‘W) Check for updates

Received: 25 July 2022 Revised: 7 December 2022 Accepted: 7 December 2022

DOI: 10.1002/ppap.202200136

RESEARCH ARTICLE AND POLYMERS

Electrochemical impedance spectroscopy evaluation of
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carried out for the recovery of corroded ductile metals. However, these
techniques are usually very aggressive to the metallic surface. For this
reason, a cold plasma design is presented to restore ductile metals through
the minimum intervention criterion. Lead samples were induced to
atmospheric acetic acid corrosion to recreate models of degradation for
practical restoration and characterization. The material after plasma
treatment was analyzed with

different techniques of char- —
acterization, including elec- @"ﬁmwm

trochemical impedance spe-
ctroscopy. The present work

demonstrated the potential
of this technique to provide
an accurate analysis of its

surface.
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1 | INTRODUCTION technical purposes. Ductile metals have a higher degree
of plastic deformation in contrast to other metals, which
Thanks to their physical characteristics, such as mallea- increases the facility to shape different forms and makes

bility, ductile metals had a great attraction for the it easy to manipulate.!! Due to these properties, ductile
creation of numerous artistic, architectural, and metals have been used in a great number of artifacts that
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provide useful information about our history and
conform to the metallic Cultural Heritage. In ancient
times, the malleable properties of ductile metals were
commonly associated with the creation of utensils, coins,
medals, and plates, where inscriptions were engraved. In
the artistic field, embossing is the most common
technique for decorating objects, where it takes advan-
tage of its malleability to obtain a particular engraving.[zl

The main problem in the metallic field is the instability
of the collections and their long-term conservation under the
effects of the corrosion phenomenon. In this context,
corrosion is a serious problem that not only chemically
affects ductile metals but also structurally, producing
embrittlement and physical changes that can affect the
original form. As a result, these metals are difficult to
conserve since they are generally susceptible to deformation.

Lead belongs to different archaeological and artistic
objects, documented as one of the first metal castings.
Corrosion on metallic lead was reported as early as 1921.°!
Specifically, lead degradation under organic acid atmo-
spheres is considered a challenge for many restorers. This is
the most aggressive chemical since corrosion products are
easily soluble and can dissolve part of the metallic structure.
In this sense, it is known that certain species of wood are
very aggressive to lead because of the breakdown of cellulose
compounds in the timber, and it produces volatile organic
compounds (VOCs), especially acetic acid.**! The effect of
VOCs on lead corrosion is significant in the context not only
of buildings but also in museums for the display of historic
artifacts. The origin of this degradation is localized in the
form of pitting corrosion and ends with the creation of a lead
carbonate layer expanded through the surface.”’ The
structural composition of the formed corrosion products is
reported in different studies,”® mainly in the form of
cerussite and plumbonacrite.

During the fifties, chemical cleanings such as the Caley
method,”’ were applied by conservators to eliminate the
corrosion products on lead artifacts. However, these
treatments were usually aggressive chemicals that ended
up causing a double problem over time; physical effects such
as embrittlement, erosion, or deformation, and chemical
effects with the introduction of new elements from the liquid
solution used during the treatment, which can create new
corrosion products once again over time. In 1956, Plender-
eith promoted the use of electrochemical methods, which
had its apex until nowadays in the metallic restoration
field.['! However, the consequences of electrochemical
treatments were directly reflected in the low innocuousness
of the technique. The immersion of the sample in an
electrolyte, puts the structure at risk of damage, causing
changes in its properties by the introduction of the fragile
state object into a liquid medium. In this context, the concept
of innocuousness is important to preserve the integrity of the

artifacts to restore, and this practice must be performed
within the minimum intervention criterion. This point of
view suggests a change of the traditional techniques to new
methodologies.

For this reason, in recent years, less invasive restoration
techniques have been developed and cold plasma is in the
front line of these techniques."'*! In the present study, a
non-thermal plasma reactor, designed by Grup d'’Enginyeria
de Materials (GEMAT) at IQS (Universitat Ramon
Llull).*1°! was used to restore corroded lead samples under
an argon/hydrogen plasma. In previous studies,"® ™ it was
reported that the plasma reactor was a useful tool to restore
corroded surfaces from Cultural Heritage artifacts question,
to solve after applying any restoration method, is to assure
the integrity of the treated surface. For this reason, it is
important to develop, in parallel to the restoration ones,
characterization techniques that give insight into the artifact
evolution during cleaning. In this sense, electrochemical
impedance spectroscopy (EIS) is a technique that has been
used for over a century and 30 years to fine-characterize the
surface evolution in corroded samples.""”"?! It was proposed
in this work to use EIS to analyze how corroded surfaces can
variate before and after cold plasma treatment in studied
lead samples. EIS analysis was complemented by different
surface characterization techniques such as X-ray photo-
electron spectroscopy (XPS), X-ray diffraction (XRD),
scanning electron microscopy/energy dispersive spectros-
copy (SEM-EDS), and confocal microscope.

In this work, a non-Thermal Plasma treatment to restore
lead artifacts was developed. This treatment could avoid the
use of other aggressive techniques and prevent damage to
the metallic surface. Lead samples have been induced to
atmospheric acetic acid corrosion, to recreate models of
degradation for practical restoration and characterization
analysis. To understand the restoration process, it has been
tuned up different characterization techniques of the
restored samples, especially EIS. This technique has
demonstrated the potential to provide a fairly accurate
analysis of its surface and it is presented as a useful and
complementary tool to the classic techniques for surface
analysis.

2 | MATERIALS AND METHODS

2.1 | Plasma reduction

A low-pressure plasma reactor was used for restoring
metallic lead samples corroded by acidic environments.
The experimental setup was designed by Grup d’Enginyeria
de Materials (GEMAT) at 1QS (Universitat Ramon Llull) and
previously reported in other papers."*'® The schematic
system of the plasma reactor used is presented in Figure 1.

85U8017 SUOWILLIOD A1) 3]qeol [dde au Aq peuseob ae Sapoiie YO ‘8Sh JO S3|n. 10} AIq1 78Ul UO AB] M UO (SUORIPUOD-PUR-SWBIAL0O" AB|IM"ALe.q U1 [UO//:SdNL) SUORIPUOD pue Swie | 8u) 89S *[5202/T0/60] Uo ARiqiauliuo A8]IM eliies 8a d1wind ninsu| Aq 951002202 dedd/z00T 0T/10p/L0o A8 |IM AseIq Ul |uo//Sdny Wo1j pepeojumoa 't ‘SZ0Z ‘69882TIT



GIMENEZ-BARRERA ET AL.

(a) s (b)

PLASMA PROCESSES 3of 13
AND POLYMERS

FIGURE 1 (a) Low-pressure plasma reactor and (b) schematic drawing of the experimental set-up; 1, 2—hydrogen, argon; 3, 4—mass

flow controllers; 5—gas inlet and mixing; 6—reactor chamber; 7—sample; 8, 9—thermocouples; 10, 11—RF power supply and matching

network; 12—capacitance pressure gauge; 13—chemical inlet trap (carbon active); 14, 15, 16—valves; 17—refrigerated inlet trap (dry ice);

18—vacuum pump.

Briefly, the reactor has a Bell Jar design with a
stainless-steel chamber (diameter, 25.5cm; length,
41.6 cm). The ground electrode is the reactor chamber,
and the radio frequency (RF) electrode is an aluminum
plate, which also is used to hold the samples. Addition-
ally, the RF electrode is connected to an RF pulse
generator (13.56 MHz) via a matching box.!**=°! Gases
were injected into the system via a standard manifold.
Gas fluxes were adjusted by two mass flow controllers
(elements 3 and 4), and two ball valves were used to cut
the gas flux, if needed, in the reactor chamber. The
system pressure is monitored using a vacuum gauge
controller (MKS PDR900) connected with a cold cathode/
micropirani vacuum transducer (MKS 972 DualMag)
positioned at the center of the reactor. The system used a
rotary vane vacuum pump (Trivac D 16BCS/PFPE
Leybold). Also, it has a nitrogen cold trap and a chemical
trap filled with active carbon to protect the vacuum
pump from the condensed vapors. The typical base
pressure for all experiments is close to 0.06 Pa, and Ar/H,
gases were introduced at a constant pressure of ~10 Pa.

Before the introduction of the samples placed on an
aluminum plate, the chamber was cleaned in continuous
wave argon/hydrogen (2:1) plasma for approximately
1800 s at a power of 50 W. To optimize the study, a full
factorial design was used. In this study, different
conditions (time, power, and argon-hydrogen ratio) were
chosen to determine the capacity of reducing corrosion in
Pb samples.

To evaluate the effectiveness of plasma restoration on
corroded Pb samples (99.77%, Amat Metalplast SA), a set
of eight polished lead samples was used. All samples
were previously polished with SiC paper (GRIT 800,
1200, 2000, and 4000 supplied by Struers). Then, they

were chemically corroded by acetic acid for 1week,
following the procedure explained in Section 2.3. In this
case, as it was mentioned in Section 2.1, a mixture of
argon and hydrogen was selected for the cold plasma.
The base pressure was 0.06 Pa. Then, argon and
hydrogen gases were injected until reaching a working
pressure (P,) of approximately 10 Pa. When the working
pressure was reached, the generator was turned on, and
the gas in the chamber of the plasma was initiated. The
vacuum chamber continuously received gas, so a
continuous renewal of the gases was produced inside
the chamber.

To optimize the cold plasma treatment, a full factorial
experimental design for corroded metallic Pb was
performed. To classify the results in a normalized
scale, five features were selected: treatment time (min)
(A), plasma power (W) (B), and Ar/H, ratio (C). Pressure
could be a factor to be considered, but it was decided to
perform all experiments at 0.06 Pa.

2.2 | Preparation of working electrodes
for electrochemical measurements

The working electrode preparation consisted of the
insertion of a 99.999% Pb rod (Sigma-Aldrich) into a
PTFE holder. Lead cylinders were introduced into a
6.35 mm diameter cavity on the PTFE holder, of 15 mm of
thickness in total. Then, the surface of the working
electrode was initially prepared by mechanical
polishing with SiC polishing paper (supplied by Struers)
with successive decreasing the grain size; GRIT
800—1200—2000—4000. The working lead electrode was
used in an RDE (rotating disk electrode) system to be
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rotated at 1500 rpm during polarization. Electrical contact
with the lead working electrode was provided using an
internal disk contact with a spring-loaded probe.

EIS measurements were performed using a Metrohm
Autolab PGSTAT 302 N. The assembly was prepared with
a three-electrode setup connected to the data acquisition
equipment. EIS measurements were performed, after 1 h
of stabilization time,*"! using a signal amplitude of
10mV versus the open circuit potential and the
frequency range from 1E + 05 to 0.1 Hz. Ten points of
frequency per decade were collected. The experimental
conditions were chosen according to the bibliogra-
phy.31733 Data modeling was performed using Nova
2.1 Software. Oxygen in the electrolyte was displaced by
sparing nitrogen one-hour before the measurements.

2.3 | Accelerated corrosion in lead
samples

Lead electrodes were anodized in 5M H,SO, to generate
an accelerated corrosion layer on the electrode surface.
Anodization was performed at 0.8 V versus Ag/AgCl/KCl
(3 M) reference electrode for 1800s. The applied poten-
tial was chosen according to the bibliography to form a
stable passive layer.**”! Anodization was performed
using a 3-electrode setup and a potentiostat/galvanostat
Autolab PGSTAT 302 N.

On the other hand, a different set of samples was
chemically corroded using acetic acid. Specimens were
corroded by wetting the metal surface with 100 ul of
glacial acetic acid that covered the entire metal surface
(1.26 cm™2). After 1h, the surface was dried (without
washing) using a hot stream of air. Samples were
prepared by repeating that procedure three times a day
for 1week and stored in the lab after preparation (at
room temperature and exposed to air).

2.4 | Samples analyses

XRD analysis was performed with an X'Pert PANalytical
Diffractometer using CuKoa radiation in the Bragg-
Brentano on the surface of the treated lead. A continuous
scan mode was used to collect 26 data from 10° to 80°
with a 0.013 sampling pitch at a scan rate of 3 min".
Crystalline phases were identified by X'Pert Highscore
software. The intensities of the standard sample were
retrieved from the PDF-2 database (ICDD®).

Once samples were electrochemically reduced or
plasma treated, they were analyzed with XPS in PHI
5500 multitechnique system from physical electronics,
with a monochromatic X-ray source. The selected

resolution for the spectra of the different elements in
the depth profile spectra was 23.50 eV of Pass Energy
and 0.25eV/step. The high-resolution spectra were
obtained through a grade of penetration of 5nm and
the depth profile was of the order of 50 nm. The
resulting spectra were analyzed and deconvoluted with
the Multipak Version 5.0A software. XPS measure-
ments on samples before and after cold plasma
treatment were completed with a delay of 1 day.
During this time interval, samples were stored in
hermetic polypropylene sample containers (50 ml),
purged, and filled with argon to remove air.

All samples, before and after being treated, were
characterized using a JEOL JSM-5310 scanning electron
microscope coupled with an Oxford Inca Energy 200 EDS
system.

3 | RESULTS AND DISCUSSION

3.1 | Cold plasma treatment on
corroded lead samples

Corroded lead samples were treated with an argon
hydrogen cold plasma as described in Section 2.1. In
Figure 2, the proposed mechanism of surface restoration
in corroded lead samples is presented.

The plasma treatment of the sample, presented in
Figure 2, leads to a physicochemical alteration on the
surface. Under these conditions, a large number of
energetic reactive species is generated It is important to
underline that while hydrogen acts as a reductive
treatment, the application of argon in the restoration
treatment adds mainly a physical stage.l**! This postu-
lated etching mechanism may involve the removal of
lead carbonates and oxides by bombarding the mixture of
reactive particles at subsonic velocities.****! A combina-
tion of argon and hydrogen plasma increases the
effectiveness of the treatment. Ionized argon induces
the generation of reactive sites, increasing the efficiency
of the hydrogen atoms during plasma reduction.

The effectiveness of this Ar/H, plasma can vary
substantially depending on the experimental setup. In
this way, a full factorial experimental design was
performed (see details in Section 2.1). The full factorial
design (2*) proposal is shown in Table 1.

All results were evaluated by a visual characteriza-
tion to perform an exhaustive analysis of the selected
samples. To classify the results in a normalized scale,
the finish aspect was defined in five features shown in
Table 2. Each feature represents a variable of the non-
desired aspect resulting in a cold plasma-treated
sample. They were evaluated from 0 to 2 depending
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FIGURE 2 Plasma mechanism reactions on a corroded metallic lead (left) and etched surface after plasma treatment (right)

TABLE 1 Full factorial design (2°) with resulting surfaces

Factors Interactions

A B C
Exp. Time (min) Power (W) Ratio AB AC BC ABC
1 60 (1) 80 (1) 90:10 (1) 1 1 1 1
2 60 (1) 50 (=1) 70:30 (1) -1 -1 1 1
3 15 (=1) 80 (1) 70:30 (—1) -1 1 -1 1
4 15 (=1) 50 (1) 90:10 (1) 1 -1 =il 1
5 15 (-1) 50 (=1) 70:30 (—=1) 1 1 1 -1
6 15 (-1) 80 (1) 90:10 (1) -1 -1 1 -1
7 60 (1) 50 (=1) 90:10 (1) -1 1 -1 -1
8 60 (1) 80 (1) 70:30 (1) 1 -1 =il -1

TABLE 2 Visual evaluation of resulting samples

Experiment
Feature 1 2 3 4 5 6 7 8
Heterogeneity 2 0 2 1 0 2 2 1
Carbonate residues 1 0 1 1 0 2 2 0
Coloration 2 2 2 2 1 2 2 1
Decohesion 1 0 0 2 0 1 2 O
Deformation 2 2 2 2 2 2 2 2
Response (Number of defects) 8 4 7 8 3 9 10 4

on the semiquantitative approach. The higher the
value, the better the treatment has been. A value of 2
means the absence of the visual features exposed in
Table 2, while 0 is considered a non-desired aspect.
The higher the response value, the more desirable the
surface aspect was. The influence of each factor is
represented as a Pareto chart of factors and a half-
normal probability plot shown in Figure 3.

By using visual analysis of the treated surfaces using a
numerical evaluation, it was possible to determine the
different contributions of the established factors shown
in Figure 3. As can be seen, factor C (Ar/H, ratio), had
the higher influence, as seen in the percentage of
contribution (75.46%) in the Pareto Chart of Factors. In
addition, in the Half Normal Probability Plot, factor C
deviates from the linear trend created by the rest of the
points corresponding to the other factors and interac-
tions. Consequently, it is confirmed that factor C is the
most important factor. An example of its influence was
seen between experiment 1 (ratio of 90:10 argon-
hydrogen) and experiment 8 (ratio of 70:30 argon-
hydrogen). By fixing the power and time, and varying
the ratio, the aspect of the obtained surfaces was quite
different (a response value of 8 for experiment 1, and a
response of value 4 for experiment 8). With that, it was
demonstrated that the etching effect of argon is especially
advantageous in terms of extracting corrosion products
from the surface. A ratio of 90:10 (Ar/H,), in combina-
tion with a power of 50 W during 3600 s, ensures that the
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FIGURE 3 (a) Pareto chart of factors graph, (b) half-normal probability plot

FIGURE 4 (a) Surface aspect of the corroded Pb samples by HAcO gas phase before plasma treatment, (b) surface aspect after plasma

treatment of experiment 5 (power applied of 50 W and a ratio of 70:30 argon-hydrogen during 15 min), (c) after plasma treatment

experiment 7 (power applied of 50 W and a ratio of 90:10 argon-hydrogen during 60 min).

sample is not overheated, and the treatment can be
prolonged, if necessary, without risk of surface damage.

Although the isolated factor of B (power) has a
contribution of 2.35% (the same as for the AC interac-
tion), the combination of AB (power with time) increased
to a contribution of 12.76%, indicating some synergetic
effect between power and time. On the other hand, the
BC interaction (power and ratio) was lower (6.53%). In
the case of the isolated factor of A (time) and the
combination of all factors (ABC), a significant contribu-
tion was not seen (both of 0.26%). Finally, it should be
commented that at high exposition time (60 min), power
(80W), and argon percentage (90:10 Ar/H,), superficial
damage was observed.

The selected parameters of experiment 7, resulted in a
sample with a very good visual appearance. Once it has
found which are the key parameters in the development
of the plasma restoration method, it was decided to carry
out a deeper characterization to confirm the conclusions
from the appearance study. The first analysis by SEM-
EDX was performed on the sample obtained in the
conditions of experiment 7 (long time, low power, and

high Ar/H, ratio), and the results are shown in the
supplementary information (Supporting Information:
Figures S1 and S2). The resulting surface was more
homogeneous than the nontreated sample, but with a
porous aspect due to the etchant effect (contact angle
values of 132° for the corroded sample and 67° for the
plasma-treated sample). In the EDX analysis, the main
elements on the treated sample were lead and a small
quantity of oxygen, as also a residual presence of carbon.
These results confirm that the plasma treatment on the
corroded samples allowed the removal of the carbonated
superficial products. Figure 4 shows the corroded surface
aspect of the samples before treatment, the resulting
treated surface of experiment 5, and the resulting treated
surface of experiment 7.

It can be observed in Figure 4 that the sample surface
of experiment 5 had corrosion products, and its surface
was heterogeneous. In contrast, the surface of experi-
ment 7 was more homogeneous than experiment 5 and
no corrosion products on its surface were detected.

To complete the chemical analysis of the cold plasma
treatment on corroded Pb metals, XPS was used to
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FIGURE 5 High-resolution X-ray photoelectron spectroscope analysis of the selected samples (experiment 5, experiment 7, and

experiment 8) for Pbf4 (lead), Ol1s (oxygen), and Cls (carbon).

identify the chemical state and estimate the electronic
structures. XPS can be a good tool to characterize the
resulting surfaces and to compare the different superfi-
cial compositions, and for this reason, the technique was
selected following the reference bibliography found in
different databases.[***>! To perform this analysis, three
samples (experiment 5, experiment 7, and experiment 8)
were selected to be characterized by XPS to compare
their superficial products. Results are shown in Figure 5.

As it was expected, the deconvolutions obtained on
the high-resolution results (depth of 5nm) showed
variations, especially in the spectra of experiment 7
compared with experiments 5 and 8. The Pb4f signal of
XPS graphs presented in Figure 7, shows clear differences
between experiments. In all spectra, a PbO passive layer
corresponding to the signal in the 138 eV region was
seen. PbO and PbCO; were associated with the 139.5 eV
region. For the Ols spectra in experiments 5 and 8, a
lower proportion of lead oxides (PbO/PbOy) was seen
(30% and 19%, respectively). In contrast, a higher

proportion of PbO (40%) and PbO, (33%) were detected
in experiment 7. This fact demonstrated that for
experiment 7, the residual compounds of lead carbonates
were much lower than the other two samples (27%). Lead
carbonate products were related to the 285 eV region and
associated with cerussite (PbCO;) and hydrocerusite
(Pbs(CO5),(OH),) formation.*®!

To study the effect of plasma treatment on the
internal layers, an XPS depth profile (5 nm/sputtering) of
experiment 5, experiment 7, and experiment 8 was
performed. The objective was to analyze possible changes
between the oxides from the internal layers and the
passivation result of each sample. The association of the
obtained peaks was done following the previous XPS
studies in the Pb4f and O1s region.!**3¢#44] Results are
presented in Figure 6.

As can be seen, different signals for Pbf4 and Ols
were shown in the in-depth study. For experiment 7, the
innermost layer presented a proportion of 88% of PbO,
4% for PbO,, and 8% for PbCO;. Moreover, a PbO layer
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FIGURE 6 Depth profile XPS analysis of experiment 5, experiment 7, and experiment 8 samples for Pbf4 and O1s

(88%) was present in the subjacent layers together with a
lower signal in the 532 eV region corresponding to the
residual lead carbonate products (8%). These results
corroborate the efficacy of argon in the etchant potential
of the plasma conditions (90:10 Ar/H, experiment 7). In
experiment 5, the products assigned to the most internal
sputtering (cycle 12) were 50% for PbCO; (and/or other
lead carbonates), 41% to the PbO formation, and 9% to
other oxides (PbOy). For experiment 8, a similar behavior
was observed. The PbOy signal suggests the presence of
Pb (II) and Pb (IV), such as PbO, or Pb;0O, compounds,
as can be seen in the 528.9eV region. Species of this
region can be related to lead oxide minerals such as
massicot (orthorhombic PbO) or minimum (Pb;0,).74”!
From the XPS results, it can be concluded, that for
experiments 5 and 8, the residual corrosion compounds
were present in much more quantity than in experiment
7, including the internal layers.

3.2 | Surface analysis of lead samples
using EIS

In this section, EIS was used to evaluate the surface
characteristics of led samples, after and before their
restoration using cold plasma techniques (see
Section 2.1.). In an initial experimental campaign,
corrosion layers on lead electrodes were prepared. The

goal of this campaign was to establish the electrode
response using EIS as a function of different corrosive
layers, such as lead sulfate and lead acetate. Both layers
were generated using the corresponding acids, sulfuric
and acetic acid. Note that sulfuric acid produces dense,
compact, and well-adhered corrosion layers.**! In
contrast, acetic acid produces voluminous, porous, and
partially soluble corrosion products.!*”!

In the first set of experiments, a lead electrode was
anodized as described in Section 2.2. to generate a lead
sulfate corrosion layer on its surface. In this experiment,
the sample was anodized at 0.8V during 1800s in 5M
H,SO,. Anodization potential was chosen according to
the bibliography!**°! to obtain a compact corrosion layer
of PbSO,. Immediately after anodization, the electrode
impedance was measured. The equivalent circuit was
chosen as suggested by different authors °'~>3! and it is
shown in Supporting Information: Figure S3. In a second
experiment, a lead sample was induced to corrode when
exposed to vapors of acetic acid for 1 week (as described
in see Section 2.2), and then its impedance was measured
using 5 M H,SO, as an electrolyte. In that case, due to the
variations of the morphology in the corroded surface, a
different equivalent circuit was used as suggested in the
literature,*"! and it is presented in Supporting Informa-
tion: Figure S4. Figure 7 shows the impedance measure-
ments obtained for both samples (sulfuric and acetic
acid) and the fitting spectra obtained using the proposed
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FIGURE 7 Electrochemical impedance 30000
spectroscopy spectra of corroded samples, ®
anodized at 0.8 V versus ref during 1800 s in 5 M

H,SO, and 4 exposed at vapors of HAcO for

1 week. 25000

20000

c...
= 15000
N

10000

5000

equivalent circuits. Bode plots are shown in Supporting
Information: Figures S6 and S7 and data fitting values of
both experiments are shown in Supporting Information:
Tables S1 and S2.

It can be seen in Figure 7 that the total impedance
modulus obtained when the electrode was polarized at
0.8 V versus ref. in sulfuric acid was around 30 kQcm?.
Different authors reported that anodized led yields a
value between 15 and 60 kQ. In any case, that value is
highly dependent on the applied potential and polariza-
tion time. In general, the more anodizing the applied
potential and polarization time, the higher the total
impedance modulus will be.**** The large total modu-
lus obtained can be explained on the one hand by the
compactness and thickness of the corrosion layer. On the
second hand, it should be considered that the PbO
formation in the corrosion layer becomes more dominant
at anodic potentials (e.g., at 0.8 V vs. ref.). Then, because
PbO is more resistive than PbSO,,** it contributes to a
large increase in the total modulus impedance. It is
worth mentioning that Petiti et al. reported similar values
with other compact products covering the metallic
surface. In that case, the formation of a compact oxide
layer on copper resulted in a large impedance value.l*® 1t
can also be seen in the data fitting (see Supporting
Information: Tables S1 and S2) that the equivalent circuit
used for modeling the data was composed of a parallel
combination of Rfl and CPEl, representing the sulfate
layer, in series with another parallel Rf2 and CPE2

PLASMA PROCESSES 9 of 13
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combination, because of the presence of PbO in the
corrosion layer. It is worth mentioning that large Rfl and
Rf2 values were obtained (25.8 and 4.9 kQcm? respec-
tively). These values proved the formation of a mixed
corrosion layer composed of PbSO,/PbO. In addition, the
CPE1 (9.50puQ~'s™ and CPE2 (4.37uQ's") values
indicated that a compact corrosion layer was formed.'>”~¢"!
This fact is also proved by the surface micrography
(Supporting Information: Figure S5) shown in the
supplementary information.

A very different situation was obtained when the lead
sample was exposed to vapors of acetic acid (see
Figure 7). In that case, the obtained impedance modulus
was around 6 kQcm?, which is much smaller than the
value obtained in sulfuric acid (30kQcm?). It is worth
mentioning that a similar total impedance modulus are
reported in copper when porous corrosion layers are
formed on the metal surface.[°>?! In addition, when then
the sample was exposed for 1 week to acetic acid, an Rf
value of 4.54kQ cm?® was obtained (see fitting data in
Supporting Information: Table S1). This value is much
smaller than the resistive values obtained with the
sample anodized in sulfuric acid. These facts (total
modulus and Rf value) were considered evidence of the
high porosity of the corrosion layer and its lack of
passivation. This result is also supported by the surface
micrographs (Supporting Information: Figure S5).

At this point, EIS was used to evaluate the quality of
the obtained surfaces after restoration using cold plasma.
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Figure 8 shows the impedance spectra of a Pb surface
before and after plasma restoration. The electrode was
initially exposed to vapors of acetic acid for 1 week (as
described in Section 2.2), and then, its corroded surface
was restored using plasma conditions of experiment 7.
Finally, to compare data to a reference value, the
impedance spectrum of a noncorroded Pb electrode was
also included in Figure 8. To perform the measurement,
a Pb electrode was initially polished (see Section 2.3) and
polarized at —1.4V versus ref. in a 5M H,SO, solution
for 1800s. During polarization, the working electrode
was rotated at 1500 rpm. Rotation of the working
electrode was used to force the removal of hydrogen
bubbles formed in the electrode surface during polariza-
tion. All fitting values are shown in Table 3. The fitting
spectra of the sample restored by plasma and metallic
lead were obtained using a Randles equivalent cir-
cuit.[*53%3 Bode plots of the restored Pb surface by
plasma treatment and metallic lead are shown in
Supporting Information: Figures S8 and S9, respectively.

According to data shown in Table 3, the plasma-restored
sample presented a residual corrosion layer (Rf =18.7Q
cm?). It is also worth mentioning that the noncorroded lead
electrode showed a similar resistive surface, yielding an Rf
value of 12.4 Qcm®. Note that Karbasi et al. reported that
pure Pb yields a resistance value of around 12 Qcm2/*! In
addition, Khatbi et al. reported similar values for lead-
aluminum casting alloys for lead-acid batteries.*” CPE

6000 75
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g 15
N
4000

3000

2" (Q)

2000

1) 1000

4 kHz

0 1000 2000 3000 4000
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values for both samples are in the same order of magnitude,
due to similar dielectric properties of the residual layer
formed on its surface. In any case, the total modulus
obtained for the sample after plasma restoration (around
22 Qcm?) was much smaller than the value obtained for the
sample before restoration (around 6kQcm?). That fact
indicates an important reduction of the resistive nature of
the corrosion layer due to the plasma restoration process.

To analyze the composition of the residual corrosion
layers after restoration, XRD analysis was performed
(Figure 9) shows the obtained XRD spectra for the cold
plasma treated sample with the parameters used for
experiment 7 (see Table 1).

Figure 9 shows the superficial structural composition of
each sample. In the cold plasma-treated sample, the presence
of a thin layer composed mainly of PbO was confirmed after
being analyzed by XRD. It means that a passive layer was

TABLE 3 Obtained results of the electron impedance
spectroscopy resistances after the reduction of samples

Metallic Pb Plasma restored
Re (Qcm?) 1.35 1.85
Rf (Qcm?) 12.4 18.7
CPE (uQ ~'em™3s") 22 34.5
n 0.934 0.948

FIGURE 8 Electrochemical impedance
spectroscopy spectra of the sample exposed one
week to acetic acid (4) and after being restored
using hydrogen/argon (90:10) plasma at a
potential of 50 W during 3600 s (). EIS spectra
of metallic Pb sample are also included (®).
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FIGURE 9 X-ray diffraction results after Counts
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formed after the cold plasma restoration, and the lead
carbonate proportion seen in the XPS analysis (seen in
Figures 5 and 6) was very low. Note that EIS provided
complementary information to XPS and XRD. In the present
work, XPS was used to investigate the superficial chemistry
of the samples, and XRD was used for phase identification of
crystalline materials. In that frame, EIS provided additional
information about the compactness, porosity, and thickness
of these superficial layers.

At this point, it is worth mentioning that EIS is an
analysis method commonly used for studies on under-
standing the fundamental processes of diffusion and
faradaic reaction at electrodes. However, in the present
work, it was used to evaluate the surface characteristics
of corroded lead samples and also its potential to evaluate
the quality of the restoration process. This fact is
specifically relevant in the evaluation of corroded lead
heritage artifacts because there is still a lack of
consolidated protocols for their restoration, and very
little information can be found in the bibliography.

In this work, it was demonstrated that when the lead
is corroded and formed a stable, compact, and homoge-
neous layer (e.g., when lead was exposed to sulfuric acid
environments), the obtained impedance spectra showed
a large modulus, in the order of magnitude of 10* Qcm?
or even larger. This fact indicates that despite the
formation of a corroded film in the metal surface,
the metal was protected against corrosion because of
the compactness and stability of the corrosion layer.

30 40 50 60

The corrosion layer blocked the access of the solvent to
the metal, inhibiting its oxidation, and as a result, the
specimen can be protected over long periods. In contrast,
when porous and partially soluble corrosion products
(e.g., when lead was exposed to acetic acid environ-
ments) formed, a smaller impedance modulus was
obtained, in the order of magnitude of 10° Qcm?. This
fact indicates that the structural integrity of the sample
may be at serious risk, and there should be a high
concern for its conservation.

In the restoration of the Cultural Heritage field, surface
characterization is the first approach to knowing the state of
conservation of artifacts. This fact is critical when consider-
ing malleable metals such as lead. In this frame, techniques
such as XRD, XPS, and SEM-EDS are frequently used in the
field of restoration to characterize corroded surfaces. It
should be noted that, in this field, EIS use is very infrequent.
The present work demonstrated the potential of this
technique to provide a fairly accurate analysis of its surface
and it is presented as a useful and complementary tool to the
classic techniques for surface analysis.

4 | CONCLUSIONS

The plasma technique is demonstrated to be useful
for the restoration of ductile metals. Due to the low
temperature used during the treatment, it was capable to
restore corroded lead metals affected by acetic acid
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environments, without damaging its structure. In this
way, the cold plasma technique has been demonstrated
to be a low-invasive methodology of restoration in
comparison with traditional techniques. This treatment
avoids the sample interaction with an electrolyte,
preventing the introduction of new species. In addition,
since plasma generates reactive species, the interaction
between the particles and the surface is very efficient
thanks to the fast kinetic. It allows for the restoration of
the corroded surface in a shorter time than electro-
chemical reductions. It was proved that a combination of
argon and hydrogen plasma increases the effectiveness
of the treatment. Ionized argon induces the generation of
reactive sites, increasing the efficiency of the hydrogen
radicals during the plasma reduction.

In the present work, EIS was used to characterize
corroded lead surfaces to determine the state of conserva-
tion. In addition, samples were also analyzed with EIS to
evaluate the effectiveness of an argon/hydrogen cold plasma
treatment in corroded surface restoration. Data obtained
showed the potential of EIS to provide a fairly accurate
analysis of the metal surface and also offer very useful
information in the field of restoration, like the compactness
and porosity of the corroded layers. Since there is still a lack
of consolidated protocols for the restoration of malleable
metals and very little information can be found in the
bibliography, the presented work can be a complementary
tool to the classical techniques for surface analysis.

The raw data required to reproduce these findings are
available to download from https://www.dropbox.com/
sh/82togl8ol2whset/AABRIcTtBVeRXp3kHsk180HZa?
dl=0. The processed data required to reproduce these
findings are available to download from https://www.
dropbox.com/sh/82togl8ol2whset/AABRIcTtBVeRXp3k
Hsk180HZa?d1=0
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