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ABSTRACT 

Anodic electrooxidation of iodide in  0.1 mol  L -1  TBAP/ CH2Cl2  was studied  electrochemically  via cyclic voltammetry,  convolution transforms 
voltammetry,   chronoamperometry and chronopotentiometry  techniques at a glassy carbon electrode (GCE)  at various  temperatures ranging from -20  oC to 21 
oC. It was found that at less positive potential triiodide (I-

3) is formed followed by a moderate fast chemical process, while at more positive potential, the triiodide  
is oxidized to iodine (I2 ) followed by another chemical process, i.e EC1EC2 scheme.  The effect of lowering the temperature on the heterogeneous electron transfer 
rate constant and the diffusion coefficient was discussed.  The  relevant chemical and electrochemical parameters of the electrode reaction were determined. The 
accurate  test of the parameters evaluated experimentally was verified  by comparing the experimental  voltammograms with the simulated one.

Keywords:    Convolution transforms  voltammetry, electrochemical parameters, digital simulation , chronoamperometry, chronopotentiometry. 

INTRODUCTION

Iodide can function as an antioxidant as it as reducing species that can 
detoxify reactive oxygen species such as hydrogen peroxide. 1-7 Iodine is an 
essential trace element, playing an important role in mental  development, 
growth, and basic metabolisms.8,9

   Iodide can be used to treat patients with hyperthyroidism due to its ability  
to block the release of thyroid hormone (TH), known as  the Wolff-Chaikoff 
effect, from the thyroid gland.10 At the same time, iodine species belong to 
the toxic elements, especially because of one of its radioactive isotopes, 129 
I, which is weakly absorbed on minerals11 and has a long half-life  (1.7 · 107  
years), making it able to reach the biosphere before decaying to significant 
level.

Iodide-containing ionic liquids12 based on imidazolium cations13,14 have 
been extensively considered as non –volatile substitutes for liquid iodide 
electrolytes in dye-sensitized photo  electrochemical (DSPEC) cells.15  The 
performance of DSPEC cells employing ionic liquid electrolytes is greatly 
influenced by the composition of the  ionic liquid mixtures, their structure and 
properties. It was found16  that addition of iodine  and consequent formation of 
an I - (  = I3

-   redox couple and / or possible polyiodide species  (depending upon 
the iodine concentration) favourable affects ionic conductivity.4,17 

Alkyl  quaternary ammonium halides (AQAH) was used as corrosion 
inhibition of iron in acidic solution.18  The results show that besides the 
concentration, the structure of alkyl groups and the type of halide ions of these 
AQAH inhibitors greatly influence the inhibition efficiency.  

Up till now, nothing concerning the electro-oxidation  behaviour of iodide 
in CH2Cl2 via convolutive voltammetry. Tetrabutylammonium iodide (Figure 
1) was used as a source of iodide has been reported in literature. 

Figure 1

The aim of this study is, firstly, to investigate the electrochemical 
behaviour of iodide in 0.1 mol L -1 TBAP/CH2Cl2 in more detailed via cyclic 
voltammetry, convolution transforms voltammetry, chronoamperometry, 
chronopotentiometry and digital simulation techniques; secondly, to  investigate 
the effect of lowering the temperature on the values of heterogeneous rate 
constant (ks) and diffusion coefficient (D) and  thirdly to propose the  electrode 
reaction pathway of iodide in accord with the experimental results, as well as 
verification of the experimental chemical and electrochemical parameters via 
digital simulation.

Experimental Section
Materials and solutions
Tetrabutylammonium iodide (TBAI) as a source of iodide, 

tetrabutylammonim perchlorate (TBAP) and methylene chloride (CH2Cl2) 
were analytical grade and used as supplied.  Stock solution of  2x10-3 mol L-1  
of  TBAI under investigation was  prepared in 0.1 mol L -1  TBAP/CH2Cl2.

 
Apparatus
Cyclic voltammetry, Convolution voltammetry, chronoamperometry, and 

chronopotentiometry experiments were performed using a Princeton Applied 
Research (PAR) Computer-controlled Potentiostat Model 363 (PAR, Oak 
Ridge, TN, USA). A micro-electrolysis cell with a three electrode system 
including  a glassy carbon electrode (GCE) as the working electrode’s area, a 
platinum sheet auxiliary electrode and a silver wire in contact with saturated 
lithium chloride in CH2 Cl2 / TBAP as a reference electrode was used (Fluka 
AG). Convolution – deconvolution voltammetry was carried out on PC 
computer using EG & G Condecon software package.      Digital simulation of 
the data for cyclic voltammetric experiments was performed on PC computer 
using EG & G Condesim software package. The machine was programmed 
in Pascal. The simulation procedure was carried out using finite differences 
techniques.19-21  Algorithms for the simulation program were coded and 
implemented into the Condesim software package supplied by EG & G .All 
the measurements were automated and controlled through the programming 
capacity of the apparatus.

Procedure
A 2x10-3 mol L-1 solution of TBAI was introduced into the electrolysis 

cell containing 10 ml of 0.1 mol L-1 tetrabutyl  ammonium perchlorate (TBAP) 
dissolved  in methylene chloride and  then degassed thoroughly with oxygen 
– free nitrogen, while an atmosphere of nitrogen was maintained over surface 
of the solution during the measurements. The electrochemical  measurements 
were carried out  using cyclic voltammetry, convolutive volummetry, 
chronoamperometry and  chronopotentiometry techniques. The measurements 
were carried out at temperature ranging from 21 oC  to  -20 oC.
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RESULTS AND DISCUSSION

Cyclic voltammetry  of  iodide in TBAP

Cyclic voltammogram of  2x10-4 mol L -1 solution of  iodide recorded  in 
0.1mol L -1 TBAP /CH2Cl2 at a glassy carbon electrode and  scan rate of 0.2 V 
s -1 exhibited  two anodic oxidative peaks (Epa1 (I) = 0.510 V )  and Epa2 (III)= 
0.941 V coupled with an cathodic peaks Epc1 (II)  = 0.385 V  and Epc2 (IV)  = 0.65 
V at  21 oC (Fig.2A).  The two coupled peaks indicate the presence of a two 
chemical processes  following the two steps of the  quasi-reversible electron 
transfer (EC1EC2 mechanism).22  The first chemical process (C1) result from 
combination between iodine and iodide to give triiodide I3

-  while the second  
chemical process (C2) arising from the slow  interaction between the generated 
iodine I2 and the solvent. This interaction due to the dielectric constant of 
methylene chloride  is below 15, substantial ion association begins to take 
place. CH2Cl2 as a donor solvent promote the ionization of covalent compounds 
to form intimate ion – pairs. The dissociating power of a CH2Cl2 solvent, which 
is its ability to promate dissociation of an ionic solute or a contact ion-pair, is  
largely a function of the dielectric constant.. Ionization is promoted in a donor 
solvent by solvation of cations. For example iodine I2  is ionized in a donor 
solvent, d, according to the reaction:23 

             2I2   + 2d                       2dI2                   [I d
+

2
 ] [I-

3] 

In the selected range of scan rates (0.05 – 2 V s-1), the difference in the 
peak potentials (ΔEp = Epa – Epc) of the first anodic peak are  varies between 59  
- 94 ± 3 mV  which  more than the expected   value (29 mV) for two – electron 
Nernstian’ process.24

This may be attributed to the quasi-reversibility rate of electron transfer in 
addition to some uncompensated solution resistance of the CH2Cl2 solution.25   
Fig.2B indicates an example response of the cyclic voltammogram of iodide at  
sweep rate of 0.1 V/s, demonstrating the absence of the coupled reductive peaks 
in the backward direction of  the first peak . The redox  potentials  (E01 & E02 ) 
was determined at sweep rate > 0.2 V s-1  from the mean positions of the peak 
potentials of the cyclic voltammograms  (Table 1). If the potential is switched  
at 0.68 V, the cyclic voltammogram  exhibited one anodic peak (I) coupled 
with small reductive peak (II) at sweep rate of 0.5 V s-1 Fig. 2C.  This behaviour 
indicates  that  the presence of chemical step following the first charge transfer, 
i.e., EC1 mechanism.  Also, it was found that, the anodic  peak potentials  shift 
to more positive values with increasing the sweep rate  reflecting  the moderate 
rate of electron transfer that precedes the chemical step. 

Fig. 2B. Cyclic voltammogram of iodide in 0.1 moL-1 TBAP/CH2Cl2 at 
scan rate of 0.1 Vs-1. 

Fig. 2A. Cyclic voltammogram of iodide in 0.1 moL-1 TBAP/CH2Cl2 at 
scan rate of 0.2 Vs-1.

Fig. 2C. Cyclic voltammogram of  the first peak of  iodide  in 0.1 mol L -1 
TBAP/ CH2Cl2  at at sweep rate of  0.5 V s-1.   

The standard heterogeneous rate constant (ks) of the investigated 
compound was calculated from the voltammograms via peak separation  
values, ΔEp  versus ψ   using  the working curve established in literature.26  
After background subtraction and correction for uncompensated resistance, the 
diffusion coefficient D was determined from cyclic voltammetry using Eq. 124 

     ip = (2.99x105)n(αna)
1/2 SCbulk D1/2 v1/2                                      (1)

where  ip  is the peak current and the other terms have their usual definitions.  
The estimated D value was found to be 5.4 ± 0.2 x 10-5 cm2 s-1 .

The influence of potential scan rate (v) on the peak currents of iodide (peak 
I and  peak III in TBAP/CH2Cl2 was studied by  cyclic voltammetry. Assume 
that ip α vx   when the electrode process is diffusion controlled, x should take 
a value of 0.5, and for adsorption controlled process it should take a value of 
1.0. Fig. 3A  indicated that peak I and peak III increased linearly with increase 
of v1/2,   and  the corresponding peak I – v and peak III – v curves tilts (Fig. 
3B). This confirmed that both of peak I and  peak III at  a GCE  electrode are 
diffusion-controlled.26 
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Fig.3 (A). Plot of ip vesus  the square root of sweep rate of the  first peak I 
(a) and of the    second peak III (b) of iodide.  & (B) Plot of ip versus the sweep 
rate of      the first   anodic  voltammetric peak I (a) and of   the second anodic 
peak (III) of iodide (b).

Table 1: Electrochemical parameters of  the  electro-oxidation   of  iodide 
determined from different electrochemical techniques.  

(a) Value of D  determined via Eq. 3 & (b) value of D  determined via 
Eq. 5.

CV: cyclic voltammetry, Conv: convolution transforms, Decon: 
deconvolution transforms, Sim: simulation, CA: chronoamperometry, CP: 
chronopotentiometry

Inspection of Table 1 revealed that, the redox potential of the second  
oxidation process is more positive than that of the first one, which revealed  
that the second process requires more energy than the first one. Also,  the 
value of the first standard heterogeneous rate constant (ks1) is larger  than the 
second heterogeneous rate constant (ks2) confirming that the first step of charge 
transfer is faster than the second charge transfer.  The values of the transfer 
coefficient  α1 and  α2 behave in the same trend like ks1 and ks2, i.e the activation 
energy barrier of the first electron transfer is slightly less than that of the second 
electron transfer. 

Convolution -deconvolution  voltammetry of iodide

Convolutive voltammetry has been successfully applied to analysis of 
mechanism of several electrochemical processes.27-37  Convolution of the 
current with an inverse square root of time function was defined as:28,32 

                          1         t        i(u)       
              I1 =     ---      ∫    --------------  du                                                (2)
                        (π)0.5 0       (t – u)0.5 

where I1 is the convoluted current at the total elapsed time (t), i(u) is the 
experimental current  at time u.  The diffusion coefficient of the investigated 
compound was determined, after applying background subtraction and 
correction for uncompensated resistance, from Eq. 3:28

                Ilim = nFSD1/2Cb                                                                     (3)

where Ilim is the limiting value achieved for I1 when the potential is driven 
to a sufficiently extreme value past the peak, and the other terms has their usual 
meanings. 

Figure 4A gives an example of the I1 convolution of first oxidative 
peak I coupled with the reductive peak II illustrating the quasireversibility 
of the charge transfer process as shown from the separation between the 
forward and reverse sweep of the  I1 convolution. Also, the backward scan of 
convoluted current does not return to its initial value at the end of scan  (Fig. 
4A) confirming the presence of chemical step coupled with charge transfer.

    The homogeneous chemical rate constant (k c ) of the chemical process 
which follows the first charge transfer was  calculated from the kinetic 
convolution (I 2) at sweep rate of  0.5 V s-1 , which is defined as:38 

               1           t   i(u)exp[-kc( t – u)] 
    I2  =               ∫                                                                               (4 )
              √π      0          √ t – u   

which are presented in Figure  4B  as calculated from the appropriate 
value of the chemical rate constant obtained by inserting trial value of the 
homogeneous chemical rate constant (kc) into  the convolution calculation until 
I2  returned to zero immediately after the wave. The true kc value determined 
from I2 convolution is 2.5 s-1, which agree well with the values calculated from 
digital simulation.
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Fig. 4. I1 convolution  voltammogram (A) & I2   kinetic convolution 
voltammogram of  the first peak of  iodide in 0.1 mol L -1 TBAP/ CH2Cl2  at  
sweep rate of  0.5 V.s-1

The diffusion coefficient was also determined from a simple and accurate 
method via combination between the definition of both limiting convoluted 
current and peak current of the cyclic voltammogram using  Eq. 5:33

              Ilim =  ip  / 3.099( αnav)1/2                                                           (5)   

where ip was defined in Eq. 1, and the other parameters have their usual 
meanings. The I1  convolution of the investigated iodide illustrated in Figure 5 
shows a distinct separation between the forward and reverse sweep and clearly 
indicates the sluggishness of electron transfer of the oxidation process. At all 
sweep rates, the reverse sweep of the I1 convolution does not return to zero due 
to chemical reaction appears at  time scale of the experiment. Values of the 
diffusion coefficient D evaluated via Eqs 3 & 5 are listed in   Table 1.  

Fig. 5. Convolutive voltammetry (I1) of the oxidative cyclic voltammogram 
of  iodide   at a sweep rate of  0.2 V s-1. 

The deconvolution transforms gives a rapid assessment of either the 
electron transfer regime or value of E1/2.  Also, as shown in Figure 6, the 
different peak heights of the forward and backward sweeps of deconvoluted 
current (epb/epf ) give a strong evidence for a chemical reaction following the 
electron transfer (Table 2). The mean values of the cathodic (Epc(decon) ) and  the 
anodic (Epa(decon))  peak potentials were taken as the redox potentials (E0) of 
the system under consideration. The estimated value of E0 is given in Table 1. 

Fig. 6. Deconvolution voltammetry (dI1/dt) of iodide at a sweep rate of 
0.2 V/s-1.

The cathodic half-peak width (wp) was taken as a route for knowing the 
nature of  electron transfer.34  The calculated values were in the range of 55 
- 85 mV at v = 0.2 – 1.0 V s-1 (Table 2). The values of wp shown in Table 2 
confirmed the quasi-reversibility of the system under consideration.

Table 2: Peak characteristics of the first  oxidative peak of iodide  extracted 
from cyclic,  deconvolution transforms voltammetry and digital simulation 
techniques at 1.0 V s-1.

Ep – Ep/2, mV                  57 (a)            56 (c)

wp, mV                           85(b)            86 (c)

ΔEp deconv. mV                 274(b)            275(c)

epb  / epf (deconv)          0.28( b)          0.29(c)

(a) Values determined from CV, (b) Values determined from deconvolution 
and (c) values determined from digital simulation.

The diffusion coefficient was also determined from deconvolution 
transforms using Eq. (6)34 

                               αn2F2vCD1/2

              ep=                                                                                                                                     (6)
                                3.367 RT    

where ep is the peak height (in Ampere) of the forward deconvolution 
sweep and the remaining terms have their usual meanings. Value of the 
diffusion coefficient estimated from this method is given in Table 1.

    The proportionalities of ep with sweep rate v are presented and shown in 
Fig. 7.  It is clear that  for both anodic peaks I and III the linearity is satisfactory 
and the  lines pass through the origin confirming the diffusion controlled nature 
of iodide oxidation at glassy carbon electrode in 0.1 mol L -1 TBAP/CH2Cl2.
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Fig. 7.  Plot of ep vesus  the  sweep rate of  the first peak (line a) and of the 
second peak  (line b)

Also from combination between convolution and deconvolution   
transforms the following relation was deduced:

                       ep 3.367 RT
         n     =                                                                                                                                           
                         α F v Ilim
                
                0.086 ep
              =                                                                                              ( 7)  
              Ilim αF v

Where n is the number of electrons consumed in electrode reaction, the 
other symbols have their usual definitions . From Eq. 7 the number of electrons 
was calculated and found to be 1.8 ≈ 2 for the first peak and 0.93 ≈ 1 for 
the second one.  As shown the number of electrons was determined without 
knowing the electrode surface area which considers a good, precise and simple 
method for determination of the number of electrons involved  in the electrode 
reaction via convolution – deconvolution voltammetry. 

As a result, peak 1 is a two-electron oxidation wave yielded from iodide to 
triiodide. The oxidation mechanism of peak I may be tentatively  assigned to:

      3I-                                    I2  + I-   + 2e−

                          fast
I2  + I-                                        I3

-

                      addition

The second anodic peak (III) yielded from triiodide  is one electron 
oxidation  wave. The oxidation mechanistic pathway may be due to the 
following scheme:

                2 I3
-                         3 I2    + 2e 

                       
                                                      interaction 
      3 I2   + 3 CH2Cl2                                  3[CH2Cl2 I]+ [I]-  
                                                    with solvent 

Digital simulation

A direct test of the determined  electrochemical parameters was performed 
by generating the simulated cyclic voltammogram of iodide using the average 
values of the electrochemical parameters extracted experimentally and 
comparing it with the voltammogram recorded experimentally. Figure 8  shows 
a good  agreement between the simulated and experimental

Fig. 8. Matching between  experimental voltammogram (                     )  and   
simulated voltammogram (...........) at a sweep rate of  0.5 V/s.

voltammograms at a scan rate of 0.5 V s-1  verifying a moderately fast 
chemical steps preceded   by a transfer of one- two electron then one  quasi-
reversible electron transfer, i.e. EC1EC2 scheme.  

Effect of temperature on the rate of charge transfer
The rate of heterogeneous  electron transfer (ks) of iodide was investigated 

as a function of temperature (T). It was found that lowering the temperature of 
the system decrease the rate of electron exchange between electrode and the 
electroactive species in the electrochemical cell.  Figure 9 shows an example 
response of the plot of  ln (ks/T) vs. 1/T  of the first charge transfer peak. The 
enthalpy of activation Δ H≠ and entropy of activation ΔS≠ were calculated from 
the  slope and the intercept of the plot using  Eq. (8).

                                                  Δ H≠                 Δ S≠

             Ln (ks/T) = ln (k/h)                     +                                      (8)
                                                  RT                    R 
   
where k is the Boltzmann constant ,  h is the Plank constant  and the other 

parameters have their usual definitions.  Values of ΔG≠ determined from the 
values of ΔH≠ and ΔS≠ are given in Table 1.

Fig.9. plot of ln ks/T versus  1/T of the first oxidative peak of iodide

The calculated values of enthalpy of activation ΔH≠ ,  entropy of activation  
ΔS≠ and   free energy of activation  ΔG≠  indicated that  increase of  the 
activation energy barrier upon lowering the  temperature of the system which 
may be attributed to the slow reactant transport at temperature between - 20 oC 
and 21 oC of the electrolyte indicates a larger hindrance to the motion of the  
electroactive iodide  species.
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 Effect of temperature on the diffusion coefficient
   
    The diffusion coefficient of the iodide was determined at low temperature 

in 0.1 mol L -1 TBAP/CH2Cl2 according to equation 9:39  

      ip  = 0.4463(F3 /R)1/2α 1/2  n3/2 ACv1/2  (D/T) 1/2                        (9)

which associates the  peak current (ip) to the diffusion coefficient D when 
the charge transfer is slow and assuming transfer coefficient α  to be 0.539 , A 
is the electrode surface area and the other symbols  have their usual meanings.  
Values of the diffusion coefficient determined at various temperatures via 
Eq.(9) are  listed in Table 3, which indicate decreasing the diffusion coefficient 
(D) by lowering the temperature of the system. 

Table.3 Experimental diffusion coefficients for iodide extracted from the 
first peak of the cyclic voltammograms at various values of temperature.

                               T/K                 D1x105 / cm2 s-1

                               288                      4.80                       
                               278                      3.90                                                             
                               268                      2.60                                                             
                               253                     1.51                            

The diffusion coefficients values for higher temperatures were obtained 
by extrapolation  of  log D  vs. 1/T  plot ( Fig. 10). Value of the diffusion 
coefficient determined from extrapolation method agrees well with that 
determined from cyclic voltammetry, convolution, deconvolution voltammetry 
and digital simulation  methods. 

It was found that, an decrease in temperature lead to increases of the height 
of the potential energy barrier,40  thus hinder the electron transfer process at the 
electrode surface. Moreover, an decrease in temperature decreases the kinetic 
energy of I,-  which may be accompanied by an decrease in the rate of diffusion 
and eventually resulting in an decrease in ks value. 

Fig.10. plot of log D  versus  1/T of the first oxidative peak of iodide.

Chronoamperometry and chronopotentiometry    
Chronoamperogram of 2x10-4 mol L -1  solution of the iodide in  0.1mol 

L-1 TBAP /CH2Cl2 at a glassy carbon electrode recorded at a potential step 
equals to E1/2 is shown in Figure 11. The rate constant kf was calculated from 
Eq.(10):34  

                         i(t) = - βI1 + u                                                                 (10)

where u = nFACbkf(D)1/2 and β = kf(D)1/2.  Measurements of both the 
intercept at I1 = 0 and the slope of the linear plot of     i(t)  versus I1 give kf .

Fig. 11 Chronoamperogram of the first anodic oxidative peak  of iodide

Here, the fundamental relationship between the rate of the electron transfer 
and the potential of the electrode is discussed in terms of the Butler-Volmer 
treatment which can be expressed in the form of Eq. 11. 34

                                   αnF
              ln kf =                        (Ef – E1/2) + ln ks                        (11)
                                   RT

Value of α was estimated from slope of the linear plot of ln kf vs. (E f - E 

1/2) and was found to be 0.38, while value of  the standard heterogeneous rate 
constant ks was estimated at the point at which Ef = E1/2  and was found to be  
2.25x10-5m s-1 . Both values are compared well with those obtained from cyclic 
voltammetry and digital simulation data (Table 1).

The presentation of i vs t of the voltammogram at sweep rate of  1.0 V s-1 
is shown in Fig 12. The plot produce discontinuity ∆ic  at t = 7.05 s due to the 
reversibility of the scan. By  selecting the data points a cottrel plot is obtained 
as current versus the reciprocal square root of time. The slope of cottrel plot 
yields a diffusion coefficient D = 5.9 x 10-5 cm2 s-1 and 3.7 x 10-5 cm2  s-1 of the 
first and second peak respectively.

Fig. 12. Representation of i vs t   of  cyclic voltammogram of iodide.

Inspection of Fig. 12 revealed that, the height of the forward and backward 
peaks is different , i.e the height of peak I is unequal to the height of  peak II 
and the height of peak III is unequal to the height of peak  IV  confirming the 
complication of both charge transfer of iodide with chemical process.

Chronopotentiogram  of  2x10-4 mol L -1 solution of the iodide recorded in  
0.1mol L-1 TBAP /CH2Cl2 at a glassy carbon electrode displayed two oxidation  
transition time in agreement with the two  anodic oxidation voltammetric  
peaks. The chronopotentiometric transition time was analyzed via Eq.12 34 
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                    Ilim = 2ic {ts/π}1/2 = (nFACbD1/2)                                             (12)

where ic is the polarization current, ts is the transition time of the 
investigated iodide, and the other symbols have their usual definitions. 
Values of diffusion coefficient determined from chronopotentiometry were 
listed in Table 1. In this work, It was seen that, various methods are used to 
measure the diffusion coefficients of the electroactive species, including cyclic 
voltammetry, convolutive voltammetry, deconvolutive voltammetry, digital 
simulation, chronoamperometry and chronopotentiometry at a glassy carbon 
electrode. The values of the diffusion coefficient displayed in  Table 1 showed 
a very good agreement for the six different methods confirming and supporting 
the accuracy of the methods used for calculation the diffusion coefficient of the 
investigated system.
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