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ABSTRACT

The appearance of silver objects deteriorates due to the formation of a brown-to-black tarnish
layer. Several methods are available for removing these tarnished layers, ranging from
polishing through chemical cleaning to electrochemical methods. This study presents a low-
cost and low-toxicity method that uses sodium glycinate to clean silver. Cleaning tests were
performed on both artificially tarnished prototypes and naturally tarnished objects after
characterizing them; scanning electron microscopy (SEM) and energy dispersive
spectroscopy (EDX) were used to characterize the artificially tarnished prototypes, and X-ray
fluorescence (XRF) was used to characterize the naturally tarnished objects. The
aggressiveness of the baths was analyzed by measuring the leached amount obtained
through atomic absorption spectroscopy (AAS) and SEM. The procedures used for cleaning
the artificially tarnished prototypes served as a guide for cleaning two naturally tarnished
objects: a halo and a crown. Cleaning was guided by the presented method’s characteristics
as well as the object’s unique characteristics and condition.
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Introduction

Artistic objects made out of silver alloys can present a
tarnish caused by corrosion of the surface, resulting in
a color varying from brown to black. Thus, their
appearance is damaged. These tarnishes can be
formed by oxides, chlorides, carbonates, sulfates, and
sulfides of the constituent metals of the silver alloy.
Acanthite (Ag,S) is a major component of tarnish
(Costa 2001; Vassiliou and Gouda 2013). Chlorargyrite
(AgCl) is also found in moderate amounts with other
components in small amounts (Vassiliou and Gouda
2013). The formation of Ag,S requires a combination
of an oxidizer, a pollutant, and an elevated relative
humidity (>50%) (Costa 2001), and the most
common oxidant is oxygen and the most common pol-
lutant is H,S.

High values of relative humidity accelerate the for-
mation of tarnish (Costa 2001; Vassiliou and Gouda
2013). Typically, the deterioration reaction involves a
silver oxidation stage forming an oxide, followed by
the formation of sulfide by the reaction with H,S.

4Ag + O; — 2Ag,0 W)
Ag,0 + H,S — Ag,S + H,0 (2)

Another common pollutant is carbonyl sulfide
(COS), which acts as a source of H,S when reacting

with H,O (Leygraf et al. 2016).

COS + H,O — H,S + CO, (3)

Conservators can remove tarnish through different
cleaning methods: mechanical, chemical, electroche-
mical (Costa 2001), laser (Degrigny et al. 2003; Golovlev
et al. 2003; Viljus and Viljus 2013; Palomar et al. 2016a),
and plasma cleaning (loanid et al. 2011, 2013). Each of
these methods has its own advantages and disadvan-
tages, rendering their suitability dependent on the
cleaning requirements. The selection of the cleaning
method depends on the applied procedure, the com-
position of the silver alloy (Palomar et al. 2016b), and
the condition of the object. Therefore, it is important
to verify whether the object is fragile, whether it can
withstand pressure, and whether it can be immersed
and rinsed properly. Chemical cleaning methods are
used when they fulfill the criteria for treatment and
when the other cleaning options are not suitable,
some of which have been presented in Costa (2001)
dissolving the metal alloy to a minimum amount and
retaining the cleaning reaction products in the
solution.

To determine a compound that meets these criteria,
a pro-ligand capable of forming soluble coordination
compounds with the metals of the tarnish was
explored. Compounds produced by the coordination
of water-soluble silver amino acids were reported in
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the literature (Nomiya and Yokoyama 2002). Further-
more, a previous study (de Figueiredo, Asevedo, and
Barbosa 2014), reported results on a chemical silver-
cleaning procedure involving the reaction of the cor-
rosion products of a silver alloy (50% Ag, 50% Cu)
with sodium glycinate in an alkaline medium (pH 10).
Sodium glycinate is a compound that can be obtained
by reacting the amino acid glycine with sodium
hydroxide.

OH [o) .
HZNW + NaOH — HzN/\ﬂ/ + Na 4 HO
(6]

o

(4)

Glycinate can react with silver compounds to form the
polymeric compound, silver glycinate (I), which is
soluble in water (Nomiya and Yokoyama 2002; de Fig-
ueiredo, Asevedo, and Barbosa 2014). Glycinate also
reacts with copper to form copper () glycinate,
which is also soluble in water. The structural formulae
of these compounds are shown in Figure 1. Water solu-
bility is due to the complexes’ ability to form hydrogen
bonds. In addition to water solubility, which fulfills the
criterion of keeping the cleaning reaction products
within the solution, amino acids are capable of solubil-
izing silver and copper. They have been used in alka-
line media in combination with other compounds,
such as cyanide and peroxide, in the field of hydrome-
tallurgy for extracting metals from ores of gold, silver,
and copper (Oraby, Eksteen, and Tanda 2017; Tanda,
Eksteen, and Oraby 2017). This indicates that amino
acids are able to react with tarnish. In a previous
study (de Figueiredo, Asevedo, and Barbosa 2014),
alkaline solutions of amino acids were tested for clean-
ing artificially tarnished silver objects. Indicating its low
aggressiveness toward the metallic alloy, the alkaline
glycinate solution exhibited greater reactivity with
the corroded species and low reactivity with the non-
corroded metals. Low aggressiveness was observed
while measuring the content of the leachate metals
and while analyzing the surface through optical and
electronic microscopy (de Figueiredo, Asevedo, and
Barbosa 2014). The cause for the difference in the sol-
ution’s reactivity toward corroded and non-corroded
species was explained using the theory of hard and
soft acid bases (HSAB) (Miessler and Tarr 2003),
wherein the Ag* and Cu?* species were attributed a

O O
/NH\/lko/Ag\o)k/N

(a)

H -
\Ag p

hard character more similar to the amino acid ligand
than the soft-character-attributed non-corroded
metals. The differences in the reactivity between the
bulk metals and their corrosion products are due to
the alterations in free energy that are brought about
through the corrosion process.

This shows that this method has properties that
make it suitable for use in cleaning silver artwork,
and can thus be considered an alternative to chemical
cleaning using thiourea, which is commonly used in
the treatment of silver objects (Palomar et al. 2016b).
Thiourea is suspected to be carcinogenig; it is a repro-
ductive toxin and is hazardous to aquatic environ-
ments. It is a long-term hazard according to the
Globally Harmonized System (GHS) (National Library
of Medicine). Moreover, a large amount of water is
required to remove thiourea. The large water
volumes needed for removal of thiourea after treat-
ment is due to the strong affinity of the pro-ligand
for both silver and copper. However, rinsing often
fails to remove all residues that are responsible for
uneven and blotchy retarnishing (Wharton 1989; Con-
treras-Vargas, Ruvalcaba-Sil, and Rodriguez-Gémez
2013; Palomar et al. 2016b; Selwyn and McKinnon
2020). In contrast, because glycinate is soluble in
water, it requires less water for cleaning and it is not
a toxic substance or mixture according to the GHS
(Thermo Fisher Scientific, Safety Data Sheet).
However, as the pH of the medium makes it reactive
with skin, handling the sodium glycinate solution
requires the use of gloves. Another difference
between glycinate and thiourea is that the former
does not cause wear on the metallic surface (de Fig-
ueiredo, Asevedo, and Barbosa 2014). Thiourea,
however, causes micro roughness, thus polishing can
be required after treatment (Wharton 1989).

This study builds on previous research presenting
data on the behavior of silver alloys with silver
content above 90%, which are the most commonly
found alloys in artistic objects (Costa 2001). Artificially
aged prototypes were studied to understand the
behavior of glycinate during tarnish removal, its
aggressiveness toward the metal alloy, and its cleaning
efficiency. The behavior of glycinate on the prototypes
was then used to develop procedures for cleaning
naturally aged silver objects. It is important to also

H,
O N
N9,
P
N O \o
Hy

(b)

@)

Figure 1. Coordination compounds of silver (a) and copper (b) with the ligand glycinate.
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study the behavior of cleaning on naturally tarnished
objects as artificial tarnish is not fully representative
of natural tarnish. Therefore, the behavior of naturally
aged objects during cleaning is also studied here.

Materials and methods

Artificial corrosion of prototypes and cleaning
baths

Ten out-of-circulation Brazilian silver—copper alloy coins
minted using silver 900 (90% Ag and 10% Cu) from the
‘500 Réis’ series were used as prototypes for each exper-
iment. The coins had an initial mass of 5 g. These coins
were used to observe chemical reactions and changes
in the details of the surface due to the cleaning. The
coins were washed with distilled water and dried on a
cotton cloth, polished with Massa Polir 2 — Base dgua
— ACS, washed in ultrasound with a 1% neutral Tween
80, followed by washing with mineral white spirit, and
then finally washed with ethanol.

To obtain a strongly adhered corrosion layer, the
coins were artificially corroded through immersion in
a 0.01-mol L™" basic thiourea solution (pH=10) for
five hours. Thiourea can be used to tarnish silver
because it is unstable in alkaline media and it decom-
poses (Equation (5)) to generate sulfide ions (de Fig-
ueiredo, Asevedo, and Barbosa 2014).

CS(NH5); 4+ 20H™ =S¥~ 4+ 2H,0 + CH;N,  (5)

The 0.1-mol L™ solution of sodium glycinate was
obtained by the reaction of glycine with 0.1-mol L™'
NaOH dropped in the solution until pH=10 was
achieved.

The cleaning process involved immersing the coins
in a 0.1-mol L™" sodium glycinate solution (pH 10) for
two hours. Post immersion, the coins were rubbed
using a cotton swab that was soaked in distilled
water until maximum tarnish was removed.

The surfaces of the coins were examined via SEM in
three stages: before corrosion, corroded, and after
cleaning. Images were obtained using a FEI Quanta
3D FEG scanning electron microscope coupled with a
Bruker QUANTAX EDS analyzer using a voltage of 10
keV, 0° tilt angle, 35° take-off angle, 45° azimuth
angle, and XFlash 5010 detector (Bruker, U.S.A.).
Element quantification was performed using ESPRIT2
software (Bruker, U.S.A.).

Determination of lixiviated silver and copper

Atomic absorption spectroscopy (AAS) is an analytical
technique that involves the absorption of light with
specific wavelengths by free atoms in the gaseous
state. This technique is used to quantitatively
measure the elements in a solution sample, commonly
the metallic elements in an aqueous solution, and is

sensitive to small amounts in the order of parts per
million (ppm). The solution with the elements to be
measured is aspirated and directed to a flame at high
temperatures (>2000 K), where they are heated until
they are atomized. The light of specific wavelengths
for each element is applied to the sample that
absorbs it in proportion to the concentration of the
element (Stuart 2007).

Ten coins were washed with distilled water and
dried on a cotton cloth, polished with commercial
polish, and subsequently subjected to ultrasound
washing with a 1% neutral detergent solution. Then,
the coins were washed with mineral white spirit, and
finally, with ethanol. Next, the coins were weighed
and immersed in 10 mL of 0.1-mol L™ sodium glyci-
nate (pH 10). After 1 h, the coins were rinsed with
water that was mixed with the solution of the immer-
sion. The final mixture was diluted to 25 mL. Ten sol-
utions were prepared in this manner. Experiments
were performed in triplicate. The percentage of
copper and silver in each obtained solution was deter-
mined through AAS using a Hitachi Z-8200 spec-
trometer (Hitachi, Japan).

Naturally tarnished objects

Two naturally aged silver objects with a brown tarnish
were studied: a silver halo of the image of Our Lady of
Sorrows from the Church of Sdo Francisco de Assis
(City of Sabar3, estate of Minas Gerais in Brazil) and a
crown from the collection of the congregation of
Nossa Senhora do Pilar (City of Ouro Preto estate of
Minas Gerais in Brazil).

The silver halo is part of a polychrome wooden
sculpture with leather-covered joints. The sculpture is
part of the collection of the Church of Sdo Francisco
de Assis. It is thought to be manufactured in the nine-
teenth century. It had a light brown and discontinuous
layer of patina. The silver crown was stored in a leather
chest lined with calico (cotton fabric), along with other
objects, for over three years. The chest was stored in a
wooden cabinet. The crown had a thick continuous
brown-to-black layer with residues of polishing
material. In addition to the patina, it had a broken
handle. It is thought to be manufactured in the eight-
eenth century. The leather present in the sculpture and
lining material of the chest could be attributed as a
source of sulfides that led to the formation of tarnish
on the objects.

Characterization of the alloys of the objects

The silver alloys of the objects were characterized via
nondestructive XRF spectroscopy of the surfaces. The
spectra were recorded using a portable X-ray Innov -
X model Alpha (Olympus, Japan) with an anode tube
Ag-W, a voltage of 35kV, a current ranging 5-30 uA,
and a silicon diode detector. Calibration was performed
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using the fundamental parameters method with a 316
stainless steel alloy and a 50% Ag and 50% Cu silver
alloy. As the surface composition differed from the
bulk metal, the procedure presented in Mass and
Matsen (2012b) was followed to verify alloy composition.

Cleaning procedures

The cleaning procedures used on the artificially tarn-
ished objects served as a guide for the cleaning of
the naturally tarnished objects. Artificial corrosion
was observed to be different from natural corrosion;
it was easier to remove, and the cleaning procedures
were adapted accordingly.

Regardless of the aggressiveness of the cleaning
method, unwanted removal of metal from an object
always occurs, which opts for a shorter treatment
time with the chemical cleaning agent. Considering
this, a general cleaning protocol was established rela-
tive to the desired level of cleaning. An adequate
level of cleaning is one wherein corrosion is removed
to the point at which its interference with respect to
the appearance is reduced. The condition and fragility
of the work must be considered to ensure that clean-
ing does not cause further damage, such as mechan-
ical deformation or removal of details. Furthermore,
overcleaning can result in the removal of tarnish
from engravings and decorations, decreasing the con-
trast of the work and its legibility. The protocol
involved the following steps:

e Initial cleaning of the object using a soft brush to
remove loosely adhered dust and dirt.

¢ Cleaning the object with a cotton swab soaked in
1% aqueous solution of neutral detergent Tween
80 to remove oils and other dirt from the surface,
followed by a cotton swab soaked in distilled
water to rinse the products.

¢ Cleaning the work with a cotton cloth soaked in 0.1-
mol L' solution of sodium glycinate (pH 10) fol-
lowed by a cotton cloth soaked in distilled water
to rinse the glycinate.

e Immersion of the work or application of the 0.1-mol
L™ solution of sodium glycinate (pH 10) in the form
of a cotton pad over the tarnish for 1 min followed
by a cotton cloth soaked in distilled water to rinse
the glycinate.

o Drying the work using a cotton cloth.

Notably, in step two, the tarnish can be removed,
which would end the cleaning process. If the tarnish
removed is considered satisfactory, the cleaning
process can be terminated; otherwise, the conservator
must proceed to the next step. In step four, objects
with shapes that allow retention of the solution
should preferably be treated using poultices and
objects that have simple shapes can be immersed
(Costa 2001). The dimension of the object must also

be evaluated in the procedure based on the time of
cleaning and retention of the solution. The immersion
or application of poultices can be repeated until the
required cleaning level is achieved.

Treatment of the objects

The silver halo was initially cleaned by rubbing with a
cotton swab with a 1% aqueous solution of neutral
detergent Tween 80, followed by rinsing with a
cotton swab with distilled water; it was then dried
using a dry cotton cloth. Next, the object was gently
rubbed with a cotton swab soaked in a 0.1-mol L™
sodium glycinate solution (pH 10) followed by rinsing
with cotton swabs soaked in distilled water and then
dried using a dry cotton cloth.

The cleaning of the crown began with removing dirt
from the entire piece using a soft bristle brush, followed
by cleaning with a cotton swab moistened with a 1%
aqueous solution of neutral detergent Tween 80. This
was followed by rinsing with distilled water; then, it
was dried using a dry cotton cloth. The crown exhibited
residues of polishing products, and certain regions had
a greenish color as the copper of the alloy had preferen-
tially corroded. These residues were removed using a
cotton swab soaked in a 1% aqueous solution of triso-
dium citrate, followed by rinsing with a swab soaked
in distilled water. The cotton swabs had to be frequently
changed to avoid scratches on the surface due to polish
residue in the swab.

To remove the brown tarnish, the object was gently
rubbed with a cotton swab soaked in a 0.1-mol L™
sodium glycinate solution (pH 10), followed by rinsing
with distilled water. Then, to optimize the removal of
stubborn tarnish, the crown was immersed in the
sodium glycinate solution for 1 min. The crown was
removed from the immersion, and while still wet, was
rubbed with a cotton swab soaked in sodium glycinate
solution. As the desired tarnish removal was not
observed, the immersion cycle was repeated four
more times, adding up to a total of 5 min of immersion.
After removal, the crown was rinsed with distilled water
and dried with a dry cotton cloth.

Casa do Restaurador microcrystalline wax was used
to protect the objects subsequent to all treatments. It
was applied as a 35% solution in white spirit with a soft
brush. To make an even surface, the coating was
heated with a hair dryer, and a gentle final polish
was performed with a lint-free cloth.

Results and discussion
Artificially tarnished coins

Determination of lixiviated mass of silver and
copper

The measure of the mass removed from the metals is
indicative of the cleaning method’s aggressiveness,
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which should aim at removing as little metal as poss-
ible. Table 1 presents the results of the amount of
leached mass and its contents for the coin dipping
baths in the sodium glycinate solution.

Data analysis reveals that the content of leached
silver is lower than the detection limit of the equip-
ment and is, therefore, lower than that of copper,
which was detectable. This is due to the greater chemi-
cal stability of silver that can be assessed by the stan-
dard reduction potential values (Shriver et al. 2006).
The standard reduction potential of silver (Ag* — Ag°
E°=+0.80V) is greater than that of copper (Cu* —
Cu® E°=+4052V and Cu**—=Cu® E°=+034V)
(Shriver et al. 2006). After each bath, the copper
content removed is relatively lower, indicating that
the surface becomes richer in silver. This enrichment
caused by the action of cleaning methods such as
mechanical and silver dip (acid thiourea) methods
have already been reported in the literature (Beck
et al. 2008; Borges et al. 2017). The enrichment of
silver is due to the removal of superficial layers of cor-
rosion products richer in copper. Layers above the
surface are richer in silver.

Following the immersion baths, it was observed
that the added content of leached metal after 10
baths of 1 h each did not exceed 0.007% of the mass
of the coins. In Palomar et al. (2016b), losses were
measured in prototypes cleaned using mechanical
(calcium carbonate; PRE-LIM surface cleaner; rotatory
tool with rubber point) and chemical methods (DTPA
pentasodium salt 10% w/w + Triton™ X-100 1.5% v/v;
thiourea 8% w/w; EDTA 10% w/w; HCOOH 10% v/v;
thiourea 8% w/w + phosphoric acid 5% v/v + Triton™
X-100 0.5% v/v; thiourea 8% w/w + formic acid 5% v/
v+ Triton™ X-100 0.5% v/v). These losses were
measured after six cleaning cycles of 0.3%-1.5%.

Table 1. Average percentages of lixiviated copper and silver in
solution based on the total mass of copper or silver in 90
minted alloy coin after a series of consecutive immersions in
a 0.1 mol. L™' sodium glycinate solution for 1 h, determined
by atomic absorption spectroscopy (AAS).
Percentage of

Percentage of

lixiviated lixiviated
copper in silver in
Lixiviated solution by solution by
mass of total mass of  Lixiviated  total mass of
Immersion copper copper in coin mass of silver in coin
number (ug) (%) silver (ug)? (%)
1 96.650 0.001933 <2.00 20.000025
2 52.480 0.001050 <2.00 20.000025
3 27.555 0.000551 <2.00 20.000025
4 27.735 0.000555 <2.00 20.000025
5 20.590 0.000412 <2.00 20.000025
6 18.695 0.000374 <2.00 =0.000025
7 25.720 0.000514 <2.00 20.000025
8 22.850 0.000457 <2.00 20.000025
9 7.3950 0.000148 <2.00 20.000025
10 14.970 0.000299 <2.00 =0.000025

Values of lixiviated mass of silver were lower than the detection limit of
equipment (2 pg). Values expressed in the table shows an estimate of
maximum values observed in experiments.

Upon comparison of both results, the proposed
method showed less aggressiveness toward the met-
allic surface.

Cleaning of artificially corroded coins

Images of one of the coins studied before artificial
aging, after aging with brown tarnish, and after clean-
ing with 0.1-mol L' sodium glycinate solution are
shown in Figure 2. After cleaning, it could be observed
with the naked eye that details of the figure, as well as
the text and numbers, were preserved. While there was
no total removal and residues could be observed with
the naked eye, the performed cleaning process effec-
tively removed a large part of the brown tarnish. The
areas where the tarnish showed darker colors, as for
example, observed in the figure’s neck, were the
most resistant to tarnish removal and the lightest
areas were easier to remove. The color of the tarnish
depends on its thickness, with tarnishes less than
100-nm thick being brown and those with thicknesses
exceeding 100 nm being dark in color (Homem 2013).
This result suggests that the glycinate solution acts by
gradually dissolving the tarnish layer, thus being more
efficient with thinner layers. However, as described
later, cleaning of naturally aged objects gave better
results; this indicates that artificial aging produced a
tarnish layer different from the natural tarnish layer,
and this artificial layer was more difficult to remove.
The thicker artificial tarnish layer around structural fea-
tures of the image was a result of the greater stress in
these areas associated with edges in the die used in
the manufacturing processes and were thus more
prone to corrode.

SEM-EDX analyses were performed on clean coins,
after aging and after cleaning with glycinate. Table 2
lists the corresponding metal contents. In clean
coins, the relative enrichment of silver is observed
because the metal content, in its fineness, is 90% Ag
and 10% Cu. The enrichment was accentuated by the
decrease in the copper content (below 10%), which
can be attributed to several causes such as the pro-
duction process, corrosion, and cleaning procedures
(Beck et al. 2008, 2004; Mass and Matsen 2012a;
Borges et al. 2017). The initial polishing of coins for
the studies performed also contributed to the enrich-
ment of silver (Borges et al. 2017) as the superficial
layers are richer in copper due to the lower stability
of this metal. The elements C, Si, Mg, and Al present
in these coins were attributed as impurities generated
by the polishing process itself.

Coins with brown tarnish did not have elements
deemed polishing residue; these were probably
removed during the artificial corrosion procedure.
Sulfur, not present in the clean coin, now appears, indi-
cating the formation of sulfides on the surface. The
silver content reduces owing to the increase in the
Cu and O content and the introduction of S. The
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Figure 2. Coins at different stages of the corrosion and cleaning process with their respective scanning electron microscopy
images (50,000x magnification). Clean coin (a), coin with brown tarnish (b), and coin after cleaning with glycinate solution (c).

increase in the copper content is due to its lower stab-
ility than silver, which favors its reaction to form cor-
rosion products (Ortiz-Corona and Rodriguez-Gémez
2019). The increase in oxygen content indicates the
formation of metal oxides.

After cleaning, the Cu, O, and S content decreased
because of the removal of the corrosion products in
which these compounds are combined, and by the
removal of non-corroded metals. Sulfur was not com-
pletely removed, similar to other cleaning methods
such as mechanical, chemical, and electrochemical
methods (Palomar et al. 2016b). Another important
aspect of the decrease in the Cu, O, and S content is
the relative enrichment of the silver content. Both cor-
roded and metallic silver are leached during the clean-
ing process; however, because of their high chemical
stability, their removal is less compared to that of
other elements, such as copper and lead, yielding
low amounts of corroded and metallic silver after
cleaning (Beck et al. 2008). Owing to the lack of detec-
tion of elements such as C and N, no evidence of sig-
nificant glycinate residues was detected on the

Table 2. Average elemental compositions determined by
energy dispersive spectroscopy (EDX) of coins that were
clean, tarnished, and after cleaning with 0.1-mol.L™ !
sodium glycinate solution.

Clean coin Coin with brown Coin after
Element (control) tarnish cleaning
Ag 90.23 72.15 89.05
Cu 4.82 12.53 5.38
0] 2.65 10.05 413
N - 527 1.44
C 1.22 - -
Al 0.57 - -
Mg 0.33 - -
Si 0.18 - -

surface of the clean coin. The high solubility of glyci-
nate complexes in water facilitates their removal.

The SEM image of the clean coin shows a pattern of
scratches due to polishing. The image of the coin with
the brown tarnish shows a grainy film of the corrosion
products covering the scratches. In the image of the
coin after cleaning, the scratch pattern can be
observed again together with spots of residue from
the unremoved tarnish. Corresponding to what had
already been observed in the macroscopic image
wherein no loss of surface details was observed,
there are no characteristics of aggressiveness of the
cleaning method such as cracks and localized cor-
rosion. After the cleaning process, the coins were
stored in polyethylene boxes and did not show new
tarnish formation during an observation period of
one year.

Cleaning naturally tarnished objects

Table 3 lists the results of the average content of the
elements of the halo and crown. The values presented
are average because of the variation of the content in
the tarnish and that in the surface below the
tarnish layer. A variation of about 0.3% silver and
0.53% copper was observed in the performed
measurements.

As discussed in Mass and Matsen (2012b; Ortiz-
Corona and Rodriguez-Gémez 2019), the values of
surface non-destructive analyses are difficult to
measure and do not correspond directly to the actual
content of the objects owing to the abovementioned
superficial enrichment of silver. Variables in the pro-
duction of the object and in early conservation pro-
cedures, and variables considered when measuring
the geometry generate difficulties in collecting accu-
rate data. Thus, the values presented are semi-
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Table 3. Average elemental compositions of naturally tarnished objects determined by X-ray fluorescence (XRF).

Elements
Before cleaning After cleaning
Objects Ag Cu Pb Sb Fe Zn Ag Cu Pb Sb Fe Zn
Silver Halo 92,98 6.00 0.11 0.69 - 0.19 92.87 6.02 0.11 0.69 - 0.18
Silver Crown 96.17 3.57 0.09 - 0.02 0.14 96.26 3.68 0.10 - 0.02 0.14

Figure 3. Arc of the halo partially cleaned with glycinate.

Figure 4. Cleaning of the crown. (a) The crown before cleaning with polish residue and brown tarnish. (b) The crown after remov-
ing the polishing residues with sodium citrate and the brown tarnish with sodium glycinate.

quantitative. The goal was to study the behavior of
naturally aged alloys with an Ag content above 90%
treated with sodium glycinate. The studied objects
met the proposed objective.

The presence of elements such as Pb, Sb, Fe, and Zn
were seen as impurities present in the ores from which
the silver was extracted (Borges et al. 2017). Elements
such as S and O, present in corrosion products were

not identified owing to the technical limitations of
the portable equipment.

Measurements of the elemental content after clean-
ing are shown in Table 3. No significant alterations in
content were observed. However, these results can
be attributed to the low content of the non-corroded
leached metal, as presented in Table 1, as such low
levels are below the detection limits of the device.
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The silver halo is formed by an arch decorated with
stars and had a slightly brown tarnish. The removal was
adequate, exposing the silver surface of the metal. In
Figure 3, the back of a section of the partially
cleaned halo is shown.

The crown showed a brown tarnish darker than that
observed on the silver halo. This tarnish was more
difficult to remove, thereby requiring immersion in
the cleaning solution. The final cleaning result of the
crown is shown in Figure 4. Some small areas with
black tarnish were not removed, which, at the conser-
vator’s discretion, was considered to be an adequate
level of cleanliness for the exhibition of the piece.

An important result of cleaning with glycinate is
that the tarnish was removed very easily, requiring
little mechanical work that could have caused mechan-
ical deformations and defects in the crystalline struc-
ture in fragile and thin parts, e.g. easily deformable
crown handles.

Casa do Restaurador microcrystalline wax was used
to protect the objects after all treatments. One year
after cleaning, the exposed objects in the churches
where they belong did not show any residual effects
or change in surface. The efficacy of the microcrystal-
line wax is due to protection of the surface from moist-
ure as the H,S readily penetrates microcrystalline wax
pores and defects.

Conclusions

In this study, we observed that corrosion products can
be removed using 0.1-mol L™' sodium glycinate sol-
ution (pH 10) from both artificially tarnished silver
coins and naturally tarnished silver objects with a
high silver content (90% or above). The cleaning of
the artificially tarnished objects provided guidelines
for the procedures applied to naturally tarnished
objects. Sodium glycinate is a substance of low toxicity,
cost, and aggressiveness and is an effective cleaning
option.

Cleaning procedures on naturally tarnished objects
started with diluted aqueous detergent solution, fol-
lowed by rubbing with a cotton swab soaked in a
basic glycinate solution. Tarnish could be removed
from several artistic pieces in this manner. In case of
inadequate cleaning, immersion baths or poultices
can be used, starting with a time of 1 min, which can
be adjusted as required.

Black tarnish is more resistant to glycinate. In natu-
rally aged works a few regions were found in which
this tarnish existed and, even so, after an assessment
by the conservators, their total removal was deemed
unnecessary. However, if necessary, this tarnish can
be partially removed using other cleaning methods
until the thickness allows removal by glycinate.

For future research, the potential existence of glyci-
nate residues on the surface after cleaning must be

methodologically monitored. Furthermore, the exist-
ence of residues and the performance of the proposed
cleaning method against re-tarnishing must be
studied. Characteristics of the new tarnish, presenting
an even or blotchy appearance, must be analyzed.
Analytical methods such as X-ray photoelectron spec-
troscopy (Palomar et al. 2016b) and electrochemical
methods (Selwyn and McKinnon 2020) can provide
adequate information on the same.

Finally, it is up to the conservator to assess the con-
dition of the object and define the appropriate degree
of cleaning, which will allow him or her to plan and
carry out a safe treatment.
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