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Corrosion is the major problem in the degradation of heritage metal objects. The development of
appropriate treatment methods to stabilize and protect artefacts is a undeniable scientific challenge.
Here we propose a new coating method to protect lead heritage metal objects. This coating is
environmentally safe, stable, reversible, easy to apply and to remove, and aesthetically justified. The
coating consists of a compact and thick layer of lead ditetradecanoate, which is formed upon immersion
of a lead substrate in a melted sample of tetradecanoic acid at 60°C. Coated lead samples were exposed
either to an aqueous corrosive environment or to a closed chamber with high relative humidity and an
oak corrosive atmosphere. The corrosion resistance of the coating was followed for 60 days by
electrochemical impedance spectroscopy and X-ray diffraction. Results show an unprecedented
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1. Introduction

Corrosion is the major problem in the degradation of heritage
metal objects, and any remedial measures are subject to a strong
ethic that favours conservation as opposed to restoration.
Accordingly, major scientific challenges exist for developing
appropriate treatment methods to stabilize and protect artefacts.
Because inappropriate treatments can cause irreversible damage
to unique and irreplaceable objects, it is crucial that the chemical
processes involved are fully understood and characterized before
any preservation work is undertaken. Besides being of fundamen-
tal interest, study of the corrosion behaviour is essential to the
development of adequate conservation and preservation process-
es.[1,2]

It is common practice to protect metallic artefacts against
corrosion using protective coatings.[2| Compared with industrial
applications where the protective properties of the coating are
the main parameter for their selection, when choosing coatings
for heritage conservation treatments other properties should be
considered[2,3]: i) visual appearance: coatings should be
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transparent; ii) reversibility: it should be possible to remove
the coating and return the object to its original state; iii) respect
the original object: treatments should not modify the material of
the artefact; iv) long term efficiency and easy maintenance, since
heritage artefacts are intended to be preserved for a long time.
These considerations impose important limitations in the
selection of corrosion inhibition coatings for this particular
application.

Lead objects are ubiquitous amongst cultural heritage objects.
Because of its low melting point and its malleability, lead was
commonly used in ancient times.[4]| Lead objects exposed to the
atmosphere or buried usually corrode only slightly as the
formation of a protective film, mainly of lead oxide and lead
carbonates, drastically inhibits corrosion.[4,5] This explains why
lead objects found at archaeological sites are usually in good
condition. Conversely, lead corrodes severely in humid environ-
ments, specifically in the presence of organic acids vapours.|[6,7]
This accelerated degradation, commonly referred to as active
corrosion, has become a serious issue in the case of historic organ
pipes in churches or concert halls, since the pipes of ancient organs
are made from lead, or lead-tin alloys.[8] In addition, lead
archaeological objects have sometimes been kept for many years
in wooden museum cases, often made of oak.[9] Earlier experi-
ments have shown that a strong corrosion factor of pipe organ is
the emission of organic acids in the air blown through the pipes.
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[8]The organic acids are emitted from the wooden parts of the
organ (in the windtrunks and in the windchests). Oak very
often used in historic organs, as well as wooden museum cases,
is known to emit large amounts of organic acids, especially
acetic acid.[10] The application of a wax or acrylic coating has
often been used to protect lead objects.[2,4] However these
coatings are difficult to remove if further corrosion occurs, and
failure of these coatings with severe damage to the original
metallic object has been documented.[2] Lead corrosion has
become an issue in recent years. New oak (instruments that
underwent restoration), in a warmer and more humid
environment (modern central heating systems) seems to be
at the base of the problem.[6,8,11]

An effective and protective coating has been found in the use of
coatings deposited from solutions of saturated linear monocar-
boxylates of the type CH3(CH5),.,COONa, hereafter noted C,Na and
C,.[12,13] Rocca and Steinmetz showed that the protection is due
to the growth of a crystalline lead monocarboxylate layer
[CH3(CH3),.2COO],Pb which passivates lead surfaces and inhibits
corrosion, hereafter called Pb(C,),. The degree of inhibition
depends on the carbon chain length and on the carboxylate
concentration in the solution used for coating: higher chain length
and higher concentrations will result in higher effectiveness.
[12,13] However, the solubility of both sodium carboxylates and
the free carboxylic acids drastically decreases with increasing
chain length, and therefore C chains longer than NaCy,/ C;3 have
hardly been investigated. Our group has further studied lead
carboxylate coatings, with the aim of better characterizing the
coatings and its relation with the corrosion resistance and to
optimise the deposition method.[3,10,14-20] While these coatings
produce a protective layer, the corrosion process is only slowed
down, but not stopped. Therefore better coatings for the
preservation of lead heritage metal objects are still much sought
after.

Here we propose a new method for the formation of protective
coatings for lead heritage objects. A coating with extremely high
corrosion resistance qualities is spontaneously formed when a
lead object is immersed in melted tetradecanoic acid, Cy4. The
resulting coating is a thick and compact layer of lead ditetrade-
canoate. The formation of such a coating is rendered possible
because of the relatively low melting point of tetradecanoic acid.
Electrochemical experiments clearly show the superior quality of
this coating when compared to the classical micro-crystalline
wax polish treatment currently in used by conservators. The time
evolution of the Electrochemical Impedance Spectroscopy (EIS)
signal shows that these coatings are stable over time. Moreover,
time lapse EIS and X-ray diffraction experiments showed only
minor evidence of corrosion products formation when lead
coated samples were exposed for up to 59 days to a corrosive
atmosphere.

2. Experimental
2.1. Chemicals

Tetradecanoic acid (Cq4, myristic acid) was bought from SAFC,
USA. The RENAISSANCE® micro-crystalline wax polish was a
generous gift from Pricreator Renaissance Products, UK. All other
chemicals were of Analytical grade.

The Pb(Cq4), standard was prepared by precipitation, by
mixing stoichiometric quantities of tetradecanoic acid and lead
acetate, dissolved in the minimum possible amounts of ethanol
and water, respectively. The precipitated product was washed
three times with ethanol, and three times with water. It was dried
in air, and characterized by elemental analysis, FT-IR spectroscopy
and XRD.

2.2. Lead coupons preparation

Lead coupons were pressed from 2 mm thick 99.95% lead metal
sheet (Goodfellow Ltd. Cambridge, UK) and machined in an oil-free
environment to a diameter of 12.5mm. One surface was then
polished using a damp abrasive disc (BuehlerMet II) to remove
visible surface defects and expose a fresh surface. Coupons were
then polished using a sequence of polycrystalline diamond
suspension (6 wm and 1 pwm, Buehler MetaDi, 20 minutes each),
rinsed with 2-propanol (99.5%, reagent grade) in between, and
cleaned in 2-propanol for 5min in an ultrasonic bath. Finally, the
coupons were ultrasonically cleaned in 2-propanol for 3 x 5min,
with fresh propanol for each cleaning cycle.

Polished coupons were stored in 2-propanol for at least 30 days,
and no longer than 50 days. These storage conditions were found to
allow for the formation of a controlled lead oxide layer that forms
spontaneously on any lead object upon exposure to air, thus
allowing our simulant substrates to resemble more closely real
lead objects.

2.3. Coating formation

Approximately 25g of Ci4 were melted in a beaker in a
laboratory oven at 60 °C (melting range for Cy4 is 52°-54°C). The
lead coupons were immersed in the melted Cy4 and left inside the
oven at 60°C for 18 hours. The coupons were removed from the
molten acid, rinsed thoroughly in ethanol (3 rinsing steps of
20 mins each), and dried in air.

Another set of polished coupons was coated with a
micro-crystalline wax polish. The wax was applied with a soft cloth.
It was let to dry and harden for 1 hour and a clean cloth was used to
gently buff the surface and remove the coarser pieces of wax.

The coating thickness was assessed by means of a coating
thickness measuring gauge (CHECKLINE, DC FN-3000), which was
calibrated by means of an uncoated sample. The coating thickness
of 6 different Pb(Cy4), coated coupons was measured. The
thickness of each coupon was measured 20 times and all results
were averaged. The coating thickness of the micro-crystalline wax
polish was measured following a similar procedure.

For comparison, three coupons were also coated by immersion
in an ethanolic solution of Cy4, following the procedure reported by
Grayburn et al.[10]

2.4. SEM measurements

Samples were sputter coated with C (Balzers Union Sputtering
device). Scanning electron micrographs were recorded with a
Phenom-FEI bench top scanning electron microscope (Phenom
World BV, the Netherlands). Backscattered electrons (BSE) images
were collected using 5kV electrons and a solid state detector.
Images were recorded in full mode (using the 4 quadrants of the
detector) and in topography mode (using only 2 quadrants).

2.5. FT-IR experiments

FT-IR spectra were measured in the range 4400 to 600 nm in a
Perkin-Elmer Spectrum1000 spectrometer equipped with a HATR
(Horizontal Attenuated Total Reflection) cell from Pike Technolo-
gies. Spectra were measured on 3 different coupons and on 5 spots
on each coupon. No differences were observed in between all these
spectra.

2.6. X-ray diffraction experiments

To study long-term effects, an oak polluted environment was
created within a 800cm? desiccator. 150cm® of a saturated
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solution of NaCl at the base of the desiccator created an elevated
relative humidity (RH): up to 75% for the ambient test temper-
atures (20+3°C). Coated and uncoated lead samples were
simultaneously placed on a shelf alongside ten 1cm?> oak cubes
and four 4 x 6 x 1 cm? oak flat pieces within the desiccator for up
to 59 days. The oak pieces were cut from a piece of contemporary
oak (Quercus sp.) to expose a fresh oak surface. XRD measurements
were performed using an ARL X'TRA diffractometer using Cu-Ko X-
rays with a wavelength of .1540562 nm with a scintillation counter
detector. A scan from 1 - 70° 26O was performed on each sample at
a scan rate of 0.8°, 1° or 1.2°/minute and a step size of 0.02°. The
spectra after 39 days of exposure on Fig. 10 was measured on a
Siemens D5000 diffractometer under similar conditions. The XRD
patterns were processed with our own software esaProject®?2014.
[21]

2.7. Electrochemical experiments

All electrochemical experiments were carried out in a three-
electrode electrochemical glass cell with a carbon rod as a counter
electrode and a saturated calomel electrode (SCE, Radiometer
Analytical) as a reference electrode. Lead coupons were mounted
in a homemade Teflon® working electrode holder. The ASTM D
1384-87 solution (740mg L' Na,S0,4 690mgL~! NaHCO3, 825mg
L~! NaCl), was modified by the extra addition of 5mgL~! acetic
acid. All electrochemical experiments were performed in this
solution, which models a typical atmospheric corrosive environ-
ment for lead (acetic acid in the reported concentrations around
organ pipes and museum cases has been added to the standard
electrolyte for corrosion inhibition tests). All electrochemical
experiments were performed inside a Faraday cage.

Linear Sweep Voltammetry experiments were performed at a
scan rate of 1 mVs~! on an AUTOLAB PGSTAT204 potentiostat. EIS
measurements were performed on an AUTOLAB PGSTAT302N
potentiostat equipped with a FRA2 frequency response analysis
module. Data were acquired over a frequency range of 100 mHz to
10kHz (0.01V signal amplitude). The EIS measurements were
carried out at the open circuit potential, which was measured
before each EIS scan, until a constant value with a variation of
0.1Vs~! or less was reached. The frequency range was distributed
logarithmically. Experiments were controlled by the Nova software
(version 1.10, Ecochemie, The Netherlands). The same software was
used to perform Impedance fitting analysis to the corresponding
equivalent circuits.
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Fig. 1. SEM micrographs of a Pb(Cy4), coated sample. Left: full image (full detector
in use). Right: topographic image.

Every type of electrode was measured in triplicate. Results
reported here were in very good agreement with the correspond-
ing replicates with regards to the shape of the curves (both LSV and
EIS), and the order of magnitude of the respective signals. The
precise curves differ slightly in magnitude values from replicate to
replicate. Differences are attributed to two factors: 1-the soft
nature of lead renders the reproduction of the initial surface very
difficult, despite careful polishing; 2-both coating methods still
need improvement for precise control of the coating thickness
layer.

3. Results and Discussion
3.1. Characterization of the coating

Tetradecanoic acid, Cq4, was originally chosen as a candidate for
coating formation as it is the first long chain carboxylic acid which
is completely insoluble in water in either the acid or the salt form.

The coating thickness was estimated at (27+6) pm. The
dispersion in thickness values suggests that the coating formation
protocol is not yet fully optimized. Fig. 1 a shows an SEM image of
the coating, depicting medium size crystals, with some preferen-
tial orientation. In Fig. 1 b the coating seems to be very compact.

The coating formation was assessed by means of both FT-IR
spectroscopy and X-ray diffraction, comparing the spectra of the
coated surface to reference powder spectra. Fig. 2 shows an FT-IR
spectrum of the coating (thick line) compared to the spectra of
both standard Cy4, and Pb(Cy4),. The spectrum of the coating bares
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Fig. 2. FT-IR spectra of melted tetradecanoic acid coated lead coupon (black solid line). The spectra of the standards for tetradecanoic acid (black dotted line) and Pb(C14),

(grey solid line) are also plotted for comparison. Inset: zoom in the fingerprint region.
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a strong similarity to the spectra of the lead tetradecanoate
standard, suggesting the successful formation of a lead tetrade-
canoate layer. The band observed at 1510 cm~! is identified as the
antisymmetric mode, v, COO~. The band at 1416cm~! is the
symmetric stretching mode, vs, COO~.[19] These two bands appear
as doublets characteristic of long chain bivalent metal carbox-
ylates.[22,23] Finally the band at 930 cm™!, vy, is identified as the
deformation band COO~.[19] Moreover, the spectrum does not
show any of the characteristic peaks of Cy4, which leads us to
discard the idea of unreacted acid remaining as part of the coating.
There is no trace in the spectra of the coating of the band at
1698 cm~!, which is very strong in the unreacted tetradecanoic
acid and represents the OH™ stretching. The remaining peaks in the
fingerprint region are also distinctly different in the unreacted acid
and in the coating.

If the coupons are not rinsed in ethanol after the overnight
reaction in Cq4, the FT-IR and the XRD indicate the presence of both
Pb(Cy4)2, and unreacted acid, Cq4. After the coupons are rinsed in
ethanol, only the signal of Pb(Cy4); is observed. This is because the
Cq14 molecules have a high solubility in ethanol, whereas the lead
carboxylate is insoluble in ethanol.[10]

Fig. 3 shows the X-ray diffraction pattern of a coated coupon. It
is straightforward to assign the five peaks corresponding to the
underlying lead substrate (see labelling in Fig. 3). Unfortunately, to
the best of our knowledge, there is no high quality reference
pattern for lead tetradecanoate (the presumed compound in our
coating) for comparison with our own pattern. Our XRD pattern
shows however a very high similarity to the International Centre
for Diffraction Database, ICDD, reference number 00-049-1964,
and to the high quality powder pattern previously reported by
Grayburn et al.[10] We can clearly distinguish the even reflexions
in the series 002, 004, . . . ,0018. These peaks show the character-
istic uniform spacing of 1.56 nm~}, and are labelled in Fig. 3.[10]
Comparison with these previously published spectra confirms that
the coating consist mainly of Pb(Cy4)s.

There are still 4 rather intense peaks, marked with an asterisk,
which were not associated to Pb(Cq4), before. Because of the
simplicity of the coating deposition strategy, there is not a large
number of compounds that could potentially be formed and
detected by XRD. The only candidate products are: 1- corrosion
products (due to an accelerated corrosion process at high
temperature); 2- C4 decomposition products (during heating);
3-unreacted Cq4 (free acid). We discard the first hypothesis, since
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those peaks do not fit with any of the known lead corrosion
products.[10] Hypothesis 2 and 3, are not compatible with the
FT-IR evidence that did not show any bands different from the ones
in the standard Pb(Ci4);.

The first two unassigned peaks are also observable in some of
spectra by Grayburn et al.[10] The difference in relative intensity
for those peaks could possibly be related to preferential orientation
of the Pb(Cy4), crystals following different formation mechanisms.
Moreover, our diffractograms bare a very strong qualitatively
similarity to ICDD references 00-009-0712 and 00-005-0332 for Pb
(C10)2 and lead Pb(Cy;),, respectively. Peaks very similar to all
4 unassigned peaks are present in those patterns. Those reference
patterns are also of low quality, therefore with certain limitations,
but unlike the Pb(Cy4), pattern, they have been recorded to higher
Q. Those signals seem to be related to the head group of the lead
carboxylate (PbCOO). Although the structures for Pb(C,), com-
pounds have never been solved beyond Pb(C;),[24], it is to be
expected that they present very similar crystallization patterns,
notably, in the plane where the lead carboxylate groups lie, with
similar plane spacings regardless of the carboxylate chain length.
In conclusion, those 4 large peaks are most probably attributable to
the Pb(Cy4); structure, and we can conclude that the coating is only
composed of this compound.

3.2. Protective nature of the coating

3.2.1. Electrochemical Experiments

In order to evaluate the protective properties of the new
coating, its behaviour in corrosive media was compared to the
behaviour of both uncoated coupons (i.e. protected only by the
naturally forming PbO layer[4]) and by coupons coated with a
micro-crystalline wax polish.[2,4]

Fig. 4 shows the linear sweep voltammograms in corrosive
media for a coupon coated by our new proposed method, and an
uncoated coupon. It can be observed that both the anodic and
cathodic currents for the coated electrode are about two orders of
magnitude lower than in the case of the uncoated electrode.

Although a precise calculation of the Tafel slope seems rather
difficult from our LSV curves, it is evident that the coated electrode
shows a much lower anodic Tafel slope as compared to the uncoated
electrode. This decrease can be associated with both anodic and
cathodic effects on the corrosion mechanism. Pb(Cy4); is acting as a
strong corrosion inhibitor, by delaying the oxidation and the
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Fig. 3. XRD pattern of a melted tetradecanoic acid coated lead coupon on a freshly prepared sample. The assignment of the peaks is discussed in the text.
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dissolution of metallic lead. The decrease in cathodic and anodic
currents with respect to the uncoated electrode is observed for the
entire scanned potential window, which suggests very good barrier
properties and indicates that the passivation mechanism is effective
not only around E.,, but for all the potential range under study. This
isaveryencouraging result, particularly when compared to previous
work with shorter chain carboxylate coatings prepared from
aqueous solutions. In those studies, the passivation had only been
observed up to about -200 mV.[16]| The marked decrease in current
strongly suggests that the Pb(C4), coating forms a very stable film
blocking a great majority of the anodic and cathodic sites on the
metallic lead surface. Moreover, we observe a shift towards more
noble potentials of E... This shift is probably associated with a
change in the corrosion mechanism forced by the blocking of most of
the metallic surface by the protective coating.

In order to assess the long term response of the coating in
corrosive media, two different exposure experiments were designed.
In the first one, lead coupons coated with the new coating, the
classical micro-crystalline wax polish and uncoated coupons were
left immersed in a corrosive solution and Electrochemical Imped-
ance Spectroscopy experiments were performed in the same
solutions at regular intervals for periods of up to 53 days.

Fig. 5 shows the time evolution of the impedance magnitude
values (a) and phase angle shifts (b) for the new coating. For
comparison, the time evolution of the same variables are shown for
an uncoated coupon in Fig. 6 (a) and (b), and for a micro-crystalline
wax coated coupon (c). Not all the experiments performed are
shown in Fig. 5 since during the first 2 weeks of exposure no visible
changes were observed in the Bode plots.

In Fig. 5, we observe first that there are only very small visible
changes in the Bode plots of the Pb(Cy4), coated coupons. During
the 53 days, the magnitude of the impedance at low frequency only
decreased from 5.8 x 108 Q) cm~2 to 3.0 x 108 Q) cm~2. This is an
extremely good result if we consider that the electrodes were
constantly immersed in the corrosive media. On the other hand,
the phase angle plot only shifted slightly, while keeping the overall
shape of the curve. The shape of the Bode plots shows the
characteristic response of a capacitor, with an almost constant
—90° phase shift at high and mid-frequencies, and a high pore
resistance as the electrolyte very slowly penetrates the coating.
[2,25] The time evolution of the corrosion potential, shown in the
inset in Fig. 5 (a), shows only a very small variation with time, in
agreement with the stability observed in the Bode plots.

The shape and the time evolution of the Bode plots are
distinctly different in the case of the uncoated and the micro-
crystalline wax coated coupons when compared with the Pb(Cy4)2
coated samples. We observe first that at time zero, the coupons
with a Pb(Cy4), coating show impedance magnitude values, that
are 3 orders of magnitude higher than those for the micro-
crystalline wax coated coupons and 4 orders of magnitude higher
than the uncoated coupons. Moreover, the shape of the phase angle
plots shown in Fig. 6 are distinctly different from the flat —90°
behaviour shown by the Pb(Cq4), coated samples. The plots in
Figs. 6 (b) and (c) are characteristic of a partially permeable coating
that allows corrosion to some extent.[2,25] The uncoated lead
electrode is only protected against further corrosion by the native
PbO oxide layer. As observed in Fig. 6, upon exposure to a corrosive
media for just a few hours, the Bode plots changed considerably,
the impedance magnitude value increases and the capacitive
response in the phase angle plot also increases and becomes
broader. This behaviour suggests that important changes at surface
level are occurring to this electrode, i.e. that a corrosion process is
taking place. We interpret these changes as the deposition of
insoluble oxidation products on the electrode surface, of which the
first apparent effect is protection. Further corrosion is slowed
down because of the presence of these corrosion products at the

ey,
L“ﬁninﬁ“iﬁﬁiﬁ
oy

R o YYYV

1) AAAAAAAAAAAAAL

Xx
x
EEXXXXXXXXXXXXXX

1E+2

0.01 0.1 1 10 100 1000 10000
Frequency / Hz

100000

70

« 0h
u7h )
60 » 30h Ry b
x s
©55h o .
77h G000, % By
50 x 126h B %tk
o 170h & aaMMABRAL 0 Tk
& s SRS
~ 40 99 at “
w
Q ' ., !
" m I A
230 el .--""'. e WY
S Syymammnn®™
9_ X

y!
,xxxxXX' V0000000000000 00000, ooy,
g3

0.01 0.1 1 10 100 1000 10000
Frequency / Hz

100000

80

. c)
$0000, ‘. ot ‘.

22%0,,. 200 . .
1E+5 Tug oo,“ iDu ....- ‘.Qggeﬁggggg .. 60

LT .

1E+4 . 0 KR
.

2/ Qcm?
-«
.:.
. »
8
-phase / °

. 1 ] o
Pe0000netent! ofm °
1E43 M Dt . m *, Uhgug =
...:Bguuuﬁ" - = 0d ’.}-;u'lig--.:y........
a=® o1d %4342 0000800000000
+2d had i
« 20d ’gg%ooo'o.oo

“030«»0
e

20

1E+2
0.01 0.1 1 10 100 1000 10000 100000
Frequency / Hz

Fig. 6. Time evolution of EIS Bode modulus (a) and phase angle (b) plots for an
uncoated lead coupon immersed in corrosive media. Time evolution of EIS Bode
modulus and phase angle plots (c) for a micro-crystalline wax coated coupon
immersed in corrosive media. Elapsed time as indicated in the. Markers in colour in
the online version.

electrode surface, making it more difficult for the aggressive
species to come in contact with the metallic lead. The changes are
fastest during the first 3 days of the exposure experiment, when
changes in the Bode plots were recorded every 2 hours (for visual
clarity, not all these curves are shown in Fig. 6). After 3 days, the
changes slow down, with the impedance magnitude values at low
frequencies remaining approximately constant. The capacitive
loop in the mid-frequency range continues to broaden slowly,
while changes are also observed at high frequencies for the
impedance magnitude values. After about 1 week of exposure, the
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impedance magnitude values start to decrease. This might suggest
that despite the slight protective effect of the insoluble corrosion
products, the metallic lead slowly starts to form soluble corrosion
products.

The changes in the Bode plots for the micro-crystalline wax
coated coupons are not as fast as those observed in the uncoated
coupons, as expected from a partially protective coating. Note that
Figs. 6 (a) and (b) depict changes over only 1 week, while Fig.6 (c)
depicts changes over a month. Albeit at a much slower rate, a
similar trend as that observed in the uncoated coupon is recorded
here, with increases in both the impedance magnitude values and
the capacitive behaviour at intermediate frequencies. Most likely,
these changes are associated with a similar corrosion mechanism,
and with an initial deposition on the surface of insoluble corrosion
products, which partially protect the metallic surface, slowing
down, but not completely stopping the corrosion process.

A more quantitative interpretation of the EIS results is achieved
for the Pb(Cy4), coated and uncoated coupons by numerical fitting
the experimental data to the equivalent circuits depicted in Figs. 7
a and b respectively. While data from the Pb(C;4), coated samples
were fitted to a circuit depicting 2 time constants, data from the
uncoated samples were fitted to a circuit with three time
constants. For the equivalent circuit shown in Fig. 7 a, Ry is
interpreted as the resistance of the electrolyte; Ccoating and Reoating
represent, respectively, the capacitance and the resistance (resis-
tance associated to the pores) of the coating. CPEp, is a constant
phase element associated to the capacitance of the electrochemical
double layer at the metal/coating interface; and R¢r is the charge
transfer resistance of the metal. For the equivalent circuit depicted
in Fig. 7 b, Ry, CPEp, and Rcy are interpreted in the same way as for
the previous circuit. Regating and CPEcqating are similar as above,
except they refer to the native oxide layer, PbO on top of the
metallic surface. Finally, as previously suggested,[16] Cparr and
Rpagrr are attributed to an extra resistance originating in particles
left behind by the polishing step (particles which are probably
removed during coating formation). In these equivalent circuits,
some constant phase elements (CPE) were used instead of pure
capacitors, because of the non-ideal character of the corresponding
responses. This is due to roughness that arises from both the
underlying lead metal surface, the Pb(Cq4), coating, or the native
oxide layer, PbO, which gives rise to certain surface inhomogenei-
ties. The true capacitance can be calculated from the respective CPE

q) b)

C

coating

R

coating

parameters, as described elsewhere.[26-28] The variation of the
fitted parameters with immersion time using the equivalent
circuits from Fig. 7 are shown in Figs. 8 and 9 for the Pb(Cy4)>
coated and the uncoated samples respectively, and are also listed in
Tables S1 and S2 in Supporting Information. The fittings are in good
agreement with the experimental data for all the samples. Values
are shown with the errors from the numerical fitting, although
these are most of the time below 5% and hence indistinguishable in
the plots.

In the case of the Pb(Cy4), coated sample, the Ceoating Slowly
increases with time, while the respective Reoating Slowly decreases.
These changes can be considered minor, capacitance coating values
in the order of 107 '°Fcm~2 and coating resistances in the order of
107 Q) cm 2 are usually associated with excellent coating capabili-
ties.[27] The rather small changes in Ceoating SUggeSt very low water
permeation of the coating and a negligible degree of delamination.
We can also appreciate that the error associated to the fitting of this
passive element is the lowest of all the fitting parameters, and is
therefore one of the most effective parameters to assess coating
behaviour, as previously observed.[29] The order of magnitude of
the Reoating Values suggests that the coating is not really porous, but
rather that the electrolyte might penetrate only in between Pb
(C14)2 crystalline grain boundaries. These high values are also most
probably associated to the high thickness of these coatings.

The values of the Yp, constant from the CPEp, are also very low,
and only increase slightly with time. The n value of this CPE
element kept constant in time, at a value of 0.63. Likewise, the Rct
is very high and only decreases slightly with time. These values
suggest that only a very small fraction of the metallic surface area is
available for double layer formation, and potential corrosion
reactions to take place. Moreover, they correlate with an extremely
low corrosion current, as previously observed in the LSV.

For the uncoated sample, the analysis of the fitting of the EIS
data to the corresponding equivalent circuit shows in the first place
quite sharp variations with time. The fittings at time zero are in
good agreement with previously published results for uncoated Pb.
[16] The resistance attributed to the particle layer decreases quite
sharply during the first two days. During the same time interval,
the capacitance associated with those same particles changes
abruptly, which we can possibly attribute to the removal of some of
these particles with the dissolution of metallic lead and/or the
formation of corrosion products. The resistance associated to the

CPE

coating

S | AP

CPART

Fig. 7. Equivalent circuits used for the numerical fitting of EIS data for the Pb(Cy4), coated (a), and uncoated (b) coupons during immersion in corrosive media.
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immersion in corrosive media.

PbO native layer and the resistance to charge transfer follow very
similar trends. They increase during the first hours of exposure,
arrive at a maximum value and then they decrease steadily. A
complementary trend is observed for the Y constants from the CPE
elements. These values decrease during the first hours and then
they remain, on average, constant. The corresponding o exponents
vary with time, as depicted in the insets of Fig. 9 (d) and (f). The o
values close to 0.5 are an indication of important diffusional
components, rather than pure capacitors, hence, probably pointing
to the ongoing corrosion reactions been limited either by diffusion
from reactants towards or products out of the electrode surface.

Finally, for those circuit elements that can be compared
between the two coatings (Rcr, Ypr, Reoating), We observe large
differences in fitted values from the Pb(Cq4), coating to the
uncoated coupons (PbO native layer). These variations are simply a
correlation of the differences observed in the original Bode plots.

3.2.2. Exposure to an oak vapours rich atmosphere

The second long time exposure experiment is summarized in
Figs. 10 and 11. Fig. 10 shows the diffraction patterns for five Pb
(Cq4) coated coupons unexposed and exposed to an oak and
humid environment for different periods. Each pattern corre-
sponds to a different coupon: coupons were simultaneously
introduced in the chamber, and extracted one at a time to allow for
different exposures. These experiments were performed for
assessing the potential appearance of crystalline corrosion
products, and the degradation of the coating. The y-axis of the
XRD patterns are shown in a square root scale to highlight peaks of
lower intensity. The patterns were measured at different scan
rates, which partially accounts for the varying integrations of the
same peaks in the different diffractograms. Moreover, the coating
method might not yet be fully optimised with regards to
homogeneous coating thickness. Therefore, a quantitative com-
parison of the peak intensities should be carried out with care. The
patterns are useful for a qualitative comparison, i.e. presence or not
of the different peaks.

The most important feature we observe by comparing the five
patterns, is that hardly any new peaks develops during the

exposure experiments. This is a strong indication of the good
barrier properties of the coating and of its protective nature. This is
in clear contrast to the results obtained with both the uncoated
coupons and the micro-crystalline wax coated coupons (see
Fig. 11), where corrosion products are clearly visible after only
22 days of exposure to exactly the same environment.

It can be observed that all the peaks in the first pattern
(unexposed to the oak environment) are still present in the four
consecutive patterns. These peaks have previously been attributed
to either the underlying lead substrate or the Pb(Cy4),. The relative
intensities of the lead and Pb(Cy4), peaks vary from pattern to
pattern. This is most probably attributable to variations in coating
thickness, rather than degradation of the coating (the Pb(Cy4),
peaks become more intense than the lead peaks for the last
patterns). Some peaks that were barely distinguishable in Fig. 3 are
now clearer in the topmost pattern (unexposed to oak) because of
the square root scale in the y axis. As discussed in section 3.1, most
of the low intensity peaks between Q=15.0 and 34.0nm™! are
likely to belong to Pb(Ci4),. The small peaks at Q=38.9 and
42.8 nm~! have been attributed to hydrocerussite [Pb3(CO3),(OH),,
syn], and plumbonacrite [6PbCO3.3Pb(OH),.PbO], respectively. We
did not find a matching reference for the peak at 34.5nm™". Lead
carbonate compounds have been reported as spontaneously
forming passivating layers.[4] However, these corrosion products
seem to be forming during the heating process, since they are not
visible in the unexposed coupons that did not undergo heat
exposure (see topmost patterns in Fig. 11). While the formation of
these corrosion products is undesired, the fact that the relative
intensity of these peaks remains mostly unchanged in the next
diffractograms suggests that they have passivated the lead surface
and are not associated to active corrosion processes. Small peaks
assigned to [(3-lead oxide (massicot), plumbonacrite and hydro-
cerussite appear in the last diffractogram. All the reference XRD
patterns are listed in the caption of Fig. 11.

Fig. 11 (a) shows two diffraction patterns of uncoated coupons
exposed to the oak environment and are compared to the pattern
of an unexposed coupon. The top pattern shows the classical
pattern of a lead substrate, and some peaks of lower intensity that
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exponents of the CPE elements.

have been assigned to 3-lead oxide (massicot) and hydrocerussite.
These corrosion products were formed during the storage time of
the coupons (see Experimental section). After 29 days of exposure,
more than 10 peaks that were not present in the diffractograms of
the unexposed coupon are already observable. These peaks have
been assigned to lead oxide ([3-PbO-massicot), hydrocerussite
[Pb3(CO3)>(0OH),, in both syn and trig crystalline structures],
plumbonacrite [6PbCO3.3Pb(OH),.Pb0], lead acetate oxide hydrate
[Pb3(CH3C00)6.PbO.H,0], and lead formate [Pb(HCO,),], as
marked in the figure. All these compounds are classical lead
corrosion products in the presence of volatile organic compounds
emitted from oak.[10] After 49 days, even more peaks from
corrosion products are apparent in the diffractogram, while the
intensity of the peaks that were already present in the previous
pattern (29 days) has considerably increased.

Finally, Fig. 11 (b) shows the diffraction patterns for 2 micro-
crystalline wax coated coupons exposed to the humid oak
environment and the pattern of an unexposed coupon. The latter
shows the 5 peaks corresponding to the underlying lead substrate.
The remaining peaks, of much less intensity, have been assigned to
B-lead oxide (massicot) and hydrocerussite. After only 22 days of
exposure, already eight new peaks appear in the pattern. These
peaks have been assigned to lead oxide, hydrocerussite,

plumbonacrite, and lead formate, as marked in the figure. After
40 days, those corrosion peaks more than double their intensity in
comparison to the lead peaks, evidencing an ongoing corrosion
process. Also, some new peaks are evident, notably with the
appearance of lead acetate oxide hydrate and the remaining
assigned to the same compounds observed after 22 days.

Finally, a visual comparison of the as prepared coupons and
coupons exposed to the oak rich environment shows that the
visual appearance of the new coating is unaltered, while both the
uncoated and micro-crystalline wax coated coupons show the
characteristic white traces of lead corrosion (see Fig. S1 in S. L)

3.2.3. Comparison

The XRD patterns following the exposure tests are in very good
agreement with the results from the EIS tests. The EIS tests after
exposure in aqueous corrosive media, suggested that the Pb(Cy4)
coating was very stable and that no corrosion layer was being
developed. This is essentially the same information that is
extracted from the XRD patterns. On the other hand, both in the
case of the uncoated coupon and the micro-crystalline wax coated
coupons, the EIS suggested that a corrosion layer was being formed
during the exposure experiments in corrosive aqueous media. In
parallel, the XRD patterns showed the formation to a large extent of



450 V. Flexer et al./Electrochimica Acta 179 (2015) 441-451

20 \H\HH\‘HH\HH‘HHHH\[\H&HH‘H\  TTTT[TTTTTTTTT T TTITIT T T TTTTTTTTT
15—

10 —

Unexposed |

Wl W |”|m Iy mm*. ‘lh i um“i ‘

NQ
- . A Day 28
~ °
2
g see | . |x
S \ o
100 mmmlmmm.l.muxm.hlhmmlm. kh ul‘\h‘\“‘nl\‘im.h\\.iml IMm " mlw.h.‘nhu nuu‘.‘l‘.hmlm \“\“
;
57 T e Day 39 |
50— _
TR IPIR IS
25— teoe0?
20—
151 Tee
o] o ¢ Day 59
e 00 *

Fig.10. XRD patterns of Pb(Cy4), coated coupons after different exposure times in a
humid oak environment. Suggested peak assignment according to references as
specified in the caption of Fig. 11. Markers in colour in the online version.

several corrosion products. Both for the EIS and for the XRD
experiments, the corrosion rate was much faster for the uncoated
coupons than for the micro-crystalline wax coated coupons.

These experiments prove that despite their wide use by
conservators all over Europe, the micro-crystalline wax is not a
completely efficient coating for the protection of lead objects. Our
new proposed coatings seem to be much more efficient in
preventing corrosion.

The barrier properties and the protective nature against
corrosion of our new proposed coating method seems to be by
far the most efficient from all lead carboxylate coatings reported so
far. Indeed, Pb(C4), and lead dioctadecanoate coatings prepared
from ethanolic solutions of the free acid showed impedance
magnitude values 4 orders of magnitude lower[20] than reported
here, while similar exposure tests to a corrosive atmosphere
showed a much larger extent of ongoing corrosion than reported
here.[10]

Coatings prepared from aqueous solutions of sodium decanoate
and dodecanoate showed impedance magnitude values at low
frequencies ranging between 2 and 5 orders of magnitude lower
than reported here. Moreover the phase angle plots did not show
the characteristic behaviour of a capacitor shown by our coatings.
[3,14-16,18] Although the corrosion inhibition properties were
assessed by different methods, our coatings also seem to be more
efficient than the original work on lead carboxylates reported by
Rocca et al[12,13] In that work, Rocca et al. arrived at the
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Fig. 11. XRD patterns of uncoated lead coupons (a), and microcristaline-wax coated
lead coupons (b) after different exposure times in a humid oak environment.
Suggested peak assignment according to references as specified in the figure
caption. Markers in colour in the online version.

conclusion that both longer chain carboxylates and increased
concentrations in the coating solutions would produce more
protective coatings.[13] We believe that the strong enhancement
in the corrosion resistance of our coatings is not only due to the
longer chain lengths (Cq4, Vs Cia, Cq1, Cio in most of the work
previously reported), but most importantly to a thicker and more
dense coating layer. Indeed, the fact that the lead carboxylate layer
is formed in a much higher concentration of carboxylate moieties
(pure molten acid) seems likely to accelerate the formation of lead
carboxylate. We have measured the coating thickness of coupons
prepared following immersion in ethanolic solutions of
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tetradecanoic acid to be (5+3) wm. If we recall that our method
yields coatings of 6 times this thickness value, (27 £6) pm, it is
therefore reasonable to observe the results reported here regarding
the resistance of the coatings. These thicker coatings are likely to
provide better barrier properties against the attack of aggressive
species, most notably acetic acid. This high thickness value is most
probably the reason behind the almost perfect capacitive behav-
iour in the Bode plots. For comparison, thickness measurements
for the micro-crystalline wax coated coupons yielded a value of
(6 +4)m. Because of the different chemical nature of the coating,
we cannot fully attribute the lower protection of micro-crystalline
wax coating to its lower thickness. However, the difference in
thickness surely plays a role.

4. Conclusions

We have shown here a new coating method for lead heritage
metal objects. As shown by FT-IR and XRD, a Pb(Cy4), coating is
formed spontaneously upon immersion of a lead object in a
melted sample of tetradecanoic acid at 60°C, followed by
careful rinsing in ethanol. The coating formation method is
extremely simple, inexpensive and non-contaminant. The
melted tetradecanoic sample can be reused many times. Some
traces of corrosion products are observed upon formation of the
coating and before exposure of coated samples to corrosive
environments. These corrosion products are likely to have been
formed upon exposure of the lead sample to 60°C. Shorter
coating formation times (currently 18 hours) might decrease the
unwanted corrosion during the coating formation process, while
still producing coatings with excellent barrier properties. Work
in this direction is ongoing.

Linear Sweep Voltammograms, and time lapse Electrochem-
ical Impedance Spectroscopy and X-Ray diffraction experiments
have shown the excellent capabilities of these coatings towards
corrosion resistance. The shape and magnitude of the Bode
plots was almost unaltered during 53 days of exposure to
corrosive media, while XRD patterns remained mostly un-
changed during 59 days of exposure to a humid and oak vapour
rich atmosphere.

The low cost and simplicity of the coating method makes it an
interesting candidate to test its applicability on real heritage
objects.
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