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Introduction

All metals, except precious metals like gold and silver, 
exist in mineral and ore form. Once a metal comes into 
contact with the environment it has a tendency to revert 
to its mineral form. For example, lead is extracted from 
the ore galena but when it is exposed to the environment 
it forms lead oxide, carbonates and other products. Lead 
also reacts with acids such as acetic acid and formic acid 
to form readily soluble lead acetate and lead formates. 
Lead is continuously corroded by organic acids to create 
a uniform corrosion pattern (Costa and Urban 2005). 
This type of corrosion can be seen when lead comes into 
contact with wood, varnishes and paints (Blackshaw and 
Daniels 1979).

Benzotriazole (BTA) has been used as a corrosion 
inhibitor for the conservation of copper-based artefacts 
(Sease 1978). Sharma, Lal and Singh (2003) introduced a 
method using BTA to stabilise leaded bronze. The effect 
of neutral BTA solution in inhibiting the corrosion of lead 
is due to the formation of a crystalline and polymeric 
Pb-BTA complex on its surface.

This research was conducted with the aim of testing 
the efficacy of the proposed method, and to analyse 
the action of corrosive species such as carbonates, 
chlorides and sulfates on the Pb-BTA and patinated 
lead surface.

Experimental details

Experiments were conducted on 86%-pure lead coupons 
(Table 2). Eight square-shaped lead coupons (4 × 4 cm) 
were polished with fine grade emery paper to achieve a 
scratch-free surface, followed by degreasing with acetone. 
An aqueous, neutral BTA solution (1%) was prepared 
and four coupons were coated while four remained 
uncoated. The coated coupons were immersed overnight 
in the BTA solution to allow the formation of a Pb-BTA 
layer. Coupon A1 was analysed using energy-dispersive 
x-ray spectroscopy (EDX) after coating in the BTA to 
analyse the percentage composition of lead in the sample 
(Table 2). Two coupons, A1 (with BTA) and B1 (without 
BTA), were then subjected to impedance analyses to 
gauge the protective property of the BTA coating and 
the patinated lead surface (Table 1).

Electrochemical impedance spectroscopy (EIS) was 
performed using a three-electrode system: a working 
electrode (lead coupon), a counter electrode (graphite) 
and a calomel electrode as the reference. The experiments 
were performed at room temperature (25°C) with a 
sinusoidal voltage of 10 mV at the open circuit potential 
(varying the frequency between 10 mHz and 100 kHz 
using a potentiostat). An ASTM D 1384-87 test solution 
was used composed of sodium sulfate (148 mg/L), sodium 
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chloride (165 mg/L) and sodium bicarbonate (138 mg/L). 
The test solution was used to provide an aggressive 
environment for the BTA-protected and patinated lead 
surfaces. Lead makes different corrosion products with 
carbonates, and the sodium chloride and sodium sulfate 
were used to observe the action of chloride and sulfate 
ions on the BTA-coated and patinated lead surfaces. A 
constant phase element (CPE) model was used to analyse 
the impedance data.

Figure 1. Equivalent electrochemical circuit of the CPE model used to 
extract the impedance data from the plots

Six lead coupons were simultaneously exposed to 
different acids (Table 1) in a desiccator to accelerate the 
degradation of the BTA-coated and patinated surfaces. 
After two weeks of exposure, the surfaces were analysed 
using x-ray powder diffraction (XRD) and EDX to iden-
tify the corrosion products. The lead coupons were then 
subjected to further electrochemical analyses to compare 
the difference in protective property of the BTA-coated 
surface and the patinated surface after exposure to 
different acidic environments.

Results and discussion

EDX analysis on Sample A1 showed the presence of C, 
N, O and Pb. The amount of oxygen detected was greater 
than for the uncoated or unexposed surfaces (Table 2). 

This suggests that environmental oxygen formed a layer 
of lead oxide before the application of the BTA.

Table 2. EDX results on the lead sample, BTA-coated lead sample (A1) 
and samples AA, FA and HcA (after exposure to an acidic environ-
ment)

EDX results

Sample name Weight 
%

C

Weight 
%

N

Weight 
%

O

Weight 
%

Pb

Weight 
%

Cl

Lead coupon 
uncoated and 
exposed

5.9 - 3.5 86.2 -

A1 12.4 2.3 10.2 74.9 0.00

AA 23.0 3.4 24.3 46.0 0.00

FA 22.5 5.0 23.4 48.9 0.00

HcA 15.6 0.00 0.00 62.0 23.3

EDX analysis on sample AA was similar to sample A1 
(Table 2). There was a considerable increase in carbon and 
oxygen after the lead-BTA surface was exposed to acetic 
acid (Table 2). This is corroborated by the XRD spectra, 
which show a strong peak in lead acetate (Figure 2).

Figure 2. XRD spectra of the surface of sample AA

A similar trend was observed for sample FA with EDX 
(Table 2) and XRD analysis (Figure 3).

Table 1. Nomenclature of lead samples used in the experiment. Samples A1 and B1 were directly subjected to EIS, while samples AA, AA1, FA, FA1, 
HcA and HcA1 were first exposed to an acidic environment and then subjected to EIS

Specimen Inhibitor coating Given environment Exposure time After exposure

A1 With BTA EIS - -

B1 Without BTA EIS - -

AA With BTA Acetic acid 14 days EIS

AA1 Without BTA Acetic acid 14 days EIS

FA With BTA Formic acid 14 days EIS

FA1 Without BTA Formic acid 14 days EIS

HcA With BTA Hydrochloric acid 14 days EIS

HcA1 Without BTA Hydrochloric acid 14 days EIS
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Figure 3. XRD spectra of sample FA

In contrast to samples AA and FA, a different corrosion 
product formed on the surface of sample HcA. Interest-
ingly, no nitrogen was detected but there was a significant 
amount of chloride ion concentration (Table 2). These 
results indicate that the BTA had completely decomposed 
during exposure to the hydrochloric acid (Table 2). The 
presence of carbon is probably due to the BTA residue 
that decomposed during the period of exposure. To 
identify the phases present on the surface, the sample 
was analysed by XRD and showed a strong peak of lead 
chloride and carbon (Figure 4).

Figure 4. XRD spectra of sample HcA

After EDX and XRD analysis of samples AA, FA and HcA, 
EIS was performed in an ASTM D 1384-87 test solution 
to assess the performance of the corrosion inhibitor on 
lead surfaces. A Bode plot for samples A1 and B1 showed 
impedance values at the lowest frequency (left Y-axis) 
(Figure 5). This indicated the lowest impedance provided 
by the specific sample in an environment. This figure for 
A1 (the BTA-protected lead surface) was considerably 
higher than for B1 (patinated lead sample). The phase 
shift value (right Y-axis) showed that both samples had 
only one time constant at an intermediate range of about 
100 Hz. The Bode plot for samples AA, FA and HcA also 
showed the same pattern (Figures 6–8).

Figure 5. Bode plot of samples A1 and B1

Figure 6. Bode plot of samples AA and AA1

Figure 7. Bode plot of samples FA and FA1

Figure 8. Bode plot of samples HcA and HcA1

Table 3 shows impedance parameters α (CPE) and Rp 
(polarisation resistance). As expected, polarisation resist-
ance shows that sample A1 exhibits about three times 
higher Rp as compared to B1 (Table 3).

When the samples were exposed to a corrosive envi-
ronment (samples AA, FA and HcA), their properties 
deteriorated considerably. Table 3 shows the decrease in 
Rp values compared to sample A1, which demonstrates 
the deterioration of the protective layer for both BTA 
and the patinated lead surface.

In order to access the quantitative inhibitive performance 
of the BTA treatment on the surface of lead samples, 
percentage inhibition efficiencies (IE%) were calculated 
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using Rp (Table 4) for the different treated samples using 
the following formula:

%E = ( corrosion rate of untreated sample – 
corrosion rate of BTA treatead sample

corrosion rate of untreated sample ) 100

Table 4. Percentage inhibition efficiency of BTA on lead samples 
exposed to different environments

No. Sample name % E

1 A1 68.84

2 AA 85.21

3 FA 69.40

4 HcA -21.95

The data recorded in Table 4 shows that the BTA gives 
higher inhibition efficiency in acetic acid, followed by 
formic acid. On the other hand, HCl vapour accelerated 
corrosion and imparted negative efficiency, which is 
also evident from the EDX and XRD results on sample 
HcA, which shows the presence of lead chloride on the 
BTA-protected lead surface (Table 2).

Conclusion

The EDX results (Table 2) and the Rp values (Table 3) 
obtained in the experiments showed that acidic environ-
ments caused the deterioration of the Pb-BTA layer. The 
EDX and XRD results showed the formation of different 
corrosion products on the Pb-BTA surface when exposed 
to different acids, such as lead acetate and lead chloride. 
The results suggest that HCl vapour has the most corro-
sive effect on Pb-BTA and the patinated lead surface, 
followed by formic acid and acetic acid.

It is evident from the results that BTA is not a promising 
solution for the conservation of lead-based metal arte-
facts. The Pb-BTA layer is sensitive to acids and does 
not resist the action of chloride ions effectively. Further 
studies are required to check the longevity of the BTA 
layer for the long-term protection of lead-based artefacts.
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Table 3. Electrochemical impedance parameters taken from the CPE 
model of equivalent circuits in tests performed in ASTM D 1384-87 
solution shown in Figure 8

Sample Ru (ohm.cm2)
Y0

(S.sa/cm2) ααα Rp (ohm.cm2)

A1 805 17.2*10-6 0.601 6970

B1 1376 59.72*10-6 0.702 2150

AA 637 424*10-6 0.741 487

AA1 469 1870*10-6 0.791 72

FA 520 2240*10-6 0.790 317

FA1 701 455*10-6 0.780 97

HcA 543 293*10-6 0.785 82

HcA1 524 34.5*10-6 0.780 100


