
Hindawi Publishing Corporation
International Journal of Polymer Science
Volume 2013, Article ID 751056, 9 pages
http://dx.doi.org/10.1155/2013/751056

Research Article
Electrochemical Evaluation of a Recycled Copolymer Coating for
Cultural Heritage Conservation Purposes

Marco Hernández-Escampa,1 Fausto Rodríguez-Acuña,2

Franco Millán-Cruz,3 Pilar Rodríguez-Rojas,3 Miguel Hernández-Gallegos,1

Alba Covelo,2 Carmina Menchaca-Campos,3 and Jorge Uruchurtu3
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Acrylonitrile-butadiene-styrene (ABS) is a well-known discard product from the industry. This copolymer can be dissolved in
organic solvents, and thin films can be created by immersion. Two requirements for coatings used for cultural heritage conservation
purposes are transparency and reversibility, both fulfilled by ABS films. The aim of this work was to characterize the copolymer
and to evaluate the electrochemical properties of ABS coatings applied to copper. Such performance was compared to that of
a commercial varnish commonly used in conservation. The results indicate high protection values of the ABS film, generating
a potential application for this waste material. The electrochemical techniques included electrochemical noise, impedance
spectroscopy, and potentiodynamic polarization.

1. Introduction

Cultural heritage conservation constitutes a relevant field of
research which frequently relies on material science to solve
the challenges posed by the degradation of artifacts, architec-
tural structures, and ornaments [1–5]. Historic, artistic, and
archaeological items are frequently built of metals. Through
the ages, copper and its alloys constitute a particular set of
metals widely used in such manufactures [6]. Even when
these materials tend to form protective patinas due to their
interactions with the environment, such natural protective
layers may fail, especially in highly polluted atmospheres [7].
Therefore, the application of coatings to both clean and patina
covered metallic surfaces has proved to be useful to preserve
cultural heritage [8]. Two highly desirable conditions of

conservation-oriented coatings are transparency in order not
to affect the aesthetical traits of the artifacts and reversibility,
which refers to an easy removal process [9].

On the other hand, acrylonitrile-butadiene-styrene
(ABS) waste and residues represent a well-known discard
product from the automotive industry. Since law usually
forbids the recycling of this material because all pieces must
be brand new, considerable amounts of ABS become unused
waste and a nuisance to dispose due to environmental
restrictions. Therefore, research has been done trying to
find usable recycling applications with added value to this
and other polymer discards. Due to the finite reserve of
hydrocarbon in the world, a proposal has been obtaining
degradation oils from plastics, potentially useful as fuel
[10]. However, such processes cannot avoid the presence
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of heteroatoms such as chlorine from poly(vinyl chloride)
(PVC) or nitrogen from ABS. These heteroatoms relate
to corrosion of machinery parts and participate in the
formation of dangerous compounds such as cyanic products,
SOx or NOx, in the combustion process [11, 12].

The mechanical and chemical properties of ABS have
been studied demonstrating its durability, elongation to
break, and impact resistance. However, thermooxidative pro-
cesses can degrade this polymer due to hydrogen abstraction
by oxygen [13]. Two models explain the ABS degradation:
heat aging or physical aging [14–17]. It is well known that
this polymer can be dissolved in organic solvents; also, thin
layers become practically transparent. Therefore, an ABS
coating potentially fulfills some of the major requirements
for coatings used in cultural heritage conservation. Hence, a
combination of adequate properties and ecological values due
to waste recycling might be implied in the utilization of this
coating for the stated purpose.

The aim of this work was to evaluate the protective prop-
erties of recycled ABS applied to copper surfaces, compared
to the behavior of an aliphatic commonly used commercial
coating, for conservation purposes. In order to achieve this
goal, an experimental procedure was designed which allowed
to (1) create coatings recurring to the dissolution properties
of ABS in acetone and (2) simulate the degradation of the
coatings in highly corrosive ambient. The techniques used
included electrochemical noise, impedance spectroscopy,
and potentiodynamic polarization. The obtained results
constitute a potential contribution to the cultural heritage
conservation field because an alternate coating for copper
substrates is proposed. Copper and its alloys are found in a
vast array of archaeological and historical artifacts around the
world.

2. Materials and Methods

2.1. Coating Preparation. TheABS wastes were cut into small
pieces, and afterwards 60 grams of this polymer was added
to 1 liter of acetone under constant stirring for 10 minutes
at room temperature. This way, the obtained solution is
ready for the metal samples to be coated (ABS coating) by
immersion.

2.2. Polymer Characterization. The recycled ABS was char-
acterized in two states: in raw form and in solution as
mentioned previously.

Thermal Analysis. Thermal analysis were carried out in a
Perkin Elmer Thermal Analyzer TGA/DTA, from 30 to
500∘C, with a heating rate of 20∘C/min, in normal atmo-
sphere, using aluminum disposable holders. The samples
were cut into small pieces and placed into the holder.

Infrared Spectroscopy. To evaluate the ABS structure,
Fourier Transformed Infrared Spectroscopy (FTIR) was
used. Infrared analysis is an extremely reliable and well-
recognized fingerprinting method. A Perkin Elmer Fourier
Transformed Infrared Spectroscopy (FTIR) with Attenuated
Total Reflectance (ATR) accessory was used.

2.3. Coating Thickness Measurements. Metallic plates were
immersed, one (ABS-1), two (ABS-2), and three (ABS-3), for
30 seconds per immersion in the ABS solution. Scanning
electronic microscope (SEM) LEO 1450VP was used to
determine the thickness of the coatings for each case. Samples
were attached with carbon sticky tape to the microscope
holders and covered with a thin layer of Au/Pd to prevent
electrostatic charge accumulation.The images were observed
at 15 kV and secondary electrons emission.

2.4. Electrochemical Evaluation. Commercial copper cou-
pons with an exposed area of 1.1 cm2 were embedded in
acrylic resin. The coupons were polished with 600, 800,
and 1200 emery paper. Afterwards, the metal samples were
immersed in the coating solution for 30 seconds and then
removed, to allow the solvent to evaporate. The samples were
placed in a desiccator for 24 hours to be ready for testing.

A first group of samples was used as blank to evaluate
the electrochemical properties of the base material in two
different solutions.The first solution, Na

2
SO
4
0.1M, is mildly

aggressive while the second one, Na
2
SO
4
0.1M + 3% weight

NaCl, presents highly corrosive properties and simulates an
aggressive urban-marine atmosphere. As reference, a second
group of coupons was coated with commercial aliphatic
polyurethane (varnish). The application consisted of a single
layer using a small brush, simulating the manual procedure
frequent in conservation. These coupons were evaluated
electrochemically as a function of time, for two weeks,
immersed in the highly corrosive solution.

A third group of coupons was coated by immersion
in the ABS solution (ABS-1, ABS-2, and ABS-3). Electro-
chemical evaluation in the highly aggressive solution was
performed for the three ABS coatings for comparative pur-
poses. Coupons with three immersion cycles were evaluated
electrochemically as a function of time for two weeks.

All electrochemical evaluations performed in this work
included electrochemical noise measurement, impedance
spectroscopy, and potentiodynamic polarization. All mea-
surements reported were made using a three-electrode
arrangement, and potentials were quoted versus silver/silver
chloride reference electrode. Electrochemical values are all
corrected for the area of the working electrode.

2.4.1. Electrochemical Noise Measurement. The experimental
setup used for electrochemical noise data recording consists
of a working electrode, the tip of a platinumwire, and the ref-
erence electrode. The potential and current electrochemical
noise oscillations were obtained simultaneously at a sampling
rate of 1 point per second for 2048 seconds in each test,
using an auto-ZRAACM instrument connected to a personal
computer. Removal of the DC trend from the raw noise data
was the first step in the noise analysis. To accomplish this,
a least squares fitting was used. The DC trend had to be
eliminated because this could originate large distortions in
subsequent statistical noise data processing [18].

The noise resistance (𝑅noise) was obtained by statistical
analysis of voltage and current noise records as follows:

𝑅noise =
𝜎 [𝑉 (Δ𝑡)]

𝜎 [𝑖 (Δ𝑡)]
, (1)
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Figure 1: ABS characterization: (a) thermal analysis and (b) infrared spectroscopy.

where 𝜎[𝑉(Δ𝑡)] is the standard deviation of voltage noise
in time interval Δ𝑡 and 𝜎[𝑖(Δ𝑡)] is the standard deviation
of current noise in the same time interval Δ𝑡. The noise
resistance was presented and obtained as a function of
time. These measurements were performed to evaluate the
protective properties of the coupons polymeric coating and
its evolution in time.

2.4.2. Electrochemical Impedance Spectroscopy. The electro-
chemical impedance spectroscopy (EIS) used a sine wave.
Classical three-electrode arrangement experimental set-up
was used for EIS tests. The electrochemical signals were
monitored by AC Gill potentiostat connected to a personal
computer.The equipment was previously calibrated in accor-
dance with the standard [19]. An alternating current (AC)
signal, with a 10mV amplitude signal, was applied in the
frequency range of 100mHz to 10 kHz. A silver/silver chloride
electrode connected through a lugging probe was used as a
reference electrode and graphite as counter electrode. These
measurementswere performed in the described times to eval-
uate different protectivemeasurements and their evolution in
time.

2.4.3. Potentiodynamic Polarization. Electrochemical polar-
ization curve measurements were made with a scan rate
of 60mV/min. Coupons were immersed in the unstirred
solutions. The stabilization period before polarization was 10
minutes.The cathodic branchwas performed−1000mV from
the rest potential and the anodic branch went up to 2000mV
from that same rest potential.

3. Results and Discussion

3.1. Polymer Characterization. Figure 1(a) shows the TGA/
DTA measurement results for recycling ABS, as it is
discarded. The TG curve shows one stage weight decrease

between 300 and 500∘C, due to thermal decomposition with
the onset in 400∘C, remaining just 10% at 500∘C, which
corresponds to additives, fillers, and other aggregates present
in the copolymer because of the application for which it
was tailored. At the same time, the DT curve shows two
main peaks, a small one around 220∘C due to melting of
the elastic butadiene and a bigger one that initiates at 420∘C
corresponding to the ABS decomposition.

The IR spectra of ABS in raw and in solution are shown
in Figure 1(b). Both present characteristic peaks of the three
main components, but in solution they are clearly seen:
the nitrile band of acrylonitrile at 2237 cm−1, the aromatic
ring of styrene at 1602, 1494, 761, and 699 cm−1 [20–22],
and the double bond of butadiene at 967 cm−1 trans and
911 cm−1 vinyl. The rest of nonidentified peaks in the spectra
correspond to acetone major absorptions.

3.2. Coating Thickness Measurements. Figure 2(a) presents
the coating thickness after one immersion with an inter-
val between 14 and 22 𝜇m, looking not very compact and
disbonded. After the first immersion, the procedure was
repeated twice for 30 s (Figures 2(b) and 2(c)). The coating
looks compact but maintains a thickness around 13 to 16𝜇m.
These results suggest that immersion cycles did not increase
the coating thickness, but rather pores present after the first
immersion are sealed and the compactness was improved
(see Figure 2). Also during the second and third immersions,
the ABS solution promotes partial removal of the top of the
coating due to the action of the solvent.

3.3. Electrochemical Evaluation. Figure 3 shows the polariza-
tion curves of the copper coupons used as blank in Na

2
SO
4

0.1M and Na
2
SO
4
0.1M + 3% weight NaCl solutions. It

also includes the curve corresponding to the varnish coated
coupons in the aggressive solution. The corrosion rates of
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Figure 2: Coating thickness measurement by SEM: (a) ABS-1, (b) ABS-2, and (c) ABS-3.

copper increase two orders of magnitude in comparison
to the mild solution. In contrast, the copper coated with
varnish decreases the corrosion rates as much as three
orders of magnitude compared to the uncoated copper in
the aggressive solution, demonstrating the protectiveness of
the coating. The performance of the varnish was considered
as reference to compare the protectiveness of the polymer
coating under evaluation.

Figure 4 shows the polarization curves of the varnish
coated coupons in aggressive solution for different times of
immersion (0 hours up to two weeks). As time elapses, the
corrosion rates increase suggesting the degradation of the
coating. This is coherent with the presence of passivation
zones after 24 to 48 hours due to the oxidation of the base
material as the solution reaches it through the coating pores
or cracks.

Figure 5 presents the electrochemical noise and
impedance measurements for the varnish coated copper
coupons. The Bode impedance diagrams show that the total
impedance values decrease in time, although there is an
increment after two weeks which once again can be related
to the corrosion products formed as the coating deteriorates.
Such oxidation can start as early as 24 to 48 hours according
to the polarization curves. The electrochemical noise
resistance values show similar behavior to the impedance
measurements, although an increase can be seen since
week one. Therefore, the results of the three electrochemical
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techniques are coherent to each other since they show similar
trends.
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Table 1: Values of the equivalent circuits for the ABS-3 copper coupons in Na2SO4 + 3wt% NaCl solution in time.

ABS-3 Rsol. (ohm cm2) Rpo (ohm cm2) Cc (F) Dep angle Rcor (ohm cm2) Ccor (F) Dep angle

0 h 52 6.32𝐸5 1.13𝐸 − 9 11.89 1.13𝐸6 1.32𝐸 − 6 64.78

24 h 50 1.41𝐸5 1.65𝐸 − 8 40.86 2.60𝐸5 1.60𝐸 − 5 71.51

48 h 53 1.48𝐸4 8.53𝐸 − 5 29.73 2.21𝐸4 9.60𝐸 − 5 32.27

1 w 51 2.23𝐸3 2.92𝐸 − 9 7.03 6.42𝐸3 2.60𝐸 − 5 41.74

2w 50 2.03𝐸4 9.29𝐸 − 5 48.81 2.61𝐸4 1.25𝐸 − 4 38.47
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Figure 4: Polarization curves of copper coated with varnish in
Na
2

SO
4

+ NaCl solution, as a function of time.

Figure 6 shows the Bode diagrams for each of the three
cases: ABS-1, ABS-2, and ABS-3. Even when no significant
increase of thickness was achieved with the consecutive
immersions, the total impedance increased as a function of
the number of immersion. This can be related to the fact that
each immersion sealed the pores of the polymer layer. The
total impedance values of the ABS-3 coupons reached similar
values compared to the varnish coated coupons.

Figure 7 shows the polarization curves of the ABS-3
copper coupons. In the initial time there is well-defined pas-
sivation zone suggesting corrosion processes in the surface of
the base material. As time elapses, the passivation zones tend
to diminish and the corrosion rates increase as the coating
deteriorates. Corrosion potentials become more negative in
time indicating surface activation of the metal.

Figure 8 presents the impedance and electrochemical
noise measurements in time for the ABS-3 copper coupons.
TheBode impedance diagrams show that the total impedance
values decrease in time without any increment as observed in
the case of the varnish. The electrochemical noise resistance
values also show a general decrease, compared with the initial

time of immersion. However, there is an increase in noise
resistance values after one week. This behavior is similar to
the one observed for the varnish.

Figure 9 shows the equivalent electric circuit for the
corrosion process in the evaluated system. The values of the
corresponding elements of the circuit are presented inTable 1.
The electrochemical impedance simulation results obtained
and presented reflect the coating degradation process occur-
ring in the electrolyte as a function of time of immersion.

Figure 10 compares the total impedance (𝑍
𝑡
) and noise

resistance (𝑅
𝑛
) values in time for both the varnish and ABS-

3 copper coupons. In both cases, the behavior decreases
as time goes by and the coatings deteriorate. The resulting
values are very similar in magnitude compared to each
other, and hence it is possible to suggest that the protective
performance of the coatings is comparable. In the case of 𝑍

𝑡
,

the ABS coating stays with higher protective values during a
considerable time. 𝑅

𝑛
values indicate a similar behavior, even

when initially, the protection of the ABS coating is slightly
below in relation to the performance of the varnish. At some
point in time, the parameter values are inverted and both
coatings reach very similar values. With the noise resistance
being independent of the frequency, the values obtained and
presented in the noise impedance spectra are related totally
to the coating performance [23].

Figure 11 compares the macroscopic aspect of coupons
coated with varnish and ABS-3 after two weeks in the
aggressive solution.The couponprotectedwith varnish shows
blue-green corrosion products while the one coated with
ABS-3 stayed in the copper color range. This suggests that
the pores and/or failures in the varnish allow diffusion of
bigger ions in solution such as sulfates reaching the metallic
surface, which combined with chloride and oxygenmay form
CuSO

4
, as compared to those in the ABS coating. In the

latter, probably smaller pores allow diffusion only of oxygen,
generating a highly adherent and protective copper oxide
(Cu
2
O and CuO) patina whose properties combine with

those of the ABS-3 coating. Also, the difference observed
in both samples corroborates the suggestion made as to the
immersion cycles and pore sealing presented and discussed
in Figure 2.

Atmospheric corrosion of copper reaction is [24]

4Cu +O
2
+H
2
O ⇒ 2Cu

2
O +OH +H

2
(2)
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Figure 5: Copper coated with varnish in Na
2

SO
4

+ 3wt% NaCl solution in time: (a) Bode impedance diagrams and (b) electrochemical
resistance noise.
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Figure 7: Polarization curves of ABS-3 copper coupon in Na
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3wt% NaCl solution in time.

Corrosion of copper and its alloys forms complex patinas
over the surface, being more or less protective depending
upon the environmental conditions and the nature of the
pollutants present. In the atmosphere the range of corrosion
rates is in the order of less than 0.1𝜇m/year for rural
atmospheres up to approximately 5.6𝜇m/year for industrial-
marine environments [24, 25]. Electrochemical measure-
ments immersed in neutral solution on samples with patinas
formed after long exposures under different atmospheres
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rendered polarization resistance values of 5.4 kohms-cm2
for rural atmospheres up to 35.2 kohms-cm2 for industrial-
marine polluted atmospheres. For comparison, bare copper
presents polarization resistance values in the range of 1.5 to
6 kohms-cm2 [24].

In comparisonunder similar experimental conditions, for
copper samples coated with a commercial alkyd varnish used
for restoration and conservation of pieces of works of art of
cultural and historic heritage, polarization resistance values
obtained were 10 to 100 kohms-cm2 [25]. Results obtained
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and presented in this work compare favorably with the
results previously reported for this type of coatings. When
using a copper corrosion inhibitor such as benzotriazole
forming a polymeric oxide and reported [26], the polariza-
tion resistance values obtained for chloride solution were
around 50 kohms-cm2. According to the results obtained
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(a) (b)

Figure 11: Macroscopic aspect of coupons coated after two weeks in the aggressive solution: (a) varnish and (b) ABS-3.

in this work, this coating presents good performance when
compared to other corrosion protection systems [27, 28].

4. Conclusions

The ABS films fulfill two major requirements for cul-
tural heritage conservation purposes. Both transparency and
reversibility, by dissolution in organic solvents such as ace-
tone, combine with a highly acceptable protective capacity of
thematerial. Furthermore, the film can be easily applied, even
in field conditions providing adequate temporal or long-term
protection to copper artifacts, as required. This proposed
application for conservation adds value to an industrial
waste and contributes to finding recycling alternatives for
this discard polymer, hence collaborating not only with the
conservation science, but also with the ecological concerns
and needs. The results indicate high performance of the
coating; however, further studies are needed to characterize
and optimize the system.
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