metal 65 

complex lability, especially due to the different influence of temperature on some key 66 

parameters. For example the thickness of the reaction layer is affected by the ratio of the 67 

diffusion coefficient and the association rate constant of the metal, which both increase with 68 

temperature 69 

Additionally there is a methodological question regarding the possibility of performing the 70 

calibration at only one temperature followed by complexation studies at different 71 

temperatures. This will depend on our ability to predict both the variations of diffusion 72 

coefficients (DM) and standard potential of reduction and amalgamation of the metal species 73 

E°(Mn+/M(Hg)) at different temperatures. 74 

 75 

Theory  76 

The theoretical basis for stripping chronopotentiometry (SCP), and its use in SSCP are well 77 

established.[6,7] In this work we are using a thin mercury film electrode (TMFE) assembled 78 

in a rotating disk electrode that has been thoroughly characterized for SSCP experiments.[8] 79 

The principles and key equations relevant for the present work, including the temperature 80 

effects, are briefly recalled here.   81 

Metal ions in absence of ligand: SCP limiting current 82 

In stripping chronopotentiometry the number of moles reduced during the deposition step 83 

equals the number of moles reoxidized during the stripping step. The limiting transition time (84 

*

M in s) given by: 85 
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* *

M d d sI t I                (1) 86 

where td (s) is the deposition time, Is (A) the stripping current and d
*I  (A) is the limiting value 87 

of the deposition current. 88 

d
*I  which by definition is obtained for deposition potentials (Ed) that are sufficiently negative, 89 

so that the concentration of metal ions at the electrode surface approaches zero ( 0
Mc  → 0), is 90 

given by: 91 

 d M M M
* *I nFAD c                                (2) 92 

where M
*c  (mol.m-3) is the metal concentration in the bulk solution, A is the electrode surface 93 

area (m²), DM is the diffusion coefficient of the metal ion (m².s-1), n is the number of electrons 94 

involved in the reduction, F (C.mol-1) is the Faraday constant and δM (m) is the diffusion layer 95 

thickness. For the rotating disk electrode (RDE) the thickness of the diffusion layer is 96 

expressed by [9]: 97 

1/3 1/ 2 1/ 6
M M = 1.61D  

                                                    (3)  98 

where ω (s-1) is the angular speed rotation for the RDE (ω =2πvrot, where vrot is the speed of 99 

rotation) and υ is the kinematic viscosity of the solution (m².s-1).  100 

The variation of the diffusion coefficient of the metal with temperature follows 101 

Stokes-Einstein equation given by [10]: 102 

𝐷M = 𝑘B𝑇 6𝜋𝜂𝑟h⁄              (4) 103 

where kB (J.K-1) is the Boltzmann constant, rh (m) is the hydrodynamic radius of the diffusion 104 

species, T (K) is the temperature and  (Pa.s) is the absolute viscosity of the solution, given in 105 

table 1. The variation of viscosity (absolute and kinematic) with temperature was obtained 106 

from NIST recommended values.[11] 107 

The thermal expansion of mercury in the range of temperatures used (288 to 318 K) is 108 

found negligible since it follows the respective variation in density which is –0.54%.[12] 109 
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Similarly the bulk concentration of metal will be affected by the thermal expansion of water, 110 

for which the water density variation is 0.63% (from 288 to 318 K).[13] Both these volume 111 

variations are well below the experimental error of these experiments, so that both the 112 

mercury electrode area and volume and the metal concentration are assumed to remain 113 

constant within the range of temperatures tested. 114 

From eqs 2, 3 and 4 it can be seen that the limiting current depends directly on the 115 

temperature through the diffusion coefficient and indirectly through the diffusion layer M 116 

dependence on the kinematic viscosity  117 

Metal ions in absence of ligand: SSCP half-wave potential 118 

The SSCP general equation that describes the relationship between τ and Ed is [7]: 119 

   d d s d d
* 1 expI I t                                    (5)  120 

where   (s) is the transition time,  d (s) is the characteristic time constant for the deposition 121 

process, which for a TMFE is defined by:  122 

 d M MV AD                                                               (6) 123 

For a TMFE, the volume of the electrode (V in m3) can be estimated from the charge for 124 

reoxidation of the film (QHg  in C) using Faraday’s law and the mercury density: 125 

 
, / 2w Hg Hg HgV M Q Fd  

                                  (7) 126 

The parameter θ is the ratio of the surface concentrations ( 0
0 0
M M

c c  ) for the 127 

reversible electron transfer reaction, 0M e Mn n   . At a given deposition potential Ed, this 128 

parameter is calculated using the following Nernst type equation:  129 

θ = exp(nF(Ed  E0’)/RT)                                                   (8)  130 

where, R (J.mol-1.K-1) the gas constant and E0’ (V) is a parameter related to the standard 131 

potential of reduction for the amalgamation reaction relative to the reference electrode used 132 

and the ionic strength of the solution. In SSCP the usual potential parameter is the half-wave 133 
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potential (E1/2) which is a function of E0
Mn+/M(Hg), temperature, ionic strength, diffusion 134 

coefficients of the metal amalgamated and in solution, potential of the reference electrode 135 

used and the volume of the electrode, V. The standard potential of amalgam electrodes in 136 

aqueous solutions, their temperature coefficients and the activity coefficients of metals in 137 

mercury have been reviewed by Mussini et al.[14] 138 

The general scheme of a metal amalgam electrode reaction is: 139 

𝑀𝑧+ + 𝐻𝑔 + 𝑧𝑒− = {𝑀 − 𝐻𝑔}         (9) 140 

and for a TMFE, the simplified version of the equation for the metal amalgamation reduction 141 

half-wave potential versus the Ag/AgCl reference electrode can be written as: 142 

𝐸1/2,𝑀 = 𝐸𝑀/{𝑀−𝐻𝑔}
0 +

𝑅𝑇

𝑛𝐹
𝑙𝑛

𝑓𝑀

𝑓{𝑀−𝐻𝑔}
+

𝑅𝑇

𝑛𝐹
𝑙𝑛 (

𝐷{𝑀−𝐻𝑔}

𝐷𝑀
)

2/3

− 𝐸𝐴𝑔/𝐴𝑔𝐶𝑙
0     (10) 143 

where f stands for the activity coefficients and D for diffusion coefficients in solution (M) and 144 

in the amalgam (M-Hg). 145 

 The temperature variation of this equation is quite involved since both the activity 146 

coefficients, the diffusion coefficients and the standard potentials are temperature dependent, 147 

nevertheless Mussini et al report a quadratic equation to describe this variation and provide 148 

the parameters necessary to perform the computation for several metals. 149 

 150 

Chemodynamics: the general equation for metal ions in presence of complexing ligands 151 

Metal chemodynamics theory and investigation by electrochemical techniques have 152 

been recently reviewed.[15] Briefly let us consider the case of an electroactive metal ion, M, 153 

that forms an electroinactive complex, ML, with a ligand L,  154 

           kd 155 

M + L  ML                                              (11) 156 

           ka 157 

 ne 158 

M0 159 
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where ka and kd are the association and dissociation rate constants respectively. The system is 160 

dynamic if the rates for the volume reactions are fast on the experimental time scale, t: 161 

'

d a, 1k t k t                                               (12) 162 

Under conditions of ligand excess we can define: 163 

'

a a Lk k c  and  ' '

a d LK k k Kc                                    (13) 164 

where K (L.mol-1) is the stability constant of ML (=𝑐
ML

𝑐
M
𝑐

L
⁄ ) and 𝑐L (=α.cL,T) is the 165 

deprotonated concentration of the ligand species involved in the complexation reaction, where 166 

cL,T is the total ligand concentration and α is the deprotonation factor. 167 

During reduction of M, the overall flux of free M towards the electrode surface is 168 

governed by the coupled diffusion of M and its various complex species, and the kinetics of 169 

their interconversion. The concept of lability quantifies the extent to which the complex 170 

species dissociate to release free M on the timescale of their diffusion towards the electrode 171 

surface.  172 

The steady-state SSCP curve (eq. 5) for dynamic complexes influenced by 173 

homogeneous kinetics was deduced on the basis of the Koutecký-Koryta approximation.[16] 174 

The parameters dI   and τd in presence of small ligands, where the complex as the same 175 

diffusion coefficient as the free metal, are then given by [17]: 176 

 

1

M
d M

M M1 '

µ µ
I nFAc

D K D




 
 

    
         (14) 177 

 
Hg,TMFE M

d

M M1 '

V µ µ

A D K D






 
    

        (15) 178 

where  (m) is the thickness of the reaction layer, representing the zone adjacent to the 179 

electrode surface in which ML can no longer maintain equilibrium with M. In its simplest 180 

form the reaction layer thickness is defined by [18]: 181 

µ =  
1/ 2

'

M aD k          (16) 182 
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Thus dividing the limiting current equation in presence of complexes (eq. 12) by the 183 

limiting current equation in presence of metal alone (eq. 2) yields an equation depending on 184 

K’ and  for non-labile complexes and and K’ for labile complexes. 185 

The variation in half-wave potential in presence and absence of complexing ligands 186 

(Ed,1/2) is determined by the stability of the complexes:  187 

     d,1/2 M+L Mln 1 ' ln         E RT nF K                             (17) 188 

where M+L  (s) is the 𝜏∗ measured in the presence of ligand. The complex stability constant, K, 189 

is obtained from eq.17, the mass balance for the metal and the deprotonated concentration of 190 

ligand (α.cL,T), in all dynamic situations as long as the system remains fully electrochemically 191 

reversible.  192 

Lability criteria  193 

The lability degree 𝜉 is defined as the ratio of the limiting current for dynamic 194 

complexes (which is the experimentally measured current, dI  ), Idyn, and the current for the 195 

same conditions assuming that all complexes are labile, Ilab (i.e. computed using the 196 

experimental parameters of Idyn and imposing in eq. 14 a value of µ of zero.) both corrected 197 

for the free metal contribution, Ifree, as [19]: 198 

𝜉 =
𝐼dyn−𝐼free

𝐼lab−𝐼free
                                    (18) 199 

This lability degree ranges from near 0 for non-labile systems to 1 for fully labile 200 

behaviour and will be strongly dependent on temperature, through both the diffusion 201 

coefficients and the rate constants. The temperature effects on lability can be studied using 202 

SSCP in non-labile systems. 203 

 204 

Material and methods 205 

Reagents and solutions 206 
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All solutions were prepared with ultrapure water (MilliQ). Pb(II) and Cd(II) solutions were 207 

obtained from dilution of a certified standard solution (Fluka).  The ionic strength is set with 208 

NaNO3 (Fluka, trace select). Diluted HNO3 or NaOH solutions (Merck suprapure) were used 209 

to adjust the pH. The buffers MES (2-(N-morpholino)ethanesulfonic acid from Sigma) and 210 

MOPS (3-(N-morpholino)propanesulfonic acid from Sigma) were prepared from the solids. 211 

Stock solutions of the ligands NTA (Nitrilotriacetic acid from Sigma-Aldrich, >99%) and 212 

IDA (Iminodiacetic acid from Fluka, >98%), were prepared from the solids. 213 

Apparatus 214 

An Ecochemie Autolab type III potentiostat controlled by GPES 4.9 software (Ecochemie, 215 

The Netherlands) was used in conjunction with a Metrohm 663VA stand. The auxiliary 216 

electrode was a glassy carbon rod and the reference electrode was an Ag/AgCl electrode. The 217 

working electrode was a thin mercury film electrode (TMFE) plated onto a rotating glassy 218 

carbon (GC) disk of 2 mm diameter (Metrohm). The preparation of TMFE was repeated daily 219 

for each set of experiments. GC electrode was conditioned with a polishing and 220 

electrochemical pre-treatment according to the reported cleaning procedure.[20] The thin 221 

mercury film was plated on the GC electrode ex-situ with a 0.48 mM mercury (II) nitrate in 222 

acidic medium (HNO3 0.75mM, pH 1.9) by electrodeposition at -1.3V for 240s and a rotation 223 

rate of 1000 rpm. After experiments, the TMFE was cleaned by successive mercury 224 

reoxydations in a 80mM thiocyanate ammonium solution buffered with ammonium acetate 225 

(pH 3.4).  226 

Experimental protocol 227 

For the temperature control, a disposable polystyrene cell is placed in a double-walled 228 

container relied to refrigerated-heating circulator. The temperature of the solution is set from 229 

15 to 45°C with an accuracy of ±0.1°C. 230 
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The experimental protocol for calibration measurement at different temperature consists of 231 

preparing a solution made up from 18 ml of pure water, 10 µl of 0.1M HNO3 and the 232 

appropriate amount of 1M NaNO3 to fix the ionic strength at 100mM and leaving the solution 233 

under nitrogen bubbling during a few minutes to remove oxygen; a nitrogen blanket is 234 

maintained between measurements. The metal is then added in the form of Pb(NO3)2 or 235 

Cd(NO3)2. The SSCP calibrations are performed at pH lower than 4 so as to obtain the metal 236 

predominantly in its free form.  237 

For the Cd-NTA and the Pb-IDA analysis, the experiments are performed as follow. After the 238 

metal calibration at a fixed temperature, a given quantity of ligand solution is added to the 239 

solution, together with 200 µL of 0.1M of buffer solution i.e., MOPS (pH 8) or MES (pH 240 

6.5), respectively. A sufficient quantity of NaOH is then added to fix the pH at 8 for Cd/NTA 241 

solution and 6.5 for Pb/IDA solution. SSCP experiments are then performed in the presence 242 

of the ligand in solution.  243 

The SCP experimental parameters are as follows: (i) the deposition step is carried out at the 244 

specified deposition potential Ed for a time, td 45 s for Pb and 90s for Cd, using a rotation rate 245 

of 1500 rpm (ii) a stripping current, Is of 3 µA for Pb and 2 µA for Cd is applied until the 246 

potential reaches a value well past the reoxidation transition plateau. A series of SCP 247 

measurements over a range of deposition potentials, Ed, yields the full SSCP waves that are 248 

essential in the basic kinetic analysis (see theoretical section).  249 

 250 

Results and Discussion 251 

Evaluation of the metal calibration methodology 252 

As the temperature variations affect the calibration procedures, these features need to be 253 

evaluated carefully before we proceed to study complexation dynamics. 254 
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SSCP experiments with metal alone, also called SSCP calibrations, are used to determine 255 

three parameters: the effective electrode area (A), the half-wave potential for the metal 256 

(E1/2,M) and 𝜏M
∗ .  Within the studies regularly performed using SSCP, there are different 257 

methodologies currently employed. When performing titrations with ligand and/or metal 258 

concentration variation, at fixed pH, ionic strength and temperature, the calibrations are 259 

usually made under the same conditions as those for the titration. In studies with pH variation, 260 

the calibrations are done at low pH and the results extrapolated to different pH values.[21] On 261 

the other hand for studies at different ionic strengths (constant pH and temperature) it is 262 

necessary to perform a calibration per ionic strength.[22] 263 

The first parameter obtained from the calibration is the effective electrode area. From a 264 

theoretical point of view the thin film electrode area should be equal to the geometrical area 265 

of the electrode; nevertheless these electrodes are not truly a film but rather an ensemble of 266 

mercury microdroplets. The effective area is thus determined from equations (2), (3) and (4) 267 

providing that the metal concentration is rigorously known.  268 

When the temperature changes it can be seen that the limiting current (eq. 2) will also vary 269 

through the temperature dependence of the diffusion coefficient (eq. 4) and the kinematic 270 

viscosity dependence of the thickness of the diffusion layer δM (eq.3).  271 

In our work the electrode area should remain constant since the thermal expansion of mercury 272 

is negligible in this range of temperatures. Figure 1 shows that for both Cd2+ and Pb2+ ions the 273 

computed effective area is constant within the experimental error for the temperature range 274 

investigated. This effective area was obtained using eq.2 with the values of the diffusion 275 

coefficient (Table 1) and adjusting the thickness of the diffusion layer δM for the respective 276 

kinematic viscosity at each temperature (Table 1). Thus for purposes of calibration the 277 

effective area, the limiting current (i.e. the plateau value of the SSCP curve) can be measured 278 

at a given temperature and extrapolated to other temperatures of interest, providing that both 279 

the kinematic viscosity and the diffusion coefficient are corrected for each temperature. 280 
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For the case of interest the influence of temperature in the potential shift variation, E1/2,M is 281 

comprised in equation 10. Still the logarithmic nature of the equation and the number of 282 

parameters involved imply that the estimated values are affected by a large error. Then again 283 

the computation of E1/2,M (eq. 17) needs an accurate determination of the mercury electrode 284 

volume, V, for which the reoxidation charge measure normally used is insufficiently precise. 285 

Thus, for this type of electrode an absolute value of E0
M/M-Hg is quite difficult to obtain with a 286 

good accuracy, consequently it is necessary to calibrate the system for each individual 287 

temperature. 288 

Thermodynamic parameters for the Cd(II)-nitrilotriacetate and Pb(II)-iminodiacetate systems 289 

In this section, we seek to evaluate the robustness of the stripping techniques for the 290 

investigation of the temperature dependence of the metal stability constant in presence of 291 

small ligands. In the first place, the K parameter describing metal complexation are 292 

investigated in the temperature range of 15 to 40°C.  Figure 2 depicts the evolution with 293 

temperature of the stability constant (log K) of the cadmium complex species in presence of 294 

NTA. Values of K are calculated according to the equation (17) with 
d,1/2E  and M+L M    295 

determined from the analysis of the SSCP curves. On the basis of the van’t Hoff relationship 296 

(
dln𝐾

d𝑇
=

∆𝐻0

𝑅𝑇2
  with ∆𝐻0 being the standard enthalpy of reaction), the expected temperature 297 

dependence of the stability constant is also reported.  These data are obtained by using the 298 

stability constant at 20°C (log K = 9.83 at 0.1M ionic strength) and the enthalpy of the 299 

formation of a 1:1 complex ∆𝐻0=-3.97 kcal/mol collected from the literature. [23] The results 300 

presented in figure 2, demonstrate that SSCP results are in good agreement with the 301 

theoretical prediction. For Pb-IDA (not shown here), there is also a good consistency between 302 

the experimental log K value of 7.8±0.1 at 20°C and the literature value of 7.45 (at 20°C, in 303 

0.1M KNO3). [24] Nevertheless, we note that since the experimental error is of the same order 304 

of magnitude as the expected variation of the log K in the range of temperature 15 to 40°C, 305 
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SSCP technique is not sufficiently precise to provide a proper evaluation of the temperature 306 

dependence of the stability constant.  307 

 308 

Dynamic metal complexes: Cd(II)-nitrilotriacetate and Pb(II)-iminodiacetate 309 

Temperature effects on the lability criteria 310 

To tackle the temperature effect on the lability of a metal complex system, we will consider in 311 

this study the simple case of the metal binding with a small molecular ligand where 𝐷M ≅312 

𝐷ML. In such situation, the metal complex formation is solely controlled by the chemical 313 

kinetics at the complexing sites.  314 

The values of the lability degree 𝜉 were experimentally determined (eq.18) for the Cd binding 315 

with NTA and the Pb binding with IDA (figure 3 (a) and (b)). As expected [25], the Cd-NTA 316 

system shows a non-labile behaviour considering the experimental degree of lability lower 317 

than 0.1 whereas the Pb-IDA complex displays a quasi-labile behaviour with 𝜉 values ranging 318 

from 0.6 to 0.8. The figures reveal that, for both Cd and Pb species, the lability degree 319 

increases with temperature, particularly significant for Cd complexes with NTA from 15 to 320 

40°C (3 fold increase).  321 

 At first this result might appear counterintuitive due to the increase in the stability constant, 322 

K with temperature T (see Figure 2) but then again the lability degree is a comparison 323 

between currents, i.e. fluxes, thus dependent also on the kinetic and transport properties, 324 

namely the thickness of the reaction layer, (𝜇, experimental value from eq.16) and diffusion 325 

layer, (δM obtained from eq.3 and 4) . From the insets of Figure 3 it is evident that increasing 326 

the temperature provokes a significant increase of δM  of ca. 1500 nm, while simultaneously µ 327 

becomes smaller due to the increase of the association rate constant (eq. 16). 328 

From equation 14 it can be seen that a fully labile system occurs when 𝜇 is much smaller than 329 

δM. Therefore the kinetic and transport properties variation with temperature (decreasing 𝜇 330 

and increasing δM) clearly overcomes the effect of the increased stability constant. 331 
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Variation of  ka with temperature 332 

The change of the association rate constant, log 𝑘a (computed using eq. 16 and the 333 

experimental value of µ) with the temperature for the Cd-NTA and the Pb-IDA systems is 334 

depicted in figure 4. For these type of ligands the exact determination of 𝑘a is difficult due to 335 

the influence of the protonated forms of the ligand in the overall metal complexation kinetics 336 

as explained by Town et al.[26] The different possible reactive pathways imply that in our 337 

study the estimated 𝑘a is an effective rate constant weighted by the respective kinetic rate 338 

formation of the various complex species. For the outer-sphere complex formation with the 339 

Cd2+ ions at pH 8, two possible routes can be considered with the formation of {CdNTA}− 340 

and {CdHNTA} species. Therefore, the experimental values should be compared to the 341 

calculated association rate constant accounting for the dehydration rate constant 𝑘w from [27] 342 

and the parameter 𝑧M𝑧L i.e. the product of the effective charge of the metal and that of the 343 

ligand, equals to -6 or -4. For the same reasons, the theoretical association rate constant are 344 

reported for the Pb-IDA system with 𝑧M𝑧L=-4 and -2 corresponding to the formation of the 345 

outer-sphere complexes of {PbIDA} and {PbHIDA}+, respectively. For the two studied 346 

systems, the experimental values of 𝑘a at 298 K are comprised between the two theoretical 347 

values, underlying the simultaneous formation of the deprotonated and protonated outer-348 

sphere complexes. To understand the temperature dependence of the association constant 349 

kinetics, it is necessary to account for the Eigen-Fuoss mechanism describing the metal 350 

complex formation. Considering that the stability constant of the outer-sphere complex Kos is 351 

mainly dependent of the charge of the reacting species and the ionic strength of the medium, 352 

this parameter is not significantly affected by the variation of temperature, at least for that 353 

probed in our study. Roughly half of the experimentally observed increase of 𝑘a results from 354 

the changes in deprotonation ratio of the ligands (α) with temperature while the rest is likely 355 

originated from the variation in the dehydration rate constant 𝑘w. However, to our best 356 

knowledge, there are no literature reports on the 𝑘w values as a function of the temperature. 357 
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According to our results, we hypothesis that the observed increase in 𝑘w i.e. the release of the 358 

water molecule from the inner coordination shell is facilitated at higher temperature. 359 

Although the computation of the dissociation rate constant, kd, is possible using the 360 

experimental K’ and ka nevertheless the error associated with the obtained values is too large 361 

to allow a meaningful discussion. We can observe that the parameter K increases less with 362 

temperature as compared with ka indicating that kd should also be increasing with temperature. 363 

 364 

Conclusions  365 

The experimental methodology used for the SSCP calibrations was investigated and it was 366 

found that for thin mercury film electrodes, it is necessary to calibrate the system for each 367 

individual temperature due to the difficulties to predict the shift in the standard potential 368 

E0
M/M-Hg caused by the temperature change. 369 

This study demonstrates that increasing the temperature induces a significant increase of 370 

lability of the small metal complex species. This lability variation results from two 371 

concomitant processes: (i) the expansion of the thickness of the diffusion layer, due to the 372 

increase of diffusion coefficients and decrease of solution viscosity with temperature (ii) the 373 

decrease of the reaction layer thickness arising from the augmentation of the association rate 374 

constant. 375 

With the small complexes studied here the association rate constant follows a simple Eigen 376 

mechanism, while complexation of metal with colloidal ligands generally results from the 377 

coupling of the diffusive transport of free-metal ions M and the kinetics of ML complex 378 

formation/dissociation within the reactive component of the particle. The kinetic and the mass 379 

transport contributions in the association step generally depend on the electrostatic potential, 380 

the size, the hydrodynamic and complexation properties of the colloidal dispersions.[28,29] 381 
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Therefore studying temperature effects on metal binding with colloidal ligands is an 382 

interesting challenge that might reveal quite a different behaviour compared to the small 383 

complexes.  384 

 385 
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Table 475 
 476 

 477 

 478 

 479 

 480 

 481 

 482 

 483 

 484 

 485 

 486 

Table 1: Temperature dependence of the absolute viscosity of water (from Kestin et al. [11]) 487 

and the diffusion coefficients for Cd2+ and Pb2+ ions as determined by eq. 4 using the 488 

reference values (a) and (b) from [30] and [31], respectively. 489 

  490 

Temperature (°C) 15 20 25 30 35 40 45 

Absolute viscosity (µPa.s) 1138 1002 889 796 718 652 595 

Diffusion coefficient  

(10-9 x m²/s) 

Cd 5.56 6.37 7.25(a) 8.20 9.23 10.8 11.9 

Pb 6.21 7.13 8.10(b) 9.17 10.3 12.0 13.3 
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Figure captions 491 

Figure 1: Calculated area of the thin film mercury electrode as a function of the temperature. 492 

Each area is determined from the plateau value of the SSCP wave for the Pb and Cd solutions 493 

and the diffusion coefficient of the metals (see eq. 2). The diffusion coefficients of the metal 494 

ions are summarized in the table 1. The inset shows examples of SSCP experimental points 495 

and simulated curves (plain lines) obtained for Pb solution (5x10-7M) and performed at 496 

different temperatures at pH=4 and an ionic strength of 100mM NaNO3.  497 

Figure 2: Estimated logK values corresponding to the formation of the complex Cd with 498 

NTA as a function of the temperature. The experimental values are compared to the van’t 499 

Hoff equation. The total Cd concentration is 2x10-6M and NTA is set to 10-5M, the ionic 500 

strength is fixed to 100 mM NaNO3 and the pH to 8. 501 

Figure 3: Variation of the experimental lability criteria 𝜉 as a function of the temperature for 502 

(a) Cd-NTA and (b) Pb-IDA systems. The ionic strength is fixed to 100mM NaNO3 and the 503 

pH to 8 for Cd and 6 for the Pb solutions. The inset shows the mean diffusion layer thickness 504 

𝛿M (open squares) and the reaction layer 𝜇 (black squares) for each temperature.  505 

Figure 4: Experimental values of the association rate constant of the complex formation as a 506 

function of the temperature for (a) Cd-NTA and (b) Pb-IDA systems. For the Cd-NTA 507 

solution, the total Cd concentration is 2x10-6M and NTA is set to 10-5M, the ionic strength is 508 

fixed to 100mM NaNO3, the pH to 8. For the Pb-IDA solution, the total Pb concentration is 509 

5x10-7M and the IDA concentration is set to 2.6 x 10-3M, the ionic strength is fixed to 100mM 510 

NaNO3, the pH to 6.  511 

  512 



page 21 of 26 

 

Figures 513 
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Figure 2 518 
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 520 

Figure 3 (a) 521 
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  523 

Figure 3 (b) 524 
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 526 

Figure 4 (a)  527 
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Figure 4 (b) 530 
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