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a  b  s  t  r  a  c  t

The  removal  of corrosion  products  from  bronze  artifacts  is  still  an  open  challenge,  in particular  when
stubborn  corrosion  patinas  are  found  on surfaces  with  pronounced  cavities  and  reliefs.  Highly  vis-
cous  polymeric  dispersions  (HVPDs)  of polyvinyl  alcohol  (PVA)  are  able  to adhere  to  highly  textured
3D  surfaces,  forming  films  that  can  be  easily  peeled  off. Here,  PVA-based  HVPDs  were  loaded  with
tetraethylenepentamine  (TEPA),  whose  copper(II)  complex  has  a  stability  constant  four  orders  of magni-
tude higher  than  that of EDTA  tetrasodium  salt, traditionally  used  by  conservators  for  cleaning  bronze.
TEPA  promotes  alkaline  hydrolysis  of  acetyl  groups  in PVA,  leading  to  the  association  of  the  polymer
chains  into  more  ordered  structures,  reducing  significantly  the  time  needed  for  the  formation  of  films  as
VPDs
VA
etraethylenepentamine
orrosion patina

compared  to  HVPDs  loaded  with  water.  Besides,  the  solubility  of  TEPA  in  most  polar  solvents  allows  to
upload  higher  quantities  of  chelating  agent  in the  HVPD,  as opposed  to  EDTA.  The  confinement  of  TEPA
inside  the  PVA  matrix  allowed  the effective  and  progressive  removal  of copper  corrosion  products  from
a 16th  century  Italian  bronze  masterpiece,  preserving  the  natural  cuprite  patina  of  the  historical  bronze,
in times  drastically  shorter  than  traditional  cleaning  methods.

©  2020  Elsevier  Ltd.  All  rights  reserved.
. Introduction

The preservation of metal artifacts is an open challenge in con-
ervation science, owing to the severe degradation processes (such
s the so-called “bronze disease” [1]) that affect metallic sculptures
nd objects belonging to different artistic productions and ages [2].
n particular, the removal of corrosion patinas from bronze is risky
nd time-consuming when carried out with traditional methods.
oth dry mechanical (brushes, scalpels, chisels) and wet  cleaning
ith non-confined solvents and solutions, are invasive and scarcely

ontrollable, potentially causing damage to the artifacts [3]. Laser
blation can grant fast cleaning action, but can lead to heating
rocesses on the surface [4]. Alternatively, wet cleaning shows
nhanced efficacy and non-invasiveness when solvents or solu-
ions are confined in retentive matrices able to gradually release
he cleaning fluids on sensitive surfaces. Besides, confined fluids
ave reduced volatility, which strongly decreases the health issues

elated to the use of solvents in art conservation [3].

Chemical and physical gels have proved to be optimal confining
atrices for cleaning fluids, and in the last decades polymers such

∗ Corresponding authors.
E-mail addresses: chelazzi@csgi.unifi.it (D. Chelazzi), rodorico.giorgi@unifi.it
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352-9407/© 2020 Elsevier Ltd. All rights reserved.
as poly(2-hydroxyethyl methacrylate) (pHEMA), polyvinyl pyrroli-
done (PVP) and polyvinyl alcohol (PVA) have been employed to
formulate systems with ideal mechanical properties and retentive-
ness [5–9]. In particular, both gels and highly viscous polymeric
dispersions (HVPDs) have been widely employed; the first are
characterized by the presence of polymer networks physically or
chemically cross-linked, with rheological properties that resemble
those of solids (e.g. highly viscoelastic, with storage modulus higher
than loss modulus over the whole frequency span as measured in
oscillatory frequency sweeps [10]). Hydrogels are able to upload
aqueous solutions and, to some extent, polar solvents, as opposed
to organogels that are used to confine average- or low-polarity sol-
vents [11]. HVPDs comprise polymer dispersions or solutions that
do not exhibit the aforementioned rheological behavior and are
mainly used as thickeners to limit the diffusion of cleaning flu-
ids. Typically, hydrogels are prepared as sheets with a thickness
of few millimeters, whose elasticity can be tuned changing the
type of polymer and the synthetic process. These systems allowed
the treatment of flat surfaces and contemporary painted layers
with 3D texture [12]. However bronze sculptures usually exhibit
highly textured surfaces with pronounced cavities and reliefs that

are hardly accessible with the aforementioned formulations. PVA-
based highly viscous polymeric dispersions (HVPDs) are able to
homogeneously cover highly rough surfaces, and after application

https://doi.org/10.1016/j.apmt.2019.100549
http://www.sciencedirect.com/science/journal/23529407
http://www.elsevier.com/locate/apmt
mailto:chelazzi@csgi.unifi.it
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Table 1
Composition (w/w %) of the polymer dispersion. ES = loaded with an aqueous solution of EDTA (0.5 M);  TS = loaded with an aqueous solution of TEPA (0.5 M);  T = loaded with
TEPA.

Name PVA H2O EtOH DPG MPD  GLY PEG EDTA 0.5 M TEPA 0.5 M TEPA

PVA 20 57 17 2.5 2.5 0.6 0.4 – – –
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PVAES 20 54 17 2.5 2.5 

PVATS 20 54 17 2.5 2.5 

PVAT 20 54 17 2.5 2.5 

hey can be easily removed in one piece thanks to their viscoelastic-
ty [13]. PVA has excellent chemical stability, biocompatibility, low
oxicity and cost, and good film forming properties [14–16]. The
haracteristics of the films can be tuned by adding solvents and
lasticizers to the formulation, for instance ethanol has a structur-

ng effect on water, and thus increases the order of the structure
f the polymeric network [9,13]. The adhesion of these films onto
he substrate can be such that decohered and detached layers are
eeled along with the film. This feature is particularly appealing
hen treating metal substrates, whose cohesive forces are typically
uch stronger than those of superficial corrosion layers [17].

Initially, HVPDs formulated for the cleaning of bronze were
pplied as loaded with an aqueous solution of ethylenediaminete-
raacetic acid disodium salt dihydrate (Na2EDTA) [17], a traditional
helating agent widely used for the removal of copper corrosion
roducts [18]. Despite the good stability of EDTA-copper(II) com-
lexes, it is not uncommon to find stubborn corrosion layers that
re resistant to treatments with EDTA. Indeed, obtaining a safe, fast
nd effective removal of degradation products from bronze arti-
acts is still an open issue in art conservation. A valid alternative
o EDTA is represented by tetraethylenepentamine (TEPA), whose
opper(II) complex has a stability constant (logKf = 22.8 at 25 ◦C)
our orders of magnitude higher than that of EDTA tetrasodium salt
Y4−, logKf = 18.8 at 25 ◦C) [19]. The use of TEPA, properly confined
n retentive matrices, is thus expected to enhance cleaning efficacy,

ith unprecedented results.
Moreover, EDTA is poorly soluble in ethanol, and it was  shown

hat only limited amounts of Na2EDTA can be uploaded in the
ater-ethanol blend contained in the PVA-based HVPDs before

hase separation occurs [17]. Instead, TEPA has high solubility in
ost polar solvents [20], which allows the upload of larger quanti-

ies of chelating agent in the dispersion, likely boosting the removal
f corrosion products.

In this contribution, we formulated PVA-based HVPDs loaded
ith TEPA, and studied how the presence of the polyamine affects

he film forming process and the physico-chemical properties of the
lms. In fact, diethyleneamines are usually employed as crosslink-

ng agents of PVA, and are expected to modify the interactions
mong the polymer chains [21]. The HVPDs and the filmed disper-
ions were characterized through differential scanning calorimetry
DSC), rheological measurements, attenuated total reflectance
ourier transform infrared spectroscopy (ATR-FTIR) and field emis-
ion gun scanning electron microscopy (FEG-SEM) coupled with
nergy-dispersive X-ray analysis (EDX). The HVPDs were then
pplied onto corroded bronze mock-ups, and the removal of corro-
ion patinas was checked at the micron scale with 2D Imaging FTIR,
sing a Focal Plane Array (FPA) detector. Finally, a selected HVPD

ormulation was used to remove stubborn corrosion layers from a
6th century bronze masterpiece by Benvenuto Cellini.

. Materials and methods
.1. Materials

Poly(vinyl alcohol) [PVA] (87–89% hydrolyzed, Mw
5,000–124,000, DP ≈ 2000, cps 23.0–27.0, Aldrich), dipropylene
0.6 0.4 3 – –
0.6 0.4 – 3 –
0.6 0.4 – – 3

glycol [DPG] (99%, mixture of isomers, Aldrich), 2-methyl-1,3-
propanediol [MPD] (99%, Aldrich), glycerol [GLY] (analytical grade,
Merck), polyethylene glycol [PEG] (average Mn  300), ethanol
[EtOH] (purity ≥98%, Fluka), ethylenediaminetetraacetic acid
disodium salt dihydrate [Na2EDTA] (>99.9%, Aldrich), NH4OH
solution (30–33% NH3, Sigma-Aldrich), tetraethylenepentamine
[TEPA] (technical grade, Aldrich), hydrochloric acid (37%, Sigma),
copper(II) chloride dihydrate (>99.9%, Sigma), sodium chloride
(≥99.0%, Aldrich), and sodium hydroxide (98.5%, for analysis,
pellets, Acros Organics), were used as purchased. Water was puri-
fied by a Millipore MilliRO-6 Milli-Q gradient system (resistivity
>18 M� cm).

2.2. HVPDs preparation

A polymeric dispersion (20% w/w) was prepared by dissolving
PVA powder into purified water at 90 ◦C for 2 h, in a three-neck
flask equipped with a condenser to avoid water evaporation during
heating. Once the polymer solubilization was completely achieved,
the temperature was  decreased to 70 ◦C and plasticizers (PEG, DPG,
MPD, GLY) were added (see Table 1). After 30 min, ethanol was
added (17% w/w), and the final system was  sonicated for 1 h in
pulsed mode at 55 ◦C until a transparent polymeric dispersion was
obtained. The synthesis was  carried out under continuous stirring
at 150 rpm with a stirring paddle, to reach and maintain the correct
homogenization. The pH of the HVPD, measured with an indicator
paper, was  6.5 ± 0.5.

2.3. Complexing agents addition

The upload of EDTA was carried out as follows. A 0.5 M EDTA
aqueous solution (pH 8.5) was added to the PVA solution under stir-
ring, after the solubilization of PVA and the addition of plasticizers,
but before the addition of ethanol, so as to avoid the precipitation
of the salt. The EDTA solution corresponds to 3% (w/w) of the total
weight of the HVPD (see Table 1); similar concentration values are
typically used in the bronze restoration practice [17]. Adding more
EDTA solution to the HVPD results in a phase separation and sedi-
mentation of Na2EDTA [17]. The pH was then adjusted to 9 ± 0.5 by
addition of few droplets of a concentrated (33%) ammonia solution.

Loading with TEPA was carried out by adding a 0.5 M solution of
TEPA (3% w/w) to the HVPD (see Table 1). The final pH was  8.2 ± 0.2.
For application onto stubborn corrosion patinas on the real bronze
artifact, the loading was carried out by direct addition of TEPA (as
received from the supplier) to the polymeric dispersion (3% w/w),
and subsequent stirring with a vortex at 2400 rpm, until the amine
was completely dissolved. The final pH is strongly alkaline.

It is worth noticing that, even though the volatility and dis-
persibility (and hence the risk exposure) of fluids is decreased
once they are confined in polymeric networks [11], the health

and environmental issues involved in the handling and disposal of
TEPA-loaded dispersions/films must be considered. The standard
safety measures can be adopted for handling these systems (e.g.
use of laboratory gloves and goggles), and for their disposal.
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.4. Physico-chemical characterization

Studies of the evaporation kinetics of the volatile fraction (water
nd ethanol) contained in the HVPDs were carried out by gravimet-
ic measurements. To simulate the process of film formation in real
onditions, 0.5 g of each formulation was applied on microscope
lass slides and spread with a spatula over an area of 2.5 × 2.5 cm2

o obtain a thickness of about 0.2 mm.  Five samples were prepared
or each HVPD system, and one sample for each HVPD type was
eriodically weighted for 5 h to control the evaporation process at
5 ◦C and 45% RH. The other 4 slides were let dry in the same condi-
ions until the film could be easily removed with tweezers from the
lass without disrupting it or leaving residues. At this point in the
vaporation process the films were thus deemed to be peelable.
he loss of volatile fraction as a function of time was calculated
ccording to the following equation:

vf = Wt − Wd

Wi − Wd
· 100

here Wvf is the volatile fraction loss, Wt is the weight of the film at
iven time t, Wd and Wi are, respectively, the final dry weight and
he initial weight of the film. Weight measurements were repeated
wice.

Changes in viscoelastic behavior as a function of time during
rying were investigated by means of oscillatory shear mea-
urements performed on formulations with and without TEPA.
scillatory tests were performed using a Discovery HR-3 rheome-

er from TA Instruments equipped with a parallel plate geometry of
5 mm diameter and a Peltier temperature control system (all mea-
urements were carried out at 25.0 ± 1 ◦C). The gap was adjusted in
rder to obtain a maximum normal force of 0.9 N. Fluid samples
ere continuously kept under manual stirring in order to maintain

he homogeneity of the systems. Film samples were prepared by
ouring 11 g of the polymeric dispersion into a Petri dish, and then
he dispersions were equilibrated for 2 days at 25 ◦C and 55% RH.
requency sweep measurements were carried out within the lin-
ar viscoelastic range (5% strain) determined by previous amplitude
weep tests. The storage (G′) and loss (G′ ′) moduli were measured
ver the frequency range 0.01–100 Hz.

The thermal properties of the dried films were determined by
SC on a TA Instruments (Q2000) apparatus. The films were cast
s specified above, peeled from glass slides, and let dry overnight
t room temperature. Then, the films were dried at 40 ◦C for 48 h
n an oven. The films were placed in sealed steel pans and heated

ith a heating rate of 10 ◦C/min, under nitrogen flow (50 mL/min).
irst, an annealing cycle was carried out, heating the films up to
50 ◦C. Then, the films were cooled to 25 ◦C and re-heated to 250 ◦C.
lass transition (Tg) and melting temperatures (Tm) were obtained

rom the thermal curves after the second heating cycle, and the
nthalpy of fusion (�Hm) was obtained from the integrated area
f the melting peak. Each measurement was repeated 3 times. The
egree of crystallinity (DC%) was determined using the equation:

C% = �Hm
�H100

· 100

here �Hm is the measured melting enthalpy and �H100
s the melting enthalpy of a completely crystalline PVA
�H100 = 138.6 J/g) [22].

Morphological features of the HVPD films and of the artificially
ged bronze samples were studied by SEM analysis performed
sing a Field Emission Gun Scanning Electron Microscope SIGMA

FEG-SEM, Carl Zeiss Microscopy GmbH, Germany), using an accel-
ration potential of 3 kV and a 3.9 mm working distance. Prior to
EM analysis, films were prepared as for the DSC measurements,
nd metallized with gold using an Agar Scientific Auto Sputter
lied Materials Today 19 (2020) 100549 3

Coater. The bronze mock-up (coin) was analyzed without gold sput-
tering.

Elemental analysis was  conducted with EDX associated to the
SEM apparatus. The X-ray counts were obtained by integrating K�
X-ray peaks using an Oxford Instruments INCA X-act microana-
lyzer.

ATR-FTIR analysis was carried out on dry films using a Thermo
Nicolet Nexus 870 with an MCT  detector (Mercury Cadmium
Tellurium). The spectra were recorded between 650 cm−1 and
4000 cm−1, with a spectral resolution of 4 cm−1 and 128 scans for
each spectrum.

FTIR analysis on bronze mockups was  carried out using a Cary
620–670 FTIR microscope (Agilent Technologies). Measurements
were performed using a Focal Plane Array (FPA) 128 × 128 detector,
which allows the highest spatial resolution currently available to
FTIR microscopes. The spectra were recorded directly on the surface
of the samples (corroded bronze mock-ups, or the Au background)
in reflectance mode, with open aperture and a spectral resolution of
8 cm−1, acquiring 128 scans for each spectrum. The spectral range
was 4000–900 cm−1. The FPA detector was used to perform 2D FTIR
imaging. A “single-tile” analysis results in a map of 700 × 700 mm2

(128 × 128 pixels), and the spatial resolution of each imaging map
is 5.5 mm (i.e. each pixel has dimensions of 5.5 × 5.5 mm2). Multiple
tiles were acquired to form mosaics.

2.5. Artificially aged samples

A bronze coin was provided by CNR-ISMN (Rome). The chemi-
cal composition mimics that of bronze coins typical of the classic
Roman period and was assumed to be a standard for classic bronze
artifacts. The composition of the coin is as follows: Cu 92.3 wt%, Sn
7.5 wt%, Pb 0.2 wt%  [23]. The coin was treated mechanically with
sanding paper to increase its surface roughness, so as to favor the
formation and adhesion of degradation products during accelerated
aging. The aging protocol for the production of artificial patinas con-
taining copper(II) chlorides was carried out as reported elsewhere
[24].

2.6. Cleaning procedure

The HVPDs were applied directly on bronze surfaces, lying down
0.25 g on 20 mm2. The HVPDs were let dry and film for 1.5 h, and
then were peeled off the surface using tweezers. The same applica-
tion protocol was followed on a real bronze artifact (16th century
bronze bas-relief by Benvenuto Cellini).

3. Results and discussion

HVPDs loaded with TEPA appear yellowish and more viscous
than transparent dispersions loaded with water. Besides, films cast
from TEPA-containing HVPDs seem to have a more pronounced
elastic behavior. Gravimetric and rheological measurements quan-
tified the effect of the addition of TEPA on the film-forming process
and on the viscoelastic properties of dispersions and films. Fig. 1
shows the loss of volatile fraction, i.e. water and ethanol, over time
from HVPDs loaded either with water or with TEPA. In the plots,
we marked the points in time when the films are easily peeled off
the glass slide surface. Loading with TEPA (0.5 M,  3% w/w)  reduces
the time needed for the formation of peelable films down to ca.
100 min, i.e. half the time needed when the HVPD is loaded with
water (pH 6.5). When film formation occurs, the TEPA-containing
system has the highest liquid content, and still contains a liquid

fraction after 300 min, when the water-loaded system is completely
dry. We  ascribed the reduced volatility in the presence of TEPA both
to the earlier formation of a surface film that limits evaporation, and
to the high boiling point of TEPA (340 ◦C when pure).
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Fig. 1. Loss of volatile fraction (water, ethanol) over time, from PVA-based HVPDs
loaded with water (triangles) or TEPA (3% w/w; squares). Full markers indicate the
time span, up to 300 min, where films could be easily peeled off the surface in one
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Fig. 2. ATR spectra of films cast from PVA-based HVPDs loaded with water (Fnl),
or  loaded with TEPA 3% (F3%). The spectrum of the gum formed ca. 1 week after
the  addition of TEPA (G3%) is also showed. Moving from Fnl to G3% it is possible
to  observe the appearance of bands at 1643 (N H deformation of -NH3

+ groups
in the partially protonated TEPA) and 1564 cm−1 (carbonyl stretching of acetate

minutes after the film is cast, leading to the collapse of porous struc-

F
b

iece; the first full marker can be thus assumed as the time of film formation. The
nset highlights the first 100 min  of volatile fraction loss.

Overall, gravimetric measurements suggest that the high alka-
inity of the TEPA solution favors the interactions between PVA
hains, resulting in earlier film formation than for water-loaded
VPDs. In fact, Hebeish et al. reported that sodium hydroxide solu-

ions at high pH cause significant hydrolysis of the acetyl groups
f PVA, increasing the tendency of PVA molecules to associate, and
hus enhancing the viscosity of the PVA dispersions [25]. We  ver-
fied that, when the HVPDs are loaded with solutions of NaOH
pH 14), they turn into highly elastic, solid-like gums already
ithin one minute, which prevented gravimetric and rheological
easurements on those systems. The transformation is thermally

rreversible. Such a fast viscosity increase prevents any practical
pplication, as the gums are too rigid and retentive to be used for
leaning purposes. Interestingly, in the presence of TEPA the for-
ation of the gum is much slower (e.g. 1 week) even at high pH

alues, making the application of TEPA-loaded HVPDs feasible. The
VPD loaded with water at pH 6.5 is stable for long time (e.g. one
ear) if stored in sealed vials.

The ATR spectra of the films loaded with water show the typical
bsorptions of poly(vinyl alcohol) at 3300 ( OH stretching), 2934

nd 2914 (C H stretching), 1718 (C O stretching of the acetate
arbonyl group), 1143 and 1088 cm−1 (C O stretching in PVA) [26].
n the spectra of the TEPA-containing HVPDs, the bands at 1643

ig. 3. SEM images of films cast from PVA-based HVPDs loaded with water (A) or with TE
etween the upper surface of a film (smooth dark grey area, top left part of the image) an
ions  formed by the alkaline hydrolysis of polyvinyl acetate groups in PVA), and the
corresponding disappearance of the acetate C O stretching peak (1716 cm−1) (see
also the inset).

and 1564 cm−1 are assigned respectively to the N H deformation
of NH3

+ groups in the partially protonated TEPA molecules [27],
and to the carbonyl stretching of acetate ions formed by the alkaline
hydrolysis of polyvinyl acetate groups in PVA [28]. The intensity of
the carbonyl peak of non-hydrolyzed acetate groups (1718 cm−1)
decreases accordingly, and the peak is no longer observable in the
spectra of the gum, which show a marked increase of the band of
protonated TEPA at 1643 cm−1.

Partly protonated polyamines are able to interact with acetate
ions, and the formed ionic couples might hinder (e.g. through steric
hindrance) the association of PVA chains, slowing down the process
that turns the HVPDs into gums (Fig. 2).

Morphological analysis by SEM showed that the cross-section of
the films loaded with water (Fig. 3A) exhibit pores with diameters
ranging from 1 to 20 �m,  oriented along axes normal to the film sur-
face. The majority of the pores are found in the lower layers, closer
to the base surface of the film; instead, towards the upper surface,
the film bulk becomes more compact and the pores turn into elon-
gated channels with a section of few microns. This structure could
be due to the rapid evaporation rate at the upper surface in the first
ture closer to the top layers. The presence of micron-sized pores in
the lower part of the film is expected to help the migration of dis-
solved degradation products from the film-patina interface into the

PA 3% wt  (B). Panel A shows a cross-section of a film, while panel B shows the edge
d the underlying layers (bottom right portion of the image).
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Fig. 4. DSC curves of films cast from PVA-based HVPDs loaded with water (broken
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copper(II) complex, and such a visual change is advantageous, as it
ine) or with TEPA (3% w/w; full line). The inset highlights the 50–90 ◦C region,
howing the glass transition temperatures of PVA at ca. 55 ◦C (*) and 80 ◦C (�).

lm’s bulk, favoring the removal of degradation products. No sig-
ificant differences were observed in the pore structure of films
ast from HVPDs loaded with TEPA, as highlighted in Fig. 3B, where
he bottom right portion of the image shows the underlying film
ayers beneath the surface. The surface of the films is smooth, with
o observable porosity (see Fig. 3B, smooth dark grey area in the
op left part of the image).

Further information was gained by thermal analysis. The degree
f crystallinity of the films loaded with water, in the presence
f plasticizers (PEG, DPG, MPD, GLY), is 10.60%, i.e. lower than
hat of films obtained with the same quantity of PVA (of the
ame type) simply loaded with water (DC% = 12.80% [29]). As
xpected, the presence of plasticizers weakens the secondary bonds
etween the PVA chains, decreasing the crystallinity. However,
hen TEPA is added to the formulation, the films DC% raises to

a. 15%. Besides, the melting temperature of PVA increases from
55 ± 2 ◦C to 177 ± 7 ◦C, closer to the melting of fully hydrolyzed
VA (230 ◦C [30]). The melting peak becomes narrower, consis-
ently with the crystallinity increase (see Fig. 4). This behavior
upports the hypothesis that the hydrolysis of PVA acetyl groups
n the alkaline environment provided by the TEPA solution, favors
he association of the polymer chains into more ordered structures.
he amorphous regions in the films exhibit similar glass transition
emperatures (Tg, see inset in Fig. 4) regardless the type of solution
oaded (water or TEPA); in both cases two transitions are observed
t ca. 55 ◦C and 80 ◦C. The first one is the less intense and is close
o the Tg of polyvinyl acetate, while the second is assigned to PVA
ith a low degree of hydrolysis [31].

The rheological behavior of the HVPDs (oscillatory frequency
weeps), is shown in Fig. 5. Essentially, the dispersions initially
ehave as viscous fluids, with a loss modulus (G”) higher than the
torage modulus (G’) over the whole frequency span. After the dis-
ersions are cast, the film formation process results in an increase of
oth G’ and G”, and the cross-over point (i.e. the point in frequency
weeps where the G’ and G” curves meet) recedes to lower oscil-
ation frequencies, indicating that the dispersions become more
solid-like” as the films form. When the dispersions are loaded with
EPA, the whole process is faster, in agreement with the informa-
ion obtained from the other techniques.
In conclusion, based on the physico-chemical characterization
iscussed in the previous paragraphs, the TEPA-loaded HVPD was
eemed as a good candidate for cleaning tests on corroded bronze
lied Materials Today 19 (2020) 100549 5

mock-ups (coins), before application on a real bronze artifact. Fig. 6
shows the treatment of a bronze coin that exhibits corrosion pati-
nas after accelerated aging. In all cases, ten applications were made
for each type of HVPD (i.e. loaded with water, EDTA, or TEPA). In this
case, loading the HVPD with low concentrations of chelating agents
(0.5 M)  did not produce satisfactory removal of the highly stubborn
patinas, even though some slight removal was  achieved with the
TEPA-loaded HVPD as opposed to EDTA. Closer to the border of the
coin, the patinas were less strongly adhered and cohered, so that
peeling action upon film removal was  enough to partially detach
them even with the water-loaded dispersion. Complete removal
of the patinas was  instead obtained using the HVPD loaded with
pure TEPA (3% w/w).  As a matter of fact, the possibility of upload-
ing higher quantities of chelating agent represents a fundamental
applicative advantage of the TEPA-loaded HVPDs over EDTA. It must
be noticed that Fig. 6 shows the final cleaning results after all the
applications were carried out; however, the removal of the corro-
sion products was  gradual and controllable, which is an important
feature in real case studies where patinas need to be progressively
thinned to avoid the removal of desired layers (e.g. cuprite [24]).

2D FTIR Imaging with an FPA detector allowed checking the
removal of corrosion products down to the micron-scale, with
a spatial resolution of 5.5 �m.  Before cleaning, the spectra col-
lected on the coin surface show intense hydroxyl stretching
bands of hydrated copper(II) hydroxychlorides such as ata-
camite/clinoatacamite, at 3467, 3339, 3245, and 3154 cm−1 [32],
as evidenced by the presence of red pixels in the FTIR 2D maps
in Fig. 7. These corrosion products are particularly detrimental
[33], as they are typically involved in the “bronze disease”, a cyclic
process that leads to the complete consumption of the metal lay-
ers [1]. Less intense bands at 1489, 1461, 1451 and 1385 cm−1

are ascribable to the presence of copper carbonates (azurite and
malachite) [34]. After the application, the bronze metal surface is
brought back (blue pixels in the maps). Besides, no traces of PVA
were detected on the treated surface, down to the detection limit
of the detector (<1 pg/pixel, 1 pixel = 30.25 �m2). SEM-EDX con-
firmed that chlorine-containing patinas were efficiently removed
following the application of the HVPDs loaded with the polyamine
solution (see Fig. 8).

HVPDs loaded with TEPA (3% w/w) were then used to remove
corrosion patinas from a 16th century bronze pedestal by Ben-
venuto Cellini, belonging to the Bargello National Museum of
Florence (Italy). The pedestal is a bas-relief that represents the
classic myth of Perseus rescuing Andromeda from a sea-monster.
Greenish bronze degradation products had accumulated through
centuries all around the three-dimensional figures, and in the cav-
ities of the monster’s scales, skin, eyes and ears, jeopardizing the
visual aspect of the sculpture (see Fig. 9). The patinas were stub-
born and resistant to EDTA (either confined in the HVPDs or not),
and the only traditional approach left was dry mechanical cleaning,
a time-consuming process that needs great care to avoid damaging
the bronze layer underneath the corrosion products. Instead, the
application of the HVPDs led to the feasible and controlled removal
of the greenish corrosion layers, preserving the underlying reddish
layer of cuprite (Cu2O) [2,24,35] that conservators typically wish
to maintain, as it passivates the metal against recurring corrosion.
A crucial factor that made the intervention feasible was the abil-
ity of the HVPDs to penetrate cavities, adhering homogeneously to
the surface, and filming into foils that were easily peeled off using
tweezers, after solubilization and absorption of the Cu(II) degrada-
tion products. During the application, the strong blue discoloration
of the films (see Fig. 9A,B) indicates the formation of the TEPA-
permits to macroscopically follow the solubilization and removal
of the corrosion layers from the bronze surface [36]. Overall, the
use of the TEPA-loaded HVPDs allowed recovering the aestheti-
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Fig. 5. Frequency sweeps (strain of 5%) of PVA-based HVPDs loaded with water and with TEPA (3 wt %), measured at different times after the films were cast. Open and closed
markers represent G’ and G”, respectively.

Fig. 6. Macro photography of the bronze coin mock-up before artificial aging (A), after artificial aging (B), and after the application of PVA HVPDs (C) loaded with water (+),
TEPA  0.5 M 3% wt (•), EDTA 0.5 M 3% wt (�), and TEPA 3% wt (*).
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Fig. 7. FTIR 2D Imaging of a bronze mock-up (coin) before artificial aging (A), after artificial aging (B), and after cleaning with an HVPD system loaded with TEPA 3% wt
(C).  Beside each visible map, the corresponding 2D FTIR map  shows the intensity, between 3111 and 3679 cm−1, of the hydroxyl stretching bands of hydrated copper(II)
h cts). A
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al look of the masterpiece in times dramatically shorter than the
onventional restoration practice (days vs. months).

. Conclusions

TEPA, a strong Cu(II) chelating agent, was confined in PVA-based
VPDs to allow safe and feasible removal of corrosion products

rom bronze sculptures. The main effect of uploading the polyamine
n the polymer network is to induce the alkaline hydrolysis of acetyl
roups in PVA chains, which promotes the association of the chains
nto more ordered structures. As a result, the viscoelasticity of the
VPDs increases significantly, reducing the time needed for film

ormation, which fulfills the conservator requirements. The process
roceeds up to the formation of a highly elastic gum in one week,
hile strongly alkaline solutions of hydroxides produced similar

ffects in much shorter time (e.g. 1 min). The slower process with

EPA was ascribed to the presence of polyamine molecules par-
ially protonated and interacting with acetate ions formed by the
lkaline hydrolysis of acetate groups in PVA, which might hinder
he association of the PVA chains.
ll maps have dimensions of 1400 × 2100 �m2. The bottom panel shows the FTIR
ging map.

The TEPA-loaded HVPDs have a rheological behavior that allows
their homogeneous adhesion on highly textured 3D surfaces hardly
accessible by rigid gels. The dispersions were used in applications of
1–2 h, which was  enough to remove stubborn degradation patinas
that had proved resistant to EDTA. The confinement of the chelating
agent inside the PVA matrix allowed the effective and progressive
removal of the degradation layers (containing copper(II) hydroxy-
chlorides) from a 16th century Italian bronze masterpiece, bringing
back the natural cuprite patina of the historical bronze. 2D FTIR
FPA Imaging showed that the removal is homogeneous down to
the micron scale, and that no PVA residues are left on the surface.
In conclusion, these HVPDs formulations candidate as effective and
reliable materials for the cleaning of metal sculptures, overcom-
ing the limitations and risks of traditional dry- and wet-cleaning
in the restoration practice. Future perspectives might include the
use of these systems to remove thick and disfiguring encrustations
from archaeological artworks (potentially including also ceramics

and glazed surfaces), preserving the so-called “noble” patina, i.e.
the compact passive protective layer formed during the long-term
exposure to the environment.
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Fig. 8. FEG-SEM images vs. energy dispersive X-ray (EDX) maps of elemental Cl, related with the presence of copper(II) hydroxychlorides (corrosion products). Top row: the
surface  of a bronze mock-up (coin) before accelerated aging. Center row: the coin surface after aging. Bottom row: the coin surface after removal of corrosion products with
an  HVPD loaded with TEPA 3% wt.

Fig. 9. (Left Panel) (A) A film of HVPD loaded with TEPA 3% wt lying on a corroded copper surface. The deep blue color is indicative of the TEPA complexing action [36]. (B)
Detail  showing the feasible peeling of the film off the surface. (Center and Left panels). Benvenuto Cellini, Perseo libera Andromeda (Perseus frees Andromeda), 1545-1554,
National Museum of Bargello, Florence (IT): detail of the bas-relief surface before and after cleaning with HVPDs loaded with TEPA 3% wt.
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