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Abstract: 

Electrochemical techniques, such as electrochemical impedance spectroscopy (EIS), are widely 

used for corrosion studies. However, their applicability to studies on metallic cultural heritage 

has been less spread due to the practical difficulties of performing measurements in-situ on 

sculptures or monuments. One interesting approach to this application is the use of gel 

polymer electrolytes (GP-E) to overcome the difficulties of handling liquid electrolytes on 

irregular leaning surfaces. In this paper, the behavior of an agar gelled electrolyte with a 

portable cell is evaluated for EIS measurements over three types of bronze coupons, and 

compared with a traditional liquid cell. The influence of the addition of agar in the 

reproducibility and repeatability of measurements is assessed, as well as the possible 

interaction of agar with the corrosion process. Results show that, although agar slightly 

accelerates the anodic process, it does not significantly affect the cathodic reaction and does 

not introduce new reactions in the corrosion mechanism. It is demonstrated that the GP-E 

allows obtaining reproducible and good quality EIS spectra, comparable to the liquid cell. 

Hence, it can be used for comparative in-situ measurements, being a very valuable tool for the 

evaluation of patina and coatings on metal cultural heritage. 
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1. Introduction 

Electrochemical Impedance Spectroscopy (EIS) is a widely used technique for corrosion studies, 

as it gives qualitative and quantitative information on corrosion processes and corrosion 

resistance. In the field of metallic cultural heritage it can be a very useful tool as it can be used 

to evaluate the actual situation of an object, i.e., if there is an active corrosion process or it has 

a stable patina, how much a protective coating has increased its corrosion resistance, which 

coating offers the better corrosion protection or when a protection treatment is beginning to 

fail [1]. The answer to these questions can help to take conservation decisions and stablish 

priorities when time and resources are limited. For this reason, EIS constitutes a very valuable 

complement to classical analytical methods widely used in conservation science (XRF, Raman, 
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XRD, FTIR, etc.), which give information on composition and structure, but cannot give 

quantitative information on their corrosion behavior. 

However, the application of this technique for corrosion studies in the field of cultural heritage 

poses some particular difficulties [1]. Some studies have been carried out using artificial 

coupons that try to mimic the original composition of metallic artifacts [2-5], or patinas 

scrapped from the monuments [6], using traditional laboratory techniques. Nevertheless, this 

kind of laboratory studies provide limited information, due to the impossibility to reproduce 

the composition and characteristics of patinas that have formed over several hundred years. 

On the other hand, it is always desirable to evaluate conservation conditions on the real 

objects to undertake conservation decisions. At this point, the main issue is how to perform 

electrochemical measurements using a conventional three electrode cell with a liquid 

electrolyte on a non-flat, irregular and leaning surface as is usually the one of metallic 

sculptures and monuments.  

Since the beginning of application of electrochemical techniques to cultural heritage, mainly 

electrochemical impedance spectroscopy (EIS), researchers have worked on portable devices 

with different approaches. On one side, methods for retaining the liquid electrode in contact 

with the object have been developed, as the Letardi`s contact probe [7, 8]. This method has 

been successfully applied to the evaluation of cultural heritage, but still has de disadvantage of 

handling a liquid electrolyte. On the other side, commercial gel electrodes or prepared gel 

electrodes based on same type of gels have also been proposed [9, 10]. This system avoids the 

liquid electrolyte, so it is convenient for field use. Nevertheless, the conductivity of these gels 

is poor, so irregular distribution of currents might mislead the results [11]. Additionally, the 

composition of the electrolyte cannot be selected to test the resistance of the metal to specific 

environments in commercial electrodes, or it is limited by the swelling equilibrium of 

synthetized (anionic) gels [12]. This is a major drawback of this approach, since for corrosion 

studies the composition and pH of the electrolyte play a key role in the process. So although 

the idea of gel electrolytes seems to be a good choice, solutions that allow the selection of the 

adequate electrolyte have to be further investigated.  

The use of solid electrolytes has been explored in the last decades for application where liquid 

electrolytes present inconveniences such as handling difficulties or risk of leaking or 

evaporation of the liquid [13]. The development of new and improved solid electrolytes has 

mainly focused in the fields of energy storage (lithium batteries, solar and fuel cells…) and 

electrochromic devices. Different kinds of polymers have been assayed as solid electrolytes, 

from polyethylene oxide (PEO) since the 70´s of the last century to polymer mixtures, 

composites or hybrid inorganic–organic polymer electrolytes. In last years, natural polymers 

have been considered as a cheap and green alternative, including gelatin, chitosan, agar, etc. 

Among these, agar offers interesting properties making it a good candidate for these 

applications. 

Agar is a natural polysaccharide extracted from certain species of red seaweeds. It is composed 

of two fractions, agarose and agaropectin, both made up of repeating units of agarobiose. 
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While agarose is a neutral linear polymer, agaropectin is partially modified by different 

hydrophobic (methoxyl) and polar (sulfate, pyruvate) side groups. [14] 

Since its discovery agar has been using as a gelling agent for many different uses. In this case it 

has been the choice as it is inexpensive, easy and quick to prepare and can support a wide 

range of aqueous electrolytes, forming translucent gels. Furthermore, agar has a very 

interesting property, syneresis, which is the ability of weeping or expelling liquid from a gel 

[15].This helps wetting the surface and favors contact between the electrolyte and the working 

electrode (i.e., the metal under study) in field corrosion tests. 

Previous studies have been carried out on agar based electrolytes, but these studies have 

focused on its preparation with different salts or acids in order to achieve the maximum 

conductivity, with good optical and mechanical properties [16-18].  For its use as electrolyte in 

electrochemical corrosion measurements, our interest is focused on its use with classical 

aqueous electrolytes usually employed to evaluate the behavior of one metal in different 

weathering conditions. In the case of evaluation of cultural heritage objects, several 

electrolytes have been proposed to simulate marine, urban or rural atmospheres. 

Nevertheless, the use of these electrolytes may damage the original surface of the object so 

authors working in this field have proposed mild electrolytes, included slightly mineralized 

water to avoid introducing aggressive ions on the patinas [7]. 

Taking this into account, and as an alternative to previously mentioned approaches,  authors 

have recently developed a portable cell based on the use of agar as a gelling agent to support 

the liquid electrolyte [19]. While initial results have been promising, yielding results that are 

comparable to a conventional liquid cell, a deeper study of the effect of agar on the results is 

needed: changes in the electrolyte conductivity were observed with the addition of agar, but 

have not been studied; and the possible effect of agar in the corrosion process needs to be 

well understood before the extensive application of this cell for in-situ corrosion 

measurements.  

Therefore, the aim of this work is to evaluate the behavior of an agar-gelled electrolyte for its 

use in a portable cell for in situ electrochemical corrosion measurements on cultural heritage, 

in order to assess the stability and reproducibility of the measurements and the possible effect 

of agar in the results. 

2. Experimental 

The design of the gel polymer electrolyte (GP-E) cell is described in a previous paper in detail 

[19], based on a traditional three electrode cell as shown in figure 1, were WE is the working 

electrode or the object under study, CE is the counter made with a AISI 316L stainless steel 

mesh and RE is a 99.9% silver wire (Goodfellow) electrochemically coated with AgCl, used as 

(pseudo) reference electrode [20].  
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Fig. 1. Cell design scheme (a), picture of the cell with the gelled electrolyte from the side in contact with 

the WE (b) and picture of the cell/sample connection setup (c). 

 

The electrolyte has been prepared by gelling artificial rain with agar (technical grade). To 

minimize the introduction of aggressive ions and to mimic the conditions outdoor sculptures 

are exposed to, the selected liquid electrolyte has been artificial rain adapted from [21].  Since 

the conductivity of this solution is too low, it has been used ten times concentrated. The 

composition of the electrolyte is presented in Table 1. The chloride concentration in this 

solution is 3.58·10-4 M. This gives a potential of 0,462V vs. SHE for the Ag/AgCl coated silver 

wire used as reference electrode, calculated from Nernst equation. 

After the preparation of the liquid electrolyte, 1 to 5% w/v of agar powder has been dispersed 

in the solution, heated until dissolution, allowed to cool down for a few minutes and casted on 

the electrochemical cell containing the RE and CE. For comparison, the same electrochemical 

cell and electrode arrangement has also been used with the liquid electrolyte without agar 

(agar 0%). The addition of agar slightly increased the pH of the electrolyte, from a value of 6.6 

measured in the liquid solution to a 7.0 value in the 5% agar electrolyte. 
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Table 1. Composition of the 10x concentrated synthetic rain used as electrolyte. 

 

Composition Conc. mg/l 

CaSO4·2H2O 14.43 

(NH4)2SO4 15.04 

(NH4)Cl 19.15 

NaNO3 15.13 

CH3COONa 3.19 

pH adjusted to 6.5 with HNO3 

 

 

Electrochemical measurements have been carried out on two types of samples: 50×50x1.5 mm 

laminated EN 1652 CuSn5 bronze coupons (95 Cu, 5 Sn %w), hereafter bronze A; and 70 x35x7 

mm EN 1982 CC491K (DIN 1705-RG5) cast bronze coupons (85 Cu, 5 Sn, 5 Pb, 5 Zn %w), 

hereafter bronze B. Bronze A was selected as a simple model to minimize other variables in the 

study of the agar behavior, while bronze B was selected to have a system as close as possible 

to real cast bronze sculptures.  

Bronze A was used as received to have a long-term natural oxide layer. Bronze B was prepared 

to mimic bronze sculptures by Codina Escultura, a traditional Spanish artistic foundry according 

to traditional materials and techniques: Bronze was casted in ingots, cut into coupons of the 

desired size and sandblasted. Then, two different artificial patinas have been applied to bronze 

B, a dark potassium sulfide patina and a green ammonium chloride patina, following 

traditional patination procedures for artistic sculpture. For the dark patina, a 10% w/v aqueous 

solution of potassium sulfide was applied by brush and then heated with a blowtorch. Green 

patina was obtained with a 10% w/v ammonium chloride aqueous solution applied with brush 

over the dark one. Figure 2 shows the aspect of the coupons.  

EIS spectra have been acquired using a Gamry 600 Potentiostat, using a frequency swept from 

100 kHz to 10 mHz, 10 mV RMS amplitude (at the open circuit potential, OCP) and 10 

points/decade. The area exposed to the electrolyte was 3 cm2. Analysis of the data has been 

carried out using ZView software. Polarization curves have been obtained starting from -150 

mV vs. OCP and polarizing at 0.16 mV/s in the anodic direction.  

The system was left to stabilize at OCP for 30 minutes before measurements. As it has been 

observed and confirmed by other authors [22] , the most remarkable variations show in the 
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first 30 minutes and stay small after that time. Between different measurements 5-10 minutes 

delay has shown to be enough for the stabilization of the OCP. 

Conductivity and pH of the electrolytes has been measured with a Crison MM40 

conductimeter/pHmeter. 

 

Fig. 2. Bronze coupons used for the electrochemical tests: clean bronze A (top), and artificially patinated 

bronze B, with a dark potassium sulfide patina (bottom right) and a green ammonium chloride patina 

(bottom left). 

 

3. Results and discussion 

In order to validate the system and verify its stability three consecutive EIS measurements 

were performed on the same sample. Although the system takes some time to stabilize 
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undergoing small changes with time, the general repeatability of the measurements is quite 

good. Figure 3 shows an example of three consecutive measurements on a bronze A coupon. 

Only small differences in the mid frequency appear, being related to slight modifications of 

surface oxide layers in contact with the electrolyte. Kramers-Kronig analysis was applied to all 

curves demonstrating the linearity, stability, causality and finite value of all measurements. 

Results for the patina-covered bronze B samples were even more stable. The small changes in 

the spectra also demonstrate that the measurements do not alter the surface of the bronze, 

i.e., the tests are non-destructive and can be safely applied to cultural heritage objects.  

 

 

Fig. 3. Nyquist (top) and Bode (bottom) plots showing three consecutive measurements on a bronze A 

coupon. GP-E cell with 3% agar electrolyte. Black lines represent the Kramers-Kronig fitting of data. 

 
Repeatability was also checked in different areas of the same sample. In figure 4 two 

independent measurements on a bronze B coupon covered with dark patina show that 

measurements on similar surfaces give almost identical responses. 
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Fig. 4. Nyquist (top) and Bode (bottom) plots of two different areas from a bronze B coupon with dark 

patina. GP-E cell with 3% agar electrolyte. Black line represents the Kramers-Kronig fitting of data. 

 

The possible effects of agar was evaluated comparing spectra registered with the same cell 

filled with liquid electrolyte and gelled electrolyte (3% agar) on different samples. Results are 

shown in figures 5 (Bronze A), 6 (Bronze B, dark patina) and 7 (Bronze B, green patina). The 

outline from both curves is comparable, the same features being present, although the 

addition of agar results in a decrease of Z module and a shift of time constants to higher 

frequencies. As |Z| at high frequencies is related with electrolyte resistance, this indicates that 

agar addition increases the electrolyte conductivity. The decrease of |Z| at low frequencies 

and the frequency shift of time constants suggest a direct effect of agar in the corrosion 

process. 
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Fig. 5. Nyquist (top) and Bode (bottom) plots of a bronze A coupon. GP-E cell with 3% agar electrolyte 

(squares) and same cell with liquid electrolyte (circles). Black line represents the Kramers-Kronig fitting 

of data. 
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Fig. 6. Nyquist (top) and Bode (bottom) plots of a bronze B coupon with dark patina. GP-E cell with 3% 

agar electrolyte (squares) and same cell with liquid electrolyte (circles). Black line represents the 

Kramers-Kronig fitting of data. 
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Fig. 7. Nyquist (top) and Bode (bottom) plots of a bronze B coupon with green patina. GP-E cell with 3% 

agar electrolyte (squares) and same cell with liquid electrolyte (circles). Black line represents the 

Kramers-Kronig fitting of data. 

 

In order to obtain a better understanding of agar influence in our system, different agar 

concentrations, from 0 to 5% were assayed, using bronze A as a simple model to eliminate the 

effect of possible inhomogeneities of the different patinas. Agar addition might influence two 

processes: the resistance of the electrolyte and the corrosion reaction on the metal/electrolyte 

interface. For our system to be valid to carry out in situ measurements on metallic heritage, 

corrosion mechanisms should not be significantly altered by the addition of agar. The 

electrolyte conductivity, on the other hand, is a parameter that can be substracted from 

experimental EIS data, so it does not interfere on the interpretation of the results.  
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Fig. 8. Conductivity increase of the electrolyte with agar concentration. 

 

To see how resistance of the electrolyte changes with agar, conductivity of electrolyte with 

different agar concentrations (0-5%) was measured (Figure 8). It can be observed that 

electrolyte conductivity increases proportionally to agar concentration, being a linear function 

of the concentration of agar plus the conductivity of the electrolyte, according to: 

K=76 + 221 [%agar]  R2=0.99  (1) 

An additional measurement was done with 3% agar in deionized water to separate the 

contribution of the liquid electrolyte (artificial rain), giving a value of 720 ± 10 μS. So, gelled 

electrolyte’s conductivity is the sum of two contributions: agar´s conductivity and artificial 

rain’s conductivity, being agar the main responsible of the electrolyte’s conductivity. This may 

represent an advantage for its application in cultural heritage, as it gives higher conductivity to 

the electrolyte without introducing other ions that may leave dangerous residues on the 

surface of the object. 

Aiming to understand the corrosion processes, several electrochemical measurements 

including EIS and polarization curves have been done for 0 to 5% agar. Polarization curves have 

been registered to elucidate the effect of the agar on the anodic and cathodic reactions. Figure 

9 show the polarization curves obtained in bronze A. Under our experimental conditions 

(aerated neutral pH electrolyte), the expected main anodic and cathodic reactions are: 

Anodic reaction: Cu0 ↔ Cu+ + 1e-   (2) 

Cathodic reaction:  2H2O + O2 + 4e- ↔ 4OH- (3) 
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The cathodic branch seems to follow a Tafel behavior with no significant changes in the slopes 

with the increasing concentration of agar. This indicates that the cathodic process (eq. 3) is 

under charge transfer control and that the addition of agar up to 5% does not substantially 

change the kinetics of this reaction. On the other hand, agar clearly affects the anodic branch, 

increasing the anodic slopes as the concentration of agar increases, and suggests a direct 

interaction between agar and copper ions which shifts the anodic reaction towards the 

oxidation of copper (eq. 2). 

 

 

Fig. 9. Polarization curves obtained in bronze A with different agar concentration. 

 

Experimental EIS data for 0-5% agar electrolytes are presented in figure 10. The general shape 

of the spectra shows two time constants. The increase of electrolyte conductivity whit agar 

concentration is clearly appreciated in the impedance at high frequencies. Also, a decrease in 

the size of the capacitive loops in Nyquist plots is observed with increase in agar 

concentration.  
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Fig. 10. Nyquist (top) and Bode (bottom) plots of EIS data for bronze A with different concentrations of 

agar 0-5%. 
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The large changes in the electrolyte resistance (R0) obscure the analysis of the effect of agar in 

the corrosion reactions on the metal-electrolyte interface. To avoid this effect, electrolyte 

resistance (obtained from intersection of the extrapolation of high frequency loop with the 

real axis in Nyquist plots) has been substracted from the EIS data. This representation 

eliminates the distortion induced by this resistance and allows [23]. Additionally, data above 

104 Hz showed artifacts attributable to instrumental effects, and therefore have been 

eliminated for analysis. Corrected (Z-R0) impedance modulus versus frequency data are 

presented in figure 11. The features of the curves for all concentrations of agar are similar, 

indicating that the addition of agar does not alter significantly the electrode reactions, thus 

supporting the use of this gelled electrolyte for EIS measurements.  

 

Fig. 11. Modulus (top) and phase angle (bottom) of corrected impedance (Z-R0) as function of frequency 

for bronze A with different concentrations of agar 0-5%. 
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Two different slopes can be clearly observed in figure 11. The slope of the high frequency part 

of the data (above 10 Hz) gives a value of ~-0.8 for all measurements, and the low frequency 

part (below 1 Hz) has a slope between 0.3 and 0.35. These slopes depart from the ideal 

capacitive behavior (slope of -1), indicating a distribution of the time constants. This 

distribution of the time constants is commonly modeled by a constant phase element (CPE):  

𝑍𝐶𝑃𝐸 =
1

𝑌(𝑗𝜔)𝛼  (4) 

whose actual physical meaning could be very different depending on the system: this response 

has been attributed to surface roughness and heterogeneities, to electrode porosity, to 

variation of coating composition, to slow adsorption reactions, and to non-uniform potential 

or current distributions [24]. 

As a first approach experimental data were fitted to an equivalent circuit with 2 nested CPE-R 

pairs, as shown in figure 12a. To give a physical meaning to the mathematical analysis several 

possibilities may be evaluated. 

 

Fig. 12. Equivalent electrical circuits used to analyze EIS data. 

 

One approach it to interpret the results according to the classical equivalent circuit for 

modeling an imperfect metal-coating system, in which elements of circuit 12a are interpreted 

as: R0 represents the electrolyte resistance, CPE1 represents the pseudo-capacitance of the 

patina or oxide layer on the metal surface and R1 the resistance of the electrolyte though the 

pores; and CPE2 in parallel with R2 represent the pseudo-capacitance of the double layer at the 

metal-electrolyte interface and the charge transfer resistance of the corrosion reaction 

respectively. In this hypothesis the distribution of time constants of CPE2 would be related to 

inhomogeneous current distributions due to both irregularities in the metal surface [20] and to 

the presence of agar molecules at the interface. As agar molecules interact with the metal 

surface and favor the corrosion process, an increase of agar would explain the decrease of 

impedance contribution associated to CPE2.  

Nevertheless, the values of α2 with this model are about 0.5 for all conditions. This value is too 

low to be attributed to inhomogeneities or roughness of the surface, especially considering the 

smooth and apparently regular surface of bronze A (see Fig. 2), that is was not altered by the 
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measurements. Recent works have also demonstrated that pure geometric aspects (surface 

roughness) can not explain a CPE behavior [25, 26].  

A second tentative interpretation of the distribution of the time constant at low frequencies is 

to assign it to the impedance of a porous electrode. Under de Levie’s assumptions (equal 

cylindrical pores uniformly distributed in the electrode surface), the impedance of a porous 

electrode is given by: 

𝑍𝑑𝑒𝐿𝑒𝑣𝑖𝑒 = (𝑅𝑐𝑍0)0.5 coth (
𝑙𝑐

𝜆
)  (5) 

being Rc the electrolyte resistance within the pore, Z0 the impedance of the flat electrode 

developed in the cylindrical pore, lc the pore depth and λ=(Z0/Rc)0.5 the penetration depth of 

the AC signal in the pore [3, 27]. Hernandez et al. [3] found this kind of response on rough 

copper electrodes when exposed to NaCl. In our case, the short exposure times and the low 

aggressiveness of the electrolyte (the chloride concentration of our electrolyte is much lower) 

did not change the original smooth surfaces of the sample. Since according to eq. 5, when the 

pores are shallow the response of the electrode is similar to that of a flat electrode, it is not 

likely that the dispersion of the time constant can be attributed to porosity.  

For copper corrosion in milder electrolytes, with composition and pH much similar to the one 

used in our study, the aforementioned article by Hernandez et al. (using synthetic rain of Sao 

Paulo, pH5) [3] and a previous one by Feng et al. [28] (using synthetic tap water, pH 7.6) found 

that the dispersion of the time constants was attributable to diffusion of copper ions within 

the oxide layer and the electrolyte. The equivalent circuit modeling this behavior is presented 

in figure 12b in which the second CPE has been replaced by a generalized finite length 

Warburg impedance: 

𝑍𝐺𝐹𝐿𝑊 =
𝑅

(𝑇𝑗𝜔)𝛼 tanh(𝑇𝑗𝜔)𝛼    (6) 

This expression is the solution to the one-dimensional anomalous diffusion equation subject to 

the absorbing boundary. When α=0.5, this equation corresponds to the finite length Warburg 

impedance. The numerical data for the different parameters obtained by fitting to this 

equivalent circuit are presented in table 2. It should be mentioned that for 4 and 5% agar, a 

third time constant seems to appear at the lowest frequencies. While it is not clearly defined 

as to propose an additional element in the circuit, it distorts the fitting at the last points, 

causing inaccuracies in the estimation of the parameters of the diffusional impedance for 

these conditions (values marked with asterisk in the table).  

The values of αGFLW are about 0.35 (corresponding to the slope of the low frequencies part of 

data in figure 11), therefore the diffusional impedance in our system does not follow the pure 

finite Warburg diffusion. The reason for this behavior is not clear, and might be related with 

complex diffusion phenomena or to the overlapping of other processes, such as the impedance 

of the thin oxide layer on the metal surface. In any case, this behavior appears both in the 

liquid electrolyte and the gelified electrolyte, so it is not a consequence of the addition of agar.  

 



 
 

19 
 
 

Table 2. Electrochemical parameters obtained from fitting to equivalent circuit in figure 12b of 

EIS measurements on bronze A with liquid electrolyte and gelled electrolyte with agar 1 to 5%. 

Agar % 

CPEdl 

Rct 

(k cm2) 

ZGFLW 

Ydl 

(µS s1 cm-2) 
dl 

R 

(k cm2) 

T 

(s) 
w 

0% 6.4 ± 2 0.799 ± 0.004 8 ± 2 78 ± 5 26 ± 6 0.32 ± 0.02 

1% 8.8 ± 0.2 0.846 ± 0.002 3.4 ± 0.1 45 ± 1 40 ± 3 0.397 ± 0.005 

2% 8.6 ± 0.1 0.837 ± 0.001 4.0 ± 0.1 33.0 ± 0.8 57 ± 5 0.311 ± 0.004 

3% 10.3 ± 0.2 0.845 ± 0.002 2.5 ± 0.2 31 ± 2 90 ± 20 0.294 ± 0.007 

4% 39 ± 1 0.756 ± 0.04 0.8 ± 0.1 4.9* ± 0.3 1.9* ± 0.3 0.38* ± 0.02 

5% 33.08 ± 0.8 0.785 ± 0.02 0.9 ± 0.1 3.9* ± 0.2 1.5* ± 0.3 0.37* ± 0.01 

 

 

From the analysis of these results, it can be inferred that the addition of agar slightly decreases 

Rct, thus increasing the anodic dissolution of copper. An increase in Cdl is also observed, 

attributable to the interaction of charged moieties of agar molecules with the electrode 

surface. However, this increase is negligible until 3% agar. The affinity of agar and other 

biomolecules for metallic ions is not unknown. There are many studies on metal uptake by 

different biomaterials for environmental applications [29] and agar and algae Gelidium (which 

is the raw material for agar extraction) have been studied as biosorbents for copper removal in 

wastewater [30, 31]. These biomaterials contain functional groups which may act binding sites 

for metal ions, therefore acting as anodic depolarizers when used in corrosion studies. A more 

detailed study on binding equilibrium between agar and copper would be of interest although 

it is out of the scope of this work.  

Our results show that the addition of agar to the artificial rain electrolyte in concentrations up 

to 3% do alter the corrosion mechanisms, although it increases the corrosion rate by 

decreasing faradaic impedance. The most evident effect of the addition of agar, the decrease 

in the resistance of the electrolyte, can be easily substracted from experimental data, and can 

be even favorable for field measurements as it increases the range of measurable impedances. 

When using the gelled electrolyte for the assessment of protective properties of patinas or 

coatings on metallic cultural heritage these effects can be disregarded provided the results are 

reproducible and allow obtaining data comparing the protective properties of different 

coatings or following their evolution with time. Although corrosion rate in a determinate 

electrolyte will be overestimated with the addition of agar, quantitative absolute values of 

corrosion rates are not usually of interest when evaluating patinas or coatings for atmospheric 

exposure, as in these atmospheric conditions the metal is not continuously immersed in the 

electrolyte. These comparative results permit choosing between different coatings or 

monitoring changes in corrosion resistance of a surface, thus being a powerful tool for 
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establishing conservation strategies for metallic cultural heritage. This application of gelled 

electrolyte cell for the comparison of different patinas and coating systems is currently being 

tested in real conservation applications. Preliminary results have shown the applicability of the 

agar G-PE cell as a non-destructive diagnostic tool [32, 33]. 

4. Conclusions 

The agar gelled electrolyte allows to obtain repetitive and good quality EIS spectra. Some 

differences between the spectra of the liquid and gelled electrolyte have been observed, due 

to an increase in conductivity and a slight depolarization effect of the agar. For application on 

cultural heritage studies, these effects can usually be disregarded since the results are 

reproducible and allow obtaining comparative data of different substrates, patinas and 

coatings, and follow their evolution with time. In consequence, agar gel polymer electrolyte 

(GP-E) cell has proved to be an interesting alternative to carry out in-situ EIS tests on metallic 

cultural heritage, solving some of the difficulties of the experimental setups used by other 

authors. The information obtained by this technique can provide conservators-restorers 

quantitative data about the corrosion protection properties of patinas and coatings. 
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