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Abstract: Lacquered brass objects are widely present in scientific and technical heritage collections.
Localized atmospheric corrosion occurs on the metal when the coating fails to play its protective
role. Although lacquered brass objects are not necessarily endangered by this phenomenon, the
presence of dark, unpleasant corrosion spots alters the surface appearance, affecting the readability
of the objects. Conservators are therefore frequently asked to clean these surfaces. We hereby
present the results of a study conducted in the framework of the CleanLaB (Cleaning of Lacquered
Brass) project at the Haute Ecole Arc of Neuchatel for the cleaning of lacquered brass. This work
investigates the effects of several gelled cleaning systems applied on artificially aged, lacquered
brass samples to remove the corrosion products without affecting the integrity of the coating. The
performance of complexing agents commonly used in conservation was compared on lacquered
brass mock-ups coated with shellac resin by means of multiple non-invasive characterization and
imaging techniques. The tests included conventional complexing agents like sodium citrate and
disodium ethylenediaminetetraacetic acid, as well as a bio-originated system based on deferoxamine,

a microbial metal chelator investigated as a green alternative in cleaning formulations.

Keywords: cleaning; brass; corrosion; lacquers; shellac; FTIR spectroscopy; UV imaging; artificial
aging; SEM-EDS; color and gloss measurements

1. Introduction
1.1. Lacquered Brass Objects

Lacquered brass is typically found in collections of decorative arts as well as in
scientific and technical heritage. In the latter instance, the primary goal of these coatings
is to offer protection against corrosion, ensuring the object’s function as well as a certain
aesthetic appeal. Alloys containing as main components copper and zinc (i.e., brass) were
frequently used in the manufacturing process of scientific instruments, especially from
the second half of the 19th century onwards [1]. Until the beginning of the 20th century,
brass instruments were generally lacquered [2]. Brass was also used to produce decorative
so-called “bronzes” and ornaments made of stamped rolled sheets. In this case, these
“goldlacquers” served to both protect the metal and imitate the color of gilded objects [3-5].

Technical literature of the 19th century suggests that alcohol-based lacquer recipes
containing shellac resin were privileged in comparison to essential oil- and fat oil-based
systems for the lacquering of brass alloys [6].

The use of shellac as a component of surface finishes on technical heritage and dec-
orative brass objects has been confirmed by non-invasive analysis campaigns conducted
by FTIR on scientific instruments, technical objects and gilded bronzes dating from the
18th and 19th centuries [4,6]. FTIR analysis of lacquers dating from the 19th and the very
beginning of the 20th century also showed that alcohol-based resin lacquers with shellac
as a single component were used [7,8]. Unbleached shellac varnishes, exhibiting a bright
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to dark orange fluorescence under UV illumination, were frequently observed on various
objects, both scientific and decorative, during analysis campaigns [9].

These finishes are an essential step of the manufacturing process and are an integral
part of the artifacts. However, aged defective coatings are meant to be renewed during
the period of use of the object to ensure its good functionality and aesthetics. Once these
artifacts become part of a museum’s collection, their materiality should be considered
differently. In fact, these coatings—despite their poor condition in some cases—are part of
the object [10], and they are historical evidence of traditional lacquering techniques and of
the objects’ life [11,12]. For this reason, they are worth preserving as long as possible.

1.2. Corrosion of Lacquered Brass Objects

In indoor environments, brass alloys are prone to atmospheric corrosion. Mechanically
induced coating defects can promote the chemical reaction of the metal substrate and the
development of corrosion products, which have an impact on the aesthetics of the object
and its readability.

In the specific case of coated metals, water diffusion through the organic layer plays a
central role in the corrosion phenomena. The combination of atmospheric pollutants like
50, and NOy with moisture can lead to a weakened, permeable lacquer by the formation
of acidic components (such as HySO4 and HNOs) [13].

Polished CuZn20 brass alloy exposed to purified humid air (90% R.H. £ 3% and
19.5 °C £ 0.5 °C) tends to develop a superficial ZnO layer followed by a more homoge-
nous Cu,O layer [14]. Dezincification can also occur due to these corrosion phenomena,
especially on brass alloys containing more than 15% of zinc. Therefore, zinc can be leached
out, leaving a porous copper surface, or both metals may corrode with a redeposition of
the more noble copper [15].

However, corrosion phenomena possibly occurring on lacquered brass are not always
a threat to the metal’s conservation. Cuprite-rich layers form a dark color over time, which
alters the gloss and initial hue of the lacquered brass, but from a conservation point of
view, the corrosion product can have passivating properties and slow down corrosion
processes [16].

1.3. Cleaning Methods for Lacquered Brass Objects

Until the beginning of the 21st century, only scarce information was available in the
literature about corrosion products and corrosion removal methods on lacquered copper
alloys. Over the past two decades, practical cleaning recommendations for scientific
instruments have been essentially provided for chemical stripping of surfaces and complete
relacquering [11,17-20]. However, in the 1990s, the cleaning of shellac-coated decorative
brass with “low pH” solutions was reported in conservation literature. Thiourea (8%)
combined with sulfuric acid (5%) and formic acid (5%) solutions have been used to complex
and dissolve poorly soluble copper oxides without removing the organic coating [5,21].

Although shellac is known to be highly soluble in concentrated formic acid solution
(85%) [22], FTIR analyses performed on a shellac coating (likely unbleached because of
its orange fluorescence) treated with formic acid did not reveal any modification of the
lacquer [5]. However, recent FTIR analyses carried out on shellac-coated brass mock-ups
exposed to wet and dry cycles and treated with a 0.1 M (5% w/w) formic acid solution
(pH adjusted at 3.5) showed a modification of the chemical structure of the lacquer after a
contact of 30 min [23]. Nevertheless, these modifications were not visible at shorter contact
times (15 min) and appeared only on bleached, dewaxed shellac-based coatings and not on
orange shellac.

1.4. Recent Cleaning Practices for Metallic Heritage

Practice for the removal of copper oxides from lacquered copper alloy surfaces seems
to have evolved during the past decades towards the use of complexing agents at concen-
trations of 2-5% w/w and pH close to neutral (5.5-8.5) to be more compatible with the pH
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of paintings and varnishes [24]. Several case studies for the conservation of lacquered scien-
tific instruments demonstrate that complexing agents like ethylenediaminetetraacetic acid
(EDTA) and citrate salts, especially triammonium citrate, are mostly privileged [16,23,25,26].
In some cases, conservators combine the weak acid EDTA-Na, salt with EDTA-Nay (0.1 M)
as its conjugate base to create a more stable buffer solution at pH 7 [27].

In addition, the complexing agents are often employed in a gelled form. The gelling
agents increase the aqueous solution’s viscosity to limit diffusion and capillarity of the
cleaning solution into the lacquer, which might be harmful to the organic coating, causing
possible phenomena like ionization and/or dissociation of materials or hydrolysis [28].
Cleaning gels are usually applied with a cotton swab or small brushes to increase contact
with the surface and cleaning efficiency: constant movement during application has the
advantage of renewing the gel in contact with the corrosion products. In some cases, the
gels are also left for several minutes at the surface, working as a poultice. The rinsing
method consists of using a cotton swab soaked with deionized water. One drawback of
these gelled systems is that residues may subsist despite repeated rinsing [29]. This aspect
has been studied recently regarding the cleaning of metals [30].

More recently, a study investigated the cleaning of lacquered scientific instruments
with water- and silicone-based methods. The assessment of the cleaning effects was
performed with a multi-analytical, non-invasive approach. However, this work focuses on
methods for the removal of soil and not on the removal of corrosion products [31].

The use of a bicinchoninic acid (BCA) gel as a complexing cleaning system has been
reported for the cleaning of furniture mounts. The buffering of the solution to a pH of 8.5
is recommended to efficiently remove the copper corrosion products [16]. However, the
possible negative effect of high pHs on historic natural resin coatings has been pointed
out [32]. It has been shown that the risk of dissolution of the shellac film increases with the
pH value, especially at about pH 7.2 [33].

New cleaning protocols were also investigated in the past decades for brass, but
without considering the possible preservation of an organic coating. Protein- and peptide-
based cleaning methods were tested in the field of furniture conservation for brass elements,
especially the use of animal glue, naturally containing amino acids that can act as a reducing
agent of copper ions [34].

Current treatments for the cleaning of brass marquetry consist of using poultice
systems (peel-off gels or a matrix of Japanese paper impregnated with gelled complexing
solution). Ancient brass inlays are usually covered with a resin protective coating. In this
case, the coating is completely removed to clean the metal surface and is replaced by a
new protective coating [35]. For this reason, cleaning criteria and goals differ from the
conservation of lacquered brass objects.

Examples of current methods for the cleaning of uncoated brass are systems made with
hide glue, citric acid, and triethanolamine (TEA), with the further addition of an oxalate
acting as an electron donor [35] or the use of a Pemulen TR2® (Lubrizol, Wickliffe, OH,
USA) gel containing citric acid and TEA [36]. The removal of the poultice and rinsing are
followed by cleaning with a vinyl eraser, which removes the softened corrosion products.
The surface is cleaned down to the limit of the original surface of the metal, which is
characterized by superficial zinc loss [34]. Alkaline conditions are recommended during
cleaning to avoid corrosion of the base metal [34] and to improve the dissolution of copper
oxides as well as copper sulfides [35]. However, a pH higher than 7 is not recommended
because of the possible proximity with sensitive organic materials like turtle shells.

The use of innovative bio-based solutions in gelled form has also been explored more
recently in the framework of the HELIX project (investigating metal bioremediation for the
preservation of historical metal artworks) [30,37-39]. N,N’-ethylenediaminedisuccinic acid
(EDDS) and siderophores like deferoxamines (DFOs) were investigated for the cleaning of
different metal alloys, including brass [40]. The possible removal of aged protective organic
coatings on metals was also assessed.
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Conservation routines for the cleaning of lacquered brass were developed in recent
years with the aim of preserving as much as possible the organic coating. However, no
systematic experimental study using assessment methods other than visual observation
at a macroscopic and microscopic level was carried out for corrosion cleaning in this field.
No in-depth multi-analytical approach has been used to study the effects of this kind of
treatment. Newly explored in the conservation field, bio-sourced chelating agents like
EDDS or DFO were not investigated in this specific field either. The main goal of this study
is to investigate the effect of frequently used cleaning systems in comparison to a bio-based
solution for the removal of corrosion products on lacquered brass. This work focuses on
preserving the integrity of the coating.

2. Materials and Methods
2.1. Sample Preparation

A pure shellac film was prepared according to a recipe for the lacquering of scientific
instruments (“Vernis a chaud pour instruments de précision”) and then applied to a
commercial CuZn36 brass rolled sheet (60 x 60 x 1 mm) [41]. Although real objects might
have a more complex alloy composition, a binary lead-free CuZn36 brass was selected for
the mock-ups to reduce the variables of the coated system.

Before lacquering the brass coupons, the metal was treated with powdered pumice
stone by means of a nylon brush, rinsed with tap water, left for a few minutes in a bath
of 0.1 M sulfuric acid rinsed again in deionized water and finally degreased in ethanol
and dried with a soft paper cloth. This procedure was performed to eliminate possible
oxidation products present on the surface and create a satin finish on the metal.

The varnish was prepared by dissolving 112.5 g of orange dewaxed shellac (Kremer
Pigmente, Aichstetten, Germany) in 500 g of 96% + 2% MEK ethanol (Kremer Pigmente,
Aichstetten, Germany) [40]. The exact procedure for the lacquer preparation has been
described in a previous publication [42]. The orange shellac varnish was dewaxed by
filtering the solution on 602H filter paper.

Right before the application of the lacquer, the metal was heated around 30 °C, the
ideal temperature for lacquer application according to the results of former experiments [4].
The coating was applied to the coupons with a soft, flat synthetic brush. During the
lacquering process, the excess varnish was removed 3 times from the brush and was passed
twice on the coupon to homogenize the layer. The coated samples were directly transferred
into the oven at 40 °C and left for a week to improve the hardening of the coating. Samples
were stored in the dark in a dry climate.

A total of 30 lacquered samples (VA N-1-30) were produced. Seventeen coupons were
selected for the tests according to their thickness (Table 1). For each tested cleaning system,
three samples with an average lacquer thickness of 3 um were selected. This thickness
range refers to lower values that can be measured on ancient technical objects [6]. The
standard deviation of the lacquer thickness on a single sample varies from 4 to 8% due to
the natural heterogeneities of the brush application. The creation of a thin, potentially more
permeable and fragile layer was privileged to promote degradation of the coating during
artificial aging. A set of two additional samples presenting a slightly thicker coating were
used as control samples for the water gel.

After drying, all coupons were scratched to create defects in the lacquer and trigger
corrosion phenomena, according to the guideline NF EN ISO 17872 [43]. Scratching was per-
formed with a crosscutter Labomat (TQC Cross Cut Adhesion Test KIT CC3000—SP1682),
allowing for the creation of reproducible scratch marks in terms of blade distance, depth
and width. Six parallel scratches at a 3 mm distance were carried out vertically on the left
and right sides of the coupons, and one additional scratch was made horizontally with a
scalpel to ease the localization of the 4 zones of interest, as can be seen in Figure 1 (white
dotted line). Each zone of interest is divided into a scratched area and an unscratched
area of lacquer (see also Figure 2). The external area was not assessed because of possible
edge phenomena.



Heritage 2024, 7 3139

Table 1. Sample series and average thickness with standard deviation values for each selected coupon

and series.
Thickness (um) :
Cleaning System Sample n° Average T hickness
m o 20 of Series (um)
VA N-4 2.56 0.24 0.48
EDTA pH 5.5 VA N-9 3.84 0.19 0.38 3.2
VA N-20 3.23 0.24 0.49
VA N-14 3.39 0.15 0.31
Citrate pH 5.5 VA N-16 2.74 0.34 0.67 3.1
VA N-23 3.08 0.29 0.58
VA N-19 2.83 0.15 0.30
Citrate pH7 VA N-24 3.81 0.17 0.34 3.2
VA N-25 2.88 0.22 0.45
VA N-22 2.65 0.16 0.32
DFO pH 5.5 VA N-28 2.86 0.21 0.41 3.0
VA N-29 3.39 0.19 0.38
VA N-1 1.95 0.16 0.32
Uncleaned VA N-3 3.71 0.28 0.56 31
control sample
VA N-27 3.52 0.23 0.46
Water gel control VA N-21 425 0.19 0.39 i5
sample pH ~6 VA N-30 442 0.19 0.38 '
1
1
|
|
1
1
|
|
1
I 1
I |
1 1
| 1
| |
1 1
I ]

Figure 1. Schema of the crosscut performed on each lacquered coupon. The white dotted line
indicates the four zones of interest.
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Figure 2. Localization of the four zones of interest on each coupon. White dotted line: delimitation of
the 4 areas of interest; red circles: spot a = scratched, spot b = unscratched; dark lines = scratches in
the lacquer.

2.2. Artificial Aging

The lacquered and scratched coupons were aged artificially in a three-step protocol
(1—photochemical; 2—wet/dry cycles; 3—sodium sulfate vapor) to induce corrosion
phenomena. It was decided to focus on the combination of hygrometric variations and
daylight (natural light filtered through a window), two major parameters influencing the
aging of coated metals [44]. For this reason, the samples were photochemically aged for two
months and then exposed to further wet and dry cycles for two other months. For technical
reasons, it was not possible to combine both parameters at the same time. Eventually, the
samples were exposed to Nap;SO4 atmosphere for two weeks to promote further corrosion.
The details of the aging protocol are reported in Table 2.

Table 2. Artificial aging protocol.

Step Type of Artificial Aging Equipment and Parameters Duration
Memmert ICH L climate chamber (Memmert
Photo-chemical aging GmbH + Co., KG, Biichenbach, Germany) 1440 h
1 Daylight 8000 lux normalized light D65, 6500 Kelvin -2 months
25 °C and 50% RH 385-800 nm, as well as UV radiation in the
spectral range 315-400 nm
Wet and dry cycles
35°C +95% RH 4h
2 35°C+95 — 50% RH 2h Heraeus Votsch HC7015 climatic chamber ~1512h
~2 months
35°C +50% RH 4h
35°C +50 = 95% RH 2h
Home-made set-up:
The samples were mounted vertically with a
3 Exposure to saturated NaySOj atmosphere polyaddition silicone rubber against the wall of a 2 weeks

PE box, and a glass of 0.5 M Na,;SOy solution was
placed in the middle of the box to produce an
atmosphere with saturated RH.

2.3. Cleaning Protocol

Two complexing agents that are widely used were selected according to conservation
literature: citrate and EDTA salts. A bio-sourced chelating agent known as deferoxamine
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(Desferal®, Novartis), which showed promising cleaning efficiency on lacquered brass
test objects in the framework of the CleanLaB project, was also selected. Although this
chelating agent is privileged for the treatment of iron, it works at a slightly acidic pH,
which is compatible with ancient natural resins. The use of sodium citrate was favored over
triammonium citrate because, for the latter, past studies pointed out its possible release
of ammonium ions by hydrolysis [45]. This could harm both the lacquer and the copper
alloy in the case residues of the cleaning agent being left on the surface. All solutions were
prepared at 0.13 M, the highest concentration reported in the literature [23,25,26] for the
cleaning with EDTA of lacquered brass.

Sodium citrate was prepared with citric acid (Carl Roth, Karlsruhe, Germany) and a
10% sodium hydroxide solution (Carl Roth). The pH of the EDTA-Na; (Kremer Pigmente,
Aichstetten, Germany) solution was adjusted with 10% sodium hydroxide. All solutions
were made with deionized water.

The solutions were prepared at pH 5.5, and an additional solution of sodium citrate
was also tested at pH 7. This choice was made because citrate might be used in cleaning
practice at pH 7 due to its higher efficiency. Citrate is a weaker complexing agent of copper
when compared to EDTA, and its use at pH 7 increases its pKg (Table 3).

Table 3. pKF of citrate and EDTA as a function of pH and concentration [46].

pH 5-6 pH?7 pH 5-6
01M 01M 01M
pKr Citrate Citrate EDTA
Cu(II) 5.1-6.7 9 10.7-12.7
Zn(II) 2.6-32 3.5 8.8-10.5

The adequate pH range of the cleaning solutions was determined by pH measurements
of the shellac coating. The measured average conductivity is 235 uS/cm, and the average
pH value is 6.16. The chosen pH value of 5.5 is slightly more acidic than the surface to clean,
which is adequate for the preservation of oxidized organic surfaces [47]. This is coherent
with the pH value around 5, which is more generally recommended for the conservation of
a natural resin [48]. Furthermore, a slightly lower pH can increase the solubility of copper
oxides like cuprite.

All solutions were gelled with xanthan gum (2% w/w, Kremer Pigmente, Aichstetten,
Germany). Xanthan gum was chosen as a gelling medium because of its good chemical
stability and its less adhesive properties in comparison with derivate cellulose products.
Agar-agar or agarose were not selected because of the high temperature required for their
application and peel-off properties. Minimum temperatures for brush application of the
gels, around 35 °C for agar, provide semi-rigid gels [28], which might not guarantee good
contact with corrosion products present in small scratches or pits.

To obtain reproducible tests, it was decided to privilege the application of cleaning
gels as poultices: a gel layer of ~3 mm was applied and left on each coupon for 15 min
(zone 1), 10 min (zone 2) and 5 min (zone 3) (Figure 2). One area (zone 4) was left uncleaned
for control and protected with a silicone mask during gel application. A control water gel
(without a chelating agent) was also applied for 15 min on two further samples. Rinsing
was conducted in two steps: first, the gel was swiped off with dry rigid paper; second, the
surface was rinsed twice with a cotton swab soaked in an ammonium bicarbonate solution.

For rinsing, conditions close to isotonic were chosen to reduce the risks of swelling of
the organic coating in contact with an aqueous solution [49].

A rinsing solution with an ionic strength of 1368 uS/cm was prepared with diluted
ammonium hydroxide (Carl Roth, Karlsruhe, Germany) and carbonic acid, and its pH was
adjusted to 5.5. All cotton swabs had an identical weight (0.16 g), and an identical volume
of rinsing solution was injected into the cotton (0.7 mL).
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2.4. Characterization Methods

Coupons were characterized before and after cleaning with the methods listed in
Table 4.

Table 4. Characterization methods (x = all coupons/all zones of interest).

Characterization Technique Before Cleaning After Cleaning
White light imaging X X
UV imaging X X
Microscopy X (zone a + b) X (zone a + b)
FTIR 2 zones/coupon 1 spectrum/each unscratched
(unscratched lacquer) zone of interest (b)
Gloss measurements X (triplicate) X (triplicate)
zone b zone b
Color measurements X (triplicate) X (triplicate)
zone b zone b

Thickness measurements
(before scratching the lacquer)

SEM-EDS
(secondary and backscattered -
electrons imaging)

5 spots/coupon -

1 sample/series
zone a

Conductivity and pH

4 coupons: center -
measurements

Before and after cleaning, images of the coupons were obtained under white light and
ultraviolet illumination, and microphotographs were taken under optical microscopy to
assess possible visual changes, like color and gloss modification, as well as the porosity of
the organic coating.

2.5. White Light Imaging

Macroscopic documentation of the samples under white light was performed with
a Canon EOS D600 camera (Tokyo, Japan) and Canon macro lens EF-S 60 mm /2.8 in
a lightbox (Kaiser Fototechnik GmbH & Co. KG, Buchen, Germany). The pictures were
taken in manual mode, ISO 100, /7.1, 1/10 s. Calibration of the pictures was carried
out with an X-rite ColorChecker® (X-Rite, Inc., Grand Rapids, MI, USA) target in Adobe
Lightroom Classic.

2.6. UV Imaging

Imaging under UV light was performed on all samples with an unfiltered Canon CN
750 camera with an 18-35 mm lens equipped with a Baader UV/IR cut (Baader Planetarium
GmbH, Mammendorf, Germany) and an X-Nite CC1 filter (LDP LLC, Carlstadt, NJ, USA).
The samples, placed on a black non-UV emitting cardboard background, were illuminated
by two Dominique Dutscher (Bernolsheim, France) UV lamps with an emission peak at
365 nm mounted at 45° on a custom-made stand. The pictures were taken in manual mode,
ISO 200, and f/11 aperture. Calibration of the pictures was performed according to the
procedure which has been described in a previous publication [42]. L* a* b* values of three
spots (11 px x 11 px) were then recorded for each coupon in Adobe Photoshop using the
color sampling tool to compare the color of the fluorescence of each varnish. UV imaging
was also performed on a batch of fresh xanthan gum gel as a reference to detect possible
cleaning residues left on the surface of the coupons. Moreover, since it has been shown that
the outer varnish layers are more exposed to degradation phenomena [50], UV imaging was
selected as a monitoring technique because the possible dissolution of oxidized superficial
lacquer might produce a slight decrease in fluorescence after cleaning [51].
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2.7. Optical Microscopy

Imaging of all four zones of interest for each series was performed with a Zeiss
Axioscope 2 MAT Optical Microscope (Carl Zeiss, Oberkochen, Germany) and Zeiss ZEN
core 3.5 software. Additional imaging was carried out with a portable Dino-Lite AM-413
ZT USB microscope. Pictures were recorded at magnifications x50 and %230 with the
DinoCapture 2.0 software.

2.8. Fourier-Transform Infrared (FTIR) Spectroscopy

All samples were analyzed with a ThermoFischer Scientific Nicolet iN10 MX FTIR
microscope (Thermo Fisher Scientific Inc, Waltham, MA, USA). FTIR spectra were collected
in reflectance mode using 128 scans at 4 cm~! resolution, with a spectral range between
4000 and 650 cm~!. Unscratched lacquer areas were analyzed before and after cleaning.
FTIR was chosen for assessing possible modifications in surface composition. In fact, exper-
imental studies showed that this technique allows the characterization of thin uppermost
layers on brass surfaces [52].

2.9. Gloss Measurements

Gloss measurements on the unscratched spots of each zone of interest were carried
out with a two-angle (20° and 60°) glossmeter Zehntner ZGM 1120, aperture 4.7 x 2 mm
(Zehntner Gmbh, Reigoldswil, Switzerland, using a paper mask created according to the
size of the coupon to precisely locate a specific area. The acquired data in gloss units (GU) at
60° gives comparative information about the samples according to standard ISO 2813 [53]:
>70 GU (polished finish); 10-70 GU (satin finish); <10 GU (mat finish). Gloss measurements
were carried out to assess possible changes induced by cleaning.

2.10. Color Measurements

Colorimetric measurements on the unscratched spots of each zone of interest were
carried out using an X-Rite Ci62 spectrophotometer with a D65 illuminant, a 10° observer
and a specular component included (SPIN) to measure color data without the effect of
surface appearance using CIELAB 1976 color space. An aperture of 4 mm diameter was
used to acquire comparative data. The instrument was positioned on the coupons using a
paper mask created according to the size of the coupon. AE* was calculated according to
the standard color variation formula in CIELab:

AE = \/(L; - L})2 +(ay—al)’+ (b§ —bj)2

This value quantifies the difference in color between two samples but does not provide
any qualitative information. AE* was calculated for each zone of interest before and after
cleaning, including the simple water gel.

2.11. Thickness Measurements

The thickness of the samples was measured before crosscut of the lacquer with an
eddy-current Phynix Surfix® Pro S gauge and FN 1.5 probe (PHYNIX Sensortechnik GmbH,
Neuss, Germany) with a measurement range of 0-1.5 mm, and an accuracy, with foil
calibration, of & 1.0 um + 1% of value. The necessary contact zone with the surface to be
measured is 12 mm (sensor size 5 mm diameter). Free-hand measurements were taken in
the same areas of each sample by means of paper masks created according to the size of
the coupon.

2.12. Scanning Electron Microscope (SEM-EDS)

Scanning electron microscopy and energy dispersive X-ray spectroscopy analyses
were performed with Jeol JSM-6400 (JEOL Ltd., Tokyo, Japan), secondary vacuum,
1076-10~° mbars, 15-20 kV. Secondary electron (SE) and backscattered electron (BSE)
images were acquired on a sample of each cleaning system. The surfaces were observed
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under magnifications x35, x50 and x450. Local sputtering with platinum and palladium
was performed before the analysis. The test zone with the longest cleaning time (15 min)
was compared to the uncleaned control spot of the same coupon and to a test zone cleaned
with a simple water gel. Some EDS analyses were also performed on scratched areas to
assess the metal surface composition and a sample of pumice powder was analyzed to
identify possible contaminations of the samples.

2.13. Conductivity and pH Measurements

Conductivity measurements were carried out on the unscratched central part of
4 selected coupons after completing artificial aging according to the methodology for water-
sensitive coatings [54]. An agarose patch was produced with a 3% (w/w) pure agarose
(Sigma Aldrich, St. Louis, MO, USA) in Mili-Q water. The solution was heated over 90 °C
twice before pouring a thin layer. A patch of 3 mm diameter was punched out of the agarose
layer and left for 2 min on an unscratched lacquered area of the coupon. Conductivity
measurements were carried out after calibration with Horiba LACQUAtwin-EC-33. The
patch was transferred in a second step into a calibrated Horiba LACQUAtwinpH-22 pH
meter, and a drop of pure deionized water was added before measurement.

3. Results
3.1. White Light Imaging

The comparison by visual observation between the cleaned areas of the coupons and the
uncleaned control spot on each sample shows two behaviors. Although it was not possible to
quantify corrosion removal, it can be noticed that the vertical scratched lines appear brighter
after cleaning in all cases in comparison to the control spot, which indicates corrosion removal
except for the coupon VA N-19, which is more heavily corroded (Figure 3).

EDTA pH 5.5

Fommmm———
Eom e = —

Citrate pH 5.5

Citrate pH7

DFO pH 5.5

Figure 3. General views under white light of all coupons and of different series after cleaning (zone 1
= 15 min; zone 2 = 10 min; zone 3 = 5 min; zone 4 = control spot).
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On the other hand, the unscratched lacquer zone does not show a significant change
in surface appearance after cleaning (Figures 3 and 4).

15 min. (zone 1 a = scratched) Control spot (zone 1 a = scratched)

EDTA pH 5.5

(VA N-20)

Citrate pH 5.5

(VA N-14)

Citrate pH 7

(VA N-25)

DFO pH5.5

(VA N-22)

Figure 4. Microscopic imaging, representative sample of each series, scratched zone 1 cleaned for
15 min compared to the control spot of the same sample (scale = 200 pum).

3.2. Microscopic Imaging

The cleaning efficiency of the four different tested gel systems was confirmed by
microscopic observations. Although it is difficult to quantify corrosion removal in the
scratches, it can be said that all cleaning systems were able to remove the oxidation layer
after at least 15 min, leaving a brighter metal surface. In some cases, the cleaning gel did
not completely reach the corroded metal in the scratches, showing that, in practice, the
use of a small brush is useful to ensure good contact with the surface to be cleaned. This
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can be seen in Figure 4: here, it was observed that in some areas of the scratches, the thin
oxidation layer is still present.

However, a modification of lacquer topography was not observed (in terms of porosity
and other morphological features), as can be observed in Figures 5 and 6.

VA N-20

EDTA pH 5.5

VA N-23

Citrate pH 5.5

Figure 5. Microscopic imaging of a representative sample of the series EDTA pH 5.5 and citrate
pH 5.5, all zones of interest (unscratched lacquer zone b), original magnification x50 (scale = 1 mm).

VA N-19

Citrate pH 7

VA N-29

DFO pH 5.5

Figure 6. Microscopic imaging of a representative sample of the series citrate pH 7 and DFO pH 5.5,
all zones of interest (unscratched lacquer zone b), original magnification x50 (scale = 1 mm).
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3.3. UV Fluorescence

UV fluorescence intensity did not evolve significantly before and after cleaning
(Figure 7). Fluorescent residues of the gel were not detected on the coupons after cleaning.
Reference imaging of a xanthan gum gel shows a bluish, easily detectable, fluorescence
color (Figure 8).

White light uv

EDTA pH 5.5

(VAN-9)

ey P R S

Citrate pH 5.5

(VA N-23)

Citrate pH7

(VA N-24)

|
|
DFO pH 5.5 I
|

P ——— ————g-=---

(VA N-28)

Figure 7. General views under white light and UV illumination of representative coupons for each
tested system after cleaning (zone 1 = 15 min; zone 2 = 10 min; zone 3 = 5 min; zone 4 = control spot).
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Figure 8. Fluorescence under UV illumination (365 nm) of a drop of xanthan gum gel (1.5% w/w)
applied to brass (CuZn36).

The presence of gel residues in the scratches was not revealed, but UV imaging might
not be powerful enough for the detection of very small amounts [30].

3.4. Color Measurements

Triplicates of color measurements were carried out on the unscratched lacquer surfaces
(zone b in Figure 2). The average value for the cleaned areas (zones 1b to 3b) was compared
to the average value of the control spot (zone 4b) for each coupon.

Even though the reproducibility of the measurement for each zone of interest is high,
it appears that there can be variations between control spots and zones to be cleaned. This
is probably due to both different lacquer thicknesses and, in some cases, to local pitting
(Figure 9a,b). These phenomena could also explain why the data are not consistent for one
cleaning series and why it is not possible to systematically correlate the results with the
application time of the gel (Figures 10-14).

(a) (b)

Figure 9. (a) pitted lacquer surface on VA N-9 (zone 1 b uncleaned control spot); (b) unpitted lacquer

surface on sample VA N-20 (zone 1 b uncleaned control spot).
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cleaned spot / control spot: EDTA pH 5.5

AE*
m VA N-4 (15 min)

VA N-4 (10 min)
VA N-4 (5 min)

w

m VA N-9 (15 min)
VA N-9 (10 min)

2
VA N-9 (5 min)
I I B VA N-20 (15 min)
VA N-20 (10 min)
0

VA N-20 (5 min)

[N

Figure 10. Color difference expressed in AE* between the areas cleaned with EDTA and the uncleaned
control spot.

cleaned spot / control spot: citrate pH 5.5
AE* ®m VA N-14 (15 min)

(
4 VA N-14 (10 min)
VA N-14 (5 min)
3 B VA N-16 (15 min)
VA N-16 (10 min)
(
(
(
(

N

VA N-16 (5 min)

® VA N-23 (15 min)
VA N-23 (10 min)
0 VA N-23 (5 min)

Figure 11. Color difference expressed in AE* between the areas (zone b) cleaned with citrate (pH 5.5)
and the uncleaned control spot.

[y
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cleaned spot / control spot: citrate pH 7

AE* B VA N-19 (15 min)

® VA N-19 (10 min)
VA N-19 (5 min)

B VA N-24 (15 min)

) ® VA N-24 (10 min)
VA N-24 (5 min)

B VA N-25 (15 min)

II I I m VA N-25 (10 min)
0 — VA N-25 (5 min)

Figure 12. Color difference expressed in AE* between the areas (zone b) cleaned with citrate (pH 7)

4

w

=

and the uncleaned control spot.

cleaned spot / control spot: DFO pH 5.5 /A N-22 (15 min)

AE* )
VA N-22 (10 min)

VA N-22 (5 min)
4 B VA N-28 (15 min)
VA N-28 (10 min)
VA N-28 (5 min)
B VA N-29 (15 min)
1 VA N-29 (10 min)
0 _ VA N-29 (5 min)

Figure 13. Color difference expressed in AE* between the areas (zone b) cleaned with DFO and the
uncleaned control spot.
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cleaned spot / control spot: water gel

AE*
4
VA N-21 (15 min)
3 VA N-30 (15 min)
2
1
0

Figure 14. Color difference expressed in AE* between the areas (zone b) cleaned with the water gel
and the uncleaned control spot.

Furthermore, it appears that the cleaning systems do not induce a color difference,
which is significantly higher than the color difference induced by a water gel that does not
contain any active cleaning agent (Figure 14). Here, it can also be observed that the color
difference for the water gel differs from one coupon to another which corresponds again
to natural heterogeneities between the control spot and surface to be cleaned. It can be
concluded that only much higher and more systematic color differences within each series
would be significant and would make it possible to assess the different cleaning systems
regarding application times.

3.5. Gloss Measurements

Gloss measurements do not reveal any significant or conclusive differences between
the cleaned zones and the uncleaned control spots (Figure 15). Also, there is no visible
trend or correlation between gel application time and the results of gloss measurements.
All measured surfaces stay in the range of a glossy finish (>70 GU). The water gel does not
induce a lower gloss modification than the gels containing complexing agents. It can be
said that they have similar effects on the lacquer.

3.6. SEM-EDS

As no modification of the lacquer was observed under white light and UV illumination,
additional SEM imaging was performed on representative samples of each series. The
examination focused on the possible effects of the selected maximum application time
(15 min) SE imaging did not reveal any alteration of the lacquer (microcracks, porosities,
or cleaning residues) on the cleaned zones when compared to the uncleaned control
spots or the zones cleaned with the water gel (Figure 16). Slight variations in the surface
topography—which can be assessed by secondary electron imaging—can be attributed
to the application of the lacquer and not to the cleaning treatment. BSE imaging did not
provide any additional information.
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M EDTA pH 5.5 (15 min)
m EDTA pH 5.5 (10 min)
120.0 Gloss (GU) ™ EDTA pH 5.5 (5min)
EDTA pH 5.5 (control spot)
citrate pH 5.5 (15 min)

1000 citrate pH 5.5 (10 min)
I I L I [ 1 ] N citrate pH 5.5 (5 min)
80.0 citrate pH 5.5 (control spot)
M citrate pH 7 (15 min)
M citrate pH 7 (10 min)
60.0 M citrate pH 7 (5 min)
citrate pH 7 (control spot)
400 DFO pH 5.5 (15 min)
DFO pH 5.5 (10 min)
DFO pH 5.5 (5 min)
20.0 DFO pH 5.5 (control spot)
water gel (15 min)
oo water gel (control spot)

Figure 15. Gloss measurements for each cleaning system carried out on an unscratched lacquer area
compared to the control spots (average values and standard deviation).

SEM-EDS analysis of scratched brass control spots shows a small peak of oxygen,
which might be due to the presence of expected copper oxides (Figure 17, spectrum A).
Somehow, no noticeable difference in the intensity of the oxygen peak was detected when
comparing cleaned and uncleaned metal areas. This is probably due to the fact that the
oxide layer is extremely thin in both cases. Furthermore, local surface contamination—
characterized by the presence of chlorine, aluminum, sodium, and potassium—was also
observed (Figure 17, spectrum B). This could be due to pollution of the climatic chamber
and dust deposits. Contamination during cleaning of the bare metal with pumice powder
before lacquering was not clearly identified: no silicon was detected, which appears to be
the main component with the highest peak intensity of the analyzed pumice sample.
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EDTA pH5.5

(VA N-20)

Citrate pH 5.5

(VA N-14)

CitratepH7

(VA N-25)

DFO pH5.5

(VA N-22)

Water gel pH ~6

(VA N-21)

HV: 20 KV [SE] WD: 14 mm - VAN

15 min.

HV: 20 kV [SE] WD: 15 mm - VAN 25 Zone |

(magnification x450).

Control spot

HV; 20 kV [SE] WD; 18 mm - V.

HV: 20 kV [SE] WD: 15 mm -

Figure 16. Secondary electron image of each cleaning system compared to uncleaned control spots
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ke
1000

CuKa  znKa v
10000

Figure 17. Back-scattered image of coupon VA N-14 (zone a of the control area) and EDS analysis of
the scratched brass. Spot A: smooth metal surface; spot B: deposit.

3.7. FTIR

The shellac coating on the brass did not show any significant chemical modifications
due to cleaning with the four tested systems. No differences in the main peaks of the FTIR
spectra collected before and after cleaning were observed except for a very slight shift of
peak at 1714 cm~1.

Changes related to the use of a higher pH—7 instead of 5.5 with sodium citrate—were
not detected (Figures 18-21).
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Figure 18. FTIR spectra of VA N-20 after cleaning with EDTA pH 5.5: after 15 min (blue spectrum),
10 min (purple spectrum), 5 min (green spectrum) and compared to the uncleaned control spot
(red spectrum).
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Figure 19. FTIR spectra of VA N-14 after cleaning with citrate pH 5.5: after 15 min (blue spectrum),
10 min (purple spectrum), 5 min (green spectrum) and compared to the uncleaned control spot
(red spectrum).
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Figure 20. FTIR spectra of VA N-19 after cleaning with citrate pH 7: 15 min (blue spectrum), after
10 min (purple spectrum), 5 min (green spectrum) and compared to the uncleaned control spot
(red spectrum).
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Figure 21. FTIR spectra of VA N-29 after cleaning with DFO: after 15 min (blue spectrum), 10 min
(purple spectrum), 5 min pink spectrum) and compared to the uncleaned control spot (red spectrum).

A comparison of the characteristic peaks of shellac and xanthan gum to identify
possible cleaning residues shows that some infrared bands can overlap, especially at 2920,
1724, 1374, and 1165 cm ™! (Table 5). In contrast, bands at 1624, 1275, 895, and 795 cm !
appear to be characteristic of the gelling medium. It must be noted that the spectrum of the
xanthan gum was acquired using the same mode (%R) and parameters as the spectra of the
lacquered coupons before and after cleaning to be able to accurately compare the spectra of
the different materials studied.

Table 5. Characteristic peaks of shellac [42] and xanthan gum reference sample.

Shellac Xanthan Gum Shellac Xanthan Gum
Molecular Motion Wavenumbers Molecular Motion Wavenumbers
(em™1) (em™1)
O-H stretching - 3494 C-O stretching - 1275
C-H stretching 2934-2920 2920 C-O stretching 1240
C-H stretching 2857 - C-O stretching - 1248
C=0 stretching 1730-1738 1724 C-O stretching 1163 1165
C=0 stretching 1715-1722 C-O stretching - 1129
C=C stretching 1636 - C-O stretching - 1109
Symm.etric .and asymmetric st.retching 1624 C-O stretching 1040 )
vibration of carboxylate ion
C-H bending 1466 - C-H stretching 945 -
C-H bending 1412 - C-H stretching 930 -
Symm.etric .and asymmetric st.retching B 1423 C-O stretching B 895
vibration of carboxylate ion
C-H bending 1377 1374 C-H aliphatic bending 795
C-O stretching 1291 -

In fact, characteristic bands of xanthan gum were barely identified in the spectra of the
system after cleaning (Figure 22). In isolated cases, a slight broadening of the peak area at
1419 and 1732 cm ! was observed after treatment, but distinct peaks corresponding to the
presence of xanthan gum were not identified (Figure 23). It can be deduced that no cleaning
residues due to the use of xanthan gum were detected, which indicates that rinsing was
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successful. However, this conclusion applies only to the intact, unscratched lacquer surface,
as FTIR analysis was not performed on the mechanically damaged areas, which are more
difficult to rinse.
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" 060 13500 13000 2500 2000 1500 1000
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Figure 22. Comparison of FTIR spectra from a reference sample of xanthan gum (green spectrum)
and coupon VA N-4: uncleaned control spot 4 (red spectrum) and zone cleaned with an EDTA gel
for 15 min (blue spectrum): characteristic peaks of xanthan gum (vertical lines) are not found in the
cleaned sample.
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Figure 23. Comparison of FTIR spectra from a reference sample of xanthan gum (green spectrum)
and coupon VA N-28: uncleaned control spot 4 (red spectrum) and zone cleaned with a DFO gel
for 15 min (blue spectrum): characteristic peaks of xanthan gum (vertical lines) are not found in the
cleaned sample.

4. Discussion

No modification of the surface topography and porosity was observed on the lacquer
after treatment with the selected cleaning systems at magnifications x50, x230 (white light
microscopy) and %35, x50 and x450 (SE and BSE imaging) even when the gel was left
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up to 15 min FTIR analysis did not reveal any difference in the composition of the shellac
coating when comparing the control spots with the cleaned areas. Observation under UV
illumination did not show any changes in the fluorescence of the lacquer, which might be
characteristic of superficial dissolution of a more oxidized coating layer or the presence of
xanthan gum residues. FTIR analysis did not reveal possible residues of xanthan gum-based
gels either. However, the performance of the gel clearance procedure was investigated by
SEM and FTIR only for the smooth, unscratched zones of interest.

Possible limitations of the study must be considered and might explain a better
resistance of the shellac coating than expected: artificial aging might not have induced a
strong enough degradation. Color modification of orange dewaxed shellac occurred after
the first step of the artificial aging protocol and intensified after the two last steps of the
artificial aging procedure.

With photochemical aging, the a* and b* values of the surface color evolved towards
yellow and red, whereas the a* and b* values evolved to a colder color (green-blue) after
exposure to humidity.

However, expected modifications of the IR spectra induced by this aging method
were not observed. Modifications caused by photochemical aging include considerable
increases in absorbance (especially at ~3200-3400 cm '), increases and shifts of the bands
between ~1700-1725 cm™!, increase in absorbance at ~1370-1380 cm™~! and increases
in the fingerprint region between ~400 and 1500 cm~! [50]. These changes were not
clearly identified. It has been shown by a former study on de-waxed unbleached shellac
that along polymerization, aleuritic acid formation occurs at the same time scale during
photoaging [55]. The formation of aleuritic acid was not observed in our case, and this
might be due to a relatively short exposure to light.

The poor degradation of the lacquer—and hence the absence of significative difference
between superficial and deeper layers of the coating—could also explain why no changes
in UV fluorescence were detected after cleaning.

However, good resistance of shellac-coated brass was also previously observed in
the framework of a master thesis [23]. Here, a batch of samples of similar composition
(CuZn36 brass coated with orange shellac from Kremer Pigmente, Aichstetten, Germany)
was exposed to ultra-violet radiation, and a second batch to wet and dry cycles, and only
slight oxidation occurred after one-month exposure [23]. Even if the exposure time chosen
for the present study was longer than the one used by Petit [23], the results obtained were
comparable, with the difference that, in some cases, more pitting occurred on lacquered,
non-scratched zones. From those observations, it can be concluded that harsher conditions
are necessary to degrade this type of coating and should be tested in further studies.

In addition, shellac films obtained from dissolution in alcohol show notable hardening
due to the continuing polymerization process by esterification [33]. A hypothesis is that
the possible diffusion of copper ions into the deeper layer of the film might catalyze
polymerization and induce insolubility of the coating.

Also, it needs to be emphasized that these results were obtained for orange shellac,
although reduction in solubility over time has also been observed for bleached shellac [56].
Depending on the bleaching process, possible residues of chlorine might decrease the
shellac’s chemical stability and influence its sensitivity to cleaning systems. A higher acid
value of the coating as well as lower water vapor permeability was observed for shellac
films bleached with sodium hypochlorite [57].

5. Conclusions

In the framework of this study, gelled systems, including traditional and innovative
chelating agents, were tested for the first time for the cleaning of corroded lacquered brass
with the aim of assessing their effect on the organic coating. The aim of these treatments
is to remove corrosion products without damaging the ancient lacquer, which is part of
the object’s materiality and history. Comparative cleaning with xanthan gum-based gels
containing EDTA-Nay, sodium citrate, and deferoxamine solutions was carried out on
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lacquered brass mock-ups. Equivalent molar concentrations of chelating agents were
selected based on the maximum EDTA-Na, concentration used in practice.

Four different protocols—of which three are frequently used in conservation practice
for the removal of corrosion—were tested. The goal of this study was to assess their
compatibility with the preservation of orange shellac lacquer, dewaxed by filtering. This
type of coating is representative of surface finishes, which can be found on both technical
and decorative brass objects. The results of this study show that no modification or
degradation due to the cleaning could be identified for a contact time of up to 15 min for
all cleaning systems, including the bio-sourced chelating agent, deferoxamine. The use
of an adequate pH range for cleaning and rinsing certainly plays an important role. The
results of this study show that deferoxamine can be an adequate alternative to currently
used chelating agents, although its effectiveness for corrosion removal could not be fully
quantified in this case [30]. The rinsing of xanthan-based gels with a cotton swab proved to
be satisfying on smooth lacquer surfaces.

A continuous application was selected to improve reproducibility. Application times
longer than 15 min were not experimented on as the goal was to validate treatment du-
rations according to conservation practice. A possible limitation of the tested protocol
is the fact that this maximum duration could also be achieved by intermediary removal
and renewal of the gel, but with less reproducible results. Furthermore, this study did
not investigate the possible difference in the cleaning effect and consequence on both the
corroded metal and the coating when using another application method like constantly
stirring the gel with a brush on the surface. Nevertheless, shorter duration times are
expected when using this application technique. An interesting perspective would also
be to study the effect of these cleaning systems on other grades of shellac, like bleached
coatings, which might be more sensitive to cleaning. The study confirms the possible
application of deferoxamine for the cleaning of lacquered brass. In the future, it would
be interesting to confirm the results of this study and investigate the cleaning efficiency
of this bio-sourced alternative with tests on real cases using non-invasive characterization
techniques for monitoring.
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