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Abstract

Microorganismmare often considered harmful for cultural heritage. However, they can also be used for
its safeguarding. Indeed, some fungalespaxe known for their ability to produce oxalic acid in order

to immobilize of toxic heavy metals and, therefore, detoxify their environmental. Biotechnology already
exploited this ability to immobilize heavy metals in the field of wastentréatmieg metal oxalates.
Theoi@mpatina projecto used this ability in orde
stable and less soluble compounds such as copper oxalates. The presence of copper oxalates as greel
patinas was already discoveredutdoor bronze artefacts and it was not associated with active
corrosion. Furthermore, copper oxalates are known to be extremely stable in polluted atmospheres with
acidic conditions (pH 3), providing good protectiontocdppes e d ar t ef aat pr oJlkeet 0
aims to produce copper oxalates as passivating compound having the same composition as naturally
occurring copper minerals (inorganic materials) enhancing the compatibility of this treatment with the
corroded surface of artefacts. During previprojects (FPRBU-ARTECH, 20042009 and FR7
BAHAMAS, 201€2012), the most suitable fungal specie to be used was identified and initial successful
attempts to produce copper oxalates were performed. The aim of this thesis was tihigptivéte

biologcal treatment for the conservation cofijzesed artefact in order to transfer it from the laboratory

tests to regbraxis. This work focused on two main subjects: the study of the microorganism used for
the production of biogenic copper oxalates andréaget material, namely copper and bronze.
Regarding the treated material, the aim was to understand which protective mechanisms are involved in
the biopatina treatment allowing to understand if such treatment acts as a corrosion inhibitor or as a
coatingThe biological treatment was compared to standard conservation treatment as microcrystalline
wax (coating system) and benzotriazole (corrosion inhibitor) andtsrtohghaviour was tested by

natural and artificial ageing. Furthermore, the influératloying elements, particularly tin, on the
behaviour of biopatina treatment was investigated. To do that, a complement of analytical techniques
was usedhighperformancdiquid chromatography (HPLC), optical microscopy (OM), scanning
electron microscgp(SEM) coupled with energy dispersive spectroscopy (Ha8dispectroscopy

(FTIR), Raman spectroscopyearochemicampedancepectroscopy (EIS) armblorimetry. The

outcomes of this work showed that the biopatina treatment is positionedaimgthefrcorrosion

inhibitors rather than protective coatings. Biopati@mentcan be used to replace benzotriazole

(BTA) solutions as innocuous and more efficient treatment for archaeological objects. It can also be
applied on outdoor objects, regasllthe geometry of exposure conditions and its efficiency is not
influenced by the bronze composition. Furthermore, the application protocol currently used on real
artefacts was developed. Finally, based on the outcome of this studig-aseddalyicurrently under

evaluation for commercialization and available for small trials to consestaians.

Keywords:

Biotechnologygonservation science, bronaetdoor sculpture, archaeological artefact, benzotriazole,
microcrystalline wax, FTIR, SEMSE




Résumeé

Les micreorganismesont souvent considéréangereux pour les béeoulturelsMalgré celails

pewent aussi étre utilisés pour |enatection. En effet, certaines espéces fongignesonnuepour

leur capacit@ produirede l'acideoxalique pour immobiliser imétaux lourdsokiques et, donc,
détoxifierleurmilieu. Labiotechnologi@ déja exploité cette capacité d'immobiliseméeux lourds

s ous foxalateseétaligfeslans le domaine du traitement des dédtetsrojet ®iopatine»a

tiré profitcette capacité pour modifier des produits de corrosion de cuivendetifeomposeés plus

stables et moins solubles cones®xalatesle cuivre.La présence dexalatesle cuivrea étédéja

observéesous formeale patines vias surdes u v r e €nbrize r tl ext ®r i eur et il's
associés a dkecorrosioncycliqueEn outre Jes oxalates aiivresontconnus pour étre extrémement

stable dans des atmospheéres polluéesanitions acides (pH 3), fournissamtbonne protection

aux sculptures a base de cuiverojet «biopatinesa comme obj ectif | a produc
cuivrecommecomposés passivayant la méme composition que des minéraux de cuivre naturellement
présents sur le patrimoine cuivr@uatériaux inorganiquet)'amélioration de la compatibikitdtre

le traitemene la surface corrodéers deprojets précédents (FE&-ARTECH, 20042009 et FR7

BAHAMAS, 20162012), I'espéce fongique la plus appropriég identifiée etedtentatves de

product i oncuidrdombémifecauées avedsacted obj ect i f de cette th s
l e nouveau traitement bi ologique d®velopp® pour
transférer les tests de laboratoire a usemei pratique sur le terr&@e.travaitle thess'est concentré

sur deux sujets principaux : I'étude du roigganisme utilisé pour la productiosaelateslecuivre

biogénique et les matériaux traités, notamneenivre et bronzeEn ce qui conceenlesmatéraux

traités, le but était de comprendre quels mécanismes protecteurs sont impliqués dans le traitement
biopatine permettant de déterminaregraitement agit comme un inhibiteurcderosion ou comme

un coatinglLe traitement biologique a éténparé dedraitemerd de conservation standsia cire
microcristallineomme coating et le benzotriazole conmhibiteur de corrosigpt son comportement

a long terme a é&valuéardes procédures deillissement naturel et artifidied. oute, l'influence

des élémentd e | P a ll I@®pagieuliersur le comprtement du traitement biopatineété

examinée. Poge faire, un complément de techniques analytiquesilisétéchtomatographie liquide

a haute performan¢elPLC), microsapie gtique (OM)microscopie électronique a balayagi)

couplé avespectroscopie a rayons X a dispersion d'é(ERE®, spectroscopiefiarouge (FTIR),

spectroscopie Ramapectroscopie d'Impédance Electrochin(gL&) et colorimétrides réstiats

de ce travail ont ndré que le traitement biopatsepla® parmilesinhibiteurs de corrosion plutot
quelesrevétements. Le traitement biopgtmetaussétre utilisé pour rempladebenzotriaale (BTA)
commeraitemensans risques pourahsa® et | 0 etplusiefficace pota stabilidatiodes

objets archéologiques. Il peut aussi étre appliqué sur desrobjeésieuet son efficacité n'est pas

influencée par la composition dé a .|Eh eutsegleprotocole d'applicatiotualement utilisé sur des

artefacts réels a été développé. Finalement, baséésultth de cette étude, un kit prét a I'emploi est
actuellemengn évaluation pounnecommercialisation est mis a disposition dezonservatews

restaurateurs

Mots clés

Biotechnologie, science dectmservation, bronzegculpture erextérieur,objetsarchéologiquse
benzotriazole, cire microcristalline, FTIR, S\, EIS
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Chapter 1 INTRODUCTION

1.1 Basics of corrosiof]

The definition of corrosion given by the International Organization for Standarff}istion

"Physicochemical interaction between a metal and its environment which results in changes in the
properties of the metal cainvhich may often lead to impairment of the function of the metal, the
environment, or the technical system of which these form a part".

The International Union of Pure and Applied Chemistry (IUPAC) gives a wider definition of corrosion
[3], also involvinthe degradation of nemetals as well as metallic materials:

"Corrosion is an irreversible interfacial reaction of a material (metal, ceramic, polymer) with its
environment which results in consumption of the material or in dissolution into the rhaterial o
component of the environment. Often, but not necessarily, corrosion results in effects detrimental to
the usage of the material considered. Exclusively physical or mechanical processes such as melting or
evaporation, abrasion or mechanical fracturetirgcluded in the term corrosion."

What is common to both definitions is that corrosion occurs due to the interaction of a material (e.g.
metal) with the environment and that, in general, this interaction lead to its degradation and to a change
in its daracteristics. What is important for the field of cultural heritage conservation is that corrosion
products are often aesthetically pleasant and the formation of such patinas is the reason why a specific
metal was originally chosen for artistic produciibas, not just the metal, but patina itself has an
historical and artistic value that need to be considered, as long as the corrosion products do not cause
damage to the artefact.

The cause of corrosion is the natural mechanism by which any metaaneaghiibrium with the
surrounding environment in a stable state. A stable state of a metal is, usually, one of its naturally
occurring minerals rather than its metallic form and that is the reason for corrosion to occur.

In general, corrosion reactiaa be divided in two groups: chemical and electrochemical, and both
require the presence of a liquid electrolyte, either as moisture or as a thin water film. Chemical corrosion
is due to the reaction of a metal and a corrosive agent involving thiarisfeal of charges among

atoms. Electrochemical corrosion refers to the transfer of charges in different areas of the conductive
metal due to an electrochemical potential. This latter mechanism is the most commonly involved in the
corrosion of metallic hitage artefacts.

Corrosion as electrochemical reaction

The corrosion process occurs as an oxidagdhrction (redox) reaction: the oxidation part of the
reaction refers to the metal that looses electrons while the reduction part refers to thatspaicies th
these electrons. Both reactions simultaneously occur on the metal surface. It is important to note that,
despite its name, the term oxidation is not necessarily associated with oxygen.

A chemical reaction involving electron transfer is definete@rm@hemical reaction. Since the
corrosion process occurs as a redox reaction, it is important to define this reaction electrochemically.
The anodic reaction is the one occurring as metal oxidation (anode) (Eq. 1). This reaction produces
electrons thatgss through the conducting metallic substrate to other sites (cathode) of the metal surface,
where the cathodic reaction occurs and the oxidant is reduced (Eq. 2). These electrons can either
combine with positive ions such asocreate negative ions.
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M M2t +2e (1) (Oxidation/anodic reaction)
2H*+2e  H2(Q) (2) (Reduction/cathodic reaction)
M+ 2H* M2+ + H>(Q) (3) (Global reaction)

The chemical mechanism of corrosion is regulated by the pH of the water film surrounding the metal.

The acidity or alkalty of a solution depends of the amount ofliydrogen) or OH(hydroxyl) ions

present. An excess of Mill make the solution acidic while an excess bfvlHnake it alkaline or

basic. The other ionic part of an acid or alkali added to water wiflustce pH but just other
properties of the liquid, such as its conductivity. Water itself dissociates to a small extent to produce
equal quantities ofttind OH ions displayed in the following equilibrium:

H,O0# H* + OHT

In acidic environments metadact with M ions of the solution producing hydrogen (E8). IThis
means that, compared with neutral water solutionggHoacidic water accelerate corrosion by
supplying hydrogen ions to the corrosion process.

In neutral solutions, these reactiomsbheawritten as:

M M2+ 2e (4)
H,O+ % 0,+2e 20H (5)
M+HO+ %0;+2e  M(OH), (6)

A factor that can increase the hydrogen ion concentration, even in pure water, is the dfssolution o
carbon dioxide (Cf Indeed, C@can react with water to form carbonic aciC(®d) and further
dissociate in bicarbonate and carbonate ions-@q. 7

CO,+ H,0f H.COs (7)
H,COsf HCO3+ H+* (8)
HCOs £ HCOgz + H* 9)

The corrosion of metals can also occur in fresh water, seawater, salt solutions and alkaline or basic media
but, in order to become significant, it needs dissolved oxygen. The source isf getygeally supplied
by the dissolution of the atmospheric oxygen in the water solution.

There are several possible cathodic reactions during the corrosion of metals:
Oxygen reduction:

Ot 4H*+4e  HO  (in acid solutions)

O+ H0O +4e 40H- (in neutral or basic solutions)
Hydrogen evolution: 2H2e H2(0)
Metal ion reduction: Mre M2+
Metal deposition: 2Mr2e M

Oxygen reduction and hydrogen ion reduction are very common cathodic reactions while metal ion
reduction and metal deposition are less common but can cause severe corrosion issues.
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Many anodic and cathodic reactions can occur during corrosion.imdeedsion processes of alloys,
all metal components can be dissolved as ions in the solution and then be oxidized. In the same way,
more than one cathodic reaction can occur at the metal surface which means that, for instance, acid
solutions that coain dissolved oxygen or that are exposed to air are generally more corrosive than air

free acids.

It is possible to have an indication about the reactivity of metals in aqueous solution looking at the
electrochemical series of standard reduction potéhthle1). These series are tables in which
oxidants and reductants are ordered based on their oxidising or reducing strength. The more the
electrode potential is positive the more the element oxidative power is high, the less it will be oxidized
and it wil resist to anodic process. Therefore, the more the electrode potential is negative the less will
be its oxidative power the easier will be to undergo anodic/oxidation processes.

Tablel. Standard reduction potentialgeEby decreasing ord§t]

Half-Reaction

E°

red

0,8 +2H" +2e = 0,(g) +H,0 2.07
H,0,+2H +2e =2H,0 1.776
Aut+ e = Au 1.68
PbO,+4 H +2e = Pb*+2H,0 1.467
Clig+2e—=2ClI 1.3583
0,+4H +4e-=2H,0 1.229
Pt*+2e =Pt 1.2
H,0,+2 e = 2 OH" 0.88
Hg* + 2e-=Hg 0.851
Agt+e = Ag 0.7996
Hg* +2e =Hg 0.7961
Cut+e-=Cu 0.522
0,+2H0+4e = 40H 0.401
Cu*+2e=Cu 0.3402
2H*+2e —=H, 0.0000...
Fe*+3e = Fe -0.036
Pb*+2e =Pb -0.1263
Sn* + 2e-=5n -0.1364
Ni* + 2 e = Ni -0.23
Co*+2e =2Co -0.28
Fe*+2e = Fe -0.409
Cr*+3e =Cr -0.74
In*+2e =1n -0.7628
Mn2* 4+ 2 e- = Mn -1.04
A+ 3e =A -1.706
Mg + 2 e-= Mg -2.375
Na*+ e = Na -2.7109
K+ee=K -2.924

In the upper part of the table there are, thusreamiive metals and in the lower part the more reactive

ones.

Corrosion thermodynamicd Pourbaix diagrams

The corrosion of a metal in contact with an electrolyte deeply depends on the environment pH and on
its oxidizing or reducing power. Generally, a metal can exhibit three different behaviours: inert, active or

passive.

A met al i
do not occur. When, instead, a metal has an active behaviour it reacts with the environment, corrosion
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mechanisms occur, and the resulting corrosiglugiis are soluble. On the contrary, when the metal is
passivated corrosion mechanisms forms corrosion products that are insoluble.

A useful tool to predict in which condition a metal is inert, active or passive is given byppbtential
diagrams, commonbgalled Pourbaix diagrafd$ The pH represents the acidity or alkalinity of the
electrolyte while the potential represents its oxidative power. Thanks to these diagrams it is possible to
foresee if corrosion can occur and to estimate the compositiercofrtbsion product&igurel).
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Figurel. Potentiad pH diagram of Cu in aqueous mediurag(hol-drms ) [5]

Two diagonal lines are traced on Pourbaix diagrams. The first one (a), that start at a potential of zero,
represent the following equilibrium

2H +2e$ H> ()

Below this line there will be the production of hydrogen. In the case of copper (Cu) diagram, this line is
located in the stability area of the metal which means that, in pure aqueous medium, there is no corrosion.

The second line (b) represatie following equilibrium:
2H.0f 0O2(g) +4H + 4e

Above this line the will be the oxidation of water and production of oxygen while below this line there
will be the reduction of the dissolved oxygen in the electrolyte. Therefore, the diss@lutioil 0

occur in agueous medium with dissolved oxygen in the solution at acidic or at severely basic pH. The
passivation zone is represented from the stability area® pHCuQ; and CuO.
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Corrosion rate

The limit of Pourbaix diagrams is to fores@lg whether or not corrosion will occur without any
information about the kinetics of the reaction. The rate of corrosion is defined as the mass loss per area
unit over time:

v

Y
570

oY

If the mass loss is constant over time it means that soluble corrosion products are formed due to the
interaction with the environment and that these products are washed away from the surface. In the case
of a decreasing mass loss, tleaepassivation process occurring with the formation of insoluble and
adherent corrosion products that protect the surface from further corrosion. If a damage of the
passivation layer occurs the corrosion will start again causing an increase oibtheaterros

The corrosion rate is also generally used to define the corrosivity of a certain environment. Indeed, the
higher is the corrosion rate the more the environment is corrosive. This evaluation is traditionally made
by exposing standard coupons amésuring the mass loss over time. Indeed, the norm 1SO 9226
defined the classification of outdoor atmospheric corrosivity based on mass loss of standard specimens
of carbon steel, zinc, copper and aluminium exposed for one year.

Another definition of corion rate in terms of the corrosion current dengifyi¢i calculated as:

0 zé

6'Y Ty o e~
€20

where a is the atomic mass, n is the valence change and F is the Faraday's constant. The corrosion current
density can be defined by electrochemical measurements such as polarization techniques or
electrochemical impedanceapscopy measurements. These measurements are particularly suitable
to evaluate the protectiveness of a surface against corrosion defining the corrosion rate of metal in
defined conditions.

In order to understand and evaluate corrosion processes goonrriretallic artefacts it is, thus,
important to consider both the thermodynamic aspects, that are usually defined by the chemical species
present in the environment, and the rate of corrosion, that define how and at what rate these species
corrode the ntal.
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1.2 Corrosion of copper and bronze

Copper is an essential element of our lives. Human beings used this metal since millennia because of its
numerous characteristics. Indeed, copper is a good conductor of heat and electricity. Therefore, it is
possible to find this element in electrical conductors and superconductors, in cookware and heat
exchangers. It also has good machinability that explains its use for the production of pipes and
architectural features. But the most relevant characteristitis f&tudy are its good resistance to
corrosion and the pleasantness of its patina. These latter features made copper and its alloys the widest
metals used for the production of sculptures, ornaments, monumental buildings and, in general, for
artistic crations.

Since 6000 B.C. the use of copper spread among-Eadtien and European populations. At first, it

was mainly employed in its native form for manufacturing small ornaments coexisting with the use of
stone, this letter remaining the primary resdor tools and weapons production. Then, between 4000

and 3000 BC, the invention of melting was made. It was discovered that, throughout heating process of
copper minerals (ores), metallic copper could be produced. Once developed, this extraation techniq
allowed the extensive use of copper without needing of its native form. The breakthrough happened
around 3300 BC with the manufacturing of bronze that gave its name to a prehistoric period, the Bronze
Age. It was discovered that the combination of tffereht metals made a resulting alloy with better
features than the one of each single element. The discovery of bronze was probably accidental but very
soon ancient metallurgists were able to intentionally extract copper and tin from ores and combine the
together to produce bronze alloy. Bronze characteristics are extremely superior to those of copper and
tin: it is significantly harder and has a superior tensile strength, which makes it perfect for the production
of tools, weapons and armours; it aldigood cold machinability and a lower melting point than its
constitutive elements and it has a good corrosion resistance. It was employed to produce measure
weights, water pipes, roofs, vessels, polished mirrors, razors and for artistic deceijaticitik

and sculptures. The use of bronze was continuous and widespread until the Iron Age, between around
1200 and 600 BC, when iron became dominant for tools production. However, the use of copper alloys
over the centuries continued for other agjiits, such as coinage and bell production, and bronze
remained the preferred alloy for the use in statuary.

The term oO0Obronzedé is used to describe a multit
with arsenic (arsenical bronze) and its ptioduwas probably fortuitous. In fact, copper minerals at

their natural form contain a certain amount of arsenic impurities and possibly during melt operations
this el ement was incorporated in the @ad. The
tin (10%) but it is possible to have the addition of other metals such as lead, zinc, aluminium, manganese
and nickel in different amount depending on the final use of the cast and on the production period. For
instance, the alloy for statuary piaitbn changed over the century, passing from a binary alloy of
copper and tin during the Bronze Age to arrive to a ternary (copper, tine and lead) alloy during the
classical age and quaternary (copper, tin, lead and zinc) alloy in contemporaryl$wifppestion

between the elements contributes to different properties of the cast.

The production of bronze artefacts has deep roots in history and that is why it is possible to find them
in several sites. Particularly, sculptures and architectoestslembellish many outdoor locations

while archaeological findings bring to light ancient artworks aftégrtanigurial. The surrounding
atmosphere in all these environments interact with the metal resulting in corrosion of the bulk and
possible lossfeshape and can lead, in severe conditions, to the complete loss of the artefact. The
corrosion of copper and bronze is closely related to the surrounding atmosphere and a brief description
of the corrosion mechanisms occurring to outdoor sculptureshaedcogical objects is given below.
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Corrosion of outdoor monuments

Outdoor artefacts undergo atmospheric corrosion, which is caused by the interaction of the metallic
substrate with the surrounding environment. Traditionally, outdoor environmentsrhalss$iéed
into four basic types:

UrbarandIndustrial both are characterized by the presence of two main classes of pollutants, sulphur
compounds such as sulphur dioxide;S@d nitrogen oxides (N In presence of moisture and
oxygen they generatdfuric and nitric acid that are the major cause of acid rain. The additional presence
of dew and fog results in the formation of an acid film on exposed surfaces that enhance corrosion.
Furthermore, the presence of other corrosive pollutants, sudbraeshmay lead to more active
corrosion.

Marine this atmosphere is characterized by the presence of salt crystals deposited on the exposed
surfaces. The amount of the crystals can vary depending on the weather conditions and can results in
extreme capsion. Indeed, the high presence of chlorides made this environment highly corrosive, in
particular if there is the ppesence of urban or industrial pollutants. The harshest condition is
represented from the areas where sea splashing and heavyssegspsat. This condition increases

the presence of salts and adds the detrimental corrosive effect of wet and dry cycles on the exposed
surfaces.

Ruralrural environments do not contain strong chemical contaminants and are the mildest atmospheres
resuting in slow corrosion rate.

As just mentionethe most important atmospheric compounds that can affect the corrosion of copper
based alloys are:

- Moisture;

- gaseous molecules: oxyges),(Sulphur dioxide (S nitrogen dioxide (N£) hydrogen
chloride(HCI), hydrogen sulphide £$), carbon dioxide (GQammonia (Nbj, nitric acid
(HNO3), ozone (@), hydrogen peroxide {6) and formaldehyde (HCHO);

- particulate matter: sodium chloride (NaCl), ammonium sulphatepSMIHNHHSO,),
ammonium chloride (NLCI) and sodium sulphate (S@).

All these compounds can affect the corrosion mechanisms but their synergy appeared to be much more
relevant for the corrosion rate. In particular, the combined effect,,0NSg) Oz, moisture and
particulate matter, duas NaCl, may be highly aggrd&ive

Moisture is the most important element for atmospheric corrosion and its presence or absence can be
significant to understand outdoor corrosion. Indeed, the highest the moisture content in the atmosphere,
the highesthe corrosion effects on metallic surfaces. On the contrary, in absence of moisture little or
no corrosion effects will be observed, even in highly polluted atmospheres. The presence of moisture
can occur in form of rain, dew or high relative humidity. (Rt¢ RH present in the atmosphere, as

well as dew, can form a thin water layer on ctyaged surfaces. It is worth mentioning that all the
potentiallycorrosive gases are water soluble as well as a part of atmospheric particulates. Therefore, the
waterlayer present on the metal acts as a solvent enhancing the corrosion processes. Frequent rain
washing can, instead, contribute to dilute and wash away surface contamination. It is particularly
important to know the time during which a corrosionulating liquid film exists on the surface, the
so-called Time of Wetness (TOW). Indeed, the chemical reactions endangering the metal substrate occur
inside the liquid layer while the surface is wet. Hence, the longer the TOW, the harsher cbrrosion wil
occur[7]. TOW is an estimated parameter based on the length of time when the relative humidity is
greater than 80% at a temperature greater than 0°C and can be expressed as the hours or days per year
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or the annual percentage of time. Also, the wetitihgrging cycles occur at the metal surface changing
the pH of the water layer from neutral or slightly acidic in high liquid layer thickness to highly acidic in
low liquid layer thickneps.

Gaseous molecules have great importance in the corrosiqperf &@od bronze outdoor artefacts.
Indeed, the first corrosion product that is formed is a passivatingdi@rkrange red layer of cuprous
oxide CupriteCuyO) due to the interaction between copper and oXx9pé&is layer is formed within
secondsfter the exposure to the environment which means that copper alloys start corroding from the
moment of their production. Cuprite continues to grow during the entire artefact lifetime and it was
found that, on an average, it represents half of the tote pwiss of copper corrosion products,
regardless the composition of the exposure enviroftB¢m less abundant copper oxide is the dull
blacktenoritg€uO).

In polluted atmospheres, harmful compounds are those containing sulphur, particuladipgidphu
In presence of moisture and oxygen, sulphur dioxide is oxidized into sulphuric acid that dissociate in
water forming sulphate ions:

SO+HO0+% 0, HSQ

HSQy  2H* + SO2

Thereafter, cuprous oxide reacts with sulphate ions forming basic copper hydroxysulphates:
X/2 CwO + SO2 + yH* + nH:0  Cu(SO)OH),aH,0

Basic copper hydroxysulphates are the main copper corrosion products identdiedmal imdustrial
environments. Based on their composition they are clasgifi@d43

PosniakitCu(SO)OH)ed-0): Blue to dark blue. It is the hydrated form of brochantite and its
precursor. Mainly found in unsheltered conditions.

Brochant({f@w(SO}OH)e): Greerbleu.lt is nearly always the most common component of the green
patina formed on copper after long atmospheric exposure. It can be found in both sheltered and
unsheltered conditions

AntleritdCw(SOXOH)4): Deep green. It is stabterore acidic conditions than brochantite. Some
evidence showed that antlerite may form at earlier stages of the patination process than brochantite. It
is suggested that acid rain is converting brochantite to less protective antlerite, which iptitbee susce

to erosion. Mainly found in sheltered conditions.

The stability conditions for each compound are indicated in the Pourbaix diagram specific for the system
Cud SQ6 H20 (Figure2).
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Figure2. Pourbaix diagram for the systend@0: 6 H-0 at 20°Cwith 46 ppm of SQ[12]

Another group of pollutants that is, as a matter of fact, the most harmful forbamapkartefacts is

the one of chlorinreontaining species. Chloride ions are predominant in marine environments and in
presence of moisture andygen can form hydrochloric acid that react with copper ions to form
nantokite (CuC[L3, 14]

4Cu +4HCI+Q  4CuCl +2HO (10)
Thereafter, the hydrolysis ofhtwkite can occur and form again hydrochloric acid and also cuprite.
2CuCHHO  CwO +2HCI

At this point the chemical pathway can follow two directions: hydrochloric acid can react either with
copper and form again nantokite (Eq. 10) or with cuprouwesfoxiding copper hydroxychlorides (Eq
11), generating a cycling reaction.

2Cy0 + 2HCH+ 2H,0 + O, 2CuCI(OH)s (11)
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The most common copper chlorides corrosion produdisCarkl, 14]

NantokitéCuCl): From grey to pale green. Itis the precursor of atacamite, paratadzotétéaahite.
It is usually found at the interface between the metallic bulk and the cuprite.

Atacamit€wCI(OH)): Powdery, green to yellgveen. It is soluble in weak acid. Usually is present in

same amount or more abundant than brochantite in raariasphere. It is not found on specimens
exposed for short periods. Mostly detected in sheltered areas.

Paratacamde clinoatacan{i@eCI(OH)): Powdery, dark green to greenish black. It is an isomeric

compound of atacamite. The uncertainty in the izadue to the identification of its crystalline form
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(rhombohedral or monoclinic). Its presence is temporary and it eventually converts to atacamite. It is
not found in patinas corresponding to long exposures. Mostly detected in sheltered areas.

Botalladle (CwCI(OH)): Powdery, green. Monoclinic isomeric compound of atacamite. Is the least
stable of the three isomers and it has been identified mainly in buried environment.

The stability conditions for each compound are indicated in the Pourbaixsgiagifanfor the system
Cud CId H20 (Figured).

The presence of these cyclic reactions on the ar
kind of corrosion lead to the progressive deterioration of bronze since cuprous chloricemaeinally

dormant in proximity of the metallic surface, below the other corrosion products, until moisture and
oxygen trigger again the reaction. Furthermore, copper hydroxychlorides have a bigger volume than
nantokite and create physical stress inside jéad pdsulting in cracking and fragmentation. Bronze

disease is easily identifiable from the presence of loose, powdery, light green excrescences within the
surface, that can be easily leached from rain water. Eventually, the presence of bronzdeadidease can

to the complete loss of the objdag(red).

©Spoilheap Archaeology

Figured. Roman coin affected by bronze disease

A group of pollutants often present in urban and industrial atmospheres is the one of nitrogen oxides
(NO,) that form nitric acid, which is a comporgéraicid rain. Nitric acid can react with copper forming

copper nitrates. However, copper nitrates were rarely identified as natural corrosion products on
artefacts since they are water soluble and would be washed away from the surface. Nevertheless, copper
nitrate salts are common components of artificial patinas for copper alloys since green patinas are often
created using nitric acid or sodium nitrate. Thergfereardti@J,(NO)3(OH)s, the most common

copper nitrate mineral, can be detected on outdatemporary artworks artificially patinfitd

For many years, the corrosion of bronzes has been associated to corrosion of pure copper. This was due
to the outcome of several studies performed on outdoor sculptures that reported only the presence of
copper corrosion produdiss17] It was usually considered that tin, less noble element than copper,
would dissolved first leaving a copper matrix to react with the environment. In 1991, Robbiola described
two main corrosion mechanisyh8}

- the formatio of a deposit on the bronze surface due to the high concentration achieved by
copper ions or copper species. This external deposit, made exclusively of copper products,
would become thick and protective and the dissolution of the alloy would be ctnsiderab
decreased. In this case, the corrosion rate depends on the diffusion of copper ions from the
alloy towards the external surface.
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- the consumption of copper ions or copper species by the external environment (rainfall). In this
case the deposit is notdéa porous, not adherent and formed by both copper and tin corrosion
products. The deposit is not protective and after the removal of this layer by rainfall new copper
species will be dissolved from the alloy and washed away. This is a cyclic mechanism of
corrosion promoted by the rainfall that bring to the complete dissolution of the alloy.

These two mechanisms describe the corrosion of bronze alloys and reported tin corrosion products as
component of the patina but they were still not complete. A&lhogrds, such as tin, lead and zinc, have

an important role in bronze corrosion processes. In particular, copper and tin corrosion products can
both activate and passivate bronze corrosion profE$86% Furthermore, the surface exposure to

rainfall isof great importance to understand corrosion thermodynamic and kinetic. Indeed, two main
surface categories can be distinguished: exposed to rainfall (unsheltered areas) and protected from direct
rainfall (sheltered areas). The first ones generally arefrpatbegreen corrosion products (mainly
brochantite and rarely antlerite) that surround small black[@ldrielemental analyses revealed that

these compounds have a high elemental tin concentration. Sheltered areas are made of green deposits
(brochantite and rarely antlerite) and/or opaque black crusts that contains atmospheric particles. These
areas have very low elemental tin content. According with the kind of surface, two different corrosion
pathways can be envisaf@d The first two stepseshared and consist in:

1. the selective dissolution of copper with the contemporary formation of tin oxide. Tin oxide is
usually stable over a large pH range and remain in the inner part of the corrosion layer while
copper corrosion products, as coppeattassican be found on top of it

2. the increase of the copper patina thickness according with the local atmosphere composition.
This step is controlled by the diffusion of copper ions from the bulk to the outer patina layer.

The third step is the one mainfjuanced by the surface exposure conditions. In unsheltered areas, the
deposit of corrosion products is washed away and the surface is susceptible to further corrosion. The
corrosion process is cyclic and related to precipitation frequency.

From the rairexposed surfaces soluble copper compounds are leached. The deposit described in the
second step is progressively destroyed. Therefore, the artefact surface undergo again the first step of the
corrosion process (i.e. selective dissolution of copper andlioxédation of tin of the first step). The

corrosion proceeds from a cyclic mechanism that is strongly correlated with the precipitation frequency.
Some studies investigated the nature of pale green patinas from unsheltered areas of outdoor quaternary
bronze monumen{22-24] They revealed that the dissolution process in unsheltered areas depended to
repetitive pH drop due to the rainfall that destabilises the patina. Furthermore, the corrosion processes
are related to the selective dissolution of copiperand lead and to the surface enrichment in stable,
poorly crystallised tin species in the form of ShOx(OH)y. The amount of dissolved copper and zinc is
proportional to their concentration in the alloy, independently of the tin content. Nevednitieless,

respect to Cu, a preferential corrosion of Zn and Pb occur. Also, it appeared that the instability of the
patinas that underwent to acid rain precipitation is more probably related to the loss of properties of tin
species and their dissolution rathan to the transformation of copper compounds. Indeed, in such

acidic conditions they are unable to act as a stabilising structural agent.

In sheltered areas, the corrosion follows a different mechanism. In stagnant rain condition, the surface
is periodtally subjected to wetting, stagnation and evaporation of wet deposition, with a consequent
change in pH. The outcome of a research on atmospheric corrosion of quaternary bronze in stagnant
rain water[25]revealed that the oxidation of bronze is govdipetiffusion through a porous layer

that is formed at the beginning of exposure and grows during time. The patina consists in two layers: an
external layer mainly formed by copper and lead corrosion products and an inner layer enriched in tin
and difficul to detect by surface analyses. In this kind of surface exposure tin compounds are not

27



28

Chapter 1 INTRODUCTION

dissolved and remain as passivation layer at the interface with the alloy. It seems that Pb corroded
preferentially probably because of its solid immiscibility iopjher enatrix that create globules which

act as sacrificial anodes. In this condition, the amount of Cu and Pb remaining in the patina are higher
than in unsheltered areas while Zn dissolved in the environment regardless the exposure conditions.

To summaris, the atmospheric corrosion of bronze and copper alloys is related to several factors.
Indeed, it is closely related to the type of exposure environments (urban, industrial, marine or rural),
which are influenced from content of moisture and pollutaists. iA depends from the bronze
composition in terms of alloying elements and from its surface exposure to rain precipitation. It is thus
important to consider all these variables when approaching an outdoor artefact for a censervation
restoration interveion

Corrosion of archaeological artefacts

Archaeological artefacts undergo important corrosion processes during their period of burial. Therefore,
the properties of the soil have an important role in the understanding of corrosion mechanisms.

Soil is araggregate of minerals, organic matter, water, and gases (mostly air). Different types of soils
have different proportions of these components. In particular, the texture of a soil depends on the
distribution and size of mineral particles. For exampsewgbila high proportion of sand have very

limited storage capacity for water, whereas clays are excellent in retaining water. The properties of the
soil also vary as function of depth.

The corrosion rates in buried environment are usually influenciégimpsdies such as water content,
degree of aeration, pH, resistivity, soluble ionic species (salts) and microbiological activity [1].

As for outdoor environment, corrosion can evolve in buried environment only if there is the presence
of an electrolytan this case water. Water movement in soil can occur by gravity, capillarity, osmotic
pressure (from dissolved species), and/or electrostatic interaction with soil particles:hidiéingater
capacity of a soil is strongly dependent on its textureeGaads retain very little water, while fine clay
soils store water to a high degree.

Also, oxygen, as previously mentioned, is important for corrosion mechanisms. In coarse and dry soils
the transport of oxygen is more rapid than in fine, waterloggegddekxcavation can increase the

degree of aeration in soil and usually the corrosion rate in undisturbed soil is lower than in disturbed,

highly oxygenated soil. Oxygen concentration decreases with depth making the conditions anoxic and
corrosion diffialt to occur. However, the presence of anaerobic microbes such asrsdiptiate

bacteria (SRB) can lead to high corrosion rate. The degree of aeration in soil is indicated with the redox
potential. A high redox potential indicates a high oxygen level.

In soil pH usually varies between 5 and 8. In this range its effect is not dominant on corrosion
mechanisms but some factors as mineral leaching, decomposition of acidic plants, industrial wastes and
acid rain can have a great effect on the corrosio®matee contrary, alkaline soils with high contents

of sodium, potassium, magnesium and calcium, form protective deposits on buried artefacts.

The corrosivity of a soil can be indicated by its resistivity. High soil resistivity usually slows down
corrosiorreactions since ionic current flow is associated with corrosion. The increases of water content
and of the concentration of ionic species usually reduce the resistivity of the soil. Nevertheless, a high
soil resistivity alone does not guarantee the ingcoficorrosion processes.

The burial condition of bronze artefacts is usually of the order of hundreds of years, much longer than
when artefacts are exposed outdoor. Therefore, even if the main parameters that influence the corrosion
processes are thergg the extent of the corrosion processes and the products formed differ. Several
studies were made in order to model the corrosion rate of buriedailmysebut resulted to be



Chapter 1.2 Corrosion of copper and bronze

inadequate for such long burial periods. Nevertheless, in 1998, Robpasdadpa convincing
phenomenological model of bronze-8ualloy) corrosion based on several observations reported for
archaeological obje¢®6] The model was divided in three main corrosion steps:

- Phase 1: an initial fast step of alloy dissolutiachdads to the formation of a surface
corrosion layer

- Phase 2: a propagation step controlled by migration of ionic species through the deposits from
the alloy to the soil and vice versa. During this phase the corrosion rate decreases with time
down to vales close to zero reaching a steady phase.

- Phase 3: possible corrosion resumptions during ageing of the previously formed structures

The first two phases are much shorter than the third one since the reaching of the steady face is rapid
compared to the tat burial time.

The structures of the corrosion layers were also analysed and divided into two main types (Type | and
Type Il). Depending on the structure type the resulting corrosion products of each phase differed.

I n Type | strucdaweress urafl some déefarmedp assiove | ayer
alloy oxidation with the formation of an inner amorphous tin oxides layer associated to copper oxidation
(CuO) and also to copper dissolution. The copper portion dissolved in the esviraam
reprecipitate onto the surface as cupric compounds, hydroxycarbonates, hydroxychlorides, or others
copper minerals depending on the ion species present in soil. This precipitation usually forms a porous
outer layer. Therefore, during the first plidghe Type | structure there is the formation of a passive

layer enriched with tin compounds and thedihinterface corresponds to the original object surface.

Phase 2 corresponds to the growth of the corrosion layer through the previously $sivectdigpasit

until steady state is reached. Deviations of the Type | basic model have been observed probably due to
the ageing of the corrosion layers occurring in phase 3. Indeed, during phase 3 chemical modifications
can occur inside the corrosion laydre to the evolution of the archaeological soil over time. Cracks

can also occur inside the corrosion layers with the increase of the localized corrosion rate due to the
rupture of the passivating layer. The colour of the patina in Type | structoreslé&ead to the tin

content in the alloy but mostly to the nature and amount of soil elements. Furthermore, since no soil
elements such as Si, P or Cl are contained in the irareidived layer, the formation of the outer layer

is probably a secondatgp. An important feature of this corrosion structure is that it well preserves the
original surface of the artefact as well as th
or grain boundaries originally present in the alloy.

InTypel structures, also defined as oOcoarse surf
observed because of the severe initial alloy dissolution that leads to a strong local enrichment in copper
cations. This is due to the aggressiveness of ttemarant or to the presence of heterogeneities in the

alloy, in the environment or in the geometry of the artefact. The external patina is rich in copper
corrosion products, such as@and green cupric compounds and the formation of these compounds
resuls in a porous barrier layer which limits alloy dissolution in a second step. During this phase, also
tin compounds are formed in the internal layer mixed with cuprous oxide. Nevertheless, in the inner
layer there is usually also the presence of somigleshidrheir accumulation in this layer is an
autocatalytic process, similar to bronze disease and that follows the reported reactions:

Cu+Ct CuCl+e
CuCl+xQ  xCuO + CIF + (1-2x) Cu
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In phase two the kinetic of the corrosion process is thus controlled by the migration of negative species
from the soil, mainly oxygen and chloride ions, which lead to the formation of the orange to br

inner layer enriched in tin and chlorine underneath the red cuprous oxide layer. As for Type I, the phase
3 of Type Il structures corresponds to the ageing of the corrosion layer, such as the transformation of
cuprite into malachite, or the rupturehaf corrosion layers.

These models allowed to explain a great number of observations reported in the literature for bronzes
dating from many periods and excavated from very different environments.

As just mentioned, the corrosion products common to efth@g are cuprite and tin oxides. These
corrosion products are usually covered by other copper minerals according with the ion species present
in soil, such as HGQ SQ2, Ct and HPOs. Nevertheless, basic copper carbonates and copper
chlorides aréhe most abundant.

Copper chloride minerals founded on archaeological objects are the same ones found on outdoor
monuments (nantokite, atacamite, paratacamite and botallackite) and their description and formation
mechanism had been previously discussed.

Two important basic copper carbonates are commonly found as corrosion fir2ducts

Malachif®€uCQ a C u ):(t forrh¥ a compact, stable, green patina on top of the cuprite layer. It is
one of the most common patina formed in almost every burial eresitoAs mineral it is an important
copper ore and was used in ancient world to extract pure copper.

Azurite(2CuCQa Cu »): dgepibhlue copper mineral usually associated with malachite and cuprite.
Less common as corrosion product compared with melacie to the specific thermodynamic
conditions needed for its formation.

Both minerals can be formed by the action of water charged with carbon dioxide. Azurite, as less stable
than malachite, can be converted to it in presence of moisture due tacéoberoflioxide. This
transformation is promoted by an increase of temperature at alkaline pH. The Pourbaix diagrams for the
system coppawater -carbon dioxide illustrate the formation of both spdeigsrés). The presence

of azurite is reported ordypove CQconcentration of 4400 ppm while malachite is formed already at

44 ppm. The increase of carbon dioxide content results in the stabilization of malachite over tenorite
and cuprite at high pH values. As the amount of carbon dioxide increase®eapunigs the stable

product instead of malachite.

To summarise, ifrigure6 the main corrosion products formed on outdoor monuments and on
archaeological objects are showed.
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1.3 Current treatment$7]

Corrosion can lead to serious damages of metallic artefacts. Thamefervation treatments are

required in order to preserve the artistic and historic values of the objects. Indeed, the research for
appropriate protective systems began in the ancient world, when natural waxes, oils and resins were used
to protect coppealloys from corrosion. Nowadays, different strategies are applied in order to avoid or,

at least, to decrease corrosion mechanisms. It is possible either to isolate the metal from the aggressive
environment using coating systems or to try to decreasertfséon rate modifying the metal reactivity

to the environment using corrosion inhibitors. Nevertheless, these materials are usually developed for
industrial purposes and often cannot be used on heritage metals without careful evaluation. Indeed, in
orde to be applied on cultural heritage, conservation products need to fulfil several red@i8ements

291

- none or minimal aesthetical impact

- reversibility, or at least retreatability
- longterm and predictive performance
- easy application

- non-oxicity

Moreower, most of the time conservation treatments are required to have high performance on porous,
uneven, fragile and chemically unstable metal surfaces while industrial coatings are usually applied on
bare polished metals. T hie ethicadlymrmtvveell peroeived by thes t o r i
conservation community unless their nature is ¢
and its details need to be revealed. Therefore, conservation products need to be developed also
considering thpatinas features.

The most used coating systems and inhibitors for copper and its alloys conservation are here presented
with the addition of new approaches recently developed.

Coatings

Conservation coatings act as physical barriers in order to adaiekctheontact of gas, moisture and
particul ates with the artefactsd surface, of f ¢
avoided. They are extensively use in conservation practice but, due to the nature of the treated surfaces,
their appliation often results in a large number of imperfections. Furthermore, due to lack of
standardized application protocols, it is difficult to identify the best coating for each environmental
context. In order to better perform, coatings need surface poepauati as the removal of soluble

corrosion products and pollutants by cleaning. They can be used alone or in combination with other
products. Brostoff and de la [88]proposed a muitayer system made of primer, main coat and top

coat. The primer enhees the adhesion of the main coat to the surface, the main coat provides the
protection from the environment and the top coat is used as a sacrificial layer.

According with their chemical nature, coatings can be divided in acrylic coatings, wares.and sil

Acrylic coating

One of the most wused acrylic coating for gener
[31] made of a methyl methacrylate and ethyl acrylate copolymer. It is considered reversible even after
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long time and it can be aggl not just as coating but also as consolidant and adhesive, explaining it
extensively used in conservation practice, particularly for archaeological objects. Nevertheless, after long
term exposure it results to fail at object edges resulting in Sithoosion that makes its application
problematic on objects with multiple and thin edges.

Anot her extensively wused acrylic coating is I n
methacrylate and butyl acrylate copolymer), benzotriazole (BTA) as t¥r absb epoxidized
soybean oil as levelling ag&g I ncralacE is used both for archae

its use change the aesthetical appearance of the objects, darkening the surface. The protective efficiency
of this treatment resall to be satisfying for fresh applications but after natural ageing it resulted in poor
protectiveness, giving the same electrochemical results as untreated32{irfaces longerm

performance was also point out in &ddrs aged treatm¢b®] In fact, it was highly insoluble and

completely cracked. Usuall vy, before I ncralacE t
inhibitors as benzotriazol e. Nevertheless, for
terms of protectionlow maintenance and reversibility. Despite that it is still used for outdoor
applications while for archaeologicpBl objects it
Waxes

On outdoor monuments, microcrystalline waxes are currently used to omddrand smooth the

corroded surfaces. Nevertheless, waxes are also used on ethnograBig] Mb&isnost common
commerci al waxes are Cosmoloid 80HE and Renai ss:
considered a better option for the pridtecof outdoor bronzes but they are also often used as topcoat

for underlying acrylic layer. Indeed, a multilayer system can have an enhanced protection because of the
synergy between a corrosion inhibitor used as primer, usually BTA, a centrayexcryiiairily

| ncral acE, and a microcrystalline wax as top ¢
permeability and transparency waxes could be considered ideal candidate for the treatment of heritage
metals. However, several studies have demedstrat their use should be more carefully evaluated.
Reversibility issues can be experienced and the application of wax coatings for archaeological objects has
been discouragg¢d3] Furthermore, waxes used on outdoor monuments have a short lifetime, poor

barrier properties, and susceptibility to photodegradation, as well as a high volatile organic compound
(VOC) content and removal difficultigg#36] A study from 2015 gave recommendations to
conservatarestorers as the reapplication of waxes ateamahof less than 9 months and application

of thick films, 10200Qm ideally or as thick as possiBi§ Also, aged wax films contained oxidation

products that could enhance the corrosion of the underlying metal since they are polar and more acidic
than fresh waxes.

Silanes

The use of silane in conservation practice is recent compared with waxes and acrylics and many studies
have been conducted in order to find an appropriate formulation to use on heritage artefacts.
Organosilicon compounds are gdgdrophobic and transparent coatings often used for industrial
purposes capable to create strong bonding with corrosion products. Alkoxysilanes can be used as
coupling agents in order to apply silaned materialsge} podcesses. This process can benarised

as the creation of an oxides network by polymerization of a monomeric precursor in a liquid medium.
The advantages of gl coatings are the possibility to produce thin films on complex shapes, the
absence of toxic waste and of washing steptratiément and the use of environmentally friendly
compoundg38] They can be applied by brush, spray or immersion. Also, the addition of inorganic
particles such as Si@r TiO, enhances barrier properties of silanes reducing water permeability and
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alsoincreasing their reversibility. The need of decreased water permeability is due to the fact that the
bond SiO-M it reversible by hydrolysis and thus, when water reaches the interfatimmaetdle
protective features of silane coatings are evefdgallhe use of a thicker film is not an option for

silane coatings since the layer become then brittle and difficult to apply.

One of the first applications of orgaimicrganic copolymer system on bronze was the product
Ormocer E. I n tparbonedabeterrthan vwares busthe mietal surface was darkened.
Furthermore, it needs the use of methylen chloride to be removed, which is a highly toxic solvent. Hence,
the use of this product should be evaluated under ethical prospective-AREEEIH project (EU

6FP, 2002 009) =evaluated, among ot hers, silane coat
waxes. This study showed that the tested sil ane
as previously discussed, has poortknngprotective features. However, these silane formulations
performed less than waxe8] The project PROMET (EBFP, 2002008) also tested silanes but all
materials failed over the tested pdd0H Works from 2013 and 2015, showed good preliminaltyg res

obtained from PropSH (3mercaptepropytrimetoxysilane) on quaternary bronzes exposed to a 3.5

wt.% NaCl solution or a concentrated artificial[#din42] Nevertheless, in order to have an almost
complete polymerisation a curing time of 30atagem temperature was needed. However, even with

a curing time of 10 days at room temperature the treatment achieved good protective capabilities after
ageing tests. The protective efficiency of the silane-Bop&@s further tested on artificiallydage
substrates to reproduce corroded patina conditions in stagnant and runoff artificial rain ptinditions

42] It appeared that the silane coating was less efficient when exposed to runoff conditions than to
stagnant rain conditions. However, it limtteal formation of corrosion products and the colour
alteration of the exposed surfaces and reduced as well the metal release in the artificial rain. The coating
appeared to be a selective barrier towards the metal release acting more efficiently teleaséd Cu

than Zn release. Also, the exposure conditions had an influence on the Pb release that was higher under
runoff exposure. The same orgaitane was also evaluated for its response to UV radiation and
temperature cycles in humid conditi@® Results showed microscale cracking and flacking during
natural exposure but this phenomenon was reduced.iam@&dded formulation. After thermal/UV

cycles in climatic chamber the treated samples showed a visible yellowish colour variation. Better results
were achieved in terms of photostability in presence phai@particles that probably absorb UV
radiation.

It seems that, in order to fulfil the ethical requirement for application on heritage materials, further
investigation on silane coatings needetpdsformed. However, they could be a good alternative to
traditional protective systems used on cepgmrd artefacts.

Corrosion inhibitors

According with | SO standard 8044, corrosion ir
decreases thercosion rate when present in the corrosion system at suitable concentration, without
significantly changing t he cl[@nAsemiousty mendonedof an
corrosion inhibitors can be used alone or as part of a protectil@yenutystem combined with

different coatings. As well as for coatings, the use of corrosion inhibitors for heritage metals has to deal
with the ethical requirements of minimal aesthetical alteration, reversibility or-aekeasility, non

toxicty, application ease and predictive performance. The toxicity issue is currently a central part in the
development of new corrosion inhibitors since the products used so far are toxic for the operators and
the environment. Indeed, many efforts were maaiden to find less toxic alternatives, possibly using

natural products. Corrosion inhibitors are able to form stable chemical bonds with the patina limiting
the eventual reaction with external corrosive agents. Most of the time, the film that theth@érm on
treated surfaces is so thin to appear visible. However, there are cases where visual changes are clearl
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perceived. However, the low film thickness applied renders such films ineffective against mechanical
stress and therefore they are often covgrédther coating layers in outdoor environment. The main

use of copper corrosion inhibitors in the field of conservasboration is in presence of copper
chlorides (bronze disease) in order to decrease the corrosion rate. Indeed, most of tlesitme corr
inhibitors are tested in presence of chlorine. The inhibition mechanisms can involve either the anodic,
cathodic or both reactions.

Benzotriazole (BTA)

As mentioned above, the most used corrosion inhibitor for dmgget alloys is 1,h8nzotriaale

(BTA). No tested protocol has been produced despite it is employed since more than 50 years. The most
common recipes are solutions of 3% of BTA in ethanol or 1% of BTA in water. Regarding the
application method, BTA is applied either by brush, by siomef objects under vacuum conditions

for few hours or by soaking objects for severa[2ifyBactors such as the condition state of the object

(in particular the oxidation state of its reactive surface), the potential, temperature, pH, content of
chlorine and oxygen can affect the reaction between BTA and copper. In fact, the nature of the
complexes formed when BTA is chemically absorbed on the metal depends on the copper oxidation
state (i.e. Cu(l) or Cu(I[¥4] The study of BTA inhibition mechsemi, described for the first time in

1963, and its application in conservaggioration vaunt a vast scientific literature even if conflicting
evidence and opinions about its effectiveness have bed31ai4gsll] It seems that BTA efficiency

is lower on copper alloys than on pure copper. Indeed, there are some concerns about its effectiveness
on bronze disease since the cupric chiBiidecomplex layer formed upon treatment would only be
superficial and therefore subject to eventual disruptioreactil/ation of the corrosion processes
underneatiti52] The low pH condition necessary during application has been proposed to explain the
several failures against bronze disease corrosion processes. At low pH BTA molecules would be
absorbed by the suréabut no complexes would be fornje8] Furthermore, on tienriched parts

when reacting with CuCl, BTA produces a {gesn thin coating that cause darkening of the surface

and has low efficien{g7, 54] On outdoor sculptures, the use of BTA reqérieggient maintenance

due to the water solubility and low vapour pressure of BTA that may be washed away by rainfall.
However, the most controversial argument about the extended use of BTA is its toxicity. As reported
by Cano and Lafuenfg5] some autherreferred to benzotriazole as an environmental and health
hazardous product recommending to handle it witljl&revhile others are incline to describe it as
slightly toxic. Numerous studies have been conducted in order to produce less toxie titémativ
moleculd5, 5661] Nevertheless, most of these molecules did not perform as well as BTA during
performance tests.

Carboxylates

Sodium salts of carboxylic acids have been studied in the last decadesi@sdonsion inhibitors.

Indeed, sodim carboxylates (GfCH.)...COONa, n = usually C10 or C12) have been used on copper

in order to form copper carboxylates. The first tested carboxylate molecule was sodium heptanoate
showing good corrosion inhibition as well as sodium decanoate. Reassit edso focused on the
combination of carboxylate functional groups with azole and thiol groups derivative but their
effectiveness needs to be further investifg2¢dlso, carboxylates were tested on bare and artificially
corroded bronze coupons hbhey resulted to be soluble and with poor protective features against
moisture and gaseous pollutdf8 64] However, the use of carboxylates is mostly focused on the
inhibition of iron, lead and zinc corrosion.
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0Green inhibitorsbéo

In the last decadethe interest about alternative sustainable and safe corrosion inhibitors increased.
Products from plant extra¢é5-68]and amino acidé6973]have been studied even if no tests on real
objects have been conducted so far. These products benéfieakthavailability and Amxic nature

as well as their natural biodegradability. However, they present the drawback of their complex nature
and high variability. Recent works also focused on the use of expired medical drugs to inhibit corrosion
mecharsm. Among others, domperiddiid]and several antibiotif&] were tested even if serious
concerns about the possibility of an increased antibiotic concentration in the environment and their
harmful effect on bacterial resistance could be raised.

1.4Biotechnological innovative approach

In the field of metal cultural heritage, the corrosion layers on an artefact, naturally or artificially generated,
is defined as patina. This term has another signification in the field of geosciences as biofilm (or
biopatina), referring to an aggregate of microorganisms in which cells, that are frequently embedded
within a selproduced matrix of extracellular polymeric substance (EPS), adhere to each other and/or
to a surface. Finally, when microorganisms and thabalitets interact with a surface, forming new
inorganic compounds, those compounds are referred as biogenic patina, indicating their biological
formation mechanisms rather than due to purely chemical (abiotic) reactions.

These three definitions are impatfar the understanding of this thesis. Indeed, throughout this work,
the term obiopatinad will be used to refer to
of a protective biogenic pati na devdlopanfalemdtive t he
biological conservation treatment on copyased artefacts using selected microorganisms.

Some fungal species are known for their ability to produce oxalic acid in order to immobilize of toxic
heavy metals and, therefore, detakdir environmentg¥6-78]Indeed, free ions of toxic metals can

be complexed by oxalic acid forming biogenic high insoluble crystals of metal oxalates reducing the
toxicity of the mediurfv9, 80] Biotechnology already exploited this ability to imaehiiavy metals

in the field of waste treatmg81-83] This ability can be used to modify existing corrosion products

into more stable and less soluble compounds while preserving the artefacts physical appearance. Indeed,
instead of use a sacrificiabtags organic coatings mentioned above, this research aims to produce
passivating compounds having the same composition as naturally occurring copper minerals (inorganic
materials) enhancing the compatibility of this treatment with the corroded swafsefaat$. The

presence of copper oxalates as green patinas was already discovered on outdoor bronze artefacts but not
associated with active corrogitii} Furthermore, copper oxalates are known to be extremely stable in
polluted atmospheres with ac@diaditions (pH 3), providing good protection to cojmased artefacts

[84, 85] Therefore, the biosynthesis of these min
biotechnological innovative approach to the preservation of outdoor corroded bronz

The oObiopatina projecto6é st aARTECH project (ERBFP,23005 n t he
2009) which was followed by a second project, BAHAMAS (Biological patinA for arcHaeological and
Artistic Metal ArtefactS, EUFRIEF, 20162012).

During tre first project (ELARTECH), a new approach was proposed, considering the compatibility
with the inorganic corrosion products present on monuments and the toxicity of the treatments
commonly applied. In fact, organic coatings such as waxes, acryl@mdesorsosion inhibitors,
traditionally used in industry, are used without adaptation to the conservation field and may not be
compatible with the corroded inorganic metal subg8&ieEhese products simply create an artificial
barrier against aggressenvironments, a sacrificial layer that needs frequent maintenance in order to
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fulfil its protective role. Furthermore, the use of organic treatment implies some disadvantages: as
previously mentioned they need frequent maintenance; also, they ifatgcdasdening (wax), shiny

aspect of the treated surface and brittleness of the film (acrylic resin) and the most used corrosion
inhibitor, benzotriazole, is toxic and a-lwadwn human carcinogi6] Therefore, the possibility to

produce biogenic cppr oxalates to protect metallic artefacts was proposed. During this study, five wild
fungal strains were selected for their ability to produce oxalidspadgillus nigeenicilliursp.,
Aspergillus alliaegustwo fungal strains isolated from yanés in SwitzerlanBeauveria bassimada
Fusariumap.. These five strains were incubated iRragitculture medium, pure or amended with
copper sulphates, copper hydroxychlorides or copper oxide powder and their conversion into copper
oxalates was @uatedB. bassiashowed the best efficiency in terms of formation speed and amount

of copper oxalates and was used to attempt a first application on corroded copper sheets. Results showed
that almost 100% of brochantite (copper sulphate) were tradsfiorrmoolooite (copper oxalate
CuGOsanH:0, n<1) while for atacamite (copper chloride) the transformation was onli3pag&ig!

The efficiency of this novel biological treatment has been further investigated within the BAHAMAS
project. In particutathe newly formed biogenic copper oxalates were characterized in order to define
the formation mechanisms, the adhesion to the treated surface and the final aesthetica[&ppearance
8890] Furthermore, first tests on fungal inoculation and applipatioedures on metal sheets were
conducted. The best application method resulted to be the application of colorégga tnatied on

top of metal coupons, with the fungal mycelium in direct contact with the treated surface.

The timeline of biopatinagject and the main outcomes of the two previous studies are summarized in
Figure?.

Main findings

Characterisation
of biogenic Cu Oxalates

EU-ARTECH Tost llcats PhD thesis
(2005-2009) ests ;’;f‘h'z‘;;ca fon (2013-2017)
[ | [ I .
Biopatiné | | '| | ,I | ' |
Main findings
BAHAMAS
Selection of the fungal strain (2010-2012)

(Beauveria bassiana)

Conversion into Cu oxalates
of Cu sulphates and chlorides

Figure?7. Chronological timeline of biopatina projects and main outcomes of previous studies
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1.5 Research outline

The results obtained within ARTECH and BAHAMAS mjects are the basis of this PhD thesis.

The aim of this work is to further investigate and optimise biopatina treatment, in order to transfer this
treatment from the laboratory tests to-peakis. To do that, this work focused on two main subjects:

the study of the microorganism used for the production of biogenic copper oxalates and the treated
material, namely copper and bronze. Regarding the treated material, the aim was to understand which
protective mechanisms are involved in the biopatina inéatloeing to understand if such treatment

acts as a corrosion inhibitor or as a coating. Furthermore, the influence of alloying elements, particularly
tin, on the behaviour of biopatina treatment was investigated. A summary of the main focuses of this
thesis is given irigure8.

Optimisation of biopatina treatment

(From the lab to real-praxis)

Microorganism Material

N

Protective Interactions
mechanism

Inhiﬁﬁor Coéting
Figure8. Summary of the main focuses of this PhD project

Each part of this work focused its attention on one specific issue. The ability of a specifiB.strain of
bassiarta produce oxalic acid is investigated in chapisim®), liquid fungal cultures in presence and
absence of a copper source. The analyses performed allowed to better understand the metabolism of
this specific strain, particularly in terms of oxalic acid production.

The use of the biological treatment dochaeological and outdoor artefacts is further addressed in
chapters 3 and 4. In the case of outdoor sculpture, the biopatina protective mechanism was compared
with a microcrystalline wax, since wax coatings are the reference products used outdnan tnerea

case of archaeological objects, it was compared to a corrosion inhibitor (BTA) commonly used for such
artefacts, usually stored indoor. For both applications, the treatment was tested on standardized
specimens and on real objects and undentlest @itificial or natural ageing. Furthermore, different
delivery systems were tested in order to propose-faiars#ly product, suitable to real praxis by
conservatorgestorers.

In chapter 5, the issue of surfaces exposed to rainfall and sueiagehtnent is considered. Indeed,
biopatina treatment was tested onetiriched specimens aged through simulated unsheltered
conditions.

The influence of alloying elements on the behaviour of biopatina treatment is further investigated in
chapter 6. Thiagh a complement of several analytical techniques, the impact of tin, lead and zinc
alloying elements on the corrosion patina formed and on the protective treatment when applied is
assessed.

Finally, in chapter 7, the main results of the thesis areatistshe conclusions of this PhD project
are presented.
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Due to the potential industrial application of this work, the fungal culture
conditions and the specific preparation of the delivery system as well

the preparation method will not be disclosedn the present manuscript.
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Summary

In this chapter the production of oxalic acid by the strainE&&oberia bassaaddats use for

copper oxalates biosynthesis will be discussed. An introductionBaldmgsiarend its
characteristics is given. Furthermore, an assessment of the production of organic acids by strain
S6 with and without the use of a copper source was attempted.oWed all better
understanding of the biological mechanisms occurring during the treatment dfasgaper
artefacts and the interaction between the fungus and copper corrosion products. The
characterization and quantification of organic acids was madé-pgrfoignance liquid

chromatography (HPLC).
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Abstract

Beauveria bassmkaown to be a cosmopolitan entomopathogenic fungus. One of the determinant
pathogenic metabolites that this fungus produces is oxalic acid. Indeed, this organic acid is able to
solubilise specific cuticular proteins of the host. This ability allows it to be a perfect candidate for the
treatment of copper based artefacts, as oxalic acid is able to chelate copper ions forming copper oxalates.
Furthermore, it has been demonstratatltthis species does not cause harm to human health and to

the environment. Nevertheless, toxic metals, as copper, are usually detrimental for microorganisms.
Indeed, fungal growth and, consequently, relative metabolic activity can be inhibited by a high
concentration of copper. In order to overcome this problem, many fungal species have developed
resistance mechanisms. One of this is the overexcretion of oxalic acid that immobilize metals (and
metallic ions) in insoluble forms detoxifying the mediuns. i$mbeen suggested that in environments
highly contaminated with toxic metals a selection for resistant ecotypes may occur. An evaluation of the
organic acids produced and the possibleppwduction of oxalic acid in copper amended media was

here asssed with this strain.

Introduction [1-3]

Beauveria basssamaosmopolitan anamorphic ascomycete futsgu@onies are white, later yellowish

or occasionally reddish while the reverse is uncoloured or yellowish toFpgukisthandFigurel0).

I't is an entomopathogenic fungus that attaches
host with its hyphae. It is able to colonize more than 700 hosts [dpeaciést was isolated both in
uncultivated and in cultivated habif&tsg. Due to these characteristiBs, bassianveas always
considered an optimal biological control agent for pests in organic agriculture and it was employed in
the development of several commercial profiticts

Despite its primary pathogenic behaviosiftitigus can also live in soils as a saprophyte, but extensive
proliferation and dispersal are limjied] In this environment, the population survival depends on the
production of infective conidia that are released from the host cadaver ovegrtgperatatiof9].
Furthermore, some evidence showedhlaassianauld be included in the range of endophytic fungi.

Its presence in plant tissues of daf] cacaqll]and poppyl2]could protect the plants against
herbivorous insecf&3, 14]B. bassiamas also isolated in air samflés 16Jjand air transport and
deposition could be an explanation of its occurrence on plants phyl[a@lanes

Figure9. Front and reverse Beauveria bassiattmny in Malt Agar
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10pm

FigurelQ. Microscopi@spect oB.bassiananidig[18]

Some abiotic factors can affect the development and survaba$signaamely temperature,

humidity or moisture and solar radiation. In fact;apbimal temperature can inactivate or activate

spor esd gcredote oradcdlemtes naycelial growB. bassiarthe optimum temperature

is between 23 and 28°C, the minimum between 5 and 10°C and the maximum at38b0Gut 30

depending on the strd2]. The synergic effect of hitBmperature and high or lowrhidity has an

effect on sporesd viability. The op[l9talUV range o
component of solar radiation, in particularAJahd B is the most dangerous factor for fungal survival

and in simulated sunlight irrdidia experiments just half Bf bassiananidia were still viable.

The use of this fungus as biological control agent led to the production of extensive literature about its
toxicity and risks related to human health and to untargeted organismss Tektgskto human

exposure has been demonstrated to be extremely rare. Based on the wide natural dBcbessiaaaf

and the low toxicity profile demonstrated by ecotoxicology studies conducted on relative commercial
products, the ecological riskedo exposure to this microorganism is expected to be minimal. This
fungus is, thus, a perfect candidate to be used in conseestication practice because of the limited

risks for operators and environment. For an extensive re\Bewassiaafects on human health and

on other microorganisms, vertebrates, plants and mammals, useful articles by Langle (2006), Zimmerman
(2007), and Shahid (2012) are adjdse@, 21]

In terms of biodiversit. bassiapaesents some cryptic spef2@s 23]This is because the diversity

of fungal species is usually assessed by morphological characteristics and only few characters are used
for species separation. Furthermore, its anamorphic life cycle makes the comparison of the specific
characters and thetahistion based of the morphological diversity more difficult to perform. However,
molecular biology techniques revealed a high genetic diversity of the morphologicaBspesisisioh

[24] Indeed, the morphological specid3. idassiaaee paraphgtic, consisting in two separates clades,

one more related t®eauveria brongniartid a second one, 422,28 The al | ed 6
identification of the strain S6 was done by t he
(Belgian Cadlinated Collections of Miemyganisms BCCM/MUCL) using a morphological
assessment and, thus, for the purpose of this study, thB.naamssiaimhere used referring to the
morphological species since no genetic information is so far available.

Entomopathogenic fungi, and microorganisms in general, are able to produce different metabolites in
order to perform specific activities and functions. Secondary metabolites of tlB=a@erersae
bassianin, bassiacridin, beauvericin, bassianolide, bdasy&zokllin and oosporgib, 26]
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B.bassiaaso secret an important extracellular organic acid: oxdR@Jawidich is able to solubilise

specific cuticular proteins and is a determinant pathogenic md@2#joldgalic acid is one of the

strorgest organic acids and it is produced by many fungi, includingdispwihiterots, mycorrhizae

and plant pathogens. Its production, aside its role related to pathogenic infection processes, is often
associated to metal solubilisation, increasingbtbairailability. Indeed, fungal growth needs the
availability of essential elements, such as sodium, potassium, copper, zinc, cobalt, calcium, magnesium,
manganese and iron. Among these elements, all metals, particularly heavy metals, can become toxic if
present in high concentration. The production of oxalic acid is also related to this issue providing metal
immobilization and, therefore, environmental detoxificg@8Ril] Indeed, free ions of toxic metals

can be complexed by oxalic acid forming higbbjuble biogenic crystals of metal oxalates and thus
reducing the toxicity of the medi(Bp 32] During fungal growth, the production of organic acids is
influenced by the pH and the buffering capacity of the environment, the carbon sources amtéhe pres

of certain metals. In the presence of toxic metals, though, the production of oxalic acid may increase
[33] For instance, brownot basidiomycetes produce higher amount of organic acids in presence of
copper[34] Fomina (2004) also correlated am-exeretion of oxalic acid to the metal tolerance
exhibited byBeauveria caled@3fdhus, in response to high concentration of toxic metals, fungi may
adopt as resistance mechanism the formation of metal dshldtdms also been suggested ithat
environments highly contaminated with toxic metals a selection for resistant ecotypes [8&y occur

36]

The strain S6 @. bassianaed in this study was already known for its ability to biosynthesise copper
oxalatesHigurell), as already deserbin chapter one. Nevertheless, a study about the correlation
between the presence of copper ions in the medium and an overproduction of oxalic acid was never
made. It is worth mentioning that this strain was isolated in a vineyard site highly cdmidthinate
copperbased antiryptogamic solutions. Therefore, this strain may have developed a resistance
mechanism that would induce an @waretion of oxalic acid. This ability could be then exploited on
copper corrosion products in order to convert timtoncopper oxalates with an high efficiency of the
process compared with a@sistant strains. In order to evaluate the production of oxalic acid by strain

S6 ofB. bassiarauid cultures amended or not with a copper source were prepared. Theazliliure

were collected over one month and up to six months and the production of organic acids was evaluated
through higkperformance liquid chromatography (HPLC).

Materials and methods

Fungal strain

The strain S6 d@. bassiabalongs to the fungal cukucollection of the Laboratory of Microbiology,
Department of Biology, Faculty of Science of the University of Neuchatel. The culture was maintained
on maltagar (12 g:tand 15 g.trespectively) plates and slants.

Liquid cultures

The fungus was cultieatin Pyrex 100mh ot t | es wi t h 57 . 6 nlheapdtroimal t n
medium MA contained exclusively malt. The medium MB was amended withdd.dopper (I1)

sulphate pentahydrate (Cu$S®,0) from SigmaAldrich. The medium MC was amended wit31 g a L

of copper (I) oxide (GD) from SigmaAldrich. The difference in concentration between the two copper

mi nerals depended on the fungal g-Yofocoppdn (I) | nde e
sulphate no fungal growth was observed. Eaclurm&ehs prepared in triplicates. The bottles were
inoculated with a spores suspension and incubated under orbital shaking (150 rpm) at room temperature.
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Figurell Secondary electron micrographs of B. bassiana hyphae and biosynthesised crystaisalataspper
On the top images some copper oxalates crystals are indicated by circles

Sampling

Samples of 1 mL were collected daily during the first week, then every three days during the first month
and finally once per month until a total of six monthaaafbation. Samples were taken in sterile
conditions from growing cultures under agitation. Hydrochloric acid (HCI) and ammonium hydroxide
(NH.OH) were added to dissociate any precipitates of copper oxalates or calcium oxalates formed during
incubation. Mcelium was removed by filtration using 13mm PTFE syringe filters with 0.22 um pores
from BGB (USA) and the filtrates were stored at a temperat20e@intil chromatographic analyses

were performed.

Analytical methods

The frozen filtrates were leftrabm temperature for one hour and diluted then with deionized water

in order to arrive at an overall dilution factor of 5 and to avoid the clog of the column due to the density

of the solvents (HClI and NBH). The solutions were analysed by -pagformace liquid
chromatography HPLC (Agilent 1100 series HPLC, Santa Clara, CA, USA) usifip@n BP
carbohydrate analysis column (300 mm x 7.8 mm) with guard column (same phase, 50 mm x 4.6 mm)
by Benson PolcmericE (USA). T BSO4 at d0°Quamchsampes e q U i
were eluted at a 0.4 mL.Miflow rate. Organic acids were detected with a UV detector at 210 nm
(G1315A, Agilent HPLC 1100 series). Data were acquired with ChemStation software (Agilent, Hewlett
Packard, Waldbronn, Germany). @xaltric, itaconic, oxalacetic, tartric, malonic, succinic, propionic,

acetic and fumaric acids were used as external standards.
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Results and discussion

Oxalic acid was observed in all media at a retention time between 14, and 15.1 minutes...alh second pe
was detected at a retention time of 26 minutes in the control at day 0 and day 1 and in MC (copper oxide
amendedgultures from day 0 to day 7. The nature of this peak was not identified among the external
standards used and further investigation evidbhducted for its identification. Regarding oxalic acid,

its production in the control medium started at day 2 and slightly increased during the following three
days FigurelZa). From day 5 a threshold was reached until the end of the first Figunileb).

After two months of incubation one of the control triplicates did not show the presence of oxalic acid
while in the other two controls the amount of oxalic acid produced it halved. After four months of
incubation, the presence of oxalic acid wasletected neither in the remaining control triplicates
(Figurelz). The highest concentrations of oxalic acid in MA were recorded at day 5 (0.11% 0.03 g.L

and at day 28 (0.13 £ 0.099.These results are assumed as the average productiono atidxXayi

the strain S6. In the MB medium (amended with copper sulphate) the production of oxalic acid was
slower. Indeed, the first record of oxalic acid was at Bay#el2a). This behaviour is probably due

to the high toxicity of copper sulphatefdeat, this compound is completely soluble in water allowing

the copper ions to rapidly get in direct contact with the fungus and inhibit its growth. Thereafter, at day

8 an oxalic acid c olwaseeachadand remainedosfabledaytiss, wihentG. 01 g
slight increase of oxalic acid production was obséigede(l2b). For MB medium, samples were
collected only during the first month and long term consideration cannot be extrapolated. However,
during the first 31 days, the curve ofioxadid production in MB medium follows the same trend as

the control. Therefore, aside the ¢ bfacopper i ni ti
sulphate in the medium did not affect the output of oxalic acid. It is worth noticing hboxéhidiis
concentration no fungal growth was observed. Hence, either the copper content is still too toxic and
does not allow fungal development or it may have reached a too low concentration being not enough
toxic to trigger a resistance mechanism ifhgethe oxalic acid production. In order to verify which

is the correct hypothesis, the analysis should be repeated at lower concentrations of copper sulphate to
compare the oxalic acid production.

Regarding the MC medium, the fungal behaviour appedredansiderably different. The fungus
needed three days to produce oxalic acid, one day more than in the control medium, but already from
the day 4 its amount was higher than in coRigpirgl2a). At day 5 the oxalic acid content was double
comparedwih t he control , reac hi rgBetweer day 19 {0.33 th0rle s h o |
gaL and 19 (Ypasetdd threshaldduited doarltimes higher than in the corfiiglfe

120). A third threshold was reached at day twatfd . 7 8 N -1),Gim@s#ningtiinés higher than

the control. After 31 days of incubation it seemed that the content of oxalic acid in the MC cultures was
still gr owi ng a riTable2). Buing ahe followir® ghredNmofths 2tHe prejdiac.

of oxalic acid decreased except after five month of incubation when a new increment was observed,
arriving at(Figuena9. N 0. 21 gal

From these data, it appeared that in the case of poorly soluble copper source the fungus reacted
differentlycompared with the previous media. Indeed, in the case of copper oxide amended medium the
production of oxalic acid was almost ten times higher than the amount found both in the control and in
the copper sulphate amended media. Hence, the responsitartayicary according to the solubility

of copper source. Results also showed that the production of oxalic agdnredium cultures did

not followed a linear trend. This behaviour could be due to a discontinuous detoxification of the
medium. Indeedxalic acid chelates copper ions in the solution forming insoluble copper oxalates and
decreasing the content of copper ions. Once the Cu ions concentration is below the toxicity threshold,
the fungus seems to stop the guexduction of oxalic acid. Howeyas opposite reaction, the presence

of oxalic acid decreased the pH of the solution solubilizing more copper oxide in the medium. Hence,
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new copper ions are released and the fungus then continues producing more oxalic acid as response.
This hypothesisotld also explain the relatively low production of oxalic acid in the MB medium. In

fact, this copper source was completely soluble and all copper ions were in solution reacting directly with
oxalic acid produced at that time, forming copper oxalatdbamethe detoxification of the fungal
environment. Therefore, an oypeoduction of oxalic acid was not needed.

0.3
—#— Contral (No Cu)
—ue— Copper oxide
—e— Copper sulphate
02+
E a
-
£
8
Day of Control Cu oxide Cu suphate
measure
0.0 o 0.00 + 0.00|0.00 + 0.00|0.00 + 0.00
, 1 0.00 + 0.00|0.00 + 0.00]|0.00 + 0.00
LA S 2 0.07 + 0.02|0.00 + 0.00 |0.00 + 0.00
Days 3 0.09 + 0.01(0.03*+ 0.00|0.00 + 0.00
12 Contral (No Ca) 4 0.08 + 0.02(0.13 + 0.03]0.01 + 0.02
—e— Copper oxide 5 0.11 + 0.03]0.20 = 0.05]0.05 = 0.04
ry b 7 0.07 + 0.00(0.20 + 0.02|0.08 + 0.01
3z 10 0.08 + 0.01[0.39 + 0.17]0.09 + 0.01
ﬁ 067 13 0.09 + 0.01|0.38 + 0.15[0.09 + 0.00
T oal 16 0.09 + 0.02(0.47 + 0.21]0.09 + 0.01
© 19 0.08 + 0.01(0.43 + 0.01]0.09 + 0.00
0.2 7 22 0.09 + 0.02|0.78 + 0.24 [0.09 + 0.02
00 L. 25 0.11 + 0.05[0.73 + 0.24]0.11 + 0.03
—————————— — 28 0.13 + 0.09|0.71 + 0.25]|0.10 + 0.03
G N A 31 |012 + 008|098 + 0.25|0.13 + 0.05
Days 57 0.05 + 0.05|0.51 + 0.09 n.a.
25 4 Contm'(NoCu) ....................... 85 0,06 i 0,05 0,44 i 0,24 n.a.
—a— Copper oxide 114 0.04 + 0.06|0.45 + 0.13 n.a.
204 Copper sulphate * 142 |0.04 + 007]1.12* + 0.80 n.a.
c 170 0.04 + 0.06[1.19%+ 0.21 n.a.

Oxalic Acid (g/L)

T T T T T
PRI T — [
w0

[Ts]
@

114
142
170

Days

Figurel2 Plots of the oxalic acid concentration in control (black), copper oxide (red) and copper sulphate (blue)
amended culture mediaring the first seven (a), thiatye (b) and hundregskventy (c) days. The asterisks indicate
the sets where one outlier was excluded from the calculation of the mean.

Table2. Mean and standard deviation of the oxalic acid concentration measuredljrcapper oxide and
copper sulphate amended culture media. The asterisks indicate the sets where one outlier was excluded from the
calculation of the mean.
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Results also showed that, from the second up to the forth month of incubation, in MClailtures t
production of oxalic acid dramatically decreased and started again during the last two months. This could
be due to the use of copper oxalates previously formed as carbon source or for other metabolic activities.
Indeed, a previous study demonstratet] ithh absence of other carbon sources, some fungi are able to
degrade calcium oxalates and use it as carbon[38@liiCieerefore, it may be possible that the strain

of B. bassianaed here adopted this survival mechanism. It could also be suggisstied, theory,

that the oveproduction of oxalic acid under prolonged stress conditions may be a storage mechanism
of carbon source envisaging a lack of nutrients or the entrance in a dormant state. Nevertheless, no
evidence from this study can supfios hypothesis.

Regarding the use of the strain S6 for the treatment of-bageedralloys artefacts, some consideration

can be done. It would be important to consider that the response in terms of oxalic acid production may
vary depending on the coppeurce. Therefore, different corrosion products could induce a differential
production of oxalic acid and, thus, a different formation of copper oxalates. Indeed, the presence of
soluble corrosion products could inhibit the -@eeretion of oxalic acidagding the formation of a
homogenous layer of copper oxalates. However, copper oxide is formed as first corrosion product on
copperbased objects and its presence should allow the fungus to behave as;ih dahee@ied

medium.

Conclusions

In this studyhe production of oxalic acid by a specific strain bssiamnas assessed. Furthermore,

the use of amended media allowed to evaluate the production of oxalic acid as defensive mechanism
against toxic copper. It appeared that the copper conteny inhidited fungal growth depending on

the solubility of the product used. The higher the solubility of the copper source the more the degree of
growth inhibition. The amount of oxalic acid produced by the fungus was counterintuitive with respect

to the t«icity of the copper source. Furthermore, the production of oxalic acid was not linear overtime
but proceeded by a sequence of incremental steps. This is probably due to a cyclic reaction between the
formation of copper oxalates and the dissolution diefudolid copper phases due to medium
acidification. Also, it seemed that the strain used for this study may be able to degrade copper oxalates
previously formed in order to use them as carbon source. In order to confirm this hypothesis, further
investigaon in this direction needs to be performed. Finally, the Bsbasfsiafa the transformation

of copper corrosion products into copper oxalates seemed appropriate due to the high production of
oxalic acid when in contact with the most common coppesion product, namely copper oxide.
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Supplementary Information

HPLC chromatograms

A comparison between the control, MB (copper sulphate) and MC (copper oxide) media is here reported
as supplementary information. Chromatograms of samples afi€r &d 31 days of incubation are

shown Figures 13 14, 15and16).
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o 1'0 2::' 20 min

Figurel3 HPLC chromatograms of control, copper sulphate and copper oxide amended culture media after 3
days of incubation
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Figurel4. HPLC chromatograms of control, copper sulpaatecopper oxide amended culture media after 5
days of incubation
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Figurel5 HPLC chromatograms of control, copper sulphate and copper oxide amended culture media after 10
days of incubation
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Delivery system

In order to define the optimal delivery system for the biological treatment several substrates were tested.
For this purpose, different known conservatgstoration prducts were used. The aim was to identify

a delivery system that could be easily applied on metal artefacts, taking into accoutintieasione

aspect of real objects, and that remained adherent on vertical surfaces for the duration of the treatment.
Furthermore, the delivery system needs to be inert with the metallic treated substrate and with the
microorganism. For this reason, transparency would be an undoubtable value allowing to verify the
fungal growth and the appearance of the characteresticgli@ur of copper oxalates. Also, it needs to

be easily removed from the treated surface, leaving no marks or residues. All products were prepared at
different concentrations in order to obtain an optimal density. Thereafter, they were applietl on vertica
surfaces of coppdased objects, let in place for several days in order to simulate a real treatment and
then removed. Due to the application of trade secret, the name of one of the tested delivery system is
not disclosed and is here named as GelXaltte3 the main characteristics of the different tested
substrates are summarised.

59



60

Chapte 2. BEAUVERIA BASSIANA

> q)
e < c 2 @
Substrate Tested S 8228 g S Comments
concertation @ 3Fd g5 O (e)
s & °8 o §
~ Z
Methyla® 30to50gtt X X * X * Cold preparation
Lutum® (readyto-use) - X X X + Cold preparation
Cold preparation;
Lutum® (home recipe) - X X X * Needs appropriate rati
between sand and cla
components
GelX 10to40gt X X X X X Cold preparation
Carbog® 25to10glt X - * * X Cold preparation
6 to 10 gt o
Carbopa® #NaOH X X X & x Codpreparation; Neec
(%M) P
Cellulose pulp 200 gi? - X X X X Cold preparation
Kluce® 2to 50 gtt X na na X na Not gelling
Similar to Methyla
Carboxymetytellulose 100 gkt X X X + but higher amount of
product required
Tylos® 40 to 60 gtt X £ X X - Cold preparation
Arabic gum 50 gLt X % - X - Cold preparation

Table3. Main characteristics of the different substrates tested -(Onges; partially)

Based on their charadstics and the results of the tests, three substrates based on Lutum®, Metylan®
and GelX® were selected for further assays. Their behaviour will be presented in Chapters 3 and 4.
Carbopol® was a promising candidate due to its transparency and gehamsistit required a
neutralization step that can impair fungal growth and it was discarded. The final protocol currently used
and available for small trials to conservatsterers is described in Annex 1.
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BIOPATINA FOR ARCHAEOLOGICAL OBJECTS
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Summary

In this chapter the use of the biological treatment (biopatina) for the stabilization of
archaeological objects is discussed. In the first part of the chapter, the results of the comparison
of three different delivery systems for the applicdtioiopatina are presented. This allowed

to select the most suitable delivery system in terms of effective copper oxalates production
adherence to the surface, application and removal ease. Then, a first attempt of comparison
between the biological treatmand benzotriazole (BTA), a corrosion inhibitor commonly

used on archaeological artefacts, was performed. Accelerated ageing was performed on the
treated coupons in order to evaluate the inhibition effect of both treatments on the active
corrosion produst present. This first part relies mostly on visual obsenatidrisourier
Transform Infrared Spectroscopy

The second part of the chapter is devoted to-depth comparison between benzotriazole

and biopatina. The purpose of this section is to cortparevo treatments in terms of
conversion and corrosion stabilization of an artificial patina composed of copper
hydroxychlorides, i.e. atacamite. The biological treatment and benzotriazole were applied on
triplicates of copper coupons covered with siéitecopper hydroxychlorides. The surface

and crossection of the samples were fully characterized by Fourier Transform Infrared
Spectroscopy, Scanning Electron Microscopy and Electrochemical Impedance Spectroscopy.
Results demonstrated that the biokddreatment converted almost all atacamite present and
enhanced the surface inhibition against corrosion giving better results than benzotriazole. This
research gives a significant contribution to the current development@ficnand efficient

inhibitors that could replace benzotriazole, highly suspected carcinogen.
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3.1 First stabilization tests on archaeological objects

Abstract

Archaeological artefacts undergo to changes of state after excavation. Indeed, they need to reach
equilibrium with theeaw environment and, in some cases, dormant corrosion processes can be activated.
A dangerous cyclical mechanism can occur due to the presence of copper chlorides and is commonly
defined as Obronze di seaseo. | nordertad stabiliset aatidey |, t h
corrosion processes on archaeological objects. Different delivery systems were tested in order to identify
the most appropriate one to be used on such delicate artefacts. A clayasitlien Lutuf

Metylan® gel an@elX® were tested-urthermore, the inhibition properties of the biological treatment

were compared to a reference inhibitor, benzotriazole (BTA), through accelerated ageing procedures.
Promisingresults about the inhibition effect of biopatina were achievedd,Indeeems that the

biological treatment is as efficient as the BTA in terms of corrosion inhibition on-chiténenated

objects.

Introduction

After excavation, archaeological artefacts tend to suffer from changes of their state in order to find
equlibrium with the new environment. These modifications can lead to the activation of corrosion
mechanisms that were dormant while burial. Moreover, the storage and display conditions inside
museums are unfortunately often uncontrolled, with frequenafilictof temperature and relative
humidity that enhances corrosion processes. Furthermore, the presence of pollutants in indoor
environment can cause the development of further corfbkion

The most common corrosion products that can be found on tamteological objects are cupric

oxide (cuprite), basic copper carbonates (malachite and azurite), copper phosphates (libethenite) and
copper hydroxychlorides (nantokite, atacamite and paratd@arite)latter are considered the most
dangerous corrim products forcoppdrased al l oys and form the so c
the presence of nantokite, oxygen and moisture in contact with copper triggers a series of cyclical
reactions that form cupric oxide and atacamite bringing to sevayestamilinally loss of the artefact

[3, 4] as described by the following reactions:

2CuCHH-0 CwO +2HCI
4Cu +4HCI+Q  4CuCH2HO
2Cy0 + 2HCH+ 2H,O0 + O,  2CwCI(OH)

In order to prevent or stop ongoing corrosion processes conservatinariieatre then needed. At

first, mechanical or chemical cleaning of powdery and uncoherent corrosion products is performed
followed by the consolidation of the objects. Finally, protective treatments are applied. Nowadays,
protective coating such as InaeglParaloid B72 or microcrystalline waxes, inhibitors as benzotriazole

or a combination of the two are commonly used by consera&tmers on archaeological objdts
Nevertheless, these treatments interact with the artefact changing its rispéstlyges colour and
brightnes$6]. Moreover, they are not completely efficient in the protection of the object and most of
them are toxic for the operators and the environfiigntor this reason, conservatestorers are

looking for novel effient and harmless alternatives to such treatments.
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In this study the use of biopatina was evaluated as corrosion inhibitor in comparison with BTA as
reference treatment. Furthermore, different delivery systems were tested in order to optimize the
applicattn protocol for archaeological objects. Also, the validation on real artefacts allowed to
demonstrate the efficiency of biopatina on different copper corrosion products. All treated objects
underwent to accelerated ageing procedures in order to estmategtdrm behaviour of both
biopatina and reference treatment.

Materials and Methods
Artefacts
Test objects

In order to compare different treatment application protocols and minimize the possible risks occurring
when testing new jpecotdsuéc twse rsee vseerlael c toetde s(tL aotbh®ni um
twentytwo bronze artefacts were chosen for the possible presence of active corrosion induced by copper
chloridesTabled). The patina layers were formed after a long burial period aexigeesion storage

under uncontrolled environmental conditions. At the time of the study there was no information about

the exact nature of the copper alloys, the objects provenance or eventual past copsekatimm
interventions.

Real objects

Aswellas for the oOtest objectsd the oreal artefact
were selected due to the possible presence of active corrosion induced by coppeT ablieB)das (

the time of the study, there was no information aboektw nature of the copper alloys, the objects
provenance or eventual past conservegigtoration interventions.

Treatments

The treatment commonly used by the Laténamservatiomestoration department for archaeological
copperbased objects, when icated by chlorides, is the following. A first mechanical cleaning of the
corrosion layers is performed aiming to access the original surface where details are well conserved. The
localization of this surface, also knowima@tsshould indeed be detenexd before any intervention

on the object by establishing a stratigraphy of the corrosion products and a visual documentation as
complete as possible. Th&® w/w benzotriazole (BTA) solution in ethasahpplied as corrosion

inhibitor bay immersidior 1 hourfollowed by a layer of acrylic resin (usually 20% w/w Paraloid B72
solution in acetone), doubled with microcrystalline wax protective coating. On archaeological samples,
the biopatina was compared with BTA in terms of performance, efficiencyabiliydihe objects

selected were divided into 3 groups (Untreated, Biopatina treatment and BTA treatment) according to
their composition and dimensiomal§le4 andTableb).
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Untreated Biopatina BTA

Main patina Main patina Main patina
components components components
Cu chlorides Cu chlorides Cu chlorides
Cu sulphates Cu carbonates Cu carbonates

Cu sulphates Silicates

A-6 Coin fragment F-23 Axe blade Organicsubstance | o 1 o 15 Axe blade

Main patina Main patina Main patina
components components components

Cu chlorides

A-2 Coin

Cu chlorides
Organic substance

A-5 Coin

Cu chlorides

Cu carbonates

Cu sulphates
Organic substance

A-3 Coin

Main patina
components

Cu chlorides
Silicates
Organic substance

A-12 Indetermined
fragment

Main patina
components

Cu chlorides
Cu carbonates
Organic substance

A-11 Belt strap

Main patina
components

Cu chlorides

Cu carbonates
Silicates

Organic substance

A-10 Fibula

CH-518 Pin

Main patina
components

Cu carbonates
Cu sulphates
Organic substance

CH-947 Pin

Main patina
components

Cu carbonates
Cu sulphates
Organic substance

Tabled. Test objects: patina compositigtermined by FTIR analyaiglrespective treatment assignment

Untreated

Biopatina

BTA

Main patina
components

Cu chlorides
Silicates
Organic substance

Unnumbered
Spearhead

Eg-530

Main patina
components

Cu chlorides
Organic substance

Osiris statuette

Main patina
components

Cu chlorides
Organic substance

CH-287 Indetermined
fragment

Main patina
components

Cu chlorides
Organic substance

EU-52 Necklace

Main patina
components

Cu chlorides
Organic substance

Unnumbered Bracelet

Main patina
components

Cu chlorides

Cu carbonates

Cu sulphates
Silicates

Organic substance

Unnumbered Fibula

Table5. Real objects: patina compositietermined by FTIR analyaig respective treatment assignment
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Benzotriazole (BTA)

Since the most concerning problem of archaeological objects is the reactivation of corrosion
medanisms, it was decided to compare the biopatina treatment with BTA, a commonly used corrosion
inhibitor. BTA does not remove copper chlorides from the corrosion layers but forms a layer of Cu
BTA polymeric complexes. Hence, a preliminary mechanicalgcleasinecessary, in particular on
chlorides pustules and craters. After this step, the samples were impregnated under vacuum with a 1%
w/w benzotriazole solution in deionized water (pH 6) for 3 f@jwsing a vacuum chamber Salvis

(50 mbar pressurendathen immersed for 28 days under agitation in the same solution. It should be
noticed here that there is no agreed protocol in the literature for the application of benzotriazole
solutions. Dugdale and Cotton, Watkinson as well as Bif@stdifreportel that BTA forms a
polymeric complex with copper on top of the corrosion products actin as a barrier for corrosion and
that this film is very thin and chemically resistant. Recently, it was also proposed that BTA protects
copper in aqueous and gaseousa@mnients polluted with sulphur dioxide, hydrogen sulphide and salt
mist[12] Also, the chosen solvent for the preparation of BTA solution seems to be arbitrary and subject
to individual practices.

Biopatina treatment

Following the screening on the deljvsystems discussed in chapter 2, two different kinds of delivery
systems were first chosen for testing the application of the biological treatment: a carbdxgsetiulose

gel (Metyla®) and a mixture of clay products (based on 1®)twiguid preculuresof B. bassianare

mixed with the delivery systems adding nutrients for the fungal growth. Both systems presented the
following advantages:

- Application and removal ease
- No interaction of the material with the fungus and the metal substrate
- Transpagncy, only for Metyl@nallowing the observation of the fungal growth.
The protocol used for biopatina treatment on Ot
1. Sterilization of artefacts and tools with 70% w/w ethanol solution

2. Preparation of a polyethylen&)Rilm (Pluriball) previously punched for the packaging of
artefacts. A miceperforated PE film, for example Tredegar film, can be used as alternative

3. Application on PE film of a thin layer of the chosen delivery system by spatula

4. Application on artefasbf a thin layer of the chosen delivery system (around 5mm) by spatula
and/or brush, starting from the holes and concave parts

5. Placing of artefacts on PE film and retouching of the delivery system films for a better

uniformity

6. Packing of artefacts

7. Storage of artefacts in a PE box for a duration of the treatment of 2,5 weeks

8. Sampling of the delivery systems submitted to FTIR analyses

9. Cleaning under stereomicroscope with different tools and brushes using 70% w/w ethanol
solution

10. Evaluation of the treatméns per f or mance by vi sual observat

e
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After the characterization of the two delivery systems resultingpeifoonancea second optimized
treat ment was performed on O0test objectheot. The
same objects for 4 additional weeks using the Meajgleand packing the objects in Tredegar.

Because of results obtained on oOtest objectsd
objectso. | & gklepeesented trema diffideltiesy Thasy due to the similar positive
characteristic in common with Met§lgel (i.e. transparency, neutral pH, easy application) without its

the removal difficulties, the GelX formulation was selected. Regarding the other paranmetecslthe p
remained identical in terms of nutrient concent
treated for 28 days.

Visual characterization

A stereomicroscopy Olympus-6Z and a camera Canon 8800F were used before and after treatment
ard after artefacts ageing. All acquisition parameters (light, acquisition time, magnification, RVB,
saturation, contrast, brightness) were set identical.

Fourier Transform Infrared Spectroscopy

Samples were analyzed taking out mpi@ar t i ¢l e s  (uaderoausteccomigroscoznand
positioning them onto a diamond Attenuated Total Reflectance (ATR) crystal plate. Spectra were
acquired in the range using an iS5 Thermo Scientific spectrometer connecté¢tbtdaR iBccessory

or a Thermo iN10OMXpectromedr and recorded either in reflection (%R) or in attenuated total
reflectanc€ATR) mode. All the spectra were acquired in the rangé @®0@n. A total of 64 scans

were recorded with a resolution of 4'amd the resulting interferogram averaged. édiection and

postrun processing were carried out using the Thermo Scientific'Osofievare. On each sample,

several measurements were carried out at different spots. The patina composition before treatment for
each artefact is summarizedable 4test objec)sandTable Hrealobjects).

Ageing procedures

Accel erated ageing of oOtest objectséd

The artificial accelerated ageing simulates an accelerated atmospheric corrosion by placing samples unde
controlled conditions of temperature and reld&tiveidity cycling, as described in the International
Standard ISO/FDIS 167(13] The efficiency of BTA and biopatina were evaluated comparing the
behaviour of treated samples to untreated reference samples. The selected ageing protocol simulated an
uncontolled indoor environment. The procedures were carried out in a climatic chamber (VC0020 by
Voetsch using Simpat4d at a recording software). The oOtest
chamber on an aluminium tray covered with a ipdsforated polykylene film Kigurel?). The

objects were put in a slightly leaning position using bamboo sticks in order to have a greater surface of
the objects in contact with the chamber environment. The cycling conditions were fixed according with
literature at 35°@nd 95% RH for 12 hours and at 20°C and 50% RH for other 12 FigursX8).

Mild corrosion conditions were chosen by alternated wet and dry cycles. A total of 30 cycles were
achieved.

Natural ageing of oOreal objectsd

After tr eat me mained i the ariservatioeptaratidn saboratorg of the Laténium
museum in a semi-aibnditioned room (uncontrolled, only ventilation). Natural storage ageing was
preferred in this case in order to preserve such delicate artefacts from extreme digensy Aon

visual control of the objects and a photographic documentation allowed to evaluate the behavior of the
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treated objects. The relative humidity varied between 30% and 60% and was continuously recorded
during the storage period by the dataloggsts 174 (data collected every hour). Data of the ageing

70

period are reported drigurel9

Figurel?. Climatic chamber used for the ageing procedures on LAT samples showing the aluminium trail covered

with a micreperforated plastic film

Feuchtigkeit %orH
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Temperatur (“C)

Figue 18 Data recorded during the one month cycle of ageing showing the regularity of the artificial climate
generated inside the chamber: The upper chart represents the relative humidity, the lower chart the temperature
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Figurel9 Climate during July an@Wember 2014 in the laboratory of Laténium Museum, Hauterive

Results

Test objects

After BTA treatment a slight colour change and darkening of the patina were observed on the objects.
In particular, some residues of BTA were visible as a thin whibe lgageincised decorations or holes
on objectsKigure20andFigure21)

2 mm

Figure21 Coin A3 before (a) and after (b) BTA treatment
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FTIR analysis showed a low presence of benzotriazdlgctis surface (characteristic peaks at ~ 2954,
2921, 2849, 1630, 1270, 1212, 114% Spectra alsshowed Figure 2P thepresence of malachite
(characteristic peaks at ~1505, 1385, 1098, 1045, 872, 818) @b0,on sample LA1L0-02, copper
chlaides. A summary of the products detected on BTA treated samples is [ineEzinit]

SAMPLE FTIR RESULTS

LatAGEN15-01 Malachite and benzotriazole
LatAGEN15-02 Malachite and benzotriazole

LatA1002 Malachite and copper chlorides
LatA1003 Malahite

LatA3-01 Malachite and benzotriazole
LatA3-02 Benzotriazole

Table6. Summary of products detected with FTIR analysis on samples surface treated with benzotriazole

Go
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—
~——_

//;
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——— 1387

1146

TT==1098
.
o 818
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Figure22 ATR-FTIR spectra showing the presence of malachite and bealmbrakatAgen1502

After biopatina treatment no degradation or colour changes occurred on the surface of the objects and
details were wedteservedHigure 2324and25). Moreover, the protocol using Metylan® gel appeared

to be more efficient formjna higher amount of copper oxalates even if just a partial formation of this
latter was observed (data not shown). Indeed, copper oxalates were not evenly distributed on the objects
surface. This could be due to the medium itself, whose density cinihibited the fungal growth,

or to a low initial fungal concentration.
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Figure23 Axe blade £23 before intervention (a), during mechanical cleaning (b), during biological treatment using
a clay mixture (c), after 2,5 weeks of treatment with whieceptitm the fungal growth (d) and after treatment
removal (e)

Figure24. Coin A5 before treatment (a), during biological treatment using Metylan® (b),afiekg fieatment
with light green parts confirming the formation of copper oxalated &fjaarreatment removal (d)
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Figure25. Belt strap ALl before treatment (a), after mechanical cleaning with scalpel (b), ¢) during biological
treatment using Metylan® and after treatment removal (d)

The characteristics of the two delivery systemalserevaluated. Both Metgland the clay mixture

resulted easy to apply. However, their high density may had inhibited the fungal growth. Furthermore,
the transparency of the medium was an issue for the visual control of the fungal growth and the
examimtion of the artefact during treatment. The clay mixture is thus not optimal for these purposes.
Another important characteristic of a suitable delivery system is its adherence to the treated surface and
its removal ease. Regarding the surface adhenenckeytmixture presented good properties while
Metyla® resulted in poor adherence, which could pose potential problem for the treatment of large
dimension objects. Moreover, both delivery systems presented some difficulties during their removal.
Indeed,the clay mixture is partially abrasive and, if not properly handled, could damage the treated
surface. The Metylagel partially stuck to the surface in thin layers that were difficult to recognize and
remove.

Further observation about the used protoegédrded thpolyethylene film. Other films Biedega
were tested in the following experiments, because of a higher degree of transparency, minor thickness
and breathable component.

I n order to obtain a homogenedyecltayer aofsecompe
treatment was thus performed. The treatment application was repeated for 4 additional weeks using the
Metyla® gel and packing the objects in Tredeigar.

The Tredegarfilm allowed a visual control of the fungal growthairthe objects during treatment

thanks to its transparen&ygure26). After treatment, it was visually noted that a thin whitish layer was
formed on one of the treated objects. The colour of the original patina seems also slightly modified: the
blackbrownish areas turned light brown, dark red areas appeared bright red and light green areas became
more brownishHjgure 2Y.
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Figure26. LAT samples treated with biopatind:1A(a) and 23 (b) samples during application of Metylan® gel
and packagingitiv Tredegér film; A-11 (c) and 23(d) samples after 28 days of treatment

Figure27. Sample A1 after mechanical cleaning (a), after 28 days of biological treatment (b) with detail of the
surface with a thin white layer indicating the presencepef axalates (c)

However, FTIR analyses after treatment demonstrated that copper oxalates were formed uniformly on
all objects surfacdsiqure28). Nevertheless, residues of methyl cellulose (Metylan®) and sugar (fungal
nutrient) were observed in almalstsampled={gure2&), suggesting that pastatment cleaning by
immersion baths and brushing was not sufficient. Therefore, cleaning was repeated by mechanical
means: a soft brush first and then a scalpel. The scalpel was manipulated gentlgnatkdossirof

occur. In order to avoid tirm®nsuming pogteatment cleaning, another delivery system was tested for
the application on oOoreal objectso.

Before and after accelerated ageing visual observations were carablQutrf characteristic asea

showing copper chlorides efflorescence (craters, pustules, blisters, etc.) as detected by FTIR analyses.
Only few visible changes on objects treated with benzotriazole or with biopatina were visible after
treatment, meaning that active corrosion wagizgdbat the same order of magnitude by both
treatmentsKigures 29 30and31). However, on untreated objects new efflorescence were noticed, with

the exception of the objectl®. This sample may have possibly undergone previous conservation
restorationintervention and application of an -@atirosion treatment (as organic substances were
identified by FTIR analyses).

75



Chapter 3.

BIOPATINA FOR ARCHAEOLOGICAL OBJECTS
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Figure28 ATRFTIR spectra showing the presence of copper oxalate (characteristic peaks at ~1615, 1360, 1315
and 1815 cr on A5 (apnd on A1l (b) samples with residues of Metylan® ( peaks at 1154, 1113, 1062 and 1034

cny)

Areas Corrosion reactivation after
Sample Treatment .
observed ageing

A-2 untreated 5 Yes

A-6 untreated 6 Yes

A-12 untreated 3 No

A-3 BTA 4 No, barely observable
A-10 BTA 5 No, barely observable
F-Agenl5 BTA 4 No, barely observable
A-5 Biopatina 5 No, barely observable
A-11 Biopatina 10 No, barely observable
F-23 Biopatina 5 No, barely observable
CH-518 Biopatina 2 No, barely observable
CH-947 Biopatina 2 No, barely observable

Table7. Summary of visual observations done after ageing on test objects regarding the corrosion reactivation
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Figure29 Untreated objects A2 and A6 before ageibpaiad after ageingdg respectively. New efflorescences
indicated by red arrows

Figure30. BTA-treated objects A10 andAlgenl5 before ageing-f& and after ageing-dg respectiveljNo
significant visual changes
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i
e S = A

Figure31 Biopatingreated objects F23 and ABfore ageing 43 and after ageing-q¢ resgctively.No
significant visual changes

Real objects

The additional delivery system used for biopatir
and produced a thin layer of copper oxalates onehall treated surfac&gure 32 Moreoverit was

easy to apply and remove, leavingsidues on the surfa&églure 3Bdemonstrating that this delivery

system is the best option among the tested ones.

1620
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1315
817

Absorbance (a.u.)

4000 3500 3000 2500 2000 1500 1000

Wavenumbers (cm')

Figure32 ATRFTIR spectra showing the presence of copper oxalate (characteristic-fiéaks 4860, 1315
and 1815 cr¥) on Bracelet sample
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Figure33 Biopatina treated real object33§ before treatment (a), during biopatina treatmemi éfter
treatment (d) and after natural ageing (e)

As wel | as f or t hevatons eee periormgdebefdresadd aftev masinalanbdooro b s e
ageing (four months) on characteristic areas showing copper dafftsigssence In this case, the

objects did not present new corrosion processes, even the votreskegure 34andFigure 3h This

behaviouis probably due to the soft corrosion conditions of the museum environment that requires a
longer period of time to trigger corrosion mechanisms. However, these objects will be monitored over

a longer period of time since they are statredténium facilities. This will allow a further comparison

among BTA and biopatina inhibition effect.
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Figure34. Untreated real object (spearhead) unnumbered before (a) and after (b) indoor storage; BTA treated real
object CH287 before (c) and aftel) {ndoor storage

Figure35 Biopatina treated real objects33@ (a) and Bracelet (b) unnumbered before and afjein@oor
storage respectively
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Conclusions

In this study a first comparison between BTA and biopatina treatments for the stabilaetivan

corrosion on archaeological objects was made. Moreover, three different delivery systems for the
biological treatment were tested. The clay mixture resulted in poor performance in terms of copper
oxalates production and removal ease. Furtheringresented the disadvantage of being a non
transparent material. Metylan® gel appeared to be more efficient in terms of copper oxalates production
but resulted difficult to remove, leaving residues on the surfac&dleras tested dglivery systm

It presented a high degree of transparency that, in combination with the use of Tilredegaricre

perforated PE film, allowed a visual monitoring of the fungal growth and of the objects behavior during
treatment. Also, it was the most efficiefitvdry system for the production of copper oxalates, resulting

to be the best one tested. Regarding thelBrdopati na compari son, t he acf
objectsd gave promising results aboustobetag i nhi
efficient as BTA. hdepth analysis on the inhibition effect of the two treatments needs to be performed

in order to corroborate these results but a step forward has been done on the developrtexitof non
inhibitors.
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3.2 In-depth comparion between benzotriazole and Biopatina

Abstract

This research aims at studying the effectiveness of an innovative biological treatment and of
benzotriazole (BTA) for the protection of coppased artefacts. Benzotriazole is commonly used in
conservatiomestoration practice in order to inhibit active corrosion due to the presence of copper
chlorides on coppdrased artefacts. Despite its extensive use as corrosion inhibitor, benzotriazole is
considered a hazardous product for environment and humanTheatitfore, in the last decades the

interest for alternative and harmless treatments increased. For this study, artificial atacamite was
produced on copper samples. Then, both treatments, biological and BTA, were applied and their
properties investigatedhd use of several analytical techniques such as Fourier Transform Infrared
Spectroscopy, Scanning Electron Microscopy and Electrochemical Impedance Spectroscopy allowed to
characterize the two treatments on surfaces and cross sections of corrodeldesutiplesowed that

the biological treatment converted almost all the atacamite present on the samples surface and enhanced
the inhibition against corrosion demonstrating better results than benzotriazole solution. Hence, the
biopatina treatment could repent an effective alternative to the use of benzotriazole for the inhibition

of active corrosion on copper alloys.

Introduction

Artefacts made of copper and its alloys undergo progressive and inevitable corrosion processes. The
identification of the degtation mechanisms and their corrosion products is, thus, important to select
the best conservation approach to be used [14]. One of the most harmful degradation process for a
coppethbased artefact is the so cal |lss&caodedbythe e di s
interaction between copper and chloride ions in presence of oxygen and high relative humidity producing
nantokite (CuCl). The formation of nantokite in presence of air and moisture cause a cyclic corrosion
process that form a green pewdpatina of copper hydroxychlorides(@d)sCl [3, 4, 15]. This

corrosion product has four polymorphic crystal forms: atacamite, paratacamite, clinoatacamite and
botallackite. Even if generally stable, in some ca$@$1130!1 can release-Gnd bring @ further

corrosion of the artefact. This cyclic reaction is the main cause of stress cracking and eventually of the
complete loss of shape. In heritage conservation, the use of corrosion inhibitors to decrease the
corrosion rate of metal relics is a compractice. The most used inhibitor for cofli@esed objects is
benzotriazole (BTA). The study of BTA inhibition mechanism, described for the first time in 1963, and
its application in conservation vaunt a vast scientific literature even if with goeviidénce and
opinions[16-23] Nonetheless, BTA is considered since long time the reference corrosion inhibitor in
the field of copper alloys conservation, particularly for archaeological objects. The most controversial
argument about the extended usBTOA is its toxicity. As reported by Cano and Lafuente [7], some
authors refer to BTA as an environmental and health hazardous product recommending to handle it
with care [2] while others are inclined to describe it as slightly toxic. However, idetediesthe

interest about alternative sustainable and harmless products increased. Corrosion inhibitors made of
plant extracts [247] and of amino acids {38] have been studied even if no experiments on real objects
have been carried out so far. Teddgical treatment proposed in this paper relies onmietabe
interactions studied with the BIOPATINA project. Indeed, because of their ability to immobilize metals
microorganisms can be used in order to produce stable metallic coff@3unds

The Bigatina project relies on more than 10 years of research on the optimization of a biological
treatment for copper surfaces using a specific strain of theBeagusria basslarfact, some fungal

strains are reported for their ability to transfornalnesempounds into metal oxaldt&s 35]In the

field of conservation of metal artefacts, metal oxalates and more specifically copper oxalates were already
identified on outdoor exposed bronzes but not associated with the phenomenon of cyclig2@jrrosion
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Instead, compact patinas of an attractive green color are created on the bronze surface. Moreover, with
a high degree of insolubility and chemical stability even in acidic atmosphere, copper oxalates provide
the surface with good protectigd7] On tis basis, a novel microbiological strategy for the
conservatiomestoration of coppdrased artefacts was develdB8d3] In this papetthis alternative

biological treatment is compared to benzotriazole in terms of conversion and corrosiostabilizati

an artificial atacamite patina. Both biological and BTA treatments were fully characterized on surfaces
and cross sections of corroded samples. Aanaliftical approach using Fourier Transform Infrared
Spectroscopy, Scanning Electron Microscody Edectrochemical Impedance Spectroscopy was
adopted.

Materials and methods
Copper samples and artificial patina preparation

Nine copper samples (2.5 x 2.5 cm) were cut from a naturally aged copper roof from Neuchatel,
Switzerland. All copper samples atdila typical urban natural patina mainly composed of brochantite,

a copper hydrosulphate. The samples surface was washed in ultrasound bath with acetone and then dried
under pressurized air. In order to reproduce an artificial patina of copper ehkwidgsn of 20g
Cu(NGs)2-3H,0 (Fluka Germany, purum p.a.) and 20g NaCl (Panreac Spa®SF50) in 100 mL

deionized water was prepaiidte samples were wetted with the solution and left air dry on a soft cloth.

The procedure was repeated twice awdayfive consecutive days and finally all samples were rinsed

with deionised wat¢44-46] FourierTransform Infrared Spectroscopy was used to characterize the
newly formed artificial patina that resulted to be mainly composed of atacamite.

Treatments

The biological treatment (biopatina) is basextoliure oBeauveria bassig@red with a gelling agent

and nutrients. The samples were covered with the gel during 14 days. After treatment the gel was
removed and samples were rinsed with deionizedfingtand then with ethanol to remove any
eventually remained fungi. The samples were dried under pressurized air.

A 3% w/V solution of benzotriazole in ethanol (95% w/w solution in deionized water) was prepared.
Two different application protocols weraptoyed. For the first application protocol (BTAL) the
corroded samples were fully immersed and left in the solution for 24 hours according with protocols
commonly employed by conservaigstorers on archaeological objects. The second application
protocol(BTAZ2) involved a longer treatment duration. The corroded samples were fully immersed and
left in the solution for 14 days in order to have the same time durations of the biological treatment and
allowing a better comparison of the results. At the epotloftreatments samples were rinsed with
ethanol and dried under pressurized air.

Finally, a group of samples was left untreated as reference for comparison purposes.

All treatments were performed in triplicates. Before and after treatment all samgtesimerdged

with a scanner HP1110 using a resolution of 600 dpi and setting the white balance with a white paper
(Figure36).

Resin embedding and preparation of cross section

One sample for each treatment (Biopatina, BTA1 and BTA2) and one untreatedvesmbld

embedded in resin using the EpoFix Kit (Struers). Samples were dry polished using successive silicon

carbide abrasive papers with 250, 500 and 1000 grit antM&tibrabrasive cloths 1800, 2400, 3200,
3600, 4000, 6000, 8000 and 12000 grade.
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Ogpical Microscopy

Cross sections were characterized with a Polyvar MET optic microscope by ReiclataJung.
collection was carried out usgoVision LE software.

Triplicates
Samples
1 2 3
Before
Treatment
Biopatina
(14 days)
After
Treatment
Before
treatment
BTA 1
(24 hours)
After
Treatment
Before
treatment
BTA 2
(14 days)
After
Treatment

Figure36. Samples appearance before and after treatment

Fourier Transform Infrapedr®scopy (FTIR)

FTIR on the surface of the samples was performed without any sample preparation using an iS5 Thermo
Scientific spectrometer with a diamond Attenua
accessory). All spectra were acqunréte range 400050 cm?, at a spectral resolution of 4 &\

total of 32 scans were recorded and the resulting interferograms averaged. Data collectirum and post

processing were

car r i eTthe FIIR tmappirsgiom spmp@snsections was o f t v

performed using @hermo Scientific Nicolet iIN10 MX FTIR microscope in ATR malilespectra
were acquired in the range 487® cmy?, at a spectral resolution of 4 téemd a step size of 20 x 20
mm. A total of 16 scans per point were recorded and the resulting intarfseragerage®ata
collection was carried out ustignic Pict& software while post running processing was carried out

using Omnic AtisE software.
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Scanning Electron Microscopy (SEM)

Secondary electron images were acquired using a Philips ESEM XL3Qartity stectron
microscope with a working distance of 10mm and an acceleration voltage of 20kV.

Electrochemical impedance spectroscopy (EIS)

EIS measurements were performed with a specially designed contact probe (ST15), with a nhominal area
of 1.77 cry to possibly compare measurements on artjbfksSSpectra with 10 points per decade

were acquired in potentiostatic mode with 10mV AC signal level at open circuit potential, in the
frequency range 100 KHz10 mHz, using a Gamry REF600, with Framework(ElS35.3
software©2007, Gamry Instruments, Inc. A commercial cletotingoaked with a mineral water
(electrical conductivity 320uS/cm, pH=7.9) for 120 minutes is fixed to the contact cell, and the system
obtained is then leant on the surface to be meglastihe EIS spectra acquisition started after
approximately 30 minutes to allow the stabilization of the open circuit potential. In order to properly
normalise for the measurement area, the wet footprint of the EIS contact probe was recorded with a
VEHO VMS004 usb Microscope by MicroCapture software with a graph paper as background. At least
two measurements for each group of samples were acquired in order to evaluate treatment
reproducibility and homogeneity within the samples.

Results and discussion

At a first visual observation, the aesthetical appearance of the samples changed during BTA treatment
resulting in surface darkenifgg(re36). This effect is already knof@hand it has to be considered

when the use of benzotriazole solutions is emdisfibe biological treatment also changed the
appearance of the surface even though in a minor extent.

In order to ascertain the formation of copper oxalates aB@iAaomplexes all samples surfaces were
characterized after treatment through FTIR anafysebhowed ifrigure37, characteristic vibrational

bands corresponding to copper oxalates at 1641, 1362, 1319 andvédi@ cecorded (Figure 2b).

Peaks at 3445, 3336, 985, 948, 915, 894 and-Bd@r@mponding to atacamite were also present.
Neverheless, these peaks presented an absorbance intensity lower than before treatment indicating a
lower abundance of atacamite on the surface of treated samples. On the contrary, the intensity of copper
oxalates peaks is much higher indicating a relatime dargunt respect to atacamite in surface.
Regarding BTA, both 24 hours and 14 days applications forfB&@& Camplexes with characteristic

peaks at 1494, 1445, 1395, 1298, 1274, 793 and! Td6RNAL (24 hours) and at 1493, 1445, 1395,

1297, 1274, ©%nd 746 crfor BTA2 (14 day$)l1] The difference among the two BTA applications
concerned the intensity of the original patina FTIR peaks. Indeed, it seems that even if an application of
24 hours guaranteed the formation ofBTéA complexes, the BThnger application of 14 days

resulted in an increased intensity 6BTA complexes FTIR peaks respect to those of the original
patina. This result could be due to a higher degree of reaction of the benzotriazole solution with the
original patina becauskthe longer immersion that brought to the formation of a higher amount of
CuBTA complexes.

SEM surfaces observation confirmed the presence of copper oxalates on thett@afstinamples,
showing the typical rosetilee habita of copper oxalategstalsKigure38).

85



86

Chapter 3. BIOPATINA FOR ARCHAEOLOGICAL OBJECTS

816
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Figure37. ATRFTIR spectra showing from top to bottom an atacamite standard reference (grey) and its
characteristics wavenumbers, the untreated sample characteristic peaks corresponding to atacamite wavenumbers,
and treated sampléBiopatina, BTA1 (24hours) and BTA2 (14 days)) with the respective wavenumbers of copper
oxalates and EBTA complexes indicated in black. The wavenumbers corresponding to atacamite are indicated in
grey in all spectra
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Figure38 Secondary electramécrograph of biopatifaeated sample showing typical habita of copper oxalates
crystals
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Figure39 EIS Bode plots: impedance |Z| modulus (a) and phase plots (b) for untreated (grey dots, TO),
biopatinated (green squares, T4) and BTA (yellow (24h), &idblue (14days, BTA2) diamonds) treated samples
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The treatments protectiveness was evaluated through electrochemical impedance spectroscopy (EIS).
The biopatina treatment increased the patina protectiveness, as indicated from the |Z| modulus limit
valtes Figure3% andTable8). In fact, they were one order of magnitude higher than untreated and
BTA-treated samples. On the contrary, BTA treatment, either after an applictioours or 14

days, had the |Z| modulus limit values in the same orderaghitude of the untreated samples,
indicating almost no effectiveness against corrosion on ataichnstemples. Nevertheless, with

protocol BTA2 (14 days) a better repeatability than protocol BTAL (24h) was obtained as showed in the
phase plotRigure39). Indeed, the phase plots recorded on two BTAL samples differed one from each
other, indicating that the formation of-BTUA complexes probably varied from a sample to another

oand thus a poor reproducibility of the treat me
Sample | z] K
Control 1 1.84
Control 2 2.45
Control 3 1.35

Biopatinal 9.91

Biopatina2 24.60

BTAL 1 1.15
BTAL 2 0.25
BTA2_1 0.59
BTA2 2 1.19

Table8. Impedance |Z| modulus limit values |Z| for all measured samples

In order to evaluate the diffusion tbe treatment within the corrosion layers and the degree of
transformation of the corrosion products, optical microscopy and FTIR mapping were performed on
cross sections of samples allowing the localisation of treatments. The untreated samplelpresented al
over its surface a homogeneous green layer of atacamite (thickness range{&i@e¢n/2acamite

was the only compound detecteidj(re40. It is worth saying that the FTIR microscope has a signal
cut-off at 675 cr thus copper oxides that have vibrational bands under this limit, cannot be detected.
Hence, their presence can not luebed in the underneath +emloured layer. On biopatitraated

samples the conversion of the atacamite layer into copper oxalates waskigsest&d (hdeed, a
continuous and intense layer of copper oxalates (thickness range beéi@€ar) @2ddentified as

main compound of the sample green patina layer. Nevertheless, a low amount of atacamite in the inner
part of this layer was detected, even if its presence was uneven and with low intensity (thickness range
among €2 Qm). Regarding the trean with BTA, the amount and homogeneity ofBTA

complexes formed on the corroded surface seemed to depend on the treatment duration. In fact, a
duration of 24 hours was insufficient to allow the formation of a homogeneous layBTAf Cu
complexesHigue 42ac-e). Indeed, only few areas of the corrosion layers showed the presence of Cu
BTA complexes (thickness range betwe2é @n) and the main component remained atacamite
(thickness range betweenrb5RMm) confirming EIS results about the lack of reproducibility of this
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treatment. However, even a longer treatment duration did not guarantee the complete reaction of the
atacamitevith BTA. Indeed, a continuous layer of atacamite (thickness range beB2d¢an)2das

still detected after ays treatment with BTRigure42b-d-f). The CuBTA complexes layer was, in

this case, more homogeneous (thickness range ag&ipg)Geverithough with low intensity, probably
because of the simultaneous presence of atacamite in the same areas.

As general observation, it seemed that in the biopatina treatment the conversion of the atacamite present
into copper oxalates started from the serfagers towards the inner core of the corrosion layers. This

is probably due to the gel medium that gradually released the oxalic acid produced by the fungus allowing
a progressive and homogeneous diffusion and reaction with copper ions. On thef@oBifaYy,

treatment, the solution diffused along the pores of the atacamite patina in the entire corrosion layer
reacting simultaneously in different areas at different depth. Also, the degree of reaction seemed
depended from the immersion time (24h versdayls).

A second observation regarded the patina thickness. The patina resulted to be thicker on untreated than
on treated samples, regardless the used product. On one hand, the biopatina treatment decreased the
patina thickness from a maximum of 15 ometres. On the other hand, the BTA treatment also
decreased the patina thickness, according with the treatment duration, from 15 micrometres (24 hours,
BTA1) to 33 micrometres (14 days, BTA2) removing more than half of the original patina. However,
this thenomenon may also be related to the detachment of the patina during the treatment and not to
its conversion. Indeed, artificigdhpduced patinas are usually less adherent than natural ones and, thus,

a physical detachment might be occurred, in partittela? weeks of immersion in BTA solution. It

is important to notice here that a patina loss may, in some cases, preclude the readability of archaeological
artefact. Indeed, inscriptions or decorations can be preserved in the corrosion layersmokak, a r

even partial, of the patina should be controlled and treatments that that limit such loss of material should
be preferred.

Figure4Q. (a) optical micrograph of untreated sample cross section showing the area (white dotted line) where
FTIR mappig was performed and (b) FTIR chemical map of the relative intensity of the entire atacamite spectrum
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