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Lead in archive environment suffers from severe corrosion
attack caused by the organic acids’ vapours usually presented in
such an environment. One of possible ways of corrosion protec-
tion of lead is its surface treatment by solutions of sodium salts
of monocarboxylic acids (general formula CH;(CH,), ,COONa,
noted NaC,, n = 10, 11, 12). The principle of this corrosion pro-
tection is a creation of conversion coating on the lead’s surface,
which decreases corrosion rate of lead in the atmospheric environ-
ment polluted by organic acids’ vapour. Our research aims at the
selection of a suitable protection system that would be applicable
to conservation of historical lead in archives and museums. This
paper evaluates the corrosion behaviour of treated lead based on
the values of polarisation resistance and shape of potentiodynamic

curves in simulated corrosive environment (0.01 mol I'' solution of

acetic acid). The lead samples with different state of surface (pure,
corroded and electrochemically cleaned) were treated with sodium
salts of monocarboxylic acids NaC, (n = 10, 11, 12) having concen-
tration of 0.01 and 0.05 mol I'. In simulated corrosive atmosphere
(above 0.001 mol I acetic acid solution vapours), corrosion rate
was measured by means of electrical resistance technique. The inhi-
bition efficiency of monocarboxylic acids is dependent on their car-
bon chain length and their concentration. The greatest inhibiting
efficiency in corrosive atmospheres and for all lead samples was
observed for the sodium salt of dodecanoic acid having concentra-
tion of 0.05 mol I'. Artificially created corrosion products and salt
coatings were analysed by X-ray diffraction analysis and their sur-
face morphology was observed by scanning electron microscopy.
A protective salt coatings are mainly composed of metallic soaps
in dimer form.

INTRODUCTION

Lead and lead alloyed objects are an important part
of European cultural heritage. There are plenty of those
artefacts in museums and archives, because lead was
used widely in the past, not only for special issues (organ
pipes, stained glass), but also in everyday life (dishes,
coins) [1-4]. One of the reasons of lead popularity is its
relatively good environmental stability and malleability
[1-8]. Depending on the environmental conditions, lead
objects are covered with corrosion layers constituted
of various corrosion products [2, 3, 9-12]. Corrosion
layers are usually thin, stable and protective, therefore
the corrosion rate of the underlying metal is very small.
These layers usually constitute of oxides, carbonates,

V prostiedi archivnich depozitarii Ize pozorovat vyznamné
korozni napadeni olova vlivem par organickych kyselin, jejichz pri-
tomnost je v tomto prostredi typickd. Jednim z moznych zpiisobii
ochrany olova proti tomuto typu korozniho napadeni je jeho po-
vrchova uprava roztoky sodnych soli monokarboxylovych kyselin
(obecny vzorec CH;(CH,), ,COONa, zkracené NaC,, n = 10, 11,
12). Principem této protikorozni ochrany je vytvoreni konverzniho
povlaku na povrchu olova, jez chrani podkladové olovo v atmo-
sférickém prostredi znecisténém parami organickych kyselin. Nas
vyzkum je zaméren na nalezeni vhodného ochranného prostiedku
pro historické olovo ulozené v archivech a muzeich. Tento clanek
hodnoti korozni chovani olova oSetreného roztoky soli monokarbo-
xylovych kyselin na zdkladé hodnot polarizacniho odporu a tvaru
potenciodynamickych krivek v simulovaném koroznim prostiedi
(v roztoku 0,01 mol I’ kyseliny octové). Vzorky olova s riznym sta-
vem povrchu (Cisté, zkorodované a elektrochemicky ocistené) byly
oSetreny roztoky sodnych soli monokarboxylovych kyselin NaC,
(n =10, 11, 12) o koncentraci 0,01 a 0,05 mol I'. V simulované ko-
rozni atmosfére (nad parami 0,001 mol I roztoku kyseliny octové)
byla korozni rychlost olova mérena pomoci rezistometrickych cidel.
Inhibicni ucinek monokarboxylovych kyselin zavisi na délce jejich
uhlikového retézce a jejich koncentraci. Nejvétsi inhibicni ucinek v
simulované korozni atmosfére byl pozorovan u vzorkii osetienych
roztokem sodné soli kyseliny dodekanové o koncentraci 0,05 mol I/,
bez ohledu na stav povrchu vzorku. Povrch vzorkii pred a po oSetie-
ni v roztocich NaC, byl analyzovan rentgenovou difrakcni analyzou
a jejich povrchova morfologie byla pozorovina pomoci skenovaci
elektronové mikroskopie. Olovnaté soli monokarboxylovych kyselin
se na povrchu olova vyskytuji v dimerni formé.

chlorides, sulphides or sulphates species [2, 3, 9-13].
Another corrosion layers constitute of carbonate com-
pounds such as cerussite (PbCO;), hydrocerussite
(Pb;(CO;5),(OH),) or plumbonacrite (Pb,,(CO,);O(0OH),)
without protective effect and responsible of the “white
rust” [1, 8, 10-12, 14, 15].

Major danger for lead in terms of corrosion are
volatile organic compounds (especially formic and
acetic acids) which are formed during the degradation
process of another organic materials stored in the
depository (another object made of wood or plastic,
glues, colours, packing materials based on paper or
plastic, etc.) and emitted into the archive environment
[3, 16, 17]. The degradation processes of wood origins
in hydrolysis of acetyl groups of hemicellulose in
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the wood, fission of hemicellulose molecules causes
formation of a range of low molecular weight volatile
organic compounds (aldehydes, ketones, carboxylic
acids — formic, propanoic, tannic and acetic) [18-21].
The concentrations of emitted organic acids, especially
of acetic acid inside museum storage cabinets are at
levels less than 500 ppb [22]. The corrosion agents
for wood are high relative humidity, temperature, UV
rays or alkaline/acidic chemical compounds [18-20].
After a lengthy period of exposure in organic acids
environment, the lead surface gets covered with soluble
white voluminous corrosion products (white rust) and
the corrosion rate of lead rapidly increase [2, 3, 23, 26].
Acetic acid vapours accelerate atmospheric corrosion
of lead even at low concentration (0.1-1 ppm), the mass
gain is a linear function of time and acid concentration
[27]. The mechanism of lead active corrosion process
in acetic acid is still unclear. One of the possible theory
[3, 25, 26] is graphically summarized on the Figure 1.
According to this theory, in atmospheric conditions,
a thin passive underlayer of PbO is formed on the lead
surface and a thick corrosion outer layer is constituted
of lead carbonates. The process starts when the acetic
acid is present in aqueous surface film on the passive
doublelayer, preferentially at cracks or defects in the
layer (Fig. la). The passive doublelayer starts with rapid
transformation into soluble lead acetate Pb(CH;COO),
or lead acetate oxide hydrate Pb,(CH,COO),PbO-H,0O
(Fig. 1b). Acetic acid and acetate compounds penetrate
in cracks and PbO underlayer is dissolved and the lead
substrate is then attacked (Fig. lc). The oxidation of
lead substrate causes that new layer of lead carbonate is
formed. Because of new voluminous layer forming the
oldest corrosion layer is peeling out (Fig. 1d). The acetic

— 7
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B Metal (Pb)
O Acetic acid

B New voluminous
lead carbonate
layer

[ Lead carbonate layer
M PbO

Fig. 1. Active corrosion process of lead in acetic acid con-
taining atmosphere [3, 25, 26]

Obr. 1. Schéma procesu cyklické koroze olova v prostredi
obsahujicim kyselinu octovou [3, 25, 26]

acid is released back to corrosion process during the
transformation of lead acetates to lead carbonates and
the cyclic corrosion is initiated and leads to a porous and
lamellar corrosion layer formation. The carbon dioxide
cannot be neglected, this acidic gas dissolves in aqueous
surface film, too and then reacts with lead (II) ions to
form another lead carbonates [3, 25, 26]. A big problem
(especially for coins and lead seals) is that a part of
surface details may get lost during the cyclic corrosion
process.

There are many possibilities how to protect lead
based artefacts against corrosion, e.g. elimination of
the corrosive substances in the nearby environment,
removal the corrosion products from the lead surface
(because the acetic acid released during corrosion pro-
ducts transformation causes a new corrosion process) or
today’s hot topic — application of corrosion inhibitors
[1, 3, 25, 28-31]. Sodium benzoate, cyclohexylamine
carbonate and/or cyclohexylamine nitrate are usually
used as corrosion inhibitors for lead in atmospheric
conditions. Whereas thiourea, phosphates, chromates,
amines, benzotriazole or hydrazines are usually used as
corrosion inhibitors for lead in organic acids condition
[32-37]. In this paper, sodium salts of carboxylic acids,
which are in literature discussed periodically, will be
examined.

Sodium salts of carboxylic acids are not corrosion
inhibitors as the corrosion inhibitors definition says.
They form a barrier, conversion hydrophobic coating,
on the lead surface. According to another author [34,
37, 43] sodium salts of carboxylic acids can protect lead
against atmospheric corrosion, corrosion in aqueous
condition and in the atmosphere containing organic
compounds. Those compounds are natural, non-toxic
and cheap. The effect of monocarboxylic acid salts is
that they form stable lead carboxylate lamellar layer on
the lead surface (metallic soap) [38, 39].

The lamellar layer has a specific structure, the car-
boxylate chains are bounded with lead atoms across
an oxygen atom. Every lead atom in the structure is sur-
rounded by six oxygen atoms, arranged in the octahedral
pattern [38, 40, 41]. Preliminary step of lead carboxylate
formation is lead oxidation by an atmospheric oxygen
dissolved in aqueous solution (Pb + %2 O, + H,0O <> Pb*" +
+20H[1, 3, 43]), after this carboxylate anions CH,(CH,)
22COO" (noted ) react with lead(II) ions resulting in soap
formation (Pb*" + 2 < Pb(C,), [44]) [38, 39, 41, 42]. The
lead soap formation should be dual [43]:

e the formation of lead soap take place into the elec-
trolyte, lead soap is adsorbed on the lead surface as
a continually growing lamellar layer [43].

e carboxylate anions are driven to lead surface where
they react with lead(II) ions and form the lead soap, the
lamellar layer then grows because of the carboxylate
anions diffusion [42, 43].
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The lead soaps are surfactants, the carbon chain
is a hydrophobic part of Pb(C,), molecules [1, 42, 44].
After the process of coating deposition is carbon chain
oriented out-side of lead surface, hydrophobic character
of lead soap is main parameter [38, 43]. It is obvious
that longest carbon chain in molecule induces their
highest hydrophobic effect. The lead surface gets wet
with aqueous solution (atmospheric corrosion) less, the
passive layer dissolution rate decreases [38]. Another
presumption is that lead soap on the lead surface can
locally neutralize acetic acid and/or carbon dioxide
(Pb(C,p), + 2CO, + 2H,0 « 2HCO; + Pb*" + 2HC,))
[34]. The inhibition efficiency of carboxylic acids salts
grows depending on their carbon chain length and
their concentration [38, 42, 43]. Applicability is limited
with limited solubility in water of longest sodium
carboxylates.

This paper investigates inhibition efficiency of so-
dium salts of carboxylic acids for lead in non-aggres-
sive (simulated atmospheric corrosion) and aggressive
aceticacid containing solutions, by using electrochemical
techniques. The investigation has been focused on the
effect of carbon chain length and concentration of those
salts.

EXPERIMENTAL

Specimens and their surface treatment

The lead samples (99.9 % Pb) with different surface
states (non-treated, corroded and electrochemically
cleaned surface) were used in this work. The non-
treated lead surface was obtained by water grinding of
the sample’s surface with SiC grinding paper up to grain
size of P800, subsequent rinsing with distilled water,
ethanol and then drying by a hair dryer. The corroded
surface was obtained by immersing of the non-treated
lead samples into 1 mol 1! Na,CO; solution for 24 hours,
subsequent rinsing with distilled water, ethanol and
drying by a hair dryer. The electrochemically cleaned
surface was obtained by electrochemical cleaning of
the corroded samples. The electrochemical cleaning of
the samples was performed for the total time of 2 hours
in three-electrode corrosion cell (working electrode:
corroded lead sample, counter electrode: Pt rib, reference
electrode: saturated calomel electrode - SCE) connec-
ted to computer-controlled potentiostat PC4 (Gamry
Instruments, Inc.) maintaining constant potential of
-1.2 V/SCE. The 0.5 mol I' H,SO, solution was used
as an electrolyte. After electrochemical cleaning, the
samples were left for 24 hours on free air.

The samples with different states of surface were
treated with solutions of monocarboxylic acid salts
(CH,4(CH,),,COOH + CH,(CH,),,COONa,n=10, 11, 12)
noted as NaC, (n = 10, 11, 12) in order to obtain the salt
coating on the samples’ surfaces. The procedure of salt

coating preparation was obtained from literature [34,
38] and stands as follows: the samples were immersed
for 24 hours in 0.01 mol I and 0.05 mol 1! NaC,
(n =10, 11, 12) solutions. The NaC, solutions were pre-
pared by neutralisation of the corresponding monocar-
boxylic acid with NaOH. The proportion of the mono-
calboxylic acid and NaOH was nearly equimolar
(100 parts monocalboxylic acid per 98 parts of NaOH
of equimolar amount corresponding to the amount of
monocalboxylic acid). The solutions were transparent,
without the presence of non-dissolved particles, having
pH of 6-9.

In total 21 different types of samples were tested
in this work. The bare lead samples with different state
of surface (non-treated, corroded and electrochemically
cleaned) were used as reference samples.

Environment

All measurements in this work were performed in
presence of acetic acid which simulates the aggressive
environment of the archives.

The measurement of polarisation resistance and
potentiodynamic curves was carried out in the corrosive
solution of 0.01 mol I acetic acid neutralised with
0.25 mol I'' NaOH to pH 7. Thus the resulting compo-
sition of the testing corrosive solution is dissociated
as well as non-dissociated acetic acid and dissociated
sodium acetate (CH;COOH + CH,COONa). .

The resistometry was performed in a circulated
model atmosphere above the 0.001 mol I acetic acid
(100 ml of 0.001 mol I acetic acid were placed in
10 litres closed box).

Methods

Electrochemical measurement in the corrosive
solution was performed in three-electrode cell (wor-
king electrode: lead sample, counter electrode: Pt rib,
reference electrode: saturated calomel electrode) con-
nected to the computer-controlled potentiostat PC4
(Gamry Instruments, Inc.). The measurement of the
polarisation resistance (R,) was performed after
2 hours with a scan rate of 0.166 mV s! within a range
of 40 mV (E,,,, = 20 mV). As soon as the polarisation
resistance measurement finished the measurement of
the potentiodynamic curve with a scan rate of 1 mV s-!
in the range from -50 mV to +800 mV versus E_,, began.

The inhibition efficiency (8) of the salt coatings
on the lead surface was determined according to the
following formula:

0= |:1 _ Rpsurfucc without salt coating :| - 100

Psurface with salt coating
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During the resistometric measurement in the cor-
rosion atmosphere the lead sensors (lead foil Goodfellow
Company with thickness (d,) of 25 um) were placed in
10 litres closed box with circulated atmosphere. The lead
sensors were connected to ACD-03 (MetriCorr). The
resistometric method is based on the electric resistance
(ER) measurement from which the corrosion rate (r.,,,)
can be calculated from the decrease of sample thickness
caused by corrosion (Ad). Following formulas can be
employed for the calculation [45-47]:

R,

chfcrcncc part of sensor sensing part of sensor (initial)

Rsensing part of sensor Rreference part of sensor (initial)

Ad
t

rCOIT

The resistometric measurements have following
procedures depending on the state of surface of the lead
Sensors:

e The lead sensor with non-treated surface: 1. Stabili-
sation for the period of 24 hours, 2. Mechanical
cleaning of the sensor’s surface with grinding wool
3M Scotch Brite, subsequent rinsing with distilled
water, ethanol and drying by a hair dryer, 3. The sensor
is placed in a model atmosphere above 0.001 mol I
acetic acid solution after period of 48 hours.

e The lead sensor with corroded surface: 1. Stabilisation
for the period of 24 hours, 2. Mechanical cleaning of
the sensor’s surface with grinding wool 3M Scotch
Brite, subsequent placing into 1 mol 1! Na,CO; solution
for 24 hours, then rinsing with distilled water, ethanol
and drying by a hair dryer, 3. The sensor is placed
in a model atmosphere above 0.001 mol 1! acetic acid
solution after period of 24 hours.

e The lead sensor with corroded surface treated by
0.05 mol I NaC,,: 1. Stabilisation for the period of
24 hours, 2. Mechanical cleaning of the sensor’s
surface with grinding wool 3M Scotch Brite, sub-
sequent placing into 1 mol 1! Na,CO; solution for
24 hours, then placing into 0.05 mol 1! NaC,, solution
for 24 hours, then rinsing with distilled water, ethanol
and drying by a hair dryer, 3. The sensor is placed
in a model atmosphere above 0.001 mol 1! acetic acid
solution directly.

All the experiments were performed in aerated
conditions and at laboratory temperature.

The changes of samples surface morphology after
NaC, solutions treatment were observed by scanning
electron microscope (SEM) TESCAN VEGA 3. The
identification of the phase composition of the salt
surface coatings was performed by XRD analysis by
X’Pert PRO (PANanalytical B.V.)). The observation
of the hydrophobic properties of the samples’ surface
was carried out by the contact angles measurement by
goniometer SEEsystem (Advex Instruments, s.r.o0.).

RESULTS AND DISCUSSION

Corrosion tests

Polarisation resistance and potentiodynamic curves
in simulated archival environment

A polarisation resistance (R,) of all lead samples
was measured in corrosive solution of 0.01 mol I
CH;COOH + CH;COONa after two hours. The final
value of R, shown in Figure 2 for each type of lead
sample is an average of the R, values measured for two
replicate measurements after two hours of exposure.
The maximum and minimum values of the error bars
in Figure 2 correspond to values of R, measured for two
identical samples. The lead samples with different state
of surface without soap coat on their surface was taken
as reference samples.

The inhibition efficiency of the soap coat on the
samples with different state of surface was evaluated
(Fig. 3).

It can be seen in Figure 2 that the lowest values
of R, are shown by the reference lead samples (samples
without soap coat and with different surface state — non-
treated surface 1 Q m?, corroded surface 1 Q m? and
electrochemically cleaned surface 3 Q m?). The values
of R, measured for the samples with soap coat consi-
derably increase by 1-4 orders of magnitude compared
to the samples without soap coat. Generally, the R,

108

105

104

E 103 - ]
c

5102

10+

corroded
surface

non-treated
surface

electrochemically
cleaned surface

without soap coating
= 0.01 mol I'' NaC4q #0.01 mol I'" NaC44 ®0.01 mol I'' NaC,,
m 0.05 mol I'' NaC,, ®0.05 mol I'' NaC4, ®0.05 mol I'" NaC,,

Fig. 2. The average values of polarization resistance (R,) of
the lead samples with different state of surface and with or
without soap coat measured in 0.01 mol |' corrosion solu-
tion. The maximum and minimum values of the error bars
correspond to values of R, measured for two identical sam-
ples.

Obr. 2. Pramérné hodnoty polarizacniho odporu (R,) u vzor-
ki olova s riiznym stavem povrchu a s/bez osetieni v roz-
tocich NaCn namérené v neutralizovaném roztoku kyseliny
octové o koncentraci 0,01 mol I''. Maximalni a minimalni hod-
noty chybovych tsecek odpovidaji hodnotam R, namérenym
pro dva identické vzorky
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values of coated samples increase with number of
carbons in NaC, molecular chain and with concentration
of NaC, solution used. The 0.05 mol I'' NaC,, and NaC,,
exhibit the R, values by 1-2 orders of magnitude higher
compared to 0.01 mol I NaC,, and NaC,,.

The R, values of the samples with non-treated
surface and electrochemically cleaned surface (with/
without soap coat) are very close for the same type
of NaC,. When comparing the samples with different
states of surface using the same type of NaC, solution
the higher values of R, are achieved for corroded surface
than for the non-treated or electrochemically cleaned
surface.

Figures 2 and 3 shows that the soap coat is able to
protect the lead with different state of surface very well.
The unsatisfactory soap coat is indicated by inhibition
efficiency lower than 99 %. According the Figure 3
the inhibition efficiency for all NaC, corresponds with
the values of R, and the inhibition efficiency increases
with the number of atoms in the NaC, molecular chain
and with the concentration of NaC,. The inhibition
efficiency of 0.05 mol I'' NaC,; and NaC,, is 99.9 %
for all samples with different surface treatment. It
means that the corrosion rate of the samples treated
in 0.05 mol 1" NaC,, and NaC,, solution is by 3 orders
of magnitude lower than corrosion rate of the samples
without soap coat and by 2-3 orders of magnitude lower
than corrosion rate of other soap coated samples with
inhibition efficiency less than 99 %. In the case of the
samples with corroded surface the inhibition efficiency
is higher compared to the samples with non-treated or
electrochemically cleaned surface (for the samples with

100

O (%)

corroded
surface

non-treated
surface

electrochemically
cleaned surface

®0.01 mol I'" NaC, #0.01 mol I'" NaC,, 80.01 mol I'' NaC,,
®0.05 mol I'" NaC,, ®0.05 mol I'" NaC,, 0.05 mol I'' NaC,,

Fig. 3. Inhibition efficiency (©) of NaCn coatings on the
samples with different state of surface in 0.01 mol I corro-
sive solution

Obr. 3. Uginnost (©) osetieni vzorkii olova s riiznym stavem
povrchu pomoci NaCn roztok( v neutralizovaném roztoku ky-
seliny octové o koncentraci 0,01 mol I'!

0.1
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108
-1.0 0.8 0.6 0.4 0.2 0
E (V/SCE)
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= 0.01 mol I NaC4, ®0.01 mol I'' NaC4, ®0.01 mol I'' NaC,,
m 0.05 mol I NaC,, ®0.05 mol I'' NaC,, 0.05 mol I'" NaC,,

Fig. 4. Potentiodynamic curves of the samples with non-
-treated surface with and without soap coat measured in
0.01 mol I corrosive solution

Obr. 4. Potenciodynamické krivky olovénych vzorki s Cis-
tym povrchem s/bez osetfeni v roztocich NaCn nameérené
v neutralizovaném roztoku kyseliny octové o koncentraci
0,01 mol I

0.1
102
Jo LN
Tl VL~
E 10 _ /£
< N N/
10° £ f /]
10®
107 \ /JJ
108 )j -
-1.0 0.8 0.6 0.4 0.2 0
E (V/SCE)
m without soap coat
= 0.01 mol I NaC4, 0.01 mol I'' NaC4, ®0.01 mol I'' NaC,,
m 0.05 mol I NaC,, ®0.05 mol I'' NaC,, 0.05 mol I'" NaC,,

Fig. 5. Potentiodynamic curves of the samples with corro-
ded surface with and without soap coat measured in
0.01 mol I corrosive solutionn

Obr. 5. Potenciodynamické krivky olovénych vzorki s koro-
dovanym povrchem s/bez osetfeni v roztocich NaCn name-
fené v neutralizovaném roztoku kyseliny octové o koncentra-
ci 0,01 mol |
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non-treated and electrochemically cleaned surface is
the inhibition efficiency higher than 99.9 % only for
0.05 mol I' NaC,, and 0.05 mol I'' NaC,,, for the samples
with corroded surface is the inhibition efficiency higher
than 99.9 % for NaC,, and NaC,,, both in concentration
0.0l mol I'" and 0.05 mol I"). The higher inhibition
efficiency of soap coated samples with corroded surface
is due to the synergistic effect of protective layer of
corrosion products and soap hydrophobic barrier.

All potentiodynamic curves (Figs. 4-6) were mea-
sured in corrosive solution after 2 hours measurement
of polarisation resistance. Such measured curves cor-
respond to trends shown in Figure 2; the NaC, coatings
decrease of the corrosion current density for non-treated
lead surface (Fig. 4) and corroded lead surface (Fig. 5).
For electrochemically cleaned lead surface (Fig. 6)
the corrosion current density decreases only in the
cases NaC,, and NaC,, both in higher concentration
0.05 mol I''. The corrosion potential shifts were in
Fig. 4-6 contradictory, we cannot say that the presence of
NaC, coating affected more cathodic or anodic reaction.
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1072 AT ; .LJ .....
N\ Mmoo
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E —
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10 ,

O e |
L R L A i
108 :
1.0 0.8 0.6 0.4 0.2 0
E (V/SCE)

without soap coat
®0.01 mol I'" NaC4, #0.01 mol I'' NaC4, ®0.01 mol I'" NaCy,
m 0.05 mol I NaC,, ®0.05 mol I'' NaC,, ®0.05 mol I'" NaC;,

Fig. 6. Potentiodynamic curves of the samples with electro-
chemically cleaned surface with and without soap coat mea-
sured in 0.01 mol I' corrosive solution

Obr. 6. Potenciodynamické krivky olovenych vzorkd s povr-
chem elektrochemicky ocisténym od uméle vytvofenych ko-
roznich produktd s/bez oSetfeni v roztocich NaCn namére-
né v neutralizovaném roztoku kyseliny octové o koncentraci
0,01 mol I

Long-time resistometric measurement
in model archival environment

Figure 7 shows the decrease of the lead thickness
during the exposure in a model atmosphere above the
0.001 mol I"" acetic acid solution. The resistometric sen-

sors used during the experiments had different surface
treatment: non-treated lead surface, corroded surface
and corroded surface treated in 0.05 mol 1 NaC,,
solution. The sensor with non-treated surface begins
to corrode rapidly as soon as it gets in contact with
acetic acid atmosphere (the corrosion thickness loss was
1 pm after 100 hours of exposure). After the 24 hours
exposure of the sensor in 1 mol 1! Na,CO, solution the
corrosion thickness loss was 2 pum. After the 24 hours of
exposure of the sensor in 0.05 mol I'! NaC,, solution the
corrosion thickness loss was 0.6 um. The sensors with
corroded surface and NaC,, coating were very resistant
to the acetic acid (after 100 hours exposure the corrosion
thickness loss is negligible).

B non-treated surface without salt coating

4.0-— = corroded surface with 0.05 mol I NaC, coating
m corroded surface without salt coating
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Fig. 7. Effect of NaC10 coating on corroded lead in a model
atmosphere above the 0.001 mol I acetic acid solution du-
ring the time, represented as corrosion thickness loss (Ad)
in time

Obr. 7. Usinnost poviaku vytvofeného pomoci roztoku NaC10
o koncentraci 0,05 mol I’ sledovana pomoci tbytku tloustky
(Ad)olovéného &idla s uméle vytvofenymi koroznimi produkty
v modelové atmosféfe nad hladinou roztoku kyseliny octové
o koncentraci 0,001 mol I’ v ¢ase

SEM examination

All bare and coated lead samples with different
state of surface were observed by SEM.

Figure 8a shows the surface of corroded lead
sample plentifully covered with the needles hexagonal
crystals. These crystals are lead carbonates according to
XRD analyses. Figure 8b shows the surface of electro-
chemically cleaned lead sample mainly constituted by
the columnar rombic crystals. These crystals are lead
sulphates according to XRD analyses.
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After 24 hours immersion in NaC, the surface
morphology drastically changed (Fig. 9a-c). The surface
was very well covered by flake-shaped crystals, more or
less tangled. According to XRD analyses these crystals
are lead carboxylates. Highest concentration of the
same coating solution induces more generous surface
coating. The longest carbon chain length induces more
generous surface coating, too. Comparison of Figure

a)

9a and 9c shows that after immersion in 0.01 mol 1!
NaC,, the electrochemically cleaned lead surface was
better coated with flake-shaped crystals than the bare
lead surface. After immersion in 0.05 mol 1! NaC,,
(highest concentration and highest number of carbons
in molecular chain) the primary corrosion layer on the
corroded lead surface was still visible.

b)

Fig. 8. SEM picture of bare lead samples with different state of surface, corroded lead (a) and electrochemically cleaned

lead (b)

Obr. 8. Oloveéné vzorky s riznym stavem povrchu bez osetfeni pomoci NaCn roztokd pozorované pomoci SEM, olovény vzo-
rek s korodovanym povrchem (a) a olovény vzorek s povrchem elektrochemicky ocisténym od umeéle vytvofenych koroznich

produkti (b)

a)

b) c)

Fig. 9. SEM picture of coated lead samples with different state of surface, pure lead after 24 hours immersion in 0.01 mol I
NaC,, (a), corroded lead after 24 hours immersion in 0.05 mol I'' NaC,, (b) and electrochemically cleaned lead after 24 hours

immersion in 0.01 mol I' NaC,, (C)

Obr. 9. Olovéné vzorky s riznym stavem povrchu s osetfenim pomoci NaCn roztok( (ponor do roztoku na 24 h) pozorované
pomoci SEM, olovény vzorek s ¢istym povrchem oSetfeny v roztoku NaC,, o koncentraci 0,01 mol I’ (a), olovény vzorek s ko-
rodovanym povrchem oSetreny v roztoku NaC,, o koncentraci 0,05 mol I’ (b) a olovény vzorek s povrchem elektrochemicky
ocisténym od uméle vytvorenych koroznich produktd oSetfeny v roztoku NaC,, o koncentraci 0,01 mol I’ (c)
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Tab. 1. Summary of XRD analyses for all samples with non-treated and coated surface, **** the compound occurs on the surface
very well (more than 40 %), *** the compound occurs on the surface (20-40 %), ** the compound occurs on the surface weakly
(5-20 %) and * the compound occurs on the surface very weakly (less than 5 %) / Prehled vyhodnoceni XRD analyzy pro vzorky
s cistym povrchem a po osetieni v NaCn roztocich, zastoupeni jednotlivych sloucenin na povrchu vzorku je vyjadieno stupnici:
**E% yelmi silné zastoupeni (nad 40 %), *** silné zastoupeni (20-40 %), ** slabé zastoupeni (5-20 %) a * velmi slabé zastoupent

(pod 5 %)

Coating solution C"“ce““at“’[':n ‘:)flclff;‘t‘“g solution Pb PbO PbC,H4O, | PbC,H,O,

0.01 *kkk * Hk _
NaC,,

0005 skeksk * sk _

0.01 fekkok _ Hkok _
NaC,,

0.05 Hskokok _ ks B

0.01 ok ok ok _ _ skok
NaC,,

0.05 kkok _ _ sfeskoskok

Tab. 2. Summary of XRD analyses for all bare and coated lead samples with corroded surface, **** the compound occurs on the
surface very well (more than 40 %), *** the compound occurs on the surface (20-40 %), ** the compound occurs on the surface
weakly (5-20 %) and * the compound occurs on the surface very weakly (less than 5 %) / Prehled vyhodnoceni XRD analyzy pro
vzorky s korodovanym povrchem s/bez oSetieni v NaCn roztocich, zastoupeni jednotlivych sloucenin na povrchu vzorku je vyja-
dreno stupnici: **** velmi silné zastoupeni (nad 40 %), *** silné zastoupeni (20-40 %), ** slabé zastoupeni (5-20 %) a * velmi

slabé zastoupeni (pod 5 %)

Coating solution C"“““““‘“'[‘n‘:ilj;’]“““g solution | b | pho | NaPby(CO,),0H | PbCyH,O, | PbC,H,O,
none (bare sample) - ok _ EEEES _ _
0.01 Hkok Hkok koK ok _
NaC,,
0'05 skkesksk k% skksksk sk _
0.01 ko * _ ko _
NaC,
0.05 Hkokk ok *k Hkok B
0.01 Heksk * etk _ sk
NaC,,
0.05 ok _ Hkeksk _ .

Tab. 3. Summary of XRD analyses for all bare and coated lead samples with electrochemically cleaned surface, **** the com-
pound occurs on the surface very well (more than 40 %), *** the compound occurs on the surface (20-40 %), ** the compound
occurs on the surface weakly (5-20 %) and * the compound occurs on the surface very weakly (less than 5 %) / Prehled vyhod-
noceni XRD analyzy pro vzorky s povichem elektrochemicky ocisténym od uméle vytvorenych koroznich produktii s/bez osetieni
v NaCn roztocich, zastoupeni jednotlivych sloucenin na povrchu vzorku je vyjadieno stupnici: **** velmi silné zastoupeni (nad

40 %), *** silné zastoupeni (20-40 %), ** slabé zastoupeni (5-20 %) a * velmi slabé zastoupeni (pod 5 %)

Coating solution C"“ce“trat“"[‘rgf)lc/l‘;at'“g solution | PbO | PbSO, | PbCuH,0, | PbC,H,O,
none (bare sample) - oAk - wok - -
001 skksksk Kk k% skksksk —
NaC,,
005 skksksk Kk Kk skksksk —
001 skksk * Kk skeksk _
NaC,,
0.05 ik _ * sk B
0.01 dokok ok _ Kk _ sk
NaC,,
0.05 Hkok — *% _ sk
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XRD analysis

All bare and coated lead samples with different
state of surface were analysed by means of XRD.

XRD analyses of coated lead samples confirms the
formation of a layer constituted of the metallic soap,
Pb(C,),, on samples surface (Tab. 1-3). Also, we can see
that highest concentration of the same NaC, solution
or longest carbon chain length induces more generous
surface coating. The surface layer of bare corroded
lead sample was mainly constituted by NaPb,(CO,),0OH
and weakly by Pb,(CO;),(OH), and PbO (Tab. 2). The
surface of bare electrochemically cleaned lead sample
was mainly constituted by PbSO, (Tab. 3).

Goniometry

The contact angles were measured for all samples
with different state of surface. The values shown in
Figure 10 are the average values of five determinations.
The non-polar molecular carbon chain of NaC, molecule
is oriented outward from the metal substrate and there-
fore it changes the hydrophobic properties of the metal
surface. Longest carbon chain (hydrophobic part) in
NaC, molecule induces their highest hydrophobic effect.
The Figure 10 shows what was expected: the samples
without soap coat have hydrophilic properties and when
treated in NaC, solution the surficial properties change
to hydrophobic. The reference sample with non-treated
surface has contact angle of average value of 40°, the
sample with electrochemically cleaned surface has con-
tact angle of average values of 62° and the samples with
corroded surface has contact angle of average values

140 I
120 - e SR - ‘
100 1T B
o
2 so+-Hl BER-TEE BER
©
8 60
c
Q
© 40+
20 -
0 -
non-treated corroded electrochemically
surface surface cleaned surface
m without soap coating
= 0.01 mol I'' NaC4q ®0.01 mol I'' NaC4, ®0.01 mol I'' NaC,
m 0.05 mol I'' NaC,, ®0.05 mol I'' NaC, ®0.05 mol I'" NaC,,

Fig. 10. The hydrophobic character of lead samples with
different state of surface with and without soap coat based
on the average values of contact angles

Obr. 6. Porovnani priimérnych hodnot kontaktniho uhlu olové-
nych vzorkd s riiznym stavem povrchu s/bez oSetfeni v NaCn
roztocich

of 95°. In this work the NaC, molecules used differed
by 1 carbon atom in molecular atoms chain and their
concentrations were very similar as well. Therefore the
values of contact angles on the coated samples are very
similar — between 120 and 140°.

CONCLUSIONS

Electrochemical observations show that after
24 hours of the exposure of the lead samples in the
solutions of sodium salts of monocarboxylic acids,
noted as NaC, (n = 10, 11 or 12 carbons in carboxylic
chain), the protecting layer of metal soap is formed on
the samples surface. The corrosion of lead samples with
different state of surface (non-treated surface, corroded
surface, electrochemically cleaned surface) treated
by NaC, solution is significantly decreased. Generally
the corrosion rate of the lead samples is decreased
with growing number of the carbon atoms in the NaC,
molecular chain and with the increasing concentration
of NaC, solution. The inhibition efficiency of 0.05 mol 1!
NaC,, and NaC,, was 99.9 % for all samples. The XRD
analysis of the formed surficial coating showed that this
coating is formed by dimer form of lead soap Pb(C,),.
The SEM anaylsis confirmed the presence of flake-
shaped crystals of Pb(C,), on the treated lead surface.
Measurement of the contact angles confirmed significant
increase of hydrophobic properties of the surface treated
by NaC,. However, significant change in the colour and
tarnishing of the surface of the lead sample together
with low wear-resistance of formed coating do not
determine the monocarboxylic acids salts for treatment
and preservation of the cultural objects.
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