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Abstract 

 

The adsorption and corrosion protection of 1-pyrrolidinedithiocarbamate (PDTC) and 2,5-

dimercapto-1,3,4-thiadiazole (DMTD) on bare Pb were investigated. Surface analyses 

revealed that for high concentration (i.e 10 mM), the organic molecules are strongly adsorbed 

on Pb surface. In 30 g.L-1 NaCl, Pb corrosion current was highly decreased and anodic 

passivation was very efficient. EIS measurements and simulations enabled to evaluate organic 

films thickness, anodic charge transfer resistance Rta and metal/film interface resistivity ρ0. 

Efficient Pb corrosion protection was confirmed. Results obtained from Young and power law 

models showed that EIS parameters are not much dependent on the chosen analytical 

expression.  
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1. Introduction 

Most of research articles dealing with electrochemistry of Pb and its alloys mainly concern 

applications including roofs or gutters [1], artistic materials [2], lead-acid batteries [3,4] and 

archeological artefacts [5]. Its use has been highly decreased for the past decades because of 

its toxicity when ingested [6]. Pb is very reactive with most environments. SO2, CO2 and 

carboxylic acids are the main species that lead to its degradation [7–9]. In some cases, its 

reactivity leads to its protection as when exposed to ambient atmosphere or buried in the 

ground, a protective film is spontaneously formed on the surface. It is mainly composed of Pb 

oxides (PbO) and of carbonate precipitates such as cerussite (PbCO3), hydrocerussite 

(Pb3(CO3)2(OH)2) or plumbonacrite (Pb5(CO3)3O(OH)2) [7,10–14]. However, this 

spontaneous protection can be insufficient. For instance, when conserved in museums, Pb 

artefacts can be highly attacked by organic species (e.g. formic acid, acetic acid…) emitted 

through cellulose hydrolysis from wood materials in which they are stored [15]. Therefore, 

the need for preserving such ancient objects certainly motivates investigations of ways to limit 

as much as possible such degradation. Regardless of the final objective of the study, the 

interface Pb/environment is always of prime importance, especially the nature and properties 

of spontaneously grown layers on the surface which have a big impact on the Pb object’s 

future use. In some cases, when exposed to aggressive medium, additional treatment on Pb 

must be carried out to increase lifetime of the metallic structure. Protection from Pb corrosion 

has been carried out through various ways. The application of thick deposits such as wax or 

acrylic coatings proved to be efficient [16] but they are not useful to conserve esthetic aspects 

of the material as they are too visible. Moreover, in the case of further attack, they are 

difficult to remove. The use of thin films, formed from corrosion inhibitors, has been more 

often carried out. Amino-organic and phosphoro-organic derivatives were shown to be 



efficient toward Pb corrosion inhibition in acidic chloride solutions through stabilization of  

PbCl2 protective layer [17,18]. Non-toxic compounds such as amino acids or saturated linear 

carboxylates have also been studied as corrosion inhibitors on Pb. Amino acids were shown to 

provide good protection against corrosion of Pb in neutral media, especially glutamic acid 

[19]. Carboxylates (e.g. decanoate) have been proved to provide Pb surface with good 

corrosion protection through formation of crystalline Pb carboxylate layer which exhibits 

good passivation  properties [15,20,21]. More recently, innoxious dithio compounds such as 

1-pyrrolidinedithiocarbamate (PDTC) and 2,5-dimercapto-1,3,4-thiadiazole (DMTD) have 

been successfully used as corrosion inhibitors on bronze in neutral solution [22,23]. In both 

cases, organic inhibitors’ adsorption on bronze surface led to thick, insulating and protective 

layer enabling very good corrosion protection. Moreover, both PDTC and DMTD are 

efficiently adsorbed on Cu and Pb on bronze surface. Therefore, it seems interesting to study 

interactions between these molecules and bare pure Pb.  

This paper investigates the interactions of Pb with PDTC and DMTD in neutral chloride 

medium. Spectroscopic techniques were used to study interactions of organic molecules on Pb 

and surface morphology was observed using scanning electron microscopy. Electrochemical 

experiments enabled to assess protective and insulating properties of grown organic films, 

especially through modeling of formed films’ impedance with three different models: CPE 

(Constant Phase Element), Young and Power Law models.  

 

2. Experimental and methods 

2.1. Chemicals and materials 

Chemicals were purchased from Sigma Aldrich® (analytical grade). Molecular structures of 

PDTC and DMTD are presented in Fig. 1. 



The disk electrode was made of an allylic resin embedded 5 mm diameter cylinder rod of pure 

lead (Goodfellow, 99.999%). The electrode surface was polished on silicon carbide paper up 

to 1200 grade before rinsing thoroughly with deionized water.  

FTIR analyzes were carried out on 1 cm² samples cut from a 3 mm thick lead sheet 

(Goodfellow, 99.95%). 

 

2.2. Surface analyses 

2.2.1. Scanning Electron Microscopy (SEM) / Energy Dispersive X-ray Spectroscopy (EDX) 

A field emission gun scanning electron microscope (FEG-SEM, Zeiss, Ultra 55) coupled with 

energy-dispersive X-ray spectroscopy (EDX) was used to study surface morphology and 

composition. Element analyses were performed with a Quantax Bruker detector and data were 

analyzed by the Bruker Esprit software. 

 

2.2.2. X-Fourier Transform Infrared Spectroscopy (FTIR) 

Chemical composition of surface films was characterized using a Bruker VERTEX 70 FT-IR 

Spectrophotometer. Infrared absorbance spectra were recorded in the 600 - 2000 cm-1 range, 

with a resolution of 8 cm-1. Before each sample scan, the signal of bare Pb substrate was taken 

as reference. Baseline correction was performed by OPUS 6.5 software after 200 scans of 

each sample. 

 

2.3. Electrochemical measurements 

Electrochemical measurements were carried out in aqueous solutions in a conventional three-

electrode cell, using a Gamry potentiostat /galvanostat Model FAS-1 or 300C. The reference 

electrode was a saturated calomel electrode (SCE - E = 0.24 V/SHE at 25°C). The counter 

electrode was a platinum grid of a large surface area set close to the cell wall. The working 



disk electrode was faced towards the cell bottom under stationary conditions without any 

stirring. For each experiment, 100 mL of electrolyte was used. Corrosion tests were carried 

out under temperature control (20°C) in 30 g.L-1 NaCl naturally aerated solution.  

 

2.3.1. Electrochemical polarization 

Polarization measurements were performed after 1 hour immersion in the corrosion test 

solution (with or without PDTC or DMTD). Two independent measurements were carried out 

for each run: one from open circuit potential (OCP) towards cathodic potentials and the other 

from OCP towards anodic potentials (scan rate: 1 mV.s-1).  

 

2.3.2. Electrochemical impedance 

The impedance measurements were performed applying 10 mVrms from 100 kHz to 10 mHz 

(10 points per decade) at different immersion times up to 24 hours. Experiments were carried 

out at OCP. ZsimpwinTM and Simad softwares, the latter a lab-made software using a simplex 

regression method, were used to fit the data. 

 

3. Results and discussion 

3.1. Surface analysis 

3.1.1. SEM and EDX analysis 

Fig. 2 and Fig. 3 show SEM images and EDX spectra of Pb surface after 24 hours immersion 

in 30 g.L-1 NaCl without (blank) or with PDTC or DMTD. SEM image and EDX spectrum 

(reference) of bare Pb surface are also presented. 

Fig. 2a confirms that Pb is a soft metal, easily scratched during mechanical polishing. 

Moreover, different products can be formed on its surface, depending on atmospheric or 

aqueous composition [7,24–26]. The enlargement of the image clearly shows the presence of 



needles-shaped crystals spread over the surface. This film is probably composed of small 

quantities of Pb carbonates and oxides since the corresponding EDX spectrum shows the 

presence of weak peaks of C and O (Fig. 3). 

After 24 hours immersion of Pb electrode in the blank test solution (Fig. 2b), the surface is 

covered with a layer of corrosion products in the form of raveled scales. This surface is more 

oxidized than bare Pb and seems to present as much carbonate species (Fig. 3). These 

carbonates are formed during air exposition before surface analysis and not during immersion 

in NaCl solution [27].  

Addition of 0.1 mM PDTC leads to formation of a thin surface film (Fig. 2c). Needles-shaped 

crystals are visible, like on bare Pb surface (Fig. 2a). EDX spectrum (not shown) is similar to 

the one obtained for the blank. On the other hand, when PDTC concentration is brought to 10 

mM, a covering layer is visible on Pb surface (Fig 2d). Besides, a weak peak for N appears 

around 0.39 keV, which confirms the presence of PDTC on the surface (Fig. 3), as well as the 

peak for C signal, slightly more intense than the one obtained in the case of the blank. 

About DMTD, immersion in 0.1 mM solution leads to corrosion products with the same 

spectrum as the blank. Nevertheless, surface morphology is different and cubic crystals are 

present on Pb surface (Fig. 2e). On the other hand, at 10 mM, the surface is covered with a 

homogeneous film, free of oxides (Fig. 3) and very different in appearance from the one 

formed at 0.1 mM, as it exhibits tubular crystals (Fig. 2f). 

Similar results were observed with PDTC and DMTD on copper in previous works [28,29]. In 

these works, it was shown that sulfur reacts with the metal surface through chemical 

adsorption. In the present case, EDX cannot reveal S role in action process of PDTC or 

DMTD as energies of S and Pb are very close. However, presence of N after PDTC or DMTD 

immersion at 10 mM can be evidenced by EDX through a low intensity peak at 0.39 keV. The 



organic molecules are most likely adsorbed on Pb surface, as evidenced for other N-

containing organic molecules used as corrosion inhibitors on Pb [15,19,20,30,31]. 

 

3.1.2. FT-IR spectroscopy analysis 

FT-IR spectroscopy was employed to analyze Pb surface modified with PDTC or DMTD 

molecules, at different concentrations. The spectra are presented in Fig. 4.  

The results show that in absence or presence of 0.1 mM of PDTC, Pb surface gets covered 

with Pb carbonate species  as proved by the presence of a large band at 1400 cm-1 on FT-IR 

spectrum [32]. As affirmed before, these carbonates are not formed during immersion in NaCl 

solution but during air exposition [27].  

For 1 and 10 mM PDTC, the molecule is present on the surface as most of its characteristic 

bands are observed on FT-IR spectra. For PDTC molecule, the band at 1000 cm-1 is attributed 

to C-S band [33]. Despite the two C-S bonds, this band is not split as the bonds are equivalent 

as a result of conjugation process. For 1 and 10 mM signals, the same band is present meaning 

either that the molecules are just physisorbed on Pb surface, without any chemical bond 

between S and Pb, or that bidentate coordination of PDTC on Pb surface occurs through S 

atoms. It is not easy to categorically address this point as Pb-S band lies between 1000 and 

1100 cm-1 and, unfortunately, this region cannot be exploited as it already presents signals for 

bare PDTC molecule. Moreover, the possibility of bonds between N and Pb can be addressed. 

Indeed, interactions between organic inhibitors containing N atoms and Pb though adsorption 

process and formation of insoluble complexes were revealed in the literature, especially in the 

case of amino acids used as corrosion inhibitors on Pb [19,30]. Ghasemi et al. explained that 

electron pairs of N atoms can be shared with Pb orbitals to form insoluble complexes that 

protect the surface against corrosion through chemical adsorption process [30]. In the case of 

PDTC, this phenomenon can be enhanced since N atom is directly bonded inside an aliphatic 



ring which will lead to donating inductive effects of the aliphatic ring towards N atom and 

increase interactions with Pb2+ ions formed on Pb oxidized surface. Similar behavior was 

observed for proline adsorbed on Pb in previous studies [30].  

For 0.1 mM DMTD, the molecule is not present on the surface in spite of much smaller 

carbonate signal at 1400 cm-1, compared to blank, resulting from a slight screening effect of 

DMTD, hindering surface attack. 

For 1 and 10 mM DMTD, the molecule is adsorbed on the surface. When compared to bare 

molecule, the signal is different which must result from chemical adsorption of DMTD on Pb 

surface. The band at 1050-1060 cm-1 is attributed to C-S bond [34]. After surface 

modification with 1 or 10 mM DMTD, a new band arises, appearing as a shouldering at 1040 

cm-1 which corresponds to Pb-S bond [35]. Therefore, it seems that DMTD is chemically 

adsorbed on Pb surface through S-Pb bonds. 

 

3.2. Electrochemical measurements 

3.2.1. Potentiodynamic polarization 

Anodic and cathodic electrochemical behavior of Pb electrode was investigated in 30 g.L-1 

NaCl without (blank) or with 10 mM PDTC or DMTD (Fig. 5).  

In the blank solution, Pb electrode is reactive since both cathodic and anodic current densities 

show very high values even at low overvoltages. The surface film formed on Pb electrode 

during immersion in 30 g.L-1 NaCl does not provide good protection. In this medium, Pb is 

mainly covered with native oxide PbO and lead chloride products [7,15,24–26].  

The main anodic and cathodic reactions are respectively the oxidation of Pb into Pb2 + ions 

(Eq. 1) and the oxygen reduction reaction (ORR) (Eq. 2).  

 Pb    Pb2+ +  2e- (Eq. 1) 

 O2 + 2H2O + 4e-   4OH- (Eq. 2) 



In the presence of PDTC or DMTD, polarization curves are quite different. Values of 

corrosion current densities (Table 1), obtained graphically by extrapolation of Tafel lines to 

corrosion potentials, are 5 10-7 A/cm² , 6 10-8 A/cm² and 5 10-8 A/cm² for the blank, DMTD 

and PDTC modified substrates, respectively. Therefore, corrosion current density is reduced 

of about one decade with DMTD and PDTC modification. This indicates that these molecules 

have an important protective effect against Pb corrosion in neutral chloride media. 

Efficiencies are 88 % and 90 % for DMTD and PDTC, respectively, according to the 

following relationship: 

           (Eq. 3) 

where   is the efficiency ratio and  and  denote corrosion current densities in the 

absence and in the presence of the organic compound, respectively. 

Regarding cathodic potential scan, in the presence of PDTC or DMTD, the shape of the 

cathodic branch is the same as the one of the blank. However, current density is decreased (in 

absolute value) as reduction process is hindered by both PDTC and DMTD based layers. This 

clearly indicates the effect of both molecules on the kinetics of ORR. Moreover, for potentials 

more cathodic than -770 mV/ECS in the presence of PDTC and -570 mV/ECS for DMTD, a 

change in the slopes of cathodic branches is observed showing an increase in current density. 

The low current densities observed from Ecorr until -770 mV/SCE for PDTC and -570 

mV/SCE for DMTD result from the decrease in the number of ORR active sites through 

chemical and physical adsorption of PDTC and DMTD on Pb surface. 

For anodic branches, current density remains very low over large potential ranges. These 

pseudo plateaus are consistent with passive behavior that may be mostly attributed to the 

protective insoluble PDTC and DMTD based complexes layer formed on Pb oxidized surface 

and to the physically adsorbed organic molecules blocking active sites of Pb, as suggested 

from surface analysis results.  



The results obtained in this paragraph show that PDTC and DMTD affect the electrochemical 

oxygen reduction reaction on Pb surface in 30 g.L-1 NaCl, but their effect is more substantial 

on anodic lead dissolution. 

 

3.2.2. EIS measurements 

EIS was used to follow surface film formation on Pb electrode in 30 g.L-1 NaCl solution 

without (blank) or with 10 mM PDTC or DMTD. All measurements were performed at 

corrosion potential Ecorr as a function of immersion time from 1 to 24 hours. Fig. 6a shows 

Nyquist plots and Fig 6b the corresponding Bode plots obtained after 12 hours of immersion 

at Ecorr. Such behaviour was found typical of all impedance diagrams recorded at every 

selected immersion time. In any case, a capacitive loop is observed which cannot be 

accounted for with a single time constant. In fact, two contributions are expected due to 

surface film and to charge transfer. The diameter of this loop (Fig. 6a) is higher in the 

presence of PDTC and DMTD, showing better surface protection in the presence of these 

organic compounds. This is also observed with impedance modulus Z (Fig. 6b), since the 

obtained value at low frequencies for the blank is lower than those measured with organic 

inhibitors. Bode diagram gives evidence of a complicated frequency dependence of the 

electrode impedance. Particularly in the presence of organic molecules, in log-log 

coordinates, Z modulus varies linearly with frequency over at least 3 decades, with a slope 

slightly lower than unity, characteristic of a CPE behavior, element to be considered further in 

the Z modelling. 

EIS measurements were simulated by means of the equivalent electrical circuit depicted in 

Fig. 7 in the line of what has been already proposed in literature [36]. This model was retained 

as the simplest physical description of the response of a metal electrode covered by a film 

having both conductive and dielectric properties. The charge transfer is assumed to occur 



through the film and, at corrosion potential, both anodic and cathodic transfer reactions must 

be taken into account a priori. 

In this model, the solution resistance Rs lies in series with the parallel combination of a 

constant phase element (Qf, nf) representing the film impedance Zf and a film resistance Rf in 

series with a transfer impedance Ztr, accounting for both anodic and cathodic reactions. In the 

model, Ztr is the parallel combination of the a priori non-ideal double layer capacitance Qdl 

[37] with two branches formed by the series arrangement of a transfer resistance with a 

Warburg diffusion impedance (Rta, Wa) and (Rtc, Wc) respectively.  

Experimental spectra were analyzed according to the equivalent circuit of Fig. 7 using 

®ZSimpWin software providing the optimal value for each circuit element associated with a 

confidence interval. Unlike the purely capacitive situation of a passive electrode studied in the 

work of Gharbi et al. [37], the non-ideality of the capacitive double layer response cannot be 

actually determined due to the presence of transfer reactions. Therefore, instead of a CPE 

element Qdl, a pure capacitance Cdl was systematically used for all EIS spectra analysis. The 

uncertainty on the Rs, Qf, nf parameters was about 1-3%, 20% on Rf and Cdl, 1-3% on transfer 

resistances, 1-10% on Warburg elements. The CPE exponent of the film impedance was 

always higher than 0.9, not too far from ideal behaviour. The origin of its CPE character will 

be discussed later within the frame of 3D models proposed in literature [38,39]. The actual 

film capacitance Cf can be graphically evaluated as the high frequency limit of the complex 

capacitance C*(ω) [22,40], calculated from the measured impedance Z(w) corrected for the 

solution resistance, according to:  

 

))((

1
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    (4) 

 



Variations of the most relevant parameters with immersion time are plotted in the following 

figures. In Fig. 8a, the film resistance Rf is found of the order of a few Ω.cm2 in the absence 

of organic additive and arises from a native and porous PbO layer. In the presence of PDTC 

or DMTD, Rf reaches about 104 Ω.cm2. Remarkably, after 10 hours of immersion, PDTC and 

DMTD give rise to the same film resistance. Fig. 8b shows variations of the film capacitance 

Cf markedly differentiated for the three systems. For the blank, assuming that only PbO is 

present on the surface, Cf shows a constant value of 2.4 µF.cm-2 during the entire immersion 

period and is equivalent to a PbO layer of 10 nm thickness, taking  =25.9 for its dielectric 

constant [41]. With DMTD, the value of Cf is equal to 1 µF.cm-2, irrespectively of immersion 

time, leading to a 3-4 nm thick organic film, assuming a dielectric constant  =4. With PDTC, 

the surface film is five times thicker, the thickness slightly increasing with immersion time. 

Note that the above values for surface layer thickness were evaluated by considering Cf as a 

plane capacitor of thickness d and dielectric constant , as: 

                 fCd 0       (5) 

with 0 = 8.84 10-12 F/m in MKSA units. 

The distinction between anodic and cathodic charge transfer resistances was made on the 

basis of the current-voltage behaviour, indicating that the cathodic reaction is more active 

than the anodic one. Consequently, the lowest resistance values were assigned to the cathodic 

reaction and the highest ones to the anodic reaction. 

Fig. 9a shows the evolution of anodic and cathodic charge transfer resistances for Pb electrode 

in the absence of organic additive. At the beginning, Rta is about 2 kΩ.cm2 stabilizing at 10 

kΩ.cm2 after formation of the oxide layer. Rtc is ranging in between 0.6 and 2 kΩ.cm2. As 

shown in Fig. 9b, when DMTD or PDTC are present, anodic transfer resistance Rta is 

increased by almost two orders of magnitude demonstrating the protecting character of both 



molecules against Pb dissolution. However, the highest Rta values are obtained with PDTC 

meaning that PDTC is a more efficient Pb corrosion inhibitor than DMTD.  

Let’s note that if just one RW branch is put for the charge transfer impedance, the “double 

layer capacity” becomes a CPE element with a coefficient close to 0.5, which means no more 

information on the double layer capacitance and a problem of diffusion type. This has already 

been noted in previous studies [36]. The distinction between cathodic and anodic charge 

transfer impedances enables the separation of the double layer capacitive response while at 

the same time showing that part of the charge transfer is under diffusion control. This 

diffusion control can be explained by diffusion of reactants through porosity of the surface 

film. Therefore, use of a global charge transfer resistance was avoided in order to not formally 

include the diffusion effect into the CPE element, which should only represent the double 

layer capacity. 

Fig. 10 shows the changes in double layer capacitance Cdl with immersion time. In all cases, a 

transient regime is observed for the first 5 hours of immersion, both for the blank surface film 

formation and for the films formed from interactions of organic molecules with Pb surface. 

Additionally, Cdl is a probe of the remaining free surface of Pb electrode, the lower the Cdl 

value, the larger the film surface coverage. Thus, for a very blocking film such as in the 

presence of organic molecules, Cdl shows very low values. However, in the case of the blank 

in which the oxide film is not as resistive and blocking, Cdl value is intermediate between the 

possible value for a bare electrode and the one for a totally blocked electrode. As for Rta, the 

comparison at 20 hours of immersion has to be done with respect to the initial Cdl value for 

the Pb electrode before formation of the corrosion layer, i.e. 10 µF.cm-2. The surface coverage 

of PDTC was θ = 0.999 and of 0.990 for DMTD. 

 

CPE behaviour analysis of the film impedance 



As a first approach, the film impedance has been modelled by a CPE element (Qf, nf) pointing 

out a distribution of time constants. The latter can be related to a distribution of either 

dielectric or conductive properties of the superficial film along the dimension normal to the 

electrode surface. Classically, it is assumed that the non-ideal behaviour arises from a 

conductivity gradient between the metal/film and the film/solution interfaces. An analytical 

expression of the film impedance ZYoung was proposed in the literature [42–44] assuming that 

the resistivity ρ across the film varies exponentially with distance x as ρ(x) = ρ(x=0)exp(x/δ) 

in which δ is a characteristic length shorter than the film thickness d. The dielectric properties 

are represented by a relative dielectric constant ε assumed to be the same across the film. The 

so-called Young impedance reads: 

 

   (6) 

 

In this expression, Cf = εε0S/d is the film capacitance, S the geometric surface of the film and 

τ = εε0ρ(x=0) is a time constant characteristic of the film, where ρ(x=0) is the film resistivity 

at the film/solution interface and ω the angular frequency. ε and ε0 are the relative permittivity 

of the film and the vacuum permittivity (8.84 10-12 F/m), respectively. j is the imaginary 

number solution of j² = -1. The expression of ZYoung depends on three independent parameters 

δ/d, τ and Cf. However, it was shown in literature that the assumption of an exponential 

resistivity profile as proposed by Young does not result in low-frequency time-constant 

dispersion as it has to be for a CPE behaviour [38]. Another alternative approach to account 

for both resistivity gradient across a layer and CPE behaviour was to consider a power law 

profile [39]. The so-called power law model (PL) provides an analytical expression for the 

film impedance ZPL: 



    (7) 

 

where d and ε have the same meaning as above, ρ0 and ρd are the film resistivity at the 

metal/film and at the film/solution interfaces, respectively and g is a numerical function of γ 

defined as g = 1 + 2.88.γ-2.375. γ is a constant related to the sharpness of the film resistivity 

variation. The expression of ZPL depends on three independent parameters ρ0, ρd and γ, 

providing a direct determination of the film resistivity. When using the PL model, the film 

capacitance Cf was determined from the complex capacitance representation, as explained 

before.  

Contrary to the CPE representation, ZYoung and ZPL expressions for the film impedance are not 

reducible to circuit elements hampering the use of the ZSimpWin software. Consequently, 

comparison between both film impedance models inserted in the scheme of Fig. 7 in place of 

CPE and experimental EIS data was performed using a non-linear fitting software developed 

at LISE laboratory (SIMAD). Confidence intervals for the fitted parameters were estimated 

empirically from the change in a single parameter value yielding an increase by a factor of 1.2 

of the standard deviation characterising the fit quality, the other parameters staying fixed to 

their optimal value [45]. The values of the interfacial parameters taken out from the different 

fits are gathered in Table 2 for blank Pb electrode, Pb/DMTD and Pb/PDTC systems. 

Importantly, central parameter values and their uncertainties obtained with the CPE analysis 

as a reference are not significantly modified when CPE impedance was replaced by either 

Young or PL impedance. In particular, the transfer resistance for anodic corrosion reaction Rta 

is well determined, in the range 1-5%, independently from the choice for the film impedance, 

conclusively proving the inhibiting character of DMTD or PDTC against Pb corrosion.   

From the above discussion, it can be concluded that the relevant parameters of the impedance 

model are only slightly dependent on the analytical expression chosen for the surface film 



impedance. Accordingly, it means that the variation of interfacial parameters with immersion 

time, as depicted in Fig. 6 to 11, is well representative of the actual behaviour of the 

immersed Pb electrode, without or with an organic additive. 

 

Additional information from the power law model 

By means of the PL model, it is possible to check the changes in the surface film resistivity as 

a function of immersion time. Fig. 11 shows the variations of the resistivity ρ0 at the 

metal/film interface and ρd at the film/solution interface with immersion time for the blank 

electrode and in the presence of DMTD or PDTC. The uncertainty on ρd is very large, around 

30-50%. Nevertheless, in the logarithmic representation, it can be stated that ρ0 values (Fig. 

11a) are always larger in the presence of an organic additive than for the blank electrode, 

indicating the insulating properties of organic films. Additionally, a high value of ρ0 is 

reached as soon as the first hour of immersion for PDTC, due to its rapid adsorption process 

while it is more progressive for DMTD (after at least 12 hours of immersion). Considering ρd 

(Fig. 11b), the same trend is observed for PDTC (instantaneous) and DMTD (progressive). As 

the formed insoluble complex film does not possess electronic transport, the observed 

conductivity arises from ions penetration into the film. According to the PL model [39], the 

resistivity profile ρ(x) is well approximated by the following expression: ρ(x) = ρd.(x/d)-γ with 

γ related to the CPE exponent nf as γ = (1-nf)-1. It is found that for immersion times greater 

than 10 hours, the CPE exponent nf stays around 0.93  0.01 for almost all cases, except for 

DMTD for which it reaches 0.98. Assuming an increase of 1010 with respect to the resistivity 

ρd at the film/solution interface leads to estimate the spatial extension of the resistivity profile 

as 0.7.d for nf = 0.93 and 0.4.d for nf = 0.98. For the unprotected Pb electrode, there is a 

continuous increase in ρd with time, indicating a progressive densification of the blank surface 

layer. 



 

4. Conclusion 

The importance of concentration in organic inhibitors i.e 1-pyrrolidinedithiocarbamate 

(PDTC) and 2,5-dimercapto-1,3,4-thiadiazole (DMTD) was evidenced. The best corrosion 

protection on Pb was observed for the highest concentrations (10 mM) thanks to adsorbed 

organic layers blocking most of the electrode surface. 

EIS measurements were simulated by a model having both conductive and dielectric 

properties. The film impedance has been modeled by a CPE element interpreted in terms of a 

resistivity gradient. In the presence of PTDC or DMTD, the film resistance Rf reaches 104 

Ω.cm² instead of few Ω.cm² in the case of the blank. The film formed in the presence of 

DMTD was 3-4 nm thick while that of PDTC was more than 15 nm thick after 1h of 

immersion. Besides, the anodic charge transfer Rta is highly increased demonstrating the 

protective character of the insoluble complexes layers against Pb dissolution. 

The film impedance was also evaluated according to Young and power law models assuming 

that the non-ideal behavior is due to a conductivity gradient between the metal/film and the 

film solution interfaces. The results obtained show that the relevant parameters are not much 

dependent on the chosen analytical expression. 

Moreover, a high value of the metal/film resistivity ρ0 is reached fastly in the case of PDTC 

due to its rapid adsorption process on Pb surface. For DMTD, this process is more 

progressive. The same trend is observed for the resistivity ρd at the film/solution interface. 

The observed residual conductivity for these films arises from ions penetration into the film. 
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Table 1. Corrosion parameters of Pb electrode after one hour immersion in 30 g L-1 NaCl without (Blank) or with 10 mM PDTC or 10 mM DMTD. 
 
 

 Ecorr 
(mV vs. SCE) 

jcorr 
(A /cm²) 

 
(%) 

Blank -575 (± 10) 
 

5.0 (± 0.2) 10-7 ͟ 

10 mM DMTD -402 (± 10) 
 

6.0 (± 0.2) 10-8 88 (± 1) 

10 mM PDTC  -580 (± 10) 
 

5.0 (± 0.2) 10-8 90 (± 1) 

 
  



Table 2. Effect of the film impedance representation (CPE, Young or PL models) on the estimated values of the interfacial parameters defined according 

to the electrical scheme given in Fig.7. (For each parameter and system, the mean values are calculated as the average of the corresponding values for the 

three models. The last column indicates the fit quality, a value of 1 meaning that the adjustment lies within a 1% error on impedance data. These selected 

data correspond to a 12-hour immersion). 

 
         Parameters Cdl 

µF/cm2 
Rf

.cm2 
Rtc

.cm2 
Wc

.s-1/2 
Rta

.cm2 
Wa

.s-1/2 
Rs

.cm2 
Fit standard 

deviation    System      model  

BlankPb  
 

CPE 1.00
0.30 

4.5
2 

1270
60 

15150
250 

12150
170 

306
50 

4.4
0.1 

1.78 

Young 0.94
0.08 

5.3
2.7 

1360
140 

15300
610 

12140
400 

304
170 

4.45
0.15 

1.21 

Power law 0.81
0.07 

7
6 

1250
120 

15040
550 

12160
370 

300
165 

4.4
0.3 

1.28 

Mean value 0.92
0.10 

5.8
1.7 

1300
60 

15200
130 

12150
10 

303
3 

4.42
0.03 

 

Pb/DMTD 
 

CPE 0.085
0.014 

6780
930 

 31300
3100 

236000
2800 

7700
640 

4.4
0.1 

1.02 

Young 0.070
0.030 

6540
1130 

 321700
10000 

234500
6000 

8220
8220 

4.44
0.10 

1.06 

Power law 0.085
0.016 

6810
1050 

 309000
9000 

239000
4500 

8090
1900 

4.3
0.5 

0.70 

Mean value 0.080
0.009 

6700
150 

 315000
6500 

236500
2300 

8000
270 

4.4
0.1 

 

Pb/PDTC CPE 0.018
0.004 

10400
2400 

 1.10 106
16500 

511400
7200 

34500
1900 

4.4
0.1 

1.53 

Young 0.014
0.007 

10100
3500 

 1.09 106
46000 

508400
14000 

34900
6600 

4.4
0.4 

0.73 

Power law 0.011
0.007 

13040
3900 

 1.09 106
46500 

506400
14000 

35600
6650 

4.3
3.6 

1.13 

Mean value 0.014
0.004 

11200
1600 

 1.09 106
6000 

509000
2500 

35000
600 

4.4
0.1 

 

 



 

Figures  

 

 

 

 
 

Fig. 1. Structures of ammonium pyrrolidinedithiocarbamate (PDTC) (a) and 2,5-dimercapto-

1,3,4-thiadiazole (DMTD) (b). 
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Fig. 2. SEM images of Pb bare surface (a) and after 24 h immersion in 30 g L-1 NaCl without 

(b) or with 0.1 mM PDTC (c), 10 mM PDTC (d), 0.1 mM DMTD (e),10 mM DMTD (f). 

 



 

 

 
Fig. 3. EDX analysis of Pb bare surface (reference) and after 24 h immersion in 30 g L-1 NaCl 

without and with 10 mM PDTC or 10 mM DMTD. 
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Fig. 4. FT-IR spectra collected from PDTC molecule and from Pb electrode after 24 h 

immersion in 30 g L-1 NaCl without (Blank) or with 0.1 mM, 1 mM or 10 mMPDTC (a) and 

from DMTD molecule and from Pb electrode after 24 h immersion in 30 g L-1 NaCl without 

(Blank) or with 0.1 mM, 1mM or 10 mM DMTD (b). 
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Fig. 5. Polarization curves at 1 mV s-1 for Pb electrode after one hour immersion in 30 g L-1 

NaCl without (Blank) or with 10 mM PDTC or 10 mM DMTD. 
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Fig. 6. Nyquist (a) and Bode (b) diagrams of Pb electrode after 12 hours immersion in 30 g L-

1 NaCl without (Blank) or with 10 mM PDTC or 10 mM DMTD; stationary electrode at 20 

°C. 

The insert shows an expanded view of the blank diagram. 

Symbols: (○) experimental data and (�) calculated data.  
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Fig. 7. Electrical equivalent circuit to reproduce experimental impedance spectra for Pb 

electrode in 30 g L-1 NaCl without or with PDTC or DMTD. 
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Fig. 8. Rf (a) and Cf (b) changes as a function of immersion time for Pb in 30 g L-1 NaCl 

without (Blank) or with 10 mM PDTC or 10 mM DMTD; stationary electrode at 20 °C. 
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Fig. 9. Rta and Rtc changes as a function of immersion time for Pb in 30 g L-1 NaCl (a) and Rta 

changes as a function of immersion time for Pb in 30 g L-1 NaCl with 10 mM PDTC or 10 

mM DMTD (b) ; stationary electrode at 20 °C. 
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Fig. 10. Cdl changes as a function of immersion time for Pb in 30 g L-1 NaCl without (Blank) 

or with 10 mM PDTC or 10 mM DMTD; stationary electrode at 20 °C. 
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Fig. 11. Changes of the resistivity 0 at the metal/surface film interface (a) and the resistivity 

d at the surface film /solution interface (b) as a function of immersion time for Pb in 30 g L-1 

NaCl without (Blank) or with 10 mM PDTC or 10 mM DMTD. 
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