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Abstract 

Iron, copper and silver-based objects are a significant part of our cultural heritage. Unfortunately, these 

metals suffer inevitable degradation through the spontaneous process of corrosion towards which they 

naturally tend. On indoor-exposed historical metal surfaces, this phenomenon gives way to the 

formation of mainly oxide and/or sulfide compounds. For aesthetical or functional purposes, treatment 

of these surfaces is often carried out to remove the undesired corrosion phases. 

Various methods are currently available to professionals for the cleaning of this type of metallic 

substrate. However, none of them is entirely satisfactory, dealing with hazardous compounds, devices 

with limited availability or specific necessary skills, not completely efficient or difficult to control, 

sometimes resulting in the damage of the considered surface. In addition, there is the will to go towards 

more sustainable practices, taking into account the safety of the object, the operator as well as the 

environment.  

For this reason, research has been looking at other possibilities, including the use of gels, in particular 

hydrogels, as carriers for aqueous treating solutions. They allow the confinement of the active solution 

along with more selective, less invasive application. Parallelly, new tendencies are opting for less toxic 

and more naturally-based solutions. For instance, heritage preservation treatments based on the 

potential of a variety of microbiological organisms. 

To this purpose, the present thesis aims at developing and investigating a corrosion removal treatment 

combining both approaches, thus achieving a fully bio-derived reliable solution.  

The first step was to select adequate biogenic compounds, exploiting fungi and bacteria as microscale 

chemical factories for the uptake of iron, copper or silver ions. To this end, microbial interaction with 

soluble and insoluble metals were assessed. In particular, it showed Aspergillus niger’s and Beauveria 

bassiana’s significant performances to achieve cleaning on iron and copper substrates respectively 

through the biogenic formation of oxalates. No microorganism could be distinguished for the 

remediation of silver. In addition, the action of secondary metabolites, mainly siderophores and organic 

acids, on the dissolution of powdered corrosion products was investigated over time using ICP-OES. In 

particular, although acids perform outstandingly at low pH, siderophores were confirmed to be 

remarkable candidates for the chelation of iron at any pH. For copper, the aminopolycarboxylic acid 

EDDS showed performances competing with EDTA, a common chelator with sustainability concerns. 

The same compound also achieved reduction of soluble silver into nanoparticles. 

As second step, to deliver the metabolites solution, investigation of several polysaccharides was 

performed. In particular, formulation of a rigid chitosan-based gel was attempted and compared to agar 

characteristics. In addition, investigation of interactions between the gels and subsequent selected 



 

 

cleaning solutions was carried out. Microscale morphology and mechanical properties showed no 

evidence for interactions between the polymer network and the carried solutes. The silver uptaking 

properties of the developed formulation were also evaluated using spectroscopic techniques. These 

properties could be further exploited to use some hydrogels as “uptaking devices”, allowing to break-

free from the use of an additional chelating solution, following the principle of less is more and achieve 

more simple formulations.  

Rheological and oximetric measurements also showed the “residues potential” of non-rigid gels along 

with their potential deleterious effects, respectively. Attempts at finding methods to detect these 

residues using imaging techniques achieved qualitative and semi-quantitative results showing that agar 

was leaving rather bulky, punctual residues whereas xanthan gum’s were spread out on the surface. 

Evaluation of the combined selected active agents and polysaccharides was performed on artificially 

and naturally corroded samples using a multi-analytical approach, including spectroscopy, 

spectrocolorimetry along with elemental analysis and micro and macro-observations. Successful 

applications were tested on real artefacts obtained from heritage institutions.  

Finally, environmental and health hazards of the developed formulations were evaluated using the Life 

Cycle Assessment approach, showing bio-derived compounds might not be, currently, the most 

performing, according to the initial hypothesis and the considered criteria. 

Overall, this thesis allowed to develop alternative biologically derived formulations for the removal of 

corrosion on iron and copper artefacts, with a real step towards effective practical use by professionals. 

Future work could be foreseen for the use of microbes or metabolites on silver-based surfaces along 

with further enhancing global sustainability performances. 

 

Keywords: Historical metals, heritage conservation, iron oxyhydroxides, silver sulfides, copper tarnish, 

biotechnology, siderophores, hydrogels; agar-agar, chitosan, sustainability.  



 

 

Résumé 

Les objets en fer, cuivre et argent font partie intégrante du patrimoine culturel commun. 

Malheureusement, ces métaux seront inévitablement dégradés via le processus spontané de corrosion 

auquel ils sont sujets. Sur les surfaces des métaux historiques conservés en intérieur, ce phénomène 

donne lieu à la formation d’oxydes et/ou de sulfures dans la plupart des cas. Pour des raisons 

esthétiques ou fonctionnelles, ces objets sont souvent traités afin de retirer la corrosion. 

Plusieurs méthodes sont actuellement à la disposition des professionnels pour le nettoyage de ce type 

de substrat métallique. Néanmoins, aucun n’est entièrement satisfaisant, du fait de la présence de 

composés nocifs, du besoin d’équipement ou de compétences spécifiques ou encore la difficulté de 

contrôle pour ne pas endommager la surface à traiter. De plus, il y a une volonté croissante de se tourner 

vers des pratiques plus durables, qui prennent en considération à la fois la sécurité de l’objet, de 

l’opérateur mais également de l’environnement.  

Pour cette raison, d’autres possibilités ont été étudiées par différents groupes de recherches, comprenant 

l’utilisation de gels, en particulier d’hydrogels, pour véhiculer les solutions aqueuses de traitement. Ils 

permettent le confinement des solutions de traitement mais aussi des applications plus sélectives et 

moins invasives. En parallèle, de nouvelles tendances se tournent vers des solutions moins toxiques et 

plus proches de la nature. Par exemple, les traitements de conservation du patrimoine recourant au 

potentiel de divers microorganismes biologiques. 

Dans ce but, cette thèse cherche à développer et étudier un traitement de retrait de la corrosion 

combinant les deux approches, atteignant une solution fiable et entièrement biosourcée.  

La première étape consiste à sélectionner les composés biogéniques appropriés, en exploitant 

champignons et bactéries comme des usines chimiques à l’échelle microscopique pour l’absorption du 

fer, du cuivre ou de l’argent. A cette fin, l’interaction microbienne avec des métaux sous forme soluble 

ou insoluble a été évaluée. En particulier, cela a montré les performances notables d’Aspergillus niger et 

Beauveria bassiana pour le nettoyage de surfaces en base fer ou base cuivre respectivement, via la 

formation d’oxalates biogéniques. Aucun microorganisme ne s’est distingué pour la remédiation de 

l’argent. En outre, l’effet de métabolites secondaires, principalement des sidérophores et acides 

organiques, sur la dissolution de produits de corrosion a été étudiée grâce à l’ICP-OES. En particulier, 

bien que les acides se soient montrés exceptionnellement efficaces pour des pH bas, les sidérophores 

ont confirmé être des candidats remarquables pour la chélation du fer sur toute la gamme de pH 

étudiée. En ce qui concerne le cuivre, l’acide aminopolycarboxylique EDDS a montré des performances 

équivalentes à l’EDTA, un complexant communément utilisé mais dont la durabilité est interrogée. 

L’EDDS a aussi montré des capacités de réduction de l’argent soluble en nanoparticules. 



 

 

En seconde étape, pour véhiculer les solutions de métabolites, plusieurs polysaccharides ont été étudiés. 

En particulier la formulation d’un gel rigide à base de chitosan a été tentée et comparée aux 

caractéristiques de l’agar, pionnier dans le domaine. En outre, l’interaction entre les gels et les solutions 

de traitement sélectionnées en amont a été étudiée. La morphologie à l’échelle microscopique ainsi que 

les propriétés mécaniques n’ont pas montré l’interaction entre les réseaux polymériques et le soluté 

implémenté. Les propriétés de complexation de l’argent de la formulation développée ont été analysées 

grâce à des techniques spectroscopiques. Ces propriétés pourraient être exploitées de manière plus 

approfondies afin d’utiliser les hydrogels comme des systèmes de complexation, permettant de 

s’affranchir de l’utilisation d’une solution additionnelle, en suivant le principe du « moins c’est mieux » 

et ainsi tendre vers plus de sobriété.  

Des mesures rhéologiques et oximétriques ont aussi montré la propension de certains gels non rigides 

à laisser des résidus, avec la preuve de leur effet nocif sur les surfaces métalliques. Des tentatives pour 

trouver des méthodes de détection de ces résidus en utilisant des techniques d’imagerie ont permis des 

approches qualitatives, et potentiellement semi-quantitatives avec du travail supplémentaire, montrant 

que l’agar laisse des résidus ponctuels alors que la gomme xanthane laisse des résidus très étalés sur la 

surface.  

L’évaluation des agents actifs et polysaccharides combinés a été effectuée sur des échantillons corrodés 

artificiellement et naturellement, en recourant à une approche multi-analytique comprenant de la 

spectroscopie, de la spectrocolorimétrie ainsi que des analyses élémentaires et des observations micro- 

et macroscopiques. Les formulations fructueuses ont été testées sur des objets obtenus auprès 

d’institutions du patrimoine. 

Enfin, les risques environnementaux et pour la santé des formulations développées ont été évalués grâce 

à l’approche de l’Analyse du cycle de vie, montrant qu’à ce stade, les composés biosourcés ne sont pas 

nécessairement l’alternative la plus performante selon les hypothèses initiales et les critères évalués.  

Globalement, cette thèse a permis de développer des formulations, à partir de dérivés biologiques, pour 

le retrait de la corrosion sur les objets patrimoniaux ferreux et cuivreux, avec une vraie avancée vers 

l’utilisation effective de cette alternative par les professionnels du domaine. Des travaux ultérieurs 

pourraient être envisagés pour l’utilisation de microbes ou métabolites sur les surfaces en argent, mais 

également pour améliorer les performances globales en termes de durabilité. 

 

Mots-clés : Métaux historiques, conservation du patrimoine, oxyhydroxides de fer, sulfures d’argent, 

ternissement du cuivre, biotechnologie, siderophores, hydrogels, agar-agar, chitosan, durabilité. 
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In 2017, following the “Gels in the Conservation of Art”1 conference that took place in London, a project 

named “Gels Métaux” was put in place. A conservation scientist and two conservators, facing the 

observation that gels, an increasing heritage conservation tool, was lacking assessments on metals, took 

the initiative to allow stakeholders to emulate the applied research. The project tackles various delicate 

topics: gel preparation protocols, compatibility between formulations and active agents (i.e., chelators), 

and introducing gels into new branches of metal conservation like archaeological findings [1–4]. 

Initiated in France, it is expanding to a larger scale, calling forth an international appeal. In that context, 

the HELIX project was set-up.  

The HELIX project is financed by the Swiss National Science Foundation (SNSF) and developed at the 

Haute Ecole Arc Conservation Restauration, in collaboration with the University of Neuchâtel, the 

University of Bologna, and Arc' Antique conservation and research laboratory. It aims to exploit 

chemical uptake processes occurring in microorganisms to remediate to the presence of degradation 

products on copper, iron, and silver historical and decorative alloys, mostly present in indoor 

environment, by developing innovative green and eco-friendly cleaning methods. The goal is to propose 

a sustainable, reliable method that is conscious of the challenges in the conservation field while limiting 

the risks for the artwork itself, the operator, and the environment. The project is organized in four 

different work packages (WP), each focusing on one aspect of the research topic (Figure 1.1). This project 

gives birth to two PhD theses, focused respectively on the use of hydrogels and organogels from 

renewable sources. This thesis concentrates on the removal of corrosion using hydrogels and will not 

address the removal of organic coatings. In that context, this chapter contextualises the research and 

gives an overview of the current state of the art, regarding the differents aspects of the thesis.  

 
1 https://academicprojects.co.uk/archive/gels-conference/ 
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Figure 1.1 Repartition of the activites foreseen in the HELIX project into Work packages. 
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1.1 Corrosion of indoor historical metal heritage 

Metals have had such a profound impact on the history of human societies that Bronze and Iron age are 

considered milestones in the history of humankind. The diversity of their use from the beginning of 

human history to contemporary era is remarkable and bears witness of the various inherent chemico-

physical and aesthetic properties of metals. Indeed, they have been used to manufacture tools and 

weapons as much as construction materials. Metals have played a key role in modern architecture, 

transportations, and communications, including revolutions associated to informatics or internet.  

As a consequence of this large range of applications, it is extremely common to find metals in museum 

collections for their archaeological, historical, cultural or artistic focus [1]. Their spectrum of 

applications through the ages is broad: sculptures, musical instruments, jewelry, utensils, scientific 

instruments, decorative arts, weapons and so forth [2–7]. Historical metals are found in outdoor and 

indoor environments. In addition to functional purposes, they were sometimes combined with non-

metallic items to improve aestheticism of the objects. Shiny metals are praised for jewels, ornaments, 

medals, and religious objects and, as such, are symbols of beauty, wealth, prestige, or affection. Their 

impact for the cultural heritage is such that there is a working group from the International Council of 

Museums (ICOM) dedicated to strengthening their study and care worldwide. The importance of 

metals in the manufacture of artistic or decorative works still strives in modern and contemporary era 

with the emergence of the so called “Modern metals” [8]. Out of the plethora of metals that can be found 

in reserves, iron-, copper- and silver- based ones have the most significant occurrence. 

Few metals are used in their pure chemical state, they are usually mixed with one or more chemical 

elements, in variable amount, to produce tunable improved properties [9]. These mixtures are called 

alloys and can be of two major categories:  

- The combination of several metals: brass is a mixture of copper and zinc, bronze is a mixture of 

copper and tin, and sterling silver is a mixture of silver and copper  

- A metal combined with a non-metal: steel is composed of iron and carbon 

The core problem for the preservation of metals is the spontaneous process of corrosion towards which 

they naturally tend [10]. The instability of metals is inherent to their nature. Indeed, it is a 

thermodynamically favored phenomenon. The cause of corrosion is the natural mechanism by which 

any metal reaches an equilibrium 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 metal form and that is the 

reason for corrosion to occur. Most metals naturally exist in the state of ores, which can only be 

converted to pure metals using an input of energy. Consequently, the need to release that energy to 
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fetch a more stable state will initiate the corrosion mechanism.   

Corrosion can be described as the interaction of metal with its environment, resulting in the changes of 

its properties and characteristics [11]. Most common examples refer to oxidation of metal in air or 

aqueous environments. The presence of a liquid electrolyte, either as moisture or as a thin water film, 

the basic dual presence of water and oxygen along with the characteristics of the surrounding 

environment rule and meddle the phenomenon [12–15].   

Corrosion is a major industrial concern, which alters metals’ original features and represents a 

tremendous economic loss in whichever sector, as well as a conservation issue in the heritage field. 

Corrosion costs is estimated between 1% and 5% of yearly gross domestic product (GDP) for any 

country [16]. Indoor corrosion is usually overlooked compared to its outdoor counterpart. This is due 

to atmosphere control (i.e., filtration, dehumidification, temperature control, air flow design) combined 

to an attenuated concentration of contaminants or corrosive agents which results in a lower corrosion 

rate [17][18]. However, depending on the level of control the environment remains aggressive to metal 

objects, especially in some reserves where the relative humidity of the atmosphere plays a great role, in 

terms of presence of liquid electrolytes. Therefore, indoor corrosion shall not be ignored. The two main 

corrosive agents are chloride ions and sulfur compounds but other compounds, mainly pollutants, are 

also involved (i.e., organic compounds, CO, SO2, NO2, O3, particulate matter). Indoors, inorganic ionic 

substances as well as organic molecules accumulation is primarily due to adsorbed sulphate aerosol 

particles [19].   

The alteration of a metal depends on its nature and on the environment pH, along with oxidizing or 

reducing power [16,20]. A metal can display three different behaviors: 

- Inert – the metal does not react with the environment. The corrosion mechanism does not take 

place. 

- Active – the metal reacts with the environment, corrosion mechanism occurs, and the resulting 

corrosion products are reactive, i.e., non-stable. 

- Passive – Corrosion mechanism forms a thin, compact and inert layer of corrosion products that 

are not reactive, and which hence forms a protective film, slowing down further corrosion. 

In this work, the focus will be put on the corrosion of indoor metals and specifically copper and silver 

tarnishing and iron oxidation. The phenomenon called tarnishing, can be described as a thin layer of 

corrosion that forms mainly over silver, copper, brass but also other metals including aluminum. It can 

be considered a passivation of the metal, as it is self-limiting, and the formed layer will protect the 

underlying ones from reacting. On silver and copper, the layer is usually comprised of sulfides.  In 

contrast, iron oxidation forms a tough porous coating of iron oxyhydroxides that adheres more loosely, 

allowing further corrosion. Details of these phenomenon are provided in the following section.  
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1.1.1 Iron and steel 

The Iron Age began around 2000 B.C., when iron became dominant for tool production. Pure iron is a 

grey-whitish metal, relatively soft. It rusts very easily, and this is why it is often combined with other 

elements, in particular carbon (C), to obtain steel (0.2-2%wC/w), cast iron (2-4%wC/w) or other special alloys 

to make it harder and more resistant. Iron is broadly used because of its abundance. Iron-based alloys 

have been used for a variety of purposes including chains, nails, horseshoes, helmets, armors, 

construction structures and more recently, railroads, kitchen tools, weapons such as Damascus knives 

but also pigments such as ochres, which contain iron oxyhydroxides and oxides [21].   

Formation of rust can be caused by impurities, mainly dust or acidic compounds in the indoor 

environment. Indeed, all these impurities are susceptible to attract and retain humidity against the 

surface of the metal and therefore encourage localized corrosion. Globally, it is accepted that rust is 

composed of ferrihydrite 5Fe2O3·9H2O and α-, β- and γ-FeOOH, respectively goethite, akageneite and 

lepidocrocite [22–24]. In rare cases, chloride ions present in sweat can lead to the formation of active 

rust, as akageneite β-FeOOH [25]. The formation reaction is resulting from a redox reaction (1.1, 1.2, 

1.3), and involving the following processes (1.4):  

Fe(s) → Fe2+ + 2 e-       (1.1) 

O2 + H2O + 4 e- → 4 OH-         (1.2) 

2 Fe + O2 + 2H2O → 2 Fe(OH)2      (1.3)  

 

4 Fe(OH)2 + O2 → 4 FeOOH + 2 H2O     (1.4) 

 

 Fe2+ ions produced in the initial reaction are then oxidized by atmospheric oxygen following reaction 

(1.5), to then produce insoluble hydrated oxide containing Fe3+, e.g. ferrihydrite. 

4 Fe2+ + O2 → 4 Fe3+ + 2 O2-         (1.5) 

Fe3+ + H2O → 2 Fe2O3⸱xH2O + H+                     (1.6) 

In a controlled atmosphere, iron-based alloys, which are corroded, often display a layer of 

orange reddish oxides, also known as goethite, α-FeOOH. As long as the relative humidity (RH) rate 

stays below 65%, this form of rust is stable and assumed to be a non-reactive phase with an important 

protective ability [26]. In the presence of moisture and at pH between 5 and 7.5 [27], goethite turns into 

lepidocrocite, γ-FeOOH, which is of an orange vivid color and is believed to play an active role in the 

corrosion mechanisms. Indeed, lepidocrocite is the non-compact crystalline polymorph of goethite and 

is less stable. Some authors have studied the consequences of the goethite-to-lepidocrocite content ratio 
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in the rust layers, also reported as the “protective ability index α/γ » [28]. In the case of a ratio greater 

than 2, the rust layer is quite stable – assuming it is dense enough [29]. 

The red-orange aspect of rust is the reason for the removal of the iron oxyhydroxides layer, as a grey 

appearance is often preferred for historical indoor objects. 

A fundamental tool for interpreting electrochemical phenomena is a potential-pH diagram. Also called 

Pourbaix diagram, it allows to determine the regions of thermodynamic stability of a metal and its 

corrosion products in a given environment, usually water with pollutants. It is presented at fixed 

temperature, with axes of pH and E (oxidation or reduction potential of the system). The area between 

the dotted lines is the region of thermostability in water. They allow to foresee if corrosion can occur 

and to estimate the composition of the formed corrosion products. The Pourbaix diagram of iron is 

shown in Figure 1.2. 

 
Figure 1.2 Simplified Pourbaix diagram for an iron-water system at 1 atm and 25 °C, extracted from [30]. 
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1.1.2 Copper and its alloys 

Copper is one of the first metals used by mankind, its first used is reported to 8500 B.C. It has been 

exploited by native populations on all continents [31]. Pale red or pinkish in its pure state, copper has 

interesting mechanical properties thus presenting a good machinability. It is non-magnetic but is an 

excellent thermal and electrical conductor [1]. Because it is soft, it is often alloyed with other metals to 

strengthen it, in particular zinc (Zn) to obtain brass, and tin (Sn) to obtain bronze but also a combination 

with nickel and zinc to obtain nickel silver, used as a dupe for silver [32].  

A non-exhaustive list of its use throughout history includes water pipes, roofs, tools, mirrors, and 

artistic purposes uses such as painting substrates or green/blue pigments (e.g., malachite, azurite). Brass 

is and has been widely used for weapons, lamps, jewels, musical instruments whereas bronze is more 

common for historical monuments, bells or coins [1,11,31].  

In whichever environment, the very first corrosion product formed on copper alloys is a passive layer 

of dark-red to orange-red cuprous oxide (cuprite, Cu2O) [11,33–35] formed following the reaction (2.1). 

However, some serious corrosion studies [36], raised a scientific controversy, stating that copper may 

be corroded by pure oxygen-free water, with respect to reaction (2.2). 

2 Cu(s) + ½ O2 → Cu2O(s) + 2 H+ + 2 e-     (2.1)  

2 Cu(s) + H2O ↔ Cu2O + H2           (2.2) 

This layer is formed instantly after exposure to the environment, but the rate of formation decreases 

overtime, resulting in a rather thin layer not exceeding 50 Å most of the time [37]. 

Cuprous oxide protects copper in a dry atmosphere. In the presence of water as an adsorbed film, the 

metal reacts with sulfur in its reduced form (e.g. hydrogen sulfur H2S) arising from materials used in 

display cabinets, storage rooms (e.g. vulcanized rubber) and objects (wood) [38,39]. The metal reacts 

with sulfur, giving way to dark copper sulfur compounds like covellite but mainly chalcocite [1,40], 

following this reaction:  

2 Cu(s) + H2S → Cu2S(s) + 2 e- + 2 H+ [41]     (2.2)  

In addition, sometimes, sweat, volatile organic acids, dust, contact with other objects during long-time 

storage or other residues at the surface of copper-based objects can cause fingerprints or punctual green 

corrosion, mainly hydroxide sulfates (brochantite Cu4SO4(OH)6, antlerite Cu3(OH)4SO4, posnjakite 

Cu4(SO4)(OH)6·H2O). As example for brochantite, the most identified copper sulfate, an overall 

formation reaction is proposed here: 

2 Cu2O + SO2 + 3 H2O + 3/2 O2 → Cu4SO4(OH)6 [42]    (2.3)  

The copper water-sulfur system Pourbaix diagram can be consulted in Figure 1.3. 
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Figure 1.3 Pourbaix diagram for a copper-water-sulfur system at 1 atm and 25 °C, reproduced from [43]. 

On copper-alloys in indoor environment, encountered corrosion products are mainly similar to the ones 

found on pure copper although minor presence of tin corrosion products have be identified for bronze 

alloys [32]. The most commonly identified corrosion product on bronze is cuprite [42]. Regarding brass, 

a well-known phenomenon must be mentioned: dezincification. For some high zinc- content Cu-Zn 

alloy, zinc will be preferentially removed during the corrosion process [15]. Dezincification is more 

common in high chloride ion-containing environments and is therefore disregarded in this work as indoor 

environments are not considered leading to high concentrations in chloride ions [44]. 

1.1.3 Silver and its alloys 

Pure silver is a white ductile metal. It is often associated to copper to harden it and improve its 

properties. It has been exploited by indigenous civilization in America and Asia as well as Europeans 

during the Roman period for jewelry and coins. Europeans used it in higher proportion when they 

brought it back from their 18th century expeditions for silverware, ornament art but also for photography 

process. Silver is a noble metal and has been highly appreciated from ancient times to the present day. 

It is traditionally used decoratively and functionally in fine cutlery and tableware and is valued for its 

high luster and long life. It has also been widely used in electrical contact applications because of its 

high conductivity in addition to application in photographic processes [5]. Although silver is a noble 

metal, it is prone to corrosion due to the presence of pollutants in the environment.  
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Indoor, there are two main factors influencing the rate of atmospheric corrosion: relative humidity and 

gaseous pollutants [46]. The principal constituent of the tarnish layers on silver is acanthite, Ag2S, with 

an overall reaction proceeding as in equation (3). The Pourbaix diagram of silver can be consulted on 

Figure 1.4. 

4 Ag(s) + O2 + 2 H2S → 2 Ag2S(s) + 2 H2O     (3) 

 

Figure 1.4 Pourbaix diagram for a silver-water-sulfur system at 1 atm and 25 °C, reproduced from [47]. 

Similarly to copper, associated pollutants are reduced forms of sulfur (H2S, organic sulfur compounds) 

[48,49]. As stated by Vassiliou et al. [50], silver will start tarnishing at concentration of sulfur as low as 

0.2 ppb, which is way below the concentration produced by museum visitors for instance, between 150 

and 600 ppb in a 24 hours residence time and sufficient to initiate the tarnishing process [45,46,50,51]. 

As the tarnish film thickens, the color and reflection of the surface changes from light iridescent hues to 

a denser black layer [46]. This dulls the surface and detracts from appearance. Although rarely 
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dangerous for the object, tarnish is aesthetically displeasing and disturbs the legibility of many objects. 

Tarnishing starts to be visible at a thickness above 10-20 nm which corresponds to a slight yellowing 

and is considered unacceptable by conservators and curators [46,50]. 

Notably, most silvered objects are however not pure silver but alloys. The higher the amount of copper 

in the alloy, the faster the tarnishing rate, as copper corrodes faster than silver in the presence of sulfur 

compounds [52]. On top of that, the addition of copper not only has an effect on the corrosion rate but 

also on the type of corrosion products, leading to the formation of dark-blueish corrosion products, 

characterized as covellite (CuS) or chalcocite (Cu2S), completely undesired on silver-based objects 

[46,53].   

1.1.4 Chemico-physical properties of corrosion compounds under 

study 
Based on literature data, seven corrosion products, representative for indoor corrosion or tarnishing 

were selected for this work (Table 1.1). These compounds present different properties including 

solubility product constant or oxidation state of the metal atom. According to the International Union 

of Pure and Applied Chemistry (IUPAC), the oxidation state of an atom is the charge of this atom after 

ionic approximation of its heteronuclear bonds, which is therefore closely related to its surroundings 

ligands [54].  

The solubility product expresses the extent to which a solid will dissolve in a solvent (water in this case). 

In other words, the ratio between the solid and the concentration of its ions in a saturated solution. At a 

given temperature, the dissolution of a solid MxAy into an aqueous solution can be described as: 

MxAy(s)⇌xM(aq)
y-

+yA(aq)
x-      (4.1) 

Using the law of mass-action, the following equilibrium constant Ksp is obtained: 

Ksp = 
a(M(aq)

y-
)x · a(A(aq)

x- )y

a(H2O) · a(MxAy(s)
)
      (4.2) 

With the activity a of H2O and the solid MxAy equal to 1 in water and the activity of ions in an aqueous 

environment being the concentration of the ion it gives: 

Ksp = [My+]x · [Ax-]y      (4.3) 

 Ksp is called the solubility product constant. Its value relates to the degree to which the compound can 

dissociate in water. Hence the lower the pKsp (-log(Ksp)) is, the more soluble a compound is. 
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Table 1.1 Summary table of targeted indoor corrosion products along with physico-chemical characteristics. 

 Formula Name 
Metal atom 

oxidation state 

pKsp at 25°C in 

water 

[43,55–60] 

Iron 
α-FeOOH Goethite +III 42 

γ-FeOOH Lepidocrocite +III 42 

Copper 

Cu2O Cuprite +I 15 

Cu2S Chalcocite +I 49 

CuS Covellite +II 37 

Cu4SO4(OH)6 Brochantite +II 69 

Silver Ag2S Acanthite +I 51 
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1.2 Cleaning metal artefacts  [62,63] 

In heritage conservation, corrosion is a dreaded reality as it implies the decay of ancient and/or valuable 

artefacts, therefore implying the potential loss of information and hindering the passing down to future 

generations. Preventive conservation and especially monitoring of the environmental conditions in 

relation to corrosion threshold values for the metals in question is a first step into avoiding intervention 

on an object. Unfortunately, sometimes, the latter is inevitable. In some cases, corrosion products, often 

tarnishing, can be desired, as they are visually pleasant or have historical and artistic values (traces of 

manufacture technique employed or ancient use, aesthetic and/or protective patinas). This can be 

acceptable if and only if the corrosion products are stable and not detrimental. In addition to the 

potential loss of the objects, decrease in the readability and aesthetics (shininess) of the object can occur. 

One of the first steps to artefact care is to determine whether the alteration is desirable, undesirable, or 

even detrimental. The context and the hazardous nature of the corrosion will determine whether it is 

conserved or removed during the intervention phase and influence the choice of treatment and its 

application.   

Although there is often a first attempt to minimize the corrosion phenomena by the use of protective 

coatings, or the stabilization of corrosion layers, removal of the corrosion products can be foreseen to 

improve the aesthetics or readability of the objects (e.g., carvings blurred by the presence of corrosion 

products). Indeed, it is often sought for to go back to the original state of the object, especially for 

historical objects such as jewels, technical objects, musical instruments and religious objects but to also 

keep traces of the life of the objects as they are witnesses testifying of the past. This emphasizes the need 

for a controlled cleaning of these objects.  

Cleaning is a critical step in conservation-restoration interventions as it removes unwanted layers from 

an artefact. It must be performed according to the nature of the corrosion compounds to be removed in 

addition to adaptively to the zone to be treated, avoiding any action on the original surface. To 

standardize the practice, the European Confederation of Conservator Restorer’s Organization (ECCO) 

established a code of ethics [61]. Briefly, the guidelines suggest limiting interventions to the minimum 

necessary and focusing on the causes of the deterioration. Hence, cleaning treatments should focus on 

the controlled elimination of compounds interacting with the objects from the surface, recovering an 

acceptable visual aspect of the artwork.   

Cleaning of metals contrasts from other materials in the very nature of what is discarded. In other fields, 

cleaning usually involves the removal of "dirt” which can be simplified as exogeneous and/or oily 

material deposited on the original surface, or altered varnish layers. Usually if dirt appeared through 

the use of the object, it can be claimed that it represents part of the object’s history and should not be 
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discarded in the same way than dust accumulated during inadequate storage. In the case of metals, the 

situation is even more delicate as corrosion does not represent extrinsic matter accumulated on top of 

the original surface. Corrosion is the original material transformed into another form. Corrosion 

removal is actually a removal of part of the original substrate itself. Previous conservation practices 

would not always respect the integrity of an artefact when treating [62], resulting in the loss of the 

original surface (OS). Because corrosion is part of the original material constituting the object, the 

definition of the original surface of metal is complex. A definition has been theorized by Bertholon [63]. 

For archeological objects it is the surface of an object when it was abandoned, whereas for historical 

objects the definition is more ambiguous as it depends on the artefact’s nature (e.g., last used for a tool, 

original patina for a sculpture).  

Although improving nowadays, little attention is paid to the possible loss of information that could 

occur during the conservation treatment. Confidence in conservation practices suffered serious damage 

from overcleaning of artefacts, the use of improper chemical treatments and various other practices that 

were not sufficiently controlled which posed safety and re-treatability issues [62]. The concept of 

reversibility and re-treatability has been theorized several times in conservation literature [64,65]. 

Although reversibility is believed to be unattainable, especially for cleaning which is an irreversible 

process as any interventions will remove portions from the object, some recommendations must be kept 

in mind to choose the best treatment: possibility for objects to return to their conservation conditions 

prior to treatment, avoid of the use of materials whose future removal will endanger the object. Many 

cleaning protocols are based on chemical or physical procedures with potential negative effects for 

conservators’ health and/or for the materials constituting the artworks. The choice of treatments is 

generally a compromise for conservators to ensure that assets outweigh the drawbacks and effort should 

be on associating the least interventive methods. 

1.2.1 Current cleaning methods  

An optimal cleaning treatment for metals should remove the corrosion and/or tarnish substances 

without affecting the underlying surface. To simplify, the techniques employed to eliminate corrosion 

products are classified in three principal groups: mechanical, chemical and electrochemical techniques 

[57]. Novel techniques are also being explored by scientists, for instance laser, which is expensive and 

hard to access, or plasma cleaning, still in need of finetuning before a implementation by stakeholders 

[66–68]. It is particularly important to keep in mind that any cleaning procedure carried out by a 

conservation professional depends on the type of object, the expected outcome, the conservator’s skills, 

and available equipment.  
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1.2.1.1 Mechanical cleaning (abrasion)  

Mechanically cleaning a metal surface consists in removing the undesired corrosion product resorting 

to an external force, whether by picking it off with a tool (scalpel, cotton) or rubbing with another 

material (abrasive paste, sandblasting, brushing). It is currently the most used option for metal cleaning 

in heritage conservation. It has been reported for iron [69], copper and silver substrates [70,71]. Although 

extensively spread techniques, dexterity and know-how are necessary to use scalpels or rotary tools. 

The efficacy of the cleaning depends upon the hardness of the material in contact with the surface, the 

force applied, and the duration of intervention. Abrasive systems can be performed wet or dry, using 

different types of abrasive (e.g., SiO2, Al2O3, calcium carbonate, walnut shells, glass beads), and if needed 

a fluid to suspend the abrasive (e.g., water, alcohol, paste). Sometimes, a substrate to carry the mixture 

is necessary, and can even be used alone as the rubbing action can be sufficient in some cases (e.g., cloth, 

cotton swab…). These abrasives may produce surface scratching, which can be avoided preferring the 

use of soft and small-sized particles for long polishing time [46].   

Mechanical methods exhibit several assets including the ease of use and the applicability to small or 

large objects. In addition, and especially for silver, the color and gloss of the metal are back to the 

original aspect, which is frequently sought for when cleaning historical artefacts [72].  

The level of control when cleaning the material is the most valued aspect for these methods, in the sense 

that the intensity of exerted forces can be adapted, and the overall intervention stopped rapidly if 

necessary. However, many studies report important mass losses with rotary tools and hard abrasives, 

such as multi-purpose metal polishes [72]. This unrestrained mass-loss deterioration, in addition to 

impairing the microstructure of the object, can have macro consequences, as successive polishing and 

scratches can ruin motifs on objects, a good example being on coins or medals. Their use is also 

discouraged on fragile objects due to the risk of breaking [46,58].  

For silver polishing, a significant part of the mechanical treatments relies on commercial products, being 

more practical as they do not require any preparation steps. Then again, their precise composition is 

usually unknown, leaving uncertainty regarding any possible change to the formulation and therefore 

as regards the effectiveness and aggressiveness depending on the compounds present. In addition, 

commercial products are not always adapted to the intended use and can cause damage such as 

scratches or mass loss greater than expected [72]. Abrasive remains are thought to be easy to remove, as 

they can be seen to the naked eye. However, this is misrepresenting as for instance, invisible compounds 

from commercial products formulations (i.e., perfume, additives, surfactants) might remain on the 

surface and potentially induce further corrosion or tarnishing. In the case of silver, faster re-tarnishing 

was observed after mechanical cleaning as a bright new and reactive surface was exposed to the 

environment [70,72]. Finally, there is close to no selectivity when resorting to mechanical cleaning. Of 
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course, meticulousness allows to perform a precise work, but it is sometimes difficult to differentiate 

between compounds to be kept or removed, as some of them can sometimes be desired as part of the 

objects’ history. 

1.2.1.2 Electrochemical cleaning [71–74]  

Electrochemical cleaning is rather uncommon for historical ironwork as the main consequence is the 

diffusion of chloride ions out of the object. To treat corroded ferrous objects, those are immersed in an 

alkaline electrolyte (i.e., NaOH). In the case of akageneite (β-FeOOH) presence in the iron oxides layer, 

which is deleterious to iron stability, the imposed current will free the chloride ions and lead to the 

formation of Fe(OH)2 [75]. Moreover, there is no long-term assessment of post-treatment stability of iron 

objects after electrolysis, which makes it a rather rare cleaning technique used on iron objects. 

About electrolysis of copper alloys, it is deemed aggressive and difficult to control, with a high risk of 

redepositing reduced copper. Consequently, electrolytic cleaning of sterling silver or any other silver-

copper alloy is not favored as reduction of both silver and copper sulfide happens (E°Ag = 0.7996 V, 

E°Cu = 0.521 V [21]). This results in deposition of metallic copper on the silver object surface, altering 

the original visual aspect of the object. To overcome this downside, one must verify the composition of 

the silver-based artefacts to avoid any unexpected poor outcomes. In case of silver-copper alloys, the 

cleaning is performed in two steps: initial chemical removal of copper corrosion products and 

subsequent electrolytic cleaning of silver.   

Silver is probably the historical metal substrate for which electrochemical methods are the most 

performed, resorting to galvanic or electrolytic reduction. In the first case, a lesser noble metal (e.g., 

aluminum or zinc) becomes the anode and corrodes while the most noble metal, silver, remains 

uncorroded. It gives way to a secondary hydrogen-forming reaction, which allows to reduce silver 

sulfide to silver and form H2S gas. In the second case, electrolytic reduction, an external source of energy 

(i.e., battery, potentiostat) is used to reduce the corrosion products to elemental silver. The most 

common electrolytes employed by professionals are sodium sesquicarbonate, NaOH, NaNO3 or KNO3 

[70,76]. Therefore, the final aspect after electrochemical cleaning is dependent on the type of silver, 

which can turn unacceptable in regard to conservation practices and ethics, unless it is combined with 

other methods, in particular chelating agents.  

One advantage of electrolytic methods is their degree of control, as the imposed potential can be 

matched to specific reduction processes. They are also useful for large objects, as electrolytic treatments 

can be run for long periods of time with little input from the conservator thereby saving labor. 

Oppositely to mechanical and chemical methods, electrochemical cleaning does not result in original 

metal loss, or almost negligible after successive cleanings. This is because the process simply implies to 
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reverse the chemical reaction of oxidation that damaged the object surface in the first place. However, 

this silver sulfide to silver reduction preserves the silver sulfide morphology, thus resulting in a rough 

surface, making the metal more reactive than after a mechanical cleaning. In addition, this method is 

not frequently used as is requires advanced equipment and skills [72]. However, when assembling is 

done, cleaning of small objects is quick. The recent development of electrolytic portable tools (PLECO 

pencil) allows better handling by conservators that do not have extensive electrochemical backgrounds 

and also in-situ measurements and therefore could help spreading the technique [77].  

1.2.1.3 Chemical cleaning [71,74]  

Chemical cleaning of metals refers to the use of a chemical reagent, often in aqueous solution, to 

solubilize otherwise insoluble metal salts [24]. Chemical cleaning is often combined with mechanical 

cleaning, for instance with the rubbing of cotton swabs dampened with chemical reagent solutions. The 

above-mentioned polishing pastes sometimes contain chemical reagents (i.e. ammonia) in order to 

enhance the cleaning performance [70].  

The first approach to the chemical cleaning of corroded metals involves complexing agents that 

represent strong ligands for metal ions. Chelators are polydentate complexing agents; organic or 

inorganic compounds capable of surrounding di or tri-valent ions such as those of copper and iron. The 

ligand contained in the sequestering agent binds the ion to form complex ring-like structures called 

‘chelates’, either with covalent or co-ordinate bonds. In the case of complexation for cleaning purposes, 

the formed compounds are soluble [24].   

These agents, such as the sodium salts of ethylenediaminetetraacetic acid (EDTA) and Tri ammonium 

citrate (TAC), have been used extensively in conservation in attempts to mitigate corrosion products 

without causing harm to the base metal. It has been used to clean iron and copper alloys [24,46,71]. In 

addition, these chemicals, in particular EDTA, are scrutinized for their environmental toxicity [78]. 

Indeed, there are some concerns about its poor biodegradation in conventional wastewater treatment 

plants and natural environments, and its effect in mobilizing heavy metals from solid phases to pose a 

risk to groundwater [79]. 

As much as there are studies assessing the action of chelating agents, literature is rare when it comes to 

having an exhaustive comparative overlook assessing different methods on different alloys. It is 

therefore up to conservators to appraise studies or perform test patches on the object they plan to treat.  

Concerning iron oxides, a variety of chelating agents is being employed for their dissolution, including 

forth-mentioned EDTA but also citrate ions or salts of other carboxylic acids, such as oxalic, ascorbic 

and tartaric acid, used for their low pH which will exclude iron oxides from their stability region and 

solubilize them (cf. Pourbaix diagram, Figure 1.2) [24].   
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Regarding cuprous chemical corrosion removal, it can be achieved thanks to several approaches using 

chelating agents such as Na2EDTA, tetraethylenepentamine (TEPA), diethylenetriaminepentaacetic acid 

(DTPA), tri ammonium citrate (TAC), or reducing agents [80,81]. On copper-based alloys, similarly to 

iron, carboxylic acids including citric acid are reported as being efficient [82]. Although complexing 

agents exhibit low aggressivity towards metallic copper [71], damage is observed on the metal surface 

after immersion in stripping agents like formic acid [83]. The chelator EDTA is currently extensively 

resorted to as it is effective on most of copper corrosion compounds. Still, a study examining reaction 

of Na2EDTA on copper revealed that chelation rate varied according to corrosion products present [84]. 

This would result in selective removal of corrosion products which is an asset as it implies being able to 

control which compounds to keep, in case some of the present degradation compounds need to be 

preserved on the surface. However, this selectivity implies more parameters to be taken into account 

than solely the ligand, in particular the pH, which influences the stability region of the corrosion product 

as well as the ligand’s complexing abilities, the solubility product constant Ksp, and the so-called 

formation constant (Kf), which will be developed further in the manuscript.  

For silver, chemical methods are less common. Because Ag2S is close to insoluble in water [72], stripping 

it with organic acids or complexing agents is ineffective, apart from the use of nitric of sulfuric acid, 

which are hazardous. Other chemicals such as thiourea acid solutions have been employed due to their 

fast-cleaning effects and ease of use. Conservators have reported the need of skilled manipulation in 

order to avoid damaging objects [72]. Therefore, thiourea acid solutions, popular in the past, are now 

only barely used due to their side effects. Furthermore, this chemical substance has been suspected to 

cause skin disease of the operators [85]. 

Overall, traditional acid stripping solutions can be aggressive to metal and corrosion products alike as 

their action cannot be tuned, and are only relevant where it is ethical to remove all corrosion products 

[86]. Chelating agents, on the other hand, can be slow to act and may be more selective in their action 

on corrosion products. Careful study is essential to obtain suitable pH values for optimizing 

complexation. As mentioned, nowadays conservators commonly resort to EDTA and DTPA which are 

synthetized compounds and known to be persistent when released in water and in the environment 

and that can have deleterious effects [78]. 

It is not possible to control the rate and to stop a chemical cleaning process as promptly as mechanical 

cleaning to avoid potential damage of the object. Furthermore, all stripping methods require post-

treatment clearances to remove residual chemicals that would continue to corrode metals due their 

acidic nature for instance. In addition, the penetration of chemical solution in the corrosion layers 

desired to be kept is a concern for long-term fragilization of the objects. 
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In addition, all chemicals require to be handled with care, as most of them are irritant for the end-user’s 

skin. Cleaning methods which employ water or other liquids are more difficult to control than dry 

cleaning techniques and their application to metal is contradictory with the inherent sensitivity of metal 

to moisture. 

1.2.2 Drawbacks of current cleaning methods  

Forth-mentioned solutions to mitigate corrosion definitely all display drawbacks that cannot be 

overlooked, either in terms of environmental impact, risks for the artworks and/or health issues for 

conservation professionals (table 1.2). In addition, these well-established techniques are sometimes 

unsuitable when the metal is near sensitive materials (e.g., silver threads in textile, metal inlays on 

wooden statues) because they result in the inevitable chemical damage or mechanical scrape of the very 

sensitive organic materials. The lack of a problem-free method to remove corrosion is the reason that at 

present some objects’ cleaning is problematic [77]. As both chemical and mechanical techniques can 

damage the underlying metal, there is a great deal of interest in developing new cleaning technologies 

which are less aggressive to the metal surface underneath the corrosion layer.   
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Table 1.2 Recapitulative assets and drawbacks of common cleaning methods for iron, copper and silver objects along with main 

target metal. 

 Mechanical (Fe, Cu, Ag) Chemical (Fe, Cu) Electrochemical (Ag) 

Assets 

- Ease of use 

- High level of control 

(pressure, end of 

treatment, fine-tuning of 

abrasive) 

- Selective cleaning 

sometimes possible 

- Degree of control 

- No metal loss 

- Applicable to large 

and small objects 

- Adapted to tarnished 

silver 

 

Drawbacks 

- High dexterity required 

- Surface scratching 

- Mass-loss 

- Inadequate for fragile 

objects 

- Lack of selectivity 

- Commercial products 

can be inadequate and 

contain undesired 

additives 

- Acids can damage 

metal substrate 

- Not applicable to 

silver 

- Action can be slow 

or too fast (low 

control rate) 

- Persistence of some 

chemicals in the 

environment 

- May be hazardous to 

human 

- Eventual residual 

substances are 

deleterious 

- Long-term efficacy 

questionable 

- No applicable to 

copper-containing 

alloys 

- Not applicable to 

copper or iron 

- Rough surface 

obtained after 

treatment / increased 

silver surface 

reactivity 

- Requires advanced 

skills 

- Requires advanced 

equipment 

 

To solve a difficult problem, nature can be used as a source of inspiration. In recent years, the 

development of environmentally friendly methods has become a significant alternative towards more 

sustainable practices [81,87]. Confronted with the transmission of heritage to the next generations, 

stakeholders in the field have also a major role to assume towards a global societal change. With the aim 

of developing more sustainable alternatives without conceding on the treatment performances or the 

safety of the artworks, different solutions carried out by conservation scientists emerged [88].  
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Research on innovative cleaning methods is now moving towards biotechnology by searching for new 

chemicals, exploiting the specific metabolic capabilities of microorganisms and enhancing the 

properties of enzymes, for the bioremediation of polluted artworks. Many successful biotechnologies 

using microorganisms have been developed to restore or clean a variety of objects [61,89]. 
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1.3 Microbes in cultural heritage conservation  

1.3.1 Microbially Induced Corrosion  

In popular belief, microorganisms are often associated with deleterious consequences for the 

preservation of cultural heritage. It is a fact that microorganisms are a major cause of deterioration on 

cultural artefacts of any type of substrates [90]. Microbial processes, including bioweathering (rocks and 

ores), biodeterioration (organic substrates) or biocorrosion (metals), thus contribute to irreversible 

changes or even worse, loss of valuable heritage [91,92].  

On metals more specifically, microbially induced corrosion is a great concern, and not only regarding 

cultural heritage. Microorganisms have long been known to influence or even initiate corrosion, causing 

corrosion of pipe tubes 10 to 1000 times faster than normal [93]. This phenomenon is called Microbially 

Induced Corrosion (MIC). It is not a form of corrosion in itself but can accelerate most forms of corrosion 

(i.e., crevice, pits, galvanic etc.). MIC can be attributed to multiple microorganisms including algae, 

fungi, and bacteria. Recent papers have studied the influence of bacterial communities composition on 

bronze outdoor decay [94]. The availability of oxygen has also been found to be a major factor in 

corrosion of metals in saltwater environments, typically on archeological findings [92,95]. 

Microorganisms’ reproduction, resulting in a biofilm on a material’s surface, will create in a 

microenvironment. Consequent changes in pH, dissolved oxygen, or metabolic reaction such as 

hydrogen, sulfide, ammonia, organic acid or even inorganic compound production can lead to reactions 

which increase corrosion rates [96]. MIC has been mainly attributed to several groups of 

microorganisms, such as Sulfate reducing bacteria (SRB), Sulfide oxidizing bacteria (SOB) and acid 

producing fungi [93]. Most damaging corrosion takes place in the presence of a multispecies biofilm 

[96]. SRB are anaerobic microorganisms that can survive in an aerobic environment for a period until 

finding a compatible environment. They chemically reduce sulfates to sulfides, producing compounds 

such as hydrogen sulfide (H2S), or iron sulfide (Fe2S) in the case of ferrous metals. SOB are aerobic 

species which oxidize sulfide or elemental sulfur into sulfates. Some species oxidize sulfur into sulfuric 

acid (H2SO4) leading to a highly acidic (pH ≤ 1) microenvironment. SRB are often found in conjunction 

with SOB [93]. 

1.3.2 Microbially induced remediation of metal artefacts  

Microorganisms drive the elemental cycling on Earth. As much as some microorganisms have been the 

cause of a problem, it is usually the case that other microorganisms are involved in opposite pathways 

and therefore can be beneficial for conservation process [97]. As the saying goes, one man’s trash is 

another man’s treasure. Some metabolic reactions considered harmful for some artefacts could well be 
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beneficial for other problematics. As an example, Streptomyces sp. is considered responsible for the 

deterioration of mural paintings through biomineralization and biopigment production [98]. However, 

it also has the ability to produce siderophores, which is an iron-uptaking compound that has also been 

used in cultural heritage conservation for contaminated wood [99]. 

Likewise to what mankind has achieved throughout history, for fermented food or waste water 

treatment, it appears that biological metabolism can be profited from to safeguard heritage and 

substitute current treatments [100]. This gives way to new perspectives for the development of methods 

and resources for the conservation of cultural relics, with potential improvement in terms of 

sustainability, effectiveness and toxicity. Microbial mechanisms are exploited aiming to consolidate, 

clean, stabilize or even protect surfaces of cultural items. Successful examples of application of 

bioconservation methods have been well documented in previous literature for various substrates like 

stones [101,102], paper [103], textiles [104], wood [105], paintings and other polychrome works [106,107]. 

For many years now, biomineralization, i.e., the formation of biogenic minerals, has also been studied 

for the benefits in preservation of heritage materials. Stone monuments, mural paintings, frescoes, 

mainly those compose of carbonate minerals such as limestone and marble, have profited of 

carbonatogenesis, a process where calcium carbonate compounds precipitate due to microbial 

metabolism. Interestingly, bioconservation is less common for metal artefacts. 

1.3.2.1 Biomineralization of metal objects  

Metal substrates, in particular iron and copper, have also profited from biomineralization treatments. 

In the last decade, it has been studied at the University of Neuchâtel, Switzerland. Specifically, copper-

based artefacts have been treated with fungal strains reported to form biogenic oxalates, an ability that 

allows the transformation of metal compounds into metal oxalates. The capacity of fungi to transform 

copper compounds into copper oxalates (CuOx) has been exploited in the field of soil remediation and 

applied to copper-based artefacts in order to obtain biopassivation of the treated surfaces [108–110]. 

Metal oxalates, and in particular copper oxalates, create attractive compact patinas that are not 

associated with cyclical corrosion, providing a good protection of the surface [109,110]. The 

entomopathogenic fungi Beauveria bassiana converts reactive copper phases and reaches up to almost 

100% conversion of copper corrosion compounds such as copper hydroxy sulfates and hydroxy 

chlorides into chemically stable copper oxalates [109,111]. The occurring processes behind this bio-

based treatment have been investigated. The metabolic pathway seems to first transform CuCl into 

copper hydroxy chlorides, which are then turned into CuOx under the action of the oxalic acid secreted 

by the fungi [112]. The solubility of the metal compounds appeared to be determinant in the preference 

of fungal uptake: oxides are more likely to be taken up compared to elemental metal, allowing a 
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controlled action of the bio-based treatment [108]. Furthermore, biogenic CuOx can be considered as a 

protective system. The minerals formed blend into the natural corrosion patina, creating a compatible 

passivation layer that is more effective than current coatings. Indeed, results showed a better weathering 

resistance than usual protective systems or corrosion inhibitors, such as microcrystalline waxes or BTA 

respectively, thus ensuring the bio-based treatment provides a more efficient corrosion mitigation over 

time [113].  

Similarly, for the biomineralization, hence stabilization, of archeological iron artefacts in the presence 

of chlorinated compounds, alternative methods using bacteria were investigated. Several species were 

able to reach the reduction of iron compounds, in particular akageneite β-FeOOH, into stable biogenic 

minerals simultaneously to the diffusion of chlorides out from the treated object [114]. Promising results 

showed the removal of the harmful corrosion layer without altering the metal substrate underneath 

[115–117]. Fungal strains have also been assessed, including Beauveria bassiana [114]. However, it turns 

out that they are not the best candidates to stabilize corroded iron but showed potential for 

dechlorination [118]. An overview table of the studied mechanisms is provided in Table 1.3. 
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Table 1.3 Overview of studied mechanisms for the stabilization of archeological iron artefacts. 

Tested strains Type Obtained minerals Remarks 

Desulfitobacterium 

hafniense TCE1 [117] 
Bacteria 

Homogenous layer of 

mixed stable iron 

minerals, vivianite 

Fe3(PO4)2·8H2O and 

magnetite Fe3O4 layer 

Medium influence the 

obtained mineral 

phases, influencing 

the color of the 

formed layer 

Abiotic reduction of 

iron may be because 

of Na2S in the medium 

Shewanella îoihica 

[115] 
Bacteria 

Iron phosphates and 

iron carbonates 

(siderite, FeCO₃). 

Need of chloride ions 

supply 

Aeromonas CA23 and 

CU5 [115] 
Bacteria Vivianite and siderite 

Partial reoxidation,  

fish pathogenicity of 

Aeromonas strains 

Beauveria bassiana S6 

[118] 
Fungi Iron oxalates 

Obtainement and 

identification is not 

always replicable 

1.3.2.2 Biocleaning of metal objects  

In recent decades, biological cleaning has greatly improved as a result of research into biotechnologies 

and today plays an important role in the preservation and restoration of cultural assets. Nowadays, 

biocleaning by viable bacterial cells or hydrolytic enzymes represents a resource with great potential, 

decreasing risks for artworks and for human health. Again, it has been applied to different problematics 

including the removal of organic substances, black crusts, and mineral salts from different materials 

such as stone, wall paintings, etc. Moreover, different metabolisms have been exploited to different 

treatments all-leading to the recovery of the surface original appearance [88,119].  

When it comes to metal substrates, as discussed in section 3.2.1, research has focused on stabilization 

and passivation of iron and copper alloys with remarkable results. Although few attempts have been 

made to develop a bio-based method for the removal of corrosion products from metals [58,120], 

exploitation of microbial properties for biocleaning is lacking.  
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Microorganisms can work as micro-chemical factories to bioaccumulate some metals. To exploit these 

abilities to remove corrosion, it is interesting to wonder why and how some species can achieve such 

actions.   

Metals are essential for life. In particular iron and copper are important metals for biological processes, 

but as with many things, the dose makes the poison, hence those metals can also be toxic or biocidal. 

Especially, copper and silver are known to be strong biocides [121].  

Uptake of metals and metalloids can be achieved by microbes in a plethora of ways. Organisms like 

microbes come up without various approaches as a way of fetching these nutrients in their environment 

or scavenging them to prevent them from entering the organism’s cell walls [118]. Solutions for 

removing corrosion through biological compounds or pathways exist, involving either living 

microorganisms or their secondary metabolites. 

Secondary metabolites are some of the most complex and important metabolites of industrial interest. 

They usually form at the end of the growth phase, in the stationary phase of microbial growth. 

Secondary metabolites usually share the following characteristics [122]:  

- Not essential for growth and reproduction 

- Their formation is highly dependent on growth conditions, especially on the composition of the 

growth medium 

- They are often produced as a group of closely related compounds 

- Usually overproduced, by contrast to primary metabolites that are linked to energy and growth 

and therefore cannot be significantly overproduced  

Well-known secondary metabolites include enzymes or antibiotics such as penicillin[122]. For metal 

remediation, the focus will be put on the latter and especially on the following sub-categories: 

siderophores, Extracellular Polymeric Substances (EPS) and organic acids.  

1.3.2.2.1 Low molecular weight organic acids  

Low Molecular Weight Organic Acids (LMWOA), including citric, itaconic, phosphoric, succinic or 

oxalic acid possess chelating properties and are therefore reliable alternatives as complexing agents 

[123]. They are commonly available in nature as microbial metabolites deriving from soil matter 

decomposition, food fermentation, or allowing microorganisms to induce mineral dissolution. Most of 

them are well documented as safe and water-soluble products that are hence more ecologically friendly 

[124]. For example, citric acid broadly used in industry is obtained from fungal species, in particular 

Aspergillus Niger [125]. A wide selection of microbes have the ability to produce LMWOA [126,127]. For 

a long-time overlooked for heritage purposes, these biodegradable chelators have gained attention, in 

particular citric acid and Ethylenediamine-N,N′-disuccinic acid (EDDS) [128]. EDDS has recently been 

praised for having a chemical structure close to EDTA and similar properties without environmental 
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drawbacks. Not only is the [S,S]-EDDS stereoisomer biodegradable but can be produced by bacterial 

fermentation [129,130]. 

The fungi Beauveria bassiana mentioned above regarding biomineralization was revealed to have 

versatile application thanks to its production of oxalic acid and can be used as a chelator for metal ions, 

in particular copper [37]. The fungi, detecting metals, in particular copper, as toxic for itself, produces 

the acid in order to chelate the metal ions as extracellular metal oxalates [131], making them less harmful 

for its growth. The use of oxalic acid is mostly employed as cleaning method on coins [74], but its use 

from synthetic provenance is not recommended [132].   

Citric acid is produced microbiologically by the mold Aspergillus niger. Citric acid fermentation is 

carried out aerobically in large fermenters and a key requirement for high yields is that the medium is 

iron deficient. This is because A. niger’s excretion of large amounts of citric acid can be obtained because 

the organism uses citrate to scavenge iron for uptake into its cell [122]. 

1.3.2.2.2 Extracellular Polymeric Substances  

Extracellular Polymeric substances (EPS) are high molecular weight natural polymers secreted by 

microorganisms. They are the main component of biofilms matrix [133]. They are starting to gain more 

visibility in multiple fields of applications [134]. For instance, EPS from Aureobasidium pullulans can be 

used as thickener for the production of biodegradable plastics [135]. EPS are also employed in 

wastewater treatment thanks to the ability of the biosorbent matrixes to chelate toxic metals [136]. 

Furthermore, their production is also reported to decrease the corrosion rate of iron by the formation of 

an iron-EPS complex [137]. 

When studying the production of iron oxalates by B. bassiana, Comensoli et al. noticed that the fungal 

preferentially produces EPS [114], able to chelate iron [93], which is mentioned as a biocleaning 

potential.  

1.3.2.2.3 Siderophores 

One of the most promising bio-based materials for the removal of corrosion are siderophores. 

Siderophores are secondary metabolites produced by bacteria or fungi in conditions of iron-deficiency, 

iron being an essential element for some species. They are natural iron-specific complexing agents which 

could be a reliable alternative to chemical complexing agent. They are secondary metabolites used to 

fetch iron in iron-lacking environments to ensure the right development of the microorganism [138]. 

Their production has been detected in a large palette of microbes [138]. Siderophores can be categorized 

according to their functional groups [139]. There are three main types: catecholates, hydroxamates, and 

carboxylates. In addition, some of them display more than one of the moieties stated before; these are 

considered as mixed types [140].  
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They display a high affinity for ferric iron by forming complexes that can be then taken up by the 

secreting organism, turning Fe3+ into soluble Fe2+ in the cell membrane. Briefly, these metabolites can 

take up iron forming a ferri-siderophore complex that is recognized and translocated inside the cell. It 

is believed that the iron will be released from the complex following a reduction from Fe3+ to Fe2+ inside 

the cell, as the affinity of siderophores for ferrous iron is lower than for ferric iron. Fe3+ is a stronger 

Lewis acid than Fe2+, therefore electron-pair donor groups present in siderophore molecules bind ferric 

rather than ferrous iron [141].  

Notably, siderophores exhibit remarkably high iron binding affinities, making them serious competitors 

for synthetic chelators [141]. The affinity can be evaluated thanks to the formation, binding or stability 

constant Kf (or β) of each siderophore with metal ions, which is defined using the ratio between formed 

complexes and free ions. The higher the log β, the more stable the complex. In opposition to other 

complexing agents such as EDTA, siderophores show a specific affinity for iron, albeit they can bind 

other ions but to a lower extent [139].   

Indeed, siderophores not only have the capability to scavenge iron but also to chelate a variety of other 

metals ions frequently encountered in metal artefacts, including Ag+, Al3+, Cr2+, Cu2+, Ni2+, Pb2+, Sn2+ or 

Zn2+ depending on the type of siderophores [142]. However, most of the time there is a lower binding 

affinity than for iron ions [143]. Indeed, their global “metallophore” properties can be accounted for by 

siderophores scavenging other ions to protect the bacteria from other metals toxicity if needed. The 

metal-siderophore complex binding constant thus must be lower than the one for the ferri-siderophore 

complex in order to prevent the siderophore receptor from the uptake of the toxic metal, acting as a 

Troyan horse and consequently having detrimental effects [144]. Table 1.4 shows different formation 

constants of general siderophores with common elements in metal cultural heritage [139,141,145,146].  
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Table 1.4 Characteristics of siderophores produced by bacterial strains Streptomyces pilosus, Pseudomonas fluorescens, Escherichia 

coli in comparison to Na2EDTA. 

Strain 
Streptomyces 

pilosus 

Pseudomonas 

fluorescens 
Escherichia coli EDTA 

Main siderophore 

produced 
Deferoxamine Pyoverdine Enterobactine n/a 

Siderophore type Hydroxamate Mixed Catecholate n/a 

Log β Fe3+ 30.6 30.8 49 25.1 

Log β Fe2+ 10.2 9.78 23.9 14.3 

Log β Cu2+ 14.1 14.9 n/a 18.8 

Log β Zn2+ 10.1 11.8 n/a 16.5 

 

The variety of siderophores and siderophore types in nature shows an interesting potential ability to 

fine-tune the treatment according to the need and targeted product. For instance, a siderophore having 

rather high affinities with other ions might not be suitable for the cleaning of painted metals, as it could 

impair the paint layer by chelating pigments. This relative selectivity makes them polyvalent and 

extremely interesting for the treatment of alloys composed of different elements and presenting a 

mixture of corrosion products. In addition, some of them demonstrated biodegradable features, which 

is an important step towards complete sustainability and avoid environmental persistence as opposed 

to EDTA [147].   

Siderophores have already been used for conservation purposes but not directly on metal objects. Their 

chelating action was compared to EDTA and DTPA in an attempt to remove iron stains from paper and 

wooden substrates [148]. EDS and colorimetric analyses proved the efficacy of the green chelators in 

terms of iron removal [148]. They have also showed their efficiency towards the preservation of 

waterlogged archaeological wood by removing iron sulfides. Siderophores were used to target Fe in 

iron sulfides [99,149].  

1.3.2.2.4 Cell-wall uptake  

In a comparable way than EPS, fungal biomass is of interest for the biosorption of metals, in particular 

into their cell walls. Recent studies investigated the fungal strain Alternaria sp. for the biocleaning of 

iron objects thanks to its ability to take up iron in its melanized cell walls, melanin acting as a chelating 

agent [150]. After a 4-week immersion in an alkaline medium, coupons showed a less reddish 

appearance and a decrease of the corrosion layer thickness compared to abiotic controls [114]. Indeed, 

under stress conditions, some fungal strains produce melanin pigments, which are recognized as metal-



31 

 

binding compounds [151]. Other strains have received great attention regarding their ability to take up 

copper, usually toxic, in the biomass, such as Aureobasidium pullulans also using melanin [152,153].  

Another reason fungal cell walls can be accounted for the uptake of metals is that they are composed of 

polymers, such as chitin and chitosan, which are known to chelate metals, in particular copper, but also 

iron [154,155]. 

1.3.2.2.5 Sulfur oxidizing bacteria  

Another alternative for corrosion removal would be to rely on oxidation processes by specific 

microorganisms. Sulfur Oxidizing Bacteria (SOB) are promising candidates for the remediation of metal 

tarnish thanks to oxidation processes occurring in an aerobic environment. Extensively used in 

biohydrometallurgy for the recovery of metal, SOB can oxidize reduced sulfur forms (i.e. sulfides, 

elemental sulfur, thiosulfates, and sulfites) by either direct or indirect mechanisms [156]. The “direct” 

mechanism occurs when the bacterial membranes are in direct contact to the mineral surface, through 

enzymatic interactions [156]. On the other hand, the “indirect” mechanism does not require physical 

contact between the mineral surface and bacteria, the reduced sulfur forms are oxidized indirectly 

through ferrous iron oxidation using the growth medium. Briefly, the bacteria biologically oxidizes Fe2+ 

into Fe3+. The metal is then chemically oxidized by this obtained Fe3+ which is reduced again to Fe2+ in 

the process. The microorganism then re-oxidizes this Fe2+, completing the cycle and allowing further 

bioleaching. In the meantime, sulfuric acid produced by the biological oxidation of reduced sulfur 

compounds also promotes further metal solubilization [157].   

Scott used the fascinating property of Acidithiobacillus ferrooxidans, a well-documented SOB, on copper 

outdoor weathered patinas [120]. The bioactive media was used to treat weathered surfaces of copper 

and bronze. It allowed to reveal the subjacent reddish-brown layer of copper oxides, mainly cuprite, 

with minimal or no loss of form and without exposing the original bare metal. This is possible because 

it occurs in an aerobic acidic medium [58], in which this bacteria can oxidize copper hydroxy sulfates, 

and due to the fact that the short application time does not allow the acidic solution to erode copper 

oxides and reach metal. An attempt with Acidithiobacillus ferrooxidans was also performed for the 

cleaning of the silver centerpiece by Wenzel Jamnister (1549, Rijksmuseum, Amsterdam) at the Utrecht 

University, to biologically remove Ag2S [58]. The study explored both direct and indirect mechanisms 

to achieve the foreseen goals. Given the biocidal character of silver [158], the direct mechanism with 

SOB applied on the tarnished surface directly, resulted in the quasi-instant death of bacteria, hence 

annihilating any sufficient action to observe silver sulfide removal. On the contrary, the indirect 

metabolic pathway using ferric iron produced during the bacterial growth led to tarnish removal, 

although uneven. Unfortunately, SEM showed that the aspect of original metal surface was modified, 

as confirmed by an excessively high mass loss compared to the coupons’ weight prior tarnishing [58]. 
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Nevertheless, it has been achieved an extraction of elemental silver from spent silver-zinc button 

batteries in the absence of living bacteria, using only the cell-free filtrate that would be of interest for an 

easy use in conservation departments [159]. It is interesting to note that A. ferrooxidans, if it has cleaning 

potential, is a known MIC for iron and steel [93], highlighting the duality of microorganisms when it 

comes to heritage purposes, showing either noxious or helpful features depending on the context. 

As underlined by the failure of the direct mechanism, silver is a strong antimicrobial [160]. Nevertheless, 

it might be possible to foresee breeding of higher bacterial silver resistance via gradual increase of 

AgNO3 concentration in the culture medium to adapt Ag resistant strains, and then use UV mutation to 

further improve Ag resistance [161]. 

1.3.2.2.6 Nanoparticles 

The fungi Beauveria bassiana has also been assessed for the protection of archaeological silver and iron 

artefacts with moderately successful results. B. bassiana has been found to biosynthesize silver 

nanoparticles (AgNPs) [109]. However, this only occurs when it is in contact with a solution of silver 

nitrate. Indeed, the microbiological process behind involves a nitrate reductase enzyme [162]. This 

makes difficult the implementation of the technology to silver conservation since most silver objects 

mainly display silver sulfides or silver chlorides as tarnishing compounds. It would require a 

preliminary step using HNO3, a hazardous acid, to form AgNO3, but which would also dissolve metallic 

silver. In addition, the esthetic aspect would not be acceptable as AgNPs are yellow to brown[163]. On 

top of that, on silver-copper alloys, a precipitation of green copper oxalates occurs, which is not 

esthetically acceptable for silver objects [109]. 

Similarly, bioproduction of iron and copper nanoparticles is potentially scientifically possible [164,165]. 

However, bioproduced iron nanoparticles are reported to be black, which does not comply with the 

desired aesthetics properties of the treated object. Similarly, for copper, different visual outcomes of the 

nanoparticles ranging from reddish-brown to violet are reported. It would require extensive control of 

the reaction to achieve nanoparticles of which size and shape would influence the optical properties and 

result in a color matching the original metal appearance [164,166,167].  
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1.4 Gels as carriers for heritage conservation purposes 

The application of biological remediation to artefacts can be performed in solution, but conservators 

have always been using techniques trying to confine the intervention as much as possible (e.g., cotton 

swabs, compresses). To allow bio-derived components to be used in an even more controlled way, 

various methodologies are at the disposition of conservators to obviate the use of unrestrained cleaning 

solutions and allow for example chelating agents to be used in a controlled manner [168–171]; however, 

the most reliable, tailorable, and performing are certainly gels [172]. Historically, immobilized microbes 

in gels were first developed for in-situ production of enzymes because using free cells in liquid cultures 

has some disadvantages, including easy washout of microbes for instance [173].  

At the beginning of the nineties, gels were introduced to the community of art conservation [174]. The 

focus was first on the cleaning of paintings as water- and solvent-sensitive targets [175]; thus, gel 

formulations seemed optimal for higher-controlled and less invasive interventions. Considering the 

promising evidences, this technique became rapidly captivating in several specializations, including 

wall paintings and stone care, followed by paper or wooden substrates [176–180]. Nowadays gel-based 

cleaning protocols are recognized as safe and are successfully applied , thanks to the high retention and 

interesting rheological properties of gels that allow a precise and selective intervention confined to the 

outermost layer [181,182]. In addition, such systems can adsorb the undesired substances to be removed 

(i.e., corrosion products and degraded protective materials) on the polymeric matrix. Finally, they 

drastically limit solvent evaporation thereby creating a less hazardous work environment for operators, 

allowing the use of lower amounts of reagents and giving the conservator a longer time to work and 

therefore better control over the treatment [183].  

Although there is no clear definition, gels are accepted as being systems made of at least two 

components: a polymer and a fluid phase. The polymer, acting as a thickening agent, forms a three-

dimensional network in the liquid medium [184]. This cross-linked system can trap the liquid, limiting 

simultaneously evaporation and release. The liquid circulates freely in this network but interactions 

with the polymer chains limit the evaporation. According to the chemical nature of polymers, the 

interactions between chains can be reversible thanks to weak bonds—i.e., hydrogen bonds, van der 

Waals—or irreversible in presence of covalent bonding. The different bonding leads to the formation of 

physical or chemical gels, respectively, displaying distinct features [172]. In particular, the inherent 

forces within chemical gels are stronger than the adhesive forces between gel and substrate to be 

cleaned. This implies an easier removal of such formulation, thereby lessening extra mechanical steps 

to get rid of potential residues [185]. In addition, the potential presence of residues is being studied as 

long-term effects of gel remains could be deleterious [186]. Gels can be loaded with different solvents 
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that are slowly released at the gel-object interface in a controlled manner. In the context of this work, 

the solvent resorted to is water, which makes the studied systems classified as hydrogels [172]. 

The use of gels is still arising on metal artworks, even though there is the need for selective interventions, 

considering how heterogenous metals can be: composite artefacts, gilded artworks, painted metals, etc. 

In a comparative study on gel and swab cleaning on brass, Atomic Force Microscopy (AFM) images 

showed the existence of scratches after cotton swabbing due to the subsequent motion of free particles 

originally present on the metal. On the contrary, the gel performances, although slightly less efficient, 

was smooth and non-invasive, leaving no physical changes on the brass surface [187]. Successful 

applications on a composite copper-wooden gun from an Islamic art collection, retrieving the original 

shine of the object or also on coin collections were performed [188].   

Notably, some studies regarding the use of synthetic gels have been published for metal conservation 

[189]. Water-based formulations made of the synthetic polymer poly(vinyl alcohol) (PVA) and borax 

were designed by Baglioni et al. and assessed on copper alloys [80,190]. Despite the captivating 

potentialities, high attention must be addressed to their waste management and the correlated 

ecological impact. For instance, PVA is readily water-soluble; however, inadequate disposal can cause 

pollution of groundwater [191]. Its biodegradation is performed by very peculiar bacteria, barely 

represented in nature [192,193]. Recent works report the use of polysaccharides (i.e. rice starch) to try 

to achieve more sustainable PVA-based formulations [194]. Another critical point is the sustainability of 

thickening agents’ production. Although bio-derived from cellulose, often the synthesis of cellulose-

based polymers cannot be considered green, since it may require reagents hazardous for the aquatic 

environment (e.g. chloroacetic acid used for the synthesis of carboxymethyl cellulose) [195].  

1.4.1 Biobased hydrogels for metal preservation  

A wide variety of hydrogels based on natural polymers have been exploited, especially in the 

biomedical field, including polysaccharides (e.g. carrageenan, alginate, starch) and proteins (e.g. 

collagen and gelatin) [196]. However, in art conservation, mainly polysaccharides have been employed 

(Figure 1.5). The resulting formulations all belong to the class of physical gels. Indeed, the water is 

retained within the gel network, held together by hydrogen bonding between the polar groups of the 

bio-polymers [197]. Although the literature mentioning their application on metals is rare [188], bio-

based systems appear as relevant candidates for metal preservation.  

Rigid hydrogels are reliable delivery systems due to their capability to retain solvents that allow to focus 

the cleaning on the outermost layer, thereby limiting negative actions on eventual sensitive underlying 

materials. Moreover, their compact consistency makes them appreciated for their easy removal or even 

peelability [107]. However, their main advantage is also their main weakness. Being rigid, it is difficult 
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to achieve good performances on rough substrates where the contact gel-surface is difficult to maintain. 

In art conservation, the leading thickening agent in this category is uncontestably agar.  

 

Figure 1.5 Biopolymers used for hydrogel formulations in cultural heritage conservation: structural formula of xanthan gum, 

gellan gum, agarose and chitosan. 

1.4.1.1 Agar 

Agar is a gelling agent, extracted from red seaweed membranes, in particular Gelidium sp., Pterocladia 

sp. and Gracilaria sp. [198], which forms a rigid hydrogel after being heated above 90 °C and cooled 

down [107]. Agar is broadly available, with various purity and composition according to different 

assigned purposes in the food industry, microbiology, biomedicine, or art conservation [199,200]. The 

gelling compound is agarose, which is more often used with agaropectin, being less expensive [107]. 

Agarose and agaropectin are both polymers composed of D-galactose linked with 3,6 anhydro L-

galactose but the agaropectin form is sulfated. Upon heating, hydrogen bonds between the structural 

units of agarose (Figure 1.6a) break and the latter are dispersed into the water as random coils forming 

a clear solution (Figure 1.6b). With consecutive cooling, agarose chains intertwin through hydrogen 

bonding, forming a double helix structure (Figure 1.6c). These double helixes will arrange in aggregate 

to form the gel network, with pores which can hold water (Figure 1.6d) [201].  
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Figure 1.6Agar gelation structure from [201], (a) agarose polymer unit, (b) random coils, (c) double helixes, (d) aggregated double 

helix network. 

Agar is usually prepared at concentration from 2 to 5% w/v. The concentration of agar used influences 

the properties of the gel, in particular pore size. Overall water content and water mobility are directly 

dependent on that parameter [199].   

When it comes to its preparation, the heating process can be a downside for conservators, especially 

when they are required to work out of their lab, with no heating devices. Although an agar gel cannot 

be formed directly with acidic or alkaline solutions, the gels can be loaded by absorption of the solutions 

once the gel is created. Indeed, hydrolysis of agar reduces its molecular weight and consequently lowers 

its gelling power. Acidic agar hydrolysis appears as a result of low pH (below 5.5) and long dissolution 

time at a high temperature. Alkaline hydrolysis is relevant at pH over 8 [202]. Nevertheless, recent 

studied have shown the gelation of agar at a wide pH range between 2 and 11 [203].  

A gel called Nevek® has been recently developed and is mentioned as particularly suitable for the 

cleaning of metal surfaces [204]. It is a ready-to-use 5% double-heated agar with the addition of 5% 

ethanol to avoid microbial growth during storage. This option therefore cannot be foreseen for 

immobilizing microbes. In previous literature, several protocols based on agar were tested on metals 

[205–207]. However, they were not performing well on 3D objects due to their rigidity and thus their 

tendency to break easily [208]. To overcome these inconveniences, several application solutions have 

been proposed in the literature such as direct application of agar onto the surface or using a spray when 

still hot (gelation occur instantaneously when entering in contact with the surface), helping to obtain 

better contact and an agar layer uniformly deposited following surface morphology [204,209].  
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1.4.1.2 Gellan gum  

Gellan gum is a polysaccharide produced by the bacterium Sphingomonas elodea [183]. Similar to agar, it 

forms a thermoreversible double-helical rigid gel upon cooling, compatible with soaking of acidic and 

alkaline solutions once prepared and best-performing if applied warm [204,210]. Though some 

references mention the incompatibility of gellan gum with complexing agents [206]. In addition to the 

transparency considered an asset as it allowed to observe and monitor the changes during intervention, 

its gelling properties are displayed even with low concentrations (0.5 to 5 g/L) and are stable in a wide 

pH range (2.5-11) [211,212].  

One of the great assets of gellan gum is that it can be prepared at room temperature to form a viscous 

solution. This is of interest in case of impossibility to heat the incorporated reagents. As an example, 

gellan gum was selected for the treatment of copper artefacts, thanks to its adherence on vertical 

surfaces, ease of removal, and compatibility with the chosen active agents (i.e. fungal strains) [211].  

1.4.1.3 Xanthan gum  

Xanthan gum is a thickening agent biosynthesized by the bacterium Xanthomonas campestris through the 

fermentation of sucrose or glucose [196]. Xanthan gum can be in an ordered (helix) or disordered 

conformation (random coil) [213]. This excludes the possibility of obtaining a rigid peelable gel. Xanthan 

gum gels can sustain a wide pH range (2-12) while maintaining gelling properties [188,214], although 

appears to be less effective in alkaline solutions [204]. The inherent high viscosity of xanthan gum makes 

its removal from metal substrates complicated [204,206], requiring the use of water or solvent afterward 

for a complete elimination, which would devaluate the primary goal of the use of gels. 

1.4.1.4 Chitosan 

Chitosan is the N-deacetylated form of chitin. which is, in turn, the most abundant animal 

polysaccharide present in the exoskeleton of crustaceans and the cell wall of fungi [196]. It has gained 

more attention in the past decades especially in the medical field or for heavy metal remediation 

[196,215,216]. Chitosan is more and more used in heritage conservation, for instance for its protective 

assets as coating or anti-microbial activity as nanoparticles [217,218]. In addition, chitosan is a known 

compound for the complexation of copper ions [219,220]. The abundant amino and hydroxyl groups 

present are responsible for this ability [221,222]. Regarding its properties as a thickening agent, it can be 

prepared per se, achieving a viscous texture, or in a peelable form thanks to alkaline solutions loading 

[216]. This allows reducing the risk of residues when removing the gel after cleaning, which is, as 

mentioned, of concern for the field professionals. 
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Hydrogels mentioned above are the primary ones used by conservators, combined with the most 

adapted ones for the development of a completely bio-based cleaning gel formulation.  

1.5 Thesis outline  

As presented in this chapter, the phenomenon of surface alteration on historical metal artworks is a 

concern in terms of visual aspect or object preservation, among others, and can be related to corrosion 

processes. Also, the presence of aged organic coatings (i.e., wax, varnish) applied during past 

conservation interventions can fail achieving originally intended protection and need to be replaced. As 

discussed, cleaning of artworks is however a complex issue and hence a critical part of the conservation 

intervention. Indeed, the principal cleaning methods frequently reported are not risk-free. Therefore, 

there is a need expressed by stakeholders to develop alternative cleaning methods that remove corrosion 

compounds and non-original organic substances, improving the visual aspect of the metal artworks 

without impacting their surface texture. 

 The HELIX project aims at taking advantage of the capabilities of naturally occurring microorganisms, 

adopting strategies to remove the degradation products present on different alloys commonly found in 

historical objects. In parallel, to comply with the guidelines when cleaning water-sensitive metal 

substrates, bio-based gel systems that present no toxicity are identified or specifically designed to 

develop biocleaning methods. Hence, different combinations of bio-based gels amended with microbial 

extracts are then tested on model metal coupons presenting different types of corrosion and/or organic 

coatings encountered on contemporary or decorative artworks. The proposed cleaning formulations are 

also applied and assessed on real artefacts with emblematic alteration features related to corrosion or 

the presence of degraded protective coatings. Ideally, this method should comply with retrieving the 

visual appearance and readability of the object, avoiding residues of the cleaning products, avoiding 

harmful chemicals for both conservator and the environment. There is also the will to be involved in 

transfer into praxis of the proposed cleaning methods. Indeed, this investigation requires not only the 

perspectives from a single discipline but a trans-disciplinary and collaborative research to be instigated. 

As part of the HELIX project, this thesis will partially address all the WP (Figure 1.1), focusing on 

hydrogels and removal of metal corrosion products, the removal of organic coatings being addressed in 

another thesis carried out within the project. Specifically, WP1 (Study of microorganisms as mini 

chemical factories) will be addressed in the second chapter with two main foci, the screening and 

evaluation of microorganisms to act as micro-chemical factories and the study of the efficacy of 

biological metal remediating agents vs. chemical ones to take up indoor corrosion products. Chapter 3 

will investigate hydrogel formulations (WP2 – Investigation of green gels formulations for metal 

cleaning), focusing on the use of common natural polymers in cultural heritage conservation and the 
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development of emerging natural polymers with interesting properties for metal cleaning, in addition 

to addressing the residues question. Chapter 4 will present results of the evaluation of different 

formulations on naturally aged coupons and compare with the results on artificially aged ones (WP3 – 

Evaluation of cleaning performances on model samples) and on case-studies (WP4 – Demonstration of 

sustainable conservation practices on selected case studies)). Finally, Chapter 5 will propose a critical 

reflection on the developed technology, tackling real praxis implementation and sustainability. 

 

Figure 1.7 Thesis graphical abstract. 
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2. Microbes and metabolites for the uptake of 

corrosion products 
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The initial step into the development of bio-based methods for cleaning heritage metal objects is the 

study of microorganisms as micro-chemical factories. First by exploring living microorganisms’ abilities 

to bioaccumulate some metals and then by using extracted compounds to avoid the handling of 

microorganisms in case the metabolic pathway allows.   

Several fungal or bacterial strains have demonstrated promising results in terms of metal chelation and 

different metabolic processes can be exploited to remove corrosion products according to the chemical 

species present in the corrosion layer.   

In the first part of this chapter, an insight is taken into the use of living microorganisms displaying 

interesting properties for the uptake of iron, copper, or silver. Specific assays are performed for the 

selection of different microorganisms, such as growth in presence of soluble and/or insoluble metal 

species, trying to investigate the reactions involved in metallic ions uptake. Afterwards, for promising 

strains allowing for the use of microbial extracts, filtered liquid cultures without living cells but 

containing metabolites as active agents are produced, purified as far as possible and quantified. When 

possible, the use of extracts will indeed allow an easier application by conservators and transfer to real 

praxis. Finally, the uptake by selected metabolites is evaluated, considering different physico-chemical 

parameters, including corrosion powder particle size and surface area as well as pH of the chelating 

agents’ solution. 
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2.1 Insight into the use of living microorganisms 

The inherent characteristics of selected living microorganisms are studied as a first step into their use 

for heritage metal remediation (Table 2.1). All selected strains are of risk class 1, except Aspergillus niger 

which is a class 2 microorganism according to the Swiss federal classification of microorganisms. This 

ranges organisms from 1 to 4, 1 being the lower risk class [1]. Risk group 1 organisms do not cause 

disease in healthy adult humans and risk group 2 may cause disease in adults, but which are treatable 

or preventable.   

For iron and copper, reported fungal abilities of secondary metabolites production (i.e., siderophores, 

extracellular polymeric substances (EPS), and low molecular weight organic acids (LMWOA), or cell-

wall uptake are of interest. Fungal species are less studied than bacterial species for the production of 

siderophores. Nevertheless, the fungal strain Cunninghamella elegans has been reported to have a 

particularly enhanced siderophores production [2], in the form of rhizoferrin, which is the only fungal 

carboxylate siderophore [3]. Moreover, it was also reported to perform cell-wall uptake thanks to the 

presence of chitin [4]. Works on the biopassivation of corroded copper objects through the production 

of copper oxalates are using the ability of Beauveria bassiana to produce oxalic acid, uptaking copper ions 

priorly to transforming them into oxalates [5]. Alternaria alternata and Aureobasidium melanogenum were 

reported for cell-wall uptake of iron or copper respectively [6–8], mainly thanks to the melanization of 

their cell wall. Indeed, melanin is able to chelate toxicmetals like copper, avoiding the penetration inside 

the fungal cell [9]. Finally, Aspergillus niger is a well-known producer of LMWOA, in particular citric 

acid [10], which is widely employed in conservation practices.   

After evaluation of their ability to grow in presence of targeted corrosion products, interactions (e.g., 

absorption, conversion) were deeply studied through various spectroscopic techniques such as 

Ultraviolet-Visible spectroscopy (UV-Vis), Fourier Transformed InfraRed spectroscopy (FTIR), and 

inductively coupled plasma optical emission spectroscopy (ICP-OES), but also visual assessments 

(optical microscopy, colorimetry). Investigation of the metabolic pathways can be useful to understand 

whether studied fungi take up iron as a nutrient, as iron takes part in many metabolic processes [11] 

such as iron reduction activities [12].  

For silver, a preliminary step was necessary to assess the resistance of selected microorganisms due to 

known silver antimicrobial properties. The study was restrained to two relevant bacterial strains. First, 

Acidithiobacillus ferroxidans, a extremophilic strain often encountered in coal mines and known to oxidize 

sulfides [13]. The accumulation of silver sulfides has also been observed on A. ferrooxidans cells, showing 

its potential silver resistance [14]. Thus, these observations make it a good candidate for silver sulfide 

removal in the context of tarnished silver cleaning.  
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Then, the ability of pyoverdine, a mixed type (i.e., displaying several binding moieties) of siderophore 

produced by Pseudomonas yamanorum [15,16], to take up silver ions is of interest and therefore the silver 

resistance of P. yamanorum was evaluated [17].   

Literature also reports other bacterial strains able to resist silver, such as Pseudomonas stutzeri AG259 

originally isolated from the soil of a silver mine [18]. This strain was evaluated to be able to resist silver 

at concentrations up to 0.5 mM thanks to immobilization of silver by sulfide [21]. However, this strain 

was not studied further in this work because some of its metabolic pathways are the opposite of what 

is desired as tarnished silver cleaning action. Indeed, P. stutzeri produces H2S which would likely 

retarnish the surface and is therefore not advisable for silver cleaning purposes.   

Fungal strains are often reported in literature for silver nanoparticle (AgNPs) production, which is not 

so appealing for Ag2S removal due to the need for silver to be in soluble phase, if not under its nitrate 

form (AgNO3), added to the brown to black appearance of AgNPs [19,20].  

Table 2.1 Microorganisms tested in the span of this study along with associated metabolic pathways reported for metal uptake. 

Targeted 

metal 
Name 

Siderophore 

production 
EPS 

Cell-

wall 

uptake 

LMWOA Remarks 
Risk 

class 

Iron 

Cunninghamella 

elegans 
×  ×   1 

Alternaria 

alternata 
  ×   1 

Aspergillus niger    ×  2 

Beauveria 

bassiana 
 ×  ×  1 

Copper 

Aureobasidium 

melanogenum 
  ×   1 

Beauveria 

bassiana 
   ×  1 

Silver 

Acidithiobacillus 

ferrooxidans 
    

Extremophile 

SOB 
1 

Pseudomonas 

yamanorum 
×     1 
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2.1.1 Materials and methods 

2.1.1.1 Iron and copper 

2.1.1.1.1 Strains and media 

Fungal strains (Table 2.2) were screened for their abilities to take up iron and/or copper, through various 

uptake mechanisms (i.e., absorption, complexation). 

Table 2.2 Fungal strains and culture media used for the screening intended for iron or copper remediation. 

Targeted metal Name Provider 
Strain 

identifier 
Culture medium 

Iron 

Cunninghamella elegans MUCL1 16087 
Malt Yeast 

Extract 

Alternaria alternata 
Université de 

Neuchâtel 
 Malt 1.2%w 

Aspergillus niger 
Université de 

Neuchâtel 

NEUM8 

[21] 
Malt 1.2%w 

Beauveria bassiana 
Université de 

Neuchâtel 
S6 Malt 1.2%w 

Copper 

Aureobasidium 

melanogenum 
MUCL1 

IHEM 

05468 

Potato dextrose 

4%w 

Beauveria bassiana 
Université de 

Neuchâtel 
S6 Malt 1.2%w 

 

2.1.1.1.2 Growth capacities in presence of metal corrosion 

Strains were inoculated on agar plates of their respective culture medium with and without addition of 

2.5 g⸱L-1 α-FeOOH (goethite, from Alfa-Aesar) or Cu2O (cuprite, from Sigma-Aldrich) according to the 

targeted metal. Pictures were taken each day and fungal growth rate was evaluated, measuring the 

average colony diameter with a ruler each day until the mycelium was covering the entire the Petri dish 

surface. Measured values were normalized with respect to the inoculate (value at 0 days). Fungal 

biomass was then observed under a Leica 2700DM stereomicroscope in bright field mode. Three 

independent replicas were performed.  

2.1.1.1.3 Uptake evaluation in liquid cultures 

The following protocol was adapted from Comensoli et al [22]. Strains were inoculated in 25 mL of their 

respective medium and cultured at 28 °C, 160 rpm. After 3 days of growth in plain medium to allow for 

a minimal growth, either soluble metal (10 mM iron citrate or CuSO4⸱5H2O) or 1.5 cm2 naturally lightly 
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corroded iron or copper plates were added aseptically to the medium. Iron citrate not being soluble, 61 

mg were added directly into the 25 mL liquid cultures. For copper, 300 µL of 0.83 M copper sulfate stock 

solution (2.07 g of CuSO4⸱5H2O  in 10 mL milli Q water) were added in 25 mL liquid cultures. Each test 

was performed in triplicates. Controls with no supplementation of metal source were prepared as well 

as abiotic controls. All different cultures were sampled (300 µL) each day for 7 days and then every three 

days for 3 weeks. Because of consequent manipulation of the flasks, contamination of the samples was 

tested on petri dish plates and contaminated samples were discarded from the study. At the end of 

experiment, the filtered biomasses were thoroughly rinsed before analysis. Although the presence of 

atmospheric oxygen influences results through redox reaction, experiments were carried out in 

uncontrolled aerobic conditions because application for practical treatment is undeniably performed 

under aerobic conditions, with these redox reactions influencing the overall process. 

2.1.1.1.4 Characterization techniques 

For iron, culture samples were analyzed using ferrozine assay. Ferrozine® assay measures iron 

concentration [Fe2+] in solution [23]. Briefly, 30 µL of 5 M HCl was added to 300 µL of sample. 100 µL 

were then taken and mixed with 900 µL of Ferrozine reagent 0.1% w/v prepared in 100 mM HEPES pH 

7. To measure total iron, 150 µL of hydroxylamine-HCl, a reducing agent, were added. The absorbance 

was measured at 562 nm using a 96-well Victor Nivo microplate reader (Perkin Elmer) after 2 minutes 

to allow reaction. Total iron and Fe2+ in solution were calculated using standard calibration curves with 

known concentrations of iron (Figure S2.1). [Fe3+] concentration was calculated subtracting [Fe2+] 

concentration from total iron concentration.   

For copper, culture samples were freed from mycelium using toothbrushes, filtered using 0.45 µm PTFE 

filters, diluted and analyzed thanks to ICP-OES (Optima 2100 DV, Perkin Elmer®, details in Table S2.1). 

Copper and iron plates were characterized using a Minolta CM-508D spectrophotometer, performing 

three measurements on each side (front and back), before and after immersion in respective culture 

solutions. SCE data were used for iron and SCI data were used for copper to account for gloss observed 

with copper-based substrate [24]. 

Raman spectroscopy was used to identify compounds present on metal plates before and after 

immersion using a Renishaw Virsa system with the following parameters: 785 nm laser, 50× objective, 

1s acquisition time, and 50 accumulations in the range 50-1250 cm-1.  

Biomass samples from liquid cultures were observed using a Leica 2700DM stereomicroscope and 

further analyzed with a ThermoFischer is5 FTIR spectrometer, in ATR (attenuated Total Reflectance) 

mode, spectral range 650-4000 cm-1 with 4 cm-1 spectral resolution and 16 scans. Post-processing using 

OMNIC software included baseline correction and atmospheric correction (H2O, CO2). 
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Statistical significance of the result was verified using one way or two-way ANOVA tests, in particular 

Tuckey post-hoc test using RStudio.   

2.1.1.2 Silver  

2.1.1.2.1 Strains and medium 

Bacterial strains studied for the removal of silver tarnish were Pseudomonas yamanorum DSM2005 

(University of Neuchâtel), and Acidithiobacillus ferrooxidans DSM14882 (DSMZ).   

A. ferroxidans was cultivated in DSMZ 8822 medium whereas P. yamanorum was cultivated in Nutrient 

broth (NB) or Succinate medium (SM), poor in iron, to enhance the production of reported silver-

complexing siderophores. Details concerning specific media employed can be found in Table S2.2. 

2.1.1.2.2 Silver resistance tests 

Strains were cultivated in 25 mL of their respective medium with addition of soluble silver (AgNO3) in 

various concentrations of: 0 mM, 0.001 mM, 0.002 mM, 0.005 mM, 0.01 mM, 0.2 mM, 0.5 mM and 1 mM. 

To do so, 0, 25, 50, 125 and 250 µL of 1 mM stock solution (0.17 g/L) were added into 25 mL DSMZ 882 

or SM medium. Cultures were left for 14 days at 25 °C without agitation for A. ferroxidans and for 5 days 

at 28 °C with 130 rpm agitation for P. yamanorum, regardless of the medium (NB or SM) used. Abiotic 

controls were prepared, and tests were performed in triplicate.  

2.1.1.2.3 Characterization techniques 

Samples were collected aseptically at the end of experiment and observed using a Leica DM2700M 

microscope in bright field mode.  

Fluorescence of the culture solution was also verified using a Victor-Nivo multimode microplate reader 

from Perkin Elmer, in fluorescence mode to account for pyoverdine production with λex= 450 ± 10 nm 

and λem = 405 ± 10 nm [17]. 

2.1.2 Results and discussion 

2.1.2.1 Iron 

To assess the impact of metal presence on the growth of fungi, the growth rates of studied strains on 

plain or iron-supplemented agar plates are plotted on figure 2.1.  

Cunninghamella elegans growth in presence of iron was slowed down to 0.48 cm/day in average versus 

0.53 cm/day on malt yeast extract medium, corresponding to a 9.4% difference in average after 12 days. 

Taking a closer look, the rate actually slowed down for C. elegans on iron after 7 days, dropping from 

0.56 cm/day to 0.35 cm/day which is not the case for C. elegans culture on plain medium, showing the 

fungi was affected by the presence of iron source on the long term, with a diminution of the growth rate 

 
2 https://www.dsmz.de/microorganisms/medium/pdf/DSMZ_Medium882.pdf  

https://www.dsmz.de/microorganisms/medium/pdf/DSMZ_Medium882.pdf
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by 37.5% after 7 days, and which becomes significant after 10 days. For Beauveria bassiana, no statistically 

significant split was observed, with a growth rate of 0.31 cm/day on malt agar and 0.27 cm/day on malt 

agar medium amended with goethite, which corresponds to a 12.9% difference. For Alternaria sp., 

growth was similar with or without the adjunction of iron in the malt agar medium with a growth of 

0.49 cm/day. In all cases, difference between plain or iron-enriched medium were not statistically 

significant and therefore, it can be stated that fungi were also able to grow when iron was present, 

although a decrease is observed for C. elegans.  

 

Figure 2.1 Growth rate of A. alternata, C. elegans and B. bassiana on plain (black) or iron-enriched (orange) culture medium. 

Diameter at 0 days corresponds to the inoculate. Error bars refer to standard deviation of independent replicas. 

 

Strong sporulation of Aspergillus niger on both plain and Fe-enriched agar plates resulted in the presence 

of multiple colonies and the impossibility to measure the growth rate. Still, it is possible to comment 

that the presence of iron did not inhibit the growth of the fungi (Figure 2.2b). Visual aspects of A. niger 

fungal mycelium on plain or iron-enriched medium were similar.  
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Figure 2.2 Agar plates of plain or iron-supplemented medium with fungi: A. alternata (a), A. niger (b), B. bassiana (c), C. elegans (d), 

after 15 days.  

 

In liquid cultures of studied fungal strains (figure 2.3), the presence of soluble iron affected the 

appearance of the biomass, turning to dark color in particular for Alternaria and Cunninghamella culture 

solutions. The aspect of the medium after 1 month of incubation with the corroded steel plate resulted 

in different aspects. In particular, the appearance of Alternaria and Aspergillus culture solutions was 

quite different from the abiotic control. Especially, for Aspergillus, it is barely noticeable that there could 

be iron in the medium as the solution turns clear and uncolored. For Alternaria, the culture solution 

becomes cloudy and slightly orange-shade-tinted with time. These observations suggest that some 

interactions occur between the metal and the fungi, which will be further interpreted thanks to Figure 

2.4. 

 

Figure 2.3 Liquid cultures of fungal strains incubated for 1 month in plain medium, soluble iron-supplemented medium or 

medium with corroded iron plate  
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To verify any iron uptake or reduction, quantification via ferrozine assay was performed. Ferrozine 

assay of the culture solutions overtime with different fungi is displayed in figure 2.4.  

 

Figure 2.4 Ferrozine assay displayed as total iron detected and Fe2+/Fe3+ ratio for cultures amended with soluble Fe or Fe plate. 

Soluble iron values start at day 1 to allow for the full solubilization of the added iron citrate. Error bars refer to standard deviation 

of independent replicas. 
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Interaction with soluble iron 

For cultures containing soluble iron, there are no statistically significant changes in respect to the abiotic 

control (blue curve) whether for total amount of iron, standing for iron uptake, or 
Fe2+

Fe3+
 standing for iron 

conversion. Only A. niger shows an increase in the 
Fe2+

Fe3+
 ratio that is statistically significant until 7 days of 

culture but becomes unreliable with respect to the abiotic control after this duration. It is important to 

also consider that experiments were not performed in strict anoxic conditions, thus side redox reactions 

could influence the Fe2+ to Fe3+ ratio, increasing the presence of the latter due to oxidation reactions. 

It is therefore believed that the amount of solubilized iron, theoretically 10 mM but experimentally 

closer to 7 mM (Figure 2.4), was too high for the fungi to strive in this environment and therefore 

annihilated their growth. In the previous section on Petri dishes, goethite was not entirely solubilized 

hence did not have the same effect.  

Interaction with iron plates 

Inversely, cultures with iron plates achieved valuable results. The total iron concentration rose 

constantly for Cunninghamella elegans and Beauveria bassiana, up until about 20 mM (figure 2.4), similarly 

to the abiotic control as the iron from the corroded plate was getting solubilized, indicating no uptake 

from either of these strains. For Alternaria alternata and even more Aspergillus niger, the total amount of 

iron measured in solution remains low, indicating a possible uptake. This is in accordance with the 

previous visual observations of the liquid cultures, as Alternaria and Aspergillus were the ones which 

appearance differed from the abiotic control. Furthermore, in the unique case of Aspergillus niger, the 
Fe2+

Fe3+
 

ratio higher than for the abiotic control, indicating an iron conversion, more specifically reduction. 

Nevertheless, the extremely high standard deviation values obtained prevent any data exploitation 

hence conclusion drawn out of these iron conversion results (i.e., results are not statistically confirmed).  

Iron is essential to life but can also be toxic to biological systems [25,26]. Possibly, the soluble form of 

iron, therefore ionic, inhibited the normal metabolism of studied fungi, resulting in the absence of 

interaction with the metal. Indeed, in the presence of higher concentrations of solid iron (2.5 g/L FeOOH, 

28 mM in agar Petri dishes or 20 mM with iron plates after 1 month), fungal growth was still observed 

(Figure 2.2), contrary to lower concentrations of soluble iron (7 to 10 mM). For such, the toxicity rather 

comes from the form of the iron in contact rather than the concentration itself, as it can be found in 

literature [27]. On the opposite, iron oxides from plates solubilize in solution at constant rate, close to 

800 µM/day, allowing microorganisms to adapt progressively to the increasing concentration of iron in 

solution [27]. 

The uptake from Alternaria could be due to cell wall adsorption or the excretion of siderophores by A. 

alternata [28,29]. For Aspergillus, the uptake was originally thought to be due to the production of organic 
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acids, expectedly citric acid [30]. However, further Raman analysis of the iron plates after immersion 

showed the conversion of iron phases present (lepidocrocite, γ-FeOOH) into ferrous oxalates (FeC2O4·x 

H2O) (Figure 2.5). Indeed, Raman peaks at 218, 250, 303, 349, 378, 527 and 650 cm-1, characteristic of 

lepidocrocite [31], were detected before the experiment. After immersion into Aspergillus niger culture, 

Raman peaks corresponding to the presence of iron oxalates were detected [32]. Main bands are found 

at 108, 202, 248, 519, 582 and 915 cm-1, typical of ferrous oxalates. Other small peaks at 304 and 856 cm-1 

are found in ferric oxalates Raman spectra but are not predominant here [33].  

 
Figure 2.5 Raman spectra of immersed iron plates before (a) and after (b) 1-month growth in A. niger liquid culture. 

It is believed that A. niger first takes up Fe3+ thanks to oxalic acid secreted by the fungi as secondary 

metabolites [34,35], explaining the low total iron amount detected in solution, then turns Fe3+ into Fe2+ 

thanks to microbiological pathways and finally excretes Fe2+ into the medium in the form of oxalates 

[36]. This passivation of iron through the formation of Fe-oxalates by definition limits further iron 

corrosion as passivation is the formation of a self-limiting corrosion layer that protects the underlying 

metal from further corrosion [37]. This could also explain the lower quantities of iron found in solution 

after 1 month. For such, the A. niger strain used in this work, secretes oxalic acid rather than citric acid 

as stated beforehand [21,38]. A deeper understanding of the underlying processes could be of use in 

heritage conservation, especially for iron passivation [28], as ferrous oxalates are poorly soluble in water 

contrary to ferric oxalates [34]. 

Visual observations of the corroded iron plates after immersion showed an obvious difference for the 

ones in the Aspergillus niger containing flasks (figure 2.6). Other plates showed equally or more corroded 

aspect. Interestingly, pH of malt agar medium was measured at 5.2 and dropped to 4.85 after 1 month 

of corroded iron plate immersion whereas it stayed constant without the addition of a corroded plate. 

At such unadjusted and unbuffered pH, the liquid culture environment tends to enhance further 
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corrosion as this pH range in aqueous environments corresponds to the ionic form of iron in the 

Pourbaix diagram (Figure I.2). if there is no action from the microorganism.  

 
Figure 2.6 1.5 cm2 iron plates before (left) and after immersion into A. niger (middle) and C. elegans (right) cultures. 

This was confirmed by colorimetric data (figure 2.7), showing the plates immersed in A. niger shifting 

towards less reddish (lower a*) and lighter (higher L*) appearance, confirming the removal of iron 

oxyhydroxides and formation of yellow ferrous oxalates (Figure 2.6) [37]. C. elegans also shows a 

colorimetric shift towards less orange values. Raman analysis showed no change in the corrosion layer 

composition (data not shown). For such further studies would be interesting to explain this color shift 

for C. elegans, as no uptake was observed.  

 
Figure 2.7 Colorimetric values of iron plates before (crosses) and after (triangles) immersion into fungal cultures. Error bars refer 

to standard deviation of independent replicas . 

 

Most strains were not affected by the presence of corroded iron plates in agar medium but it was the 

case for liquid cultures with the presence of soluble iron at the tested concentration (7-10 mM). 

Furthermore, liquid cultures in non-pH adjusted medium tend to become more acidic while iron 

dissolves and therefore enhance iron corrosion as it is not in the stability range of iron oxyhydroxides 

as can be seen on iron Pourbaix diagram (Figure I.2). Although some action was detected in Alternaria 

cultures with iron plates, the only one with a clear action over iron metal samples was Aspergillus niger, 
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with the uptake of iron and conversion into ferrous oxalates. To verify iron uptake by Alternaria and 

Aspergillus in their respective biomass, it would be worthy to perform acidic digestion of the fungal 

mycelia, quantify the amount of iron in the biomass and compare it to the amount of iron in the culture 

solution. For such experiments, ICP measurements could be more reliable than Ferrozine assays, 

yielding values with lower standard deviation.  

2.1.2.2 Copper 

Similar experiments were carried out regarding copper with promising strains: Beauveria bassiana and 

Aureobasidium melanogenum. The average measured growth rate of Aureobasidium melanogenum (0.63 

cm/day) is twice as fast than Beauveria (0.31 cm/day) (Figure 2.8). However, Aureobasidium growth was 

completely inhibited on the copper-enriched agar plates (Figure 2.9a). The concentration used (2.5 g/L 

Cu2O ≈ 79 mM Cu) is much higher, hence more toxic, than the concentrations tested for copper uptake 

for A. melanogenum in literature (5 mM Cu) [7,39], but relevant as the use of those microorganisms for 

bioremediation purposes requires high copper tolerance. Regarding Beauveria bassiana, the presence of 

copper in the medium resulted in a slightly slower average growth of the fungi (0.27 cm/day), which 

was statistically significant after 12 days.  

 
Figure 2.8 Growth rate of A. melanogenum and B. bassiana on plain (black) or copper-enriched (blue) medium. No growth observed 

for A. melanogenum on copper-enriched medium. Diameter at 0 days corresponds to the inoculate. Error bars refer to standard 

deviation of independent replicas. 
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Figure 2.9 Agar plates of plain or copper-supplemented medium with fungi: of A. melanogenum (a) and B. bassiana (b). 

After approximately 10 days of B. bassiana’s growth, greenish hues started to appear in the fungal 

biomass (Figure 2.10c). On the verso of the petri-dishes, some ring patterns were observed (Figure 

2.10b). This is in accordance to previous observations [40]. These rings, corresponding to Liesegang 

pattern, appear with the combination of reaction, diffusion, and precipitation processes. The mechanism 

is believed to be based on depletion of supersaturation of copper in the medium when oxalates are 

formed, creating spaces between copper-oxalates concentric excretions [41]. Interestingly, when there is 

a strong sporulation, these rings cannot be differentiated but appear more as spots for each 

colony(Figure 2.10d). Microscope observation of these greenish area present aggregates (Figure 2.10e), 

that have previously been identified as copper oxalates and thoroughly studied [5]. The formation of 

these oxalates rings is strongly linked to the role of oxalic acid overexcretion by the fungi, which 

therefore could be of interest for copper uptake [42].  
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Figure 2.10 Copper-enriched agar plates after 13 days of incubation of B. bassiana without (a,b) or with (c,d) multiple colonies due 

to sporulation and optical microscope observation of the mycelium with green aggregates attributed to copper oxalates (e).  

 

In liquid cultures, it is important to note that in one out of the triplicates, a very different aspect of fungal 

growth took place for the plain medium and the copper plate for A. melanogenum with a darkening of 

the medium (figure 2.11). So far, the phenomenon could not be explained. There does not seem to be 

any action from the fungi on soluble copper in addition to lack of further fungal growth. Similarly to 

iron, soluble copper is believed to be noxious for A. melanogenum.  

 
Figure 2.11 Liquid cultures of fungal strains in plain medium, soluble copper supplemented medium or medium with an added 

tarnished copper plate, after 1 month. 
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This is supported by the copper content detected with ICP-OES in A. melanogenum culture with soluble 

copper (Figure 2.12) which remained similar through the culturing period at a value of [Cu] = 9.6 ± 06 

mM. The blueish hue of the abiotic potato dextrose medium with copper plates disappeared in the 

presence of Aureobasidium. In cultures with added copper plates, the behavior was visually different for 

A. melanogenum compared to the abiotic control, with a strong blue appearance, related to the presence 

of copper ions, as confirmed by ICP-OES quantification (Figure 2.12). These results suggest the 

dissolution of copper from the plate into the potato dextrose medium, with a potential action from the 

fungi as this increase to approximately 3 mM of copper did not occur in the culture containing A. 

melanogenum. Alternatively, the presence of the fungi could also modify the medium and its ability to 

solubilize copper from the plate.  

Regarding Beauveria bassiana in soluble copper culture, ICP-OES results show a slight but significant 

decrease in copper concentration, going from 9.0 ± 1.9 to 6.6 ± 0.8 mM (Figure 2.12), that is not observed 

in the abiotic control. Indeed, there visually seem to be a greater fungal growth than for Aureobasidium 

melanogenum (Figure 2.11). In the culture with the corroded copper plates, quantification of copper 

showed that in presence of B. bassiana, copper dissolution was statistically significantly enhanced, 

reaching values almost doubled compared to the abiotic control. This is connected to the excretion of 

oxalic acid by the fungi, that helps the dissolution of copper [41]. 

 
Figure 2.12 ICP-OES measurements of copper in liquid cultures overtime. Error bars refer to standard deviation of independent 

replicas. 

 

FTIR analyses of the biomass of B. bassiana (figure 2.13) show the appearance of sharp bands at 822, 

1320, 1363 and 1617 cm-1, which are characteristics of copper oxalates [5,43], due to the solubilized 

copper transformation via the fungi [41].  
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Figure 2.13 FTIR spectra of B. bassiana biomass in plain (a) or copper-implemented medium (b). 

Visual observations of the plates after immersion showed a clear removal of the corrosion layer for B. 

bassiana samples, reaching a shiny metallic appearance, and were confirmed by colorimetric 

measurements (Figure 2.14) which showed a statistically significant shift (p-value = 0.02). 

 
Figure 2.14 Pictures and color differences of copper plates before and after immersion in fungal culture. 

In detailed colorimetric data, copper samples after immersion in the B. bassiana culture stood out, 

shifting to light and orangish values (Figure 2.15).  
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Figure 2.15 Colorimetric values of copper plates before (circles) and after (triangles) immersion into fungal cultures (filled marks) 

or abiotic (empty marks). Error bars refer to standard deviation of independent replicas. 

 

Overall, on agar media repleted with cuprite (Cu2O), only B. bassiana displayed interesting growth 

properties, as had been demonstrated previously [40]. In liquid culture, visible action of Beauveria 

bassiana was observable both with added soluble copper or copper plates. The action on corroded copper 

plates yielded extremely good results in the presence of Beauveria bassiana. Overall, A. melanogenum 

intolerance to high copper concentrations makes it a poor candidate for direct application on copper-

based artifacts, contrarily to B. bassiana, whose tolerance and action on copper has long been assessed. 

As discussed, the action of Beauveria bassiana is most likely due to its production of LMOWA, in 

particular oxalic acid. It would therefore be interesting to make use of that metabolite to break free from 

living fungus. Nevertheless, it should be noted that when using oxalic acid from industrial origin, 

studies have shown the apparition of powdery blue copper corrosion products [44]. Hence, the need for 

a bioproduced oxalic acid may be mandatory, as its action could be slightly modified due to the presence 

of other secondary metabolites or compounds from the culture medium. 

2.1.2.3 Silver 

To assess Acidithiobacillus ferrooxidans growth in presence of different concentrations of silver nitrate 

added to medium, the coloration of the medium is a good indicator. Indeed, along with the exponential 

growth phase, the bacteria, a SOB, performs ferrous iron oxidation using iron present in the culture 

medium, therefore giving an orangish hue. As it can be observed in figure 2.16, an increasing 

concentration of silver is slowing down growth. After 4 days, only silver-free and minimal silver 

concentration (0.001 mM) cultures showed bacterial growth (data not shown for cultures not showing 

signs bacterial growth). After 8 days, silver-free cultures seemed to thrive while only a very light-yellow 

hue can be observed on other concentrations. After 14 days, all concentrations showed signs of bacterial 

growth although it seemed low at high Ag+ concentrations (0.2, 0.5 and 1 mM of silver, data not shown). 
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Notably, there is a lack of homogeneity between the three culture replicates, which can also suggest 

poor reproducibility of the experiment. Still, discarding the odd culture, conclusions drawn previously 

based on visual observation of the culture medium are reliable.  

 
Figure 2.16 Acidithiobacillus ferrooxidans cultures replicates after 4-, 8- and 14-days showing signs of bacterial growth in presence 

of various concentrations of AgNO3. Abiotic control shown on the left for 8 and 14 days of growth, not shown for 4 days.  

 

Microscope observations of the culture media after 14 days confirm the presence of bacteria even at the 

highest concentration of silver ions (figure 2.17a), although the population density is low. Its relatively 

high resistance can be explained by the fact that A. ferrooxidans is an extremophilic bacteria, able to resist 

extreme environmental conditions, often found in mines and in particular silver mines. Nonetheless, so 

far, attempts of direct contact of the bacteria with metal silver resulted in its instant death [13]. 

Experimental evidence in other studies demonstrated the possibility of training this bacteria to resist 

higher concentrations of silver ions [45], but whether it will ever be enough to be in contact with pure 

metal remains to be investigated.   

Although an asset to yield higher silver resistance, extremophilic growth conditions of A. ferrooxidans 

are not optimal for a hypothetical real-praxis implementation of silver cleaning as the extremely low 

pH of the culture (pH = 2) could be aggressive to potential surrounding fragile materials in the case of 

composite objects (e.g., wood, other metals).  

 
Figure 2.17 Microscope observation of cultures of (a) A. ferrooxidans with 1 mM silver after 14 days, (b) P. yamanorum with 0.1 mM 

silver after 5 days, (c) P. yamanorum with 0.001mM silver after 5 days. 

Regarding Pseudomonas yamanorum, its growth was assessed thanks to the turbidity of medium (Figure 

2.18) and through microscopical observations (Figure 2.17 b and c). In NB medium (Figure 2.18a), P. 

yamanorum was able to strive up until 0.1 mM of silver. 
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Figure 2.18 Pseudomonas yamanorum culture with various silver concentrations (a) in nutrient broth (a), (b) in succinate medium 

(c) in SM under UV-light illumination, after 5 days.  

In order to boost the production of siderophores, the evaluation of growth was also performed in SM 

medium. The presence of siderophores after incubation in SM medium was confirmed using UV-Vis 

spectroscopy (Figure 2.19). In that medium, the bacteria were able to grow only at small concentration 

of soluble silver (0.001 mM) (Figure 2.18 b and c). This is explained by the fact that the SM medium, 

which is iron deficient, is already stressing the bacteria to overproduce siderophores to fetch nutrients. 

It is therefore more complicated for the bacteria to grow and pyoverdine having an affinity/interaction 

with silver, will uptake silver as a replacement or iron [46]. Unfortunately, the uptake of greater amounts 

of silver into the cell is deadly to the bacteria. 
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Figure 2.19 Fluorescence intensity of SM media after 5 days of P. yamanorum growth. 

This preliminary experiment demonstrates the difficulty to identify silver-resistant bacteria. In addition, 

for heritage conservation applications, Ag+ resistance is not enough, strains also must be useful and safe 

for tarnish removal (Ag2S). Further research needs to be conducted to ascertain the viability of their 

direct application on metal objects. Some fungi have been reported to absorb silver ions in quantities up 

to 330 mg/L [47], however, this study was carried out on soluble silver and the result are not directly 

transferable to silver sulfides due to Ag2S’s low Ksp (Table I.1). Given the high toxicity of silver, other 

bio-based methods not implying the use of living organisms can also be foreseen for future research. 

Some research have also shown that it was possible to take up metals with dead fungal biomass, which 

could be a very interesting reflection to counteract the biocide parameter of silver [28,48,49]. 

Additionally, the use of plant-based materials, in particular soapnuts, was reported to be effective in 

removing silver tarnishing thanks to the presence of saponin, a surfactant [50]. For such, other 

surfactants from biological origin could be tested (i.e. rhamnolipids, sophorolipids) [51–53]. In addition, 

papers have demonstrated the efficiency of sodium glycinate, an amino acid that can be found in gelatin 

and silk fibroin, to react with silver to form silver glycinate, soluble in water and subsequently clean 

tarnish silver pieces [54].   
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2.2 Metabolites production  

Although some results obtained with living organisms are promising, the use of isolated metabolites 

allows to break free from any constraints inherent to microbial growth and/or brought by culture media 

needed for living organisms, in particular pH control and carbon sources or other nutriments addition. 

It might therefore be interesting to take advantage of the metabolic pathways used by microorganisms. 

Attempts at production of metabolites showing high solubilization abilities is proposed in this section. 

More specifically in this work siderophore and organic acid production is proposed. Indeed, 

siderophores are known for their metal complexation, especially iron [55]. In addition, A. niger and B. 

bassiana S6 presented high potential for cleaning application during previous screening tests. Hence 

further tests for their production of acid, mainly citric and oxalic are of interest. As 99% of world’s 

industrial production of citric acid occurs via microbial processes, in particular using Aspergillus niger 

[56], only production of LMWOA by B. bassiana was attempted here.  

2.2.1 Materials and methods 

2.2.1.1 CAS-agar plate assay 

Strains producing different types of metabolites were chosen for the experimental procedure. Thus, the 

goal of this section is to select microorganisms with the best production rates of siderophores or iron-

chelating metabolites that will be further investigated for their ability to remove undesired corrosion 

products from indoor historical iron artifacts. Three bacterial (Escherichia coli, Streptomyces pilosus and 

Pseudomonas yamanorum) and two fungal (Beauveria bassiana and Aspergillus niger) strains were 

inoculated on Chrome Azurol Sulfonate (CAS) agar plates in order to assess their iron-scavenging 

metabolites production. The procedure described by Louden et al. [57] was followed. Briefly, strains 

were precultured on agar plates of their respective medium (table 2.3) until visible biomass growth. 

Cells or mycelium were then inoculated on CAS-agar plates according to the method described in Figure 

2.20. For each microorganism, three plates were inoculated to ensure reproducibility. 

  



78 

 

Table 2.3 Selected strains for CAS-assay. 

Name Provider Temperature (°C) Medium 

Escherichia coli K12 

LAMUN, University 

of Neuchâtel, 

Switzerland 

40 Nutrient broth 

Streptomyces pilosus 

DSM 40097 

DSMZ GmbH, 

Germany 
28 Glucose-Yeast-Malt 

Pseudomonas 

yamanorum DSM2005 

LAMUN, Université 

de Neuchâtel, 

Switzerland 

28 Nutrient broth 

Beauveria bassiana S6 

LAMUN, Université 

de Neuchâtel, 

Switzerland 

28 Malt 

Aspergillus niger 

NEUM8 

LAMUN, Université 

de Neuchâtel, 

Switzerland 

28 Malt 

 

Figure 2.20 Siderophore production assessment by bacteria (top) and fungi (bottom). 
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2.2.1.2 Siderophore production and quantification 

P. yamanorum DSM 2005 was selected for this preliminary test of production and purification due to the 

easy detection of highly fluorescent pyoverdine (PVD), the most common siderophore produced by 

Pseudomonas species [15]. To do so, a protocol from Duckworth et al. was adapted [58]. Prior to any 

labwork, all glassware was carefully washed with 5 M HCl and then rinsed with milli-Q water to ensure 

a completely iron-deprived environment. The P. yamanorum strain DSM 2005 was taken from a nutrient 

agar plate and inoculated in 3 flasks containing SM medium (Table S2.2) to have triplicates. Incubation 

was carried at 28 °C for 96 hours under agitation in 2 L Erlenmeyer flasks. The culture was then 

centrifuged (5000 rpm, 15 minutes) and the supernatant filtered using Whatman 42 filters on a filtration 

system followed by filtration through 0.45 µm cellulose acetate membrane filters (Millipore, United 

States). To purify this cell-free supernatant, solid phase extraction was run using Chromabond C18ec 

columns (70 mL/ 10 g) (Macherey-Nagel, Germany). The cell-free extract was applied to the C18ec 

column, which was conditioned with methanol and milli-Q water. For every 200 – 250 mL of cell-free 

supernatant extract a new column was used. The C18ec columns were eluted subsequently with water 

or methanol. Eluates were collected until yellow coloration was no longer visible and combined in two 

flasks according to the elution solvent. Eluates were then kept at 4 °C.  

Absorbance of the eluates was obtained using a Victor Nivo multiplate reader (Perkin Elmer), over the 

200-1000 nm range. 

Liquid Chromatography UltraViolet (LC-UV) (UHPLC, Ultimate 3000, Dionex ®) was used to quantify 

pyoverdine in the eluates. Samples were injected onto a Waters ® column (2.1 × 50 mm, 1.7 µm BEH 

C18 Acquity) with the temperature kept at 25 °C and a flow rate of 0.4 mL/min. Solvents consisted of 

Milli-Q water + 0.05% formic acid along with acetonitrile + 0.05% formic acid. Oxalic acid was detected 

at 360 nm and quantified using a standard curve (50 to 1000 µg/mL) with known concentration of 

standard pyoverdine (Sigma-Aldrich). 

Time of flight – Mass spectrometry (TOF-MS) (Acquity UPLC coupled to a Synapt G2 mass spectrometer 

from Waters) was applied to characterize the pyoverdines in the different eluates. Chromatographic 

separations were achieved using an Acquity HSS T3 column (Waters). Solvents consisted of Milli-Q 

water + 0.05% formic acid along with acetonitrile + 0.05% formic acid at a flow rate of 0.4 mL/min at 25 

°C. Mass spectrometry was performed using electro spray ionization (ESI) in positive mode in the mass 

range from 50 to 1400 amu. 
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2.2.1.3 Biogenic oxalic acid production and quantification 

Beauveria bassiana S6 spores were added in to 50 mL malt medium (1.2% w/v) in 100 mL flasks and left 

to incubate at room temperature, protected from light and under agitation at 140 rpm for 2 days. The 

culture solution was divided to have triplicates. After which, 1.5 × 3 cm copper plates naturally covered 

with copper patina identified as atacamite (Cu2Cl(OH)3) and brochantite Cu₄SO₄(OH)₆ using FTIR 

spectroscopy were aseptically added to 1/3 of the culture solution. Another 1/3 was implemented with 

corroded copper plates presenting cuprite as corrosion layer. The last third was left as control. Cultures 

were left under agitation for another 3 days. Plates were removed and the culture solutions filtrated 

successively with gauze, centrifuged in falcon tubes with 0.2 µm PVDF filters (25 minutes, 2000 rpm). 

The final filtrate was then diluted five times and analyzed for oxalic acid concentration via Ultra High-

Performance Liquid Chromatography (UHPLC) with UV-detection. The UHPLC was coupled to a diode 

array detector (DAD) set at 210 ± 2 nm (Ultimate 3000 RS-Dionex, Thermo Fisher Scientific). A 10-µL 

sample was injected onto a PrevailTM organic acid column (5 µm particle size, 150 x 4.6 mm, Grace 

Davison Discovery Sciences) with temperature kept at 40 °C. The mobile phase consisted of 50 mM 

phosphate buffer adjusted to pH 2.5 with phosphoric acid, with a flow rate of 1 ml/min. Oxalic acid was 

identified by retention time comparison with a certified standard (Merck KGaA) and quantified by 

external calibration using a linear regression built from five calibration points (0.1 to 1 mg/mL). 

2.2.2 Results and discussion 

2.2.2.1 Siderophore production evaluation and assessment 

Upon incubation using the CAS agar assay, the three bacterial strains showed encouraging results 

(Figure 2.21a-b-c), recognizable by the orangish color of the siderophore complexes [59]. After 15 days, 

results with fungal strains were low compared to bacterial strains (Figure 2.21d-e). Metabolites released 

by both B. bassiana and A. niger seem to complex iron in the CAS-agar plate, however, although the 

production of siderophores is reported for these strains [60,61], the coloration is not as vivid orange as 

for bacterial siderophores. This suggested an interference from other produced metabolites [62,63]. 

Indeed, they are most known for production of organic acids, like citric and oxalic which can also 

complex iron [41].  



81 

 

 
Figure 2.21 CAS-Agar plates after incubation of Streptomyces pilosus (a), Pseudomonas yamanorum (b), Escherichia coli (c), Beauveria 

bassiana (d), Aspergillus niger (e). 

Only bacterial strains were therefore considered for the further production of siderophores. Even 

though enterobactin, the main siderophore detected in the K12 E. coli strain [11], is known to have the 

highest binding affinity, or stability constant (logβ = 49), deferoxamine, the main siderophore of S. 

pilosus (logβ = 30.6) is also well described in literature and has been used in heritage conservation studies 

for the removal of iron [64–66]. The stability constant is a measure of the interaction strength between 

the metal and the ligand forming a complex and is detailed further in the chapter (section 3). 

Deferoxamine is commercially available in pharmacies as a mesylate salt, under the name Desferal®, a 

drug for iron or aluminum overloads produced by Novartis. Its high iron-binding constant and rather 

simple availability make it one of the most documented in literature, along with enterobactine from E. 

coli. Because of its easy availability in large quantities, it was further decided to use the commercial form 

of deferoxamine. Although the direct application of living microorganisms for heritage conservation is 

a common praxis [40,67,68], the use of pure compounds is ideally favored. Certainly, the medium 

composition could have drawbacks on the preservation of the objects. The addition of any culture 

medium, with a carbon source and other nutrients, can favor the development of negative 

autochthonous organisms present on the objects. On the contrary, the use of purified metabolites could 

allow the use of constant and higher concentrations of the active molecules. 

Production of pyoverdine, the main siderophore of P. yamanorum, was attempted as it is easily 

monitored throughout its production thanks to its bright yellow color along with strong fluorescence 

under UV light. Although is it commercially available, it is rather expensive (290 CHF/ 1 mg) 

considering the quantities that could be needed for corrosion removal. 
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2.2.2.2 Pyoverdine production 

Pyoverdine, along with pyochelin, are the main siderophores produced by Pseudomonas species. It has 

been extensively studied, mainly for its fluorescent property. Actually, there are over 60 different types 

of pyoverdines differing from each other with respect to their structural parts [69]. Indeed, pyoverdines 

have three distinct structural parts including a chromophore core (figure 2.22), giving its yellow color 

and yellow-green fluorescence, a side chain and variable peptide chain of at least six amino-acids [70]. 

Pyoverdine is a mixed type siderophore, meaning its iron chelating properties are due to the presence 

of several moieties (i.e., catecholate and hydroxamate groups) in the structure. 

 

Figure 2.22 General structure of pyoverdines, presenting the chromophore core to which are attached the peptide and side chains, 

based on [70,71]. 

Production of pyoverdine (PVD) was achieved with Pseudomonas yamanorum DSM2005 considering its 

performance observed in previous experiment with CAS (Figure 2.21) along with the reported ability of 

the siderophore to complex silver [17], which is of interest for silver cleaning purpose. The culture 

medium was iron-free and contains succinic acid, both traits are reported to enhance the production of 

pyoverdine moieties [72]. Succinic acid enhances the synthesis of PVD over other carbon sources such 

as glucose [73]. To obtain an enriched and partially purified PVD solution, the culture supernatants 

were run through solid phase extraction (SPE), in order to remove undesired compounds from the 

bacterial extract (Figure 2.23). 

Another advantage of working with Pseudomonas spp. is the easy detection of PVD whether in day light 

thanks to its yellow color or under UV-light thanks to its fluorescence (Figure S2.2). After solid-phase 

purification, several eluates in water or methanol were obtained. PVD was detected with LC-UV in 

water and methanol eluates (Table S2.3). During the process, it was preferred to elute as much 

pyoverdine as possible, although this would result in a lower liquid concentration, but it was assumed 
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to collect a higher total amount of substance to be used in further experiments. The water eluted batch 

showed higher amounts of pyoverdine extracted (Table S2.3).   

Absorbance spectrum of the obtained enriched and partially purified solution (Figure 2.23) was similar 

to the ones in literature for pyoverdines from P. yamanorum strains, with peaks at around 230 and 400 

nm and shoulders near 265 and 380 nm [74]. It was shown that absorbance of pyoverdines is pH 

dependent [75], with the peak near 400 nm shifting towards lower wavelength with decreasing pH. 

Here, the obtained solutions had a basic pH, close to 9, which is in accordance with a main absorbance 

peak at 403 nm along with a shoulder near 380 nm [75].  

The results thus confirm the presence of a chromophore typical of pyoverdine in the structure of the 

produced molecules. 

 
Figure 2.23 UV-vis absorbance spectra of filtered and partially purified P. yamanorum culture. 

In further HPLC-TOF-MS characterization (Figure S2.4), the retention time from the enriched PVD 

solution is close to those obtained for the commercial pyoverdine standard (Sigma Aldrich) (5.40 to 6.00 

minutes), meaning a similar polarity of the analyzed compounds. However, the obtained 

chromatograms, both from water and methanol eluate could not be overlayed on the standard curve, 

which suggests that the obtained metabolites were of different structure. 

The presence of various molecular ion signals m/z at 358.505, 364.492, 352.487 and 358.505, 364.493, 

369.165, 372.515, 393.177 peaks in the MS spectra of H2O and MeOH respectively (Figure S2.4) shows 

that a mixture is obtained, as expected: as stated in Chapter 1, secondary metabolites are often produced 

in groups of closely related molecules.   

Furthermore, the molecular ion signals are different in the MeOH and H2O eluates, indicating the 

presence of a mixture in both cases but a different one as the masses of ionized compounds are not the 
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same. In addition, in the MS spectra of PVDs, mono-, doubly- and triply-charged ions can be observed, 

as it has been reported elsewhere [76,77]. 

Overall, the absorbance, backed-up with the retention time and the similar spectrum in MS suggest the 

production of a mixture of different pyoverdine molecules. However, although molar mass of the 

monoionized compound (Figures S2.3b and S2.4b) is close to what could be expected for a pyoverdine 

(between 1090 and 1400 g/mol) [78], no match could be found in renowned databases3 nor in published 

literature. The used P. yamanorum DSM 2005 strain can possibly produce diverse types of pyoverdines. 

They are believed to be cleaved during the purification process [79]. Therefore, successful production 

of pyoverdines was achieved both using H2O or MeOH as eluants but cannot be unambiguously 

established although it is quite likely. Further characterization should be performed to assess the exact 

structure of the obtained pyoverdines present in these eluates, following a comprehensive procedure 

by Rehm et al. for instance [70], or a siderotyping method [76]. 

2.2.2.3 Extraction of oxalic acid 

Biogenic oxalic acid was produced via culturing of Beauveria bassiana S6 strain (figure S2.3). This fungus 

is studied in the metal conservation field for oxalate production with a mechanism that includes an 

initial uptake of the copper ions from the patination layer of outdoor copper artworks by oxalic acid 

mediated dissolution, followed by biomineralization as metal oxalates [80,81]. Thus, it is believed that 

if the pathway is stopped earlier, only the uptake occurs. In addition, as seen in section 1, when in 

contact with copper or iron solid phases, the production of oxalic acid by fungi resulted in the formation 

of copper oxalates or iron oxalates, by B. bassiana and A. niger respectively.  

Previous studies had shown that the production of organic acid can be increased by the presence of 

copper compounds such as copper oxides [5], in particular the presence of cuprite resulted in the 

overexcretion of citric acid [41]. The presence of a harmful compound, such as metal elements for fungi, 

triggers their production of LMWOA. Organic acids allow to sequester harmful ions, making them no 

longer a threat.  

Results obtained from HPLC quantification of studied culture media show the overexcretion of oxalic 

acid, in particular in the combined presence of copper hydroxysulfates (brochantite) and copper 

hydroxychlorides (atacamite) on patinated plate (Table S2.4). 

Test applications of pure oxalic acid on corroded copper coupons resulted in the removal of too much 

of the original corrosion layer, which was not the case for treatment with oxalic acid-producing fungi 

[82], which shows that there seem to be “fungi effect”.  

 
3 https://dnp.chemnetbase.com/chemical/ChemicalSearch.xhtml?dswid=6439  

https://dnp.chemnetbase.com/chemical/ChemicalSearch.xhtml?dswid=6439
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The enhancement of oxalic acid production results in the presence of copper in the medium, that could 

be quantified using ICP-OES to 2.017 ± 0.008 mg/L. This presence of copper in the treating solution prior 

to application on artefacts is not desired as it saturates the medium for further copper uptake. Moreover, 

it could result in further corrosion on iron-based substrates (chalcopyrite CuFeS2 for instance [83]). 

Additionally, the presence of malt medium requires rather time-consuming additional steps to get 

purified oxalic acid. So far, the biotechnological production of oxalic acid requires further global efforts 

to be produced industrially [84].  
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2.3 Interaction of complexing metabolites with corrosion 

products 
The use of commercially available secondary metabolites allows for the use of higher concentrations of 

complexing agents. Regardless, because of the high-retailing price, self-produced pyoverdine is still 

tested for ion uptake.  

Here, the aim is to study the dissolution of common corrosion products in the presence of various 

chelators from self- or industrial production from biological or chemical origin.   

The obtained mixture of pyoverdine (section 2) was compared to commercial deferoxamine (DFO), 

retailed by Novartis under the name Desferal®4 and to the typically used chemical chelator (disodium 

ethylenediaminetetraacetic acid) Na2EDTA. In addition, ethylenediamine-N,N'-disuccinic acid (EDDS), 

a biodegradable alternative to EDTA was also studied [85,86]. Other well-known complexing solutions 

were also tested, namely citric and oxalic acid. Citric acid is industrially produced from the fungi A. 

niger, hence considered bio-originated [56]. Oxalic acid produced by Beauveria bassiana as explained in 

section 2 was also tested and compared to industrial oxalic acid, produced from total synthesis [84]. 

Given the low solubility product constants (Ksp) of selected corrosion products, there are several options 

to enhance their solubility. It is theoretically possible to increase the temperature to increase Ksp, 

however this option is not preferred for cultural heritage objects, especially in the case of composite 

objects. Other factors influencing the solubility of corrosion minerals are the pH of the solution, the 

presence of complexing agents (also known as ligands), or the presence of reducing conditions that 

enhance the solubility of Fe3+ oxides by promoting reductive dissolution [87]. Properties of the minerals 

also play a role in the solubilization of a compounds, in particular particle size and surface area, affecting 

the reaction kinetics [87]. In this chapter, the main option evaluated is the complexation reaction of 

corrosion products.  

Complexation is the reaction by which free metal ion in a solution (M+) and one or more ligands (L) are 

going to form a new compound, the complex (MLn) (equation 3.1). The formation of this new product 

in solution will cause the free metal ion’s concentration to decrease and therefore enhance the solubility 

of the mineral. Indeed, free metal ions and complexed metal ions do not have the same properties and 

are considered different species in solution. Basically, it moves the equilibrium of the reaction to the 

right.  

Mn+ (aq) + xLa- (aq) ⇌ MLx b+ or --    (3.1) 

 

 
4 https://www.novartis.com/us-en/sites/novartis_us/files/desferal.pdf  

https://www.novartis.com/us-en/sites/novartis_us/files/desferal.pdf
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Using the law of mass-action, the formation constant Kf of the complex, which is also called the stability 

constant β, is obtained: 

Kf = β = 
[MLxb+]

[Mn+] × [L]x 
      (3.2) 

The more a complex is stable, the less it dissociates. The dissociation constant Kd relates to the 

dissociation of the complex and Kd = 
1

β
.  To simplify here, only the global Kf is considered, not the 

successive formation constants.   

A chelator or chelating agent is a polydentate complexing agent, meaning containing two or more 

electron-donor groups so that more than one bond is formed between the metal ion and the ligand [88]. 

They usually have higher Kf than monodentate complexing agents [89]. 

Therefore, the global reaction constant of the combined solubilization and complexation is Ksp × Kf, with 

the equilibrium displaced towards the dissolution of the mineral thanks to the presence of the 

complexing agent. The subsequent dissolution of a mineral is thus depending on a variety of 

parameters, including concentration of the chelators, mineral solubility product and metal-complex 

stability constant. 
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2.3.1 Materials and methods 

All experiments were carried out at room temperature (approximately 25 °C). 

2.3.1.1 Chelators 

Different chelating agents were selected (Table 2.4). All solutions were prepared with Milli-Q® water to 

a concentration of 5⸱10-4 M for experiments related to mineral dissolution over time. This concentration 

was selected as it was the highest one that could be obtained for self-produced pyoverdine (section 2) 

given the number of samples to be prepared.   

500 mL of  5⸱10-4  stock solution were prepared, adding 0.092 g (EDTA), 0.162 g (Desferal®), 0.022 g 

(oxalic acid), 0.047 g (citric acid), 0.255 mL (35% EDDS) for experiments related to mineral dissolution 

over time. The exclusion of pyoverdine and biogenic oxalic acid for further experiments allowed to 

study the influence of pH with solution concentration of 10-2 M.  

500 mL of  10-2  stock solution were prepared, containing 1.86 g (EDTA), 3.29 g (Desferal®), 0.45 g (oxalic 

acid), 0.96 g (citric acid), 4.85 mL (35% EDDS) for experiments related to the influence of pH.  

pH of each solution was determined using a Metrohm electrode and adjusted using NaOH or HCl 

solutions (see section 3.1.4 Influence of pH). Results are displayed in Table 2.4. 

Table 2.4 Studied chelators and associated physico-chemical features. 

 

Citric 

acid 

[79,90,91] 

Oxalic 

acid 

[79,90,92] 

B. 

bassiana 

extract 

EDTA 

[64] 

EDDS 

[93] 

DFO 

[64] 

PVD 

[15,64] 

Milli-

Q® 

Provider 
Carl-

Roth 

Sigma-

Aldrich 

Self-

produced 
CTS® 

Sigma-

Aldrich 
Novartis 

Self-

produced 
Millipore 

pH at 

5⸱10-4 M 
4.1 3.4 6.3 5.9 8.5 6.4 9.4 5.5 

pH at 

10-2 M 
2.5 1.9 n/a 4.6 9.6 5.4 n/a 5.5 

logβ 

Cu2+ 
5.9 4.8 n/a 18.8 18.7 14.1 14.9 n/a 

logβ Fe3+ 17 7.5 n/a 25.1 20.6 30.6 30.8 n/a 

logβ Fe2+ 3.2 4.7 n/a 14.3 n/a 10.3 9.8 n/a 
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2.3.1.2 Corrosion products 

According to the compounds identified in chapter 1 (Table I.1), seven powdered corrosion products 

were used: goethite, lepidocrocite, cuprite, covellite, chalcocite, brochantite and silver sulfide. Relevant 

corresponding data can be found in table 2.5. Specific surface areas were determined by a N2 BET5 

adsorption method (3Flex, Micromeritics) and particle sizes were measured using laser diffraction 

(PSA1190, Anton Paar). The BET method is a common practice to measure the SSA and pore sizes of 

powdered samples under high-vacuum conditions. The SSA is determined from the volume of N2 gas 

adsorbed on the surface [94]. Particle size was measured in solution under stirring to simulate colloidal 

suspension and the behavior of powder in solution. It was performed first without and then with 

ultrasonic agitation and repeated five times for each case. 

Table 2.5 Studied corrosion products and their associated physico-chemical characteristics. 

Formula α-FeOOH γ-FeOOH Cu2O CuS Cu2S Cu4SO4(OH)6 Ag2S 

Mineral name Goethite Lepidocrocite Cuprite Covellite Chalcocite Brochantite Acanthite 

Provider/Synthesis Alfa-Aesar Alfa-Aesar 
Sigma-

Aldrich 

Sigma-

Aldrich 

Sigma-

Aldrich 

Tanaka et al. 

protocol [95] 

Sigma-

Aldrich 

Mean 

particle 

size (µm), 

volume 

weighted 

Without 

sonication 
16 ± 1.7 21.8 ± 0.31 61 ± 1.4 24 ± 1.7 55 ± 1.2 113 ± 3 n/a 

After 

sonication 
6 ± 0.6 16.9 ± 0.2 24 ± 2.1 25 ± 2 39 ± 0.2 19.5 ± 0.4 n/a 

BET surface area (m2⸱g-

1) 
12.3 56.8 0.377 0.496 0.414 20.9 n/a 

pKsp 42 [96] 42 [87] 15 [97] 37 [98] 49 [99] 69 [100] 51 [13] 

 

2.3.1.3 Mineral dissolution evaluation over time 

All dissolution experiments were performed in closed 2 mL Eppendorf tubes. Experiments were 

performed in triplicates. Corrosion products were weighted to obtain a large molar excess of corrosion 

products (over 10:1) in 1.5 mL of ligand solution. Solutions of 5⸱10-4 M ligands were then added. Tubes 

were vortexed and left for 15 min, 30 min, 45 min, 1 h, 2 h, 4 h, 8 h, 16 h or 24 hours with periodic 

agitation in order to have insights into the kinetics of the reaction of the dissolution reaction. Blanks 

with no corrosion products were also prepared.  

After each time interval, tubes were centrifuged at 12000 rpm for 2 minutes to separate insolubilized 

 
5 Bruauner-Emmett-Teller (BET) 
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corrosion powder. The supernatant was removed, centrifuged a second time and used for further 

analysis. The total iron in solution was measured using ICP-OES (10× dilution in Milli-Q® water). 

2.3.1.4 Influence of pH 

In 2 mL Eppendorf tubes, corrosion products were weighted in order to obtain a large molar ratio excess 

of corrosion products (over 10:1) in 1.5mL of ligand solution. Given results obtained with PVD from the 

previous section, it was discarded which allowed to increase the concentration of ligands to 10-2M for 

this study. Experiments were carried out in triplicates by the same operator on the same day, limiting 

possible block effects.  

Solutions, excluding biogenic oxalic acid and pyoverdine, were adjusted to pH 4, 7 or 10 using NaOH 

or HCl and then added to the Eppendorf tubes. pH adjusted solutions were not buffered or adjusted 

further during the reaction in order to simulate what happens during a corrosion removal intervention, 

as the modification of pH could affect the other parts of a metallic object if composite. Moreover, the 

presence of added buffer may also interact with ongoing reactions and result in undesired or 

simultaneous chemical processes [79]. Tubes were vortexed and left for 24 h with periodic agitation. 

After each time interval, tubes were centrifuged at 12000 rpm for 2 minutes to separate insolubilized 

corrosion powder. The supernatant was removed, centrifuged a second time and used for further 

analysis. The total iron in solution was measured using ICP-OES (100× dilution in Milli-Q® water). 

2.3.1.5 ICP-OES metal detection 

Inductively Coupled Plasma-Optical Emission Spectrometry (ICP-OES) was utilized to determine total 

element concentrations in the different experimental solutions. Samples were centrifuged and diluted 

as stated to be in the detection range (0-2 ppm). Total concentrations were determined using an Optima 

2100 DV (Perkin-Elmer, United States) optical emission spectrometer. Details are in Table S2.1.  

2.3.1.6 UV-Vis detection 

Given the low solubility of Ag2S, quantification of solubilized acanthite in the presence of different 

organics ligands via ICP-OES gave null results. Interactions with silver were therefore studied on its 

soluble form. Absorbance values of 10 mM AgNO3 (Fluka) alone and mixed with chelators (DFO, PVD, 

EDDS and EDTA) at 10 mM concentration and pH 4, 7 or 9 were registered with a 96-well microplate 

reader UV-Vis spectrophotometer (Victor Nivo, Perkin Elmer) on the whole absorbance spectra (200-

1000 nm). 

2.3.1.7 Raman characterization 

After UV-vis characterization, further analyses were performed to acertain conclusions drawn from that 

technique. Raman spectroscopy was performed on a solution of 10 mM AgNO3 mixed with 35%w/v 
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EDDS and let to react overnight. Measurements were performed using a Renishaw Virsa™ Raman 

analyzer micro spectrometer equipped with 50× magnification objective was employed using a 532 nm 

laser. Spectra were recorded with a laser power of 10 mW in the spectral range of 50–1600 cm−1 with 

thirty accumulations of 1 s each. 

2.3.2 Results and discussion 

2.3.2.1 Iron 

Although not associated with cyclic corrosion, the removal of iron oxyhydroxides, typically goethite (α-

FeOOH) and lepidocrocite (γ-FeOOH), the main phases encountered on indoor historical iron-alloyed 

objects is often desired for aesthetic purpose [101]. Looking at bio-based solutions to remove these 

compounds, solubilization is one of the most promising paths. Thus, the solubilization of these 

compounds was studied in the presence of dissolution-enhancing compounds, i.e., complexing agents. 

In nature, living organisms struggle to access iron because of the poor solubility of iron sources, i.e. iron 

oxides [79]. For that reason, many organisms have evolved with a solution in response to the low 

solubility of iron oxides at neutral or basic pH to retrieve iron present in these minerals: siderophores 

[102].   

Here, the performance of siderophores to enhance iron oxides’ dissolution was compared to LMWOA 

or other well-known complexing agents. Figure 2.24a and 2.24b display the amount of iron ions 

dissolved over a period of 24 hours (1440 minutes) in presence of different dissolution-enhancing 

ligands for goethite and lepidocrocite respectively.   
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Figure 2.24 Iron detected by ICP-OES after iron oxides dissolution in presence of several 5⸱10-4 M ligand solutions (oxalic acid 

(green), citric acid (orange), EDTA (blue), EDDS (purple), DFO (red), PVD (grey) and water (black)), plotted versus time (a and b) 

or square-root of time (c and d, with only EDTA, citric and oxalic acids reported). 
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Both in the case of goethite and lepidocrocite, oxalic acid is by far the most effective ligand with a p-

value below 0.001 when compared to all the other ligands, with the highest Fe concentration detected. 

Oxalic acid is known to be one of, if not the, most performing organic acid to dissolve iron oxides 

[35,103]. Although at first glance its performance can appear interesting for iron cleaning purpose, this 

also implies a lack of gradualness, restraining the possibility of control over a treatment. Although citric 

acid theoretically forms stronger complexes (logKf = 17) with iron than oxalic acid (log Kf = 7.5), citric 

acid yields results that are much less impressive than those seen with oxalic acid, which is similar to 

what has been observed previously, where oxalic acid was more effective than citric acid for the 

dissolution of hematite, a ferrous oxide (Fe2O3) [104]. This is probably due to oxalic acid pH being lower 

than citric acid’s (Table 2.4). 

For both iron oxyhydroxides, EDTA, EDDS, DFO and citric acid perform in the same range (Figure 2.24 

a and b), although slight differences are observed between the various chelators. In the case of goethite, 

citric acid does not perform significantly better than EDTA but the difference of dissolved iron in 

solution is significant between citric acid and DFO or EDDS. Regarding these two chelators and EDTA, 

no significant difference was found. For lepidocrocite, statistical analysis shows no difference between 

chelators other than oxalic acid. 

Beauveria bassiana’s medium supernatant (containing oxalates) did not allow any solubilization hence is 

not shown on the graphs. This is accounted for by two things. First, the copper ions dissolved from the 

added plates in the culture to boost the production of the oxalic acid (section 2.2.3) are still present. The 

presence of copper could interfere with subsequent iron complex formation or dissolution. 

Additionally, the compounds from the malt medium, rendering the solution pH close to neutral 

(pH=6.28), far from what is expected from an acid (table 2.4) also annihilate the performance of oxalic 

acid. Similarly, pyoverdine (Figure 2.24 a and b, grey curve, PVD) yielded disappointing results, hardly 

reaching dissolved iron levels similar to water alone for both α-FeOOH and γ-FeOOH, meaning its 

capacity to improve dissolution is minimal. This was equally accounted for by pH of the solution, which 

was close to 9, in the stability range for iron oxides according to E-pH diagrams (Figure I.2), meaning 

FeOOH transformation is not thermodynamically favored in these conditions.  

Noticeably, iron maximum detection is reached at 30 minutes for both corrosion products. This is 

believed to be accounted for by a systematic error, due to periodic stirring, which influences the 

phenomenon dominating the dissolution process (kinetics or diffusion). 

Interestingly, regarding the dissolution rate for DFO and EDDS, the slope is more fitted to a linear 

regression function of time (µmol.L-1.min-1), with a coefficient of determination R2 closer to 1 (Table 2.6), 

indicating a zero-order reaction. On the other hand, for oxalic and citric acids as well as for EDTA, the 

slope is rather a function of the square-root of time (figure 2.24 c, d) (µmol.L-1.min-1/2), with R2 more fitted 
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than for a function of time (Table 2.6). Overall, the equilibrium state is never reached in the 24-hours 

timespan studied since the metal to ratio ligand never exceeds 4.7 and 3.2% for goethite or lepidocrocite, 

respectively. In order to reach this point, it would be advisable to pursue data collection for a longer 

period, until reaching a plateau. 
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Table 2.6 Coefficient of determination R2 of dissolution rate (kinetics) as a function of time (µmol.L-1.min-1)or squareroot of time 

(µmol.L-1.min-1/2) of goethite and lepidocrocite in presence of different ligands. 

 
Citric 

acid 

Oxalic 

acid 
EDTA EDDS DFO 

Goethite 

R2 for dissolution rate in µmol.L-

1.min-1 
0.7629 0.9354 0.8654 0.9511 0.9851 

R2 for dissolution rate in µmol.L-

1.min-1/2 
0.8923 0.9807 0.9586 0.9040 0.9509 

Lepidocrocite 

R2 for dissolution rate in µmol.L-

1.min-1 
0.9315 0.9054 0.9516 0.9887 0.9957 

R2 for dissolution rate in µmol.L-

1.min-1/2 
0.9754 0.9729 1 0.9401 0.9734 

 

It has been hypothesized that during a solid dissolution, the kinetic model is based of Fick’s second law 

on the diffusion layer and expressed by the Noyes-Whitney-Nernst-Brunner (NWNB) equation (3.3) 

[105–108] . It states that the rate of dissolution of a solid is dependent upon its solubility (Cs), the 

concentration of solute in solution at a particular time (Ct), diffusion constant k, and the surface area of 

the solid (S).  

dC/dT = kS(Cs-Ct)      (3.3)  

Basically, it considers that dissolution is the reverse process of crystal growth and involves two steps: 

first, surface reaction and disintegration of the surface species and second mass transfer of these species 

into the bulk solution across the diffusion layer [109].   

The NWNB equation is valid for a dissolution process corresponding to a first order reaction, meaning 

depending on the concentration of only one of the reactants [110]. Here, because the corrosion products 

were added in large excess, their concentration could be considered constant over time and the reaction 

as following a pseudo-first order, only dependent on the concentration of ligands, and therefore the 

mathematical model for diffusion could be applied. However, no single mathematical approach is 

widely accepted to determine dissolution processes [110].  

Moreover, it is not so clear whether the mineral dissolution processes is diffusion-controlled or surface-

reaction controlled [111]. According to peer-reviewed papers [112], the effect of siderophores and other 

organic ligands on iron oxides dissolution is a ligand-controlled dissolution mechanism, which is a 

surface-controlled process, meaning the dissolution rate is a function of the surface concentration of the 

ligand.   

There are three main surface-controlled reactions leading iron oxides to release iron into aqueous 
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solution: protonation, complexation (ligand-process) and reduction [113]. Here, the last possibility is 

disregarded because of the absence of any reducing agent. Protonation and complexation give way to 

the production of iron ions or iron-complexes respectively. These reactions consist of several steps in 

which the first step involves the formation of a surface complex by adsorption of protons or ligands 

from the solute respectively, or even a combination of these [113,114]. This leads to a weakening of the 

Fe-O bond and then to the detachment of the iron cation. This step of breaking the bond between the 

components of the crystal lattice is the rate-determining step of iron release in the solution [104].  

One of the main assumptions of this surface-controlled process model is that dissolution mechanisms 

(i.e. protonation and complexation) occur independently [112]. The independence of these reactions is 

not straightforward as pH modifications can affect the rates of both dissolution processes. For instance, 

pH changes can influence ligand-controlled dissolution by modifying the concentration and speciation 

of adsorbed ligands (figure 2.25), which therefore can result in an apparent shift in the dissolution rate. 

As a consequence, the pH influence on dissolution and adsorption has been reported to be a parallel, 

independent parameter [112], and elsewhere it was an accountable, non-independent parameter [115]. 

 

Figure 2.25 Speciation diagrams of (a) oxalic acid, (b) citric acid, (c) EDTA, (d) DFO ionic species at room temperature in water. 

Obtained from [114,116–118]. L and Y stand for the ligand formula. 

For such, one can notice that the main difference between the curves being time-dependent or square 

root of time dependent in figure 2.24 is the pH of the associated ligand species (table 2.4). The ones 

following a square root of time linear regression are the ones with the lower pH (below 6). Therefore, it 

is possible that the protonation reaction affects the dissolution rate for oxalic acid, citric acid, and EDTA.  
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That is the reason why other studies state that these reaction pathways determine simultaneously and 

not independently the kinetics of mineral dissolution [119].  

To have a better overview of this phenomenon, ligand solutions were adjusted at three different pH 

values: 4, 7 and 10 to simulate acidic, neutral and basic solutions respectively using NaOH and HCl, 

and added to goethite and lepidocrocite for 24 hours.  

 
Figure 2.26 Dissolved iron detected via ICP-OES in 10-2 M ligand solutions at pH 4, 7 or 10 after 24 hours of corrosion products 

immersion.  

 

For citric and oxalic acids, the formation of the complexes is clearly pH dependent (Figure 2.26). One 

can note a discrepancy between the performance of DFO in the kinetical study versus the pH-

dependance study compared to other chelators, with clear better performance in the second part of the 

study (pH-adjusted solutions), which so far could not be explained. Indeed, here, iron to DFO ratio 
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reaches up to 7 and 17% for goethite and lepidocrocite respectively versus 4.8% and 3.2% in the kinetics 

study.  Again, here, equilibrium state is never reached as the 1:1 molar ratio is never attained. 

As a first insight, the main difference between the two series (pH-adjusted or not) is the ligand and solid 

concentration, changing from 5⸱10-4 M to 10-2 M. Indeed, non-pH adjusted solution of DFO is already 

close to pH 7 so there is no consequent difference regarding that matter.  

Papers have demonstrated that low Fe2+ concentrations catalyze the dissolution of various Fe3+ 

hydroxides in presence of diverse ligands, including DFO, over a broad pH range (4 to 8.5) [120]. 

Although goethite and lepidocrocite are ferric compounds, the presence of dissolved Fe2+ has been 

related to photo-reductive dissolution of Fe+3 hydroxides by visible light [121]. This photo-reductive 

dissolution, occurring both at acidic and basic pH [122], is enhanced by the presence of certain ligands 

[123–125], including DFO but also occurs on absence of any organic or inorganic ligands other than H2O 

[125,126] As the experiments were carried out at visible light, this photoreduction of Fe3+ to Fe2+ is a 

conceivable option explaining why higher concentrations of ligands and/or corrosion products increase 

the concentration of Fe2+ and consequently the concentration of solubilized iron, resulting in a better 

performance from DFO.  

Further experiments at more numerous pH values, different ligand concentrations and different timings 

should be foreseen to ascertain the phenomenon.  

For both goethite and lepidocrocite (Figure 2.26), oxalic and citric acid resulted in little or no iron 

dissolution at neutral and basic pH while they were the best performing at an acidic pH (Table 2.7).  

Table 2.7 Ranking ligands from best (1) to least (5) performing after 24 hours of corrosion products according to the metal to 

ligand uptake ratio. 

 Goethite Lepidocrocite 

pH values 4 7 10 4 7 10 

1 Citric acid  EDTA EDTA DFO DFO DFO 

2 Oxalic acid DFO DFO Oxalic acid EDTA EDTA 

3 EDTA EDDS EDDS Citric acid EDDS EDDS 

4 DFO Citric acid Citric acid EDTA Citric acid Citric acid 

5 EDDS Oxalic acid Oxalic acid EDDS Oxalic acid Oxalic acid 

 

Focusing on goethite (Figure 2.26), EDDS performs close to DFO at acidic pH and its solubilization 

power slightly decreases with increasing pH, similarly to EDTA. DFO exhibits overall lower iron 

dissolution than EDTA (Table 2.7) but its solubilizing power does not decrease between pH 4 and 7 

(figure 2.26).  
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At pH 7, oxalic and citric acid are fully deprotonated (figure 2.25 b and c). Indeed, chelating agents are 

usually represented as HnY, with n the number of protons that can be released. In aqueous solution, 

chelating agents can lose those protons until reaching the fully ionized form. This is what is called the 

speciation of a chelating agent (figure 2.25).   

As described, the dissolution of a solid is caused by its reaction with the protons released and/or the 

ionized form of the chelating agent. In the case of citric and oxalic acids, proton’s action in neutral to 

alkaline solution might be balanced by greater concentrations of OH- ions. Hence, it can be stated that 

their surface-controlled process is mainly protonation-controlled, being annihilated when their 

protonation is counterbalanced by the presence of hydroxyl groups at higher pH values, or more simply, 

when they are neutralized. Some paper theorized that the effect of protons H+ in the action of oxalic and 

citric acid on iron oxides is to control the uptake of speciated chelators onto the mineral surface, 

indirectly influencing the dissolution of iron oxyhydroxides [104]. 

For EDTA and EDDS, the presence of other binding sites/moieties than OH groups, typically amine sites 

(Figure 2.27), could enhance the complexing reaction even at high pH. In addition, both EDTA and DFO 

display their fully deprotonated form only above pH 10 (figure 2.25). Although there is a change of 

performance with the pH, the reaction is not completely annihilated. This shows that the dissolution 

processes are a combination of reactions with protons (protonation) and the ionized form of the 

chelating agent (ligand-controlled). 

Citric and oxalic acid being only effective in the acidic range, there is a lack of versatility for heritage 

artefacts cleaning where working over a larger span of pH might be required depending on the nature 

of the substrate (i.e., to avoid further damaging of metal surfaces or organic materials). 
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a 

  

 

b 

 

 

c 
 

 

Figure 2.27 Molecular structure of EDTA (a), EDDS (b) and DFO (c) and their iron complexes [116]. Binding sites are indicated 

in red.   

 

Fe-siderophore complexes are more stable at neutral to alkaline pH as otherwise there is a competition 

with protons H+ [127]. Here, DFO solubilization seems to be maximum at acidic to neutral pH but still 

performing in the alkaline range. This is interesting for heritage metal cleaning purposes as it would 

allow a great versatility, adapting to various material types and cleaning interventions.  

For goethite, solubilization power of EDTA decreases with an increasing pH (Figure 2.26). This is 

identical to what has been published elsewhere where the influence of EDTA protonation on the 

dissolution rate of goethite was studied [128]. It was found that the Fe-EDTA complex is very stable in 

the acidic range whereas in the alkaline range no EDTA adsorption occurred. This observation seems 

odd when looking at the dominant pH range of fully ionized EDTA (Figure 2.25) but must be put in 

perspective with the competing phenomena: EDTA speciation versus enhanced dissolution of iron. 

Stability of iron minerals is highly related to pH. Looking at the Pourbaix diagram, (Figure 2.28), it is 
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clear that iron oxides are the most stable species at neutral to alkaline pH and on the contrary, their 

stability decreases at more acidic pH values [112], thermodynamically favored for the dissolution into ionic form.  

 

Figure 2.28 Simplified Pourbaix diagram for an iron-water system at 1 atm and 25 °C, extracted from [129]. 

The stability constant Kf for complexes usually encountered in tables is the one related to the fully 

ionized form [130,131]. Therefore complexation/solubilization should be higher at alkaline pH. 

Discrepancies are accounted of apparent complexation constant. Indeed, complexation equilibrium are 

based on the amount of iron ions available in solution. Although poorly soluble, iron oxides’ solubility 

is still higher at acidic pH. The complexation reaction is therefore more driven by the presence of 

solubilized compounds in the solution rather than the strength of complexation. To simplify, if the 

chelator can complex a lot of ions but there are no ions around, it is useless.  

When reaching lower pH values, the speciation of ligands changes and the equilibrium of the solid is 

displaced to an area where the stable phase is mainly the soluble one (iron ions). This also explains why 

EDDS was less performing than EDTA in Figure 2.24, as its original pH is alkaline (8.5 at 5⸱10-4 M and 

9.6 at 10-2 M) (Table 2.4).  

However, this does not explain why deferoxamine‘s chelating properties seem unaffected by pH 

changes. Scientific studies have shown that although the DFO molecules is fully protonated at acidic or 

neutral pH (figure 2.25 d) [132], the Fe3+-DFO affinity is such that all ferric ions are complexed by the 

siderophore already at very low pH (figure 2.29).  
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Figure 2.29 Distribution plot for Fe3+-DFO complex-formation equilibria at 25 °C [133]. 

 

One can notice that the major complex species in the 1-10 pH range is a protonated specie. Indeed, the 

terminal amino group is protonated and not involved in complexation [116]. This is in agreement with 

the X-ray crystal structure of ferrioxamine, where the six oxygen atoms of the hydroxamate groups bind 

the iron in a distorted octahedral structure (figure 2.27 c),[134], the side chain containing the protonated 

terminal amine stretching away from the metal ion. This was explained as the terminal amino group 

oriented outside is available and serves as derivatizing DFO to act as a vector for other molecules while 

keeping its biological primary purpose, iron chelation [135].   

The amino group would get protonated by HCl until reaching a 10-2 M DFOH+ solution, therefore not 

influencing the iron binding and partly explaining the pH- independence of this reaction. 

When focusing on lepidocrocite (figure 2.26), there is no clear influence of pH on the performance of 

EDDS (p-value>0.2 between pH 4 and 7, and p-value>0.5 between pH 7 and 10, showing no statistically 

significant differences), EDTA performs better with increasing pH and DFO performance decreases 

slightly with the pH increase. In addition, DFO performs better than any other ligand overall on this 

corrosion product (Table 2.8). Lepidocrocite is reported to be less thermodynamically stable [136,137]. 

Consequently, it is expected that lepidocrocite could be more easily solubilized and lead to higher 

concentration of iron ions in solution. Indeed, although the Ksp of goethite and lepidocrocite is similar 

(Table 2.4), it seems that lepidocrocite solubilizes slightly, even in the absence of ligands, as indicated 

by detected values of iron ions in HCl solution, Milli-Q water or NaOH solution (25 ± 4.5 µmol/L, 13 ± 
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4.1 µmol/L and 1.9 ± 0.9 µmol/L, respectively), which is not the case for goethite (null Fe detection) . In 

addition, the reported available surface area for lepidocrocite is well above the one of goethite, allowing 

for faster kinetics, which could also explain the greater amount of solubilized iron. As mentioned above, 

the limiting step for iron oxides’ dissolution is the attack of a proton on the mineral surface (Fe-O bond), 

resulting in the release of an iron ion-complex. This releasing step is strongly dependent on iron oxide 

mineralogy and crystallinity, as iron oxides with poorer crystallinity like lepidocrocite readily dissolve 

whereas more energy is needed for more crystalline compounds like goethite, with input of energy 

potentially provided by an increase of temperature [138]. Nevertheless, the unexpectedly high values 

obtained for iron concentration after contact with DFO for lepidocrocite, although consistent in the 

replicates, seem odd and are contradicting those obtained in figure 2.24. Therefore, it might be 

connected to a systematic error and should be ascertained, as the lower thermodynamical stability and 

discrepancy with non-adjusted pH solutions are not sufficient to explain such differences. In addition, 

further studies should be performed, taking into account various parameters including controlled 

concentrations of ligand and metal to check for the influence of these metrics.  

Furthermore, there is still a discrepancy with the results obtained for EDTA, as the amount of 

solubilized iron seems to increase with pH, contrary to what is theoretically expected. Indeed, the 

conditional stability constant, taking into account both stability range of lepidocrocite and formation 

constant of the complex due to the deprotonation of the ligand, should be decreasing with pH. The 

reported suitable range for Fe3+ chelation for EDDS and EDTA are 3-9 and 2-11 respectively [130].  

Although it might not seem like it at first glance, mineral dissolution in ligand-aqueous solution is not 

a straightforward system to study. In addition to the combined complexation-protonation processes, 

other reactions coexist and are often not taken into account. For instance, here, the pH was not buffered 

and therefore the solutions varied in pH overtime during the reaction. Some studies have shown that 

unbuffered DFO solution shifted from 5-6 to neutrality 7 after immersion of iron minerals [79]. This was 

accounted for the dissolution of FeOOH species, releasing hydroxyl groups in the solution, according 

to the equation (3.4), hence increasing slightly the pH. These statements are surprising as according to 

DFO molecular structure (Figure 2.27), DFO complexation with Fe releases three protons, with the 

solution therefore getting acidic. Again, there are competing phenomena here. However, DFO chelation 

is not very sensitive to pH changes [116].  

FeOOH + H2O → Fe3+ + 3 OH-    (3.4) [87] 

As a result of all this, reaction mechanisms are very complex and not yet fully understood. For this 

reason, most mechanisms presented in the literature are based solely on simplified systems. For 

instance, only the initial dissolution rate is considered to ease the theoretical interpretation. However, 

the dissolution rate changes as the reaction progresses. Indeed, the specific surface area gradually 
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increased during the process of dissolution [115], which also increases the dissolution rate as stated by 

the Noyes-Whitney equation. Usually, smaller particle size, as well as high porosity, increase the surface 

area. A mineral with an increased specific surface area will increase its dissolution rate [139–141]. 

Specific surface being an important parameter, here, to allow comparable quantitative analysis between 

goethite and lepidocrocite, maximal concentrations of dissolved iron after 24 hours were normalized to 

mineral surface area contacted by the solution during the immersion as it was assumed that BET surface 

area is a suitable indicator of ligand accessibility. However, some have argued that iron oxides’ surface 

area is not as impacting as for other ions as it has been reported that no direct correlation could be 

inferred between surface area and solubility or that, because particles are small, they form agglomerates 

that reduce the effective specific surface [87,141].  

For that reason, figure 2.30 displays both BET-normalized and raw data of iron ions in solution after 24 

hours. Further discussion, addressing selectivity and affinity, will rely on data from non-pH-adjusted 

experiments to exclude the pH factor and only consider the “raw solution”.  

 

Figure 2.30 Dissolved iron after 1440 minutes (24 hours) of reaction for goethite or lepidocrocite with non pH-adjusted 5⸱10-4 M 

ligand solutions. Raw (left) and normalized data over BET surface (right) are displayed. 

The results processed from raw data are in accordance with the expected results, with rather similar 

dissolution of both iron compounds, whereas for normalized results, there seems to be a very low 

solubilization of lepidocrocite comparatively to goethite. This indicated the formation of agglomerates 

from the corrosion products. Agglomerates behave as large particles with internal porosity hence 

rendering the surface area an irrelevant normalization factor [141]. Indeed, looking at particle 

dimension, for both goethite and lepidocrocite the use of ultrasonic bath reduced the mean size. This is 

due to deagglomeration of the particles [142]. Indeed, if one takes a deeper look at the particle size 

distribution (Figure S2.7), the multimodal distribution shifts to lower particle size values for goethite, 

meaning deagglomeration of some of the particles. To ascertain this hypothesis, the zeta potential of the 

particle could be measured in order to confirm their inclination to form agglomerates [143].  
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Overall, solubilization rate is affected by solution conditions in which pH is an important variable. 

Again, whether proton- and organic ligand-driven reactions happen subsequently, in parallel, 

combined or compete is dependent on several phenomena in competition, where one or the other 

parameter can favor one or the other surface-driven reaction (i.e., pH, accessibility of the solid’s surface 

(e.g., surface area, crystallinity). Actually, in nature, low molecular weight organic acids (LMWOA) are 

secreted to promote iron mineral dissolution [112,144], more precisely to promote the formation of labile 

iron on the minerals’ surface [145], allowing a synergetic phenomenon with siderophores and therefore 

accelerating iron oxides’ dissolution rate [146]. Indeed, siderophores form more stable complexes with 

Fe3+ ions than organic acids with log Kf ranging between 30 to 50 for siderophores, while LMWOA have 

lower log Kf (e.g., oxalic acid log Kf = 7.5; citric acid log Kf = 17). In addition, diffusion phenomena cannot 

be ignored, and can also be influenced by a plethora of metrics, including temperature, agitation, 

concentration of ligands or solids in solution. In order to acknowledge the actual influence of each of 

the contributing parameters, more work should be foreseen for iron oxides, resorting to a statistical 

approach such as principal component analysis or ANOVA to ascertain the dominant metrics in the 

dissolution of the iron oxides studied.  

Conclusions drawn for one metal's solid phases, here iron, may not follow similar dissolution behavior 

for other metals, being function of time, pH, ligand’s nature (and concentration). Further tests were thus 

carried out with copper oxides and sulfides.  

2.3.2.2 Copper 

Dissolution of cuprite (Cu2O), chalcocite (Cu2S), covellite (CuS) and brochantite (Cu4SO4(OH)6) was 

studied over a period of 24 hours, at room temperature, in the presence of different complexing agents. 

Concentration of solubilized copper ions was determined via ICP-OES and is displayed in figure 2.31. 

Due to possible experimental errors, results obtained for covellite are addressed in supplementary 

materials.  

Overall, the kinetics of solubilization are very fast for brochantite, reaching its maximum within 10 

minutes after contact with ligands. Reaction kinetics for cuprite and chalcocite are more progressive, 

but still, one can note that the reaction reaches a plateau after 4 hours for cuprite for almost all ligands 

whereas the equilibrium state does not seem reached for chalcocite. This is in line with literature, stating 

that sulfides are less soluble than oxides [147].  
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Figure 2.31 Copper detected by ICP-OES after copper solid phase dissolution in presence of several 5⸱10-4 M ligand solutions 

(oxalic acid (green), citric acid (orange), EDTA (blue), EDDS (purple), DFO (red), PVD (grey) and water (black)), plotted versus 

time. 

Looking at chalcocite, ANOVA showed a significant better dissolution performance of oxalic acid, EDTA 

and EDDS, followed by citric acid and then siderophores DFO and PVD respectively. For EDDS and 

DFO a threshold seems to be reached from 16 hours whereas the other ligand solutions seem to not have 

reached their equilibrium state. It has been theorized that chalcocite dissolution occurs in two steps 
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[148], by first transforming into covellite and then covellite dissolving and that the second step is much 

slower than the first [149]. Indeed, Cu+ salts are more insoluble than Cu2+ salts [150].  

Looking at cuprite solubilization, citric and oxalic acid perform significantly better, with no difference 

between the two groups (p-value = 0.76), followed by EDTA and EDDS, performing equally (p-value = 

0.99) and then by siderophores. This is not surprising as siderophores are iron-specific and therefore 

display stability constants with copper that are lower than other ligands. This is also the case for 

chalcocite. 

Regarding brochantite, again, citric acid performs better than any other tested ligand, followed by DFO. 

Oxalic acid is positioned in-between EDTA and EDDS, with no significant difference, and pyoverdine 

being far behind.  

Interestingly for both brochantite and cuprite, citric acid reaches its maximum after 4 hours, suggesting 

a high leaching rate [151]. Apart from chalcocite, the dissolution rates of other copper minerals in ligand 

solutions seem to decrease quite rapidly, showing low variations after 4 hours.  

For all copper corrosion products, the trend does not seem to follow a diffusion-driven solubilization or 

even a linear solubilization contrary to what had been observed in previous studies on different copper 

chlorides, sulfates or carbonates where it was stated that the dissolution process was driven by the 

process of diffusion [152]. Other studies have shown that the kinetic model followed by the 

solubilization of copper is from the pseudo-second order [153]. Here, plotting the reciprocal of the 

reaction concentration versus time does not give a linear plot, therefore, the second order reaction was 

not verified, this might be because of the difference in the nature of copper species studied.  

In this experiment, there seem to be a systematic error, as seen by the early maximum reached within 

minutes after solid-ligand solution contact, accounted for by several errors. In addition, there seems to 

be an excess release of copper, reaching over 100% of chelate loading for cuprite and brochantite (Figure 

2.31), preventing to state whether the equilibrium state really has been reached or whether the 100% 

metal to ligand ratio is due to experimental errors. Here, the experiments were done simultaneously to 

avoid block effects, but these errors could be corrected with further works, in particular prewashing of 

minerals to remove any mobile copper on the surface, constant or no stirring, filtering of the solution 

before analysis. In addition, it would be advisable to continue data point collection until reaching the 

equilibrium state of the system. This would allow characterization of further slight increase observed 

for oxalic acid with Cu2S, and for EDDS with Cu2O.  

On the copper Pourbaix diagram (Figure 2.32), theoretical thermodynamic stability is proportional to 

the area of the stability region of each species, depicting a stability over large range of conditions: 

sulfates are less stable than oxides, which have a lower stability than sulfides.   

Interestingly, brochantite has the lowest stability range, only matching the initial pH of the 5.10-4 M 
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EDTA solution (5.9), which performs the least in figure 2.31, PVD excluded. For chalcocite, there is no 

plateau, meaning the equilibrium state is not reached. This is not surprising as, for whichever tested 

ligand solutions initial pH, Cu2S can be a predominant species, in addition to a high pKsp (table 2.6), its 

solubilization is slow, even in presence of ligands. Cuprite is also stable over a large area but has a much 

lower pKsp (3.2).  

 

Figure 2.32 Pourbaix diagram for a copper-water-sulfur system at 1 atm and 25 °C, extracted from [100], with the initial pH of 

5⸱10-4 M ligand solutions (oxalic acid (green), citric acid (orange), EDTA (blue), EDDS (purple), DFO (red), PVD (grey) and water 

(black)). 

Acids have lower Kf than other ligands with copper but nevertheless achieve great Cu ions 

solubilization. This is due to their ability to act as Lewis base (electron donor). To investigate this 

phenomenon, corrosion products-ligand interaction was done at different pH (4, 7 and 10). The amount 

of copper detected after 24 hours by ICP-OES in the ligand-solutions adjusted at different pH is plotted 

on figure 2.33. 

 

Figure 2.33 Dissolved copper from, chalcocite (a), cuprite (b) and brochantite (c) detected via ICP-OES in 10-2 M ligand solutions 

at pH 4, 7 or 10. 
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For cuprite, at acidic pH there is a good efficiency of, from best to low performing, EDDS, EDTA, citric 

acid, DFO and oxalic acid. Out of these, only EDDS also has an effect on cuprite at neutral and alkaline 

pH. Similar observations were made by Ko et al. for citric acid action on cuprite [154], with a decrease 

of solubilization efficiency with increasing pH. In addition, in the Pourbaix diagram, the stability area 

of cuprite starts after pH values of close to 4 (Figure 2.32).  

Globally, EDTA performs equally well at all three pH values with Cu2S and brochantite. Other studies 

have already concluded that copper extraction by EDTA is pH-independent [155,156]. However, in 

figure 2.33, EDTA seems to be affected by pH for the dissolution of cuprite. The action of EDDS for 

copper solubilization is not pH-dependent for chalcocite and brochantite either but for cuprite as well 

[157]. Therefore, overall, EDDS performs better on copper than EDTA. In a paper studying extraction of 

heavy metals from soils, this trend occurred as well and was interpreted as a lower competition with 

calcium ions for EDDS (logKf for Ca-EDDS=4.6 vs logKf for Ca-EDTA=9.09) [158]. However, here, it is 

also the case although there is no presence of calcium ions in solution, showing that there is an intrinsic 

practical better complexation of copper by EDDS than EDTA despite their close log Kf with Cu (Table 

2.4). Indeed, according to various authors, EDDS has an acute affinity for copper ions compared to other 

chelating agents [130,159,160].  

DFO performed equally well at acidic and neutral pH for chalcocite and brochantite and only slightly 

better at acidic pH for cuprite. It does have some effect at alkaline pH for chalcocite and brochantite. 

Citric acid has some effect for chalcocite and brochantite at even neutral to alkaline pH. Indeed, studies 

have shown that copper complexes of citric acid are highly stable over the full pH range thanks to the 

carboxyl groups [161], explaining the extensive use of triammonium citrate in the conservation field for 

the removal of copper corrosion [162].   

Oxalic acid does not perform well at pH 4, even less at neutral to alkaline pH. One can hypothesize that, 

because its natural pH at 10-2 M was measured at 1.9 (Table 2.4), all pH-adjusted solutions were too 

alkaline to allow oxalic acid action. Indeed, with the neutralization, the actual concentration of oxalic 

acid was of 1.8⸱10-5 M.  

Overall, on cuprite and chalcocite, exception made for EDDS, copper solubilization occurs accordingly 

to the stability regions of the Pourbaix diagram. This suggests that solubilization of these copper ores is 

driven by the amount of copper cations in solution rather than a surface-driven phenomenon as for iron. 

Notably, the results obtained in Figure 2.33 are contradicting those in Figure 2.31, which might be 

caused by a systematic error or due to block effects. 

Additionally, the experiments were carried out under aerobic conditions, meaning the absence of 

control over atmospheric oxygen levels. This was selected to mimic conditions during practical 

treatment. For such, it is important to keep in mind that results obtained and displayed in figures 2.31 
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and 2.33 probably include side redox reactions, leading to the oxidation of solubilized Cu+ into Cu2+. In 

order to perform a strict evaluation of cuprite or chalcocite solubilization in solution, anoxic conditions 

would be required.  

Similarly to iron, the amount of solubilized copper after 24 h in non-pH-adjusted solutions is displayed 

in figure 2.34, comparing both raw and specific surface normalized data. The addition of the 

normalization factor does not seem to affect the results for cuprite and chalcocite, however brochantite’s 

values drop because of its high surface area. It seems that the impact of the presence of agglomerates 

and particle size is lesser than for iron oxyhydroxides as the phenomenon of solubilization seems to be 

less of a surface-driven phenomenon but happen mainly on the cations already in solution. In a way, 

this is in accordance with literature data stating brochantite is very stable, with the highest solubility 

product constant of all tested corrosion products (Table 2.5). Regarding cuprite and chalcocite, all 

chelators seem to have a better ability to dissolve cuprite, apart from DFO which yields similar values 

for all copper corrosion products. Hence, deferoxamine has poor selectivity of cuprite compared to other 

complexing agents.   

Excluding DFO because of its lower affinity for copper compounds, it seems that copper oxide is more 

easily solubilized than copper sulfide. This is in accordance with common lower solubility of sulfides 

versus oxides due to lower solubility constants [147]. Indeed, copper sulfides bonds are somewhat 

covalent whereas copper oxide bonds tend to have more ionic nature [163], thus resulting in a higher 

bond-dissociation energy for Cu-S bonds.  

 

Figure 2.34 Dissolved copper after 1440 minutes (24 hours) of reaction for cuprite, chalcocite and brochantite with non pH-

adjusted ligand solutions. Data both raw (left) and normalized over BET surface (right) are displayed. 

2.3.2.3 Silver 

Quantification of solubilized acanthite in the presence of different organics ligands via ICP-OES gave 

null results. This can be accounted for by the extremely low solubility of Ag2S (logKsp = 51). Nevertheless, 

it was deemed interesting to assess the potential action of chelators with soluble silver using UV-Vis 

spectroscopy. Full spectra were acquired and compared with soluble silver solution of AgNO3. Solely 

EDDS gave promising results, hence only the corresponding absorbance spectra are shown in Figure 
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2.35, at relevant range (240-800 nm).   

The absorbance spectrum of EDDS alone does not present any particular peak (Figure 2.35, dotted 

spectrum). On the other hand, silver nitrate alone has a peak at 304 nm. At pH 9 in the AgNO3-EDDS 

solution a discrete bump at 410 nm can be observed, indicating the transformation of Ag+ ions with a 

further conversion into silver nanoparticles (AgNPs) [164]. Silver nanoparticles synthesis using 

aminoacids as a green reducing agents has been explored in previous research[165], but the use of EDDS 

is not reported as it is not a reducing agent. Maximal obtention of AgNPs was achieved at pH 9 as the 

signals are more pronounced, similarly to what has been seen elsewhere [166,167]. Given the 

wavelength and the shape of the peak (weak and broad), it can be hypothesized that the formed AgNPs 

have a size between 10-50 nm and are rather aggregated [168–173]. The presence of the peak at 273 nm 

could be explained by the presence of silver nanoclusters (AgNCs), as it has been reported elsewhere 

[174] but further investigation would be necessary.   

In all cases, the reaction of EDDS with soluble silver rendered the solution more cloudy, as a high 

baseline is symptomatic of turbidity, which is common with the formation of aggregates [167].  

 

Figure 2.35 Absorbance spectra of EDDS, silver nitrate and mixtures of both solutions at pH 4, 7 and 9. 

Additionally, Raman spectroscopy performed on the Ag-EDDS solution (Figure 2.36) detected bands at 

98 cm-1 and 156 cm-1 that can be attributed to Ag crystal lattice [175]. Peaks were also seen at 230 cm-1 

[176,177], 933 cm-1 [176], 1284 cm-1 [177,178], 1372 cm-1 [177,179,180], which is consistent with the 

vibrations found for AgNPs but are also detected in bare EDDS or AgNO3 spectra. So far, the signal at 

819 cm-1 is the only one that is present exclusively in the Ag-EDDS spectrum, meaning a new vibration 

is detected after mixing of the two components. However, based on literature, it could not be assigned 

to any particular peak. Although appealing, the results should be pushed by Transmission Electron 

Microscopy (TEM) to verify the formation of silver nanoparticles or other silver transformation.  
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Figure 2.36 Raman spectra (532 nm, 30 × 1 s) of AgNO3, EDDS and a mixture of both in solution.  

Unfortunately, silver nanoparticles have a color ranging from yellow to reddish-brown [19], according 

to the size and shape, which does not seem relevant to study further in the conservation field for removal 

of silver tarnishing as it does not comply with the aesthetic expectations for silver objects, i.e., shiny 

grey. 
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2.3.3 Main findings 

Iron  

- Several diffusion- or surface driven-reactions coexisting (i.e., complexation, protonation etc) 

therefore difficult to predict any kinetical model 

- Acidic sequestering agents seem to promote a diffusion-controlled model whereas for the others 

it is more surface-controlled, although both phenomena apparently coexist  

- DFO is the chelating agent least affected by pH change and effective over most of the pH range. 

Copper 

- DFO has a low affinity for cuprite 

- EDTA and EDDS show no selectivity 

- EDDS is effective over the full pH range for the corrosion products studied here 

- Copper solubilization seems to be related to solubility of corrosion products rather than a 

surface-driven reaction 

Silver  

- Ag2S cannot be solubilized by any of the studied ligands 

- EDDS can react with soluble silver at neutral to alkaline pH to form AgNPs  
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2.4 Conclusion 

Metal uptake using living organism was tested on soluble and insoluble iron and copper sources. The 

fungus Aspergillus niger was found to yield interesting results on iron plates whereas Beauveria bassiana 

was found to yield worthy results on copper plates. Both mechanisms seem to be related to the 

formation of iron or copper oxalates respectively. Silver resistance tests carried out on A. ferrooxidans 

and P. yamanorum showed interesting results for A. ferrooxidans, with bacterial growth at concentrations 

of up to 1 mM Ag+. Research should be carried further with biosurfactants, dead or living fungal biomass 

or aminoacids.  

To limit the use of living organisms, attempts at producing metabolites of interests for metal 

complexation/remediation were performed. The yields were not satisfactory and the purification not 

optimal. Attempts at enhancing the siderophore production could be foreseen.  

Finally, the affinity between different corrosion products found on historical objects and ligands was 

tested to evaluate the different interactions between the two types of compounds. The siderophore 

deferoxamine is the only complexing agent that shows effectiveness over the full pH range for iron. 

However, it has a low affinity for copper compounds, particularly for cuprite compared to EDTA and 

EDDS. Regarding the kinetics of reaction, different corrosion products do not dissolve at the same rate 

most of the time. However, it would be hasty to conclude on this as so many parameters come into 

account. For silver, the biodegradable complexing agent EDDS is the only one that seem to have an 

effect on the element, in soluble form only but not as solid phase, with the formation of silver 

nanoparticles. 
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2.6 Supplementary materials 

 

 

Figure S2.1 Calibration curve for calculating (a) Fe2+ concentrations via Ferrozine assay prepared with known concentrations of 

Fe2+. (b) total iron concentrations via Ferrozine assay prepared with known concentrations of Fe3+ supplemented with 

hydroxylamine-HCl. 
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Table S2.1 ICP-OES instrumentation details Quantification is based on comparison with calibration curves using standards. 

 

Table S2.2 Composition of SM medium used for pyoverdine production from Pseudomonas yamanorum DSM 2005 

KH2PO4 3 g 

K2HPO4 6 g 

(NH4)2SO4 1 g 

MgSO4 · 7H2O 0.2 g 

Succinic acid 4 g 

Milli-Q 1 L 

NaOH solution To adjust to 6.8/7 

 

  

Figure S2.2 Pyoverdine SPE under day light (left) and under UV light (right). 

Gas flow 

Plasma (Argon) 15 L/min 

Auxiliary (compressed air) 0.2 L/min 

Nebulizer (nitrogen) 0.6 mL/min 

Plasma 
Plasma view axial 

Power 1300 W 

Peristaltic pump Sample flow rate 1.3 mL/min 

Limits of Detection 

Fe 0.1 µg/L 

Cu 0.4 µg/L 

Ag 0.6 µg/L 
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Table S2. 3 Quantity of MeOH or H2O SPE-eluted, salt-free pyoverdine using LC-UV. 

 MeOH Milli-Q water 

Concentration (mg/L) 298 ± 63 608 ± 189 

 

 

Figure S2.37 Liquid cultures of B. bassiana, in plain malt solution (1, 2, 3), in cuprite amended medium (4, 5, 6) or 

in atacamite-brochantite-amended medium (7, 8, 9).  

 

Table S2.4 Detected oxalate (mg/mL) in Beauveria bassiana cultures after 5 days. 

Plain culture 
Culture with corroded 

plate 

Culture with 

patinated plate 

0.30 ± 0.03 0.245 ± 0.007 0.87 ± 0.02 
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Figure S2.4 TOF-MS chromatograms of pyoverdine standard (black), and pyoverdine enriched fractions from Pseudomonas 

yamanorum DSM 2005 supernatant obtained by RP-C18 solid phase extraction upon elution with H2O (blue), or methanol (orange). 
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Figure S2.5 TOF-MS spectrum of pyoverdine eluted with H2O at a retention time of 5.75 min. 

 

Figure S2.6 TOF-MS spectrum of pyoverdine eluted with MeOH at a retention time of 6.03 min. 
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Figure S2.7 Particle size distribution of powdered corrosion products studied, before (full line) and after (dotted line) sonication. 

Interaction of covellite with different complexing agents 

For covellite, the presence of ligands does not statistically significantly enhance the solubilization, apart 

from EDDS (Figure S2.8). The amount of copper ions detected in solution after 24 hours is extremely 

high for water alone (155 µmol/L) in figure S2.8 or even close to 5 mM in water at pH 7 (Figure S2.9), 

the value are close to 1016 times higher than the theoretical solubility of CuS, which is the square root of 

the Ksp, hence close to 8⸱10-19 mol/L. In addition, the absence of increase of the concentration in solution 

overtime could suggests a lack of significance and that some corrosion powder was mistakenly pipetted 

and analyzed, even after the two centrifugations, due to the powder static forces. For such, to overcome 

these systematic errors, it would be interesting to reiterate the study, prewashing the minerals to remove 

any mobile copper and filter the solutions. Nevertheless, covellite is reported to be a very stable copper  

sulfide [148].  
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Figure S2.8 Copper ions detected by ICP-OES after covellite dissolution in presence of several 5⸱10-4 M ligand solutions (oxalic 

acid (green), citric acid (orange), EDTA (blue), EDDS (purple), DFO (red), PVD (grey) and water (black)), plotted versus time. 

When studying the influence of pH, similarly to the solubilization versus time, no significant result 

stands out for covellite (Figure S2.7). It has been stated before that covellite is insensitive to acidic 

environment [181]. Indeed, looking at the E-pH diagram (figure 2.32), its range of existence is in the 

acidic to neutral range. 

 

Figure S2.9 Dissolved copper from covellite detected via ICP-OES in 10-2 M ligand solutions at pH 4, 7 or 10. 
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3. Hydrogel formulations as reliable cleaning 

systems 
 

 

 

This chapter is based on the following articles:  

 

Cuvillier, L .; Passaretti, A.; Guilminot, E.; Joseph, E., Agar and chitosan hydrogels’ design for metal 

uptaking treatments. Gels. 10(1). 2024, doi: 10.3390/gels10010055 
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Following the previous chapter in which active agents were investigated, a deeper look is taken into 

delivery systems. There exist several possibilities (e.g., micelles, emulsions) but gels are the most 

resorted to due to their ease of implementation. In the widest sense, a hydrogel is a water-based 

formulation thickened with a polymer forming a three-dimensional network in the liquid medium. 

Their interesting properties allow a precise and selective cleaning process, including on vertical or other 

complex surfaces [1]. Gels materials can be selected or modified according to the desired working 

properties.  

These devices need to be studied to ascertain their innocuous use and evaluate further applications for 

the safeguarding of heritage. In particular, assessment of gel preparation protocols, compatibility 

between polymers and active agents (i.e., chelators) or introduction into new branches of metal 

conservation (e.g., archaeological findings) are relevant.  

Compatibility between the chosen active agents and the used hydrogel is a key question to be raised 

before studying the application of any three-pronged formulations (water - active agents - polymer). 

Indeed, sometimes, it is not possible to combine them. For instance, the presence of microorganisms 

would prevent the use of gels requiring a heating step as it would kill most of microorganisms, but it 

can also be due to the lack of suitable pH ranges. Apart from xanthan gum, few gelling agents allow the 

thickening of acidic solutions. It is indeed crucial to ensure that incorporation of the polymer to form 

the hydrogel will not damage the added agents, in particular the high temperature needed to prepare 

agar or gellan could damage the chelating properties of the complexing agents [2]. Similarly, it is better 

if the added active agents do not modify the physico-chemical properties of the selected gel. These 

compatibility factors should be taken into account by the operator and pondered, depending on possible 

compromises and the desired outcome.  

In this chapter, several concerns about the use of gels are tackled.  

First, the design of hydrogels is scrutinized, comparing the properties of agar, a well-established gel in 

the conservation field, and another hydrogel formulation based on chitosan, an emerging polymer for 

cultural heritage conservation purposes [3–5]. Chitosan is a natural, non-toxic polymer, and shows 

interesting prospects for corrosion removal applications as it is reported to take up some metals [6–8]. 

For such, it is a promising gelling agent to study. Comparing their mechanical and structural properties, 

a multi-analytical approach is utilized, including Attenuated Total Reflectance-Fourier Transformed 

Infrared (ATR-FTIR), rheological measurements, swelling evaluation and cryo-Scanning Electron 

Microscopy (cryo-SEM). 

Using similar techniques, the influence of the addition of a selected chelating agent from the previous 

chapter, a microbial siderophore called deferoxamine, on agar and chitosan’s properties is examined.  

Finally, the formulations are tested for their silver ions chelating ability on silver ions using FT-Raman 
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spectroscopy. Agar and/or chitosan’s copper and iron ions inherent uptake has already been 

demonstrated [9–11].  

In addition to adequate compatibility, a reliable delivery system should be easy to both apply and 

remove on metal artefacts, leaving no marks or residues on the treated surfaces. This means observing 

several criteria, in particular the correct adherence of the hydrogel on vertical surfaces and three-

dimension aspect of real objects, for the full duration of the treatment.  

For such, as a second approach towards the use of gels as delivery system for cultural heritage 

substrates, the question of residues is addressed in this chapter. Starting by assessing the capacity of 

several polymers to leave residues and evaluating their actual harmfulness on metals, followed by 

studying their possible detection using various techniques, in particular UV- and XRF-detection. 
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3.1 Overview of gels selected in the span of the HELIX project 

Agar is one of the most used delivery system in cultural heritage conservation [12–17]. It is bioderived 

as it is extracted from red seaweed membranes [18]. It is appreciated by conservators thanks to good 

mechanical and retention properties [13,19]. Moreover, it is easily accessible, rather affordable and the 

fact that it is peelable and therefore easy to remove is valued. In addition to agar, both gellan and 

xanthan gums are rather common bacterial-based gels resorted to in cultural heritages practices and 

studies. Cellulose-derived compounds (i.e. Carboxymethylcellulose, Tylose ®, Klucel ®) although 

bioderived were not considered in this chapter as their production requires extensive synthesis steps 

[20], which would not comply with the principles of green chemistry (see Chapter 5) [21]. An overview 

of the main characteristics of the three studied common gels is proposed in Table 3.1. 

Table 3.1 Classical bioderived hydrogels studied in the span of this work. 

Substrate Origin Structure 
Used 

concentration 
pH range Preparation Texture 

Agar Algae Double helix 30 g⸱L-1 4.5-9 Hot 
Peelable 

 

Xanthan Bacteria Random coil 50 g⸱L-1 2-12 [22] Cold Viscous 

Gellan Bacteria Double helix 30 g⸱L-1 2.5-11 [23] 

1. Hot 

2. Cold 

1. Peelable 

2. Soft 

 

An additional compound, chitosan, is also evaluated. It is a naturally derived material from chitin that 

has been praised in the past decades, especially in the medical field or for environmental heavy metal 

remediation [8,24]. Recently, chitosan is more and more used in cultural heritage studies, for instance 

for its protective assets as coating or anti-microbial activity as nanoparticles [3,5,25]. In addition, 

chitosan is a known compound for the complexation of some metals and in particular copper ions [7,9]. 

The abundant amino and hydroxyl groups are responsible for this ability [26,27]. More recently, it was 

also found to be able to chelate iron [10]. Regarding its properties as a gelling agent for cleaning, it is to 

be noted that it can be prepared in a peelable way using alkaline solutions [24], thus reducing the chance 

of residues when removing the gel after treatment, which is of concern for heritage conservation 

professionals [28]. Here, a chitosan-based gel is evaluated and its physico-chemical properties compared 

to those of agar. Furthermore, and interestingly for this metal remediation project, this chitosan gel 

formulation has been reported to have silver complexing abilities [29].   
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3.2 Hydrogels design 

3.2.1 Materials and methods 

3.2.1.1 Gels preparation 

3.2.1.1.1 Agar 

3% w/v agar gels (1.5 g agar in 50 mL solution) were prepared in either milli-Q water or a 3⸱10-2 M 

Deferoxamine (DFO)(Desferal®, Novartis) solution. 3⸱10-2 M concentration was used as it was reported 

in other works using DFO [30]. For DFO a stock solution was used (0.5 g DFO in 25 mL water). The 

mixtures were boiled, cooled down twice and then molded carefully to obtain a 3 mm thick gel. The 

double heating technique has been shown to improve the mechanical properties [31]. Obtained gel can 

be observed on Figure S3.1a. 

3.2.1.1.2 Chitosan-based gel (CS-ItA-Lcys) 

95% deacetylated chitosan (Chitoscience Chitosan 95/200 from Heppe Medical Chitosan GmbH), 

itaconic anhydride and L-Cysteine (Merck) were ground in mass proportion 1:1:1 in a mortar [29]. The 

last two compounds are added as they are reported to react and produce poly(thioether amide), 

connected to the formation of thioether and carboxyl groups known to have complexing abilities 

towards silver ions. In addition, their presence allows a straightforward gelification of chitosan [29].  

In a beaker, 30 mL milli-Q water or 3⸱10-2 M DFO solution was added under stirring to the mixture 

composed of 1 g of each reagents (chitosan, itaconic anhydrid and L-cysteine), resulting in a 10% w/v 

proportion hence leading to a 3.3% w/v of chitosan in the final gel, referred to as CS-ItA-LCys. This 

allows to obtain a viscous gel, chitosan solubilizing and gelling under the action of the weak itaconic 

acid formed by reaction of itaconic anhydride with water [32,33]. The viscous gel was centrifuged at 

5000 rpm for 5 min to remove air bubbles and then poured slowly and carefully into a mold to obtain a 

3 mm thick gel. NaOH 3 M was poured in the mold onto the gel and left for 2 hours in order to obtain 

a rigid gel, flipping the gel to obtain a homogeneous gel. The gel was then thoroughly rinsed with milliQ 

water to neutralize [24]. More precisely, the gel was immersed into milliQ water which was changed 

twice per day for 5 days. Obtained gel can be observed on Figure S3.1b. 

3.2.1.2 Gels characterization for polymer comparison and/or active agents addition 

evaluation 

3.2.1.2.1 Cryo-SEM imaging 

SEM imaging was performed in order to observe the supramolecular structure of the gels. Samples of 

agar and CS-ItA-LCys gels were prepared following a procedure that allows the conservation of the 

microstructure of the matrix, as described by Rabhani et al. [34]. Cryo-SEM experiments were performed 
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using a Quorum PP3010 cryo-transfer system using a Quanta FEG250. Small samples (10 × 5 mm) of 

agar or CS-ItA-LCys gels were placed on an aluminum stub using carbon conductive glue and the stub 

was secured on the specimen holder. The sample was then rapidly immersed into liquid nitrogen and 

transferred into the preparation chamber under vacuum. A fractured surface of gel was obtained by 

hitting the top part of the sample with a knife inside the chamber. The sample was then sublimed inside 

the SEM chamber allowing water removal without distortions and potential subsequent artifacts during 

imaging. To avoid charging problems, the sample was sputter-coated with platinum. In all cases, the 

imaging was performed using an accelerated voltage of 6-10 kV and a working distance of 7.9-13.6 mm. 

Image analysis was performed using ImageJ software. 

3.2.1.2.2 Swelling properties 

The swelling ratio gives the ratio between the mass of the final hydrogel and the mass of the two 

components in the initial mixture, which can be calculated using the equation: 

𝐺 =
𝑊𝑠−𝑊𝑑

𝑊𝑑
 × 100      (1) 

where Wd is the weight of the dried hydrogel and Ws is the weight of the swollen gel after preparation 

[35]. Gels were weighted immediately after preparation and put in an oven at 70 °C for 8 hours, then 

weighted. The measurements were performed on six replicates.  

3.2.1.2.3 Rheological measurements 

To investigate the mechanical properties of hydrogels formulations, rheology was performed, in particular using 

the amplitude sweep technique. This technique evaluates viscoelastic systems (e.g., pastes, gels). The amplitude of 

the oscillatory shear strain (i.e., deformation) is gradually increased at a constant frequency. The resulting stress 

(storage (G') and loss (G'') moduli) is plotted as a function of the shear strain. G’ and G’’ provide information about 

the behavior of the studied system according to its elastic and viscous fractions respectively [36]. Amplitude 

sweep was assessed using an Anton Paar MCR 302e rheometer with a 25 mm profiled plate-plate 

measuring system, thus avoiding the slipping effect, at a temperature set at 25 °C. A normal force of 1 

N and frequency of 10 Hz were applied to the analyzed gel samples. Two measurements were 

performed on each gel sample.  

3.2.1.2.4 Fourier Transformed Infrared Spectroscopy 

Spectra (4000-650 cm-1) of dried gels were acquired using an iS5 Thermo Scientific spectrometer with a 

diamond attenuated total reflectance (ATR) crystal plate (iD5 ATR accessory), collecting 16 scans at a 

resolution of 4 cm-1. Collection and data processing were conducted with Omnic software. Baseline and 

atmospheric corrections were performed on the resulting spectra to remove residual signatures of 

atmospheric CO2 and H2O. 
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3.2.1.3 Compatibility between active agents and gel preparation protocol 

Compatibility of added agents with heat-requiring protocols for gels preparation was evaluated using 

an Ultra-Violet-Visible (UV-Vis) spectrophotometer VICTOR Nivo Multimode Microplate Reader from 

Perkin Elmer. In particular, the heating resistance of the siderophore, deferoxamine (DFO) (Desferal®, 

Novartis), was examined. For such, equimolar (10-2 M) solutions (100 µL) of ferric nitrate 

(Fe(NO3)3·9H2O) and DFO were mixed, both before and after boiling of the siderophore solution. UV-

Visible spectra of the mixture, diluted if necessary, were acquired in the visible range 400-850 nm.  

3.2.1.4 FT-Raman spectroscopy for gels complexing abilities 

This technique is the coupling of a Raman accessory with a FTIR instrument. Raman measurements 

were performed with a emission wavelength of 1064 nm, allowing a reduction of the fluorescence effect 

and a more direct correlation between observed vibrational band and molecular bonds [37]. The 

application of FT-Raman spectroscopy is particularly employed in medicine and biology [37], but also 

in energy storage, especially with the development of ionogels [38].   

Here, it was used to assess the complexing abilities of the CS-ItA-LCys gel towards silver ions and 

therefore evaluate the bonds forming between CS-ItA-LCys and silver ions. Prepared chitosan-based 

gel samples were immersed in 20 mM AgNO3 solution for 24 hours and then stocked in milli-Q water. 

Chelation abilities of the gel after immersion were analyzed using an FT-Raman (Bruker RFS100 with a 

continuous YAG laser at 1064 nm as the source). Swollen gel samples were analyzed with a laser power 

of 500 mW in the range 50-4000 cm-1 and with between 100 and 300 accumulations to get a signal to 

noise ratio sufficient to ascertain peaks detection.  

3.2.2 Results and discussion 

3.2.2.1 Comparison of classical agar versus novel chitosan gel formulations 

3.2.2.1.1 Structural properties of the polymers’ networks 

Based on obtained cryo-SEM images, agar and chitosan polymers show a different general structural 

appearance. Agar microstructure is overall denser (Figure 3.1), with pores of 0.4 ± 0.1 µm, that are quite 

regular and connections between the polymer chains resemble thick threads (Figure 3.1d). Agar 

gelification is known to be achieved by the transformation from a fluctuating disordered coil 

conformation in solution to a rigid ordered, co-axial structure, forming connections between the double 

helices in the gel network [39,40], resulting in precise junction points between threads, as observed on 

Figure 3.1b and d. 
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CS-ItA-LCys structure is less neat, less homogeneous, with pores larger and less defined, hindering 

from measuring the average pore diameter (Figure 3.1a). The separation between pores for Cs-ItA-LCys 

can be described as walls rather than threads (Figure 3.1c).  

For chitosan, it becomes a polyelectrolyte because of the protonation of –NH2 groups, and the chitosan 

acidic solution can be then transformed into hydrogel when it comes in contact with alkali and 

progressively gelifies [26]. At acidic pH, the chitosan is soluble, and the subsequent adjunction of 

sodium hydroxide creates an instable system. The porous structure is generated during phase 

separation which is induced by the brutal pH modification when immersed into NaOH and gives a less 

refined structure. The polymer phase prevents the holes to gather when the system is perturbed due to 

the pH change, therefore having a structure resembling a sponge. When the solvent is removed by 

rinsing for neutralization, the formed polymeric walls surrounding the solvent regions must be strong 

enough to preventing pores collapsing and, hence, thick enough to maintain the porous microstructure 

[41]. 
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Figure 3.1 Cryo-SEM observations of (a) 3.3% w/v chitosan-based gel (b) 3% w/v agar gel and at higher magnification for (c) 

chitosan-based gel and (d) agar gel. 

Furthermore, on cryo-SEM observations of the prepared chitosan-formulation structure, it seems that 

the outer layer of the gel is compact and acts as a thick membrane. The average thickness of the CS-ItA-

LCys gel outer layer is 1.20 ± 0.09 µm (Figure 3.2a) versus 0.50 ± 0.24 µm for the plain agar gel (Figure 

3.2b and c). The presence of this thicker membrane for the CS-ItA-LCys formulation can thus hinder 

aqueous permeability during immersion.  
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Figure 3.2 Cryo-SEM membrane observations of (a) 3.3% w/v plain chitosan-based gel (b) 3% w/v plain agar gel. Membrane 

thickness is indicated with purple double arrows. A close-up of the agar membrane is observed in the purple square (c). 

The presence of this membrane is explained by the quick diffusion of the non-solvent (NaOH, used to 

rigidify the dissolved CS-ItA-LCys mixture) at the surface and then slower diffusion of NaOH in the 

core of the gel [24,42]. To achieve a more homogenous layer in comparison to the inner structure, 

ammonium hydroxide (NH4OH) vapors could be used as a way to rigidify the gel while obtaining a 

thinner membrane, although being more hazardous [24]. Other studies suggest that to limit this 

membrane formation, increasing the concentration of the basic solution used for rigidification would 

weaken the hydrogen bonds of the gel and allow better exchanges with external surfaces or solutions 

[43]. This should be studied further in the case of application of chitosan-based gels for the cleaning of 

metal artefacts. Indeed, this thick outer layer could inhibit the diffusion of ions taken up inside the gels 

and therefore limit the efficiency of the gel as cleaning method. On agar, the thin membrane is rather 

accountable on the surface tension phenomenon, where cohesive forces between the gel polymeric 

chains will be stronger and denser at the edges of the gel structure to overcome the lack of surrounding 

similar molecules. 
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3.2.2.1.2  Swelling properties  

Chitosan-based gel has a lower swelling ratio than agar gels, meaning it is able to hold-in lower fractions 

of aqueous solutions (Figure 3.3). According to literature, the swelling ratio increases with the increasing 

mesh size (i.e., pore diameter) [44]. Comparing two different polymers here, it is not possible to make 

that statement. As exposed when discussing cryo-SEM observations of the polymers, agar network is 

denser, meaning a lower average pore diameter, however, its swelling ratio is higher (2160 ± 42 vs. 1200 

± 289 for CS-ItA-LCys). Therefore, other explanations could be possible such as pores connections or the 

presence of the membrane on CS-ItA-LCys’s outer layer which slows down the exchanges between the 

gel matrix and the solvent.   

From the obtained swelling results, it appears that the CS-ItA-LCys gel shrinks. This was visually 

observed during NaOH treatments where the gel shrank in the petri dish. The final concentration of 

chitosan is then approximately the double of agar gel. 

 
Figure 3.3 Swelling ratio of CS-ItA-LCys and agar gels in water. 

3.2.2.1.3 Mechanical properties 

Rheological measurements of CS-ItA-LCys are compared with those of agar (Figure 3.4).  

The linear viscoelastic (LVE) range is the interval where storage modulus G' and loss modulus G'' 

remain constant with the increasing applied deformation. This occurs in both agar and CS-ItA-LCys 

amplitude sweep measurements (Figure 3.4), demonstrating an undisturbed structure from the sample 

at lower deformations. The plateau of G’ describes the rigidity of the sample at rest and the plateau of 
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G’’ is a measure of the viscosity of the gel. Here, the storage modulus G’ is higher than the loss modulus 

G’’ for both agar and CS-ItA-LCys, indicating that the gels have a solid-like behavior [36]. Indeed, in 

case of G’>G”, the analyte behaves like a viscoelastic solid, and therefore can be considered to have a 

gel-like structure. Agar’s storage and loss modulus at the LVE range (about 44 000 and 2000 Pa 

respectively) are higher than the ones of CS-ItA-LCys (about 7000 and 800 Pa respectively)which 

signifies that the agar gel is more firm [36]. In addition, the greater the G’/G’’ ratio between the moduli, 

the more the sample shows the properties of a pure solid. With a G’/G’’ ratio of 22 and 8.75 for agar and 

CS-ItA-LCys respectively, the CS-ItA-LCys gel has a more fluid behavior than agar. This can be related 

to the structural aspect of CS-ItA-LCys. Although having a thick outer membrane and walls, it displays 

a less dense inner network, hence a more flowing, less stiff behavior, similarly to breasts implants or 

reverse spherification in molecular gastronomy for instance.  

In the amplitude sweep test, there are two remarkable points:  

• The yield point, at the end of the LVE-region and flow point, at the intersection of the curves 

for G' and G''. The yield point or yield stress γL is the value of the shear stress at the limit of the 

LVE region. It is the moment when the applied strain starts to damage the samples irreversibly 

and the moduli are no longer constant.  

• The flow point or flow stress, which is the value of the shear stress at the crossover point 

between storage and loss modulus for materials with a gel character. It is the point further 

which G’’ becomes greater than G’, and beyond which the material will behave as a liquid and 

therefore “flow”.  

The yield stress (Figure 3.4 dashed lines) of agar is close to 41000 Pa, happening at 1.6% of shear strain, 

and the one of CS-ItA-LCys 6700 Pa occurring at 2.5 % of shear strain. 

Interestingly, at the end of the LVE, agar gel’s loss modulus G’’ rises sharply at higher deformations. 

This phenomenon suggests an initial consistent and interconnected three-dimensional network formed 

by cross-linked polymers [45]. When reaching the loss modulus’s maximum, the gel breaks down 

starting with some microcracks. The microcracks formation results in an energy exchange, transferred 

to the surrounding area as friction [45]. The rapid decrease afterwards indicates the final rupture of the 

gel, hence the passage to the flow area.  

In reverse, the loss modulus of CS-ItA-LCys barely exhibits a bump to reach its maximum at higher 

shear strain values. Contrary to agar, there are no microcracks because no increase after the yield point. 

Both gels have a yield stress happening at close shear strains but agar’s decrease of storage modulus G’ 

is more brutal, whereas the CS-ItA-LCys’s decrease of the storage modulus is more progressive, 
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meaning that agar gel is more likely to break into larger pieces than CS-ItA-LCys when reaching its flow 

point (Figure 3.4, dotted line).  

 CS-ItA-LCys’s flow point is therefore reached at high shear strains, beyond 100%, which shows it is 

more resistant to deformation than agar, reaching its flow point (3400 Pa) at 14.9% of shear deformation. 

Agar is more brittle than CS-ItA-LCys, this is shown by the ratio of flow point over yield point’s shear 

strains (9.3). A smaller ratio indicates a more brittle material as it means the material is destroyed as 

soon as it starts deforming. CS-ItA-LCys on the other hand is more malleable (over 40).   

Both gels, although peelable, show very different mechanical behavior. CS-ItA-LCys being more flexible 

it is easier to reach contact with the surface as it is less stiff. CS-ItA-LCys’s resistance to deformation 

could make it fit to manipulation by conservators to apply on metal surfaces. 

 
 

Figure 3.4 Storage (G’) and loss (G’’) modulus measurements of 3% w/v agar gel (green) or chitosan-based formulation (blue). 

3.2.2.2 Amendment of hydrogels with the metal complexing agent deferoxamine 

3.2.2.2.1 Compatibility between active agents and gel preparation protocol 

The compatibility of the chelating agent deferoxamine with gel formulations that would require a 

heating step, (e.g., agar) is demonstrated. The iron-deferoxamine complex is known to absorb at 448 nm 

[46]. From the obtained absorbance spectra (Figure 3.5, spectrum Fe-DFOh), it is clear that the 

siderophore deferoxamine still possesses chelating properties after reaching temperatures over 100 °C, 
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confirming literature data [47]. Indeed, the characteristic absorbance peak of the Fe-DFO complex at 448 

nm is still present.  

 

Figure 3.5 Mean UV-Visible spectrum and standard deviation (acquired in the range 400-850 nm) of solubilized iron(III) (Fe), 

deferoxamine (DFO), deferoxamine after heating (DFOh), iron-deferoxamine complex (Fe-DFO) and Fe-DFO complex after 

heating of deferoxamine (Fe-DFOh). 

3.2.2.2.2 Cryo-SEM Imaging 

Both agar and agar-DFO gel formulations show a rather uniform network of interconnected 

polysaccharides chains (Figure 3.6). The density of the network is similar, as well as the measured 

average pore diameter for plain agar and DFO-agar gel (0.4 ± 0.1 µm vs 0.4 ± 0.1 µm respectively), which 

means similar amount of junction zones between double helices of agar gel structure. For CS-ItA-LCys 

(plain and DFO-amended), analogous observations are made (data not shown). 

Cryo-SEM observations of the matrix microstructure suggest that the metabolites do not interact with 

the polymer but rather stay confined in the liquid phase. The addition of siderophores does not affect 

the overall facies. 
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Figure 3.6 Cryo-SEM observations of (a) 3% w/v plain agar gel (b) 3% w/v agar gel amended with DFO solution. 

3.2.2.2.3 Rheological measurements 

Amplitude sweep tests are plotted on figure 3.7 a and b for agar and CS-ItA-LCys formulations 

respectively. For each gel (agar and CS-ItA-LCys), both formulations (i.e., with or without amendment 

of bio-based complexants) displayed a similar linear viscoelastic range. The amplitude sweep 

measurements showed the storage (G’) and loss (G’’) moduli exhibit a plateau prior to the yield point, 

with G’>G’’ therefore all samples can be defined as gel-like materials.  

The yield stress of agar is close to 37000 Pa, happening at 0.65% of shear strain, whereas values obtained 

for agar-DFO are about 46000 Pa and 0.6% (Figure 3.7a, dashed lines).  

For CS-ItA-LCys, the yield stress is close to 6700 Pa, happening at 2.5% of shear strain, values close to 

the ones obtained for CS-ItA-LCys-DFO, about 5300 Pa and 2.5 % (Figure 3.7b, dashed lines). According 

to replicates, differences in values were connected to manipulation errors, namely anecdotic differences 

in thickness of the gels added to minimal polymer concentration changes.  

Loss modulus G’’ of both formulations of agar and agar-DFO gels rise sharply at higher deformations, 

reaching a maximum between 4% and 6% shear strain. This means that microcracks start to develop 

before the complete breakdown of the sample.  

Prior to decrease, no augmentation of CS-ItA-LCys-DFO loss modulus occurs, contrarily to CS-ItA-

LCys’s one where there is a small increase.   

Agar-DFO possesses a flow point, where storage and loss modulus curve intercept (G’=G’’) at a shear 

strain of 17.1% and shear stress of 2960 Pa, quasi-identical to those of the agar gel (20.6%, 2394 Pa) 

(Figure 3.7a, dotted line). Regarding CS-ItA-LCys, the flow point is reached beyond 100% of shear strain 

in both formulations. 
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Figure 3.7 Storage (G’) and loss (G’’) modulus measurements of (a) 3% w/v agar gel prepared without (orange) or with DFO 

amendment (green) and (b) 3.3% w/v chitosan-based gel prepared without (blue) or with DFO amendment (pink). 
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As inferred with electron microscopy observations, agar and CS-ItA-LCys gels would act as carriers for 

the metabolites’ solution. The fact that the added molecules do not interact with the polymeric structure 

could be spread to other metal-sequestering agents. Still, the absence of modification of the mechanical 

behavior should also be considered in regard to the pH of the added solution. For instance, in the case 

of agar, the DFO solution has a similar pH than agar, rather neutral, but studies have proven that gel 

properties change slightly with pH, gel rigidity decreasing with an important pH variation [48,49]. This 

was explained by the difference in length of flexible chains from the helical network of agar gel. Gels at 

pH values closer to neutral have been shown to have longer and more flexible polymer chains than 

those with more extreme pH values. Below 5.5 and above 8, hydrolysis of the polymer reduces its 

molecular weight [39,49]. Consequently, gel network’s elasticity, rigidity and connectivity also 

decreases [49,50]. Short chains are stiff, correlating to the more fragile behavior of agar gel. Molecular 

weight reduction of agar subsequently reduces the probability to form junction zones in addition to the 

flexibility of the molecular chains, that would withhold the network structure of gel through interhelical 

association [49]. Low molecular weights chains (short chains) impede the formation of interchain bonds: 

i.e., the amount of hydrogen bonds formed within a junction zone would then be comparatively low 

[51,52]. Hence, at neutral pH, long chains, being more flexible, can be extended further before 

destruction of the helical network and therefore conserve the mechanical properties of agar gels. More 

extreme pH values of other chelating solutions implemented in agar gels would therefore decrease the 

strain at fracture [49].  

Regarding CS-ItA-LCys, it has been found that it was related to the organization of the polymer chains 

[53], the increase of solution pH leading to a preference for a parallel crosslinking, and consequently 

increases the mechanical strength of the hydrogel [54]. 

3.2.2.2.4 ATR-FTIR spectroscopy 

3.2.2.2.4.1 Agar 

The obtained agar spectra displayed the typical vibrational bands of polysaccharides originated form 

red seaweed (Figure 3.8, orange spectrum). Bands at 3289 cm-1 and 2923 cm-1 are assigned to the 

stretching modes of OH and CH respectively [55–57]. The band at 1634 cm-1 is attributed to the OH 

bending mode of water remaining in the gel although it was dried [55]. The peak at 1373 cm-1 is assigned 

to ester sulfate, which presence could be interpreted as the agar species and method of extraction [56]. 

The band at 1250 cm-1 stands for S==O stretching mode [58]. The bands observed at 1063 and 931  cm−1 

are characteristic vibrational bands of 3,6-anhydro-galactose, corresponding to the glycosidic bond and 

the C-O-C bridge respectively [55–57]. Bands between 800 and 900 cm-1 are characteristics of 3,6-

anhydro-galactose network [55,58].   
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Regarding the deferoxamine mesylate salt spectra (Figure 3.8, green spectrum), the medium sharp 

vibrational band at 3306 cm-1 is attributed to N—H bond (amine II) [59,60]. Bands at 2855 and 2928 cm-

1 are asymmetric and symmetric stretching modes of CH2, respectively [59,60]. Bands at 1622 ,1565, 1396, 

1268 cm-1 are attributed to C==O stretching from the hydroxamate (amine I), C—N stretching and N—

H bending (amine II), and the O—H deformation bands respectively [59–61]. 1041, 989 and 963 cm-1 

bands result from the stretching mode of N—O of the hydroxamate groups [59–61].  

 

Figure 3.8 ATR-FTIR spectra of plain agar gel (orange), DFO (green) and an agar-DFO gel (black). Bands indicated on the agar-

DFO spectra are the main ones related to the presence of deferoxamine. 

As can be observed on Figure 3.8, newly formed Agar-DFO hydrogels ATR-FTIR spectra are composed 

of a combination of bands from the initial spectrum of DFO and respective gels, which suggests no new 

main bonds were created, hence suggesting siderophores sit in the pores of the gels. The presence of all 

bands attributed to amine, amide or hydroxyl groups confirms the absence of new molecular bonds or 

functionalization through those chemical groups. Following the upload of DFO, no change could be 

observed neither regarding bands frequencies nor band width, strengthening the conclusion of an 

absence of any interaction between the gel and the chelator. Recapitulative attribution of bands is 

available in table 3.2. All bands from the newly formed gels could be attributed to the initial components 

of the gel, including the fingerprint region (1000-600 cm-1) (not detailed), thus confirming that the 

metabolites do not interact with the polymer but rather stay confined in the liquid phase. For such, this 

suggests that the treatment’s reaction rate is ruled by the movement of the liquid phase inside the 

network and therefore the diffusion of DFO solution inside the gel.  
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Table 3.2 Assigned ATR-FTIR bands for Agar gel, DFO and Agar-DFO gel. Relative band height is indicated by the first letter 

w=weak, m=medium, s=strong, v=very. Shape is indicated by sharp, br=broad or shoulder. 

Band assignment 
Wavenumber (cm-1) 

Agar Deferoxamine Agar-DFO 

N—H stretch.  m, sharp 3310m, sharp 

—OH 3289, br  3137, br 

C—N—H  3099w, br  

CH2 as. stretch.  2928vw, sharp 
2927w, sharp 

-CH 2923w, sharp  

CH2 s. stretch.  2855w, sharp 2856vw, sharp 

C==O stretch.  1622vs, sharp (hydroxamate) 1620vs, sharp 

O—H bend. 1634m   

C—N—H  1565m, sharp 1563m, sharp 

CH3  1459m, sharp 1459m, sharp 

C—H  1425w 1426w 

O—H deform.  1396m 1396w, sharp 

-C—N stretch. 1314vw  1310vw 

C—N stretch  

N—H bend. 
 1268vw 1268vw 

1254, shoulder 
S==O 1252vw  

C—N stretch.  1161m 1160m 

N—O stretch.  

1041vs, sharp 

989w, sharp 

963m, sharp 

1041vs  

989w, sharp 

966m, sharp 

C==O (3,6-anhydro-a-L-galactose) 931m, sharp  931m, sharp 
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3.2.2.2.4.2 Chitosan 

FTIR spectra of the CS-ItA-LCys formulation prepared with DFO solution (Figure 3.9) showed no clear 

peak apparition. 

 

Figure 3.9 FTIR spectra of chitosan-based formulation containing itaconic anhydride and L-cysteine, prepared with either DFO 

solution (black) and water (blue). 

Indeed, most bands from DFO are overlapping the ones from chitosan in particular the N—H and O—

H in the 3000-3500 cm-1 region, along with bands corresponding to primary and secondary amides (1650 

and 1566 cm-1) and C—N stretching (1308 cm-1). A detailed investigation of the CS-ItA-LCys formulation 

FTIR spectra is proposed in the following section (2.2.3). 

It is worth noting that papers have loaded chitosan nanoparticles with deferoxamine for medicinal iron-

uptake purposes [62]. Here, this was not reproduced as a peelable delivery-system was wanted. In that 

context, a shift in the –OH bands in FTIR spectra allowed to conclude the formation of hydrogen bonds 

between OH or amino groups of chitosan and DFO [62]. In the case here-presented, no shift was 

observed, the peak for hydroxyl bond stretching being at 3351 or 3293 cm-1 for both plain and DFO-

amended CS-ItA-LCys. This might be explained by chitosan being already functionalized with the 

itaconic acid/L-cysteine mixture, hence bonds were not free to react. Interestingly, the shoulder at 1468 

cm-1 in the chitosan-based formulation (Figure 3.9, blue spectrum) becomes a weak sharp peak in the 

chitosan-based formulation amended with DFO, which could stand for further functionalization. This 

would therefore allow the use of the CS-ItA-LCys formulation without or with the addition of secondary 

metabolites which could boost the formation of chelated complex inside the gel and therefore the 

cleaning action, in particular for iron, as more metal ions could be taken up.  
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3.2.2.3 Inherent capacity of chitosan-formulation to take up silver ions 

Chitosan is a compound praised for the complexation of metals and in particular copper ions [7,9]. Its 

potent iron and copper complexation has already been solidly demonstrated in literature [10,63]. For 

copper, adsorption via the abundant amino and hydroxyl groups present is responsible for this ability 

[26,27,64,65].  

In this chapter, the chitosan-based formulation assessed was produced through a simple one pot 

protocol, grinding together highly deacetylated chitosan, itaconic anhydride and L-cysteine [29]. As 

mentioned in section 2.1.1.2, the last two compounds are added as they are reported to react and 

produce poly(thioether amide) and gelify in a straightforward way with chitosan. The presence of 

resulting thioether and carboxyl groups is believed to endow the hydrogel potent complexing ability to 

silver ions [29].   

However, the method used to demonstrate silver complexation, ICP-AES measurement of silver in the 

gel after immersion, is questionable as it could be solely due to the absorption of the silver ions inside 

the gel. Spectroscopic investigations are proposed to evaluate the molecular structure of the gel 

formulation and the supposedly formed bonds with silver. 

3.2.2.3.1 Chitosan-based gel molecular structure 

ATR-FTIR spectroscopy was used to ascertain the molecular structure of the newly formed chitosan-

based formulation, composed of itaconic anhydride and L-cysteine (Figure 3.10). 

 

Figure 3.10 ATR-FTIR spectra of chitosan-based gel prepared with itaconic anhydride and L-cysteine and water. Bands in blue 

are related to the presence of itaconic anhydride, in orange to the presence of L-cysteine and in bold to the modification of chitosan 

structure. 
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Most bands are assignable to chitosan’s molecule (Table 3.3). The broad band at 3000-3500 cm-1 is 

attributed to stretching vibrations of N—H and O—H , with small signals at 3294 and 3351 cm-1 

respectively [32,66]. Bands at 2917 and 2849 cm-1 are assigned to —CH3 and —CH2 stretching vibrations 

respectively [66]. Amide I and amide II bands from chitosan neckbone structure are responsible for the 

shoulder at 1633 cm-1 and intense peak at 1556 cm-1 respectively, with the latter slightly shifted to lower 

wavenumbers from what is observed in pure chitosan [32,66–68], this could be related to the addition 

of a new group after the amide bond formation [66,67,69]. Potentially, it could be the addition of the 

thioether groups mentioned priorly but so far, the nature of this new group cannot be determined. 

Contributions from chitosan’s C—N groups stretching vibrations are observable at 1317 cm-1 [6,68], The 

bands at 892, 1031, 1068 and 1149 cm-1 are the ones typically reported for chitosan gels’ and are ascribed 

to polysaccharides [6,66,68–70], along with weak bands at 1194 and 992 cm-1 [71].  

The peak noticeable at 1384 cm-1 is typical of carboxyl groups present in itaconic acid structure [32]. 

However, the shoulder at 1468 cm-1 supports the fact that the functionalization of chitosan did occur as 

it could be related to the thiolation of chitosan, due to the addition of L-cysteine [66,67], along with the 

small peak at 1243 cm-1 that could also be representative of thiol groups [72]. In addition, the peak at 

945 cm-1 can be attributed to the presence of S-H in the gel, due to the addition of L-cysteine in the 

formulation [25]. 
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Table 3.3 Assigned absorption bands of one-pot chitosan-itaconic acid -L-cysteine formulation. Relative band height is indicated 

by the first letter w=weak, m=medium, s=strong, v=very. Shape is indicated by sharp, br=broad or shoulder. In blue are the bands 

related to the presence of itaconic acid and in orange related to the presence of L-cysteine. In bold are the bands suggesting 

modification of chitosan’s structure. 

Band assignment Wavenumber (cm 1) 

O-H stretching 3351m, br 

N-H stretching 3293w, br 

CH3 stretching 2917s, sharp 

CH2 stretching 2849w, sharp 

C=O amide I 1633w, shoulder 

-NH2 amide II 1556vs, sharp 

-CH2 bending 1468vw, shoulder 

C=O carboxylate group 1384vs, sharp 

C-N stretching 1317w, br 

C-SH 1243w 

C-O-C 1149m, sharp 

C-O stretching 1068m, sharp 

C-O stretching 1031m, sharp 

S-H 945vw, sharp 

C-H bending 895w shoulder 

 

Although direct thiolation of chitosan has been reported in papers [67], there are more electronic 

displacements existing for the itaconic compounds, making them more likely to react. Either as 

proposed by Lai et al., through an intermediary compound formed from L-cysteine and itaconic 

anhydride (IAn). IAn and L-cysteine would react together after IAn ring opening, caused by the 

presence of L-cysteine. Further polymerization into poly(thioether amide) would occur (Figure 3.11a), 

allowing this poly(thioether amide) to be grafted onto chitosan chains, linking two chitosan chains 

together as proposed in Figure 3.12a [29].  
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Figure 3.11 (a) poly(thioether amide) formation from itaconic anhydride and L-cysteine, (b) ring opening of Itaconic anhydride 

into itaconic acid. 

The second option could be the ring opening of IAn using the presence of water, obtaining itaconic acid 

(IA) (Figure 3.11b) [33]. IA could react with chitosan, followed by subsequent grafting of L-cysteine to 

the IA side. In order to graft two chitosan chains together as proposed in literature, there would be the 

need to have a molar ratio of IAn:L-cysteine of 2:1 to allow for the subsequent grafting of another IA to 

priorly linked L-cysteine, IA that would attach itself to another chitosan chain (Figure 3.12b).   

It could also be the case that most of the L-cys/IA blocks reacted on one side mainly and only few of 

them are linking two chitosan chains together, therefore allowing for a close to 1:1 needed molar ratio 

as used in here-tested formulation, or part of the L-cysteine could just be present floating in the gel but 

not necessarily attached to the rest of the structure. To get a more comprehensive analysis and try to 

understand the structure of the obtained hydrogels other techniques might be complementary, in 

particular nuclear magnetic resonance [69].Detailed investigation of the proposed mechanisms is 

beyond the scope of this research., but an insight of the reaction pathway of the second option discussed 

is given in Figure S3.2.  
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Figure 3.12 Schematic representation of chitosan functionalization through (a) poly(thioether amide), (b) successive Itaconic acid 

and L-Cysteine grafting. 

Spectral analyses allow to validate the presence of IA or L-c0ysteine functional groups in the chitosan 

matrix, however, the complete structure cannot be confirmed based on solely FTIR spectroscopy. In any 

case, the presence of thiol groups and carboxyl groups in the polymer still might confer further 

complexing ability to the chitosan polysaccharide structure. 

3.2.2.3.2 Complexing abilities 

The complexation capacity of the CS-ItA-LCys gel with silver is assessed by Raman spectroscopy. Most 

bands from the Raman spectra of CS-ItA-LCys immersed into AgNO3 solution can be attributed to silver 

nitrate or plain CS-ItA-LCys (Figure 3.13), in particular, the band at 1048 cm-1 is typical of silver nitrate 

[73]. The band at 1641 cm-1 is believed to be a combination of the bands at 1636 cm-1 and 1645 cm-1 

ascribed to silver nitrate’s NO3-, and chitosan’s N-C=O respectively [74–76]. The band at 2890 cm-1 are 

interpreted as stretching vibrations of CH2 groups from chitosan [74,77].   
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On bare CS-ItA-LCys’s spectrum, bands at 897, 1092 and 1375 cm-1 are typical Raman shifts for chitosan 

[74,77]. 

.  

Figure 3.13 Raman spectra of AgNO3(aq), chitosan-based gel and chitosan-based gel after immersion into AgNO3 solution. Peaks 

related to formed bonds with Ag are in red. 

Two remarkable new signals were observed, a small peak at 217 cm-1, representative of the vibration 

mode of the Ag-O [78], and a shoulder at 244 cm-1 which is ascribed to the vibration mode of Ag-S bonds 

[79]. Therefore, FT-Raman analysis confirmed the existence of new bonds involving both silver and 

atoms from the CS-ItA-LCys formulation, thus proving the complexing potential of the CS-ItA-LCys 

formulation tested and comes as a support for the proposed molecular structure of CS-ItA-LCys 

chelating silver (Figure 3.14).   

As a perspective, similar characterization was attempted to test agar-silver molecular interactions and 

should be continued (data not shown). 
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Figure 3.14 CS-ItA-LCys complexation of silver ions as proposed in literature [29]. 

3.2.3 Conclusion 

The objectives of this study were to assess biobased gels as carriers for treatments for tarnish removal 

on historical metals.  

Cryo-SEM and rheological evaluations showed mechanical and structural differences between agar and 

chitosan-based gels. Although both are rigid gels, agar can be poured directly hot on the surface to 

perfectly match the shape of the treated surface whereas CS-ItA-LCys has to be applied once solidified. 

Interestingly, CS-ItA-LCys being more flexible than rigidified agar, it should be able to fit to the objects’ 

features.  

Data also showed the compatibility of both agar and CS-ItA-LCys formulations with the natural 

chelating agent deferoxamine, allowing for enhanced iron, or even copper, chelation. Additionally, the 

potential assets of a chitosan-based formulation to take up silver ions were demonstrated.  

Tangible proof by Fourier-transform Raman spectroscopy of created bonds over the complexation of 

silver ions by CS-ItA-LCys is relevant for cultural heritage professionals. This is a first step into the 

formulation of gels with inherent complexing abilities, therefore avoiding the use of additional 

chemicals or agents. Indeed, minimalism is a concept appraised for it environmental pertinence, 

limiting the impact of anthropological activities [80]. In addition, chitosan’s properties are already 

exploited mainly protective coatings on metal artefacts [4,81,82]. Those demonstrated complexing 

abilities are of interest in particular for stained composite metal artefacts (i.e., paper, fabrics) where the 

use of additional compounds in the gel is uncertain due to potential undesired interactions. 
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These findings must be pushed forward for a potential application in cultural heritage conservation and 

on actual insoluble corrosion products encountered on objects, in particular silver sulfides. Although 

further research is necessary to evaluate the effect of the complexing property on almost insoluble 

tarnish corrosion products (Ag2S), applications could be foreseen on brocades for instance, to remove 

copper or silver tarnish from the sterling silver threads. It would also be interesting to assess the 

chelating ability of a chitosan gel formulated without the adjunction of L-cysteine and itaconic 

anhydride.  

Chitosan’s antimicrobial [70], protective and chelating properties make it a particularly great candidate 

for composite metal/organic materials where biodeterioration is a concern. Indeed, organic materials 

are often subject to damages related to microbial growth [83]. Chitosan’s potential remains outweighed 

by the different aspects to improve, in particular the compatibility with eventual complexing agents 

loaded in the chitosan formulation.  

The outcomes of such study could be of interest to other fields of application, for instance environmental 

concern for, wastewater treatment and bioremediation of copper or silver contaminated sites as the 

peelable nature of both gels would allow an easy removal of the gel film, whether on an object surface 

or in a polluted environment.  
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3.3 The residue question 

While the use of gels and their development for heritage conservation is thriving, several concerns about 

the use of gels arose as the systems are being widely incorporated by conservators as a cleaning tool: 

Will these substances have long-term effects on the surface and substrates after treatment? Which gels 

are more prone to leaving residues and which are the parameters influencing the phenomenon? These 

interrogations are even more relevant when it comes to metal artefacts as by definition, contact with 

water is the one of the core catalysts of the corrosion process [84]. There are two aspects to consider. 

First, the treating solution contained in the matrix can be deleterious to the object if not cleared properly. 

Indeed, water-based solution are not very volatile hence the time of exposure to the metal can be of 

concern, especially because the constrained cleaning solutions are, on purpose, active on metal. Right 

after the treatment, if not cleared properly, a gel is a stockpile of active agent that could create a 

prolonged contact point between the cleaning agent and the surface and therefore induce a permanent 

overcleaned spot. Second, the polymer itself can also be of concern if not removed properly for 

numerous reasons. Indeed, numerous hydrogels used in cultural heritage conservation are bio-based 

materials [85], which generally implies the presence of polysaccharides. Polysaccharides are nutrients 

for microorganisms [86], somehow offering a good environment for their development, potentially 

causing microbial induced corrosion (MIC) or other biodeterioration [87]. Hydrogel residues, although 

dry, are risky as they can swell due to ambient moisture if stored in a place with a high relative humidity 

(RH) [88], there again encouraging localized corrosion. 

The Getty foundation, under its publication “Solvent Gels” addressed the concern on paintings, 

concluding that there are systematic remains of treating gels on surfaces, and even greater if the surface 

is porous or rough [28]. In addition, the amount varies up to a factor of 10 depending on the clearance 

strategy of the conservator [28]. It is therefore safe to say several aspects can be accounted for the 

presence of residues.  

First, the texture of the surface to which the gel is applied is crucial. The nature of the treated metal 

should be considered, such as the porosity of the surface in parallel with the presence of embossed 

decorations, scratches or carvings. Porosity facilitates any swelling solution to infiltrate the artefact and 

the presence of decorations render the removal tricky by increasing the adhesiveness between the gel 

and the surface or making tricky for gels to reach in the angles. In addition, the roughness of a surface 

directly affects the area of contact between the gel and the metal. Indeed, more numerous asperities will 

increase the total surface of contact. In addition, studies have shown that the adhesion between a solid 

surface and a visco-elastic material, like gels, is dependent on the pressure of contact between the two 

materials in addition with the time of contact [89,90]. The time of contact indeed influences the 
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“flowing” of the materials into the asperities but also the further drying of the gel which increases the 

adhesion to the surface. The flowing of the gel could also be influenced by the temperature of gels when 

applied hot, like gellan gum or agar. A fluid gel will indeed reach small pores, angles or asperities more 

easily. Moreover, drying of the gel is also governed by the thickness of the gel deposited. This thickness 

can also have an influence in the removal of peelable gel, as it will influence the angle of removal and 

therefore the adhesion [91].   

To sum up, there is a great number of factors affecting the remnant of residues left onto the surface: 

• Surface texture (e.g., porosity, decorations) 

• Adhesion (i.e., tack, viscosity) 

• Pressure of contact 

• Time of contact 

• Thickness of applied gel 

• Method of clearance 

Moreover, these factors are intricated as they have concomitant effects. It is a real knot to unweave that 

would require an extensive rheological study resorting to tools like chemometrics or ANOVA of the 

data. This approach was not performed in the span of this work as this is first insight that is proposed 

here. 

Among all parameters cited here before, the tack and viscosity of the gel might be the most decisive. It 

is basically the “stickiness” of the gel. In the following section, a general idea of the tackiness of gels 

mentioned in Table 3.1 is proposed, along with an evaluation of the impact of gel residues on metal 

surfaces.  

3.3.1 Residues: a preliminary evaluation of risks 

3.3.1.1 Materials and methods 

3.3.1.1.1 Capacity to produce residues  

Stickiness and adhesive properties were evaluated using the so called “tack tests”, usually used to 

evaluate adhesiveness of polymeric materials [92]. It is a quantitative and objective version of the 

“thumb test”, evaluating whether one feels the material sticking between their fingers. A probe will 

come into contact with the studied system, collecting data of the normal force applied onto the probe 

while pulling-out.  

 There are two main types of rupture mode occurring when performing this test. The cohesive rupture 

occurs at the material, either as long stringiness or sudden brittle fracture (Figure 3.15 b and c 

respectively). The adhesive rupture occurs at the interface between the adhesive and the substrate 

(Figure 3.15 a). 
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Figure 3.15 Failure modes on tack test: (a) adhesive rupture, (b) cohesive rupture with long stringiness and (c) cohesive rupture 

with brittle fracture. 

These failure modes will influence the tackiness, measured by the normal force generated during a tack 

test. A material is considered sticky when the rupture occurs at the material, therefore obtaining a 

cohesive rupture. In this work, since the test was done at a constant velocity, the normal force variation 

was evaluated.  

Tack measurements are performed with the Anton Paar MCR 302e rheometer. The probe tack test 

device, made of steel, is profiled to avoid slipping of samples and measures 25 mm in diameter. Tests 

were carried out at a temperature of 25 °C, controlled thanks to Peltier effect in the lower plate. 

Thickness of the sample was disregarded as only a qualitative evaluation was desired here. Gel samples, 

as prepared according to table 3.4, are placed on the bottom plate, then the top plate is lowered to reach 

full contact with the gel. As the samples were not perfectly flat, the force at the detection of the surface 

was increased to ensure the geometry of the plate covers the sample completely and to obtain full 

contact. Depending on the sample, the detection force has been set on 0.25 N and 5 N. During the test, 

the top plate moves up vertically at a constant speed, subjecting the sample to stretching (Figure S3.3), 

and the normal force underwent by the top plate is recorded as a function of time. The tack test was 

programmed for the probe to decrease at 10 µm/s for 5 s. Direction is then reversed twice at the same 

speed for a similar duration. Final step is the increase of the probe at a velocity of 50 µm/s for 100 s.  
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Table 3.4 Gels preparation for tack test measurements. 

Gel Concentration Preparation 

Agar 4.3% w/v  

Heating of polymer-H2O solution to 90°C twice and left to solidify at 

RT in a petri dish 

Gellan 

gum, hot 
3% w/v 

Gellan 

gum, RT 
3% w/v 

Stirring of polymer and H2O at RT and left for swelling for 1 hour 

 Xanthan 

gum 
5% w/v 

 

3.3.1.1.2 Evaluation of the impact of gel residues on iron alloys  

To appraise the actual impact of residues on metal and their effect in further corrosion, oximetry 

measurements were performed on iron alloy samples. Out of the studied alloys, iron-based alloys are 

the ones with a first corrosion step having a clear oxygen consumption following the reaction, allowing 

to link oxygen consumption and further degradation of the metal. Copper and silver alloys tarnish being 

more ascribable to sulfur consumption.   

This technique was first introduced in 2010 by the Matthiesen research group from the National 

Museum of Denmark to estimate the corrosion rate of metal objects [93], evaluating the oxygen 

consumption occurring in a small volume of air containing the object. This method relies on optical 

measurements, making it possible to measure oxygen content through transparent materials [94]. 

2 × 2 cm low-carbon steel samples from Tartaix (France) were artificially corroded adapting ASTM G48-

11 procedure by immersing the samples into 0.4 M FeCl3 and then 9.8 M H2O2 to accelerate corrosion 

formation and obtain a thin layer of iron oxyhydroxides. Their surface was then prepared to remove 

pulverulent products with sandblasting, rinsing with 70% (v/v) ethanol and air drying. Experiments 

were replicated three times.  

On each sample, 200 µL of gel or solution were deposited onto the surface to mimic potential residues, 

following Table 3.5. Xanthan gum (Vanzan NF-C, CTS) was chosen as it empirically appears to leave 

more residues. Controls were performed using gel alone or corroded sample without any deposit to 

ascertain that the eventual oxygen consumption can be related to the interaction between the substrate 

and the gel and is not intrinsic to the studied components of the system. Samples were immediately 

sealed into hermetic 5×5×0.3 cm ESCAL-aluminum pouches (Long Life for Art, Germany), with a 

volume of approximately 8.4 cm3. Containing an oxygen sensor spot stuck onto the transparent film and 

1 mL of a 30% (v/v) glycerol solution in a 2 × 2 cm receptacle to have high relative humidity over 90% 
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[95]. A schematic representation of the set-up is provided in Figure S3.4. An RH sensor was placed in 

one of the pouches to confirm these values. Oxygen saturation was read twice per day for 5 days and 

then once per day for 15 days or until the system became anoxic, with an optical oxygen meter from 

PreSens (Fibox3) along with their sensor foil SF-PSt3-NAU-YOP. 

Table 3.5 Summary of different residues deposited onto corroded steel samples. 

Sample name Deposited residue or sample 

Fe Corroded steel sample 

Xan Xanthan 5% w/v 

Fe-Xan Xanthan 5% w/v spread on sample surface 

Fe-Xan-d 
Xanthan 5% w/v spread on sample surface and dried by leaving 

unprotected overnight 

Fe-Xan-DFO Xanthan 5% w/v + 3⸱10-2 M DFO spread on sample surface 

Fe-Xan-EDTA Xanthan 5% w/v + 3⸱10-2 M EDTA spread on sample surface 

Fe-DFO 3⸱10-2 M DFO solution 

Fe-EDTA 3⸱10-2 M EDTA solution 

 

3.3.1.2 Results and discussion 

3.3.1.2.1 Capacity to produce residues 

Normal force measured through tack tests can be consulted in Figure 3.16 and associated data in Table 

3.6. The time needed to go back to zero (i.e., the elongation time), which means for the gel to detach 

from the probe, is also representative of the adhesive effect. Indeed, in the first place, the force will 

increase with the probe displacement because of a nucleation phenomenon, which means there are 

voids appearing at the interface between the material and the probe. Nucleation stops when the force 

reaches its maximum and then cavities start to grow at the interface, resulting in a decrease of the force. 

The longer the time to reach zero, the longer a sample elongates and is prone to stick onto a surface.  

For xanthan and RT-prepared gellan gels, typical cohesive ruptures patterns are obtained (Figure 3.16) 

[92]. Xanthan has the maximum tack value as defined by a long elongation time and the largest area 

under the tack curve. RT-prepared gellan has lower elongation time and under-curve area. Additionally, 

it exhibits a different curve shape than xanthan, with higher normal force maximum and faster decrease 

after reaching this maximum. This is because the type of cohesive rupture is different. For xanthan the 

rupture is long and smooth whereas for gellan the rupture is more brittle, corresponding to Figure 3.15b 

and 3.15c respectively.   
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Gellan gum prepared by boiling the solution shows a short elongation time upon separation, thus 

exhibiting an adhesive rupture, which occurs at the interface between the gellan and the substrate. Agar 

gel displays a rather brief elongation time and rather small area under the curve.  

From the obtained data, it can be said that both RT-prepared gellan and xanthan are tacky gels, with 

high adhesion to the surface, which is coherent with what is observed in practice. On the other hand, 

the hot preparation of both gellan and agar gives a peelable gel with a low adhesion to the surface. It 

can then be hypothesized that double helix networks give a good cohesion to the gel itself but a weak 

adhesion with the surface.   

This explains why pre-formed agar gels do not have a great adhesion to the surface [1], because the 

network is already set and does not conform to the texture of the surface’s micro-roughness. The 

stickiness of the gel to the surface will therefore rather depend on the surface roughness when the gel 

is poured hot on the surface. 

Table 3.6 Tack tests measurements data summarizing up the area under the curve and the elongation time. 

Gel 
Area under the 

curve 
Elongation time (s) 

Agar 0.8 11 

Gellan gum, hot 4.26 5.3 

Gellan gum, RT 3.79 31.9 

Xanthan gum 10.10 > 98.5 

 

 

Figure 3.16 Tack tests measurements of agar, xanthan and gellan gels. 

3.3.1.2.2 Evaluation of the impact of gel residues on iron alloys  

The evolution of oxygen saturation of the different samples is shown in Figure 3.17. Most samples with 

wet residues (Fe-Xan, Fe-Xan-EDTA, Fe-EDTA, Fe-Xan-DFO), whether gel solution, have a high oxygen 
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consumption rate compared to control samples, confirming the noxious impact of residues. 

Differentiation can be made regarding the plain gel deposited on metal (Fe-Xan) that had a slightly 

lower oxygen consumption rate, about 7.7 O2% per day versus 13.3 O2 % for other residues. Exception 

is made for residual DFO solution (Fe-DFO) which displays an average O2 consumption rate of 2 O2% 

per day. One hypothesis for this behavior is the corrosion inhibition properties of siderophores [96], 

most precisely in this case deferoxamine [97]. The corroded sample used as control (Fe) does not show 

any sign of oxygen consumption. Interestingly, the gel control (Xan) starts to have a noticeable increase 

in oxygen consumption rate after 5 days, which is imputed to the growth of aerobic microorganisms. 

Indeed, there was a clear visual growth of microorganisms (Figure S3.5). This growth was not observed 

on the gel deposited on the metal sample (Fe-Xan) but cannot be completely excluded. One could think 

that metals can be toxic for microorganisms and therefore reduce the risk of contamination but the fact 

that MIC exists, along with the results obtained in Chapter 2, section 1.2 does not support this global 

toxicity of metals over microbes. 

 

Figure 3.17 Oxygen saturation versus time of studied samples. Errors bars are related to independent replicas. 

These oximetric results confirm the deleterious effect that gel residues can have on iron. Corrosion rate 

is slightly emphasized by the presence of active agents. However, gels usually do not stay swollen for 

such a long time, even in a high RH storage and usually start to dry after 30 minutes when exposed to 

ambient air [98]. For the dried gel (Fe-Xan-d), oxygen consumption starts to be noticeable after 

approximately two weeks. This is accounted for the time it takes for the gel to swell back due to 

surrounding moisture and start to corrode with electrolytes.   

Gels have inadequate long-term effects on iron-based substrates related to the fact that they act as 
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reservoirs for moisture or potentially corrosive substances, more than the presence of polysaccharides 

in itself.  

3.3.2 Detection of residues after gel removal 

As discussed in the previous session, the presence of gel residues can be deleterious for metal substrates. 

Hence, it is of interest to detect these residues. Here, it is wished to evaluate the implementation of easy-

to-use detection techniques as a routine step used by conservators after clearance while performing 

treatments via gels.  

The detection and potential quantitative determination of small amounts of gel residues require a very 

sensitive analytical technique. In principle, there are several possible analytical approaches for 

measuring gel residues such as scanning electron microscopy (SEM), which did not provide satisfactory 

results as it was difficult to differentiate the residues from varnish or other organic materials on the 

images [99]. Moreover, the size and shape of a real object to be treated make SEM difficult to use for this 

purpose in a non-destructive way. In addition, SEM is a very localized technique and cannot really take 

notice of the global gel residues present on the full surface.  

Direct chemical analyses of the material using gas chromatography coupled with mass spectroscopy 

(GC-MS) were performed on paintings and paper [100], but are not applicable to metal surfaces as it 

requires sampling of the surface.  

Direct weight difference is too small (i.e., 10-100 µg/cm2 [28]) to be measured and quantified accurately 

using even a very sensitive analytical balance and the cleaning procedure removing some of the material 

makes it even more difficult to evaluate the actual weight difference ascribed to gel residues presence.  

Imaging via FTIR spectroscopy is theoretically an adequate tool to detect organic molecules such as 

polysaccharides. However, these instruments do not allow much eccentricity in terms of object 

morphology, limiting the possible specimen to analyze to rather flat surfaces. In addition, when it comes 

to spread of the technique, this would be very difficult to apply on archeological samples due to some 

overlapping bands between polysaccharides and functional groups unrelated to the treatment (i.e. 

sediments, undesired organic compounds, dirt) rendering the definitive identification of gel residues 

delicate [101], unless perhaps resorting to a “correlation” tool on the software.  

Last but not least, using chemical tracers is of interest as it is largely tunable, for instance by using 

fluorochromes or radioactive markers, as tested by the Getty Institute [28,102].  

Alternatively, the cleaning gel can be doped with a recognizable heavy element, which would permit 

the use of an elemental analysis method (i.e., energy dispersive spectroscopy or X-ray Fluorescence) to 

make a semiquantitative estimate of gel residues and even to map the presence of gel residue across the 

cleaned surface. The use of radioactively labeled materials as tracers, although offering certain 
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advantages such as less interference and more precision considering the background radioactivity of an 

object is low, has to be performed with care, in a laboratory approved for work with radioactive material 

and by trained and certified personnel [28]. In addition, the cost is rather high. The option of markers 

could help trace cleaning system but does not allow to differentiate whether the residues are the 

polymer or the fluid [28]. To palliate, grafting of fluorescent markers directly on the polymers can be 

envisaged [103], however, it is not a straightforward procedure. In addition, as discussed with oximetric 

measurements, both the polysaccharides and/or the contained solution can initiate the corrosion 

process.  

Here, detection methods are assessed to evaluate the residue potential of agar and xanthan gels as they 

are both biobased and display very different properties as observed in section 3.1.2.1, agar being a 

widely used, rigid peelable gel, applicable on large surfaces and xanthan, also well used in the field, is 

sticky and viscous but easy to prepare in any situation as it does not require heating. Based on practice 

and/or conservators’ feedback, agar is perceived to leave less residues, but that could not be the case at 

microscale after clearance. Although the original idea was to detect residues thanks to a technique that 

would allow conservators to check for gel remains after treatment, it turns out that because of the 

sensitive techniques needed, all techniques require rather peculiar equipment. However, in the case of 

conservators having access to this equipment, protocols were designed, as much as possible, to be 

simple, cost-effective and not detrimental to the objects. 

Hereunder, two main approaches for the detection of residues on historical metals are proposed and 

studied, relying on the use of fluorescent or elemental markers via UV-induced visible fluorescence 

imaging or X-ray fluorescence detection.   

An imaging approach allows a global overview of the artefacts, offering the possibility to understand 

the influence of the object’s features on the presence of residues. For such, an insight is also provided 

using XRF mapping in order to check the influence of the overall morphology (e.g., decoration features, 

scratches) on the presence and position of residues.  

3.3.2.1 Materials and methods 

3.3.2.1.1 Samples  

Brass (Cu63Zn37) samples obtained from Tartaix (France) were used. 

For UV-fluorescence, samples were prepared in different ways to assess the effect of the surface 

roughness on the amount of residues detected. In particular, in addition to bare brass surface, scratches 

were produced thanks to a scalpel, and surface sandblasting was performed using corundum abrasive. 

Such zones were delimited by tape to an area of 2 cm2.   

To assess the UV-imaging technique further on real objects, more representative of existing features and 
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decorations, a cardholder made of silver-alloy and a steel calix were used as sacrificial test objects 

(Figure 3.18). The objects were selected because they exhibited carvings and/or embossments on the 

surface, which is believed to influence the adhesion of residues. In addition, they were flat enough to be 

compatible with the depth of field of the camera (see section 3.2.1.2). Both agar and xanthan were tested 

on the card holder, with fluoresceine as marker and xanthan gum was assessed on the calix with 

rhodamine as marker. 

 

Figure 3.18 Calix (left) and card-holder (right) used as sacrificial objects for the detection of gel residues amended with fluorescent 

markers. 

For XRF, in addition to a brass plate, a lead plate was used. Both metal plates were carved using a metal 

toothpick and scratches depth was measured using a P7 profilometer from KLA on a 2246 µm line with 

a velocity of 20 µm/s and an applied force of 1 mg for lead and 2 mg for brass. Lead was chosen to 

replace iron-based alloys as it is easier to carve. Overall, scratches engraved on lead were much deeper 

(110 ± 60 µm) than those on brass (13.6 ± 4.6 µm) due to the different hardness of the two metals. Gels 

were deposited on the plates and removed following a specific pattern with curve, right angles and 

crossing lines (Figure S3.6). Plates were then analyzed using XRF mapping.  

3.3.2.1.2 Techniques 

Detection via fluorescent markers  
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Out of the potential markers, fluorescent ones are suitable if the metal doesn’t display important natural 

fluorescence quenching [104]. This would cause interference in the received signals, rendering the 

differentiation between natural fluorescence and marked residues complex. In the case of historical 

metal artefacts, contrary to archeological objects, the existing quenching is rather low, but not absent 

(e.g., corrosion products, cleaning products used during past conservation interventions, coatings, 

minerals…). 

As mentioned, the natural quenching of compounds at the surface of the metal object could interfere. 

As such, three fluorescent markers (Grosseron, France) were selected in order to cover the visible 

spectrum and palliate any natural fluorescence of the assessed sample: quinine, fluoresceine, and 

rhodamine B, emitting respectively in the blue (λem-max= 460 nm), green (λem-max= 517 nm) and red-orange 

(λem-max= 565 nm) part of the spectrum (Figure S3.7). 

Pictures of the samples were taken before and after gel application, to check for natural fluorescence, 

adapting a protocol from Truffa--Giachet et al. [105]: in a blackroom, imaging under UV illumination 

was performed on all samples with an unfiltered Nikon D810 (Nikon Corp., Tokyo Japan) equipped 

with a 60 mm AF-S Micro NIKKOR 1:2.8 ED objective. It is a macro-objective, not allowing high depths 

of field which was suitable for the studied samples as they were flat. The camera was placed onto a fixed 

support which ensures similar shot conditions hence reproducibility. Samples were placed on a black 

non-emitting cardboard and illuminated by 2 UV-A lamps (PHILIPS TLD 36W/08) with an emission 

peak at 365 nm and mounted at 45 °. A schematic representation of the set up can be observed in Figure 

S3.8. A standard UV chart from UV-innovation (United States)6 was used as reference for further 

calibration and white balance correction of the obtained images. Pictures were taken in manual mode 

ISO 64, f/4 aperture, 4 s exposure allowing good detection of visible fluorescence and noise reduction. 

Pictures were post-processed using Lightroom Classic software (Adobe). Residues detection was 

performed on Adobe Photoshop software. Images were cropped to remove edge effects due to the 

presence of masking tape. The Eyedropper tool was used to select the range of shades corresponding to 

each used marker. Pixels fitting in that range were counted and the percentage of residues on the 

sample’s surface calculated as follow 
𝑅𝑒𝑠𝑖𝑑𝑢𝑒𝑠 𝑝𝑖𝑥𝑒𝑙𝑠

𝑇𝑜𝑡𝑎𝑙 𝑖𝑚𝑎𝑔𝑒 𝑝𝑖𝑥𝑒𝑙𝑠
 × 100 .   

As this selection step was dependent on the human eye, it was performed by two different operators 

that are not colorblind.  Indeed, although pixels can be identified by a specific value, the range of pixels 

fitting into the category of residues could be overestimated by the software in particular for the shades 

with a low luminosity, therefore this pixel selection step was required.  

 
6 https://www.uvinnovations.com/ 
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A Zeiss Axio Imager M2 optical microscope equipped with a KSL 70 device with a UV lamp emitting at 

365 nm was used for a more acute residues observation on samples, using the ×20 objective.  

Detection via XRF  

Detection of residues thanks to X-ray Fluorescence (XRF) spectroscopy is only possible with the 

implementation of markers in the gels’ network. Indeed, elements composing polysaccharides (C, H, O, 

N) are too light to be detected by this method. Prerequisites for a marker to be eligible are water 

solubility or good dispersion in water, unlikely presence on heritage pieces, non-toxic and ideally 

affordable. Initially, it was thought to use potassium (KNO3) as a marker. However, because of its 

relative lightness, in addition to its Kα peak (3.608 keV) overlapping with the Lβ of palladium (3.604 

keV), it was discarded from the study. Indeed, these elements are inherent of the XRF device hence 

always detected. Because the aim is to detect very low amounts, probably the same order of magnitude 

as the Palladium signal threshold from the portable instrument the obtained spectra were not adequate 

to achieve any detection related to gel residues deposition. In this section, two salts with heavy elements, 

Hf (Hafnium) and W (Tungsten), HfO2 and Na2WO4 were selected based on the criteria mentioned 

previously and assessed as potential markers for gel residues detection using point analysis XRF to 

ascertain the correct detection of the signal. 

A M6 Jetstream micro-XRF scanner from Bruker was utilized for XRF mapping with 50 kV tension, 600 

µA current with a step of 260 µm and acquisition time of 100 ms per point depending on the sample. 

A Tracer III-V+ portable XRF from Bruker was used for point analysis on agar gels. Settings were 40 kV, 

13 µA and 60 s of acquisition time. Point analyses were performed on agar gels of thickness of 0.45 or 

0.1 cm and on 0.6 mL of xanthan gum spread as homogeneously as possible in a 2 × 2 cm box to get a 

thickness of approximately 0.1 cm, as precise thickness was not achievable due to high viscosity. The 

window size was 3 × 4 mm. 

To assess the good repartition of markers inside the gels, SEM-EDS maps of the marked agar gels were 

obtained using a field emission JEOL JSM 7600F scanning electron microscope with a 20 kV accelerating 

voltage, 1.6 nA current and 8mm working distance coupled with a SDD energy dispersive spectrometer 

(BRUKER, Quantax). 

Measurements for residue quantification assays were performed with the portable XRF, using a 

collimator to reduce the window size (0.3 × 0.3 mm) and measure precisely in the scratches, avoiding 

flat surface around.  

For both UV and XRF detection, two-way ANOVA was performed on datasets using Rstudio to verify 

the significance of obtained results. 
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3.3.2.1.3 Gel preparation and application 

Xanthan (Vanzan NF-C, CTS) was prepared by stirring 5% w/v of gelling powder into the solution 

constituted of water and adequate markers. The mixture was then left to cool down before application. 

For agar gels (AgarArt, CTS), 3% w/v of gelling powder was added to the marked solutions, heated, left 

to cool and heated a second time before applying.  

Application of agar gel was done when still hot (around 45 °C) onto the metal surface and deposition of 

xanthan gel as achieved at room temperature, in both case using a Pasteur pipette to reach a thickness 

of about 3 mm. Each gel application was performed in triplicate. A control reference where no gel was 

applied was also considered along with the application of gels with no markers. Gels were left on for 20 

minutes. Agar was removed via peeling and xanthan using a spatula. Clearance was performed using a 

cotton swab dipped in 70%v ethanol until residues are no longer visible with naked eye.  

For UV detection, concentration of the markers was chosen so it was visible under UV illumination at 

very low applied gel thickness (0.1 mm): 1.5 mM for quinine, 0.1 mM for fluoresceine and 1.67 × 10-2 mM 

for rhodamine B  

For XRF, gels were prepared with solutions of both HfO2 and Na2WO4 at concentrations of 3800 mg/L. 

HfO2 being insoluble in water, it was necessary to use an ultrasonic bath to obtain a correct dispersion 

of the salt in the solution and in the gel.  

For residue quantification assays using XRF, gels were prepared with 1000 mg/L Na2WO4 solution, to 

lower the concentration and assess the detection limit. Gels were then deposited onto carved lead metal 

plates. It was removed in two different ways: 

•  Classical clearance a conservator would do, removing as much gel as possible according to 

naked eye visibility with a cotton swab  

• Cutting the gel right at the surface with a scalpel, voluntarily leaving residues into the scratches.  

3.3.2.2 Results and discussion  

3.3.2.2.1 UV-fluorescence imaging 

Figure 3.19 shows the percentage of residues on the tested metal surfaces. 



177 

 

 

Figure 3.19 Percentage of surface covered with detected marked gels on different brass surface roughness. 

Both for agar and xanthan gels, the percentage of surface affected by residues does not exceed 4%, taking 

into account standard deviation. Although results are slightly lower for xanthan gel, there is a more 

noticeable variation (high standard deviation values). 

Taking a closer look at the different markers, they all display different surface covering percentages, 

although in the same interval (as deduced from the high standard deviation).   

For agar, a statistically significant difference was observed as average surface covered with residues 

according to the type of markers, in particular between rhodamine and the two other markers quinine 

and fluoresceine (p=0.0408 and 0.0455 respectively), but not according to the surface type (i.e., plain, 

scratched, sanded) with p-values well above 0.05.   
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 Few residues could be detected on the untouched surface. For both gels, the surface treated by 

sandblasting displayed more residues than the one with scratches. This is due to the higher specific 

surface available thanks to the numerous tiny holes created by sand-blasting [89].  

In particular for xanthan, interestingly, it is rather the surface type that comes as statistically significant 

(F = 4.43, p = 0.0271) rather than the type of markers used (F = 2.320, p = 0.1269). Between the different 

surface texture, a statistically significant difference is observed between sanding and plain surfaces (p = 

0.03). 

Rhodamine is the most detected marker, most likely because the solution stained the surface pink after 

application with a red-pinkish hue. Regarding quinine, while processing images it was noticed that dust 

or impurities (e.g., cotton fibers) show a similar blueish hue than the marker. Therefore, it was not 

possible to distinguish pixels accounting for the presence of exogenous compounds or quinine-marked 

gel residues. As a consequence, fluoresceine seems to be the most reliable marker if the natural 

fluorescence of the objects allows for its use. 

The major difference between the two gels was the aspect of detected residues. Indeed, agar residues 

were present in the form of tiny and/or thin parts of the gel that broke from the main applied piece 

whereas for xanthan it was more diffuse and spread over the surface. In addition, it is worth mentioning 

that the clearance of the gels was much different, it requires greater number of cotton swab movement 

to achieve visible reduction of agar (1 or 2 passages) and xanthan (closer to 5 passages) presence on the 

surface to obtain visually comparable surfaces, until the gel was no longer visible. These observations 

are in opposition with the results above where mean surface with detected residues barely exceeded 2% 

for xanthan of the surface where it reached 4% for agar. It is believed that because of the diffuse aspect 

of xanthan residues, the intensity of pixels was not high enough to be detected via the UV-imaging 

technique.   

To understand better this aspect of xanthan residues, UV-light microscopy was used (Figure 3.20). The 

veil for xanthan was much more visible using the microscope while agar residues were localized, also 

at the microscale. This raises the question of the limit of detection of the UV-induced imaging technique. 

Although giving a comprehensive overview of the residues’ distribution over the surface, it fails 

detecting thin residual pieces of gel.  
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Figure 3.20 UV-light microscope observations of xanthan-fluoresceine veil (left) and agar-rhodamine on metal (right). 

The selection of the shades related to the marker used in the post-processing steps involves a subjective 

choice based on one’s perspective. To evaluate the importance of the influence of the human factor, two 

operators performed the post-treatment on similar images (Table 3.7), using fluoresceine markers to 

avoid staining (visible with rhodamine) or dust influence (for quinine) as explained in the previously. 

Results obtained on plain brass samples were particularly adverse. This is most likely due to the 

perception of the limit of detection, until which pixel hue is it really a residue? Excluding plain samples, 

evaluating xanthan results, the difference between the two operators on sand-blasted or scratched 

surface was rather high (60 and 84% of surface covering respectively) with substantial standard 

deviation difference for the sand-blasted surface (133%). Looking at agar deposited residues, results 

were rather coherent with a difference not greater than 26% and similar standard deviation. In addition, 

post-hoc two-way ANOVA tests gave p-values > 0.9 for all groups. For such, it can be stated that the 

human factor does not have a statistically significant strong influence on the global qualitative residue 

detection and does not allow any quantitative and even semi-quantitative approach. To achieve more 

standardized procedures and eliminate the human factor, it would be interesting to create a script 

allowing an automatic colorimetric range of shades detection for each marker based on a color space.  
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Table 3.7 Surface covering percentage affected by fluoresceine-marked gels; post-processing performed by different operators 

Surface type Operator Agar Xanthan 

  Mean 
Standard 

deviation 
Mean 

Standard 

deviation 

Scratches 

A 0.489 0.318 1.747 0.744 

B 0.388 0.287 0.948 0.589 

Difference (%) 26 10 84 26 

Sandblasting 

A 1.646 1.389 0.356 0.170 

B 1.907 1.490 0.570 0.397 

Difference (%) 16 7 60 133 

Plain 

A 0.055 0.023 0.151 0.088 

B 0.019 0.007 0.056 0.033 

Difference (%) 190 228 169 166 
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Evaluation of the technique on objects  

Based on results on flat samples, it was originally thought to use fluoresceine on objects as it does not 

suffer from the presence of dust and does not stain the surface. For such, it was considered the most 

appropriate marker. It was possible to pursue with this idea on the card holder but not for the calix. On 

the steel calix, the control picture before application displays yellowish and blue reminiscing 

fluorescence (Figure 3.22), most likely deposits from previous cleaning interventions (e.g., abrasive 

paste remains), and the presence of dust respectively. For such, rhodamine was preferred although it 

might stain the object. Because it was a sacrificial object for study purposes, it was acceptable to do so. 

As can be seen on Figure 3.21, the presence of agar seems well lower than the one of xanthan on the card 

holder. Image processing shows 0.82% of surface covering where agar was applied versus 5.74% on the 

zones where xanthan was applied. Visual aspect of the residues confirms what was observed on flat 

samples: pieces of gel remaining for agar versus spread of the gel all over the surface in thin layer for 

xanthan.  

   

Figure 3.21 Cardholder after application of agar (left) and xanthan (right) gels amended with fluoresceine solution. 

On the calix (figure 3.22), after removal and clearance of the xanthan gel, over 7% of the surface was 

affected by residues, with a clear accumulation in carvings. Results are to be interpreted with caution 

as it could be due to the staining of surface by the rhodamine-marked gel. However, the distribution of 

affected pixels fits with the carvings present on the surface, thus reinforcing the idea that the clearance 

of xanthan gum can hardly be complete in these features. 
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Figure 3.22 Close-up picture of a cross carving on the calix object before (left) and after (right) application of Xanthan gel amended 

with rhodamine solution. 

Overall, the UV-imaging technique may not be reliable depending on the used fluorochrome. Moreover, 

the limit of detection is relatively low. There is a high lack of coherence and therefore reliability in the 

results, as can be deducted from the high standard deviation values calculated. In addition, results 

figure 3.19 were differing from what is being observed in practice, id est xanthan gum being complicated 

to remove and agar leaving few residues (as seen using UV-light microscopy, Figure 3.20). Moreover, 

the application of UV-light imaging to objects with more protuberant features would require several 

images and extensive post-processing of the pictures collected.  

Residue quantification would therefore require additional studies, refining the concentration of markers 

and post-processing of acquired images. However, it is a good technique to have a global and qualitative 

overview of the presence of residue and the features associated with higher probability of gel residues.  

3.3.2.2.2 XRF detection  

Because the hafnium-based salt is insoluble, it required the use of ultrasonic bath to obtain a correct 

dispersion during gel preparation and the equal distribution repartition of the markers inside the agar 

gels was therefore assessed. In order to do so, both XRF mapping and SEM-EDS mapping were 

performed (Figure 3.23). Both techniques show the homogeneous repartition of sodium tungstate. On 

the other hand, the hafnium oxide maps show the presence of clumps on both techniques, as expected 

since it is insoluble.  
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Figure 3.23 SEM-EDS (top) and XRF (bottom) maps of agar gel marked with Na2WO4 (left) and HfO2 (right). 

The area of the Kα peak from the collected XRF spectra on marked agar gels after point analysis are 

reported in table 3.8. Kα peak surface area was found to be significant by both markers or gel thickness 

with p-values<0.05. Interestingly, the Kα peak area was different depending on the thickness of the 

sample for both HfO2 or Na2WO4 marked agar: the thinner is the gel, the greater is the peak area. This 

is due to the matrix effect. Indeed, the thicker the matrix the lower will be the detected signal. This can 

seem counter intuitive but, roughly, the atoms present in the matrix shield the signals from the heavy 

elements present in low amount [106]. This is due to mainly two absorption phenomena: attenuation of 

the incident X-ray source and absorption of the heavier elements fluorescent emission [107]. 

Interestingly, for the purpose of residue detection, this physical phenomenon is rather beneficial. 

Thinner residues will not necessarily mean weaker signals, hence increasing the limits of detection.  

Table 3.8 Kα peak surface area in 0.1, 0.45 and 1 cm thick agar gels containing HfO2 or Na2WO4 (3800 mg/L). 

Gel thickness (cm) HfO2 Na2WO4 

0.1 1 940 000 ± 26 000 1 300 000 ± 6 100 

0.45 1 680 000 ± 39 000 1 270 000 ± 13 000 

1 1 530 000 ± 20 500 n/a 



184 

 

Kα peaks from both markers have interferences with other x-ray peaks from elements present in the 

brass alloy. In particular, hafnium Kα1 (7.8990 keV) can interfere with copper Kα1 (8.0267 keV) and Kα2 

(8.0463keV) peaks whereas tungsten Kα1 peak (8.3989 keV) can interfere with zinc Kα1 (8.0463 keV) 

and Kα2 (8.0267 keV). The interference is more problematic in the case of Hf and Cu as the rays are close 

and Cu’s Kα1 is strong in intensity.  

XRF map on brass is unreadable for both markers (Figure S3.8). Indeed, peak interferences are too 

strong. Peak deconvolution was performed but did not help to obtain more exploitable maps. To 

counteract that, it would be theoretically possible increase the concentration of the markers in the gel to 

allow for an easier deconvolution vs peaks ascribed to copper or zinc. Still, using Hf as a marker is more 

ideal on non-copper-based alloys and W on alloys not containing zinc.  

On lead (Figure 3.24), markers could be detected, especially in the carved decorations. Hafnium is more 

visible than tungsten. Supposedly, this is due to the insoluble nature of the hafnium oxide, deposited at 

the bottom of the scratches, even after removal. One hypothesis is that the hydrogel was adsorbed by 

the cotton swab, leaving the marker down. When comparing agar and xanthan application, the Hf-

amended xanthan gel shows more residues than the Hf-amended agar one. In addition, there are traces 

of wiped xanthan gel the half bottom of the plate (Figure 3.24, arrow), confirming that xanthan spreads 

over the metal surface because of its viscous texture. On the other hand, agar gel residues seemed to be 

detected after clearance, both for W and Hf, at the bottom of the scratches. Regardless of the marker, 

there is a trend for agar to leave residues in the embossing.  
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Figure 3.24 XRF mapping of lead after deposition of W (green) or Hf- (red) marked agar and xanthan gels on the left and right 

side of the plate respectively. Arrow indicates traces of wiped Hf-amended xanthan gel. 

It is difficult to make assertive conclusions based on this study, however, trends can be observed. In 

particular, the selected markers, Hf and W are not relevant to use on copper alloys for the residue study. 

Indeed, to be able to detect them despite the overlapping peaks with Cu and Zn respectively, a large 

quantity of gel is necessary, which conflicts with the residue’s detection.   

Comparing both markers, Na2WO4 achieved a more homogeneous repartition inside the gel and HfO2’s 

repartition was still acceptable but found itself problematic when removing the gel because there was a 

deposit. Overall, sodium tungstate is easier to put in place and more affordable although care must be 

taken towards the presence of zinc in the studied surface.   

XRF mapping on lead allowed to confirm the results previously observed with fluorescent markers: 

agar residues being more punctual, mainly located in embossments and xanthan residues more getting 

spread, as expected.  

To evaluate semi-quantitatively the amount of gel left on the surface after clearance, Na2WO4-amended 

agar and xanthan loaded with sodium tungstate were deposited on a carved lead plate. Area of the 

obtained peaks after point XRF analysis using a collimator can be seen in Table 3.9.  
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Table 3.9 Area of W Kα peak from XRF signals after measurements on lead plate with Na2WO4-amended deposited gels. 

 Agar Xanthan 

Cotton-swab clearance until obtention 

of no visible residues 
2000 ± 500 4000 ± 500 

Voluntary residues 5000 ± 500 5000 ± 500 

 

The amount of gel residues detectable in the scratches after a clearance a conservator would perform is 

lower than voluntary residues for both agar and xanthan. There is a significant difference between the 

two types of clearance for agar, whereas the detected amount of xanthan is similar regardless of the 

method used to remove the gel. This shows it is more difficult to remove this type of gel even with a 

careful thorough clearance.   

Further works might develop the technique for residue detection to evaluate the minimal volume that 

can be detected by portable XRF, in particular thanks to the use of standard curves. However, particular 

attention should be given to the matrix effect.   

This could allow the quantification of residues left and would help evaluating their actual impact on 

surfaces. Indeed, in section 3.1.2.2, the impact of an arbitrary quantity of 50 µL/cm2 of residues was 

evaluated, but depending on the actual amount of left residues, effects on the metal surface could be 

significantly different. 

3.3.2.2.3 Other possibilities for residues detection 

The tremendous number of factors contributing to the possible presence of residues renders preventive 

actions to avoid them complex. The main lever of action therefore stands with the clearance of the gel 

[101], for instance working under a microscope or binocular when removing the gel, addressing a 

particular attention to carvings or areas with features. The use of Japanese paper underneath the applied 

gel can also be foreseen, keeping in mind that this alternative reduces the contact between the surface 

and the gel and therefore the efficacy of the treatment [13].  

The advantage of working with biobased formulations is that it allows to diminish the quantity of 

harmful compounds likely to be deposited on the surface and therefore to damage the objects as time 

goes by, in particular with porous or uneven surfaces. Moreover, for health concerns, it is better to avoid 

the presence of noxious residues on artefacts, as shown by the presence of pesticides on natural history 

collections for instance [108]. 

Other techniques are yet to be assessed regarding their use for residues detection. First, the use of 

staining markers. The idea behind the use of staining markers is, similarly to what is done in biology, 

to label specific chemical groups that would allow the detection of the targeted compounds. Indeed, 
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some compounds will react with specific organic materials (e.g., proteins) and create colored 

compounds that allows their easy detection. Some articles report the existence of markers to stain 

polysaccharides, namely “Stains-all” and “Lugol” [109]. The former is a carbocyanine dye that is used 

for the staining of proteins. It also stains polysaccharides turning from red-purple to blue-purple in their 

presence. The main drawback rendering its use tricky is the fading occurring under light in a matter of 

minutes [110], that would imply working in the absence of light. In addition, because it can stain several 

types of functional groups, it is not the most selective marker. The latter, Lugol is an iodine solution 

used as an antiseptic or a reagent to detect starches. Iodine’s interaction with polysaccharides makes it 

a potential marker for gel detection. Additionally, the use of a iodine-based compound on silver- or 

copper-alloys is complex as it would result in the tarnishing of surfaces [111]. Indeed, iodine reacts with 

silver and copper to form AgI or CuI respectively [112,113].   

Although interesting as it would only require the staining marker as a ready-to-use solution, safety and 

removal from objects remain to be tested prior to any implementation in workshop and adoption by 

conservators as an easy routine step after gel treatment. In addition, as discussed priorly, not only the 

gel matrix is relevant in the case of residues but also the amended active agent. 

Other spectroscopic techniques can also be foreseen, for instance Hyper Spectral Imaging (HSI) that 

gives the full spectral emission of each analyzed pixel in a particular spectral range (visible, near infra-

red etc). It is to be determined whether a marker would be needed with this technique or whether gels 

have a unique spectral fingerprint. In addition, apparatus now allow the coupling of this technique with 

XRF [114], which seems to be an interesting perspective for residues detection. 
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3.4 Conclusion and perspectives 

The agar gel was demonstrated to be a reliable carrier for the deferoxamine siderophore, allowing to 

achieve a fully bioderived formulation for corrosion removal. Novel chitosan-based formulation have 

shown actual complexation of silver ions without the need of chelating agents in the formulation. These 

novel gels should be studied further to achieve better formulation and to be tested on actual metal 

corrosion. Formulation improvement or further tests could be examination of chitosan without the 

addition of L-Cysteine for instance. The formulation of a combined chitosan/agar gel could also be of 

interest for further study as it has been reported that this mix forms rigid hydrogel films with enhanced 

swelling properties compared to pure chitosan [56].  

Double helix network gels (i.e., gellan gum and agar) tend to have less adhesive features, due to the 

interhelical network that displays forces higher than the ones between the gel and the surface. This is a 

factor why agar seems to be a more reliable option than xanthan with respect to the amount of residues 

left on surfaces after treatment although it is not easy to detect residues and therefore to be assertive in 

that regard. Indeed, oximetric measurements showed that residues are a potential danger to iron-based 

objects. To evaluate the noxiousness of residues on copper and silver objects, a similar experimental 

design could be performed, using an H2S detector instead as Cu and Ag tarnishing posing visual 

concerns is due to a reaction with reduced sulfur compounds rather than with oxygen. 

Techniques assessed here for residue detection serve as qualitative for research insights rather than 

routine solutions conservators can apply in their practice in order to ascertain performing a 

comprehensive removal of their gel treatments. Indeed, there would be the subsequent need to remove 

markers with solvents, and then potentially have solvent residues, which is also an issue as it is always 

preferred to limit interventions [28].   

Overall, the XRF technique seems to be relevant for detection of residues provided that an appropriate 

marker is used. XRF mapping confirmed the results obtained with Ultraviolet visible fluorescence 

imaging, showing the repartition of the gel residues rather in the carvings of the object’s surface, as 

expected. In addition, a first attempt at quantifying residues was proposed, with a need for fine-tuning. 

Regarding the actual quantification of residues, other techniques might as well be promising with the 

emergence of more complex analytical devices, for instance coupled HSI-XRF imaging that would allow 

localization and potential quantification of gels. 

To ascertain the reliability of the proposed formulations, the combined action of selected active agents 

and gels must be assessed on actual corroded samples and studied using a standardized, quantifiable 

procedure. 
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3.6 Supplementary materials 

 

Figure S3.1 (a) 3% w/v agar gel and (b) 3.3% w/v CS-ItA-LCys gel obtained. 

 

 

Figure S3.2 Possible reaction of chitosan with IAn and L-Cysteine. 
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Figure S3.3 Set-up for the tack test measurements on xanthan gum, probe increasing and stretching the material, showing a 

cohesive rupture. 

 

Figure S3.4 Set-up for oxygen consumption measurements. 

 

Figure S3.5 Optical microscope observations of the pouch with gel only (Xan) after 20 days and the apparition of biomass. Scale 

bars account for 2 mm. 
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Figure S3.6 Carved pattern used for the disposition of marked gels on metal plates. 

 

Figure S3.7 Emission spectra of quinine (blue), fluoresceine (green) and rhodamine (pink) at λex= 365 nm. 

 

 

Figure S3.8 UV photography set-up. 
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Figure S3.9 XRF mapping of brass after deposition of Hf (red) or W (green) marked agar and xanthan gels. 
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4. Evaluation of biobased hydrogels amended 

with sustainable chelators for metal cleaning 
 

 

 

 

This chapter is based on the following articles and proceedings: 

 

Cuvillier, L.; Passaretti, A.; Guilminot, E.; Joseph, E. Testing of the Siderophore Deferoxamine Amended 

in Hydrogels for the Cleaning of Iron Corrosion. Eur. Phys. J. Plus 2023, 138, 569, 

doi:10.1140/epjp/s13360-023-04159-y  

 

Cuvillier, L.; Passaretti, A.; Dupuy, V.; Raimon, A.; Guilminot, E.; Joseph, E. Exploiting Biologically 

Synthetized Chelators in Conservation: Gel-Based Bio-Cleaning of Corroded Iron Heritage Objects. In 

Proceedings of the Metal 2022, 10th interim meeting of the ICOM-CC metals working group; Mardikian, 

P., Näsänen, L., Arponen, A., Eds.; Helsinki, Finland, 2022. 
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The aim of this chapter is to evaluate the combined performance of selected bio-based delivery systems 

(i.e., hydrogels) and chelating agents for their ability to clean actual bulk corrosion. Evaluation of the 

designed formulations’ performance, in addition with the study of the applications, was performed on 

model samples from each studied metal (iron, copper, and silver alloys), as they are frequently used in 

historical and decorative arts.  

To allow a more thorough study, only two of the priorly tested chelating agents were assessed. 

Specifically, the efficacy of the siderophore deferoxamine (DFO) and ethylenediamine-N,N'-disuccinic 

acid (EDDS) was examined.   

DFO has already been tested on iron-contaminated wood, paper and textile artworks, due to its high 

affinity for iron, as evidenced by its stability constant (log β), a measure of the interaction strength 

between two components forming a complex: 30.4 for DFO versus 25 for EDTA [1,2]. DFO chelates iron 

at a 1:1 molar ratio and turns bright orange-red upon complexation, allowing to easily ascertain its 

activity. EDDS has not yet been tested for cultural heritage conservation purposes, nevertheless it 

performed extremely well on corrosion powder, especially for copper, as shown in Chapter 2. Its affinity 

for copper is similar to EDTA (log βCu-EDDS = 18.7 and log βCu-EDTA = 18.8) [3]. Although a high reported 

log βFe-EDDS (20.6) [3], EDDS was not assessed on iron due to its lower performances on powdered 

goethite and lepidocrocite (Chapter 2). Acids supplements are excluded as their extreme acidic pH is a 

drawback to find compatible gelling agents. Although they showed great performances in Chapter 2, 

their low pH is also of concern for conservation purposes, when treating composite objects for instance.  

The second component of the formulation is the hydrogel matrix to be implemented with the previously 

mentioned active agents. Several polymers, especially polysaccharides, can be employed in the design 

of DFO or EDDS-based hydrogels when it comes to their pH compatibility and conservation of gel 

properties (Chapter 3). Only naturally derived gelling agents were considered here, namely gellan and 

xanthan gums which are obtained from bacteria, and agar, which is extracted from red seaweed 

(Chapter 3). A small insight in the use of a chitosan formulation is also provided for copper samples.  

Bare metal samples of the selected alloys were artificially corroded using standard accelerated ageing 

procedures. Artificial ageing often results in model samples that are not representative of actual 

corrosion [4]. It was therefore interesting to carry the study on both artificially and naturally altered 

samples to verify any differences.   

Particular attention was dedicated to ascertaining the optimal treatment duration by applying the 

cleaning agents during different time periods. This allowed a better understanding of the kinetics of 

action of the formulation on corroded surfaces. For conservation purposes, modifications of application 

parameters (i.e., reiteration, concentration of active agents) were performed in order to advise 
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professionals on how to practically use these compounds. In addition, to understand the long-term 

behavior of cleaned surfaces, in particular eventual corrosion regrowth, monitoring of the cleaned 

surface over time was performed. For comparison, some samples were treated with cleaning methods 

traditionally used in metal conservation.   

The cleaning agents most commonly used by conservators are sodium salts of ethylenediamine-

tetraacetic acid (EDTA). It complexes iron at a molar ratio of 1:1, according to pH, and turns light yellow 

after iron complexation [5]. As shown in Chapter 2, EDTA shows great complexing abilities, especially 

at acidic pH for iron but also in the alkaline range for copper. Indeed, EDTA is largely used for this 

versatility in addition to its high formation constant with a wide range of metals and heavy metals [6]. 

However, despite its easy availability and low cost, EDTA is classified as an irritant and it must be used 

with appropriate caution [7]. Although the quantities used in cultural heritage conservation are much 

smaller than in other industrial applications, EDTA is not biodegradable and its environmental impact 

is a worldwide concern [8].   

Mock-up samples appearance, morphology and composition was assessed and documented via 

complementary non-invasive analytical techniques on the samples’ surface. To ensure a correct 

characterization, analyses were performed at macro- and micrometric scales, relying on optical 

microscopy, colorimetry, and Raman microscopy. The used formulations were also analyzed using 

atomic absorption spectroscopy to assess the metal taken up inside the gel matrix. Model samples were 

then characterized with the same analytical techniques carried out before cleaning. Finally, after 

evaluation on model samples, a corpus of liturgical objects was then submitted to specific cleaning 

formulations. This validation step was of utmost importance as it permitted to confirm the efficiency of 

HELIX hydrogels on real artefacts and therefore gave an overview of cleaning possibilities to end-users.  

  



205 

 

4.1 Iron 

4.1.1 Evaluation on model samples  

4.1.1.1 Materials and methods 

For reproducibility purpose, each experiment was performed in triplicate, exception made where 

mentioned differently. Details regarding analytical techniques can be found in the supplementary 

materials of this chapter. 

4.1.1.1.1 Samples 

Two types of samples were employed, artificially corroded or naturally corroded steel samples, referred 

as AS and NS respectively in the text.  Steel samples (30 × 30 × 1 mm) were obtained from Tartaix 

(France) and artificially corroded adapting ASTM G48-11 procedure by immersing the samples into 0.4 

M FeCl3 for 30 minutes, followed by a quick immersion in 9.79 M H2O2 to accelerate corrosion formation 

and then left to dry for at least 24 hours. The bare steel samples were used as non-corroded reference 

samples as well. Naturally corroded mild steel samples (20 × 30 × 1 mm) were obtained from a 

conservation workshop (Arc’Antique, Nantes, France), where over a period of more than 10 years they 

underwent corrosion due to uncontrolled indoor conditions. The corrosion layer is believed to be mainly 

composed of goethite and lepidocrocite, common compounds that develop during indoor iron corrosion 

[9,10].  

4.1.1.1.2 Cleaning evaluation and risk assessments on artificially corroded samples 

Tests on artificially corroded steel samples (AS) were performed to assess the uptake of insoluble iron 

phases and the innocuity of deferoxamine on steel. A 3% w/v agar gel amended with a 3·10 -2 M DFO 

(Desferal®, Novartis) aqueous solution (pH = 6.8) was applied for 20 minutes on AS. This gel was also 

applied on a non-corroded steel sample to evaluate the aggressiveness of DFO solution on metallic iron. 

Similar process was performed using an EDTA (PanReac AppliChem) aqueous solution (pH = 4.2), at 

the same concentration. A sample with plain 3% w/v agar gel (not amended with siderophores) was 

used as control. Experiments were carried out in triplicates. Samples were characterized by means of 

optical microscopy, Eddy-current measurements for thickness evaluation of the corrosion layer, 

colorimetry, and Fourier Transformed Infrared (FTIR) spectroscopy before and after gel application. 

4.1.1.1.3 Study of application parameters 

Application parameters and kinetics were studied on naturally corroded steel samples (NS) as the 

corrosion layer was more homogeneously spread than what was obtained for AS and therefore allowed 

to obtain more comparable results.  

A 3% w/v agar gel was amended with different DFO water solutions at concentration of 0, 3·10−4, 3·10−3, 

3·10−2 and 6·10−2 M (respective pH = 7.51, 7.68, 7.16, 6.79 and 6.65) and applied to naturally corroded steel 
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samples for 10 minutes. A 6·10−2 M stock solution of Desferal® (2 g Desferal® in 50 mL milli-Q water) 

was prepared and diluted 2, 20 and 200 times to reach concentrations of 3·10−2, 3·10−3, 3·10−4 M. The 

application was repeated six times for a total application time of 60 minutes. For comparison, a 3% w/v 

agar gel amended with a 6·10−2 M water solution of Na2EDTA was tested using the same reiterative 

protocol. Samples were characterized by means of colorimetry and optical microscopy before and after 

gel application. Atomic Absorption Spectroscopy (AAS) of the gels was performed to ascertain the iron 

contained in the gel after application.  

It is known that a polymer matrix will have an influence on the diffusion of the solute, which could 

influence the kinetics of the cleaning intervention, but to what extent? For such, iron chelation was 

assessed after immersion of naturally corroded steel samples for 10 and 30 minutes, 1 h, 5 h and 24 h in 

a 6·10−2 M solution of DFO or after application of a 3% w/v agar DFO-gel with the same parameters (i.e., 

concentration and application duration). For the gel application, the gels were covered to minimize the 

drying phenomenon. The experiments were carried out at room temperature, approximately 20 °C. 

Immersion solution and gels were analyzed using AAS comparing their iron content before and after 

contact with iron samples.  

4.1.1.1.4 Selection of best performing gel formulation 

Three naturally derived polymers amended with a 3·10−2 M solution of DFO were assessed on the NS. 

Several application methods were evaluated as detailed in Table 4.1. Each gel formulation was applied 

for 10 minutes and removed using a cotton swab dipped in 70% v/v ethanol. 
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Table 4.1 Polysaccharides selected for the study. 

Gelling agent Xanthan gum Agar-agar Gellan gum 

Brand, supplier Vanzan©, CTS AgarArt©, CTS 
Phytagel™, Sigma 

Aldrich 

Source Xanthomonas campestris 
Gelidium and Gracilaria 

red seaweeds 
Sphingomonas elodea 

Preparation 
5% w/v in H2O and 

stirring 

3% w/v in H2O, heated to 

90 °C twice 

3% w/v in 

H2O, stirring 

3% w/v 

in H2O, 

heated 

to 90 °C 

Application 
With a spatula at room 

temperature 

Dripped 

when still 

hot 

Cooled 

preformed 

rigid foil 

With a 

spatula at 

room 

temperature 

Dripped 

when 

still hot 

Texture Viscous 
Rigid, 

peelable 
Rigid Gooey 

Rigid, 

peelable 

 

4.1.1.1.5 Behavior of cleaned surfaces over time 

Cleaned naturally corroded samples (triplicates) were stored for a year under uncontrolled indoor 

conditions in Nantes, France. Temperature (T) and relative humidity (RH) variation in the storage place 

over the year are respectively 17 °C < T < 21 °C and 45% < HR < 60 %. Colorimetric and visual evaluations 

were performed after one year to ascertain long-term efficacy of the cleaning intervention. 

4.1.1.2 Results and discussion 

4.1.1.2.1 Cleaning evaluation and risk assessments on artificially corroded samples 

The application of a 3% w/v agar gel amended with DFO on non-corroded steel showed no visual 

modification as can be deduced by the similar aspect observed via optical microscopy before and after 

application (Table 4.2). In addition, the colorimetric values of the sample prior to the application of the 

gel were left unchanged for all coordinates (L*, a*, b*). Lack of changes following application of the 

DFO-amended gel suggests the absence of interaction of the siderophores with uncorroded steel (Table 

4.2). This is explained by the fact that siderophores target iron in its ferric, or sometimes ferrous, rather 

than elemental form [11]. It is therefore effective on FeOOH compounds but will not affect the Fe of the 

steel. This property makes it safe to use this compound on iron-based surfaces, without risking of 

affecting the original iron metal surface. This conclusion is based on visual results solely, which is the 
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main tool used by conservators, however, to ascertain an objective absence of activity of DFO on steel, 

elemental analysis of the gel samples would be necessary. 

Table 4.2 Optical microscopy observation and colorimetric values of bare iron samples before and after 3% w/v Agar-DFO gel 

application. Scale bar accounts for 2 mm. 

 Before cleaning After cleaning 

Optical 

microscopy 

  

Colorimetric 

values 

L* a* b* L* a* b* 

65.7 ± 0.3 0.7± 0.4 3.0 ± 1.0 
 

66.7 ± 0.9 0.8 ± 0.1 3.9 ± 0.6 
 

 

Cleaning gels application on artificially corroded steel samples allowed to remove the corrosion layer, 

as shown by digital microscope observations (Table 4.3). A clear decrease of the corrosion layer thickness 

was confirmed by Eddy current measurements, dropping from 4 ± 1.1 µm to 1.2 ± 0.25 µm for DFO and 

2.1 ± 0.9 µm to 1.1 ± 0.55 µm for EDTA. When no active agents were implemented in the gel, the corrosion 

layer thickness remained similar, around 2.2 µm. The inhomogeneity of the artificially created corrosion 

layer is to be noted, whether from visual or thickness point of view, thus leading to the preferred use of 

naturally corroded samples in the following sections of the study. Still, these samples allow a qualitative 

comparison.  

  



209 

 

Table 4.3 Artificially corroded steel samples (AS) before and after 3% w/v Agar-DFO or Agar-EDTA gel application. Scale bar 

indicates 2 mm. Corrosion layer thickness before and after application of a 3% w/v Agar gel amended with 3⸱10-2 M solution of 

DFO or 3⸱10-2 M solution of EDTA. 3% w/v plain gel without complexing agent serves as control. 

 Before cleaning After cleaning 

DFO 

  

Corrosion 

thickness 
4.0 ± 1.1 µm 1.2 ± 0.3 µm 

EDTA 

  

Corrosion 

thickness 
2.1 ± 0.9 µm 1.1 ± 0.6 µm 

Control 

  

Corrosion 

thickness 
2.2 ± 0.6 µm 2.1 ± 0.6 µm 

 

According to ICOM-CC English terminology, cleaning can be considered a “remedial conservation” or 

“restoration” act [12]. In the case of indoor metal objects, often the corrosion layer is not detrimental 

and therefore, the aim of the cleaning intervention is either to retrieve, as much as possible, the 

aesthetical appearance of the metal before corrosion or to improve the readability of the objects. 

Regarding the results obtained on AS through the three-color coordinates, for the b coordinate, color 

shifts between DFO and control or EDTA and control were found to be statistically significant (p-value 
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= 0.004 and 0.019, respectively), but not between EDTA and DFO (p= 0.83). The a coordinate did not 

show any statistically significant difference, regardless of the treatment, oppositely to the L coordinate 

where the shift was confirmed by ANOVA.  It appears that lightness L* increased in samples cleaned 

with deferoxamine-based gel formulation (Figure 4.1) to reach a value of L*= 58.0 ± 1.9 after treatment. 

Samples treated with EDTA-amended agar gel on the contrary turned darker as shown with a negative 

ΔL* value, reaching a value of L*= 48.0 ± 1.2 further from the bare steel (L*= 65.7 ± 0.3). This is possibly 

due to its acidic pH of 4.2 of 3·10-2 M EDTA solution (vs a pH of 6.8 for DFO), which can alter metallic 

iron. In both cases (DFO or EDTA-amended gels), a* and b* coordinates were both shifted towards lower 

values, indicating that the cleaned surfaces turned less yellow and less red, as expected with the removal 

of iron corrosion products. This color change to less red and yellow is adequate as it bears witness of 

the removal of rust. The final appearance is up to the curator, the client, or the conservator according to 

the look desired but a lessening of the orangish layer is often desired. 

Color variations on the control corroded samples where a plain gel was applied are not observed (Δb) 

or very low (1.6 ± 0.1 and -1 ± 0.7 for ΔL and Δa respectively). Though low, the variation for the control 

samples might be explained by some rust being stripped off when peeling off the agar gel from the 

surface. 

 

Figure 4.1 Variations of CIELab colorimetric coordinates of the artificially corroded steel samples before and after application of 

a 3% w/v Agar gel amended with 3⸱10-2 M solution of DFO or 3⸱10-2 M solution of EDTA. 3% w/v plain gel without complexing 

agent serves as control. Surface before treatment: L* = 38.3 ± 0.9, b* = 9.9 ± 0.8, a* = 15.0 ± 2.3 

In addition, FTIR spectra of the artificially corroded steel samples after cleaning (Figure 4.2b) did not 

display the characteristic bands of iron corrosion products identified before treatment (Figure 4.2a). 

Similar spectra as non-corroded bare steel samples were obtained (Figure 4.2c). The observed spectrum 

has O-H bending bands at 746 cm-1 and 1021 cm-1 that are assigned to lepidocrocite. Similarly, the 

presence of goethite is determined thanks to the presence of bands at 793 cm-1, 887 cm-1 and 1126 cm-1 

[13,14]. The 1658 cm-1 peak and a broad band at 3000-3500 cm-1 are characteristic of adsorbed water 
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within the iron corrosion layer [13–15]. These results confirmed the removal of iron oxyhydroxides that 

were present on the surface. 

 

Figure 4.2 Representative FTIR spectra (4 cm-1 resolution, 16 scans) of artificially corroded steel samples before treatment (a), after 

treatment (b) and non-corroded bare steel sample (c). 

4.1.1.2.2 Selection of best-performing hydrogel formulation 

After preliminary evaluation of DFO on AS, the cleaning performances of different polysaccharide gels 

amended with 3·10−2 M DFO solution were evaluated.   

Based on visual observations and total color difference (Table 4.4), DFO-agar hot gel and DFO-gellan 

gel prepared at room temperature showed the highest color change ΔE, close to 14, and the best visual 

observations with a bright metal visible on most of the sample’s surface. They achieved the best 

performances in terms of corrosion removal with no statistical difference between the two groups (p-

value = 0.99). The DFO-gellan hot gel achieved mild cleaning following the same protocol with a color 

change of 9.3 ± 0.6 and with a showing underlying metal, but less bright than for the forementioned 

formulations. However, this lower performance was not found to be statistically significant compared 

to hot agar or room temperature gellan (p = 0.07 and 0.08 respectively, above the 0.05 threshold). 

Performances of the rigid DFO-agar gel and the DFO-xanthan gel prepared and applied at room 

temperature were poor, with a barely noticeable color change (3.6 ± 0.7 and 2.5 ± 2 respectively), under 

the ΔE = 5 limit for perceptible change by human eye [16]. Differences between DFO-xanthan and DFO-

rigid agar were also not significant (p = 0.96).  

Table 4.4 Optical microscopy and color difference of iron samples treated for 10 min with 3·10−2 M DFO-amended gels. Scale bar 

is 5mm. 
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 Optical microscopy ΔE 

Agar applied hot 

 

14.0 ± 1.9 

Gellan gum 

prepared and 

applied at room 

temperature 

 

14.0 ± 3.0 

Gellan gum applied 

hot 

 

9.3 ± 0.6 

Rigid, cold applied 

agar 

 

3.6 ± 0.7 
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Xanthan, applied at 

room temperature 

 

2.5 ± 2.0 

On Figure 4.3, a more precise interpretation of L*a*b* coordinates of naturally corroded steel samples 

before and after cleaning is shown. After cleaning with DFO-loaded hot applied agar gel, room-

temperature gellan gel and to a lesser extent hot gellan gel, the surface color was brighter (higher values 

of L*) and the hue turned to blue-green (lower values of a* and b*). This can be attributed to the removal 

of the red-orange iron corrosion products. By contrast, low surface color changes were observed on the 

samples treated with DFO-amended gels based on xanthan gum or rigid cold agar. After xanthan gum 

application, a thin layer of gel remained that could not be removed by cotton swab clearing. As seen in 

Chapter 3, a thin veil of xanthan remains present even after removal and clearing of the surface. In 

addition, in the case of Xanthan-DFO gel, the gel gets tinted, through complex formation, with an 

orangish hue that causes a low color change. For the applied rigid DFO-amended agar gel, no clear 

visual modifications were observed, probably due to the failure of the cold and rigid agar matrix to 

adhere to the surface and achieve close contact with the corroded iron-alloy surface [17]. Despite its 

great cleaning performances and potential, DFO-amended gellan gum gel at room temperature needs 

extra attention at the removal step because its texture implies the need for a careful clearing after 

removal, especially when applied to eventual carvings present on iron-based objects. This more detailed 

data processing enhanced that outcomes in terms of corrosion removal were obtained with, from best 

to least performing: 3% w/v DFO-agar gel applied hot, DFO-gellan gel prepared and applied cold (at 

room temperature) followed by hot-applied DFO-gellan gel to finish with the rigid DFO-agar gel 

applied cold as well as DFO-xanthan gel. Still, it is interesting to mention the presence of carboxylic 

groups in the gellan gum molecular structure which could be an advantage for the purpose of metal 

corrosion removal. 
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Figure 4.3 L*a*b* color coordinates measured on naturally corroded steel samples before (circles) and after (crosses) cleaning 

using different gel matrixes: Cold prepared and applied gellan gum (light blue), hot applied gellan (orange), cold (grey) and hot 

(yellow) applied agar and xanthan gum (dark blue), loaded with 3⸱10-2 M DFO solution. 

4.1.1.2.3 Study of application parameters 

In this section, parameters influencing the outcome of the cleaning intervention were assessed, in 

particular parameters related to the formulation (i.e., concentration of siderophore in the gel) as well as 

related to the application (i.e., time of application and reiteration). In regard to the results obtained in 

the previous section, only agar-DFO gels were studied.The influence of the agar gel matrix onto the 

kinetics of uptake was also looked at. 

Color difference of NS before and after cleaning showed a similar variation than the amount of iron 

taken up by the agar gels (Figure 4.4). After 3% w/v agar gel application of DFO at different 

concentrations on naturally corroded steel samples, colorimetric results show an important hue change 

at concentration starting from 3·10-2 M (Figure 4.4). This value for efficacy limit was confirmed by AAS 

analyses of the used gels, where iron concentration in gel increases rapidly from the same concentration 

of 3⸱10-2 M and in a linear trend with the increasing DFO concentration. Thus, a 6⸱10-2 M concentration 

was selected for the further experiments described below, as it allows a greater performance. Both iron 

taken up and samples’ color change follow a proportional increase with increasing DFO concentration. 

The chelate loading of each gel is on average 6.9, 1.1, 0.6 and 0.6% for 3⸱10-4, 3⸱10-3, 3⸱10-2 or 6⸱10-2 M DFO 

respectively.  
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Figure 4.4 Iron content of 3% w/v agar gels amended with 0, 3⸱10-4, 3⸱10-3, 3⸱10-2 or 6⸱10-2 M of DFO solution, after treatment. 

Sample color difference measured before and after application of gel formulations. 

The complexation reaction caused the uncolored gel to turn vivid red-orange (Figure 4.5a). Color change 

of the gels before and after a 10-minute application is visible starting at the minimal tested DFO-

concentration (3⸱10-4 M), but iron uptake is not yet visible using AAS (Figure 4.5b). Color change seems 

more sensitive to ascertain low quantities of iron present in the agar gel than the used spectroscopic 

technique AAS. However, no direct correlation could be drawn between the amount of extracted iron 

and the visual appearance of the gel during treatment as the variation were not following a similar 

pattern (Figure 4.5, black curves). Iron taken up is following a linear regression (R2 = 0.99) over the span 

of the tested DFO concentrations whereas gel color change ΔE is rapidly increasing until 3⸱10-2 M and is 

then followed by a limited color change. Indeed, the hues of the agar gel amended with 3·10−2 M and 

6·10−2 M DFO solutions were close (ΔE = 80 ± 7 and 81 ± 1 respectively) despite the greater complexation 

action of the higher concentration, as determined by AAS ([Fe] = 8.1 ± 0.4 and 20 ± 3 mg/L respectively). 

When considering the three CIELab color coordinates, ΔL and Δa follow a logarithmical regression, 

similarly to ΔE (R2 = 0.97, 0.96 and 0.98 respectively). However, Δb does not show the same pattern, 

decreasing after 3⸱10-3 M, therefore going towards less yellow values. This explains why, although the 

global ΔE of the 3·10−2 M and 6·10−2 M DFO-amended gels after complexation were similar (ΔE = 80 ± 7 

and 81 ± 2 respectively), although a slight difference can be observed visually with a less orange and 

more red color at the maximal concentration. Still, although not proportional to the amount of iron taken 

up, this feature of deferoxamine is an interesting metrics to assess the iron uptake, and thus the cleaning 

action, as it can be easily monitor by the operator. 
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Figure 4.5 (a) Different concentrations of DFO-amended 3% w/v agar gels applied to the naturally corroded steel samples (NS) 

for 10 min and (b) graphical representation of ΔE, ΔL, Δa and Δb on the gel and the extracted iron concentration before and after 

treatment with DFO-amended 3% w/v agar gels. 

Deferoxamine binds with iron in a 1:1 molar ratio, meaning that a 6·10-2 M DFO solution can take up up 

to 3.3 g/L of iron, as confirmed by the plateau reached at 5 hours ([Fe] = 3.3 ± 0.1 g/L) for iron 

concentration in Figure 4.6. 

Figure 4.6 shows a threshold in the iron uptake after 5-hours contact of naturally corroded iron sample 

with a 6·10-2 M DFO water solution that is not present when using a gel matrix. This can be explained 

by the modification of the diffusion coefficient within the agar gel which follows the Higuchi model, 

usually used for drug release from a matrix. It states that drug release from a matrix is a square root of 

time-dependent process and is based on Fick’s law of diffusion [18]. It is indeed the case for the diffusion 

of iron ions within the agar-DFO gel which follows a linear regression when plotted versus the square-

root of time. The diffusion coefficient D of Fe2+ and Fe3+ in water at room temperature has been 

determined to be of 7.19⸱10-10 and 6.04⸱10-10 m2⸱s-1 respectively [19]. In gel, there are several phenomena 

to be accounted for that will obstruct the diffusion and therefore decrease the related diffusion 

coefficient. First, there could be the binding of the solute by the gel, which is often disregarded [20]. 

Second, obstruction could be observed related to the fineness of the gel network. Indeed, if pores are 

smaller than the solute molecules, the gel would act as a filter. In the case of agar gels, this phenomenon 

is not relevant. Indeed, as seen in Chapter 3, the pores of the 3% w/v agar network are of 0.4 ± 0.1 µm, 
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well above Fe3+ ionic radius (0.069 nm) [21]. Third, and the most important here, the solute molecule 

must go around the gel threads from the network, increasing the path length for the diffusion of solute 

and therefore the gel coefficient of diffusion is lower.   

The concentration of the gel is therefore a crucial parameter in the determination of any diffusion 

coefficient as a high polymer concentration implies dense network/small pores and consequently long 

pathlength and low water-filled spaces for the solute to be transported [22,23]. The diffusion coefficient 

of Fe3+ in 3%w/v agar gel was determined to be 3.19⸱10-10 m2⸱s-1 [24]. The presence of a ligand 

(complexing agent) is known to also decrease the diffusion of the solute (here, iron) inside a gel [24,25]. 

Indeed, the resulting molecule’s size is larger, with a higher molecular weight. The increase of molecular 

weight is known to decrease the diffusion coefficient [23]. 

In gel, the metal to ligand ratio hardly reaches 3% after 24 hours of application. This could be interpreted 

as an inefficiency of the gel in terms of chelate loading, showing the equilibrium state is never reached 

in gel. Nevertheless, the use of gel still permits a better control and overall a lower volume of treating 

solution to be used for corrosion removal as it is very localized and restrained. In addition, the use of 

gel enhances the level of control, which is appreciated by conservators, in spite of the lower efficiency.  

 

Figure 4.6 Iron uptake by a 3% w/v agar gel amended with 6⸱10-2 M solution of-DFO in contact with NS (plain line) and by a 6⸱10-

2 M DFO water solution after immersion of NS (dotted line) for 10 min, 30 min, 1 h, 5 h and 24 h at 20°C. Percentages represent 

the metal to ligand ratio. 

In table 4.5, the differences according to the number of reiterations of the gel application on naturally 

corroded steel samples can be observed, where six gel applications of 10 minutes are visually 

performing better than a unique application of 60 minutes. Indeed, after a single 60 min application of 

3% w/v agar gel amended with 6·10−2 M DFO water solution, pits were still visible whereas a more 

homogeneous surface aspect was obtained when the same gel was applied for 6 × 10 min. These results 

are confirmed by colorimetry values in which multiple reiterations resulted in a higher color variation 
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than achieved with the same formulation applied as a continuous application (ΔE = 21.2 ± 0.7 and 18.0 

± 3.5 respectively). As supported by ANOVA, the color difference between the two types of application 

is not statistically significant. Nevertheless, the relative standard deviation, higher for the single 60 

minutes application, supports the better performance of the 6 × 10 min applications, as supported by 

the less homogeneous visual observation. This suggests that, for a better cleaning performance of the 

gel formulation, successive short application times provide a more effective cleaning than a long one. 

In addition, reiterated applications allow for a greater control on the intervention as progress of the 

cleaning is evaluated at shorter intervals.   

AAS measurements showed that the total taken up iron concentration was similar when the gel 

formulation was applied 6 × 10 min or as a single 60 min application ([Fe] = 0.68 ± 0.12 and 0.69 ± 0.03 

mM respectively). This is in accordance with the fact that the iron uptake rate seems to be linear up until 

1 hour (0.38 mmol/L/h), and then drops to 0.01 mmol/L/h (Figure 4.6). This can be explained by the 

drying of the gel rendering it less effective although precautions were taken to limit the phenomenon. 

DFO and EDTA showed close performances when regarding the color difference before and after 

application (ΔE = 21.2 ± 0.7 and 16.0 ± 3.0 respectively), with the EDTA-amended gel color variation 

before and after cleaning being slightly lower. The results obtained with 3% w/v agar gel amended with 

6·10−2 M Na2EDTA water solution, also applied to the naturally corroded steel samples for 6 × 10 min, 

were similar to those obtained with DFO-amended 3% w/v agar gel in terms of the visual appearance 

of the samples after cleaning and iron uptake ([Fe] = 0.73 ± 0.04 and 0.68 ± 0.12 mmol/L respectively) . 

On model samples, the siderophore performed equally as the well-established active agent EDTA, 

which is of good prospect for the implementation of such biologically-produced compound in praxis.  
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Table 4.5 Summary of the color variation of the naturally corroded samples before and after cleaning (ΔE), the amount of iron 

extracted using 3% w/v hot applied agar gels amended with DFO or EDTA solution at 6·10−2 M, and micrographs of the samples’ 

surfaces after the intervention. Scale bar indicates 5 mm. 

 ΔE 

Total [Fe] extracted 

from use gels (mM) 

Optical microscopy observation 

Untreated 

sample 

n/a n/a 

 

6⸱10-2 M DFO-

amended agar 

gel 

1 × 60 minutes 

18.0 ± 3.5 

 

0.69 ± 0.03 

 

 

6⸱10-2 M DFO-

amended agar 

gel 

6 × 10 minutes 

21.2 ± 0.7 

 

0.68 ± 0.06 

 

 

6⸱10-2 M EDTA-

amended agar 

gel 

6 × 10 minutes 

16.0 ± 3.0 

 

0.74 ± 0.04 
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4.1.1.2.4 Long-term behavior of the treated pieces 

The average color difference ΔE of the naturally corroded steel samples after cleaning and after one year 

stored in uncontrolled indoor conditions was of 3 (± 1.7) on areas treated with DFO-amended agar gel 

and 4 (± 1.7) for EDTA-amended agar gel. ΔE values obtained for both DFO and EDTA cleaning method 

are inferior to 5, such color differences are thus not perceptible to the human eye [16]. In addition, digital 

microscope observations showed a similar surface appearance after 1-year storage (Figure 4.7). 

Although the clearing protocol should ensure the absence of residues from the used gel and solution 

(see Chapter 3, section 3), recent studies present deferoxamine as a reliable corrosion inhibitor, thanks 

to its hydroxamate group [26]. This is to be underlined as this property could be of interest for cultural 

heritage application, as this compound could have a “2-in-1” action, offering both cleaning and 

corrosion-inhibiting activity.  

 

Figure 4.7 Naturally corroded steel sample immediately after Agar-DFO cleaning (a) and one year after intervention (b). 

4.1.2 Evaluation on case studies 

4.1.2.1 Materials and methods 

Following the advice of Aymeric Raimon, conservator at the Arc’Antique laboratory in Nantes (France), 

two iron-based artefacts were selected: (i) a candle holder from the Diocese of Nantes (France), as 

historical object; (ii) a helmet belonging to the personal collection of Raoul de Rochebrune (1849–1924) 

and bequeathed to the Dobrée Museum of Nantes (France) in 1930, as archaeological objects (Table 4.6). 

Although the focus of this work is directed towards historical relics, it was deemed interesting to also 

assess the formulations on archaeological objects for research purposes and subsequent work 

perspectives, to broaden the field of application of the developed formulations. The objects were marked 

by diverse corrosion phases and conservation conditions.  

Consequently, the treatment aims for the two objects differed and had to be specifically defined for each 

type (historical or archaeological object).   

For the diocesan candle holder, a continuous and homogeneous thin red layer, typical of surface oxida-
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tion was observed. The metallic surface was well preserved, and a black patina was sporadically present. 

The goal was to reduce the reddish corrosion layer until the metallic surface by means of gentle chemical 

cleaning, in order to limit metal brightness and preserve the black patina present. Based on mock-up 

results, the religious artworks received, on three distinct areas, 3% w/v agar gels amended either with 

DFO or EDTA solutions (both at a concentration of 6·10-2 M) in two applications of 15 minutes; the 

application of agar gel without any chelator served as a control.   

For the helmet, the lack of conservation of the original surface can be explained by the fact that, like 

most of the collection, these archaeological objects were probably discovered in a fluvial environment, 

which would explain its stripped aspect. Heterogeneous crevices or pit corrosion were seen and the 

strong areas of abrasion on its outer parts indicated that it had been cleaned in the past using chemical 

and/or mechanical means. A black patina, considered as the original surface, was present only 

sporadically, its loss probably being the result of uncontrolled cleaning. Further loss would lead to the 

undesired exposure of the metallic surface. As the dense red corrosion layer visible on the crevices 

served as evidence of the historical journey of the object, its conservation was desirable. The aim is 

therefore to clean in a controlled manner to remove some of the corrosion products to reach the original 

surface while keeping the dense red corrosion in the pits. Three different areas on the interior surface 

of the helmet were treated. Due to the thick corrosion present on both objects, the overall cleaning 

consisted of the application of 3% w/v agar gels amended either with DFO or EDTA solutions (both at 

a concentration of 6·10−2 M) for 3 × 20 min. The control consisted of plain agar gel applied (without 

chelator) following the same protocol.  
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Table 4.6 Recapitulative table of iron-based objects selected as case studies. 

 Objects 

 

  
 

Description 

Candleholder 

 

Historical piece. 

Thin corrosion layer. 

 

Helmet 

 

Archeological object. 

Sediments and corrosion compounds 

displayed in its stratigraphy. 

Provenance Diocese of Nantes (France) Dobrée Museum (Nantes, France) 

Application 2 × 15 minutes 3 × 20 minutes 

 

Before and after cleaning, optical microscopy images were acquired. Raman spectroscopy was used to 

examine the helmet after cleaning on both treated and untreated areas. Due to the geometry of the 

objects and the desire to avoid as much as possible the contact with the surface, colorimetric 

measurements were not performed. Analytical measurements parameters are detailed in the 

supplementary materials at the end of this chapter. 
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4.1.2.2 Results and discussion 

Visual observations of the candleholder indicated an efficient cleaning with DFO-amended 3% w/v agar 

gel. The removal of the iron corrosion products revealed the underlying metal and the objects’ details 

(Figure 4.8).  

 

Figure 4.8 Digital microscope images of details from the candleholder before (a, b) and after (c, d) cleaning with 6·10−2 M DFO-

amended agar gels. Scale bar indicates 5 mm. 

On the helmet, the presence of corrosion products was observed in each zone, even after EDTA-

amended gel application, which appeared more aggressive. The achievement of the desired resulting 

degree of cleaning was difficult, as the metallic surface became apparent after the intervention (Figure 

4.9). 
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Figure 4.9 Visual observation of the helmet before (left) and after (right) cleaning with EDTA- (red), DFO- (green) or plain agar 

(blue) gels. 

AAS of the gels used on the helmet was performed to evaluate the amount of iron extracted using the 

different formulations which yielded to 0.18 mmol/L for EDTA- vs. 0.097 mmol/L for DFO- gels of iron 

detected in gels after a 20-minute application. Detection of iron in the control gel yielded 3 µmol/L. 

Raman analyses performed on the helmet after cleaning identified the presence of calcium-based 

compounds (e.g., CaSO4, CaCO3) along with iron oxy-hydroxides on the areas treated with DFO-

amended 3% w/v agar gel but not with EDTA-amended 3% w/v agar gel (Figure 4.10) [27,28]. 

  

Figure 4.10 Raman spectra (633 nm, 0.1 mW, 4 × 30 s accumulations, 50×) of goethite α-FeOOH (a), lepidocrocite γ-FeOOH (b), 

anhydrite CaSO4 (c) and calcite CaCO3 (d) obtained on the helmet. 

The presence of calcium-based compounds, coming from sediments, resulted in the DFO-amended 3% 

w/v agar gel being less effective. Unlike EDTA, that can bind iron and calcium (log βFe3+-EDTA = 25 and 

log βCa2+-EDTA = 10.9), DFO is specific for iron and its affinity for calcium ions is poor (log βFe3+-DFO = 30.6 

and log βCa2+-DFO ≤ 3.03) [1,2,29]. Although less sustainable [7,8], EDTA offers the benefit of tackling 

sediments as well as corrosion products in one step thanks to its relatively high formation constant with 

a large variety of metal cations [6]. Unfortunately, it was not possible to quantify calcium uptake by the 
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gels by AAS due to interferences from the presence of other elements in the solutions, giving incoherent 

results.  

DFO’s specific affinity for iron supports the use of this compound as a suitable and reliable agent for 

the cleaning of historical iron-based indoor objects presenting simple corrosion stratigraphy. When the 

stratigraphy is more complex, such as when it includes sediments, a preliminary mechanical cleaning 

may be necessary to allow further DFO-cleaning to reach the iron corrosion phases more easily.  

Recapitulated main findings 

Performed experiments allowed to emit assumptions on the functioning of microbial-extracted 

metabolites on iron-based substrates: 

- Agar applied hot is the polysaccharide gel that performed best. 

- Deferoxamine does not act on plain metal, hence being safe for the object. 

- Cleaning efficacy is achieved for DFO concentration of 6·10−2 M or more. 

- DFO-Fe complex is vividly colorful which helps monitoring the treatment. 

- Sorption of iron through the agar matrix follows the Higuchi model, lower than in solution. 

- Short applications perform better than extended ones and allow for a better control. 

- DFO achieves similar results than EDTA on corroded steel surfaces presenting iron 

oxyhydroxides compounds. 

- Although affinity is possible with other ions, deferoxamine is made to be iron-specific. It 

performs less on some ion such as Ca2+ which implies a low efficiency on sedimental layer from 

archeological objects. 

- The treatment seems stable over time, in addition to potential corrosion inhibitive properties of 

DFO that is an additional asset. 
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4.2 Copper 

4.2.1 Evaluation on model samples 

4.2.1.1 Materials and methods 

4.2.1.1.1 Samples  

Copper and brass (Cu63Zn37) obtained from Tartaix (France) were tarnished adapting patination recipes 

using “liver of sulfur” with potassium sulfide [30]. Briefly describing the procedure, a 20% w/v solution 

of Na2S was applied on the metal to be tarnished using a cotton swab, immediately rinsed with water 

and dried. This allows the formation of cuprite (Cu2O) and chalcocite (Cu2S) [31,32]. The obtained 

tarnish was defined as a dark tarnish according to ASTM copper strip corrosion standard (Figure S4.1). 

Treated zones dimensions were 30 × 20 mm. In the text, artificially aged samples are referred to as AAC 

or AAB for copper and brass respectively. 

Naturally aged copper samples (NAC) were obtained from the reverse side of a 20-years exposed 

rooftop sheet metal from La-Chaux-de-Fonds (Switzerland) and cut in dimension of 30 × 30 mm. The 

corrosion layer of AAC, AAB and NAC sample types, characterized beforehand by Raman 

spectroscopy, was mainly identified as cuprite thanks to the peak at 147 cm-1. 

4.2.1.1.2 Treatment evaluation 

A 3% w/v agar gel with DFO water solutions at concentrations of 0, 3·10-4, 3·10-3, 3·10-2 and 6·10-2 M was 

applied to the artificially aged samples for 15 minutes in order to evaluate which minimal concentration 

of DFO is needed for effective copper uptake as it may differ from the concentration used for iron in the 

previous section.  

In a second step, a 3% w/v agar gel amended with either DFO, EDDS or EDTA at 3.10-2 M along with a 

plain agar gel as control was applied for 15, 30, 60, 120 minutes. Experiments were carried out at room 

temperature, approximately 20 °C. Samples were characterized by means of colorimetry and optical 

microscopy before and after gel application. Atomic Absorption Spectroscopy (AAS) of the used gels 

was performed to ascertain the amount of copper contained in the gel after application. Details are to 

be found in the supplementary materials of this chapter but AAS sample preparation involved 

dissolving the gel with 10 mL nitric acid and gauged to 100 mL using milli-Q water.  

On NAC, the latter process was reiterated with additional periods of 240, 480 and 1440 minutes.  

In addition, as an insight, NAC were treated with the chitosan formulation described in Chapter 3 as 

chitosan is known for its copper complexing abilities. The chitosan formulation (CS-ItA-Lcys) was not 

loaded with chelating agents and was simply deposited onto the samples for the allocated times.
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In all cases, after removal of the gel, a cotton swab dipped in ethanol 70% v/v was used to clear the 

surface.  

4.2.1.2 Results and discussion 

Focusing on AAS results (Figure 4.11), there is an increase in metal uptake from the Agar-DFO gel at 

3⸱10-2 M on the AAC substrate ([Cu] = 0.73 ± 0.07 mg/L), the same active agent concentration to what is 

being observed for iron, whereas the increase starts at 3⸱10-3 M for brass.   

For AAC there is a strong decrease of copper concentration at 6⸱10-2 M, however, this should be 

interpreted carefully given the rather important value calculated as standard deviation (SD). Given this 

high SD, it is suggested that this decrease is rather due to the lack of homogeneity of the tarnish layer 

between treated AAC samples. This lack of homogeneity is also the reason behind a systematic error, 

showing 3⸱10-2 M more performing than 6⸱10-2 M and for which the experiment would need to be 

repeated more times. Regarding brass, after an obvious rise of the amount of copper taken up within 

the gel from 3⸱10-3 M, the growth rate is lowered, reaching a threshold of copper taken up (average of 

0.29 ± 0.05 mg/L).  

 

Figure 4.11 Copper detected by AAS in 3% w/v agar gels loaded with different concentrations of DFO after a 10-minute 

application on AAC or AAB samples. 

Interestingly, previous conclusions drawn from AAS are contradicted when looking at the colorimetric 

data (Figure 4.12): a clear color difference before and after cleaning for brass starting from DFO 

concentration of 3⸱10-2 M (ΔE = 40 ± 2) whereas a clear shift for copper taken upis seen starting at 3⸱10-3 

M when looking at AAS results. For copper plates, almost no changes are detected by colorimetry, with 

all ΔE values standing below 5, the limit of perceptible change [16].  
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Figure 4.12 Color difference ΔE on copper AAC and brass AAB samples after application of 3% w/v agar gels loaded with different 

concentrations of DFO for 15 minutes. 

One way to explain the difference of results between the two analytical method is the clearing step. 

After clearance of the gel using this method, the visual appearance of AAB is modified (Table 4.7). 

Indeed, the use of the cotton swab allowed, thanks to its mechanical action, to remove the tarnish layer 

present on brass. Basically, the treating gel weakens the structure of the tarnish layer allowing it to be 

mechanically removed using very light force [33]. On the other hand, for copper, this phenomenon was 

less prominent (Table 4.7), rendering a non-homogenous visual aspect of the surface. This was 

connected to the adherence of the tarnish layer onto the different alloys. Indeed, jewelers, who often 

resort to artificial patination techniques, have reported that a “liver of sulfur” ageing does not take well 

on brass [34]. For that reason, further experiments were carried out on copper samples only. Noticeable 

performance was therefore achieved from 3⸱10-2 M of deferoxamine, which was used for further tests.  
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Table 4.7 Optical microscope observations of copper and brass samples before and after application of a 3⸱10-2 M DFO-containing 

3% w/v agar gel. 

 Before cleaning After cleaning 

Copper 

  

Brass 

  

 

Globally, a similar trend is seen between artificially and naturally aged samples in copper uptake 

(Figure 4.13 a and c), with EDTA being the most performant followed by EDDS. Slight differences can 

be noticed regarding the latter, its performance is closer to DFO on NAC whereas it is in-between EDTA 

and DFO in terms of copper uptake for AAC. For NAC, a statistical analysis showed there was no 

significant difference (p > 0.05) between the performance of DFO and EDDS, but an existing shift 

between the amount of copper taken up or the color difference with EDTA or plain agar. It can 

therefore be stated that on naturally aged coupons, EDTA performs best, followed by EDDS and DFO 

with equal results and way better than the plain agar gel control.  

However, the amount of copper uptake between the two types of samples (AAC and NAC) differs by 

circa an order of magnitude (0.1% of EDTA loaded with Cu in AAC and up to 1% in NAC, figure 4.13). 

Of course, a rapid tarnishing achieved on AAC cannot reach the thickness and adherence of a 

patina/tarnish layer created progressively over a period of years.  

When it comes to color difference (Figure 4.13 b and d), the tendency is a bit different between AAC and 

NAC where EDDS is most performant in the case of AAC (ΔE = 15 ± 2 at maximum). On NAC, EDTA is 

performing best with a maximum ΔE of 27 ± 4.  

There is a lack of consistency obtained for AAS and colorimetry or AAS in the case of artificial tarnish, 

i.e., high standard deviation, preventing from making hypothesis with strong grounds. Indeed, Tuckey 

post-hoc tests showed there were not significant difference in both ΔE and amount of copper taken up 
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according to the type of solution amended inside the gel, the plain gel not performing any better than 

chelator-loaded ones. This phenomenon is not new in heritage sciences and albeit the existence of 

“artificial” corrosion standards (e.g., ASTM, ISO) [35], the plethora of existing natural patina makes 

these standards almost irrelevant and therefore only scarcely used. The difficulty to obtain accurate 

artificial tarnishes that are representative and give way to reliable results have therefore been studied 

in other papers, with the emergence and input of updated and optimized synthesis, unfortunately not 

universal [36]. So far, as much as possible, although more difficult to obtain, the use of naturally aged 

samples is preferred to avoid a discrepancies between in-lab studies and future applications. Therefore, 

for the sake of accuracy, the kinetics of the cleaning of copper by studied formulations was assessed on 

NAC (Figure 4.3c). 

Although at different values, the three complexing agents EDTA, EDDS and DFO display an identical 

curve for AAS measurements (Figure 4.13c). There is a first small plateau after 120 minutes (2 hours) of 

cleaning. This decrease of reaction rate is most likely due to the drying of the gel, with therefore a low 

amount of complexing molecules present in the matrix [37]. This drying can be observed on Figure 4.14.

 

Figure 4.13 AAS measurements on gels after application on AAC (a) and NAC (b) and color difference before and after application 

on AAC (c) and NAC (d). 

After 240 minutes (4 hours), there is a slight increase in the uptake rate before reaching a threshold 

starting at 8 hours. Again after 4 hours of application, the gels dried completely and physically adhered 
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to the surface. Their removal was therefore resulting in a strong stripping mechanical action which 

removed part of the remaining tarnish (Figure 4.14). 

 

Figure 4.14 NAC samples (3 × 3 cm) after removal of complexing agar gel with EDDS, applied for 2 hours (left) and 8 hours (right). 

In addition, the gel being completely dried, no reaction can occur and that explains the threshold 

observed after 8 hours.   

Drying in the context of gel-based method is an already reported phenomenon, where in the case of 

desalination treatment of archeological objects it is the loss of contact between the gel and the object that 

is reported [38]. Gel drying can be explained with several parameters including relative humidity of the 

environment or thickness of the applied gel. This adds up to better reaction rates and better control into 

why shorter applications are preferred. If longer reaction is needed, placing the gel into a confined space 

is therefore advised, covering with watch glass on a flat surface or even plastic film.  

As DFO chelates copper at a 1:1 molar ratio [39], it was possible to calculate the theoretical uptake of 

copper in a 3⸱10-2 M DFO solution which is of 1900 mg/L. In the study, the threshold reached after 8 

hours attained 0.17 mmol/L (0.5 % of chelate loaded). The diffusion coefficient of Cu2+ in water at room 

temperature is 7.14⸱10-10 m2⸱s-1. Similarly to what has been discussed previously for iron, the diffusion 

coefficient is much lower in gel. In addition to those phenomena (presence of the polymer network and 

of the complexing agents), the drying of the gels prevents to study the Higuchi model diffusion as there 

was a change in the volume of the matrix system (the gel). Nevertheless, the loss of metal to ligand 

efficiency using gels is counterbalanced by the assets their use displays in terms of safety of cleaning 

conservation treatments. 

Regarding color differences for NAC, (Figure 4.13d), the three active agents (i.e., DFO, EDDS and EDTA) 

follow a similar color difference variation, in particular with a strong rise until 120 minutes of 

application. Afterwards, as concluded with AAS results, variations are caused by drying of the gels. 

This drying implies further edge effects or scratches on the samples that impact the global visual 

appearance of the samples, being less homogeneous (Figure 4.14).  
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The use of DFO-, EDDS- or EDTA-amended agar gels for cleaning copper surfaces gave the gels a blue 

or green very light hue after use, but not as important as for iron-DFO complexation hence not as 

relevant to monitor the cleaning process. 

On another note, corrosion regrowth on cleaned copper samples is unavoidable overtime as cuprite can 

form spontaneously when exposed to oxygen in a matter of days [40]. For such, it is common to leave a 

layer of cuprite when cleaning copper-based artefacts, as it is considered protective [41]. There would 

therefore be the need of a cleaning agent that is selective enough to remove tarnish (mainly chalcocite) 

but not affect cuprite, as it has been mentioned in other works studying copper cleaning [42]. 

Unfortunately, as seen in Chapter 2, of EDTA and EDDS seem to solubilize Cu2O better than Cu2S (Table 

4.8). On the contrary, DFO showed no enhanced solubilization for Cu2S over Cu2O but still, there is no 

selectivity to avoid removing cuprite.   

Evaluation of long-term behavior of cleaned surface overtime is therefore not as relevant as for iron as 

cuprite will form spontaneously and rapidly overtime as soon as it is cleaned and exposed to oxygen 

[43].  

Table 4.8 Copper solubilized (normalized to BET surface area) (µmol/L/m2/g) after 24 h immersion of Cu2O or Cu2S powder in 

solutions of EDTA, DFO or EDDS - see methods in Chapter II, section 3.1. 

 EDTA DFO EDDS 

Cu2O 911 ± 83 189 ± 78 1178 ± 97 

Cu2S 470 ±36 236 ± 98 475 ± 88 

4.2.1.2.1 Preliminary tests for the application of the chitosan formulation for copper cleaning 

purposes  

Regarding the direct application of CS-ItA-LCys on corroded copper samples (Figure 4.15), its metal 

removing performances are not statistically significant until 240 minutes (4 hours) of application. After 

8 hours of application a statistically significant color modification (p-value = 0.003) can be observed 

between samples treated by agar or CS-ItA-LCys, as it is just above the limit of ΔE = 5.  The 

application of the plain CS-ItA-LCys formulation compared to plain agar showed better results (ΔE = 7 

± 3 vs. 3 ± 3, respectively, after 24 hours) but that are not significant when controlled via ANOVA. 

Contrary to agar gels, no drying of the gels is occurring thanks to the neutralization step that soaks the 

gel and the existence of a thicker membrane that prevents evaporation. Because the gel is molded 

beforehand, the contact is not as close and therefore the interaction between the gel and the surface is 

not as immediate and strong as for agar gel dripped hot onto the surface.  
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Figure 4.15 Color difference after application of CS-ItA-LCys on NAC samples. 

Interestingly, a blueish coloration, typical of Cu2+ ions, of the CS-ItA-LCys gel after application was seen 

on the outer part of the gel surface, as soon as 4 hours after application (Figure 4.16). Unfortunately, 

quantification of copper inside CS-ItA-LCys was not possible due to the difficulty to dissolve samples 

for AAS measurements [44]. Nevertheless, it is an interesting perspective. Another foreseeable work 

would be to assess whether the phenomenon is due to adsorption, absorption, or complexation.  

 

Figure 4.16 CS-ItA-LCys gels after before (left) and after (right) application on NAC samples. 
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4.2.2 Evaluation on case studies 

Different historical copper-based objects were used for case studies.  

4.2.2.1 Materials and methods 

4.2.2.1.1 Brass orthodox polyptych  

First, an orthodox polyptych made of brass (Figure 4.17) and provided by the Musée Dobrée in Nantes 

was used to compare different formulations. 

 

Figure 4.17 Brass orthodox polyptych obtained lent by the Musée Dobrée (Nantes, France). 

The following text is a translation, from French, of the condition report established by the conservator 

Aymeric Raimon regarding the artefact. “This object was in an intermediate state of conservation, with the 

presence of many scratches but surprisingly no residues from abrasive cleaning pastes usually used on that type 

of object. It is composed of four brass panels showing a molded religious scene on the front whereas the back is flat. 

  

The corrosion displayed on this object’s surface seems to be sulfur compounds, according to the homogenous 

iridescence, going from blue to purple. There is also a global patination of the metal is the brownish hue. Finally, 

some red corrosion pits/dots can be observed on the edges of the plate. Those might be copper oxides. The diagnostic 

is therefore atmospheric corrosion, repeated handling of the object without gloves and most likely repeated over-

cleaning explaining the scratches”.  

The aim of the treatment was to retrieve the original brightness of the brass.  

On this object, several tests were performed on the back of one of the panels using, similarly as on model 

samples, DFO, EDTA and EDDS solution at concentration of 3⸱10-2 M in 3% w/v agar gel. They were 
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applied for 10 minutes and repeated if necessary. A zone was treated using a 60-minutes application of 

DFO-agar gel. The surface was further cleared with 70% v/v ethanol using a cotton swab.   

Pre- and post-intervention evaluation was performed by optical microscopy, colorimetry and Raman 

spectroscopy employed as described in supplementary materials. Copper uptake by the applied gels 

was quantified using Atomic Absorption flame spectroscopy in a similar way as explained previously.  

4.2.2.1.2 Brass lamp 

The second object treated was a lamp, lent from the Historical Museum of Lausanne (MHL) (Figure 2.8). 

It displayed a slight tarnish, as defined by the ASTM copper strip corrosion standard (Figure S4.1) [45] 

. The aim of the treatment was to lower the tarnish layer of the external part without reaching an 

extremely bright appearance of the metal. The internal part was not treated due to the fragile condition 

of the glass.   

To achieve this light cleaning and from previous tests, it was chosen to work with a 3·10-2 M DFO-agar 

gel in order to be able to perform a progressive removal. Due to the fragility of the object, only pictures 

and visual observations could be performed on the lamp to assess the cleaning performances.  

 

Figure 4.18 Brass lamp lent by the MHL, before intervention. Scale represents 3 cm. 

4.2.2.1.3 Silvered pocket-watch 

A silver-based pocket-watch lent by the Historical Museum of Lausanne (MHL) was studied to remove 

spots of blueish corrosion compounds (Figure 4.19). The elemental composition of the alloy was 

assessed using an X-ray Fluorescence (XRF), parameters details in supplementary materials.  

Compounds were characterized using optical microscopy, FTIR and Raman spectroscopy as detailed in 

supplementary materials. The full external part of the pocket-watch was treated by the application of 

3·10-2 M DFO agar gel for 20 minutes and rinsed with ethanol as described previously for other objects. 
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Figure 4.19 Pocket-watch lent by the Historical Museum of Lausanne (MHL). Scale is 2 cm. 

4.2.2.2 Results and discussion 

4.2.2.2.1 Brass orthodox polyptych  

Raman spectra performed on the surface (Figure 4.20) revealed the presence of cuprite, represented by 

the bands at 148 and 217 cm-1 [46]. Most likely, copper sulfide compounds could not be detected due to 

high fluorescence from the sample or non-interpretable signal to noise ratio.  

 

Figure 4.20 Raman spectrum (514.5 nm laser, 2.5 mW power, 6 × 30 s accumulations, 50× objective) of the brass polyptych before 

cleaning. 

EDTA and EDDS reached a similar performance when considering color difference before and after one 

application of 10 minutes, with ΔE = 16.9 and 15.5 respectively. As expected, the zone treated with DFO 

is cleaned in a more progressive way, reaching a close color difference (14.9) as for EDTA and EDDS 

after a total of 6 applications of 10 minutes (Figure 4.21). 
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Figure 4.21 Color difference ΔE after 10-minute applications of 3.10-2 M DFO-, EDDS- or EDTA-amended agar gels on the brass 

polyptych. 

Interestingly, the cleaning progression seems linear with an average ΔE between each gel removal of 

ΔE = 2.4 ± 0.4. Taking a closer look at colorimetric data after completion of the intervention (Figure 4.22), 

all zones become lighter by a ΔL ≈ 15. Regarding a* and b* coordinates, EDTA and EDDS have a similar 

shift with almost colinear directional vectors (Figure 4.22, arrows), going towards lesser yellow values, 

although a slight difference in the norm. On the other hand, for DFO, there is close to no change in the 

b* axis (Δb = 0.52), but rather an increase of the reddish appearance of the evaluated zone, as can been 

observed on Figure 4.22 with a* coordinate shifting towards values corresponding to red and on Figure 

4.23 with visual observation of the treated zone. The much lower affinity between DFO and Cu2O than 

EDTA and EDDS and Cu2O (table 4.8), makes it less likely for the siderophore to remove cuprite, which 

is a reddish corrosion compound, and therefore influence the appearance in that direction. 

 

Figure 4.22 CIELab color coordinates measured on the brass polyptych before (circle) and after (crosses) application of DFO- 

(green), EDDS- (yellow), or EDTA-(red) agar gels. 
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Figure 4.23 Brass polyptych after applications of plain (blue), DFO (green), EDTA (red) or EDDS (yellow) implemented agar gels. 

Scale is for 3 cm. 

When it comes to AAS results, it shows that the EDTA gels took up almost twice copper than the other 

gels (Table 4.9). This is in good accordance with the results obtained on NAC (Figure 4.13c). The sum of 

the total of copper taken up by repeated application of DFO-amended gels is still lower than one 

application of EDTA or EDDS. 

Table 4.9 Color difference of the brass polyptych ΔE after treatment and total amount of copper taken up by treating gels. 

 ΔE [Cu] (µM) 

EDTA 17 35 

EDDS 15 16 

DFO 14.9 15 

 

Overall, based on visual observations, which prevail for conservators, EDDS-amended gel achieved a 

comparable performance in comparison to EDTA-amended gel. Its biodegradability and lower toxicity 

make it an interesting alternative to implement in the field. On the other hand, siderophores (DFO) have 

a smooth action and allow to perform a more progressive and controlled cleaning. Indeed, DFO affinity 

for copper (logβ Cu-DFO = 13.7) is lower than EDTA or EDDS (respectively logβ = 18.8 and 18.7) [47,48]. 

Therefore, both DFO and EDDS could be used, according to the desired results and the expectations of 

cleaning.  
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4.2.2.2.2 Brass lamp 

A 10-minutes application of the DFO-agar gel on the lamp external surface allowed to reach a visually 

brighter appearance that is quite subtle (Figure 4.24 a and b). Indeed, on Figure 4.24c where only half of 

the surface is treated, it is obvious that there is lowering of the iridescent aspect of the object.  

 

Figure 4.24 Brass lamp before (a) and after (b) cleaning and during intervention (c) with right side cleaned. Scale is 3 cm. 

4.2.2.2.3 Silvered pocket-watch 

The watch elemental composition, determined by means of XRF, is a silver alloy containing 85.2% of 

silver and 12.1% of copper, the remaining 2.7% being split between trace elements. Therefore, the 

presence of copper in the alloy composition backs up the idea of copper corrosion compounds that were 

initially suspected, given the blue-green color of the spots. Raman analyses detected the presence of 

silver sulfide on the unaffected areas (Figure 4.25), identifiable by the shoulders at 90 and140 cm-1, 

standing for Ag crystal lattice, and the peak at 243 cm-1 representative of Ag-S bonds [49].  



240 

 

 

Figure 4.25 Raman spectrum (532 nm, 1 mW, 30 × 1 s accumulations, 50×) of the silver pocket-watch before treatment on zones 

not displaying blueish stains. 

Copper carboxylates and oxalates could be identified on the object’s surface thanks to FTIR spectroscopy 

(Figure 4.26). Bands at 651, 833, 1056, 1416, 1447, 1585, 1625, 2854, 2919, 2957 and 3358 cm-1 are 

characteristic of copper carboxylates. The bands at 1364 and 1663 cm-1 are characteristic for copper 

oxalates [50–53]. 

 

Figure 4.26 FTIR spectrum of the silver pocket-watch on the blue stains (reflectance mode, 4 cm-1 resolution, 16 scans). 

It is possible that because of friction wearing, the watch’s coating got thinned, making it no longer 

protective. Poor storage conditions overtime might have put the watch in contact with other metallic 

objects and giving way to a galvanic corrosion phenomenon forming these copper spots between the 

copper content of the watch and the other metals [54] or the simple fact of being in a poorly controlled 

indoor environment can result in the copper from the alloy reacting with the protective organic coatings 

and transforming into copper carboxylates, here a mix containing copper oxalates [55,56].  
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Visual observations after application of the DFO-amended agar gel (Figure 4.27) show an efficient 

removal of the greenish spots.  

 

Figure 4.27 Pictures (scale is 2 cm) (top) and optical microscopy (5× objective) observation (bottom) of the silvered pocket-watch. 

Recapitulated main findings 

- Representative samples of tarnished copper, and to a greater extent brass, are challenging to 

achieve through artificial ageing.  

- EDTA is the best performing complexing agent for the cleaning of copper regarding color and 

copper uptake criteria. EDDS performance is nearly as good. 

- Deferoxamine lower affinity for copper-based corrosion compounds makes it a treatment 

alternative with a more progressive action. 

- Drying of the gel starting after 2 hours diminishes the rate to take up metals and gives way to 

unesthetic surface damages. 

- Preliminary tests into direct application of CS-ItA-LCys formulation studied in Chapter 3 on 

tarnished copper give encouraging results. 

  



242 

 

4.3 Silver 

Although no hint of actual silver uptake by tested green chelators (i.e., DFO, EDDS, PVD) have been 

observed in Chapter II, other works have shown some efficiency, in particular of EDDS on tarnished 

silver objects [57]. For that reason, tests were also carried out on silver samples. 

4.3.1 Evaluation on model samples 

4.3.1.1 Materials and methods 

Sterling silver Ag925 samples (30 × 30 × 1 mm) were obtained from GYR (Switzerland). Artificial 

tarnishing was adapted from a protocol reported by Siatou et al [58]. Briefly a 20% w/v solution of 

commercially available albumin (egg white powder from PROZIS) was used in a closed container with 

the samples suspended over the surface. The box was placed in an oven at 80 °C until reaching the 

desired tarnishing level. This protocol allows the deposition of homogeneous H2S vapor on the samples’ 

surface and therefore a gradual creation of silver sulfide (Ag2S).  

A 3% w/v agar gel amended with either DFO, EDDS or EDTA at 6·10-2 M along with a plain agar gel as 

control was applied for 10, 30, 60, 120 minutes. Experiments were carried out at room temperature, 

approximately 20 °C. In all cases, after removal of the gel, a cotton swab dipped in ethanol 70% v/v was 

used on the surface. A comparison control was done by cleaning samples with an abrasive paste 

(CaCO3). 

Samples were characterized before and after intervention using colorimetric measurements along with 

optical microscopy observations. Chelating gels were analyzed for their total silver content using AAS. 

Parameters used are detailed in supplementary materials. 

4.3.1.2 Results and discussion 

AAS results do not permit to state that chelators-amended gels take up silver (Figure 4.28). Indeed, the 

amount of silver detected is extremely low (below 10 µmol/L), if not inexistent when accounting for 

standard deviation which is in the same range as obtained mean values. Few noticeable values obtained 

for DFO- and water-gels after 15 minutes of application ([Ag] = 10 and 50 µmol/L respectively) are 

rendered unreliable as the standard deviation is greater than the mean value (30 and 80 respectively).  
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Figure 4.28 Silver concentration in gels after application on tarnished silver samples. 

Similarly, colorimetric data do not allow to prove any silver tarnish removal for DFO- or EDTA-

amended agar gels (Figure 4.29). However, EDDS yields a clearly perceptible color difference with a 

maximal ΔE value of 13 ± 5 after 60 minutes of application, close to the mechanical cleaning method (ΔE 

= 11 ± 4). Although the considerable standard deviation shows a lack of reproducibility for the EDDS-

based gel, the good performance of EDDS compared to other chelators (DFO, EDTA and water) was 

confirmed to be statistically significant with p-values < 0.05 for each over the timespan studied. 

 

Figure 4.29 Color difference ΔE of silver sample before and after cleaning by DFO-, EDDS-, EDTA- or plain 3% w/v agar gels or 

by mechanical cleaning (abrasive paste). 

These results are in opposition to what has been said elsewhere, where EDDS and DFO achieved results 

that were judged acceptable for cleaning [57]. The difference of results might be related to the tarnishing 

protocol used or, most likely, to the action of the cotton swab that acts a mechanical tool as well, as small 

scratches in the tarnish can be seen in the microscopical observations (Figure 4.30) in addition to the 

absence of silver detection within the used gels. This is consistent with the previously encountered 
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results in Chapter 2 and the lack of solubilization of silver by any of the tested complexing agents (i.e., 

DFO, EDDS, EDTA, PVD or LMOWA)). However, this mechanical rubbing only occurred when an 

EDDS-containing gel was applied. This, added to the results observed in Chapter 2 with the synthesis 

of silver nanoparticles when AgNO3 was put in contact with EDDS, pushes to open a perspective on the 

effect of EDDS on soluble and insoluble forms of silver.  

 

Figure 4.30 Optical microscope observation of silver sample after application of an EDDS-agar gel and rinsing with a cotton swab. 

Scale bar indicates 5 mm. 

4.3.2 Evaluation on case studies 

4.3.2.1 Materials and methods 

Although there was a lack of convincing results on model samples, tests were performed on a silver 

cup, obtained from the collection of the Musée Dobrée, Nantes, France (Figure 4.31).  

 

Figure 4.31 Silver cup lent by the Musée Dobrée. 
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The conditions report performed by conservator Aymeric Raimon states as follows : « Medium 

conservation state. The external surface is carved with vegetal or feather-like decorations. From the color, the object 

is obviously made of silver but the grade of the metal is unknown. Non-homogeneous sulphuration of the external 

surface can be observed. The upper part is slightly homogeneously yellow with some fingerprint traces that led to 

higher degrees of tarnishing. The decorated part, which corresponds to the place where the cup is grabbed is highly 

tarnished, due to sweat and organic compounds present on fingers, with iridescences going from blue to purple, 

sometimes even hiding the decorations. The bottom is not tarnished. Interestingly, no residues of ancient cleaning 

could be observed. Ideally, the aim of the treatment would be to retrieve the shiny aspect of the metal. “ 

4.3.2.2 Results and discussion 

In the case of the cup, the presence of silver inside the gels was null. On the other hand, visual 

observations showed slight changes, especially for the EDDS-treated part (Figure 4.32). This gives credit 

to the hypothesis giving EDDS some efficiency in helping removing silver tarnish in combination with 

soft mechanical tool such as cotton swabs. Further studies using green solutions for silver cleaning 

should be investigated, for instance outputs exposed in Chapter 2: the use of dead or living fungal 

biomass for the uptake of silver [59,60], of amino acids to form silver nanoparticles [61], of sodium 

glycinate to complex silver [62], or of biosurfactants [63]. 

 

Figure 4.32 Silver cup lent by the Musée Dobrée after treatment, centered on the EDDS-treated part (white trapezoid). 

Recapitulative main findings 

- No silver uptake could be observed using AAS. 

- EDDS enhances mechanical removal of Ag2S using cotton swab. 
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4.4 Conclusion 

This chapter demonstrated the promising use of the siderophore deferoxamine (DFO) and the 

aminopolycarboxylic acid (EDDS), to remove corrosion from corroded iron and copper samples. Tests 

on silver-tarnished samples were not conclusive, as expected, given the lack of solubilization of silver 

sulfide observed in Chapter 2.  

Cleaning gels amended with the siderophore DFO allowed the removal of iron corrosion from naturally 

altered samples with a performance similar to that of Na2EDTA, which is traditionally employed for 

cultural heritage interventions. Moreover, the use of DFO at neutral pH allows a mild clearing step, in 

contrast to EDTA solutions, which has an acidic pH. On naturally aged copper samples, EDDS showed 

outcomes similar to the traditionally used petrochemical EDTA and positions itself as an appropriate 

bio-based alternative. On the other hand, siderophores have a lower affinity for copper, their use on that 

substrate is therefore smooth and progressive with the need for repetitions to reach a similar cleaning 

effect as EDTA, which appears as a good complementary method to the existing possibilities. Hence, 

the use of DFO on copper is adapted to a reduction of the tarnish where EDDS is suited for a thorough 

removal of sulfides and oxides to retrieve a bright metal surface. It therefore demonstrates the 

possibilities to go towards a practice with less health and environmental concerns and no compromise 

related to the cleaning efficiency. However, a further look into siderophore types and their different 

stability constants with iron and other metals, could help sharpening the cleaning performances, by 

eventually targeting other compounds, such as sediments, present on the objects.  

Use of siderophores in naturally originated hydrogels was possible. In general, finest cleaning with the 

metabolites-amended agar gel was achieved when applied hot, at a concentration of DFO not lower 

than 3·10−2 M and with frequent reiteration, which also allows better control of the intervention by the 

operator. It is worth mentioning that a preliminary fine-tuning of the application parameters may be 

performed according to the intended intervention and the application parameters and the final protocol 

will depend on the nature of the objects to be cleaned. Therefore, our results should be interpreted as 

preliminary guidelines. DFO-amended agar gel may be more effective when applied to objects with a 

thin corrosion layer, such as indoor historical artefacts, rather than archaeological items heavily 

corroded and with common presence of exogenous sediments.  

The successful use of metabolite-amended agar gels on various copper objects obtained from museums 

is great proof for the versatility of the formulations, encouraging the use in real-praxis of those novel 

and biologically-based solutions.   

On another note, this work highlights the importance of artificial ageing. Indeed, inaccurate 
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reproduction of the natural deteriorative phenomenon may imply unreliable results which can be 

misleading regarding possible outcomes after application on real cases. Therefore, as much as possible, 

it is suggested to work on naturally aged samples corresponding to the targeted corrosion pattern.  

In the span of the HELIX project, the aim is to attain sustainable formulations that do not compromise 

on the efficiency, as demonstrated in this chapter, but are also safe for the object, the operator, and the 

environment. Therefore, assessment of developed formulations can only be complete after evaluation 

of different sustainability criteria in addition to their performances, comparatively to commonly used 

substances.  
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4.6 Supplementary materials 

 

Figure S4.1 ASTM copper strip corrosion standard, obtained from [490]. 0 corresponds to a freshly polished metal. 

Analytical techniques  

Colorimetry 

A Minolta CM-508D spectrophotometer was used for colorimetry measurements. The setup was as 

follows: illuminant D65, d/8° geometry, 10° observer, window size 8 mm, CIELab color space. For iron 

samples specular component was excluded (SCE) whereas for copper and silver samples the setup was 

specular component included (SCI) to account for the gloss of samples. Measurements were performed 

as triplicates per chosen area.   

ΔE* was calculated using the standard color variation formula in CIELab where L*1, a*1 and b*1 are the 

coordinates in the colorimetric space of the first measurement, and L*2, a*2, b*2 those of the second 

measurement. Triplicated measurements. 

 

ΔE*, the total color difference index provides an overall estimation of the color difference but is not 

representative of the qualitative difference (L*, a*, b*) of the color changes. For that reason, sometimes 

graphs showing the three-color coordinates were preferred. ΔL, Δa and Δb were calculated using the 

following formula: Δα=αafter-αbefore, where αafter is L*, a* or b* after cleaning and αbefore is L*, a* or b* before 

cleaning or before artificial corrosion.  
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Optical microscopy 

Optical microscopy images were acquired using a Leica DMS1000 Digital microscope system with Leica 

Application Suite software for iron and copper samples as well as for iron-based objects. For copper-

based objects, optical microscopy observations were carried out using an Axiolab microscope (Zeiss) in 

Dark field mode. 

Atomic Absorption Spectroscopy  

A Thermo Fisher iCE 3300 double-beam atomic absorption spectrometer equipped with an acetylene-

air flame was used to determine the amount of iron, copper or silver present in gel formulations or DFO 

solutions after application. Detection limits were of 0.1, 0.01 , 0.002 µg/L for Fe, Cu and Ag respectively. 

The gels were first dissolved in 10 mL of 70% v/v HNO3 and gauged to 100 mL with deionized water. 

The solutions were not filtered, in order to allow a determination of the total amount of chemical 

elements present including both the ones complexed but also the ones that were stripped from the 

surface by the mechanical peeling action of the gel. Measurements were performed as triplicates. 

Obtained results were normalized by the weight of each gel to have comparable results.  

Fourier Transformed Infrared spectroscopy 

For both iron samples and copper-based objects a Thermo Fisher Nicolet iN10MX was used in 

reflectance mode. FTIR Spectra were recorded with the following parameters: 650-4000 cm-1 spectral 

range, 4 cm-1 resolution, 16 scans. Post-processing of the spectra was achieved with Omnic software. 

Baseline correction and atmospheric correction were performed to remove residual signatures of 

atmospheric CO2 and water in the spectra. 

Eddy current measurements 

The corrosion thickness was measured with a Phynix Surfix Pro S gauge and FN 0.2 probe (PHYNIX 

GmbH & Co. KG, Neuss, Germany) using the F-mode (magnetic induction principle for ferrous alloys) 

with a measurement range of 0–200 µm. Before measurement, zero-calibration with an accuracy of +/– 

(0.7 µm + 1.5 %) was carried out on a steel sample obtain for Tartaix, not corroded. Measurements were 

carried out in triplicates on each replicate and the average value calculated. 

Raman spectroscopy 

A Renishaw Virsa™ Raman analyzer micro spectrometer equipped with 50× magnification objective 

was employed using a 785 nm laser. To examine naturally tarnished copper, spectra were recorded with 

a laser power of 3 mW in the spectral range of 50–1250 cm−1 with fifty accumulations of 1 s each. The 

silver-watch was examined using the same device, with a 532 nm laser and a laser power of 1 mW. 

Spectra were recorded in the spectral range of 60-1600 cm−1 with thirty accumulations of 1 s each. The 

data were post-processed using GRAMS software. 
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A Jobin Yvon Horiba T640000 Raman micro spectrometer equipped with 50× magnification objective 

was employed to examine the iron-based helmet using a 633 nm laser with a laser power of 0.1 mW. 

Spectra were recorded in the spectral range of 100–1500 cm−1 with four accumulations of 30 s each. For 

the brass polyptych, the same equipment was used but using a 514.5 nm laser with a laser power of 2.5 

mW. Spectra were recorded in the spectral range of 100–1200 cm−1 with six accumulations of 30 s each. 

The data were post-processed using Omnic software.  

X-Ray Fluorescence 

A Niton™ XL3t handheld analyzer from Thermo Scientific (50 kV, Ag anode) mode was used using the 

mode “general metals”.  

Statistical analysis of datasets were performed using one way or two way ANOVA, in the R software. 
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5. Assessment of sustainability and real praxis 

transfer of the proposed alternatives  
 

 

 

 

 

 

 

 

 

 

 

 

 

 

« Science sans conscience n'est que ruine de l'âme »  

François Rabelais 
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The HELIX project is designed to seek sustainable alternatives to conservators’ common practices, in 

particular through bioderived and microbial solutions. However, some questions should be raised when 

working on such break-through projects. How can sustainability be evaluated? Are targeted end-users 

actually going to use the innovation? What would be the reasons for the proposed alternatives to remain 

at lab-scale?  

In this chapter, an afterthought is carried out about greenness and especially an attempt to quantify this 

concept in a standardized way. The proposed alternatives are assessed and compared to current 

solutions, using Life Cycle Assessment and relying on European standards for environmental 

evaluation of products. Finally, a discussion is proposed towards the implementation into praxis by 

end-users including the use of microbial extract themselves and the use of hydrogel formulations on 

corroded metals. 
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5.1 Greenness  

In the HELIX project, there is the will to go towards greener approaches. But really, what is greenness? 

Some articles have tried understanding the meaning given by conservation scientists, noticing a lack of 

clear definition of the term [1].   

Because chemistry is seen as a dangerous science, it is common for people to associate the word chemical 

with toxic, as opposed to the natural-green association. Nevertheless, green chemistry has been defined 

almost 30 years ago as the ‘‘design of chemical products and processes to reduce or eliminate the use 

and generation of hazardous substances.” [2]. This definition is rather broad and adds up to the current 

large use of the term by marketing companies, making it a meaningless phrase. The greatest example 

of the lack of precise meaning is the emergence of green-washing [3]. Briefly, it is the use of a form of 

marketing or advertising propaganda to influence the public into thinking that an entity’s products, 

intentions or policies are environmentally friendly [3]. The existence of such practice raised some 

concerns in the span of this work. What are the requirements for something to be called green and does 

this research project actually fit to the definition? As a first approach, it is interesting to look at what has 

been theorized as the twelve principles of green chemistry.  

Green chemistry’s key aspect is the concept of design, as it is something that can, so far, only be achieved 

by human intention. The twelve principles of Green Chemistry, listed in Table 5.1, are rules to help 

chemists achieve a design in accordance with the intended goal of sustainability, throughout all stages 

of the chemical life-cycle of the developed product [2].  

Table 5.1 Twelve principles of Green Chemistry, in bold are the ones most applicable in the HELIX project. 

Pollution prevention 

Prioritize the prevention of waste rather than cleaning 

up and treating waste after it has been created. Plan 

ahead to minimize waste at every step 

Atom economy 

Reduce waste at the atomic scale by optimizing the 

number of atoms from all reagents incorporated into 

the final product. Use atom economy to evaluate 

reaction efficiency 

Less hazardous chemical synthesis 

Design chemical reactions and synthetic routes to be as 

safe as possible. Consider the hazards of all substances 

handled during the reaction, including waste 

Design safer chemicals 

Minimize toxicity directly by molecular design. Predict 

and evaluate aspects such as physical properties, 

toxicity, and the environmental fate throughout the 

design process 
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Safer solvents and auxiliaries 

Choose the safest solvent available for any given step. 

Minimize the total amount of solvents and auxiliary 

substances used, as these make up a large percentage 

of the total waste created 

Design for energy efficiency 

Choose the least energy-intensive chemical route. 

Avoid heating and cooling as well as pressurized and 

vacuum conditions (i.e., ambient temperature and 

pressure are optimal) 

Use renewable feedstocks 

Use chemicals which are made from renewable (i.e., 

plant-based) sources rather than other chemicals 

originating from petrochemical sources. 

Reduce derivatives 

Minimize the use of temporary derivatives such as 

protecting groups. Avoid derivatives to reduce 

reaction steps, resources required, and waste created. 

Catalysis 

Use catalytic instead of stoichiometric reagents in 

reactions. Choose catalysts to help increase selectivity, 

minimize waste, and reduce reaction times and energy 

demands. 

Design for degradation 

Design chemicals that degrade and can be discarded 

easily. Ensure that both chemicals and their 

degradation products are not toxic, bio accumulative, 

or environmentally persistent. 

Real-time analysis for pollution prevention 

Monitor chemical reactions in real-time as they occur 

to prevent the formation and release of any potentially 

hazardous and polluting substances. 

Inherently safer chemistry for accident prevention 

Choose and develop chemical procedures that are 

safer and inherently minimize the risk of accidents. 

Know the possible risks and assess them beforehand. 

In the HELIX project, as discussed in chapter 4, atom efficiency is rarely attained. Indeed, the chelate 

loading hardly reaches values above 3% for iron and 1% for copper in gels, never reaching the 

equilibrium state. Consequently, it can be said that the use of gels hinders the atom efficiency of the 

overall treating system. However, considering the application, conservators value this delivery system 

as being easier to control. For such, one should consider both approaches (greenness and atom efficiency 

versus practicity for objects treatment), and balance according to their subjective needs and 

sensibility.Overall, a cautious design helps eliminating intrinsic hazards within chemicals and 

processes, whether it is eco-toxicity, physical hazards, carbon emissions or less trivial ones like ozone 
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depletion. A hazard is defined as the capacity to cause harmful consequences whether to humans or the 

environment. Inherent hazards of a chemical substances can be minimized. They may come from the 

raw materials that are used, the production phase as well as the final products obtained.  

In addition, the idea of reducing hazards across all the life-cycle stages has been shown to be 

economically profitable [2]. Consequently, to ascertain the green and sustainable design of the HELIX 

hydrogels formulations, a Life Cycle Assessment (LCA) of selected compounds and formulations was 

performed. 
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5.2 Life cycle assessment (LCA)  

A Life Cycle Assessment (LCA) is a reference method used to evaluate the environmental impact of a 

product, process, or activity throughout its entire life cycle, from raw material extraction to end-of-life 

disposal, including fabrication, transportation and use [4]. It is a useful tool for decision-making and 

product development, as it allows for the identification of areas where improvements can be made to 

reduce environmental impact and increase sustainability. It therefore allows to act on the design of the 

product (e.g., choice of materials). It also helps understanding better the issues and making informed 

decisions. It permits a comparison of products or services with equal function and allows to identify 

pollution displacements and prioritize eco-design actions.   

LCA analyses can be conducted on different levels of the product life cycle, such as cradle-to-gate (from 

raw material extraction to the factory gate), cradle-to-grave (from raw material extraction to end-of-life 

disposal), or even cradle-to-cradle (from raw material extraction to end-of-life disposal and subsequent 

recycling). The choice of the boundary and scope of the LCA study depends on the goal and purpose of 

the analysis.  

The European norms ISO 14040 and 14044 define and frame the requirements and guidelines for 

conducting LCA studies. They outline a set of sixteen impact categories to be considered in an LCA 

(Table 5.2) [5]. Using a multicriteria approach and adhering to them helps ensur the validity and 

comparability of LCA studies.   

During the Life Cycle Assessment, emissions are being united behind actionable numbers meaning that 

different emissions causing the same impact are converted into one unit and therefore one impact 

category. As an example, the impact category “Climate change” is expressed in kg CO2 equivalents (kg 

CO2 eq). However, other greenhouse gases than carbon dioxide emissions can have an impact on climate 

change as well (e.g., CH4, N2O, etc.). By converting the other greenhouse gases emissions in CO2 

equivalents, it becomes possible to give a unique metric for climate change under one impact category. 

Other categories also have their reference compound (e.g., P, N, Sb, U235).   

In order to make sense of the data generated by an LCA, a single score is often calculated to represent 

the overall environmental impact. The lower the single score, the less the evaluated system is impactful. 

This single score takes into account all of the different impact categories evaluated in the assessment. 

To do so, scores obtained in each impact categories are normalized and weighted. For the normalization 

step, results obtained for the studied system are compared to reference values. This is done to 

understand the relative impact, giving a sense of the proportions of emissions compared to reference 

values. Here, the normalization reference is the impact of an average European citizen. The resulting 

score is then multiplied by a weighting factor. This step assigns weighting factors to the categories based 
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on societal preferences. It reflects the relative importance of the different impact categories. The values 

used for normalization and weighting factors can therefore vary depending on context, geographical 

parameters etc. It is still important to keep in mind that while normalization and weighting factors help 

simplifying and communicating LCA results, they also involve subjectivity and potential debate for 

determined values, arguing what is “normal” or how much weight should be assigned to one or the 

other impact categories depending on perspectives [6].   

The presence of these different impact categories helps avoiding a false good idea, for instance to act on 

one of the criteria without realizing it worsens the “weight” of another category. It is often the case that 

a solution that seems greener in theory in fact turns out to be less sustainable than expected, as only one 

criterion is taken into account.   

The main categories (highest contributions) that can be related to the HELIX project are in bold in Table 

5.2 and an explanation for each of these is given thereafter: 

- Climate change: Takes into account greenhouse gas emission such as CO2, CH4, N2O 

- Particulate matter: Takes into account all direct emissions of fine particles or precursors like NOx 

and SO2 

- Eutrophication, freshwater: Takes into account all the emissions (PO43-, H3PO4, N containing 

compounds) responsible for the proliferation of algae in freshwater environments 

- Ecotoxicity, freshwater: Takes into account the emissions of bio-accumulable substances that 

have harmful consequences on living organisms such as heavy metals, persistent organic 

pollutants (POPs), etc. 

- Resource use, fossils: Takes into account non-renewable energy sources such as fuel, oil, coal, 

uranium, natural gases 

- Resource use, minerals and metals: Takes into account mineral resources consumption 
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Table 5.2 Impact categories considered with their normalization and weighting factors [7]. Bold categories as the most relevant 

ones to the HELIX project. 

Main 

concerns 
Impact categories Unit 

Global 

normalization 

factor 

Weighting 

factors (%) 

B
io

d
iv

er
si

ty
 a

n
d

 

h
u

m
a

n
 h

ea
lt

h
 Climate change kg CO2 eq 8.10 ×103 21.60 

Photochemical-ozone 

formation, human health 

kg NMVOC7 

eq 
4.06 × 101 4.78 

Water use m3 water eq 1.15 × 10-4 8.51 

H
u

m
an

 h
ea

lt
h

 

Ozone depletion kg CFC8eq 5.36 × 10-2 6.31 

Human toxicity, cancer effects CTUh9 1.69 × 10-5 2.13 

Human toxicity, non-cancer 

effects 
CTUh 2.3 × 10-4 1.84 

Particulate matter 
Disease 

incidence 
5.95 × 10-4 8.96 

Ionizing-radiation, human 

health 
kBq U235 eq 4.22 × 103 5.01 

B
io

d
iv

er
si

ty
 

Acidification mol H+ eq 5.56 × 10 6.20 

Eutrophication, terrestrial mol N eq 1.77 × 102 3.71 

Eutrophication, freshwater kg P eq 1.61 2.80 

Eutrophication, marine kg N eq 1.95 × 10 2.96 

Land use Pt10 8.2 × 105 7.94 

Ecotoxicity freshwater CTUe11 4.27 × 104 1.92 

R
es

o
u

rc
es

 Resource use, fossils MJ 6.50 × 104 7.55 

Resource use, minerals and 

metals 
kg Sb eq 6.37 × 102 8.32 

 

A good example of this bias in the cultural heritage field is the STiCH platform [8]. It is an online tool 

to help conservators with the choice of their working materials with an environmental focus. It is a 

 
7 Non-Methane Volatile Organic Compounds 
8 Trichlorofluoromethane 

9 Comparative Toxicity Unit for human health 

10 The Pt unit used is a dimensionless value. A value of 1 Pt means one thousandth of the one-year environmental burden of the 

average European population [4].  

11 Comparative toxicity unit for the environment 
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carbon calculator and therefore cannot be regarded as an extensive LCA overview. Nevertheless, it is a 

good start to introduce those concepts in the field and to raise awareness to end-users. 

While both LCA and carbon calculators can be used to assess the environmental impact of a product, 

process, or activity, there are some key differences that make LCA more relevant in certain situations. 

A carbon calculator typically focuses on calculating the carbon footprint of a product, process, or 

activity. This means that it primarily considers greenhouse gas emissions, corresponding to the impact 

category “Climate change”, and may not take into account other environmental impacts, such as 

resource depletion or toxic wastes. Carbon calculators are typically less comprehensive than LCA and 

may not provide a full picture of the environmental impact. On the other hand, LCA is a more complete 

methodology that considers a wide range of environmental impacts, including greenhouse gas 

emissions, resources depletion, energy use, and emissions to air, water, and land. It also takes into 

account the entire life cycle from raw material extraction to end-of-life disposal and can identify 

opportunities for improvement at each stage of the life cycle. LCA is therefore more relevant than a 

carbon calculator in situations where a comprehensive evaluation of the environmental impact is 

needed. LCA can provide a more complete understanding of the environmental impacts and trade-offs 

associated with different options, and can help inform decision-making for sustainable development. 

However, it is important to note that LCA has its limits [9]. It requires a significant amount of data and 

resources, not always under open-access, and results may vary depending on the assumptions and data 

used in the analysis. There is also a risk a misinterpretation from unadvised users.  

LCA should be used as one tool among others to inform decision-making and should be complemented 

with other sustainability metrics which can be used in combination with LCA to provide a more 

comprehensive view of sustainability. By considering multiple indicators, decision-makers can gain a 

more complete understanding of the sustainability and make more informed decisions. Additionally, 

social and economic impact metrics are not typically included in LCA but can provide important 

information about the social and ethical implications of a product or process.  

5.2.1 Materials and Methods  

A LCA was carried out based on the ISO 14040:1997 and ISO 14044:2006 standards [10,11]. The 

methodology for this LCA analysis relies on the competence of the EVEA consultancy company12, 

specialized in LCA evaluations.  

 
12 https://evea-conseil.com/en, s.issartial@evea-conseil.com 

https://evea-conseil.com/en
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5.2.1.1 Goal definition 

The first aim is to obtain the environmental footprint of raw materials used for HELIX formulations in 

comparison to petrochemically sourced alternatives (Table 5.3).  

Table 5.3 Raw materials studied in the LCA. 

 Raw material CAS number Origin 

Polymers 

Agar-agar 9002-18-0 Biosourced 

Gellan gum 71010-52-1 Biosourced, fermented 

Xanthan gum 11138-66-2 Biosourced, fermented 

Carboxymethyl cellulose (CMC) 9000-11-7 Biosourced13 

Polyvinyl alcohol (PVA) 9002-89-5 Petrosourced 

Complexing agents 

EDDS 20846-91-7 Petrosourced 

Na2EDTA 6381-92-6 Petrosourced 

Deferoxamine 70-51-9 Biosourced, fermented 

 Borax 1303-96-4 Mineral 

 D.I. water 7732-18-5  

 

Second, it is sought for to evaluate the environmental footprint of some cleaning hydrogel formulations 

(Table 5.4) based on priorly studied raw materials and considering the impact of the preparation 

method, the use phase and the end-of-life (cradle to grave system).  Carboxymethyl cellulose 

(CMC) and Polyvinyl alcohol (PVA-borax) were added to studied hydrogels as they are often resorted 

to in heritage conservation but not considered bio-based to be studied further in the thesis (Chapter 1 

section 4).  

Finally, a look is taken at the health hazards of all the raw materials based on bibliographic study using 

bibliographic references and collaborative databases.  

The main objective is to compare the hydrogels developed in the span of this project versus those that 

are currently used by end-users in metal heritage conservation, both in terms of environmental and 

health impact. The functional unit, used to normalize things in order to have a comparable overview, 

was defined as cleaning 1 dm2 of tarnished copper. As can be seen on Table 5.4, formulations containing 

DFO need bigger quantity to fulfill the functional unit due to the lower affinity of DFO than other 

studied complexing agents with copper. 

 
13 Although bio-derived from cellulose, carboxymethyl cellulose production may require reagents hazardous for the aquatic 

environment (e.g., chloroacetic acid used for the synthesis of carboxymethyl cellulose) [65].  
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Table 5.4 Formulations evaluated. Completely bio-sourced ones are in italic. 

Formulations Quantity for the functional unit 

PVA/Borax/Na2EDTA/Water 30 

Agar-agar/DFO/Water 120 (4×30 mL applications) 

Xanthan/DFO/Water 120 (4×30 mL applications) 

Agar/EDDS/Water 30 

Agar/Na2EDTA/Water 30 

 

5.2.1.2 Scope definition 

A cradle to grave system boundary was proposed, which considers steps from raw materials extraction 

to the end-of-life (figure 5.1). A European geographical scope was considered for raw materials 

production and formulations and a Swiss scope for the end-of-life treatment as the use was considered 

in Switzerland in the span of this project. Transport of the formulations and raw materials as well as 

packaging of raw materials or end products were excluded from the analysis.  

 

Figure 5.1 Recapitulative scope of the LCA study carried out in this chapter. 
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5.2.1.3 Impact categories 

Out of the sixteen impact categories based on the recommendation of the European commission, six 

were found suitable to be used for this evaluation of cleaning hydrogels (Table 5.2, bold characters). 

These six categories are the ones that contribute the most to the final single scores of studied raw 

materials or formulations (i.e., characterized, normalized, and weighted). 

5.2.1.4 Data collection 

The software used for the LCA is SimaPro, which is the reference software in the field. 

Modeled data available (i.e., CMC, Na2EDTA, PVA and borax) were extracted from the database 

EcoInvent 3.8 or World Food LCA. The methodological reference were the ISO norms 14044 and 14040 

and the calculation method Environmental Footprint (EF) 3.0. Contributors considered for those data 

were the raw material input (i.e., the initial reagents necessary to their synthesis, including water), the 

chemical factory needed to perform the synthesis (i.e., building, laboratories, equipment, etc.), the 

energy necessary to the synthesis, the wastewater needing treatment after synthesis and finally the 

emissions released during synthesis. 

Some of the raw materials studied were not available in the EcoInvent database, therefore required a 

bibliographic study to determine the production process and model these compounds. A semi specific 

approach was performed for some of the compounds, meaning evaluating the desired molecule based 

on the reactive molecules needed for its synthesis, if they were readily available in the database. 

Hypotheses for the related compounds are detailed below.  

5.2.1.4.1 EDDS 

The modeling hypothesis for EDDS production (35% solution) was based on [12] and EVEA generic 

chemical substance synthesis sheet. It should be pointed out that the referred paper is relative to a lab-

scale production. A semi specific approach was conducted to model EDDS with the reagents used for 

its synthesis. 

Although EDDS has been cited as possibly bio-sourced [13], this way of producing it is not yet adapted 

to industrial production and therefore the chemical reaction between ethylene bromide and L-aspartic 

acid is the main industrial production route for EDDS, with an estimated yield of 25% [12].  

L-aspartic acid (LAA) was evaluated further as there are two alternatives to its production: the direct 

fermentation from sugar-containing substrate (Data for L-aspartic acid were extracted from World Food 

LCA database) or production using fumaric acid in the presence of high concentration of ammonia as 

carbon source (Table S5.1) [14,15]. The latter displays very high yields (over 95%). In the final model, 

production of LAA by fumaric acid is used.  
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Identified contributors were main reagents for EDDS synthesis and production (i.e., water, sodium 

hydroxide, ethylene bromide, sodium carbonate and L-aspartic acid), the energy used for the synthesis 

(e.g., heaters, stirrer), chemical factory (i.e., process emissions from the chemical plant) and emissions 

from the synthesis.  

5.2.1.4.2 Agar 

Two species of algae can be used for agar production, Gracilaria, mainly cultivated or Gelidium, harvested 

from wild bushes. Depending on the bibliographic source, the percentage of industrially used species 

is significantly different, ranging from 53% to 99% for Gracilaria versus 44% to 1% for Gelidium [16,17]. 

Here, the agar extraction protocol modelled is considered to yield a production of 26% for Gelidium and 

33% for Gracilaria [16,18–20], considering low-scale production based on available data. The final model 

considers using the Gelidium species as it is claimed to be the species used by CTS restauro®, the main 

brand used by conservators for agar supplies. The harvest is considered made by hand, although 

mechanical ways are probably more relevant nowadays, but there is a lack of information on these 

techniques to allow proper model.   

For agar, contributors include the necessary factory (i.e., the building itself) for the transformation 

process of red algae into gelling powder, the energy necessary for the transformation process, the 

transport (e.g., of the algae from the cultivation or harvesting places to the factory), the contribution of 

the cultivation process, the production of the gelling powder (i.e., chemicals and water used) and the 

wastewater from the production that needs to be treated afterwards. 

5.2.1.4.3 Fermented compounds 

For the compounds obtained by fermentation (i.e., xanthan gum, gellan gum and deferoxamine (DFO), 

see Table 5.3), the upstream process, meaning steps related to the inoculum development, is not taken 

into account. Regarding the downstream process, only generic steps, i.e. centrifugation, filtration and 

extraction are considered. Because high purity is not highly necessary for heritage conservation 

purposes, further purification steps using organic solvents like ethanol or isopropanol for xanthan and 

gellan gums are not taken into account. For DFO, there are seven purification steps, using multiple 

hazardous organic solvents (e.g., methanol, methyl isobutyl ketone (MIBK), chloroform), followed by 

preparation of DFO methane sulfonate salt form which are also discarded. 

For all fermented compounds, contributors were the added carbon source (e.g., sugar from beets or 

glucose, soybean etc.), the production medium (i.e., water and chemicals), wastewater from the 

production of the gelling powder, production factory and biological wastes.  

For confidentiality reasons, common suppliers were not compliant with sharing the details of their 

fermentation processes. Data is therefore based on EVEA generic fermentation sheet using Brew report 

hypothesis and bibliographic study to input carbon source, production medium, fermentation 
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conditions, productivity, yield and process energy [21]. All models are based on low scale processes as 

most industrial ones are not detailed in open access.  

Xanthan gum  

Hypothesis for the model of xanthan gum is based on articles from García-Ochoa et al. and Kuppiswami 

et al. with a production yield of 56% and a concentration in the final broth of 22.5 g/L [22,23]. Carbon 

source considered for the final model is sucrose (40 g/L). For instructive purposes, alternatives were also 

modeled, for instance the input of a glucose carbon source or the use of lower electricity power (1 kW3 

instead of 5 kW3). The production medium considered is detailed in Table S5.2.  

Gellan gum  

Hypothesis for modelling is based on a publication presenting the optimization of cultural medium for 

gellan gum production with a verification experiment in a 5 L bioreactor with a production yield of 50% 

and a concentration in the final broth of 19.9 g/L [24,25]. The carbon source was considered to be sucrose 

(40 g/L), and the production medium detailed in Table S5.3.  

Deferoxamine  

The production yield considered is 24% with a concentration of product in the final broth of 4.8 g/L. The 

production medium is detailed in Table S5.4 and the carbon source input was hypothesized as mannitol 

(20 g/L). Publications related to the production of deferoxamine are few and not very detailed [26–28].  

5.2.1.4.4 Borax 

For borax, several hypotheses were considered. First, the use of Borax decahydrate versus anhydrous 

borax. In addition, boron is a rare element which is not found in nature alone in free form. It is generally 

found in combination with other elements in salts or ores and has been classified among the eight critical 

materials since 2017 [29]. For such, resource scarcity of tincal, the main boron ore, was then evaluated 

using different sources and using a characterization factor. The characterization factor for borax (8.41 × 

10-3 kg Sb eq/kg) was created using the average on the abiotic depletion values for tincal and boron (4.27 

× 10-5 and 1.68 × 10-2 kg Sb eq/kg) [29]. Indeed, for tincal a new value for the abiotic depletion was recently 

published but is not implemented yet in the new Environmental Footprint EF method (3.1) because 

potentially underestimated [29]. The other value for boron is rather old and potentially overestimated 

and therefore obsolete but considered because updated with the ratio boron to tincal.  

5.2.1.5 Gels preparation 

The formulation and preparation for PVA-borax gels was based on publication from the CSGI group 

[30]. It considered 3% w/v PVA, 0.6%w/v borax and 3⸱10-2 M Na2EDTA.  

For agar formulation, the protocol described previously was implemented [31], using 3% w/v agar and 

complexing agents concentration of 3⸱10-2 M for Na2EDTA, EDDS and DFO.  
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For xanthan formulation, simple mixing of 5% w/v xanthan gum with 3⸱10-2M DFO, as explained in [31]. 

The loss percentage, meaning the gel remaining in the beaker or container, was estimated at 5 wt.%. The 

energy input was considered using an agitating heating plate (heating power 630 W, absorbed engine 

agitation power 30 W, restituted engine agitation power 23 W). 

5.2.1.6 Use phase considerations 

Consumables as beakers, syringe, spatula and wooden sticks (cotton holder) have not been modelled as 

they are reusable. Pipettes, latex gloves, ethanol solution for rinsing, cotton and cleaning paper have 

been considered according to Table 5.5. The weight of these consumables is considered for the 

simulation. For latex gloves, models accounting for gloves of 11.88 g and 6.86 g were considered, 

according to the thickness of the gloves. 

Table 5.5 Consumable considered in the modelling of the Use Phase of hydrogels. 

Consumables 

PVA-Borax-

Na2EDTA 

Agar-EDDS 

Agar-Na2EDTA 

Agar-DFO Xanthan-DFO 

Pipette 1 pipette – 2 g 

Latex gloves 1 glove pair – 11.88 g (max weight) 

Ethanol solution 10 mL 

Cotton 0.4 g 1 g 2 g 

Cleaning paper 5 g 

 

5.2.1.7 End of life of the formulations 

The application of the UseTox model, recommended by the European Commission [32], to characterize 

ecotoxic impacts of wastes in freshwaters and on human health is relevant when it comes to chemical 

substances that are rinsed down a sink, in addition to being identifiable by a CAS number. In the case 

of hydrogels for cultural heritage conservation, it appears, after discussion with conservators that most 

gels are not rinsed but discarded with a cotton swab and water and put with solid waste. The end of life 

considered is therefore incineration. 

In addition, after use, the compounds are not present under their initial form as the complexing agents 

become metal-ligand complexes that need to be identified with a new CAS number, which is not the 

case for all the M-L complexes studies. Indeed, it is important to note that the biodegradability of a M-

L complex is different than the biodegradability of the involved complexing agent alone [33]. In addition 



272 

 

to the scarcity of available relevant data in UseTox model, there is no model that allows to estimate and 

compare the ecotoxicity of incinerated substances. Incineration decomposes matter in several types of 

emission including water, gas, heavy metals and organic compounds. Metals cannot be eliminated by 

combustion and therefore can be found in incineration residues. 

The stakes are therefore rather on the presence of metal ions than the complexing agent used. However, 

there are no possible levers of action as the cleaning of metal will always involve the presence of metal 

ions. 

All things considered, an estimation of biogenic carbon of studied formulations is proposed. Indeed, 

adapting the data with the actual proportion of biogenic carbon in the formulations allows to compare 

the impact of the end of life via incineration depending on the nature of the raw materials used in the 

formulations. Basically, it considers that the CO2 released after combustion is a “neutral” or “no net” 

emission as the carbon embodied in biomass was taken up during photosynthesis for instance and 

therefore can be seen as a constant CO2 amount overtime, almost as a circular carbon cycle and therefore 

having no impact on the global LCA.   

It is relevant to note that this end-of-life evaluation is country-specific as in Switzerland 99% of 

municipal solid wastes are considered incinerated whereas if a French scope had been considered, the 

percentage would have dropped to 61% according to EcoInvent values.  

5.2.1.8 Raw materials hazards evaluation 

To complete the LCA, another approach has been considered to evaluate the ecotoxicity of studied 

formulations. Bibliographic assessments using REACH (Registration, Evaluation, Authorization and 

Restriction of Chemicals Regulation) database has been carried out, which allowed to evaluate the 

environmental and health impacts of the raw materials and make better choices upstream. REACH 

database is a database where users report hazards related to materials based on their own experience 

[34]. 

Furthermore, substances that may have serious and often irreversible effects on human health and the 

environment can be identified as substances of very high concern (SVHC). If a substance is identified as 

an SVHC, it will be added to the Candidate List for eventual inclusion in the Authorization List. 

Companies may have immediate legal obligations following the inclusion of a substance in the 

Candidate List. 

5.2.2 Results and discussion 

First, each compound will be assessed individually and then the different formulations combining 

singular raw materials and preparation will be evaluated. Afterwards, the use phase and the end of life 

of each cleaning gel will be considered. Finally, an overview of the impact of each formulation from 
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cradle to grave will be proposed. In complement, an overview of the hazards brought by each raw 

material is given.  

5.2.2.1 Raw materials 

5.2.2.1.1 EDDS 

For the raw material EDDS, contributors’ repartition into the input of the main impact categories is 

proposed in figure 5.2. The main reagents, L.-aspartic acid and ethylene bromide are the most impactful 

contributors in the production of EDDS, regardless of the impact category evaluated, whereas 

contributors related to the process itself (energy, chemical factory, EDDS emission) are rather low.  

 

Figure 5.2 EDDS solution potential main impact contributors according to the different impact categories relevant for the purpose 

of this research project. 

Ethylene bromide, one of the two main contributors to EDDS environmental impact is usually prepared 

using ethene and dibromide, for such, no lever of action could be performed on the production route.As 

L-aspartic acid is the other main contributor to EDDS environmental footprint, a deeper look was taken 

at its different production routes. It turns out that L-aspartic acid produced from fumaric acid is clearly 

less impactful than when prepared from sugar-containing substrate, with a “Climate change” impact 

contribution of respectively 0.53 and 2.88 mPt for 1 kg of solution (Figure 5.3), along with being more 

representative of the industrial production route. In the case of the EDDS used in the HELIX project 

(purchased from Sigma Aldrich), no information was given by the provider regarding the origin of L-

aspartic acid used for the synthesis.  

Although fumaric acid and ammonia are not considered safe nor green compounds, this lower score is 

accounted for by the significantly higher yield for the fermentation medium with fumaric acid (above 
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95% vs. 29% for the direct sugar fermentation route) [14], which has a direct impact on the 

environmental footprint of EDDS itself, through the semi specific approach, with a single score 

evaluation decreased by a factor of over 7 with production using fumaric acid (Figure 5.3).  

 

Figure 5.3 Single score of 1 kg EDDS solution comparing production using L-aspartic acid made by fermentation from fumaric 

acid as carbon source rather than sugar-containing substrate. 
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5.2.2.1.2 Agar 

The weight of different contributors (e.g., energy, wastewater, production including water and reagents) 

into the different impact categories for different agar seaweeds is displayed in Figure 5.4.  

 

Figure 5.4 Agar-agar main potential impact contributors according to the different impact categories relevant for the purpose of 

this research project. 

Single score of agar from cultivated plants (Gracilaria spp.) is impacted by algae cultivation and 

production whereas for agar from harvested species (Gelidium spp.) the impact is mainly due to the 

energy used for production. It is important to note that according to the species of algae used the results 

appear to be significantly different. Indeed, the two main species used are Gracilaria, cultivated and 

Gelidium, which is wild. Gracilaria algae are the most used for food-grade agar whereas Gelidium species 

are mainly used for bacteriological and pharmaceutical purposes, because they render a higher-quality 
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agar with better gelifying properties [35,36]. The latter usually has a lower impact as harvesting does 

not require most of the equipment necessary for cultivation, in particular land artificialization for the 

cultivating site, the factory premises and energy to run, pesticides etc. [17]. This is shown by the single 

score of both agar types, combining the values of each impact category (Figure 5.5).  

 

Figure 5.5 Single score of 1 kg agar comparing production form Gracilaria algae versus Gelidium algae. 

Unfortunately, LCA does not address bio-sourced resources scarcity, which is a concern to be raised for 

agar plants [37]. Indeed, Gelidium agar market shattered from >90% to <1% from 1960s to 2020. A global 

shortage of Gelidium was reported in 2018 [17]. Harvesting, although less impactful, has a direct 

influence on the structure of seaweed beds and marine biodiversity [17], especially if performed 

mechanically, which on the long run directly affects availability of the resource.  

5.2.2.1.3 Fermented compounds 

The main contributors to substances produced by fermentation are usually energy, production medium 

and carbon source used during fermentation. It is therefore crucial to know these parameters accurately. 

Generally, in industrial processes, the carbon source tends to be the main source of impact whereas 

production medium tends to be the lowest one amongst the three cited. Hence, the modelling is highly 

limited by the lack of information or variations in the production medium, carbon sources and yields 

available in literature. 

Xanthan gum  

According to the hypothesis based on a yield of 56% (22.5 g/L of xanthan gum in the final broth), sucrose 

(40 g/L) as the input carbon source and using production medium detailed in Table S5.2 [22,23], the main 
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contributor for “Climate change”, “Particulate matter”, “Eutrophication, freshwater” and ”Resource 

use, fossils” categories is the energy use. On the other hand, production medium is the main contributor 

for the categories related to “Resource use, minerals and metals” and “Ecotoxicity, freshwater” (Figure 

5.6).  

 

Figure 5.6 Xanthan gum main potential impact contributors according to the different impact categories relevant for the purpose 

of this research project. 

On Figure 5.7, in order to appreciate the impact of the different hypotheses, different situations were 

modeled and displayed as single score. The first variation concerned the nature of the carbon source. 

For a similar final production of 22.5 g/L, the use of sucrose and glucose at the same concentration (40 

g/L) achieved similar results (1.55 and 1.57 mPt respectively) whereas the use of sugar from sugarcane 

reached a slightly higher score of 1.82 mPt. Regarding the production medium, if its composition 

reported in Table S5.2 was modified to an agar-containing Yeast-Peptone-Glycerol (YPG) medium, the 

single score would rise by over 300%. If the electricity used for the fermentation was lowered to 1 kW/m3, 

instead of the 5 kW3 normally considered, the single score would drop by 30%. Finally, the obtention of 

a higher yield of 65 g/L instead of 22.5 g/L in the final broth would also result in the decrease of the final 

single score of xanthan gum. This proves the importance of accurate data for a reliable modelling as 

results can vary substantially.  
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Figure 5.7 Potential input variation impact on xanthan gum. 

Gellan gum  

For gellan gum, energy is the main contributor impacting on "Climate change”, “Eutrophication, 

freshwater” and “Resource use, fossils” categories whereas production leads the impact of “Particulate 

matter”, “Ecotoxicity, freshwater” and “Resource use, minerals and metals» categories (Figure 5.8). 

 

Figure 5.8 Gellan gum main potential impact contributors according to the different impact categories relevant for the purpose of 

this research project. 
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Also here, a modification in the fermentation process can influence the overall result. Hence, depending 

on the culture medium, the environmental impact of gellan gum is lowered by a factor of 4 (Figure 5.9), 

reaching a score close to the one of xanthan gum. Indeed, the presence of agar in the medium negatively 

influences by a factor of 3 [24,38]. Unfortunately, available references do not precise which is the most 

used pathway in industrial production of gellan gum and after contacting the providers (CTS®), no data 

was available for sharing due to industrial secret. Literature also shows a huge variation in gellan gum 

yields, which could be related to strain phenotype or quantification medium [38].  

 

 

Figure 5.9 Single score of 1 kg gellan gum comparing production media (YPG or medium reported in Table S5.3) and single score 

of modeled xanthan. 

Deferoxamine  

For the siderophore deferoxamine, the main contributors are production medium and energy for the six 

main impact categories as can be seen on Figure 5.10. Deferoxamine is the fermented compound with 

the highest environmental impact based on hypothesis from the bibliographic study with a single score 

of 10.83 mPt for 1 kg of DFO, which is expected to be even higher as the used compound in HELIX 

formulation is the pharmaceutical grade one from Novartis and therefore requiring all the purification 

steps not taken into account here. 
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Figure 5.10 Deferoxamine main potential impact contributors according to the different impact categories relevant for the purpose 

of this research project. 

5.2.2.1.4 Carboxymethyl cellulose 

Based on the data from the EcoInvent 3.8 database, the main contributor for the production of 

Carboxmethyl cellulose (CMC) is the energy input (Figure S5.1.) for the process and the single score is 

0.35 mPt for 1 kg of CMC. 

5.2.2.1.5 Na2EDTA 

For Na2EDTA, the main contributor is raw material input (Figure S5.2), especially sodium cyanide for 

all impact categories. The single score is 0.51 mPt for 1 kg based on EcoInvent values. 

5.2.2.1.6 PVA  

PVA’s main contributor is also raw material input (Figure S5.3), in particular vinyl acetate and the 

polymerization process. 1 kg of PVA reaches a single score of 1.13 mPt based on EcoInvent values. 

5.2.2.1.7 Borax  

For borax, the main contributor is the energy related to the refinement process, apart for the “Resource 

use, minerals and metals” category for which it is the raw material input. (Figure S5.4) 

If the borax form considered is not anhydrous but decahydrate form, as reported in PVA-borax 

formulations [30], the consumption of energy is reduced, as taking out water from the mineral requires 

energy [39].   

The borax modeled for the final model is disodium tetraborate decahydrate which is originally refined 

from the original borax ore, tincal. This compound is not so prevalent and therefore it was deemed 

relevant to implement a rarefaction factor for the abiotic depletion of this compounds. In that case, borax 

  

   

   

   

   

    

                                                                      



281 

 

is regarded as very impactful due to the escalation of the weight of the category “Resource use, minerals 

and metals” (Figure 5.11).  

 

Figure 5.11 Single score of 1 kg borax comparing the implementation of a factor rendering the scarcity of the tincal resource. 

It is to be noted that the robustness of the category “Resource use, minerals and metals” is classified by 

experts as “recommended but to use with caution” based on uncertainty of the actual reserve and 

different methodologies.  

5.2.2.2 Raw materials comparison by single score  

Overall, energy is the most impactful contributor on the evaluation criteria as seen for Gelidium agar, 

xanthan and gellan gum, DFO, CMC and borax. For fermented compounds (i.e., xanthan, gellan, DFO), 

production medium is also a major actor in the weight of the impact categories whereas for others (i.e., 

CMC, EDTA, PVA and borax) it’s the raw materials input. In this section, single scores from each raw 

material are compared (Figure 5.12). As already mentioned, results are very dependent on data and 

hypotheses made on the numerous parameters. Nothing is unchangeable, especially compounds that 

required modeling. For such, made hypotheses are important in order to have a reliable, transparent 

comparison [40].  

Comparing single scores, modeled compounds (i.e., DFO, EDDS, borax, agar, gellan and xanthan gum) 

are the ones with the highest scores (Figure 5.12). 
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Figure 5.12 Raw materials comparison by single score, for 1 kg. Asterisks stand for fermented materials. 

The relatively high score of modeled materials, in particular DFO, compared to RM already existing in 

the database (i.e., CMC, Na2EDTA and borax), can be put on the lab-scale bibliography that was used, 

meaning a low-scale process were the yield is often not optimized. Indeed, the yield is usually lower 

than for industrial processes. For instance, in the case of DFO, the single score is probably overestimated 

compared to what is produced industrially as assumptions were made on publications producing DFO 

in a low-scale process.   

Modeling hypotheses put aside, bio-sourced compounds often give a positive a priori whereas their 

impact can be rather dissatisfactory. There are several reasons that can be accounted for this such as the 

production route not being competitive yet or fermentation eventually “costing” a lot due to the use of 

a carbon source. Even following the green principle of atom economy and improving the efficiency of 

the reaction with the minimal amount of sugar (i.e., carbon source) needed, the addition of such 

compounds in the culture broth is environmentally costly. Finally, biotic-resource depletion, although 

not yet taken into account into calculations [41], can also render the bio-based compounds impertinent 

in a similar way the consideration of abiotic depletion did for borax. Other LCA also report the “false 

good idea” of using bio-based compounds as long as the industrial production route is not adapted 

[42,43]. Critical aspects to be considered for biotic-resource depletion would be the regeneration rate the 

studied resource along with the capacity of the ecosystem to secure its provision. Both aspects are 
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essential to determine the renewability of the resource. Indeed, if the extraction rate outweighs the 

regeneration rate, the resource will tend to exhaustion [44].   

We can however highlight that CMC and Na2EDTA appear to have the lowest impact of all materials. 

DFO has the highest impact of the materials produced from fermentation and it is expected to be even 

higher considering the downstream processes required to obtain DFO (i.e., extraction and purification 

steps). PVA-Borax appears to have the highest impact of hydrogel matrixes, this is due to the tincal 

rarefaction factor that was implemented for the impact category “Resource use, minerals and metals”. 

In Table 5.6, the total single score from Figure 5.12 is relatively compared to the “Climate change” 

category score. CMC and Na2EDTA remain the most performing raw materials respectively and DFO 

the least performing one. Nevertheless, the other compounds ranking (in orange in the table) differs if 

considering the total score or only the carbon emissions (i.e., “Climate change” category). In particular, 

the PVA-borax polymer rises in the ranking as it is mainly the category “Resources, minerals and 

metals” giving its low global single score. This shows that the use of different impact categories is useful 

and as it can completely modify the perceived impact of a compound compared to taking into account 

only one aspect of the impact. For that reason, carbon calculator, solely considering “Climate change” 

and therefore CO2 emissions can find themselves irrelevant. 
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Table 5.6 Impact of raw materials taking into account uniquely “Climate change” impact category or global single score of impact 

categories. In orange are the rankings that are modified comparatively to single score. 

Raw materials 
Single score 

(mPt) 

Ranking via 

single score 

Climate change 

score (mPt) 

Ranking via 

carbon 

emissions 

CMC 0.35 1 0.084 1 

Na2EDTA 0.51 2 0.111 2 

Xanthan gum 1.55 3 0.386 4 

EDDS 1.81 4 0.526 7 

Gellan gum 2.06 5 0.441 6 

Agar-agar 2.9 6 0.398 5 

PVA-borax 5.41 7 0.245 3 

DFO 10.83 8 2.67 8 

 

It remains difficult to compare the environmental impact of the nine raw materials between each other 

as a lot of hypotheses have been used to model raw materials. Overall, the materials present in the 

database are the least impactful, with CMC being the lowest one. This is due to the modelling limits:  

- There is a lack of information from suppliers on their process (inputs, outputs, and energy) 

especially for agar-agar and the ingredients produced by fermentation, that were modelled 

based on publications mainly reporting lab-scale experiments.  

- The inability to take into account biotic resource scarcity and the impact of Gelidium algae 

harvest on biodiversity of agar. 

- The existence of different rarefaction factor for the abiotic depletion of Boron/Tincal and the low 

robustness of the impact category “Resources, minerals and metals”. 
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5.2.2.3 Environmental impact evaluation of hydrogels formulations and their 

application 

In this section, the environmental impact of each raw material on the cleaning formulation is presented 

and discussed. Afterwards, the different formulations are compared relatively to their performance on 

the functional unit (1 dm2 of copper).  

Regarding the contribution from each of the raw materials in the formulations, although DFO is the RM 

used in smallest amount, it is the most impactful one on most of the impact categories (Figure 5.13). The 

weight percentage parameter represents the quantity, in weight, of each compound in the formulation. 

 

Figure 5.13 Raw materials contributions to impact categories for DFO-containing formulations taking into considering an 

application with 4 reiterations. 

Notably, Na2EDTA potential impacts are negligible in the formulations where it is used. It is relatively 

similar for borax, with an exception for the “Resource use, minerals and metals” category (Figure 5.14).  

 

Figure 5.14 Raw materials contributions to impact categories for PVA-borax-EDTA, Agar-EDDS and Agar-EDTA formulations. 

The single score comparison of the five studied formulations (Figure 5.15), based on the functional unit 

shows that those that require reiterations (application of 4 × 30 mL) are the most impactful and also the 

ones containing DFO.  
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Figure 5.15 Single score comparison of hydrogels formulations, to clean 1 dm2 of copper (functional unit). Formulations with an 

asterisk are the ones requiring 4 applications. 

However, if we were considering that all hydrogels only required a single application, the most 

impactful formulation would remain Agar/DFO and Xanthan/DFO. Hence, their high score is related to 

the presence of the most impactful raw material (DFO) rather than the number of applications. The three 

other formulations are quite close in terms of potential environmental impact, around 4 µPt, whereas a 

single application with a DFO-containing formulation already reaches over 8 µPt. 

It is worth to note that hydrogels are composed of over 90% of water and therefore the overall impact 

of formulation is relatively low considering the scarce quantity of polymer and chelating agents present 

in the final volume, explaining why the order of magnitude is µPt. Indeed, for one application of 30 mL, 

the quantity of active ingredients is lower than 2 g.  

5.2.2.4 Use phase 

The use phase considers all the consumables that are needed to apply the treating gels. On Figure 5.16, 

the weight of the different consumables of the application of single application formulations (i.e., 
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PVA/Borax/Na2EDTA, Agar/Na2EDTA, Agar/EDDS) on the six main impact categories used can be seen. 

Regarding the use phase, latex gloves are by far the most impactful contributor as they account for 65.5 

to 88% of the impact (Figure 5.16). This statement is valid regardless of their grade (weight).  

 

Figure 5.16 Use phase lifecycle main potential impact contributor comparison of single application formulations (i.e., PVA-

borax/Na2EDTA, Agar/Na2EDTA, Agar/EDDS). 

5.2.2.5 End of Life 

The end of life (EoL) of formulations was considered as being thrown to solid waste and further 

incinerated. For such, it is relevant to account for the biogenic carbon present in the formulations as 

some of the gels are partially or totally bio-based materials. Despite the fact DFO-containing 

formulations are used in more important quantities due to reiterations, their EoL do not have the highest 

potential impact in terms of “Climate change» as the formulations contain 100% biogenic carbon (Table 

5.7). Their performance is followed by the Agar/EDDS gel, that contains 92% of biogenic carbon. Indeed, 

the fumaric acid used for the production of LAA is accounted fossil. The Agar/Na2EDTA formulation 

achieves contrasted results, thanks to the presence of agar is the formulation. Finally,  

EoL of PVA/Borax/Na2EDTA formulation has the greatest potential impact on “Climate change” as it 

contains 0% biogenic carbon (Table 5.7). 
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Table 5.7 Percentage of biogenic carbon contained by studied formulations and impact of “Climate change” score of the End-of-

Life phase. 

Formulations 
Percentage of biogenic 

carbon 

Climate change score (× 10-

3 kg CO2 eq) 

PVA/Borax/Na2EDTA/Water 0 38.41 

Agar/DFO/Water 100 6.68 

Xanthan/DFO/Water 100 6.68 

Agar/EDDS/Water 92 4.76 

Agar/Na2EDTA/Water 58 17.21 

 

5.2.2.6 Global life cycle 

On Figure 5.12 were discussed the single score of the raw materials and on figure 5.15 the single scores 

of the formulations. Here, to evaluate the different steps of the life cycle of the hydrogels, Figure 5.17, 

shows the total single score, detailing the impact of each step.  

Raw materials are the main contributor to the global impact in Agar/DFO (74.6%) and Xanthan-DFO 

(72.1%), due to the presence of DFO in the formulation.   

The use phase is the main contributor regarding PVA/borax/Na2EDTA (56.4%), Agar/EDDS (65%) and 

Agar/Na2EDTA (65.6%) formulations, mainly because of the use of gloves.  

Product end of life represents 1.7 to 7.5% of the hydrogels impact on the single score, but, if only 

regarding the “Climate change” impact category, rises up to 31% of contribution for 

PVA/borax/Na2EDTA. This is because the formulation is not bio-based and therefore contains no 

biogenic carbon. This is an example of why looking at only one of the impact categories, like carbon 

calculator, can be misleading, or not as accurate.  
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Figure 5.17 Hydrogels comparison by phase contribution using single score. 

A recapitulative table of the ranking of the different formulations is proposed in Table 5.8. Ranking goes 

from 1 to 5 with the first rank being the best environmental performing (lowest single score). DFO-

containing formulations are overall the two with the worst rankings compared to other formulations, 

looking at either climate change or total single score. However, they perform best when looking only at 

the EoL aspect thanks to their high biogenic carbon content. The PVA-based gel’s performance is 

mediocre. The formulation composition is ranked first if only looking at “Climate change” but last when 

taking into account the other impact categories, in particular “Resource use, minerals and metals” due 

to the presence of borax in the formulation. Agar/EDDS and agar/Na2EDTA’s ranks are in the top two 

most of the time.  

The change of rank again shows the importance of considering all categories and not only looking at 

carbon emissions (“Climate change”), which can be misleading.  
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Table 5.8 Ranking of formulations according to the “climate change” category or the global single score for the composition, the 

end of life or the full life cycle. Raking goes from 1 to 5 corresponding to best to least performing. 

 
Formulation 

composition 

End of life 

(biogenic carbon 

incineration) 

Global life cycle 

 
Climate 

change 

Single 

score 
Climate change 

Climate 

change 

Single 

score 

Agar/EDDS 3 2 1 1 2 

Agar/Na2EDTA 2 1 4 2 1 

Agar/DFO 5 5 2 5 5 

Xanthan/DFO 4 4 2 4 4 

PVA/borax/Na2EDTA 1 3 5 3 3 

 

5.2.2.7 Raw materials hazard assessments 

For polymers, only xanthan gum and PVA are reported as hazardous. On the REACH database, the first 

one is reported to cause serious eye and skin irritation and is assigned pictograms GHS07  whereas 

the second one is reported to cause damage to organs therefore being annotated with pictogram GHS08 

. Overall, most polymers are not considered hazardous except for PVA. 

Focusing on complexing agents, Na2EDTA is reported, by a significant number of notifiers, to be 

associated with a range of hazards including damage to organs, eye/skin/respiratory irritation, harmful 

to aquatic life with long lasting effects and labelled with GHS07 or GHS08 pictograms by 66% and 24% 

of 453 notifiers respectively. DFO is reported to cause skin, eye and respiratory irritation as well as being 

allergenic and is also labelled with GHS07 and GHS08 pictograms for 56% and 44% of the registered 

users (9) respectively. The only complexing agent considered to have a low hazard level is EDDS. 

Borax is reported by most notifiers as potentially damaging fertility or unborn child and is labeled 

GHS08 by 99% of total notifiers (2843). In addition, Na2B4O7·10H2O is on the candidate list of SVHC for 

Authorization, for its toxicity for reproduction. Raw materials considered the most hazardous for 

human health are PVA, borax, deferoxamine and Na2EDTA, therefore classified with a high hazard. 

EDDS not being reported as hazardous, although registered on REACH, makes it a compound with a 

low hazard level. Xanthan gum only having one pictogram for irritation is classified medium hazard 

level in further discussion. As a result, the hydrogel formulation considered the less hazardous for 

human health is Agar-EDDS. 
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However, similarly to what is done for LCA, if one performs a semi specific approach regarding health 

hazards, i.e. assessing reagents, EDDS is more concerning than it seems. Indeed, ethylene bromide is 

one of the two main impact contributors. From EDDS’s two main contributors, LAA was the relevant 

compound for environmental hazards, driving the LCA results depending on its production route. 

Nevertheless, for health hazards, ethylene bromide is the one on which there is a concern to have for 

health. Indeed, it is classified as a serious health hazard (GSH08), having acute toxicity (GSH06) and 

being hazardous to the environment (GSH07) by the European Chemical Agency. Of course, 

conservators are not in contact with this substance so its health impact may seem irrelevant but the 

healthy safety of chemical factory workers out of Europe shall not be disregarded. As stated, although 

the reaction of ethylene bromide with L-aspartic acid is currently the main route for industrial 

production of EDDS. Other methods resorting to maleic acid and ethylene diamine, less toxic than its 

bromide counterpart, exist, but produce racemic EDDS. Only the (S,S) stereoisomer is of interest due to 

its biodegradable properties and commercial availablity [45]. As mentioned in section 2.1.4.1, 

production routes using microorganisms, ethylenediamine and fumaric acid exist [13], but are not 

relevant in terms of LCA and environmental impact due to their low yield, making them unsuitable so 

far for industrial production., If using the same approach for EDTA, it is produced using formaldehyde, 

ethylene diamine and sodium cyanide , all of which are assigned with two or more safety pictograms, 

including GSH06 and GSH08. Formaldehyde is also of very high concern (SVHC) since it is 

carcinogenic. 

Concerning environmental hazards, only EDDS and EDTA are reported on the REACH database. EDTA 

is not readily biodegradable but (S,S)-EDDS is [13,33,46]. It is reported that iron-EDTA complexes are to 

a certain degree photolyzable in water and soil [47], and that iron-EDDS complexes are photodegradable 

[48]. No data could be found concerning complexes formed with copper or deferoxamine.  

5.2.2.7.1 Environmental impact vs Raw Materials hazard assessment 

Both environmental impact and health hazards make part of global sustainability, therefore, it is 

interesting to confront both obtained results. A visual representation considering both aspects is 

proposed on Figure 5.18 according to ratings attributed on Table 5.9. Ratings and classification in Table 

5.9 were based on the REACH outputs. For the environmental impact, the rating was made considering 

the LCA hypothesis for each treatment (Figure 5.15). The one with the highest single score (Agar-DFO) 

was given a mark of 10/10 and other formulations were rated in proportion to this using a simple cross-

multiplication. For the health hazard level, a subjective rating was used, giving a mark of 10/10 for a 

formulation using only “High” risk RM (i.e., PVA/borax/Na2EDTA) and a 2/10 for one using only “Low” 

risk RM (i.e., Agar/EDDS) and positioning the others in-between regarding the rating of their RM. 
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Table 5.9 Rating of environmental impact and hazard level of evaluated hydrogel formulations. 

Formulations 

Environmental 

impact (based on 

Figure 5.15) 

Environmental 

impact rating /10 

Hazard level of 

RM 

RM hazard 

subjective 

rating /10 

PVA/Borax/Na2EDTA 4.89 1.32 High/High/High 10 

Agar-agar/DFO 37.02 10 Low/High 5 

Xanthan/DFO 33.02 8.91 Medium/High 7 

Agar/EDDS 3.74 1.01 Low/Low 2 

Agar/Na2EDTA 3.36 0.91 Low/High 5 

 

PVA/borax/Na2EDTA has a low potential environmental impact but uses the most hazardous raw 

materials (RM). DFO-containing formulations have the highest environmental impact and use an 

ingredient with a respiratory health hazard. Agar/EDDS formulation does not contain any hazardous 

materials and has a low potential environmental impact; hence it appears to be the best option 

considering both criteria.  

 

Figure 5.18 Environmental impact vs. Raw material hazards of studied hydrogel formulations. 
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5.2.3 Discussion 

The current availability and transparency of data hampered the exhaustive comparison between 

petrochemical and HELIX alternatives for cleaning hydrogels. It would be desirable to have more 

transparent data in the public domain from suppliers and producers. Only by this way it is possible to 

make unbiased comparison with full insight over all impact categories and have a full interpretation of 

the results.  

The cradle to grave environmental performances of bio-based cleaning hydrogels were compared to 

petrochemical alternatives. A comprehensive assessment was performed using 16 impact categories 

following the ISO14044 and 14040 norms. Globally, this analysis shows that for bio-based hydrogels 

from the HELIX project to be preferable to fossil or petrochemical-based alternatives, further 

improvements in regard to environmental performance are needed. The highest contributors for raw 

materials were most of the time production medium and energy, mostly affecting the “Climate change” 

impact category. Only for Borax, the impact category with more weight becomes “Resource use, 

minerals and metals”. The considered end-of-life has relatively low relevance, whether accounting for 

biogenic carbon or not. For DFO-containing formulations, the major impact was the raw materials input 

whereas for the others it is accountable on the use phase, in particular to the presence of latex gloves. 

Although used materials might have a low health hazard, end-users will undeniably use gloves for the 

protections of the objects to avoid fingerprint marks. A lever of action is to use cotton gloves, reusable 

gloves, or even biodegradable ones 14.  

Overall, the results show that to make bio-based hydrogels preferential in terms of environmental 

impact, more accurate data or changes in production are needed. This is in line with findings from 

previous LCA studies comparing bio- and petrochemical alternatives [42,49,50]. Fermentation is, 

unfortunately, often not the best compromise yet. In addition, as the production medium is the main 

contributor to the environmental impact for most data modelled, the use of a waste as carbon source 

could be an idea to lower the impact of that category similarly to what can be done to produce gelifying 

agents Poly hydroxy butyrate (PHB) [51], trying to reach a circular production [52]. The trend of using 

waste biomass instead of harvested biomass is becoming more relevant [53]. Furthermore, other bio-

based options for cleaning that are not relaying on fermentation could be thought for, such as plants 

(e.g. soap nuts) [54].  

When it comes to the overall sustainability, apart from DFO, the studied bio-based compounds turned 

out more relevant because less hazardous for the environment and human health regarding the use by 

conservators.  

 
14 https://www.showagroup.com/eu-en/shop/6110pf  

https://www.showagroup.com/eu-en/shop/6110pf
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It is also interesting to note that the low-scale production non-solely affects the yields and therefore the 

environmental performances of bio-based compounds but also the cost of such products, in particular 

EDDS and DFO, which consequently become less competitive.  

To conclude, better industrial production should be sought.  
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5.3 Potential obstacles to the spread of microbial technologies  

Often, the use of microorganisms is valued for a greener impact, however the LCA proposed above 

showed that it is important not to use shortcuts and risk falling into the greenwashing category. Indeed, 

it is interesting to identify the different limits that can come with the use of microorganisms.   

The use of bacteria, fungi, yeast, or their metabolites (e.g., biosurfactants, enzymes, low molecular 

weight organic acid, siderophores etc.) as an alternative for the safeguard of heritage materials in the 

future is promising. Nevertheless, it requires as much caution as common practices currently in use 

given the duality of microorganisms. Indeed, despite their potential benefits to the cultural heritage 

field, biodegradation is also a crucial variable in the alteration of metals as stated previously with 

microbially induced corrosion. A thorough publication from Junier et al. tackles the issue of microbial 

approaches for cultural heritage conservation [55]: some aspects are reported here. A metabolic pathway 

can display both positive or negative effects according to the target involved, which enhances the 

necessity of a controlled handling of the organisms and a perfect knowledge of the substrate. An in-

depth monitoring of any residues after the use of biological systems on metal is mandatory as any 

presence of remaining cells, dead or alive, could have dramatic consequences, most likely inducing 

further corrosion. Research has shown that certain bacteria on outdoor bronze were of influence to the 

nature of the patina, where some compounds appear because of the biological processes involved by 

the present microorganisms [56]. Therefore, surfaces treated using bio-based agents must be carefully 

examined before and after cleaning in order to validate these alternative approaches. 

It is well-known that ‘time is money’, therefore time-consuming bio-based treatments, as green and safe 

as they would be, would not compete to less sustainable but rapid-to-implement traditional methods. 

The cost could be even high because of the arrangement needed to maintain a viable atmosphere for the 

used microorganisms. In addition, these specific conditions would also need to be reached for the 

storage of the microorganisms, which is not realistic for conservation departments on a regular basis. 

On top of that, safety and regulation are not to be forgotten. Indeed, they can impair the spread or 

transfer of a given technology between countries that classify pathogenicity differently.  

To overcome the handling of living microorganisms and the issues mentioned above, it is necessary to 

fully understand the metabolic processes and pathways involved behind. In cases where the living 

organisms is not mandatory, it would allow the sole use of the active metabolites, requiring conditions 

that are not as strict. This would allow to decrease costs as there would no longer be the need of 

maintaining certain parameters such as temperature, anaerobic pressure, or pH, either during treatment 

or for storage.  In addition, the direct use of pure extracts is favored when applied to cultural heritage 

conservation. Certainly, the medium compounds could have drawbacks on the preservation of the 
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objects. The addition of any extract, with a carbon source and other nutrients, can favor the development 

of negative autochthonous organisms present on the objects. In addition, the use of purified metabolites 

could allow the use of constant and higher concentrations of the active molecules and a longer shelf-

life. Nevertheless, the isolation of pure compounds to exclude toxic compounds would increase costs 

and environmental impact.   

Last but not least, the scaling up of such technologies is of concern. The delivery of microorganisms, 

even more of the specific metabolites, requires time and ad-hoc scientific devices for the production, 

characterization, and purification of the compounds. As discussed above, the low scale production of 

the compounds has an influence on both the environmental impact and the retailing price, which are 

both drawbacks when weighing the pros and cons of the method. As the use of these methods will 

increase in future, there will be the need of an automatization of the protocols and resorting to dedicated 

biotech companies. Such suppliers already exist but are not promoted within the conservation 

community, which is a small market area compared to waste treatment. This enhances the cost issue of 

resorting to such bio-based methods.  

Green methods implementation in daily life of conservation professionals will, once potential obstacles 

are overcome, be beneficial, not only for the environment but also with respect to health concerns as 

well. As an example, other conservation specialties are paving the way for the extensive use of enzymes 

on paper and paintings [57,58]. The greatest challenge along with the technical aspect, is the 

implementation into the praxis. This requires great interdisciplinary coordination and divulgation for 

these green advances to be accepted by the whole conservation community. The negative perception of 

microorganisms naturally raises concerns and apprehension and reluctances towards their application 

on heritage artefacts. In order to allow professionals to adapt to these novel alternatives, their 

involvement in the research and development process in necessary, organizing workshops and events 

allowing them to handle the newly developed technologies. In addition, these moments of exchange 

can allow open discussions, which are crucial in this interdisciplinary research field [59]. Many research 

projects are in the end not implemented by end-users for various reasons, mostly because the research 

work was not performed in close collaborations with conservators to stick to their needs. In particular, 

high cost of novelties often makes them stay in the lab and never cross the frontier to go to conservation 

departments. In order to achieve a tool that will be used and implemented in the practice, a decision-

making model was presented to conservators during workshops presentation of the gel formulations 

derived from the HELIX project. 
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5.4 Implementation in real praxis 

In certain conservation fields or countries, it is common for conservators to use flowcharts, also known 

as “decision-making models” (DMM), similarly to medical professionals for diagnostics. The premise 

is that, to treat things appropriately, a systemic approach to make diagnostic decisions is key. Some 

conservation specialties, in particular modern and contemporary art, although not pioneers, are 

advanced when it comes to the use and study of these models [60,61]. 

There are several difficulties to overcome when putting in place such tools. First of all, the question of 

terminologies, as different people have different definitions of the same word. In addition, according to 

the background of the conservator, one problem can be tackled using different approaches. For the same 

metal object, there may be as many proposed treatments as the number of conservators that were asked, 

of which none prevails or is considered the correct one.  

Finally, this kind of tool can never be exhaustive, and it is up to the professional to be aware of this and 

integrate the particular case they face. These tools are not intended to do the work of diagnosis and 

decision making in place of conservators, but rather to set markers, list questions and steps that are 

important in the decision-making process and only guide the professional in its pondering. It is only 

suggesting the parameters that are needed to be considered for the conservators to make their own 

decisions. Decision will always be in the hand of the end-user, but DMM help structure and systemize 

the thought and allow to check for possible solution to the faced diagnostic. These models are not 

intended to give a strict description of which decisions should be made. They rather act as a framework 

for how the decision should be made, as an aid to explicating and controlling the considerations which 

in practice are often implicit, and finally as an instrument to check and provide an insight into the 

decisions ultimately taken. Consequently, it helps justifying decisions that may later be consulted and 

a fortiori questioned by others.  

The transmissible conceptualization of the decision-making process is possible, as some examples can 

be found in literature [62–64]. Indeed, DMM can also be used as communication tools, if it is simple and 

vulgarized, to explain to external collaborators the choice of one intervention over another for instance. 

To help conservators figure out the different possibilities regarding hydrogels formulations, a bêta 

version of a DDM was presented, which allowed them to tune the formulations according to their 

specific need. Feedbacks from conservators following the workshop allowed the design of a 

participative flow-chart, linking lab-research and real praxis (Figure 5.19). 
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Figure 5.19 Decision-making model for the cleaning of historical metals targeted in the HELIX project. Biobased compounds are 

in green. Yellow frames are related to the nature of the object and blue frames are related to the type of treatment desired. 
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In the case of the cleaning of metal with gelled active agents, it was first necessary to mention 

characteristics rather than specific types of gel. Indeed, this allows conservators to adapt their treatment 

to means and materials available in the workshop. The model is thought in two parts for the gel cleaning 

strategies of historical metals (Fe, Cu, Ag).   

First, addressing the question “Which gel should I use on my object?”. The model starts with the 

following question “Is it possible to rinse the object by immersion?” The answer to this question can be 

yes or no. If the object can be rinsed, any type of gel can be used, as it would not matter having to rinse 

it thoroughly with water in case of presence of gel residues. Independent conservators may therefore 

prefer to use viscous/sticky gels as they can be more affordable (CMC that can be purchased easily from 

furniture stores under the name Tylose®). Sometimes the object cannot be rinsed. This can be for various 

reason including the presence of water-sensitive compounds in composite objects (e.g., wood, textile…). 

In the case of a non-rinseable object, further steps proceed on the right side of the decision tree. If the 

object is fragile, meaning some of its components are not very adherent and must be handle with very 

low pressure or action (e.g., presence of flakes (corrosion, paint, metal gild…)) then the use of gels is not 

recommended but rather a very cautious addressing of the problem. If there is no fragility, the use of a 

rigid gel is recommended. Their ability to be peeled-off allows to leave low residues, allowing to be 

more lenient on the clearance step. Their retention is also often higher than viscous gels, which is an 

asset for the water-sensitive part of the object. 

The second question to be addressed is “Which active agent to choose?” according to the problematic 

the object exposes. To answer this question, the first step is to wonder “Which kind of metal am I 

facing?”. 

If it is a silver alloys, one should check whether it is pure or alloyed with another element (most of the 

time copper i.e., sterling silver). In the first case, cleaning with chelating agent is not ideal and 

electrochemical or mechanical cleaning should be preferred. In the second case, to avoid staining by the 

reduction of copper corrosion compounds, a first step of chemical cleaning should be observed to 

remove all the copper degradation compounds, using strong complexing agents for instance EDDS or 

EDTA. Once all the copper compounds are removed, a second step using electrochemical cleaning can 

be foreseen. 

If the object is made of a copper-based alloy, often on historical metals there are two main results 

desired. Either the homogenization of the object surface (e.g., when the tarnish layer is part of the 

object’s history), or the complete removal of the tarnish to reach a clingy, precious surface (e.g., to show 

off the luxury of the object). In the first case, the use of siderophore is of help as the medium stability 

constant between DFO and copper allows to perform a controlled and smooth cleaning. In the second 
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case, EDTA and EDDS perform very well for the total and quick removal of the undesired tarnishing 

layer, or any other light corrosion compound present. 

Last, in this work, iron-based alloys. If one is looking for a fast, broad action, meaning a strong action 

and broad removal of compounds present giving back a shiny metallic aspect, the use of EDTA is 

recommended. Indeed, it does not display high selectivity for iron and therefore can remove any other 

type of undesired compounds such as eventual exogenous deposits in conjunction with iron removal. 

If there is the wish to focus on iron, siderophores or acids (citric, oxalic) are best suited. DFO is preferred 

if the pH must be neutral, for instance acid sensitive compounds (i.e., organic materials also present), 

or the cleaning progressive. Otherwise, acids can be used if pH can be way below 7. 

To give all information to end-users, tables with pH range parameters (which is the most important 

compatibility constraints for gelification) were implemented in the DDM. The information should be 

considered for each case. For instance, depending on their concentration, the pH of certain active agents 

might be or not suitable for certain gelling agents. 

Decision-making models represent a compromise between different considerations that can sometimes 

conflict (e.g., ideal gel and ideal active agent are not compatible). These considerations therefore must 

be pondered by the conservators, depending on the outcome that is expected for each individual case. 

Again, the questions formulated in the instructions only indicate a direction. The pros and cons of each 

individual case must be weighed by the professional, considering their experience and knowledge, the 

expected results, to guide the final decision in various paths. The final decision, thus, is both a 

compromise and a reflection of the relevant factors. 

In the span of the HELIX project, exchange moments were organized in the laboratory Arc’Antique in 

Nantes (France) in June 2023, involving 10 conservators specialized in metal objects and in November 

2023 in Haute Ecole Arc in Neuchâtel (Switzerland) with 12 participants. The aim was to present the 

developed formulations and allow stakeholders to explore them, test them on objects and case-studies 

and give feedback regarding the use of the gels formulated in the project, in comparison to the ones 

already existing. In addition, these workshops allowed to explain the science behind the developed 

products along with the assets and drawbacks for professionals to be able to make decisions with all 

tools in their hands.   

Globally, conservators preferred to use peelable gels, in particular agar as it is affordable, non-toxic or 

polluting, can easily be adapted to all surfaces and leaves few residues. Contrary to what is found in 

literature, they are not bothered by the heating step of the preparation. The only drawback mentioned 

towards the use of gel was the time required for the preparation, which in the end levels up the cost. 

Indeed, although less solution is used and would ideally reduce the final cost, it does not outweight the 

longer preparation time. Some of them reported up to 30% of supplementary costs compared to the 
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same active agents applied in solution and related to labor costs, which may be displeasing to most 

clients. 

Bioderived chelators were praised for their soft and progressive cleaning action. First, the use of rather 

pH neutral compounds was appreciated as it allowed to avoid unvoluntary stripping. Then, the gradual 

action raised interests especially for jewelry as it allows to modulate the cleaning action. In particular, 

DFO formulations were approved as they seemed more progressive than EDTA, for example when 

tested on Islamic art and gilded metals. Indeed, iron oxides underneath the gold plating usually go 

through the gildings. As they are harder than gold, it is not possible to use mechanical cleaning and 

current cleaning solutions are too aggressive, chelating the corrosion products underneath the gilding 

layer, which ends up being stripped away. Nevertheless, the prices and access difficulty, in particular 

for deferoxamine, renders its actual use hardly possible. Indeed, for a 6⸱10-2 M solution of DFO, EDDS 

or EDTA the cost of the corresponding amount of active substances for DFO, EDDS or EDTA would be 

of 315.66 CHF, 16.48 CHF and 0.166 CHF respectively15.  

Regarding the DDM, most of them knew about the tool and found it relevant as a “cheat sheet” or to 

first introduce a concept to students for instance.  

  

 
15 https://ctsconservation.com/fr/, https://www.sigmaaldrich.com/CH/de/product/aldrich/92698, 

https://compendium.ch/fr/product/18367-desferal-subst-seche-500-mg  

https://ctsconservation.com/fr/
https://www.sigmaaldrich.com/CH/de/product/aldrich/92698
https://compendium.ch/fr/product/18367-desferal-subst-seche-500-mg
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5.5 Conclusion 

It is difficult to define greenness, however current European guidelines helped figure out pros and cons 

of proposed alternatives [5,6,10,11]. It is difficult to have a clear answer to whether formulations studies 

in the span of this project are actually “green” given the different parameters and hypothesis. The 

attempt to model bio-based compounds selected for the cleaning of historical metal artefacts led to the 

poor score of DFO-containing formulations. For these formulations, the main contributor of the global 

single score was the raw materials input, in particular energy and production medium necessary. For 

other formulations, the use phase was the step accounting for most of the global single score, especially 

because of the use of gloves. In addition to the lack of specific data for the modeling of fermented 

compounds, one drawback of the LCA is the lack of accounting biotic depletion, for agar seaweeds, 

whereas it could be implemented for abiotic depletion of borax. When opposing environmental and 

toxicity of the different formulations studied, Agar-EDDS gels appear to perform better than any other 

formulation because of low hazard and environmental impact of raw materials. Nevertheless, the 

consideration of ethylene bromide in the production route renders it hazardous in the upstream process, 

especially for health hazards for chemical production workers.   

In praxis, conservators showed enthusiasm regarding new alternatives. Indeed, those alternatives bring 

new possibilities, in particular a more gradual cleaning and therefore can be of use to particular 

situations for which there are no suitable solutions so far. Nevertheless, current cost and availability are 

prohibitive and would reduce the use to very particular cases.  
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5.7 Supplementary materials 

Table S5.10 Production medium considered in the hypothesis model for EDDS with L-aspartic acid from fermentation using 

fumaric acid as carbon source 

 

 

 

 

Table S5.2 Production medium considered in the hypothesis model for xanthan gum 

 

 

 

 

 

 

 

 

 

 

 

 

 

Table S5.3 Production medium considered in the hypothesis model for gellan gum 

 

 

 

 

 

Table S5.4 Production medium considered in the hypothesis model for deferoxamine 

 

 

 

 

Peptone 5% 

Yeast extract 3% 

Ammonia 14.3 % 

Citric acid 2.1 g/L 

NH4NO3 1.144 g/L 

KH2PO4 2.866 g/L 

MgCl2 0.507 g/L 

Na2SO4 0.089 g/L 

H3BO3 0.006 g/L 

ZnO 0.006 g/L 

FeCl3, 6 H2O 0.020 g/L 

CaCO3 0.020 g/L 

Concentrated HCl 0.13 ml/L 

KH2PO4 9.2 g/L 

Na2HPO4 7.5 g/L 

K2SO4 4.3 g/L 

MgSO4  3.2 g/L 

Soybean flour 20 g/L 

KH2PO4 32 g/L 
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Figure S5.1 Carboxymethyl cellulose main potential impact contributors according to the different impact categories relevant for 

the purpose of this project 

 

Figure S5.2 Na2EDTA main potential impact contributors according to the different impact categories relevant for the purpose of 

this project 
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Figure S5.3 PVA main potential impact contributors according to the different impact categories relevant for the purpose of this 

research project 

 

Figure S5.4 Borax main potential impact contributors according to the different impact categories relevant for the purpose of this 

research project 
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6. General conclusion  
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6.1 Complete text 

In Chapter 2, the research focused on biocleaning and metal dissolution in aerobic conditions. The 

findings unveiled several important insights. The validation of fungal biocleaning highlighted the 

effectiveness of Aspergillus niger for iron removal and Beauveria bassiana for copper removal. These fungi 

exhibited promising capabilities for sustainable bioremediation. However, to deepen the understanding 

of the biocleaning process, further investigation into the metabolic pathways responsible for oxalates 

formation is needed. Additionally, the study revealed the remarkable resistance of Acidithiobacillus 

ferrooxidans to silver concentrations of up to 1 mM. To harness this resistance for practical applications, 

future research could involve strain silver resistance training. Furthermore, the potential of fungal 

biosorption of silver and the use of dead biomass for silver uptake deserve closer examination.  

Regarding metal dissolution processes, it was observed that they appear to be governed by both 

diffusion and surface-controlled mechanisms, especially for iron oxides. The behavior of different acids 

and deferoxamine siderophore in metal dissolution was discussed. Acids performed optimally at low 

pH, while deferoxamine siderophore exhibited effectiveness across a broad pH range. These 

conclusions open the door for comprehensive statistical analysis, considering various factors such as 

particle size, agglomeration, metal-to-ligand ratios, and the entire pH range.  

Copper corrosion examination demonstrated a lower affinity of deferoxamine (DFO) towards Cu2O in 

comparison to EDTA and EDDS. Notably, the research demonstrated that while complexing solutions 

did not dissolve silver sulfide, the use of EDDS might yield the production of silver nanoparticles. In 

addition to these findings, potential avenues must be explored in silver remediation, in particular the 

utilization of other natural compounds, such as biosurfactants. 

Chapter 3 explored hydrogel formulations’ design and the gel residue question. One key finding was 

the different rheological properties of chitosan-based formulations compared to agar’s. CS-ItA-LCys’s 

mechanical behavior is less rigid. Chitosan formulations displayed a thick outer layer membrane and 

less dense inner structure. In addition, it exhibited silver complexing properties, making them 

promising for practical applications. To expand the range of applications, it is recommended to explore 

alternative natural polymers, such as curdlan or combinations of several polymers.  

Another insight from this chapter was related to non-rigid polymers, such as gellan prepared at room 

temperature and xanthan gum, which were found to be more likely to leave residues. Oximetry showed 

the potential deleterious effects of gel residues on steel-based substrates. Further research should assess 

their noxiousness, particularly on copper-based substrates.  

Methods for residues detection were also examined, indicating that qualitative detection of residues can 

be achieved using UV markers and photography. Furthermore, X-ray fluorescence (XRF) analysis 
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confirmed expected residue patterns for agar and xanthan (i.e., xanthan leaving thin spread residues 

over the surface) and opened possibilities for quantitative residue detection using the XRF technique. 

Chapter 4 delved into corrosion cleaning with siderophores, shedding light on effective strategies for 

artefacts restoration. Notably, obtaining representative artificially corroded samples proved to be a 

challenging task.   

The research uncovered the effectiveness of shorter repeated gel applications over longer ones, 

optimizing the cleaning process.  

The choice of chelating agents, plays a critical role in the cleaning process. While EDTA exhibited a more 

aggressive cleaning approach with broad actions on compounds present, DFO demonstrated a more 

iron-selective and progressive approach, allowing for better control of treatment. The neutral pH of the 

studied siderophore was found to provide a smoother cleaning action.  

Gel treatments were found to be less efficient than wet treatment in terms of chelator loading, but gels’ 

advantages, in particular higher control and precision, counteract for this observation.  

Significantly, the research marked a successful treatment of iron and copper artifacts using these 

strategies. To further extend the applicability of these methods, it is recommended to study the long-

term behavior of treated surfaces and would be interesting to test other siderophores with different 

affinity constants. 

Chapter 5 scrutinized the assessment of environmental impacts associated with the corrosion cleaning 

process. While conducting the research, several crucial findings and perspectives emerged. One 

significant finding was the challenge of obtaining comprehensive and assertive environmental 

overviews due to a lack of available data. Moreover, the study demonstrated that bio-based compounds, 

such as deferoxamine (DFO), may not necessarily be less environmentally impactful, primarily due to 

considerations related to the production medium. To mitigate these environmental impacts, future 

research avenues should explore the use of non-fermented natural products and leverage biowaste as a 

carbon source to achieve a circular economy.  

The study also underscored the significance of the usage phase, which often contributes the most to the 

global lifecycle of corrosion cleaning formulations.   

Among the formulations studied, Agar-EDDS stood out as the most environmentally and health-

friendly option, offering a balance between efficacy and environmental responsibility 

To facilitate the implementation of these formulations from labs to workshops, decision-making models 

were found to be a valuable tool. Professional opinions emphasized the importance of the compounds 

studied in filling critical gaps in corrosion removal tools, particularly for progressive corrosion removal. 

The research has laid a strong foundation for further exploration of environmentally responsible 

strategies in the field of corrosion cleaning. 
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6.2 Bullet list 

In normal font are the main findings, in italic characters are the associated research perspectives. 

CHAPTER 2  

• Validation of the use of fungi for biocleaning. Aspergillus niger for iron and Beauveria bassiana 

for copper removal 

o Deeper investigation of metabolic pathways of oxalates formation to understand biocleaning 

process and the actual role of the fungi 

• Resistance of Acidithiobacillus ferrooxidans to silver concentrations up to 1 mM 

o Perform strain silver resistance training 

o Study fungal biosorption of silver 

o Study the use of dead biomass for silver uptake 

• Iron dissolution processes appear to be both diffusion and surface-controlled processed 

• Acids perform best at low pH whereas deferoxamine siderophore perform almost equally over 

the full pH range 

• DFO shows lower affinity towards Cu2O compared to EDTA and EDDS 

o Perform statistical analysis with multiple variables including particle size and agglomeration, 

metal to ligand various ratios, full pH range, etc. 

• No silver sulfide dissolution was witnessed using complexing solutions but silver nanoparticles 

were produced using EDDS on silver nitrate. 

o Use of other natural compounds for silver remediation such as biosurfactants 
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CHAPTER 3  

• Chitosan-based formulation is more malleable than agar, with a thick outer layer membrane 

• No interaction between agar or chitosan polymer chains and deferoxamine 

• Chitosan-based formulation shows silver complexing properties 

o Explore other natural polymers such as curdlan or mix of several polymers to obtain different 

properties 

o Investigate further the chitosan-based formulation 

• Non-rigid polymer (i.e., gellan prepared at room temperature and xanthan gum) are tackier 

hence more likely to leave residues 

• Gel residues can be deleterious for iron-based substrates in particular due to the contained 

solutions 

o Assess residues noxiousness on copper-based substrates 

• Qualitative detection of residues can be performed using UV-markers and photography, with 

a very low detection limit 

• XRF confirmed expected results, using adequate marker Na2WO4, that agar leaves punctual 

residues and xanthan spread ones 

o Attempt quantitative residues detection using XRF 
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CHAPTER 4  

• Difficult to obtain representative artificially corroded samples 

• Shorter repeated gel applications perform better than long ones 

• EDTA achieves a more aggressive cleaning with a broad action on compounds present 

• DFO is more iron-selective 

• DFO is progressive, in particular for copper, allowing for better control of treatment 

• Neutral pH of siderophores gives a smoother cleaning action 

• Successful treatment of iron and copper artefacts 

o Study of long-term behavior of treated surface 

o Testing of other siderophores with different affinity constants  
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CHAPTER 5 

• Lack of available data prevents from making an assertive overview  

• Bio-based compounds, in particular DFO, are not necessarily less environmentally impactful 

due to production medium 

o Use non-fermented natural products 

o Use biowaste as carbon source to achieve circular economy 

• Use phase if often the highest contribution in the global lifecycle 

• Agar-EDDS is the best formulation among those studied considering environmental and health 

hazards 

• Decision-making model is useful to boost the implementation of formulations from labs to 

workshops 

• Some of the studied compounds praised by professional for filling a gap in the tools currently 

available, in particular for progressive corrosion removal 
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