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A GREENER SOLUTION 

Investigating the potential use of Green Solvents to remove cellulose nitrate lacquer 

from silver objects 

Abstract 

This thesis investigates the performance of non-hazardous solvent substitutes, so called “Green 

Solvents", for the removal of aged and unaged cellulose nitrate lacquer from silver surfaces. Literature 

research and preliminary tests resulted in four solvents of interest: ethyl acetate, ethyl lactate, 

propylene carbonate and dimethyl carbonate. Together with a reference solvent, acetone, the solvents 

were tested in laboratory experiments to provide answers for the research questions; whether any of 

the selected green solvents were able to dissolve aged and unaged cellulose nitrate lacquer, if the 

treatment left any residues and if it affected the silver surface. 

The experiment was performed according to a standardized experimental design consisting of five 

solvents and two different methods of removal: cotton swab and poultice. 29 silver coupons were 

lacquered with “Zaponlack” – a cellulose nitrate lacquer, and 15 of them where artificially aged. 

Surface abrasion was evaluated using a microscope 200x magnification in rake light, and Infrared 

Reflection–Absorption Spectroscopy (IRRAS) was used to analyze lacquer residue. 

The results showed that all solvents were able to dissolve the aged and unaged lacquer to various 

degrees using the chosen methods, and that the poultice treatment was superior since it removed more 

dissolved lacquer than the cotton swab treatment, displayed no signs of abrasion to the surface and 

minimized the quantities of the used solvent. 

An overall assessment suggested that the carbonates could be the greenest solvents, and providing that 

financial resources and polymer polarity allow for it, dimethyl carbonate could be of great interest as a 

substitute solvent within the scope of this thesis. However, ethyl acetate performed better than acetone 

in both the aged and unaged category, and the solvent’s price and overall greenness assessment 

reasons it to be suggested as a recommended green solvent for the removal of cellulose nitrate lacquer 

on silver objects.  
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Figure 1, 17th century silver objects in the 
Nationalmuseum's collection. The Queen Christinas Cup 

is seen to the far right. Photo: Charlotta Bylund Melin 

1 INTRODUCTION 

This thesis will begin with a short introduction describing the purpose of the work and presenting 

research questions in relation to the project aim, as well as how to investigate them. Following the 

Introduction is a Literature overview incorporating previous research, that presents an overview of the 

interdisciplinary understanding needed to perform the preparatory work, experiments and 

interpretations of the result, as well as being able to generate final conclusions relevant to the project 

aim.  

1.1 Part of a bigger research project 

This thesis is part of a research project between the Nationalmuseum, and the University of 

Gothenburg to develop methods of lacquer removal from historical silver objects. The project is led by 

Charlotta Bylund Melin PhD.  

The project is founded in a specific case relating to the 

conservation of a 140cm tall, gilded silver cup by Hans 

Reiff (1580-1633), manufactured in Nürnberg 1609 

(Figure 1). The cup was a gift from Queen Christina of 

Sweden to the Russian Csar Aleksej Michailovitj in 

1647 and was returned to Sweden and acquired by the 

Nationalmuseum 19311. Centuries of not being in a 

sealed and emission-protected environment rendered 

the silver tarnished. A conservation report from 1955 

mentions a cleaning and lacquering treatment by 

furniture conservator Arnold Hansen2. Lacquering was 

(and still is) a common treatment method to protect 

silver from tarnishing, and today there is a large 

number of lacquered silver objects in the collection 

with often unknown composition.  

The lacquers that were applied in the 1950s have 

deteriorated, which has led to unwanted aesthetic 

alterations and localized deterioration of the silver 

alloy. Previous treatments to remove the deteriorated 

lacquer by submerging objects in acetone, have proven 

to be incomplete3. The purpose of the overall project is to investigate different methods for the 

removal of lacquer that could prove more successful and also improve the working conditions for the 

conservators involved by utilizing less hazardous solvents. The methods that will be investigated are: 

laser, gels and green solvents. 

Test results have shown that the coating applied on the The Queen Christina Cup in 1955 most likely 

is Plextol D514 – an acrylic polymer (n-Butylmethacrylate-methylacrylate copolymer dispersion). The 

project was originally intended to investigate the removal of two types of lacquer: the original object 

reference lacquer Plextol D514, and Zaponlack – a cellulose nitrate lacquer. Unfortunately, Plextol 

D514 has been discontinued, preventing the experimental use on test samples. The project was instead 

redirected to focus only on Zaponlack. This decision was justified due to cellulose nitrate being 

frequently used as a coating in past and contemporary treatments on silver objects. The project is 

funded by The Donar Circle of The Nationalmuseum. 

 
1 Föreningen Nationalmusei Vänner, ‘NMK 205/193 Pokal med lock’, Nationalmusei Vänner, accessed 8 May 2022, 

https://www.nationalmuseivanner.se/pokal-med-lock. 
2 Informant 1 
3 Informant 1 
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1.2 Background and Research problem 

Silver reacts with pollutants in the environment which over time leads to the formation of a complex 

corrosion layer on the metal surface referred to as tarnish 4. A protective lacquer has therefore often 

been applied on historical silver objects to prevent these objects from tarnishing5. One of the more 

commonly used coatings for historical silver objects has been a cellulose nitrate polymer lacquer. 

As the lacquer age and deteriorates, its ability to block moisture and pollutants is reduced. Instead, due 

to the high mobility of silver ions, the deterioration processes of unprotected areas are accelerated6. In 

order to stabilize the object chemically, the degraded lacquer needs to be removed. 

In recent decades, the most common method to remove cellulose nitrate lacquer has been by using 

large amounts of harmful solvents, primarily acetone 7 , 8. With modern day emphasis on sustainability 

for both climate and health9, alternative methods and substances that can replace the harmful solvents 

used in conservation, need to be investigated and evaluated10.  

Within the scope of this thesis, special attention has been given towards organic carbonates and bio-

solvents as a contemporary and more sustainable solution of coating removal, achieving several of the 

so called green solvent criterions; being sustainably manufactured, low or non-volatile organic 

compounds (VOCs), nontoxic, and biodegradable11. 

 

1.3 Objective and aim 

The purpose of this thesis is to investigate and evaluate the performance of potential non-hazardous 

solvent substitutes, intended for the removal of aged and unaged cellulose nitrate lacquer on silver 

surfaces. 

The result of the investigation could potentially propose alternative methods and materials for lacquer 

removal from silver objects in museum collections, that are considered less harmful to health and 

environment.  

 

1.4 Research questions 

To investigate the performance of solvent substitutes, questions relating to their ability to adequately 

dissolve and remove the lacquer without harming the surface or the user, needed to be answered. 

Taking into consideration the concept of sustainability, selecting and evaluating solvents with suitable 

 
4 Naomi Luxford and David Thickett, ‘Preventing Silver Tarnish - Lifetime Determination of Cellulose Nitrate Lacquer’, 1 January 2007. 4. 
5 David Thickett and Kathryn Hallett, ‘Managing Silver Tarnish’, in ICOM-CC Publications, vol. 2021 (Transcending Boundaries: 

Integrated Approaches to Conservation. ICOM-CC 19th Triennial Conference Preprints, Beijing, 17–21 May 2021, Paris: International 

Council of Museums), accessed 21 March 2022, https://www.icom-cc-publications-online.org/4279/Managing-silver-tarnish. 2. 
6 Velson C. Horie, Materials for Conservation: Organic Consolidants, Adhesives and Coatings , 2nd ed. (London: Routledge, 2010), 

https://doi.org/10.4324/9780080940885. 37-46. 
7 Bruno Pouliot et al., ‘Three Decades Later: A Sta tus Report on the Silver Lacquering Program at Winterthur’ (Washington, DC: The 

American Institute for Conservation of Historic & Artistic Works (AIC): Objects Specialty Group Postprints, Volume Twenty, 20 13), 

accessed 21 March 2022, https://resources.culturalheritage.org/osg-postprints/v20/pouliot/. 23-24. 
8 Horie, Materials for Conservation: Organic Consolidants, Adhesives and Coatings . 76-80. 
9 Jeffrey D. Sachs et al., ‘Six Transformations to Achieve the Sustainable Development Goals’, Nature Sustainability 2, no. 9 (September 

2019): 805–14, https://doi.org/10.1038/s41893-019-0352-9. 2. 
10 Gwendoline R. Fife, ed., Greener Solvents in Conservation Handbook: An Introductory Guide  (London: Archetype Publications Ltd. in 

association with ICON and Sustainability in Conservation, 2021), https://www.icon.org.uk/resource/handbook-greener-solvents-in-

conservation-an-introductory-guide.html. 
11 Francisco G. Calvo-Flores et al., ‘Green and Bio-Based Solvents’, Topics in Current Chemistry 376, no. 3 (24 April 2018): 18, 

https://doi.org/10.1007/s41061-018-0191-6. 
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properties that included many of the criteria defining a green solvent, was both a prerequisite and an 

important context of evaluation in the thesis. The research questions were therefore as follows: 

 

• Can the selected green solvents dissolve unaged and artificially aged cellulose nitrate lacquer? 

• Does the treatment leave residue? 

• Do the different methods of removal effect the silver surface? 

• How do the selected solvents perform within the context of sustainability and utilization? 

 

1.5 Theoretical framework 

This work relates to a theoretical framework that encompasses a holistic approach of the global 

paradigm shift regarding the interlocking ecological, economic and social dimensions stated within the 

17 Sustainable Development Goals (SGDs)12, together with the concept of green and sustainable 

chemistry13. The concept green chemistry, developed by Anastas and Werner 199814  is described by 

the Royal Society of Chemistry15: "Green chemistry is the utilisation of a set of principles that reduces 

or eliminates the use or generation of hazardous substances in the design, manufacture and application 

of chemical products”16. The concept was designed for the field of chemical industry and include 

applicable principles with the aim of preventing chemical waste, creating energy efficient processes, 

using renewable materials/substances, and avoid the use of toxic and hazardous substances17. Based on 

the principles of green chemistry, various criteria to help define a green solvent have been developed 

such as the solvent’s availability, toxicity, biodegradability, performance, and stability18. The 

sustainability approach together with the green solvent criteria are used within the thesis to help 

identify and assess suitable solvents and methods of lacquer removal to substitute more harmful 

methods and substances. 

Included within this framework are also the perspectives offered by Munoz-Vinas in the critical 

theory-based Contemporary Theory in Conservation19, which raises ethical issues regarding the 

interventive role of the conservator through concepts such as retreatability and minimal intervention. 

This perspective is applied throughout the work relating to decisions concerning the effects on the 

silver alloy as a result of the lacquer’s deterioration and the need for its removal. This includes a 

prediction of solubility of the deteriorated lacquer, the selection of a good solvent, and the choice of 

materials and methods efficient enough to remove the lacquer without harming the silver surface, 

aspiring to achieve the minimum intervention needed for a successful result.  

Shared throughout these perspectives, is the idea of sustainable conservation as a concept and an 

approach to how the field should operate to ensure that the work we perform today, sustains our 

present- and future needs, concerning climate, people and cultural heritage objects.  

 

 
12 American Chemical Society (ACS), ‘Chemistry & Sustainability: U.N. Sustainable Development Goals (SDGs)’, American Chemical 

Society, 2020, https://www.acs.org/content/acs/en/sustainability.html. 
13 Paul T. Anastas and John Charles Warner, Green Chemistry: Theory and Practice (Oxford University Press, 1998). 
14 Anastas and Warner. 
15 RSC: Royal Society of Chemistry, ‘About the Royal Society of Chemistry’, Royal Society of Chemistry, accessed 22 April 2022, 

https://www.rsc.org/about-us/. 
16 RSC: Royal Society of Chemistry, ‘Green Chemistry: Cutting-Edge Research on the Development of Alternative Sustainable 

Technologies’, Royal Society of Chemistry, a ccessed 22 April 2022, https://www.rsc.org/journals-books-databases/about-journals/green-

chemistry/. 
17 Fife, Handbook. 4-5. 
18 Yanlong Gu and François Jérôme, ‘Bio-Based Solvents: An Emerging Generation of Fluids for the Design of Eco-Efficient Processes in 

Catalysis and Organic Chemistry’, Chemical Society Reviews 42, no. 24 (18 November 2013): 9550–70, 

https://doi.org/10.1039/C3CS60241A. 9551-9552. 
19 Salvador Muñoz Viñas, Contemporary Theory of Conservation  (Amsterdam ; London: Elsevier Butterworth-Heinemann, 2005), 

https://doi-org.ezproxy.ub.gu.se/10.4324/9780080476834. 
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1.6 Method 

A literary study20 to attain a qualitative mapping21 of previous research and assessments relevant to the 

investigation, together with calculations of solubility parameters, was carried out with the aim of 

proposing suitable solvents to investigate through laboratory experiments. 

29 silver coupons were lacquered with the cellulose nitrate lacquer “Zaponlack” and 15 of these silver 

coupons were artificially aged. The experiment22 was performed according to a standardized 

experimental design and included preliminary testing, where performance of solubility and utilizing 

properties were investigated, and the method of removal developed. The experiment consisted of 

testing five solvents; four selected green solvents and one traditionally used reference solvent, acetone, 

using two different methods of removal: cotton swabs and textile poultices.  

The results were analyzed and evaluated through qualitative and quantitative methods23. Qualitative 

methods included an evaluation of surface abrasion by using microscopy in rake light, and an ocular 

(macro) assessment of potential lacquer residue left on the silver surface. Lacquer residue was also 

quantitatively analyzed through infrared reflection absorption spectroscopy and compared to the 

ocular assessment. By using a reference solvent, the experimental results could also be evaluated by 

comparing the solvents to each other.  

The results were additionally qualitatively evaluated within a holistic framework where the 

sustainability approach included environmental and health aspects together with practical 

considerations like user-friendliness, applicational methods and materials. The overall evaluation also 

took into account additional aspects such as economics, time, availability and ethical issues that could 

affect relevant conclusions regarding the result.  

 

1.7 Limitations 

The project’s experiment and evaluation were limited by the amount of time given for the thesis. The 

amount of test samples allotted was limited by the larger lacquer removal project, and the number of 

solvents and methods of removal were limited by the experimental design. 

The selection of green solvents was limited to what was practically possible at the time, thereby not 

investigating solvents that would require complex special equipment with added external specialist 

consultation, e.g., supercritical fluids. Instead, the focus was on selecting substitutes to traditionally 

used organic solvents, with similar (familiar) methods of application, properties and ways of 

acquisition, resulting in selecting bio-solvents, organic carbonates, and to a less extent liquid 

polymers. Added limitations were availability and financial considerations, which served a purpose in 

itself since the selection was to be established according to green solvent criteria e.g., availability and 

cost (2.3.2. Green Solvent criteria). 

The ordering and preparation of the silver coupons were part of the bigger research project and their 

preparation needed to be consistent within the bigger project. This rendered any alterations of the 

common method of preparation unviable. 

 
20 Runa Patel, Forskningsmetodikens grunder: att planera, genomföra och rapportera en undersökning, Femte upplagan (Lund: 

Studentlitteratur, 2019). 135. 
21 Göran Wallén, Vetenskapsteori och forskningsmetodik, 2. uppl. (Lund: Studentlitteratur, 1996). 74. 
22 Wallén. 68. 
23 Patel, Forskningsmetodikens grunder. 51–53. 
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The fact that the solvents’ ability to successfully remove the lacquer was unknown upon acquisition, 

also made any assumptions regarding individually adapted methods of removal difficult to determine. 

To use the same two methods of removal for all solvents, guaranteed full control over the amount of 

material consumption and time of execution, which considering the resources available suited the 

project better. 

The assessments regarding the utilisation of the solvents (e.g., smell, ease of removal of lacquer and so 

on) are solely based on the author’s subjective observations within the thesis scope of experimental 

testing. No extensive research, based on multiple users experience through for instance surveys, was 

conducted. 

The methods of analysis were limited to the inhouse knowledge and instrumental resources available 

through the University, within the timeframe of the experiment.  

This thesis focuses on implementing green solvents within conservation, specifically on aged and 

unaged cellulose nitrate lacquer on silver surfaces. The understanding regarding what is considered a 

green solvent is based on and limited to, compiled information of officially published sources from the 

chemical industry, pharmaceutical companies (e.g., solvent guides), international environmental 

organisations and government guidelines and regulations. Within the scope of this thesis, there has 

been no means of investigating the accuracy of these values. 

The literary research is limited to the information available at the time the research was conducted. 

Any publications available since then has not been included in the work. 

 

1.8 Critical appraisal of literature sources 

The information included in the literature overview is from published peer-reviewed research articles, 

books written by well-known researchers, academic databases and encyclopaedias, government 

agencies and well renowned international organisations and educational institutions, which are all 

deemed as credible sources. A few articles together with some course literature exceed the preferred 

10-year publication period, but are then complemented by newer material. Some footnotes relating to 

instrumental equipment are directed to the respective company’s website, however since the purpose is 

to provide technical information regarding the product, the source is considered justified. Information 

regarding the 17th century silver in the Nationalmuseum’s collection is gathered from a museum 

employee, stated in the thesis as Informant 1. 
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2 LITERATURE OVERVIEW 

This chapter begins by describing what a lacquer is and why it is being used, followed by the 

implications of its deterioration and resulting in why it has to be removed. The second part describes 

the interaction between solvent and polymer, and how to use that understanding through solubility 

calculations and principles to predict the effect of such interaction. The third part describes the concept 

and relevance of green solvents, ways to assess them and their place within the conservation field.  The 

chapter 2.4 Previous research – Green solvents in conservation underlines the knowledge gap 

regarding the utilization of green solvents in conservation, emphasising the relevance of this thesis. 

The last part of the literature overview presents a selection of green substitute solvents that are to be 

applied in the experimental research.  

 

2.1 Silver corrosion and the purpose of lacquer 

Silver reacts with pollutants in the environment - predominantly with sulfur components24, which over 

time leads to a complex formation of a discolored corrosion layer on the metal surface referred to as 

tarnish25, 26, 27, 28 according to silver sulphide and carbonyl sulphide tarnish reactions29:  

2 Ag(s) + ½ O2(g) + H2S(g) ‐‐> Ag2S(s) + H2O(l) 

OCS(g) + H2O(l) ‐‐> H2S(g) + CO2(g) 

The discolored corrosion layer is often deemed aesthetically undesirable by cultural and historical 

institutions, such as churches, historical houses and museums30, 31, 32. Historical silver objects are 

therefore often regularly cleaned and polished with abrasive products that not only remove the dirt and 

corrosion, but also the silver metal33, 34, causing ornaments and engravings to lose details over time, 

and electroplated objects to reveal their underlaying metal35. A common treatment to avoid having to 

clean the silver object on a regular basis is the use of a protective polymer coating in the form of a 

lacquer36, 37, 38. A lacquer is often preferred in situations where the silver objects are displayed openly 

or in an unsuitable environment39, where the function of the lacquer is to block external deteriorating 

factors, such as moisture and pollutants in the environment that causes the silver to corrode40.  

 
24 Teresa Palomar, Blanca Ramirez Barat, and Emilio Cano, ‘Evaluation of Cleaning Treatments For Tarnished Silver: The Conservat or´s 

Perspective’, International Journal of Conservation Science 9 (15 March 2018): 81–90. 81. 
25 J. P. Franey, G. W. Kammlott, and T. E. Graedel, ‘The Corrosion of Silver by Atmospheric Sulfurous Gases’, Corrosion Science 25, no. 2 

(1 January 1985): 133–43, https://doi.org/10.1016/0010-938X(85)90104-0. 
26 Tia Polidori et al., ‘CURRENT SILVER TREATMENT PRACTICES AT WINTERTHUR (WHITE PAPER): Findings and Outcomes 

from the IMLS Grant‐Funded Project: Conservation of Silver and Copper Alloy Objects, Phase II’, 18 December 2019 . 47. 
27 Chandra L. Reedy et al., ‘Evaluation of Three Protective Coatings for Indoor Silver Objects’, The American Institute for Conservation of 

Historic & Artistic Works (AIC), Objects Specialty Group Postprints 1999, no. Volume Six (2015): 41–69. 43. 
28 Luxford and Thickett, ‘Preventing Silver Tarnish - Lifetime Determination of Cellulose Nitrate Lacquer’. 4, 6. 
29 Polidori et al., ‘CURRENT SILVER TREATMENT PRACTICES AT WINTERTHUR (WHITE PAPER): Findings and Outcomes from 

the IMLS Grant‐Funded Project: Conservation of Silver and Copper Alloy Objects, Phase II’. 47. 
30 Polidori et al. 47. 
31 Horie, Materials for Conservation: Organic Consolidants, Adhesives and Coatings. 6. 
32 Thickett and Hallett, ‘Managing Silver Tarnish’. 1. 
33 Reedy et al., ‘Evaluation of Three Protective Coatings for Indoor Silver Objects’. 41. 
34 Bruno Pouliot and Ann Wagner, ‘Preserving the Sheen of Winterthur’s Silver’ (Winterthur Museum, 2014), 

http://www.winterthur.org/pdfs/Silver_Coating.pdf. 1. 
35 Pouliot and Wagner. 1. 
36 Polidori et al., ‘CURRENT SILVER TREATMENT PRACTICES AT WINTERTHUR (WHITE PAPER): Findings and Outcomes from 

the IMLS Grant‐Funded Project: Conservation of Silver and Copper Alloy Objects, Phase II’. 47. 
37 Thickett and Hallett, ‘Managing Silver Tarnish’. 2. 
38 Luxford and Thickett, ‘Preventing Silver Tarnish - Lifetime Determination of Cellulose Nitrate Lacquer’. 7. 
39 Thickett and Hallett, ‘Managing Silver Tarnish’. 2. 
40 P. Vassiliou and V. Gouda, ‘Ancient Silver Artefacts: Corrosion Processes and Preservation Strategies’, in Corrosion and Conservation of 

Cultural Heritage Metallic Artefacts (Elsevier, 2013), 213–35, https://doi.org/10.1533/9781782421573.3.213. 233. 
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2.1.1 Organic coatings 
The coatings used to protect silver objects are mostly made up of different organic lacquers, but there 

are also some examples of corrosion inhibitors used for silver, such as benzotriazole (although more 

common for cuprous alloys41), and to some degree also microcrystalline waxes42.  

The organic lacquers used are usually a mix of a plant- and/or synthetic polymer resin, solvents and 

additives. The additives are included to delay the breakdown of the polymer structure43. A polymer is 

a large molecule that consists of smaller (often identical) molecules, called monomers. Depending on 

the molecule, the monomers are joint together in straight or branched chain formations44. 

Thermoplastic resins consist of long-chain polymers connected to each other by secondary bonds and 

become pliable at elevated temperatures. In comparison, thermosetting resins - for example epoxy 

resins, polymerises into a crosslinked network where the atoms bond to each other by primary covalent 

bonds i.e., making the polymeric structure set into one big “permanent” and insoluble molecule45 

(these are not suitable for conservation coatings and will not be discussed further within the scope of 

the thesis).  

2.1.2 Polymer – Metal interaction 
In general, the degree of protection of the different coatings depends on their ability to uniformly 

cover the metal surface, along with the thickness of the coating layer46. These factors rely greatly on 

the ease of application i.e., the type of coating molecule and its affinity to the silver surface47. The 

adhesion of the polymer depends on the attraction between the liquid and the solid in order to ”wet” 

the surface - where low-energy liquids (such as organic coatings containing low molecular attraction) 

spread over high-energy solids (metals containing strong molecular attraction)48. Solvent properties 

such as boiling point and evaporation rate should also be considered upon application. Thermoplastic 

coatings set as the solvent evaporates from the polymer/solvent mixture. The solvent evaporation, 

together with the polymer passing through its glass transition temperature (changing from liquid to 

solid), causes the polymer to shrink and stretch across the metal surface49. 

2.1.3 Deterioration of lacquer and its implications to the silver surface  
As the lacquer ages, any intrinsic unstable compositions and impurities, along with external 

deteriorating factors such as UV-radiation, high temperatures, moisture and pollution - catalyse 

chemical reactions within the polymer structure50. UV-radiation is known to induce photo-oxidation, 

causing the polymer to change through cross-linking (molecular chains link together by covalent 

bonding), segment scissoring (cleavage of polymer chains) and oxidation (reaction of oxygen with 

radicals formed in the polymer)51. High temperatures and relative humidity (RH%) also cause thermal 

degradation (creation of double bonds and yellowing) and hydrolysis (water cleaving polymers into 

monomers)52. These changes make the coating visually discoloured, structurally weak, increasingly 

 
41 Catherine Sease, ‘Benzotriazole: A Review for Conservators’, Studies in Conservation 23, no. 2 (1978): 76–85, 

https://doi.org/10.2307/1505798. 
42 Carol Grissom et al., ‘Evaluation of Coating Performance on Silver Exposed to Hydrogen Sulfide’, Journal of the American Institute for 

Conservation 52 (1 May 2013): 82–96, https://doi.org/10.1179/0197136013Z.0000000007. 82. 
43 Branko N. Popov, ‘Chapter 13 - Organic Coatings’, in Corrosion Engineering, ed. Branko N. Popov (Amsterdam: Elsevier, 2015), 557–79, 

https://doi.org/10.1016/B978-0-444-62722-3.00013-6. 
44 Horie, Materials for Conservation: Organic Consolidants, Adhesives and Coatings . 17. 
45 Helen Wilks, Charles Newey, and Great Britain Museums and Galleries Commission Museums & Galleries commission Conservation 

Unit, Science for Conservators Vol. 3 Adhesives and Coatings, Conservation Science Teaching Series (London: Conservation Unit of the 

Museums & Galleries Commission in conjunction with Routledge, 1992). 39 
46 S.B. Lyon, R. Bingham, and D.J. Mills, ‘Advances in Corrosion Protection by Organic Coatings: What We Know and What We Would 

like to Know’, Progress in Organic Coatings 102 (January 2017): 2–7, https://doi.org/10.1016/j.porgcoat.2016.04.030. 
47 Virginia Costa, ‘The Deterioration of Silver Alloys and Some Aspects of Their Conservation’, Studies in Conservation 46, no. sup1 (June 

2001): 18–34, https://doi.org/10.1179/sic.2001.46.Supplement-1.18. 29. 
48 Horie, Materials for Conservation: Organic Consolidants, Adhesives and Coatings . 98. 
49 Horie. 100. 
50 Dan Y. Perera, ‘Physical Ageing of Organic Coatings’, Progress in Organic Coatings 47, no. 1 (1 July 2003): 61–76, 

https://doi.org/10.1016/S0300-9440(03)00037-7. 
51 Horie, Materials for Conservation: Organic Consolidants, Adhesives and Coatings . 38. 
52 Perera, ‘Physical Ageing of Organic Coatings’. 
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polarized, and therefore also insoluble in many of the commonly used solvents53, 54. Its ability to block 

moisture and air pollution is reduced, and the uneven protection also generates isolated areas prone to 

increased reactive surfaces55, causing the deterioration processes of the unprotected metal areas to 

accelerate56. Small openings in the defective coating can create a capillary action of condensed 

humidity (if RH% reaches dew point), that together with the hight mobility of silver ions, initiates 

dissolution of the metal57, 58. Even in cases with (what would be considered) an overall adequate 

coating adhesion to the silver surface, the corrosion product can accumulate between cracks in  the 

lacquer (in extreme cases produce surface-perpendicular crystal dendrites59), or if the coating adhesion 

is deficient, the corrosion will “creep” under it and in extreme cases create filiform corrosion60.  

In order to stabilize the object chemically, the defect and/or degraded lacquer needs to be removed. 

One should also be aware of the limited lifetime of a lacquer and strive to plan for time and resources 

to retreat the object within a suitable timeframe before the coating starts to lose its protective ability. If 

such resources are lacking, it is suggested that one should refrain from re-lacquering silver objects 

altogether61. 

The preferred choice of lacquer differs between conservators62 and is mostly based on aesthetic 

qualities63, chemical stability over time, and ease of application. There has been a lot of research 

written to compare the qualities and performance of different silver coatings, many carried out in 

climate chambers to measure resistance to UV, pollutions, high temperature and relative humidity64, 65, 

66, 67, 68, 69, 70, 71, resulting in cellulose nitrate and acrylics to be the most commonly used lacquers72. 

 

 

 

 

 

 
53 Horie, Materials for Conservation: Organic Consolidants, Adhesives and Coatings . 6, 38. 
54 Thickett and Hallett, ‘Managing Silver Tarnish’. 2. 
55 Catherine Sease et al., ‘Problems with Coated Silver: Whisker Formation and Possible Filiform Corrosion’, Studies in Conservation 42, no. 

1 (1997): 1–10. 4. 
56 Horie, Materials for Conservation: Organic Consolidants, Adhesives and Coatings . 37-46. 
57 Costa, ‘The Deterioration of Silver Alloys and Some Aspects of Their Conservation’. 22. 
58 Sease et al., ‘Problems with Coated Silver’. 4. 
59 Sease et al. 4. 
60 Sease et al. 4. 
61 Thickett and Hallett, ‘Managing Silver Tarnish’. 2. 
62 Reedy et al., ‘Evaluation of Three Protective Coatings for Indoor Silver Objects’. 41. 
63 Thickett and Hallett, ‘Managing Silver Tarnish’. 2. 
64 R. L. Feller and M. Curran, ‘Changes in Solubility and Removability of Varnish Resins With Age’, Bulletin of the American Institute for 

Conservation 15, no. 2 (1 January 1975): 17–48, https://doi.org/10.1179/019713675806156654. 
65 David C. Miller et al., ‘An Investigation of the Changes in Poly(Methyl Methacrylate) Specimens after Exposure to Ultra -Violet Light, 

Heat, and Humidity’, Solar Energy Materials and Solar Cells 111 (1 April 2013): 165–80, https://doi.org/10.1016/j.solmat.2012.05.043. 
66 Y. Shashoua, S. M. Bradley, and V. D. Daniels, ‘Degradation of Cellulose Nitrate Adhesive’, Studies in Conservation 37, no. 2 (1992): 

113–19, https://doi.org/10.1179/sic.1992.37.2.113. 
67 Luxford and Thickett, ‘Preventing Silver Tarnish - Lifetime Determination of Cellulose Nitrate Lacquer’. 
68 Naomi Luxford, ‘Investigation into the Effective Lifetime of Cellulose Nitrate Lacquer to Prevent Silver Tarnish’, Research Project 

(RCA/V&A Conservation, April 2006). 
69 Grissom et al., ‘Evaluation of Coating Performance on Silver Exposed to Hydrogen Sulfide’. 
70 Reedy et al., ‘Evaluation of Three Protective Coatings for Indoor Silver Objects’. 
71 R. Stewart, ‘The Use of Accelerated Ageing Tests for Studying the Degradation of Cellulose Nitrate’, in ICOM-CC Publications (ICOM 

Committee for Conservation 11th Triennial Meeting Edinburgh 1-6 September 1996, Edinburgh: International Council of Museums, 1996), 

967, https://www.icom-cc-publications-online.org/3061/The-Use-of-Accelerated-Ageing-Tests-for-Studying-the-Degradation-of-Cellulose-

Nitrate. 
72 Costa, ‘The Deterioration of Silver Alloys and Some Aspects of Their Conservation’. 29. 
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2.1.4 Cellulose Nitrate Lacquer – Zaponlack  
A nitrate cellulose ester polymer 
 

“Zaponlack” which is a brandname, is a cellulose nitrate- based lacquer for metals, produced in 

Germany73.  

Cellulose nitrate-based lacquers are favoured by many conservators74 due to its clear optical 

qualities75, ability to age without extensive yellowing, good adhesion to the metal surface and ease of 

application76, 77, 78, 79. The coatings were developed after the First World War80, produced from a 

reaction of nitric acid and cellulose together with the dehydrating agent sulfuric acid81, and has been 

one of the most commonly used coatings for silver objects during the last century 82, 83 despite 

concerns connected to its inherent instability84.  

During the synthesizing of cellulose nitrate, circa two 

of the cellulose hydroxyl groups (-OH) in each ring are 

replaced with nitrate groups (NO3) from the nitric acid 

– the degree of substitution (DS) is usually 2.0–2.2 

(11.2–12.3% nitrogen by weight)85.  

The cellulose nitrate molecule (Figure 2) is moderately 

polar due to the network of nitrate ester- and hydroxyl 

groups. Which makes it soluble in polar organic 

solvents such as esters and ketones86. 

 

Figure 2, Cellulose Nitrate Polymer87 

2.1.4.1 Deterioration of Cellulose Nitrate Lacquer 
Cellulose nitrate is prone to deterioration by a combination of hydrolysis and oxidation, and the main 

external deteriorating factor is photochemical88, 89. This means the polymer is very sensitive to UV-

radiation exposure90, especially wavelengths between 360 and 400nm91, and is therefore only used 

indoors92. The deterioration of cellulose nitrate is auto catalytic93. When the polymer deteriorates, the 

 
73 Lawrence Becker and Deborah Schorsch, ‘The Practice of Objects Conservation in The Metropolitan Museum of Art (1870 –1942)’, 

Monthly Magazine 60, no. 360 (1880): 877. 
74 Julia Ziegler et al., ‘Popping Stoppers, Crumbling Coupons – Oddy Testing of Common Cellulose Nitrate Ceramic Adhesives’, in ICOM-

CC Publications (ICOM-CC 17th Triennial Conference Preprints, Melbourne, 15–19 September 2014, Paris: International Council of 

Museums, 2014), https://www.icom-cc-publications-online.org/1375/Popping-stoppers-crumbling-coupons---Observations-on-Oddy-testing-

common-cellulose-nitrate-ceramic-adhesives. 
75 Charles M. Selwitz, Cellulose Nitrate in Conservation, Research in Conservation, 2 (Marina del Rey, Calif.: Getty Conservation Institute, 

1988), http://www.getty.edu/publications/virtuallibrary/0892360984.html. 53. 
76 Grissom et al., ‘Evaluation of Coating Performance on Silver Exposed to Hydrogen Sulfide’. 1. 
77 Selwitz, Cellulose Nitrate in Conservation . 49, 52. 
78 Online Museum Victoria and Albert Museum, ‘Tarnishing of Silver: A Short Review’ (Victoria and Albert Museum, 11 January 2011 ), 

http://www.vam.ac.uk/content/journals/conservation-journal/issue-18/tarnishing-of-silver-a-short-review/. 
79 Shashoua, Bradley, and Daniels, ‘Degradation of Cellulose Nitrate Adhesive’. 113. 
80 Luxford and Thickett, ‘Preventing Silver Tarnish - Lifetime Determination of Cellulose Nitrate Lacquer’. 8. 
81 Luxford and Thickett. 8. 
82 Horie, Materials for Conservation: Organic Consolidants, Adhesives and Coatings . 215 
83 Selwitz, Cellulose Nitrate in Conservation .1. 
84 Selwitz. 49. 
85 Horie, Materials for Conservation: Organic Consolidants, Adhesives and Coatings. 214. 
86 Selwitz, Cellulose Nitrate in Conservation . 2. 
87 Davi Reis et al., ‘Plant and Bacterial Cellulose: Production, Chemical Structure, Derivatives and Applications’, Orbital: The Electronic 

Journal of Chemistry 11 (4 October 2019), https://doi.org/10.17807/orbital.v11i5.1349. 
88 Shashoua, Bradley, and Daniels, ‘Degradation of Cellulose Nitrate Adhesive’. 114. 
89 Luxford and Thickett, ‘Preventing Silver Tarnish - Lifetime Determination of Cellulose Nitrate Lacquer’. 9,11, 92. 
90 Selwitz, Cellulose Nitrate in Conservation . 22. 
91 Shashoua, Bradley, and Daniels, ‘Degradation of Cellulose Nitrate Adhesive’. 114. 
92 Costa, ‘The Deterioration of Silver Alloys and Some Aspects of Their Conservation’. 29. 
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(–O–NO2) bonds to the carbon in the ring break 94, 95, producing an oxidizing agent in the form of a 

gas called nitrogen dioxide96, 97. This product catalyses and speeds up the deterioration process98 - not 

only for the lacquered object, but also for many other materials that come into contact with a high 

enough concentration of it99. This reaction then causes chain scission along the backbone of the 

molecule100, leading to a decrease in molecular weight and viscosity (becoming more brittle), and 

increased polarity101, 102. In contact with moisture, nitrogen dioxide will also transform into corrosive 

nitric acid103.  

Deterioration differs between different brands of cellulose nitrate coating products, presenting 

different deterioration symptoms. Some have been observed to peel of the silver surface, while others 

shrink – leaving only isolated patches of covered areas104. Some have been known to be soluble in 

acetone 10 years after application105, while others express potential insoluble matter, having to resort 

to mechanical removal by steam106, 107.  

Accelerated aging tests have proven cellulose nitrate to be one of the relatively “best” materials for 

historical silver. If applied correctly and carefully handled within a controlled environment, 

estimations range from 10-30 years before retreatment is needed108, 109, 110, 111. This is thought to be 

because of the polymer’s low permeability to silver-corroding gases (such as hydrogen sulphide)112, 

and is probably also why the thickness of the applied coating (often in more than one layer) is assumed 

to be comparative to the performance of the coating113. This is potentially also why most reports 

suggest application defects to be a crucial factor for coating failures114.  

 

2.2 Solvent – Polymer solubility 

When a solvent dissolves a thermoplastic polymer (such as cellulose nitrate), the secondary bonds 

within the polymeric structure breaks – but the primary bonds within the molecule stays intact. The 

solvent molecules diffuse into the polymer structure and separates the polymer molecu les from each 

other. This can only occur if the attraction between the solvent-polymer molecules are stronger than 

those between the polymer molecules115. Many thermoplastics however, are not easily dissolved since 

the solvent molecules cannot always permeate the structure due to the polymer molecular size116. 

 
93 Shashoua, Bradley, and Daniels, ‘Degradation of Cellulose Nitrate Adhesive’. 114. 
94 Pouliot et al., ‘Three Decades Later: A Status Report on the Silver Lacquering Program at Winterthur’. 40. 
95 Shashoua, Bradley, and Daniels, ‘Degradation of Cellulose Nitrate Adhesive’. 114. 
96 Ziegler et al., ‘Popping Stoppers, Crumbling Coupons – Oddy Testing of Common Cellulose Nitrate Ceramic Adhesives’. 
97 Shashoua, Bradley, and Daniels, ‘Degradation of Cellulose Nitrate Adhesive’. 114. 
98 Luxford and Thickett, ‘Preventing Silver Tarnish - Lifetime Determination of Cellulose Nitrate Lacquer’. 10. 
99 Luxford and Thickett. 9-10. 
100 Shashoua, Bradley, and Daniels, ‘Degradation of Cellulose Nitrate Adhesive’. 114. 
101 Luxford and Thickett, ‘Preventing Silver Tarnish - Lifetime Determination of Cellulose Nitrate Lacquer’. 9. 
102 Pouliot et al., ‘Three Decades Later: A Status Report on the Silver Lacquering Program at Winterthur’. 41. 
103 Shashoua, Bradley, and Daniels, ‘Degradation of Cellulose Nitrate Adhesive’. 113. 
104 Reedy et al., ‘Evaluation of Three Protective Coatings for Indoor Silver Objects’. 56. 
105 Reedy et al. 57. 
106 Pouliot and Wagner, ‘Preserving the Sheen of Winterthur’s Silver’. 3. 
107 Pouliot et al., ‘Three Decades Later: A Status Report on the Silver Lacquering Program at Winterthur’.  37-38. 
108 Grissom et al., ‘Evaluation of Coating Performance on Silver Exposed to Hydrogen Sulfide’.  82. 
109 Pouliot et al., ‘Three Decades Later: A Status Report on the Silver Lacquering Program at Winterthur’. 34-36. 
110 Pouliot and Wagner, ‘Preserving the Sheen of Winterthur’s Silver’. 2-5. 
111 Luxford and Thickett, ‘Preventing Silver Tarnish - Lifetime Determination of Cellulose Nitrate Lacquer’. 
112 Polidori et al., ‘CURRENT SILVER TREATMENT PRACTICES AT WINTERTHUR (WHITE PAPER): Findings and Outcomes from 

the IMLS Grant‐Funded Project: Conservation of Silver and Copper Alloy Objects, Phase II’. 47. 
113 Polidori et al. 40. 
114 Pouliot et al., ‘Three Decades Later: A Status Report on the Silver Lacquering Program at Winterthur’. 36. 
115 Wilks, Newey, and Great Britain Museums and Galleries Commission Museums & Galleries commission Conservation Unit, Science for 

Conservators Vol. 3 Adhesives and Coatings. 100. 
116 Giorgio Torraca, Solubility and Solvents for Conservation Problems, 4. ed., ICCROM Technical Notes (Rome: ICCROM, 1990), 

https://www.iccrom.org/publication/solubility-and-solvents-conservation-problems. 14. 
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Instead, they place themselves in between the structure, causing the polymer substance to plasticise, 

deform and swell (gelling)117. 

Organic solvents are classified by their functional groups, which all have distinct properties of 

reactivity. These groups will lend their properties to their parent molecules, and by doing so, share 

similar functions as other compounds containing the same category of groups118. The different 

categories of functional groups are based on their structural properties. Oxygen-Containing Functional 

Groups includes alcohols, carbonates, ketones, and esters, which all have different reactivity 

depending on where the C-O bond is situated and the orbital hybridisation (formation of hybrid 

orbitals) 119. 

A good solvent is defined through the general rule that “like dissolves like”; where the solvent 

molecules have similar forces of attraction between them (similar cohesive energy density120) as the 

molecules within the polymer (the solute)121. 

Especially if their composite forces of component interactions such as hydrogen bonding, dispersion 

forces and orientation are comparable. According to that rule, polar solvents tend to dissolve polar 

polymer molecules, and nonpolar solvents, tend to dissolve nonpolar polymer molecules 122. Therefore, 

a nitrate cellulose ester polymer with moderate polarity, could potentially be dissolved by other 

moderately polar molecules with similar interactive forces, such as for instance ester compounds. 

2.2.1 Solubility parameters 
By different methods of calculation to understand the molecule interactions, three methods to predict 

solvent solubility performance have been used in order to select solvents within the thesis project: 

Hildebrand’s solubility parameter, Hansen’s solubility parameters and the fractional solubility 

parameters. 

2.2.2 Hildebrand’s solubility parameter 
The cohesive energy density is defined as the energy it takes to break the substrates intermolecular 

bonds and isolate a unit volume of that molecule (heat of vaporization). The square root of that 

cohesive energy density is defined by only one parameter in the Hildebrand model; δ123, 124, as 

presented in the formula below in Equation 1125: 

 
Equation 1, Expression of how to calculate the Hildebrand parameter of cohesive energy density  

 

 

 

 
117 Wilks, Newey, and Great Britain Museums and Galleries Commission Museums & Galleries commission Conserva tion Unit, Science for 

Conservators Vol. 3 Adhesives and Coatings. 101. 
118 Helen Wilks, Graham Weaver, and Great Britain Museums and Galleries Commission Museums & Galleries commission Conservation 

Unit, Science for Conservators Vol. 1 An Introduction to Materials (London: Conservation Unit of the Museums & Galleries Commission in 

conjunction with Routledge, 1992). 98. 
119 Wilks, Weaver, and Great Britain Museums and Galleries Commission Museums & Galleries commission Conservation Unit. 74-75. 
120 Shruti Venkatram et al., ‘Critical Assessment of the Hildebrand and Hansen Solubility Parameters for Polymers’, Journal of Chemical 

Information and Modeling 59, no. 10 (28 October 2019): 4188–94, https://doi.org/10.1021/acs.jcim.9b00656. 4188. 
121 Horie, Materials for Conservation: Organic Consolidants, Adhesives and Coatings . 69. 
122 Torraca, Solubility and Solvents for Conservation Problems. 16. 
123 Venkatram et al., ‘Critical Assessment of the Hildebrand and Hansen Solubility Parameters for Polymers’.  4188. 
124 Charles M. Hansen, Hansen Solubility Parameters: A User’s Handbook, Second Edition , 0 ed., vol. 2nd Edition (Boca Raton: CRC Press, 

2007), https://doi.org/10.1201/9781420006834. 2. 
125 John Burke, ‘Solubility Parameters: Theory and Application’ (The Book and Paper Group of the American Institute for Conservat ion, 

1984), https://cool.culturalheritage.org/coolaic/sg/bpg/annual/v03/bp03-04.html. 
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Or simplified in Equation 2 as126: 

 
Equation 2, Simplified expression of how to calculate the Hildebrand parameter of cohesive energy density 

 
 

δ = Hildebrand solubility parameter 

c = Cohesive energy density  
ΔH = Heat of vaporization  

R = Gas constant: 8.31446261815324 J⋅K−1⋅mol−1 

T = Temperature  

Vm or V= Molar volume  
E= energy (heat) of vaporization 
 
 

The cohesive energy density from the heat of vaporization is described in either calories per cubic 

centimetre of liquid cal/cm3 or in the newer unit description mega-pascals; MPa (conforming to 

standard international units of cohesive pressures: SI units ∂(SI). (MPa1/2 is 2.0455 times larger than 

that in (cal/cm3)1/2).  

The Hildebrand value for cellulose nitrate is 21.4-23.5 δ /MPa½ 127. If the solvent value lies within the 

interval of +2 MPa1/2 or -2 MPa1/2 of the Hildebrand solubility value for cellulose nitrate, it would 

suggest that the solvent would be able to dissolve the polymer128. The Hildebrand values for solvents 

are presented in Table 1 and in APPENDIX 1.  

2.2.3 Hansen’s solubility parameters 
Based on Hildebrand’s model, the solubility characteristics of a polymer can according to Hansen’s 

model be calculated from three partial parameters of the Hildebrand’s value. The three partial 

parameters being: 

• Dipole-dipole – unbalanced distribution of electrons causes polar attraction between 

molecules 

• Hydrogen bond – extreme form of polar attraction by hydrogen bonding (when directly 

attached to oxygen or nitrogen)  

• Dispersion (non polar) – changes of electron distribution between symmetrical molecules 

creates a temporary dipole moment 

The values from the Hansen parameters equation can produce a 3D-model of a polymer solubility 

sphere by doubling the dispersion parameter axis (Figure 3). 

 

 

 

 

 

 
126 Hansen, Hansen Solubility Parameters. 2. 
127 George Wypych, Handbook of Polymers (Scarborough: ChemTec Publishing, 2016). 64. 
128 Venkatram et al., ‘Critical Assessment of the Hildebrand and Hansen Solubility Parameters for Polymers’. 4188. 
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According to Hansen’s model, the polymer is likely to be soluble if the solvent value lies within that 

sphere129. By using this equation (Equation 3), one can calculate if the distance of the solvent from the 

spheric centre is less than the interaction radius R130, 131: 

Equation 3, Expression of how to calculate Hansen’s solubility sphere 

 

 
 

 
D(S-P) = distance between solvent and centre of sphere 

∂xs= parameter for solvent 

∂xp= parameter for polymer  
∂d = dispersion 
∂p = polar 

∂h= hydrogen 

 

 

 
Figure 3, Hansen´s solubility sphere132 

The Hansen solubility parameters for solvents are presented in Table 1 and the calculated estimates in 

APPENDIX 1. The Hansen solubility parameters for cellulose nitrate are: 

∂/MPa1/2  for cellulose nitrate133:  ∂d15.4    ∂p14.7   ∂h8.8     

R (interaction radius) = 11.5 ∂/MPa1/2   

 

2.2.4 Fractional solubility parameters and the Teas chart 
By converting Hansen’s three component parameters as a percentage of the Hildebrand value, the 

force of attraction between molecules in a solvent can be calculated and graphically presented in a 

two-dimensional, triangular graph134- the Teas chart, at the expense of assuming all materials share the 

same Hildebrand value135. The teas chart focuses on relative amounts (percentage), where the three 

fractional solubility components (fd, fp, fh) are expressed as part of 1, or 100(%) according to the 

expressions136 below in Equation 4 and Equation 5: 

 
Equation 4, Expression of the connection between Hildebrand’s, Hansen’s and the Teas chart fractional solubility values.  

 
 
 

 

 
129 Horie, Materials for Conservation: Organic Consolidants, Adhesives and Coatings . 72. 
130 Horie. 72. 
131 Burke, ‘Solubility Parameters’. 
132 Polymer database, ‘Hansen Solubility Sphere’, accessed 21 April 2022, 

https://polymerdatabase.com/polymer%20physics/Hansen%20Solubility%20Sphere.html. 
133 Burke, ‘Solubility Parameters’. 
134 Torraca, Solubility and Solvents for Conservation Problems. 16. 
135 Burke, ‘Solubility Parameters’. 
136 Horie, Materials for Conservation: Organic Consolidants, Adhesives and Coatings . 73. 

D(S-P) = [4(∂ds - ∂dp)2 + (∂ps - ∂pp)2 + (∂hs - ∂hp)2]½  
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Equation 5, Fractional solubility values as percentage of a whole (1 or 100%) 

 
fd = dispersion 
fp = polar 

fh = hydrogen 

 

The triangular graph is made up of three 60º axes, each side representing a scale from 0-100(%) of 

dispersion, hydrogen and polarity, where 0 on one side always represents 100 on the other (Figure 4). 

This means that any location within the graph could 

be expressed by three coordinate values that together 

always adds up to a hundred. 

The polymer’s solubility parameters are harder to 

establish than solvents and are expressed within the 

graph as a larger area - a solubility window. If the 

fractional solubility values of a solvent are found 

within that area, there is a possibility of it being able 

to dissolve the polymer.  

Since solubility properties are the end result of 

intermolecular attractions, solvents on either side of 

the solubility window can hypothetically mix, and 

with combined forces meet within the solubility 

window at a location whose coordinates potentially 

would dissolve the solute. 

2.2.5 Considerations regarding 
solubility prediction methods 

Solvent/solute interaction however, is more complex than can be predicted out of these few-variable 

calculations and many behaviours are not accounted for137. These calculations have well known 

shortcomings138 and results should be treated as suggestions. For instance, smaller solvent molecules 

are more probable to permeate and dissolve a polymer than the chart might suggest, and smaller 

polymer molecules probably have a greater area of solubility potential than suggested139, 140.  

2.2.6 Solvent – Solute interaction 
Another aspect to take into consideration regarding the degree of solvent-solute interaction, is 

kinetics141 - the speed of the interaction. This depends largely on molecular size and shape (larger, 

bulkier molecules demand more energy to move around) together with good results from the solvents 

solubility parameters, as to be able to diffuse further into the polymeric structure in a shorter amount 

of time142. 

 

 
137 Alan Katritzky et al., ‘Quantitative Measures of Solvent Polarity’, Chemical Reviews 104 (1 February 2004): 175–98, 

https://doi.org/10.1021/cr020750m. 
138 Horie, Materials for Conservation: Organic Consolidants, Adhesives and Coatings. 75. 
139 Beth A. Miller-Chou and Jack L. Koenig, ‘A Review of Polymer Dissolution’, Progress in Polymer Science 28, no. 8 (1 August 2003): 

1223–70, https://doi.org/10.1016/S0079-6700(03)00045-5. 
140 Horie, Materials for Conservation: Organic Consolidants, Adhesives and Coatings . 73. 
141 Horie. 81 
142 Horie. 88. 

Figure 4, Teas triangular graph containing the solubility 
window for the cellulose nitrate polymer 
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The solvent interacts with the polymer from the outside in. The stages of solvent reaction with a 

polymer to produce a solution is described by V. Horie (2010) as follows143: 

1. The solvent molecules infiltrate between the polymer chains by diffusion. 
2. The outer layer of the polymer interacts with the solvent and swells. 
3. The outer layer of the swollen polymer absorbs more solvent and becomes a rubbery gel.  

4. The polymer molecules are lost from the surface at a rate depending on the flow of solvent over the 
surface. 
 

Swelling always preludes the dissolution of the polymer, and a high glass transition temperature (Tg) 

reduces the speed of interaction, the potential of gelling and subsequent dissolution. A slow or 

inadequate interaction resulting in a partial gel-layer, might instead induce extra stress to the 

underlaying, unaffected polymer and cause it to crack, endangering fragile coated objects144.  

Deteriorated lacquers that have crosslinked will never be able to dissolve, only swell145. Swollen 

polymers have to be mechanically scraped of the metallic surface with the risk of causing damage to 

the surface of the object146, and lacquered objects should therefore preferably be treated before the 

polymer becomes insoluble. 

During the treatment there is a risk of the solvent evaporating before having time to react with the 

solute. Any remaining polymer after treatment will shrink and cause additional stress to the object 147. 

An incomplete removal will also lead to an uneven tarnishing of the silver surface. The solvent boiling 

point and evaporation rate gives an idea of its volatility. They are classified into three groups, all 

relative to the butyl acetate standard n-BuAc =1148. 

High-volatility solvents: >3.0 

Medium-volatility solvents: ≥0.8 to ≤3.0 

Low-volatility solvents: <0.8 

 

Conservators often need solvents to be volatile, for example to aid in the evaporation of moisture from 

metal surfaces and avoid any potential solvent residue after treatment. However, the solvent also needs 

to be able to provide sufficient time for solute interaction and utilisation. Furthermore, the highly 

volatile solvents are a known problematic health issue. 

2.2.7 Problems relating to organic solvents - solvent toxicity 
The most common method to remove coatings from silver objects has been by dissolution using 

various solvents149, 150, 151, 152, 153, 154, often containing hazardous and/or harmful properties that  can 

cause harm to the user. Many of the organic solvents used are often volatile, flammable (even 

explosive) and toxic. For instance, the National Institute for Occupational Safety and Health  under the 

U.S. Department of Health and Human Services (NIOSH) classifies the (historically) common 

 
143 Horie. 87. 
144 Horie. 88. 
145 Alan Phenix, ‘Effects of Organic Solvents on Artists Oil Paint Films: Swelling’, 2013, http://repository.si.edu/xmlui/handle/ 10088/20491. 
146 Horie, Materials for Conservation: Organic Consolidants, Adhesives and Coatings . 88. 
147 Horie. 89. 
148 Iowa State University, ‘Safety Data Sheets (SDSs): Information and Glossary’, 2018, ht tps://publications.ehs.iastate.edu/sdsglossary/14/. 
149 Tamara Jaeger, ‘Removal of Paraffin Wax in the Re-Treatment of Archaeological Iron’, Journal of the American Institute for 

Conservation 47 (1 September 2008): 217–23, https://doi.org/10.1179/019713608804539619. 
150 Chiara Giuliani et al., ‘Chitosan-Based Coatings for Corrosion Protection of Copper-Based Alloys: A Promising More Sustainable 

Approach for Cultural Heritage Applications’, Progress in Organic Coatings 122 (1 September 2018): 138–46, 

https://doi.org/10.1016/j.porgcoat.2018.05.002. 
151 Pouliot et al., ‘Three Decades La ter: A Status Report on the Silver Lacquering Program at Winterthur’. 
152 Horie, Materials for Conservation: Organic Consolidants, Adhesives and Coatings . 76-80. 
153 Arianna Passaretti et al., ‘Biologically Derived Gels for the Cleaning of Historical and Artistic Metal Heritage’, Applied Sciences 11, no. 8 

(January 2021): 3405, https://doi.org/10.3390/app11083405. 2. 
154 Phenix, ‘Effects of Organic Solvents on Artists Oil Paint Films’. 
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solvents Xylene as a reproductive hazard155 and Toluene as neurotoxic156, concerns which are enforced 

by the World Health Organization (WHO), the US Environmental protection Agency (EPA) and the 

European Union (EU, REACH - European Regulation acronym for the Registration, Evaluation, 

Authorisation and Restriction of Chemicals)157, 158.  

Conservators are especially subjected to inhalation of toxic fumes, by often residing in close proximity 

to the object during treatment for prolonged periods of time159. But the exposure to organic solvents 

expands beyond the user. Due to their toxic and hazardous properties they are of global concern as 

they, through their lifecycle, also consequently affect the health of others and pollute the 

environment160.  

 

2.3 The concept of sustainability within cultural heritage and conservation practice 

In 1987, the World Commission on Environment and Development (WCED) published the 

Brundtland report “Our common future” describing the term sustainable development: “Sustainable 

development is development that meets the needs of the present without compromising the ability of 

future generations to meet their own needs”161. The term has since then been developed as a concept 

on a global scale162, 163, 164, 165, 166 culminating 2015 in the United Nations’ Agenda 2030167 - containing 

17 interlinked Sustainable Development Goals (SDGs) that includes the need for green and sustainable 

chemistry168. In order to reduce solvent emissions and harmful chemical substances, environmental 

legislations such as the Clean Air act169 and The VOC Solvents Emissions Directive (1999/13/EC)170 

have additionally been established. 

The increased awareness of the importance of sustainability is also reflected within the field of cultural 

heritage. Large international organisations such as International Council of Museums (ICOM)171, The 

International Institute for Conservation of Historic and Artistic Works (IIC)172 and the International 

 
155 Reena Kandyala, Sumanth Phani C Raghavendra, and Saraswathi T Rajasekharan, ‘Xylene: An Overview of Its Health Hazards and 

Preventive Measures’, Journal of Oral and Maxillofacial Pathology : JOMFP 14, no. 1 (2010): 1–5, https://doi.org/10.4103/0973-

029X.64299. 
156 Silvia L. Cruz, María Teresa Rivera -García, and John J. Woodward, ‘Review of Toluene Action: Clinical Evidence, Animal Studies and 

Molecular Targets’, Journal of Drug and Alcohol Research  3 (2014): 235840, https://doi.org/10.4303/jdar/235840. 
157 Calvo-Flores et al., ‘Green and Bio-Based Solvents’. 18. 
158 Hanna Landberg, ‘The Use of Exposure Models in Assessing Occupational Exposure to Chemicals’ (University of Lund, 2018), 

http://oatd.org/oatd/record?record=oai%5C%3Alup.lub.lu.se%5C%3A3651a55b-f7e0-4187-8a9f-2d7b1cc585eb. 8. 
159 V. M. Varnai et al., ‘Upper Respiratory Impairment in Restorers of Cultural Heritage’, Occupational Medicine 61, no. 1 (1 January 2011): 

45–52, https://doi.org/10.1093/occmed/kqq170. 
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171 ICOM: International Council of Museums, ‘Working Group on Sustainability’, International Council of Museums, 2020, 

https://icom.museum/en/committee/working-group-on-sustainability/. 
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https://www.iiconservation.org/archives/about/policy-statements/environmental-guidelines. 



17 

 

Council on Monuments and Sites (ICOMOS)173 help guide cultural heritage professionals and 

institutions to reduce their carbon footprints174, 175, 176, 177. 

Within conservation science, paradigm shift calls for new methods to reduce or substitute harmful 

chemicals that are being used in object conservation. Not only does collection care and the treatment 

of objects generate waste and consume large amount of energy178, the hazardous and toxic aspects of 

various chemicals cause additional concerns. The negative effects of accumulated synthetic chemicals 

in the environment and bodies were emphasised as early as 1962 in the publication of Silent spring179 

by Rachel Carson – a book that helped spark the environmental movement.   

A theoretic framework, designed for the field of chemical industry was developed in 1998 at the 

United States Environmental Protection Agency (EPA) by Paul Anastas and John Warner. They 

introduced the concept of green chemistry180, containing 12 applicable principles with the aim of 

preventing chemical waste, creating energy efficient processes, using renewable materials/substances, 

and avoid the use of toxic and hazardous substances181. The idea of green chemistry is described by the 

Royal Society of Chemistry182: "Green chemistry is the utilisation of a set of principles that reduces or 

eliminates the use or generation of hazardous substances in the design, manufacture and application of 

chemical products.”183  

2.3.1 The need for greener solvents 
The development and use of organic solvents within the conservation field has followed the industrial 

petrochemical progress from the 1920s and onwards. Organic solvents are carbon-based, and their 

distinct structures generate their various properties. They are divided into natural or synthetic 

depending on the processes involved in their creation. A synthetic solvent is a product of chemical 

reactions of other, mostly petrochemically derived products184. 

Over 40 studies conducted between 1970-1990 support the hypothesis of neurological effects caused 

by exposure to organic solvents185. Since then, more research regarding their toxicity has been 

conducted - albeit mostly for and by pharmaceutical companies186, 187, but also in regard to working 

hazards relating to solvents used within the conservation field188, 189. This has led to; a greater 

awareness of the risks involved, accessible guidance regarding the proper handling of chemicals and 

 
173 ICOMOS:  International Council on Monuments and Sites, ‘Cultural Heritage and Sustainable Development: The Sustainable 

Development Goals Working Group of ICOMOS Coordinates the Response and Implementation by ICOMOS of the UN 2030 Agenda’, 
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actions/research-development/sustainability-and-local-development/. 
175 CIMAM: International Committee for Museums and Collections of Modern Art, ‘Sustainability and Ecology in Museum Practice: Biz ot 
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application of personal protective equipment (PPE)190, together with better suited ventilated/filtered 

workspaces. This awareness regarding chemical toxicity also includes solvent waste disposal, enforced 

by laws and regulations191.  

The primary aim however, must be to minimize the use of harmful chemicals, in part by reducing 

quantities, but preferably with less toxic and more sustainable substitutes. 

Häckl and Kunz (2017) refer to how Anastas describes Green chemistry as “a reduction of harm”192, a 

statement which raises an inherent dilemma; what constitutes an acceptable level of harm?  

This way of thinking has already been developed and in many ways implemented; benzene was for 

instance substituted with Toluene in the 1970s as a less toxic alternative193. This assessment of toxicity 

is however only relatively true; toluene is still a harmful product to both practitioners and the 

environment. There is also the issue of implementation of new materials and treatments (where the 

effects from deterioration has not yet been sufficiently researched) to a field that, at the end of the 20th 

century, developed a more careful attitude to active conservation treatments due to implications from 

the previous optimistic approaches to new materials (like epoxy) in the 1970s. Any potential greener 

substitute must therefore suit a variety of criteria’s, not least concerning the conservation object, and 

any such claims must also be supported by research and experience.  

2.3.2 Green Solvent criteria 
Within the context of green criteria there are many different categories of green solvents, such as ionic 

liquids194, deep eutectic solvents195, liquid polymers196 and supercritical fluids197, and more are 

predicted to be developed. The focus of this thesis however, is mainly on the categories Bio-solvents 

and Organic carbonates.  

Bio-solvents are obtained from biomass and produced from crops rich in carbohydrates, such as maize, 

wheat or beets. The most common way of production is through fermentation, chemical conversion of 

biomass derivatives, or through the use of waste materials from other processes198. Some categories of 

bio-based solvents are alcohols (e.g., ethanol), esters (e.g., ethyl acetate and ethyl lactate) and 

ethers199. 

Organic carbonates are relatively stable  ̧biodegradable and have very low toxicity. They come in 

many structural variations that can be divided into several subcategories, for instance saturated 

aliphatic (single bonds between carbon atoms) linear (e.g., dimethyl carbonate) and cyclic (e.g., 

propylene carbonate) compounds200, 201.   

 

Bio-solvents and organic carbonates demonstrate potential as substitutes to traditional organic solvents 

used in conservation, due to their similar (familiar) methods of application, properties and ways of 

acquisition. 

 
190 Fife, Handbook. 26. 
191 Fife. 27. 
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Based on the twelve principles of green chemistry, an article by Gu and Jérôme (2013) describes the 

different criteria for a green solvent more specifically202: 

• Availability: a  green solvent needs to be available on a  

large scale, and the production capacity should not greatly 

fluctuate in order to ensure a constant availability of the solvent  

on the market. 

 

• Price: green solvents have to be not only competitive in 

terms of price but also their price should not be volatile during 

time in order to ensure sustainability of the chemical process. 

 

• Recyclability: in all chemical processes, a  green 

solvent has to be fully recycled, of course using eco-efficient 

procedures. 

 

• Grade: technical grade solvents are preferred in order to 

avoid energy-consuming purification processes required to 

obtain highly pure solvents. 

 

• Synthesis: green solvents should be prepared through an 

energy-saving process and the synthetic reactions should have 

high atom-economy. 

 

• Toxicity: green solvents have to exhibit negligible toxicity 

in order to reduce all risks when manipulated by humans or 

released in nature when used for personal and home care, 

paints, etc. 

 

• Biodegradability: green solvents should be biodegradable 

and should not produce toxic metabolites. 

 

• Performance: to be eligible, a  green solvent should 

exhibit similar and even superior performances (viscosity, 

polarity, density, etc.) compared to currently employed solvents. 

 

• Stability: for use in a chemical process, a  green solvent 

has to be thermally and (electro)chemically stable. 

 

• Flammability: for safety reasons during manipulation, a  

green solvent should not be flammable. 

 

• Storage: a  green solvent should be easy to store and 

should fulfill all legislations to be safely transported either by 

road, train, boat or plane. 

 

• Renewability: the use of renewable raw materials for the 

production of green solvents should be favored with respect to  

the carbon footprint. 

 

To help with the classification of how green a solvent is (how many of the cited criteria are 

accomplished), openly available solvent guides from the pharmaceutical industry (Pfizer, 

GlaxoSmithKline GSK, Astra Zeneca) can be used together with safety data sheets, EPA and REACH 

listings (see 2.5.4 Solvent “greenness” according to selection guides). 

2.3.3 An example of solvent guides greenness assessment 
The Innovative Medicines Initiatives CHEM 21 project from Chemical Manufacturing Methods for 

the 21st Century Pharmaceutical Industries (CHEM21) has developed a guide to solvent selection 

compiled by data from the pharmaceutical companies, where they also applied special criteria for 

health, safety, and the environment according to the Globally Harmonized System of Classification 

and Labelling of Chemicals (GHS) and European regulations203, emphasising the issues regarding 

solvent flash- and boiling point. The guide has been extended to include certain neoteric solvents (non-

traditional solvents), mainly biologically produced products (bio-solvents) and organic carbonates. 

 
202 Gu and Jérôme, ‘Bio-Based Solvents’. 9551-9552. 
203 Prat et al., ‘CHEM21 Selection Guide of Classical- and Less Classical-Solvents’. 
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Prat et al believe that by combining the available guides' criteria with a developed model for risks in 

safety, health and the environment- an overall, preliminary ranking could be given that includes 

additional solvents, and also enables a simplified assessment of "how green" solvents are. 

To develop an assessment system for the applied safety, health and environment criteria, all substances 

are ranked and color-coded from 1-10, where 10 corresponds to the most dangerous substance. The 

scoring system is largely based on limit values of solvent properties together with  the GHS. 

1-3 = green (recommended), 4-6 = yellow (problematic), 7-10 = red (hazardous). 

The guide is available as an interactive Excel document and an assessment of the solvents chosen 

within this thesis are presented in Table 3. 

2.3.3.1 Safety 
The safety of the solvent depends on the flash point (considered flammable <24 °C) in combination 

with the boiling point, but also on the auto-ignition temperature (if its <200 °C), if it accumulates 

electrostatic charge, or if the substance easily forms explosive peroxides. 

2.3.3.2 Health 
The health score is based on the hazard statements in the GHS and Classification, Labeling & 

Packaging (CLP) regulation systems, where the risk level was considered integrated and comparable. 

The volatility of the substance (with boiling point <85 °C) was also taken into account here. If the 

toxicological data for a substance is incomplete, a score of 5 is assigned by default to avoid excluding 

information. 

2.3.3.3 Environmental impact 
According to Prat et al., the proposed scoring system for environmental impact is still incomplete. The 

assessment, according to the authors, should include acute toxicity to aquatic organisms and a value to 

evaluate carbon dioxide footprint. There are proposals for systems regarding the "life-cycles" of 

solvents, but these are complex and due to lack of data they are not yet in use. Instead, Prat et al., 

focused on; “ozone layer depletion, acute ecotoxicity, bio-accumulation, volatility, recyclability”204. 

Also within this category, any incomplete data regarding a substance generates a score of 5 by default.  

Many solvents are ranked by default as “problematic” due to their “too high” or “too low” boiling 

point - which Prat et al., mean reflects the substance's ability to be reused and recycled. 

This guide to solvent selection is currently applied within CHEM21's educational program for students 

and chemists in the chemical and pharmaceutical industry and is also primarily aimed at the 

pharmaceutical industry. But the authors believe that the concept of green chemistry is broad, and their 

method of developing the guide can be applied to other fields by adjusting the selection of solvents, 

and the combination of criteria205.  

Within the context of conservation, the boiling point and evaporation rate of a solvent might for 

instance generate higher points of toxicity due to the nature of the practice (working in close proximity 

to solvent- treated objects). For instance, Acetone and methyl ethyl ketone (MEK) are considered 

green and recommended solvents, and relatively speaking, they could be. However, the amount of 

VOC emissions should render them problematic within conservation practice, and this thesis will 

therefore include Acetone and MEK-alternatives. The difficulties regarding the assessment of green 

criteria, also indicates that “green” is a relative concept more than an actual product  or label. 
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2.4 Previous research – Green solvents in conservation 

A survey regarding the use of solvent substitutes within the conservation field was carried out 

unofficially in 2020 by “Sustainability in Conservation” (SIC)206. It showed that a majority (60%) 

avoided using green solvents due to the lack of reliable research applied within the conservation 

profession. However, it also showed that there was a will to develop the practice in a responsible and 

conscious way, but that the need for scientific research regarding alternative treatments, (especially 

follow-up research), was of great importance207.  

This issue is also raised by Passaretti et al. in the article “Biologically Derived Gels for the Cleaning 

of Historical and Artistic Metal Heritage” from 2021, were the authors conducted a survey regarding 

the conservators’ practices in metal heritage preservation, presenting similar results; green solvents 

were not used for either cleaning of metal surfaces, nor for the removal of organic coatings. The 

reasons given was either lack of knowledge concerning the risks of traditional solvents, unreliable 

alternatives due to lack of research and experience, together with potentially higher costs and time 

investment regarding new routines and application of alternative methods208. This perhaps partly 

explains why there currently are no publications regarding treatments with green solvents to remove 

lacquer from silver objects. Passaretti makes similar assessments before proposing biologically 

derived gel formulations, including organic solvent-containing gels (organo-gels), with special 

attention towards bio-solvents as a contemporary and sustainable solution for the removal of coatings. 

The article is written in such a way as to promote stakeholder investigation in order to implement the 

presented methodologies within the metal conservation field209.  

Despite the lack of publications regarding the removal of lacquer on silver objects with green solvents, 

there is an intensified interest in sustainable approaches within the metal conservation field, 

“Sustainability” is one of the key themes for ICOM-CC Metal Conference 2022210, and examples of 

other “greener” means of cleaning metal surfaces are emerging. The third International Conference on 

Green Conservation of Cultural Heritage 2019 presented research into the ability of microorganisms 

and fungi to either extract or convert reactive corrosion products to biogenic minerals - which in 

addition to stabilizing the corrosion processes of metals, also create a protective coating on the 

object211. Despite being mostly applied to copper alloys, this modification of corrosion products on 

metals (“biopatinas”)212 could be a possible treatment of future coatings213, 214.  

Looking at the broader field of conservation, more publications regarding cleaning with bio-solvents 

can be found in relation to paintings. In “The GREEN RESCUE: a ‘green’ experimentation to clean 

old varnishes on oil paintings”, Macchia et al. investigates a variety of selected green solvents as 

substitutes to traditionally used solvents when it comes to removing different resins (DAMAR, 

RETOUCHER, polyvinyl acetate PVA and polymethyl methacrylate PMMA) from paintings with 

promising results215. There is also an example in the article “The removal of graffiti ink from Mark 
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Rothko’s Untitled (Black on Maroon), 1958” by Ormsby et al. which describes the experimental 

processes that the conservators at Tate Modern in London carried out to arrive at the best method of 

removing graffiti ink. Sustainability and green solvents are not addressed as concepts in the article, 

other than as a tool to rule out certain toxic substances216, but the developed solvent resulted in a 

mixture containing the bio-solvent ethyl lactate. The research has contributed to ethyl lactate being 

used for the removal of graffiti in urban areas217, 218 and contributed with valuable research regarding 

the competitive qualities of uncommon solvents used to remove resins. 

The cleaning of dirt using green solvents, is also a more developed concept. In the article “Towards 

Sustainable Museum Conservation Practices: A Study on the Surface Cleaning of Contemporary Art 

and Design Objects with the Use of Biodegradable Agents”219 Kampasakali et al. investigate various 

green methods and materials to clean the plastics: “polymethyl methacrylate (PMMA), polylactic acid 

(PLA), polypropylene, (PP) and plasticized polyvinyl chloride (pPVC)” 220, including the green 

solvents limonene and ethyl lactate -two solvents that are becoming increasingly used within the 

field221. Kampasakali et al. also suggests a removal method using a microfiber cloth especially 

developed for conservation-restorers for the removal of varnish, called EvolonCR (investigated 

currently at the Rijksmuseum for the removal of varnish on Rembrandt’s “The Night Watch”222), that 

has demonstrated to be less abrasive than the otherwise commonly used cotton swabs223. 

In order to ease the transition into alternative (organic)solvents in conservation and offer conservators 

practical guidance, the international organization Sustainability in Conservation (SiC) has developed a 

practical handbook edited by G.R. Fife, based on the “Sustainability in Conservation Greener Solvents 

project – removing the most hazardous solvents from our conservation organic solvent cupboards” 

(through ICON), and it uses the CHEM21 tables AND REACH database to identify the most toxic 

solvents and find alternatives through the Teas chart224. Fife also encourage that the conservator does 

individual research by looking into other industries and applications - for instance the broader 

chemical industry (where green chemistry has been developed as a concept since the mid-nineties), 

together with the information distributed by pharmaceutical companies (GSK, Pfizer) containing 

categorised risk assessments tables for various solvents (solvent guides).  

The suggested methodology of that handbook, in many ways reflect the broad research of this thesis 

and also characterizes the knowledge gap and aspiration that currently exists within the conservation 

field. 

 

 
216 Bronwyn Ormsby et al., ‘The Removal of Graffiti Ink from Mark Rothko’s Untitled (Black on Maroon), 1958.’, in ICOM-CC 

Publications, vol. 2014 (ICOM-CC 17th Triennial Conference, Melbourne: International Council of Museums, 2014). 
217 Carla S. M. Pereira, Viviana M. T. M. Silva, and Alírio E. Rodrigues, ‘Ethyl Lactate as a Solvent : Properties, Applications and 

Production Processes – a Review’, Green Chemistry 13, no. 10 (2011): 2658–71, https://doi.org/10.1039/C1GC15523G. 2662. 
218 Marcin Bartman, Sebastian Balicki, and Kazimiera A. Wilk, ‘Formulation of Environmentally Safe Graffiti Remover Containing 

Esterified Plant Oils and Sugar Surfactant’, Molecules 26, no. 15 (January 2021): 4706, https://doi.org/10.3390/molecules26154706. 
219 Elli Kampasakali et al., ‘Towards Sustainable Museum Conservation Practices: A Study on the Surface Cleaning of Contemporary Art 

and Design Objects with the Use of Biodegradable Agents’, Heritage 4 (29 August 2021): 2023–43, 

https://doi.org/10.3390/heritage4030115. 
220 Kampasakali et al. 
221 Nicky Grimaldi, Brian Singer, and Natalie Richards, ‘Testing Limonene as a Possible Alternative Solvent to Petroleum Based Aromatic 

Hydrocarbons for Use in Conservation: Going Green: Towards Sustainability in Conservation’, in ICOM-CC Publications, vol. 2009 (Going 

green: towards sustainability in conservation, British Museum, London, U.K: International Council of Museums, 2009). 
222 Lambert Baij et al., ‘Understanding and Optimizing Evolon® CR for Varnish Removal from Oil Paintings’, Heritage Science 9, no. 1 (27 

November 2021): 155, https://doi.org/10.1186/s40494-021-00627-9. 
223 Kampasakali et al., ‘Towards Sustainable Museum Conservation Practices’. 
224 Fife, Handbook. 33. 
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2.5 Selection of solvents for the experiment 

2.5.1 Process of selection 
In order to identify greener solvents for the removal of cellulose nitrate lacquer, extensive literary 

research into broader fields of science was necessary, starting with investigating substituting 

characteristics of commonly used solvents for dissolution of cellulose nitrate lacquer, such as acetone, 

methyl ethyl ketone (MEK), toluene and xylene.  

Taking into account molecular prerequisites and applying general rules of chemistry (like dissolves 

like), calculating solubility parameters and applying teas charts to estimate the probability of success, 

the selected solvents were compared to one another in terms of potential “greenness” and availability, 

and the most problematic were ruled out. This investigation concluded six potential solvents of interest 

to be further analysed during preliminary testing; ethyl acetate, ethyl lactate, diacetone alcohol, 

propylene carbonate, dimethyl carbonate and polyethylene glycol with the molecular weight of 400 

(PEG400). 

 

2.5.2 Properties of selected solvents – Structure, manufacturing and 
application 

 

Ethyl acetate  

Ethyl acetate (Figure 5) is a colourless acetate ester with a 

fruity odor, synthesized from the esterification reaction 

between ethanol and acetic acid and is commonly used in 

conservation as a polar aprotic (proton acceptor, but not 

donor) solvent225 for paints and synthetic lacquers, inks and 

adhesives226. Although a volatile organic compound 

(VOC)227 as a polar solvent, it is increasingly used as a 

slower evaporating and less toxic substitute for acetone228.  

 

Ethyl acetate can accomplish the green principle regarding 

sustainable origin by being biobased, deriving from 

fermentation of naturally obtained yeast from sugar-rich 

agricultural waste229. 

 

 

 

 

Figure 5, Ethyl acetate ball and stick 

structure230 

 

 

 

 
 

 
 
 

 
 
 

 

 
225 National Center for Biotechnology Information, ‘PubChem Compound Summary for CID 8857, Ethyl Acetate’, PubChem, accessed 11 

April 2022, https://pubchem.ncbi.nlm.nih.gov/compound/8857. 
226 American Chemical Society, ‘Molecule of the Week Archive: Ethyl Acetate’, American Chemical Society, 11 March 2011, 

https://www.acs.org/content/acs/en/molecule-of-the-week/archive/e/ethyl-acetate.html. 
227 OAR US EPA, ‘Ground-Level Ozone Pollution: Volatile Organic Compound Exemptions’, Other Policies and Guidance, 10 May 2019, 

https://www.epa.gov/ground-level-ozone-pollution/volatile-organic-compound-exemptions. 
228 Christian Capello, Ulrich Fischer, and Konrad Hungerbühler, ‘What Is a Green Solvent? A Comprehensive Framework for the 

Environmental Assessment of Solvents’, Green Chemistry 9, no. 9 (2007): 927, https://doi.org/10.1039/b617536h. 
229 Calvo-Flores et al., ‘Green and Bio-Based Solvents’. 25. 
230 ‘PubChem Compound Summary for CID 8857, Ethyl Acetate’. 
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Ethyl lactate 

Ethyl lactate (Figure 6) is a clear polar protic liquid ester, 

synthesized from the esterification reaction between 

ethanol and lactic acid. The molecule contains both ester 

and alcohol functional groups231 and has many applications 

as a cleaning agent due to its high solvency power (ability 

to dissolve both polar and non-polar solute232) for oils, 

resins, polymers and inks233.  (Bio-) Lactic acid is 

sustainably produced by fermentation of glucose (corn and 

other carbohydrates)234. It is readily biodegradable into 

water and carbon dioxide, has low production cost and low 

toxicity235.  

 
 

 

 

 

Figure 6, Ethyl lactate ball and stick 
structure236 

 

 

 

 

 

 

Diacetone alcohol 

Diacetone alcohol (DAA) (Figure 7) is a beta-hydroxy 

ketone formed by the Ba(OH)2-catalyzed condensation of 

two acetone molecules and appears as a faint smelling, 

clear liquid. Bio-ethanol can be used for the synthesis of 

acetone237. The bio-derived acetone is also purer than the 

petroleum-derived product. Diacetone alcohol is used as a 

solvent for cellulose polymers, oils and resins238. Although 

less hazardous than chlorinated solvents and acetone due to 

its higher flashpoint, DAA is regulated as an air 

contaminant239 and is suspected of (but not confirmed) 

potential health concerns240. 

 

 
 
 

 
 
 

 
 

 
Figure 7, Diacetone alcohol ball and stick 

structure241 
 

 

 
231 Francesca M. Kerton and Ray Marriott, Alternative Solvents for Green Chemistry, 2nd Edition , 2nd ed. (Royal Society of Chemistry, 

2013). 158. 
232 Yin Leng Kua et al., ‘Ethyl Lactate as a Potential Green Solvent to Extract Hydrophilic (Polar) and Lipophilic (Non -Polar) Phytonutrients 

Simultaneously from Fruit and Vegetable by-Products’, Sustainable Chemistry and Pharmacy 4 (1 December 2016): 21–31, 

https://doi.org/10.1016/j.scp.2016.07.003. 
233 M. Pereira, M. Silva, and E. Rodrigues, ‘Ethyl Lactate as a Solvent’. 2658 
234 M. Pereira, M. Silva, and E. Rodrigues. 2661 
235 M. Pereira, M. Silva, and E. Rodrigues. 
236 National Center for Biotechnology Information, ‘PubChem Compound Summary for CID 7344, Ethyl Lactate’, 2022, 

https://pubchem.ncbi.nlm.nih.gov/compound/7344. 
237 Calvo-Flores et al., ‘Green and Bio-Based Solvents’. 20. 
238 National Center for Biotechnology Information, ‘PubChem Compound Summary for CID 31256, Diacetone Alcohol’, 2022, 

https://pubchem.ncbi.nlm.nih.gov/compound/31256. 
239 New York State NYSDEC of Environmental Conservation, ‘DAR‐1: Guidelines for the Evaluation and Control of Ambient Air 

Contaminants Under 6NYCRR Part 212’ (Bureau of Air Quality Analysis & Research, 12 February 2021), 8. 

https://www.google.com/search?q=%22diacetone+alcohol%22+AND+regulated+AND+%22air+contaminant%22&client=firefox -b-

d&biw=1408&bih=627&sxsrf=APq-

WBsmhkVgq1oHeOCKEjVRQibE3B8Suw%3A1649704964505&ei=BIBUYuXIHuiyrgSGj66wBA&ved=0ah UKEwjl2pLz3Yz3AhVomYs

KHYaHC0YQ4dUDCA0&uact=5&oq=%22diacetone+alcohol%22+AND+regulated+AND+%22air+contaminant%22&gs_lcp=Cgdnd3Mtd

2l6EAM6BwgAEEcQsANKBQg8EgExSgQIQRgASgQIRhgAUPUBWNtoYKhraAFwAXgAgAFriAG -

CJIBAzkuM5gBAKABAcgBB8ABAQ&sclient=gws-wiz. 
240 ECHA European chemicals agency, ‘Substance Information - 4-hydroxy-4-methylpentan-2-one (diacetone alcohol)’, agency of the 

European Union, ECHA European chemicals agency, accessed 11 April 2022, https://echa.europa.eu/sv/substance -information/-

/substanceinfo/100.004.207. 
241 National Center for Biotechnology Information, ‘PubChem Compound Summary for CID 31256, Diacetone Alcohol’.  
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Dimethyl carbonate 

Dimethyl carbonate (Figure 8) is a nonpolar aprotic  

carbonate ester that appears as a clear ester-smelling 

liquid242, 243. Dimethyl carbonate can be synthesized by 

several chemical routes. Currently it is produced on a large 

scale by carbonylation of methanol (reaction with carbon 

monoxide) and an oxidant244, 245, but alternative direct 

production processes from CO2 with methanol are currently 

being researched246, 247, 248. Dimethyl carbonate is classified 

as a VOC exempt solvent. VOCs react photochemically 

with nitrogen oxides resulting in ozone production, the 

exempt refers to a neglective amount of product249. It is 

noncorrosive to metals and used as a solvent for oils and 

coating resins and is considered a green alternative solvent 

when considering safety, health and environmental criteria 

due to its non-toxicity and the fact that it biodegrades 

readily in the atmosphere250. 

 

 

 
 
 

 
 

 
Figure 8, Dimethyl carbonate ball and stick 

structure251 
 

Propylene carbonate 

Propylene carbonate (Figure 9) is a polar aprotic, cyclic 

carbonate ester that appears as a clear and odourless 

liquid252. The solvent is currently obtained on an industrial 

scale from carboxylation of propylene oxide and carbon 

dioxide, which is considered a “green process” since the 

reaction has high atom economy (100% component 

reaction) and consumes carbon dioxide253. Propylene oxide 

however, is highly reactive and toxic, and alternative 

production processes are being researched, for instance 

through a reaction of propylene, carbon dioxide and an 

oxidant, or by a reaction of propylene glycol and urea 

CO(NH₂)₂254. Like dimethyl carbonate the solvent is 

classified as a VOC exempt solvent. Propylene carbonate is 

used in adhesives and paint strippers255. 

 

 

 

 
Figure 9, Propylene carbonate ball and stick 

structure256 

 

 
242 Sang-Hyun Pyo et al., ‘Dimethyl Carbonate as a Green Chemical’, Current Opinion in Green and Sustainable Chemistry , 5 Green 

Solvents 2017, 5 (1 June 2017): 61–66, https://doi.org/10.1016/j.cogsc.2017.03.012. 61. 
243 National Center for Biotechnology Information, ‘PubChem Compound Summary for CID 12021, Dimethyl Carbonate’, 2022, 

https://pubchem.ncbi.nlm.nih.gov/compound/12021. 
244 Pyo et al., ‘Dimethyl Carbonate as a Green Chemical’. 61-62. 
245 Benjamin Schäffner et al., ‘Organic Carbonates as Solvents in Synthesis and Catalysis’, Chemical Reviews 110, no. 8 (11 August 2010): 

4554–81, https://doi.org/10.1021/cr900393d. 4557. 
246 Pyo et al., ‘Dimethyl Carbonate as a Green Chemical’. 64. 
247 Calvo-Flores et al., ‘Green and Bio-Based Solvents’. 11. 
248 Tomishige et al., ‘Reaction of CO2 With Alcohols to Linear-, Cyclic-, and Poly-Carbonates Using CeO2-Based Catalysts’. 5. 
249 US EPA, ‘Ground-Level Ozone Pollution: Volatile Organic Compound Exemptions’. 
250 Pyo et al., ‘Dimethyl Carbonate as a Green Chemical’. 61. 
251 National Center for Biotechnology Information, ‘PubChem Compound Summary for CID 12021, Dimethyl Carbonate’.  
252 National Center for Biotechnology Information, ‘PubChem Compound  Summary for CID 7924, Propylene Carbonate’, PubChem, 2022, 

https://pubchem.ncbi.nlm.nih.gov/compound/7924. 
253 Łukasz Kotyrba, Anna Chrobok, and Agnieszka Siewniak, ‘Synthesis of Propylene Carbonate by Urea  Alcoholysis—Recent Advances’, 

Catalysts 12, no. 3 (March 2022): 309, https://doi.org/10.3390/catal12030309. 2-3. 
254 Kotyrba, Chrobok, and Siewniak. 
255 National Center for Biotechnology Information, ‘PubChem Compound Summary for CID 7924, Propylene Carbonate’.  
256 National Center for Biotechnology Information. 
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PEG400 

Polyethylene glycol of molecular weight 400 (PEG400) (Figure 

10) is a polyether appearing as a clear and odourless liquid 

polymer, containing properties similar to that of a weak organic 

solvent. It is non-volatile, hygroscopic and slightly viscous 

liquid, that is soluble in water and miscible in many polar 

organic solvents such as acetone and alcohols257. 

PEG is primarily produced from the petrochemical compound 

ethylene glycol, but sustainable ethylene glycol derived from 

agricultural sugar cane waste products is already available and 

in growing demand258. PEG is on the Federal Food, Drug, and 

Cosmetic Act (FDA) list of compounds Generally Recognized 

as Safe (GRAS list) and is even approved for internal 

consumption. PEG is chemically stable, can be retrieved from 

aqueous solutions by extraction or distillation, is biodegradable 

and has very low flammability259. It is used in surfactants, 

paints, lubricating coatings and within conservation as a 

consolidation substance260. 

 
 
 

 
 

 

 
Figure 10, Polyethylene glycol ball and 

stick structure261 

 

 
 

 
 
 
 
 
 

2.5.3 Properties of selected solvents – Chemical and physical properties 
The table below (Table 1) presents some properties regarding the six selected solvents, including 

Globally Harmonized System of Classification and Labelling of Chemicals (GHS) and associated 

Precautionary Statement Codes 262, 263, 264, 265, 266, 267, 268. 

 

 

 

 
257 Jay Soni et al., ‘Polyethylene Glycol: A Promising Approach for Sustainable Organic Synthesis’, Journal of Molecular Liquids 315 

(October 2020): 113766, https://doi.org/10.1016/j.molliq.2020.113766. 2. 
258 Coby J. Clarke et al., ‘Green and Sustainable Solvents in Chemical Processes’, Chemical Reviews 118, no. 2 (24 January 2018): 747–800, 

https://doi.org/10.1021/acs.chemrev.7b00571. 767. 
259 Ji Chen et al., ‘Polyethylene Glycol and Solutions of Polyethylene Glycol as Green Reaction Media’, Green Chemistry 7, no. 2 (1 

February 2005): 64–82, https://doi.org/10.1039/B413546F. 65. 
260 Calvo-Flores et al., ‘Green and Bio-Based Solvents’. 13. 
261 Peter Krsko and Matthew Libera, ‘Biointeractive Hydrogels’, Materials Today - MATER TODAY 8 (1 December 2005): 36–44, 

https://doi.org/10.1016/S1369-7021(05)71223-2. 
262 ChemEurope, ‘Ethyl Acetate’, chemeurope.com, accessed 13 April 2022, 

https://www.chemeurope.com/en/encyclopedia/Ethyl_acetate.html. 
263 National Center for Biotechnology Information, ‘PubChem Compound Summary for CID 31256, Diacetone Alcohol’.  
264 National Center for Biotechnology Information, ‘PubChem Compound Summary for CID 7344, Ethyl Lactate’.  
265 National Center for Biotechnology Information, ‘PubChem Compound Summary for CID 7924, Propylene Carbonate’.  
266 National Center for Biotechnology Information, ‘PubChem Compound Summary for CID 12021, Dimethyl Carbonate’. 
267 Calvo-Flores et al., ‘Green and Bio-Based Solvents’. 13. 
268 Horie, Materials for Conservation: Organic Consolidants, Adhesives and Coatings . 340, 342, 348, 344. 
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Table 1, Some chemical and physical properties of the six selected solvents.  

Replace Acetone Toluene 

Substitute 
solvent 

Ethyl acetate 
CAS No. 141-

78-6 

Diacetone 
alcohol (DAA) 
CAS No. 123-

42-2 

Ethyl lactate 
CAS No. 97-

64-3 

Pr opylene 
carbonate 

(PC) 

CAS No. 108-
32-7 

Dimethyl 
carbonate 

(DMC)  

CAS No. 616-
38-6 

Polyethylene 
glycol (PEG 

400)  

CAS No. 
25322-68-3   

Molecular 

Formula 

C4H8O2 or 
CH3COOC2H5 

C6H12O2 or 
(CH3)2C(OH)C

H2COCH3 

C5H10O3 C4H6O3 C3H6O3 or 
H3COCOOCH3 

C2nH4n+2On+1 n 
= 8.2 to 9.1 

Flash Point 
°C 

-4 62 46 132 18 138.6  

Viscosity 
mPa•s 

0.45 3,22 2.71 2.8 0.664 1.13 

Molar 

Volume cm
3
/ 

mol 

98.5 124.2 115 85 84.2 
incomplete 

data. 

Evaporation 
Rate 

BuAc = 1 
4.3 0.14 0.233 <0.01 3.22 

incomplete 
data. 

Boi ling Point 
°C 

77 166 154 242 90 >200 

Fr actional 
Solubility 

Par ameters 
100f

d
 100f

p
 

100f
h
 

56, 19, 25 45, 24, 31 44, 21, 35 48, 43, 10 53, 13, 33 
incomplete 

data. 

Hansen 

Solubility 
Par ameters 

∂
d
 ∂

p
 ∂

h
 

15.8, 5.3, 7.2 
15.8, 8.2, 

10.8 
16, 7.6, 12.5 20, 18, 4.1 15.5, 3.9, 9.7 

17, 10.7, 
8.9269 

* Hansen 
 D(s-p)   

(RCN 11,5) 

9,57 6,85 8,01 10,85 10,84 5,12 

Hi ldebrand  

MPa
1 /2

 
18.2 20 21.3 27.1 20.3 

incomplete 
data. 

 
269 Cemile Ozdemir Dinç and A. Güner, ‘Solubility Profiles of Poly(Ethylene Glycol)/Solvent Systems, I: Qualitative Comparison of 

Solubility Parameter Approaches’, European Polymer Journal 43 (1 July 2007): 3068–93, https://doi.org/10.1016/j.eurpolymj.2007.02.022. 

3085. 
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Miscibility 

Miscible with 
ethanol, acetone, 
diethyl ether, 

benzene 
8.3 g/100 mL in 

water270. 

Miscible with 
water, alcohol, 
ether, other organic 

solvents.  
Very well with 

ethanol271. 

Miscible with 
organic solvents, 
ethanol (alcohols), 

ketones, esters, 
hydrocarbons, 

oil272. 

Miscible in ethanol, 
ether, acetone, 
benzene and ethyl 

acetate273. 

Miscible with 
organic solvents 
(e.g., alcohol, ester, 

ether and 

ketone)274. 

Miscible in water, 
acetone, alcohols, 
benzene, glycerine, 

glycols, and 
aromatic 
hydrocarbons. To a 
degree in aliphatic 

hydrocarbons275. 

GHS  
P ictograms 

     

 
x 

GHS 
Hazard Statement 

H319: category 2A 
Causes serious eye 

irritation 

H225: category 2 
Highly Flammable 
liquid and vapor 

H336: category 3 
May cause 

drowsiness or 
dizziness  

H319: category 2A 
Causes serious eye 

irritation 

H226: category 3 
Flammable liquid 

and vapor 

(Pending additional 
labelling: The 

solvent might also 
cause respiratory 

irritation and 
damaging fertility 

according to 

REACH276) 

H318: category 1 
Causes serious eye 

damage 

H226: category 3 
Flammable liquid 

and vapor 

H335: category 3 
May cause 
respiratory 

irritation 

H319: category 2A 
Causes serious eye 

irritation 

H225: category 2 
Highly Flammable 
liquid and vapor 

 
 

x 

Pr ecautionary 
Statement 

Codes277 

P210, P233, P240, 
P241, P242, P243, 

P261, P264, P271, 
P280, 

P303+P361+P353, 

P304+P340, 
P305+P351+P338, 
P312, P337+P313, 

P370+P378, 

P403+P233, 
P403+P235, P405, 

and P501 

P264, P280, 
P305+P351+P338, 

and P337+P313 
P210, P233, P240, 
P241, P242, P243, 

P280, 
P303+P361+P353, 

P370+P378, 
P403+P235, and 

P501 

P210, P233, P240, 
P241, P242, P243, 

P261, P264+P265, 
P271, P280, 

P303+P361+P353, 

P304+P340, 
P305+P354+P338, 

P317, P319, 
P370+P378, 

P403+P233, 
P403+P235, P405, 

and P501 

P264, P280, 
P305+P351+P338, 

and P337+P313 

P210, P233, P240, 
P241, P242, P243, 

P280, 
P303+P361+P353, 

P370+P378, 

P403+P235, and 
P501 

 

 
x 

TLV-TWA 
Threshold Limit 

Values. 8 hr Time 
Weighted  

 
400ppm 

 
50 ppm 

 
Not listed 

 
Not listed 

 
Not listed 

 
Not listed 

*Results from calculations in APPENDIX 1.  

If the distance ( D(s-p) ) is less than the radius (R) of interaction for the polymer, the solvent would be expected to dissolve the 
polymer. 

 

 

 

 

 

 
270 ChemEurope, ‘Ethyl Acetate’. 
271 National Center for Biotechnology Informa tion, ‘PubChem Compound Summary for CID 31256, Diacetone Alcohol’. 
272 National Center for Biotechnology Information, ‘PubChem Compound Summary for CID 7344, Ethyl Lactate’.  
273 National Center for Biotechnology Information, ‘PubChem Compound Summary for CID 7924, Propylene Carbonate’.  
274 National Center for Biotechnology Information, ‘PubChem Compound Summary for CID 12021, Dimethyl Carbonate’.  
275 Calvo-Flores et al., ‘Green and Bio-Based Solvents’. 13. 
276 ECHA European chemicals agency, ‘Substance Information - 4-hydroxy-4-methylpentan-2-one (diacetone alcohol)’. 
277 Nationa l Center for Biotechnology Information, ‘GHS Classification: Globally Harmonized System of Classification and Labeling of 

Chemicals’, PubChem, accessed 13 April 2022, https://pubchem.ncbi.nlm.nih.gov/ghs/#_prec. 
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2.5.4 Solvent “greenness” according to selection guides 
Information regarding the ”greenness” of the selected solvents is sparse, probably due to the fact that 

so far there has been little research within the subject of green chemistry regarding them. More 

information is provided on the subject of traditionally used solvents and why they prove problematic.  

Information regarding general solvent selection (mainly customized for pharmaceutical chemists) are 

appropriated from available solvent selection guides. The table below presents a compilation of 

equivalent assessments concluded by following guides and their updates: 

 

AstraZeneca solvent selection guide donated to the ACS GCIPR278 “Solvent Selection Guide: Version 

2.0”. 

ACS GCI online solvent selection tool279 and the article “Toward a More Holistic Framework for 

Solvent Selection”280 

GSK solvent selection guides: “Expanding GSK’s Solvent Selection Guide ― Embedding 

Sustainability into Solvent Selection Starting at Medicinal Chemistry”281, “Updating and further 

expanding GSK’s solvent sustainability guide”282, “Development of GSK's NMR guides – a tool to 

encourage the use of more sustainable solvents”283 

Pfizer solvent selection guide: “Green Chemistry Tools to Influence a Medicinal Chemistry and 

Research Chemistry Based Organisation”284. 

Sanofi solvent selection guide; “Sanofi’s Solvent Selection Guide: A Step Toward More Sustainable 

Processes”285 

Multiple guides: “A Survey of Solvent Selection Guides Survey”286, “Green and Bio‑Based 

Solvents”287 

 

The compiled table below (Table 2) is based on the more comprehensive solvent guide; the GSK 

solvent selection guide model. Unfortunately, diacetone alcohol and PEG400 are excluded due to lack 

of data from mentioned lists. The scoring is appraised from average values. 

 

 

 

 

 

 
278 ACS Green Chemistry Institute® Pharmaceutical Roundtable, ‘Solvent Selection Guide: Version 2.0’  (American Chemical Society, 21 

March 2011), http://www.acs.org/content/acs/en/greenchemistry/research-innovation/tools-for-green-chemistry.ht. 
279 ‘Solvent Tool » ACS GCI Pharmaceutical Roundtable Portal’, accessed 12 April 2022, https://www.acsgcipr.org/tools -for-innovation-in-

chemistry/solvent-tool/. 
280 Louis J. Diorazio, David R. J. Hose, and Neil K. Adlington, ‘Toward a More Holistic Framework for Solvent Selection’, Organic Process 

Research & Development 20, no. 4 (15 April 2016): 760–73, https://doi.org/10.1021/acs.oprd.6b00015. 
281 Richard K. HENDERSON et al., ‘Expanding GSK’s Solvent Selection Guide ― Embedding Sustainability into Solvent Selection Starting 

at Medicinal Chemistry’, Green Chemistry : An International Journal and Green Chemistry Resource : GC  13, no. 4 (2011): 854–62, 

https://doi.org/10.1039/c0gc00918k. 
282 Catherine M. Alder et al., ‘Updating and Further Expanding GSK’s Solvent Sustainability Guide’, Green Chemistry 18, no. 13 (27 June 

2016): 3879–90, https://doi.org/10.1039/C6GC00611F. 
283 Hugo E. Gottlieb et al., ‘Development of GSK’s NMR Guides – a Tool to Encourage the Use of More Sustainable Solvents’, Green 

Chemistry 18, no. 13 (27 June 2016): 3867–78, https://doi.org/10.1039/C6GC00446F. 
284 Kim Alfonsi et al., ‘Green Chemistry Tools to Influence a Medicinal Chemistry and Research Chemistry Based Organisation’, Green 

Chem. 10, no. 1 (2008): 31–36, https://doi.org/10.1039/B711717E. 
285 Denis Prat et al., ‘Sanofi’s Solvent Selection  Guide: A Step Toward More Sustainable Processes’, Organic Process Research & 

Development 17, no. 12 (20 December 2013): 1517–25, https://doi.org/10.1021/op4002565. 
286 Prat, Hayler, and Wells, ‘A Survey of Solvent Selection Guides’. 
287 Calvo-Flores et al., ‘Green and Bio-Based Solvents’. 
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Table 2, Solvent selection guide compilation (diacetone alcohol and PEG400 are excluded due to lack of data). Represented 
by GSK’s Solvent Selection Guide model. 7.5≤ → few known issues (green). 3.5-7.5 → some known issues (amber). <3.5 → 

major known issues (red).  

Solvent Waste 
Recycling, 
incineration, VOC, 
biotreatment issues 

Environmental 

impact 
Fate and effects on the 
environment 

Health 
Acute and chronic 
effects on human 
health and 
exposure 

potential 

Flammability and 

explosion 
Storage and handling 

Reactivity/ 

stability 

Summery 

Ethyl acetate 4 8 8 4 8 32 
Few issues 

Ethyl lactate 7 5 4 8 10 34 
few issues288 

Pr opylene 
Car bonate 

6 7(10*) 5(10*) 8(10*) 9(10*) >35 
few issues 

Dimethyl 
Car bonate 

4 8 7 6 10 35 
few issues 

* According to GSK, the higher scores (10) are obtained from incomplete information, and is therefore not included in this result289. 

 

As previously stated in the chapter 2.3.3 An example of solvent guides “greenness” assessment, the 

Innovative Medicines Initiatives CHEM 21 project has developed an interactive document where not 

yet officially assessed solvents also can be evaluated and their greenness estimated simply by entering 

existing solvent properties and GHS data. This project is presented in the article “CHEM21 Selection 

Guide of Classical- and Less Classical-Solvents” by Prat et al. together with a supplementary file290. 

Their scoring system has been previously explained in this thesis in chapter 2.3.3 and the table below 

presents the resulting information. 

Table 3, CHEM21´s solvent selection guide. Ranking by default:  ≥8 or two red scores → Hazardous. One score=7 or two 

yellow scores→ Problematic. Other→ Recommended.291 

Solvent Safety Health Environmental 

impact 

Summery CHEM21 

Ethyl acetate 5 (due to low boiling- 
and flashpoint) 

3 3 (11) 
recommended 

Ethyl lactate 3 4 (causes serious eye 
damage) 

5** (12) 
problematic 

Diacetone alcohol 1 (2)6 (due du 
uncertain/pending data) 

5** (12) 
Potentially problematic 

(unofficial score*) 

Pr opylene Carbonate 1 2 7** (10) 
problematic 

Dimethyl Carbonate 4 (due to low boiling 
point and flashpoint  

< 24 °C)292 

1 3 (8) 
recommended 

PEG400 2 2 7** (11) 

problematic 

Acetone 5 (due to low boiling- 

and flashpoint) 

3 5 (VOC and low BP) (13) 

Problematic 

* Compiled from the supplementary file to article “CHEM21 selection guide of classical- and less classical-solvents”293. 

** A high temperature boiling solvent cannot be recycled easily. Ideal temperature range is calculated between 70 and 139 °C. 294. 

 
288 Gottlieb et al., ‘Development of GSK’s NMR Guides – a  Tool to Encourage the Use of More Sustainable Solvents’. Supplementary file: 

https://www.rsc.org/suppdata/c6/gc/c6gc00446f/c6gc00446f1.pdf  
289 Alder et al., ‘Updating and Further Expanding GSK’s Solvent Sustainability Guide’. 3887. 
290 Prat et al., ‘CHEM21 Selection Guide of Classical- and Less Classical-Solvents’. Supplementary file: 

https://www.rsc.org/suppdata/c5/gc/c5gc01008j/c5gc01008j1.xlsx  
291 Prat et al., 21. 
292 Prat et al., ‘CHEM21 Selection Guide of Classical- and Less Classical-Solvents’. 289. 
293 Prat et al. https://www.rsc.org/suppdata/c5/gc/c5gc01008j/c5gc01008j1.xlsx 
294 Prat et al. 290. 
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The higher scores (colourised amber and red) are within the CHEM21 assessment heavily influenced 

by the boiling- (and flash) point of the solvent. Due to issues such as working time, health and 

potential residues, this guide is therefore considered relevant to the conservation profession. This 

being said, depending on the treatment, a low or a high boiling point might be preferred. 

2.5.5 Summary of the preliminary tests and a final selection of solvents 
The performance of the six Green Solvents, selected through the literary research, were investigated 

through different preliminary tests on unaged cellulose nitrate lacquer Zaponlack on glass plates 

(APPENDIX 4).  

o A practical investigation of the solvent’s solubility potentials was conducted through 

Preliminary test: Practical investigation of lacquer removal and method development.  The 

test determined how the two methods selected for the removal of lacquer would be 

compromisingly adapted to suit all solvents regarding solvent quantity, time of interaction and 

amount of residue. The two developed methods of removal (described below) were adapted to, 

and used in the experiment (3.1.1 Method of lacquer removal). 

 
One layer of Zaponlack was brushed on a glass plate and left to airdry in a fume hood for two days. 

 

Poultice method 

A piece of poultice cloth measuring 40x20mm was put on the lacquered glass surface and 10 drops of solvent were 
applied using a pipette, before being covered with plastic foil. After 2minutes the poultice was carefully peeled of, 

and the treatment repeated once. Unevaporated solvent residue was removed by using a third piece of poultice cloth 
40x20mm, with 3 drops of ethanol applied to it, gently pressed down on the treated surface for 10 seconds. 

 
Cotton swab method 

A cotton swab was lowered into a container of solvent until saturated. Ten one-directional swipes (from right to 
left) were conducted over the lacquered surface, while attempting to apply consistent pressure. After each swipe the 
cotton swab was turned slightly clockwise in order to continuously treat the lacquered surface with unused sections 
of cotton. The treatment was repeated once. Unevaporated solvent residue was removed by using a piece of 

poultice cloth 40x20mm, with 3 drops of ethanol applied to it, gently pressed down on the treated surface for 10 
seconds. 
 

o All solvents were diluted with ethanol in order to compare and differentiate their performance 

in the Preliminary test: Differentiation of performance. By subjecting all solvents to equal 

limiting conditions such as reduced solvent strength by dilution, limited reaction time and the 

amount of mechanical force, the test revealed different solvent shortcomings in relation to one 

another.  

Ethyl lactate and ethyl acetate performed successfully even when applied in low 

concentrations (10%). Propylene carbonate performed less effective in relation to the other 

solvents when diluted with ethanol. The poultice treatment was more effective than the cotton 

swab in the majority of the applications- the exception being 10%, dimethyl carbonate/ 90% 

ethanol, where the solvents’ ability to dissolve the lacquer was surpassed by the applied 

mechanical abrasive force of swiping, causing the lacquer to peel back by the motion. 

o Subjective observations regarding the effects of the solvent’s utilisation during treatment were 

conducted in Preliminary Test: Utilization – a test to establish a final solvent selection for the 

experiment, relating to questions such as: 

 

• How is it to work with? (Smell, viscosity and wetting properties, health related considerations 

such as personal protective equipment etc.). 

• How long can you/do you have to work with it? What is the treatment time concerning 

effectiveness and evaporation time? 
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• Removal of residue, is a follow-up treatment necessary? 

• Are the solvent properties limiting the treatment to a particular application method? 

• Was additional material used during treatment? 

 

Table 4 (identified as Table v in APPEDIX 4) presents an overall subjective evaluation 

regarding the effects of the solvent’s utilisation. 

Table 4, Summary of observations from the Preliminary Test: Overall evaluation. Problematic solvent properties during 
treatment are marked red. Green =3points, Yellow 2points, Red 1points. 

 Ethyl 
Acetate 

Ethyl 
lactate 

Diacetone 
alcohol 

Propylene 
carbonate 

Dimethyl 
carbonate 

PEG400 Ref: 
Acetone 

Smell strong very strong medium faint strong faint strong 

Viscosity low low low low/medium low medium/high low 

Wetting properties good good good good, given 
some time 

good good, given 
some time 

good 

PPE: Gloves, glasses 
and fume cupboard 

yes yes yes gloves and 
glasses 

yes gloves  yes 

Working/evaporation 

time 

short medium/slow medium/slow very slow medium/ 

short 
slow very short 

Residue present after 
treatment 

no no Potentially* yes (potentially**) 
no 

yes no 

Application method 

(Preferred method in 
brackets) 

both both Both/ 

(poultice) 
Both/ 

(poultice) 
Both/ 

(poultice) 
Both/ 

(poultice) 
both 

Waste minimal minimal Possible* 
additional 

waste 

additional Possible 
additional 

waste** 

additional minimal 

Total score 18 20 18 17 (17)-18 16 18 
* The slower evaporation rate of diacetone alcohol led to solvent residue on the surface which makes the success of lacquer removal harder 

to assess visually. It could therefore be more beneficial to remove the residue during treatment. 

** Dimethyl carbonate left residue when diluted with 50, 75 and 90% ethanol. No residue was observed in tests with 50-100% concentration. 

 

The result from the utilization test showed that ethyl lactate scored the highest total points and 

PEG400 the lowest, but that overall, all solvents scored similar total points regarding their utilization 

properties during treatment in the preliminary tests. However, neither the subjective ranking system 

nor the solvents properties are ideal, and compromises were made in order to make a final selection. 

The solvent selection was conducted parallel to creating the project experimental design, and therefore 

resulted in the possibility of having four green solvents included in the experiment (3.1 Experimental 

design).  

 

The selected solvents were: ethyl acetate, ethyl lactate, dimethyl carbonate, propylene carbonate. The 

main arguments for selecting or excluding each solvent were as follows:  

 

The argument for selecting ethyl acetate as a potential substitute was primarily that despite the high 

evaporation rate, it produces effective results, is already used in conservation and proposed by all 

encountered chemical companies as a recommended green solvent. 

The argument for selecting dimethyl carbonate was mainly based on it not being toxic to work with 

or to inhale. The lower boiling also point helped with absorption into the chosen removal material 

(poultice and cotton). 
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The argument for selecting ethyl lactate was largely based on its excellent performance in the 

preliminary tests. Even though classified as a recommended green solvent, it could however be 

considered somewhat problematic due to health concerns and low evaporation rate. 

Propylene carbonate scored low mostly due to the issues regarding solvent residues, and the 

treatment would preferably be adjusted to its properties. However, the argument for selecting it was 

partly due to health aspects, but also the polarity of the solvent, which makes it  a more promising 

candidate than PEG for the removal of deteriorated (assumingly more polar) lacquer. 

PEG400 scored the lowest due to its high viscosity and residue issues. The treatment method would 

need to be adjusted to this particular solvent in order for it to perform properly. Even though showing 

promising results, it was therefore excluded from the primary experiment. 

Diacetone alcohol performed similar to dimethyl carbonate but the argument for not selecting the 

solvent was primarily due to potentially serious health considerations. 
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3 METHOD AND MATERIALS 

The research questions relating to the solvent performance; weather any of the selected solvents were 

able to dissolve cellulose nitrate lacquer, if the treatment left any lacquer residues, and if the treatment 

affected the silver surface, were answered by conducting an experiment. This, and the following 

chapter describes information related to the experimental work. It begins by presenting the 

experimental design – how the experiment was to be conducted, followed by a description of how the 

test samples were prepared. The subsequent chapter 4 ASSESSMENT AND ANALYSES describes how 

the treatment was to be analysed and assessed, leading up to the presentation of the experimental 

results. 

 

3.1 Experimental design 

An experimental design was developed in order to obtain the information needed from the experiment 

in a structured and standardized manner. The significant factors involved in the experiment that would 

affect the different outcomes were:  

• The two conditions of the lacquer: if the lacquer was unaged or had been artificially aged. 

• The different solvents: the effect of each of the different solvents. 

• The two methods of removal: two different methods were used to remove the lacquer; poultice 

or cotton swab. 

The experimental design was created in the software program “Minitab”295 that calculated a total of 60 

experimental test areas to be conducted on 30 coupons (two test areas per coupon). Due to 

miscommunication within the group, only 29 coupons could be allotted. This was solved by letting 28 

coupons contribute with two test areas each, and one of the coupons contribute with four test areas, 

using both front and back (unaged coupon No. 52), thus resulting in 60 test areas. 

The 60 test areas, 2 lacquer conditions, 2 methods of removal and 3 replicates of each means of 

removal, all allowed for 5 different solvents to be used in the experiment (including the reference 

solvent). 

The variables resulted in 3 factors containing 2,5 and resp. 2 different levels in the experimental 

design expressed in Table 5. 

 

Table 5, The different variables in the experimental design 

Factors/variables Level 1 Level 2 Level 3 Level 4 Level 5 

Lacquer condition Aged Unaged    

Solvent Ethyl acetate Ethyl lactate Dimethyl 

carbonate 

Propylene 

carbonate 

Ref: Acetone 

Method Poultice Cotton swab    

 

 
295 Minitab, ‘Data Analysis, Statistical & Process Improvement Tools’, minitab.com, accessed 23 April 2022, 

https://www.minitab.com/content/www/websites/en-us.html. 
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3.1.1 Method of lacquer removal 
All lacquered silver coupons were subjected to five different solvents and two different methods of 

application: cotton swabs and poultices. The cotton swab treatment was chosen due to it being a 

common cleaning method in conservation practice. The poultice is a non-woven micro-filament cloth 

made out of 70% polyester and 30% polyamide called Evolon CR296, chosen for its presumably gentle 

way of removal by using minimal mechanical force. 

3.1.1.1 Poultice treatment (upper half of coupon) 
A 2,5 x 3 mm piece of poultice cloth was placed on the upper half of a lacquered 

coupon. 12 drops of undiluted solvent were applied with a pipette to the poultice. 

The poultice was promptly covered with a glass plate for 2 minutes. After 2 

minutes the glass plate was removed, and the poultice cloth carefully peeled off 

with tweezers. The treatment was repeated once (Figure 11 and Figure 14). 

3.1.1.2 Cotton swab treatment (lower part of coupon) 
A cotton swab was lowered into a 20 ml beaker of undiluted solvent until 

saturated. While attempting to apply consistent pressure, 10 one-directional 

swipes (from left to right) were performed over the lacquered surface. After each 

swipe the cotton swab was turned slightly clockwise in order to continuously 

treat the lacquered surface with unused sections of cotton. After 10 swipes the 

cotton swab was discarded. The treatment was repeated once (Figure 11 and 

Figure 14). 

3.1.1.3 Run order 
For efficiency, both methods of treatment were applied simultaneously on one 

coupon, leaving < 2 minutes for 10 cotton swipes. The workstation for the 

experiment is described in APPENDIX 6 Preparation of the workstation required for the experiment. 

The experiment was performed by an order according to the following rules:  

Solvent → its complete aged condition column (top to bottom) → its complete unaged condition 

column (top to bottom). Visual illustration is presented in Figure 12, and full Run Order in 

APPENDIX 3. 

 
296 Baij et al., ‘Understanding and Optimizing Evolon® CR for Varnish Removal from Oil Paintings’.  

Figure 11, Illustration of 

the two treatment areas on 
the lacquered silver coupon 
– poultice treatment on the 
upper half (grey) and 

cotton swabs on the bottom 
half (blue with arrows 
illustrating swab direction).  

Figure 12, Illustration of experimental Run Order by numbered silver coupons beginning with ethyl acetate on aged 
lacquer. 
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Before the experiment could be performed, the silver coupons needed to be prepared by being cleaned, 

lacquered, and 15 of them artificially aged. 

 

3.2 Preparation of test samples    

Standard silver coupons were ordered from NSG Sweden AB297 (Norwegian Swedish Gold AB) by 

Charlotta Bylund Melin. The alloy was a sterling silver- 925 parts silver and 75 parts copper. The 

coupons measured 50 x 30 x 0.5 mm. They arrived from the manufacturer in pristine condition 

protected on both sides by plastic film.  

A small hole was drilled with a column drill at the centre edge of one of the shorter sides of the 

coupon in order to fit a thin fishing line to enable handling and hanging the coupon without touching 

its surface.  

The upper right-hand corner of the plastic film (to the right of the exit point of the drilled hole) was 

peeled back and an ID number was engraved. 

3.2.1 Cleaning of the silver coupons in preparation of the experiment 
Three 90 ml containers were rinsed and cleaned with hydrochloric acid (HCl) and deionized water. 

One of the wider containers was filled with 90 ml acetone and placed in an unheated and waterfilled 

ultrasonic bath (the amount of water in the bath reached the maximum level with the container of 

acetone in it). The remaining two containers were filled with 90ml acetone and marked resp. 2 and 3. 

Everything was put in a fume cupboard. The protective film was removed from the coupons and loop 

of a fishing line with a 4 cm Ø was tied through the hole of the coupons. 

All coupons were washed in three baths nr 1-3 (3x3 min): 

A coupon was placed in the glass beaker containing 90 ml of acetone without a lid in the ultrasonic 

bath. The treatment session was 3 min. The coupon was then removed and placed in acetone bath nr2 

(2nd), and a new coupon took its place in the ultrasonic bath for 3 minutes. 

The coupon in bath nr 2 was then placed in bath nr 3 for a duration of three minutes (the last dip). The 

second coupon in bath nr 1 was then moved to bath nr 2.  

After all three coupons had gone through all three baths, the acetone in the ultrasonic bath was 

disposed of and replaced by the acetone from bath nr 2. The last (and cleanest) container; nr 3, was 

poured into container nr 2 and then refilled with new (uncompromised) acetone.  

3.2.2 Lacquering of the silver coupons in preparation of the experiment 
A beaker containing 90 ml Zaponlack was placed in a fume cupboard. The silver coupons were held 

with reverse action tweezers by their strings and was fully immersed into the lacquer. The coupons 

were dipped only once. Excess lacquer was allowed to drip off into the beaker, and the bottom edge of 

the coupons were held against a clean paper tissue. They were then hung to dry on a rod within the 

fume cupboard for two days for the lacquer to set. 

 

 

 

 
297 NSG: Norsk Svensk Guld, ‘Leverantör av guld & ädelmetaller samt affinering | NSG®’, accessed 23 April 2022, https: //www.nsg.se/. 
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3.2.3 Accelerated aging of the silver coupons in preparation of the experiment 
15 lacquered silver coupons (half of the total amount of test samples) underwent accelerated aging. 

3.2.3.1 Preparations for artificial aging 
A mounting design was developed based on the size of the coupons, the added space of the strings, the 

existing mounts, the forces from movement within the chamber and the deterioration factors of the 

chosen standard. A piece of sectionally hollow polypropene was cut and fitted to enable the coupons 

to slide into place and lock together mechanically.  

Since only one side would be exposed to UV radiation, the back of the coupons were marked with a 

red dot to the right of the drilled hole, and the coupon ID registered in case no distinguished visible 

sign of deterioration could be observed after treatment. 

3.2.3.2 Settings for the aging chamber 
The aging chamber was of the model; Atlas Xenotest 440298. The standard used for artificial ageing of 

the lacquer was ISO 16474-2:2013 “Paints and lacquers — Methods of exposure to laboratory light 

sources”, applying indoor climate with filtered windows with xenon-arc radiation – mimicking the 

similar conditions the objects would be exposed to in a normal museum setting (see Table 6)299. 

Filter system: Xenochrome 320 
Irradiance control: 300-400nm  
Fan speed (rpm): 2000 

Phase length: 102min 
W(W/m2): 50 
Chamber temperature (°C): 38 

Black standard temperature (°C): 65 

RH(%): 50 
No water spray 
 

Table 6, exposure cycles with temperature control by black-standard thermometer (BST), Method B: Exposures using 
window glass filters, table from BS EN ISO 16474-2:2013300. 

 

 
298 ‘Xenotest 440 | Xenon Weathering Instruments - Atlas’, accessed 16 March 2022, https://www.atlas-mts.com/products/standard-

instruments/xenon-arc-weathering-test/xenotest/440. 
299 The International Organization for Standardization, ‘ISO 16474 -2:2013 Paints and Varnishes — Methods of Exposure to Laboratory 

Light Sources — Part 2: Xenon-Arc Lamps’, ISO, accessed 13 April 2022, 

https://www.iso.org/cms/render/live/en/sites/isoorg/contents/data/standard/05/68/56830.html. 
300 The International Organization for Standardization. 13. 



38 

 

The plan to determine the amount of accelerated aging of the test samples were originally connected to 

the Nationalmuseum research project, and the bigger projects investigation of another lacquer; Plextol 

D514, a butylmethacrylate-methylacrylate copolymer. The plan was to take a sample of naturally aged 

Plextol D514 from one of the objects in the museum’s collection and use that sample as an aged 

reference. Silver coupons would then be coated with new Plextol D514 and put into the aging 

chamber. By regularly extracting lacquer samples from the coupons in the aging chamber and compare 

the ATR-FTIR spectra of the reference sample, this was thought to show when to stop the aging. Test 

samples lacquered with cellulose nitrate would be aged alongside the Plextol covered ones, and be 

aged to the same degree. However, since the reference lacquer Plextol D514 had been discontinued, 

the accelerated aging was instead decided to be set within the timeframe of the thesis – ca. 26 days, 

31/3 15:30 to 26/4 kl 9:30 = 618h. There was however a technical issue during the aging process, 

resulting in the machine being shut down for ca. 4 days, 8/4 kl 15:44 to 12/4 kl 12:40 = 92h 56min, 

resulting in an exposure time of totally 524h 56min, or ca 525h. Comparing the ATR-FTIR results 

between the aged and unaged lacquer showed very little change. This would suggest a very lightly 

aged lacquer. 

Figure 13 shows the ATR-FTIR spectra of unaged (black curve) and aged (red curve) cellulose nitrate 

lacquer samples done by Charlotta Bylund Melin. Parameters for the ATR-FTIR spectra (Figure 13) is 

presented in 10.2 Equipment. 

Figure 13, ATR-FTIR spectra of lacquer samples done by Charlotta Bylund Melin. Black represents unaged lacquer, red 
represents aged lacquer. 

 

Only a very slight difference can be observed when looking at the highest peaks, which are somewhat 

decreased in the aged spectrum. Instead a slight increase has appeared in others, suggesting new types 

of bonds and polymer molacular change e.g. deterioration (see 4.1.3 Evaluating spectra). 
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4 ASSESSMENT AND ANALYSES 

In order to analyse the results, subjective ocular assessments were carried out to evaluate the solvent 

performance on a macro level. Lacquer residue was examined through Infrared reflection absorption 

spectroscopy (IRRAS) and compared to the ocular assessment. To evaluate surface abrasion by the 

two different application methods, all test areas were observed through a Leica DM2700M microscope 

with 200x magnification in rake light. 

 

4.1 FTIR (Fourier transform infrared) spectroscopy  
– an analytical instrument to evaluate polymer composition and condition 
 
FTIR (Fourier transform infrared) spectroscopy is an analytic method often used to chemically 

identify an organic material to a known reference by comparing the individual spectra of the molecular 

structures (vibrations from atom bonds) absorbed by infrared radiation 301.  

The spectrum is compiled by measures of the amount of radiant energy that a material absorbs at 

different wavelengths (wavenumber in cm-1 on x-axis), where transmittance is the percentage of light 

that passes through the material, and absorbance describes how much radiance the material absorbed. 

Transmittance, absorbance or reflectance is recorded on the y-axis.  

4.1.1 ATR – FTIR  
“Attenuated total reflection” method (ATR) uses a crystal that is in contact with the test sample and 

infrared radiation is sent though it at an angle where the radiation penetrates the outer molecular layer 

and is reflected back through the crystal to the detector that measures the changes. Depending on the 

material, the physical contact needed often makes this a destructive method302. 

4.1.2 IRRAS – FTIR 
A” specular reflection” is used to analyse films on reflective surfaces by reflection-absorption, also 

called “Infra-Red Reflection Absorption Spectroscopy” (IRRAS). It is a non-destructive, non-contact 

analysis, where the material sample is treated to a broadband of infrared radiation that, when reflected 

back, produces a spectrum based on what wavelengths are missing (absorbed by the sample)303. The 

test area is decided by using a limiting exposure “window”, of for instance 5mm that the test sample is 

held against. The angle of light through the coating layer “the pathlength” can be adjusted (a grazing 

angle is recommended for very thin films). A gold coated mirror is used as a reference to set up 

background measurements for the analysis. A new background reference is preferably done every hour 

since conditions such as humidity, CO2 levels change in the room over time. This method however, 

produces less distinct results/peaks than ATR-FTIR, and when assessing the sample spectra to a 

reference, it is advised to take into account the shape of the whole spectra, rather than specific 

peaks304. This has led to a reduced general interest and therefore also a sparse reference library305. 

4.1.3 Evaluating spectra 
To identify changes within a material, for instance the deterioration in a coating, one can compare the 

aged and unaged test samples generated spectra by ATR-FTIR. Deterioration of a polymer such as 

cellulose nitrate, is presumed to cause scissoring, leading to changes within the molecular structure 

 
301 Arthur McClelland et al., ‘Specular Reflection FTIR: A Non-Contact Method for Analyzing Coatings on Photographs and Other Cultural 

Materials / Arthur McClelland; Elena Bulat; Brenda Bernier; Erin L. Murphy’, Journal of the American Institute for Conservation  59, no. 2 

(2020): 123–36. 127. 
302 McClelland et al. 127. 
303 McClelland et al. 127. 
304 McClelland et al. 124. 
305 McClelland et al. 127. 
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and the molecular bonds. This would presumably be visible in the spectra as a change in the peaks. As 

the scissoring proceeds, the amount of original bonds will decrease, resulting in lower prominent 

peaks, and new bonds (new peaks) will begin to appear.  

This chemical pathway (comparing changes in the lacquer throughout the aging process) is made 

difficult when using IRRAS due to lack of peak distinction. One can however observe differences in 

spectra on for instance highly reflective metals and coated metal surfaces, since a clean metal surface 

would presumably not generate any curves. This method can therefore be used to evaluate the 

presence of lacquer residue after treatment. 

Irregularities 
Sometimes a slight “dip” can occur in the spectra at wavelength 2300-2400 cm-1 in the IRRAS 

spectra. This is possibly due to atmospheric contribution (humidity and CO2 in the room) if not present 

in the enclosed gold reference306. 

 

If the baseline of the spectrum tilts/drops off to the left, this could be caused by scattering of light due 

to an uneven sample surface (traces caused by the manufacturing process of the silver coupons for 

instance). The effect is more prominent for shorter wavelengths (high wavenumber) creating the tilt 307.  

 

4.2 Method for the ocular assessment of solvent performance and level of lacquer 
removal 

The treatment was carried out according to the experimental design and the solvent performance 

ocularly assessed (macro) according to subjective observations. The coupons differ visually somewhat 

due to being manufactured (rolled) differently - along and perpendicular to the length of the coupons, 

which could have an effect on the assessment. 

A scale of categorical assessments regarding the subjectively estimated lacquer thickness was 

developed to aid in the ocular interpretation and scoring. As the layer-thickness of the lacquer 

decreases, the surface begins to appear iridescent until the layer is removed to such a degree that the 

iridescence fades and the surface instead appears matte. Further removal increases the surface sheen 

until reaching apparent similar reflectance as the clean silver surface of an untreated coupon. The 

different categories of the subjective ocular assessment, reaching from no removal to complete 

removal of the lacquer were: 

 

0 No removal 

1 Slightly dissolved, thick layer of lacquer 

2 Incipient iridescence, medium/thick layer of lacquer residue 

3 Distinctly iridescent, medium thickness layer of lacquer residue 

4 Diminishing iridescence, thin layer of lacquer residue 

5 “Milky” surface with dim signs if residue, very thin layer of lacquer 

6 Matte (not completely reflective) surface, possible lacquer residue 

7 Complete removal (reaching apparent similar reflectance as the 

silver surface) 

 
306 SHIMADZU - Ana lytical and Measuring Instruments, ‘FTIR Analysis Q&A: Noise near 4000 to 3400 Cm -1 and 2000 to 1300 Cm-1 in 

the Spectrum.’, accessed 10 May 2022, https://www.shimadzu.com/an/service-support/faq/ftir/4/index.html. 
307 SHIMADZU - Analytical and Measuring Instruments, ‘FTIR Analysis Q&A: Effects of Scattering’, Shimadsu.com, accessed 8 May 

2022, https://www.shimadzu.com/an/service-support/faq/ftir/5/index.html. 

Figure 14, Lacquer removal by poultice (top half) and 

cotton swab (bottom half). 
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Table 7,  

5 RESULTS 

The results from the experiment are presented in a compiled table containing ocular (macro) 

assessments of the lacquer removal, in photomicroscopy of surface appearance after treatment, and in 

Infrared reflection absorption spectroscopy spectra (IRRAS) to estimate the presence of residue left 

behind on the coupons. The different solvent consumption translated into treatment cost per solvent is 

presented at the end of this chapter. 

5.1 Results of the ocular assessment of lacquer removal 

 

The rotated Table 7 presents the 

results from the ocular assessment 

of solvent performance described 

in 4.2 Method for the ocular 

assessment of solvent performance 

and level of lacquer removal. The 

score is shown on the right-hand 

side of each coupon with the score 

of the poultice treatment above, 

and of the cotton swab treatment 

below. The total score for each 

treatment method and solvent is 

presented under each column. 
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Figure 17, Assessed test sample no.38, 
lower half. Assessed as a 5 – “Milky, very 
thin and slightly iridescent layer of 
lacquer" (Table 7). 

Figure 15, Illustration of the two 
treatment areas on the lacquered silver 
coupon – poultice treatment on the 
upper half and cotton swabs on the 

lower half. Encircled areas represent 
the 5mm analytical IRRAS window. 

5.2 Infrared Reflection-Absorption Spectroscopy (IRRAS) for analysis of lacquer 
residue 

To evaluate the removal of lacquer and confirm or disprove the ocular assessment, 

analysis was performed with Infrared Reflection-Absorption Spectroscopy 

(IRRAS) through a 5mm diameter sample spot window. Encircled areas of analysis 

illustrated in Figure 15.  

 

Parameters for IRRAS-FTIR spectra: 
 

Result spectrum: Reflectence 
Resolution: 4 cm-1 
Sample scan time: 24 scans 

Background scan time 24 scans 

Data from 4000cm-1 to 400 cm-1 
Accessory: 30GradFocRefl #1E8D0AE2D 
Interferogram size: 10442 Points FT size: 16 K 
 

(Wavenumber in cm-1 is presented on the x-axis  

and reflectance is presented on the y-axis). 

 

In the presented spectra, the orange-colored line represents the gold coated mirror reference, the grey-

colored line represents an untreated and unlacquered silver coupon reference, the third color represents 

the surface of the treated coupon. 

5.2.1 IRRAS spectra from cotton swab treatment 
 

 
Figure 16, IRRAS spectra of cotton swab treated coupon no.38 through a 5mm 
diameter sample spot window. The turquoise colour represents the surface of 
the treated coupon. 

 
The lower half of the aged coupon no. 38 has been treated with ethyl acetate and cotton swabs. The surface area is 

assessed as a 5: “Milky surface with dim signs if residue, very thin layer of lacquer”  (Figure 17).  The spectra 
shows that the treated surface follows the clean silver reference to a high degree without additional peaks but that 
it does not reach the same level of reflectance (Figure 16). 
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Figure 21, Assessed test sample no.105, 
lower half. Assessed as a 2 – “Incipient 
iridescence, medium/thick layer of lacquer 

residue”. (Table 7). 

Figure 19, Assessed test sample no.120, 
lower half. Assessed as a 3 – “Distinctly 
iridescent, medium thickness layer of 

lacquer residue” (Table 7) 

 
Figure 18, IRRAS spectra of cotton swab treated coupon no.120, through a 
5mm diameter sample spot window. The blue colour represents the surface of 
the treated coupon. 

 
The lower half of the aged coupon no.120 has been treated with dimethyl carbonate and cotton swabs. The surface 
area is assessed as a 3: “Distinctly iridescent, medium thickness layer of lacquer residue” (Figure 19). The spectra 
show irregularities (peaks) predominantly at wavenumber 1700 cm-1, between 1400 and 1300 cm-1, 1100 cm-1 
and at 900-800 cm-1. But also at 3700-3200 and 3000-2900 cm-1 (Figure 18). 
 

 
Figure 20,IRRAS spectra of cotton swab treated coupon no.105, through a 
5mm diameter sample spot window. The dark blue colour represents the 

surface of the treated coupon. 

 
The lower half of the unaged coupon no.105 has been treated with propylene carbonate and cotton swabs. The 
surface area is assessed as a 2: “Incipient iridescence, medium/thick layer of lacquer residue”.  
The coupon is a good example of slow solvent evaporation causing continuing dissolution and diffusion over the 
cleaned surface (Figure 21). The spectra show prominent irregularities (peaks) at wavenumber 1800, 1700 cm-1, 

between 1400 and 1300 cm-1, 1100 cm-1 and at 900-700 cm-1. But also at 3500 and 3000-2900 cm-1 (Figure 
21). 
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Figure 25, Assessed test sample no.97, 

top half. Assessed as a 6 – “Matte (not 
completely reflective) surface" (Table 7). 

Figure 23, Assessed test sample no.26, top 

half. Assessed as a 7 – “Complete removal 
of lacquer" (Table 7) 

 

5.2.2 IRRAS spectra from poultice treatment 
 

Figure 22,  IRRAS spectra of poultice treated coupon no.26 through a 5mm 

diameter sample spot window. The green colour represents the surface of the 
treated coupon. 
 

 

The top half of the unaged coupon no.26 has been treated with ethyl acetate and poultices. The surface area is 
assessed as a complete removal of residue (Figure 23). The spectra shows that the treated surface follows the clean 
silver reference without additional peaks, although not reaching the same level of reflectance (Figure 22). 
 

Figure 24, IRRAS spectra of poultice treated coupon no.97 through a 5mm 
diameter sample spot window. The red colour represents the surface of the 
treated coupon. 
 

 

The top half of the aged coupon no.97 has been treated with ethyl lactate and poultices. The surface area  is assessed 
as a 6: “Matte (not completely reflective) surface, possible lacquer residue” (Figure 25). The spectra shows that the 
treated surface follows the clean silver reference to a high degree without irregularities (additional peaks) but does 

not reach the same level of reflectance (Figure 24). 
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Figure 26, Surface image 200x of cotton swab treated coupon 
no.15. Representative image of horizontal scratches most likely 

from swab treatment.  

Figure 27, Surface image 200x of poultice treated coupon no.26. 
Representative image of poultice treated area displaying no 

visible scratches. 

The Infrared reflection absorption spectroscopy (IRRAS) spectra confirms the ocular assessments of 

the different levels of residue in regards to the areas treated with cotton swabs, showing little residue 

on the coupon assessed as the cleanest in the form of an almost straight line (Figure 16), and the 

coupon assessed as having a lot of residue as a spectra containing irregularities (peaks) in Figure 20. 

The visual assessments are therefore considered successful when it comes to the cotton swab 

evaluation.  

The spectra of the poultice treated areas show lines that follows the clean silver reference to a high 

degree without additional peaks, but never reaches the same level of reflectance as the silver reference 

line (Figure 22, Figure 24). 

 

5.3 Microscopic analysis of treatment abrasion and lacquer residue 

Due to time and resource constraints, it was not possible to take microscopical images of the surface of 

all the coupons before the treatment. Therefore, all results regarding the abrasive effect, such as the 

cotton swab treatment leaving more scratches on the surface, cannot be staved with scientific data, but 

are instead based on the visual observations of the surfaces under magnification after treatment with a 

Leica DM2700M microscope with 200x magnification (10x20) in rake light .  

To aid in the assessment, all surfaces were compared to 2 silver coupon references. The coupons differ 

visually due to being manufactured (rolled) differently - along and perpendicular to the length of the 

coupons. This could influence the assessment. Any observed horizontal scratches in a ca 90-degree 

angle in relation to the side of the coupon were registered.  

5.3.1 Photomicroscopy 200x of treated surfaces  
  

The bright elongated oval shape situated in the lower mid part of the image (Figure 26) was frequently 

encountered on the cotton swab treated areas and is believed to be undissolved lacquer residue. Table 

8 presents an abrasion assessment of the test areas with observed horizontal scratches in a ca. 90-

degree angle in relation to the side of the coupon, as is shown in Figure 26. As displayed in the table, 

none of the poultice treated areas showed any such scratches. An image of a poultice treated test area 

is visible in Figure 27. 
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Table 
8,  

 

Poultice treated areas  

with observed scratches 

 
Ethyl acetate 

Aged lacquer 0 
Unaged lacquer 0 

 
Ethyl lactate  

Aged lacquer 0 
Unaged lacquer 0 

 
Dimethyl carbonate 

Aged lacquer 0 
Unaged lacquer 0 

 
Propylene carbonate 

Aged lacquer 0 
Unaged lacquer 0 

 
Acetone 

Aged lacquer 0 
Unaged lacquer 0 

 
 
 

Cotton swab treated areas  

with observed scratches 

 

Ethyl acetate 

Aged lacquer 1 
Unaged lacquer 1 

 
Ethyl lactate 

Aged lacquer 0 

Unaged lacquer 2 
 

Dimethyl carbonate 

Aged lacquer 2 
Unaged lacquer 1 

 

Propylene carbonate 

Aged lacquer 1 
Unaged lacquer 2 

 
Acetone 

Aged lacquer 0 

Unaged lacquer 1 
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5.4 Solvent consumption and cost 

30 ml of each solvent was available at the beginning of the experiment , 20 ml in one beaker intended 

for cotton swab treatments and 10 ml in one beaker intended for poultice treatments. The beakers were 

covered with parafilm when not in use. The amount of solvent left was measured after the treatment 

and subtracted from the original amount. The used amount is presented in Table 9 below along with 

solvent cost per litre (l) and total cost of treatment for each solvent (in SEK). The solvents were 

bought through Gothenburg University and prices may vary depending on retailer and contract 

agreement. Solvent prices were attained from the University of Gothenburg 2022-05-12. 

 

Table 9, Solvent consumption of treatment and cost assessment. 

Solvent Ethyl acetate Ethyl lactate 
Dimethyl 
carbonate 

Propylene 
carbonate 

Acetone 

Treatment consumption 

(ml) 
16,4 10,63 14,5 6,8 17,9 

Cost (SEK/l) 116 518 1967 2499 182 

Treatment cost (SEK) 
(Litre price /1000 x ml used) 1,90 5,51 28,52 16,99 3,26 
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6 DISCUSSION 

In the discussion below, the research questions regarding the dissolution and removal of lacquer are 

deliberated and answered based on the results of the experiment. The discussion relating to the last 

research question How do the selected solvents perform within the context of sustainability and 

utilization? has been divided into four categories of discussion: greenness, utilization, availability and 

cost, and ethics, and is answered partly on the basis of experimental results, but also in relation to the 

information gathered through the literary research. This greater context is considered relevant to the 

work, since the primary aim was to investigate green solvents to replace traditional solvents. The four 

different categories of discussion are therefore based on the green solvent criteria which includes, but 

is not limited to: availability, prize, toxicity, biodegradability and performance. The sustainability 

approach is lastly also complemented with the conservator’s user perspective and ethical stances. 

 

6.1 Can the selected green solvents dissolve unaged and artificially aged 
cellulose nitrate lacquer?  

A general design of removal was used as a comparative and relative tool of assessment. Exposing the 

solvents to the same kind of treatment to differentiate their performances was regarded as relevant to 

the final evaluation, particularly in relation to the commonly used “good” reference solvent acetone. 

The results concluded that the prediction regarding the selection of solvents was successful in that they 

were all able to dissolve the aged and unaged cellulose nitrate lacquer to various degrees using the 

chosen methods. 

Given the solvents different properties, the solvent-polymer interaction could have increased 

efficiency if factors such as time, quantity, number of applications and rinsing were optimised for each 

solvent. The method chosen was a compromise between all their properties and prerequisites, resulting 

in some disadvantages not always applicable to the observed result, meaning the result did not fully 

represent the performance. For instance, the higher boiling point of some solvents in relation to the 

pre-decided quantity, meant a longer duration of action, dissolving more of the lacquer situated along 

the edges of the coupon, which then diffused across the cleaned surface – efficiently dissolving the 

lacquer but generating bad results of removal. Examples of this phenomena is observed in all 

propylene carbonate samples, aged and unaged (Figure 21, IRRAS spectrum of coupon no.105), and 

some ethyl lactate test samples (Table 7, Assessment of lacquer removal). The more volatile solvents 

with lower boiling points on the other hand could have benefited by being applied in larger quantities, 

consequently prolonging the time of interaction that was otherwise cut short due to their rapid 

evaporation rate. 

The difference in solubility between the aged and unaged test samples, according to the assessment of 

lacquer removal, presents a result where the amount of removal on aged samples appears increased by 

the more polar solvents and decreased by the less polar solvents. By applying the general rule of “like 

dissolves like”, this could be explained due to an increased polarity of the deteriorated lacquer as a 

result of scissoring occurring within the polymer matrix. Based on that notion, a higher degree of 

lacquer deterioration could present a scenario where for instance the more polar ethyl lactate and 

propylene carbonate might outperform dimethyl carbonate. 

Had the opportunity existed, the necessary preparations of the aging process, regarding the target age 

in a museum environment, would preferably have been done beforehand. This would have resulted in 

more decisive data on how long the test coupons would have to be exposed in the aging chamber. 

However, even though the age of the lacquer could not be pinned down due to lack of a known 

reference, the lacquer is aged according to FTIR spectra (Figure 13), which still validates the 
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experiment's premises and could nevertheless give a good indication of the solvent’s performance on 

deteriorated cellulose nitrate. 

 

6.2 Does the treatment leave residue? 

The ocular assessment relating to lacquer removal, supported to a large degree by the results from the 

IRRAS spectra (Figure 16, 18, 20) shows a variation in the solvents success to remove the lacquer. 

There are test areas covered in an iridescent layer of cellulose nitrate, but there are also areas harder to 

evaluate, displaying a dull shine and somewhat “matte” appearance. According to the IRRAS spectra, 

the higher scoring ocular assessments resemble the silver reference curve to a higher degree (Figure 

22, 24). However, by not reaching the level of reflectance on the y-axis as measured by the clean 

silver coupon, the ocular assessment of successful removal is thought to be overstated. The knowledge 

needed to fully understand and evaluate “the unexpected”, such as the silver reference being situated 

higher than the 100% reflectance gold mirror reference, was not available during the time allotted for 

this thesis. Further testing and expertise regarding the evaluation of the spectra is required to confirm 

the suspicion that the lacquer has been removed to a high degree, but that residue probably still is 

present on the test areas.  

Further treatment of the test areas, such as one more poultice application, or one more cotton swab 

treatment, would presumably remove more lacquer. In the case of slow evaporating propylene 

carbonate, the action of merely absorbing the excess solvent residue (with for instance the poultice 

material) could be enough to obtain a clean surface. This action was not necessary for the majority of 

the solvents and was therefore excluded from the experimental method.  

According to the results, the poultice treatment managed to remove significantly more dissolved 

lacquer than the cotton swab. The reasons could be the longer time aspect – the duration of action 

allowed by the enclosed climate (glass plate covering) keeping evaporation to a minimum, together 

with widespread surface interaction through areal coverage and the capillary forces made possible by 

the materials efficiency to absorb and hold liquid. It should be said that dimethyl carbonate was very 

well suited to the method's time frame and would, along with the slower evaporating solvents, benefit 

from not being covered when applied to poultice treatment for 2 min. The solvent evaporation instead 

seems to aid the capillary movement of removal. 

It became evident that the lacquer residue was visually more prominent on silver surfaces than on the 

lacquered glass plates used in the preliminary tests to develop the removal method. When observing 

that the 20 cotton swabs were insufficient in the removal of residue from the silver test samples, an 

alternative treatment could have been developed. However, since not knowing whether it was the 

method or the solvent that was insufficient, this could only be properly evaluated after trying all 

solvents. And if not pre-decided (for instance deciding to add an additional 10 swabs), changing the 

method mid-treatment would also have raised the question of when to stop. To acquire more 

information regarding the method of removal needed to minimise residue, additional lacquered silver 

coupons could have been prepared to perform preliminary tests on in advance, but external factors 

made this unfeasible. This insufficient method design also unfortunately implies that the factor having 

most (negative) influence over the treatment, was the chosen cotton swab method. 

6.2.1 How do the selected solvents compare in performance to the reference 
solvent? 

Since all solvents were continuously compared to each other throughout the thesis, it was relevant to 

also evaluate the performance of the reference solvent. Acetone is a “good solvent” for cellulose 

nitrate and very effective in many ways. The main drawback observed during the experiment is the 

rapid evaporation rate that prohibits the necessary amount of reaction and absorption time. This 

became apparent when using the cotton swab, where the lacquer was dissolved and reapplied to the 
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surface before being carried away by the cotton. This also happened when the poultice was not fully 

covered, causing it to stick to the surface. The removal assessment suggests acetone and ethyl acetate 

(also volatile) to display the highest scoring differential gap between the two methods of removal, 

supporting the above stated explanation regarding evaporation rate and choice of method. The longer 

evaporation time of dimethyl carbonate was better suited to the chosen poultice/cotton swab design. 

According to the experimental results, ethyl acetate performed slightly better than acetone when 

looking at the total score in both the aged and unaged category, and scoring marginally lower than 

acetone was dimethyl carbonate. 

 

6.3 Do the different methods of removal effect the silver surface? 

Using the EvolonCR cloth as poultice suggests a gentler and consequently superior option for the 

silver surface compared to the cotton swab treatment, since no signs of abrasion were found on the 

poultice treated surfaces (Table 8), suggesting the careful placing and peeling away of the poultice 

generates minimum mechanical/abrasive force. Even though scratches weren’t found on all cotton 

swab test areas, it indicates a possibility of occurring. Most likely the cause of the scratches were 

undissolved lacquer particles in-between the cotton and the coupon that were pulled loose from the 

mechanical force used when swabbing. These kinds of particles were found repeatedly on the surface 

test areas when analysed using a microscope with 200x magnification. There were also observations of 

the swab treatment leaving cotton fluff residue on the surface. 

The inconsistency in scratch pattern does not seem to follow success in solvent performance (Table 8), 

or lacquer condition to a larger degree, and is therefore explained by the less controlled human 

interaction as a factor. This would also support the result from the poultice treatment where the human 

interaction was minimal. 

No observation of chemical damage to the silver surface was identified, but further research regarding 

the solvents impact on the silver surface is needed. 

Due to time and resource constraints, it was not possible to take microscopical images of the surface of 

all the coupons before the treatment. It would have been beneficial for the assessment of the potential 

abrasive effect of the two different lacquer removal methods, if a designated area would have been 

marked and photographed using a microscope before and after the treatment. Therefore, all results 

discussed here regarding the abrasive effect cannot be staved with scientific data but are instead 

solemnly based on the visual observations using a microscope with 200x magnification of the surfaces 

after treatment. 

 

6.4 How do the selected solvents perform within the context of sustainability and 
utilization? 

As a complement to the experimental results regarding the different solvents performance in 

dissolving cellulose nitrate lacquer, they were placed within a holistic framework where the 

sustainability approach included environmental and health aspects together with practical 

considerations like user-friendliness, economics, time, availability and ethical issues that  could affect 

relevant conclusions regarding the results. They are put in this broader context to help evaluate if the 

selected green solvents would be a realistic choice for a conservator. 
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6.4.1 Discussion regarding solvent greenness  
The general assessment is that all selected solvents are classified as relatively “green” (2.5.4 Solvent 

“greenness” according to selection guides), however, evaluating the category factors and the solvent 

position within the different scales of assessment, one could evaluate their differing “greenness”. 

Major determining factors regarding the solvent’s greenness assessment are their hazard 

classifications, manufacturing processes and their boiling- and flashpoint temperatures. Since none of 

the solvents are classified as hazardous to the environment, the lower environmental scores are mainly 

explained by either too high or low boiling points, (optimal value estimated between 70-139°C). The 

chemical companies reason that larger quantities of low boiling solvents are wasted as they evaporate 

and cannot be reused, and high boiling solvents demand larger amounts of energy to be recycled. 

Within this thesis the issues relating to higher boiling temperatures are instead translated into problems 

relating to residues, and the extra time and waste deriving from additional cleaning. It follows that the 

highest scoring solvents are situated within the optimal temperature; Ethyl acetate (BP 77°C) and 

Dimethyl carbonate (BP 90°C). Their lower boiling- and flashpoint do however score less within the 

safety category, where the more stable solvents ethyl lactate and propylene carbonate receives a higher 

score. It also appears that ethyl lactate potentially could be derived from the, so far, greenest 

manufacturing process, being a 100% biodegradable bio-solvent, produced from the fermentation of 

glycose. 

Within the context of conservation, the solvent boiling point is of importance not only for the 

treatment requirements, but also for health reasons. The nature of the work often requires residing in 

close proximity to the object being treated, for prolonged periods of time, which also leads to 

prolonged subjection to inhalation of toxic fumes when the ventilation is inadequate, or PPE is not 

available. The solvents performance within the health category follows their hazard classifications 

where dimethyl carbonate and propylene carbonate have the better scores, ethyl acetate is placed in the 

middle due to low boiling point causing eye irritation and GHS H336: (May cause drowsiness or 

dizziness), and ethyl lactate has the lowest score due to respiratory irritation and the possibility of 

serious eye damage. 

Despite the GSK disclaimer regarding propylene carbonate (Table 2), where their assessment is based 

on information containing data gaps and therefore presents a lower level of confidence, an overall 

assessment would suggest that the two carbonates could be the greenest solvents. However, the lack 

of, unconfirmed, or uncertain data also reflect the conclusions drawn from that information and further 

research is needed. Ethyl acetate also scores high, and although considered greener and healthier than 

acetone, the solvent is still a VOC and displays some health issues.  

6.4.2 Discussion regarding utilization 
Observations regarding the effects of the solvent’s utilisation during treatment concluded that  the 

longer evaporation times of for instance propylene carbonate, generated additional time and waste due 

to cleaning up residues. Given the same premises as the other solvents, the treatment became difficult 

and messy, concluding that the application method would need to be optimized to the solvent 

properties. However, the longer evaporation time also led to increased time of reaction, and the 

quantity of solvent was reduced which made the treatment more economically efficient. The high 

boiling temperature also meant a weaker smell, which means a fume cupboard might not be required– 

good ventilation could suffice, giving the user more options regarding spaces to execute treatments. 

Depending on user preferences, these qualities might outweigh the other more traditional compromises 

in conservation treatment (a fume cupboard or gas mask). Even though the subject of solvent mixtures 

are not included in this thesis, propylene carbonate supposedly mixes well with ethyl acetate308. Such a 

solvent mixture would reduce evaporation time, and regardless of either solvents percentage part, 

 
308 Yizhak Marcus, ‘Preferential Solvation in Mixed Solvents. 16. Mixtures of N,N-Dimethylformamide or Propylene Carbonate with 

Organic Solvents’, The Journal of Chemical Thermodynamics 140 (January 2020): 105903, https://doi.org/10.1016/j.jct.2019.105903. 
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would still position itself within the Teas polymer solubility window for cellulose nitrate (APPENDIX 

2).  

If a fast-evaporating polar solvent is required, ethyl acetate was assessed as having similar qualities 

and efficiency as acetone, only with slightly longer evaporation time. However, if the polymer polarity 

allows it, dimethyl carbonate could be a substitute for ethyl acetate. It even has a slightly longer 

evaporation (and thus working time), and although emitting a strong smell, it is a VOC exempt solvent 

and not classified as a health risk.  

Ethyl lactate proved very efficient in removing the lacquer, however, the utilisation necessitates a 

conscious ethical compromise to the health aspects involved.  

6.4.3 Discussion regarding solvent availability and cost 
All solvents are readily available from chemical companies listed in 10.1 Materials. However general 

regulations in regards to purchasing large amounts of chemicals are applied. None of the selected 

solvents are commercially available at the moment (like acetone). The discussion below is based on 

the information regarding solvent prices attained from the University of Gothenburg 2022-05-12. 

Depending on retailer, contract agreement and solvent quality, prices may vary. 

Since using the same method, quantities and absorbing material for each solvent throughout the 

experiment, the varying amounts left after treatment are explained by their different evaporation rates. 

Table 9 shows that a large amount of acetone and ethyl acetate goes to waste, and despite general 

precautions (like covering the beakers when not in use), this would suggest relatively higher quantities 

of solvent spent per treatment. In relation to the other solvents, they do however come at much lower 

prices which still makes them relatively cost effective, especially ethyl acetate.  

In contrast, the low volatility of propylene carbonate is more efficiently used, very little goes to waste 

and as previously stated, the amount needed for the treatment could also be beneficially reduced.  That 

is redeeming considering it is the most expensive solvent by 20x relative to ethyl acetate (the cheapest 

in SEK/l). Unfortunately, too much of the second most expensive solvent – dimethyl carbonate, is 

wasted by evaporation to make it as relatively cost effective. Even though not costing as much per 

litre, in relative terms it becomes the most expensive solvent for the thesis treatment.  

If financial resources and polymer polarity render the green and nontoxic dimethyl carbonate 

available, then it could be of great interest as a substitute solvent within the objective of this thesis. 

But the most cost-efficient substitute solvent is ethyl acetate, and considering the solvents performance 

in the experiment, its similar (but yet more beneficial) properties to the commonly used reference 

solvent acetone and overall greenness assessment, it too could be suggested as a recommended green 

solvent for the removal of cellulose nitrate lacquer on silver objects.  

6.4.4 Discussion regarding ethics 
Taking into consideration the ethics of using green solvents within conservation includes considering a 

sustainable approach to balance the integrity of the object, the users and the environment. This can 

result in difficult compromises depending on what the situation demands and what is possible within 

the available resources.  

To achieve this, the conservation methodology; to begin with the gentlest approach of treatment and 

gradually increase strength to achieve the minimum intervention needed for a successful result, is 

recommended. To substitute harmful and hazardous solvents with greener alternatives could be a first 

step in the pursuit to more sustainable conservation treatments, however the method of removal 

presented in this thesis could within that context be developed further. For instance, as the preliminary 

tests showed, it is possible to dilute all solvents in ethanol (another green solvent), down to 10% and 

still yield successful results (bearing in mind the change in solubility properties from the mix). 

Diluting could be possible even with water (the greenest solvent) depending on solvent miscibility. 
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The method of application is also of importance. Using covered poultices would not only be gentle to 

the silver surface (compared to the cotton swab), but also a way of rationalising the quantities of 

solvent used. The compromise of using a gentler and often slower method of removal is inherently 

time, a weaker solvent would possibly require added applications and/or longer duration of action. 

However, the benefit of taking time is converted into increased control of the treatment, a key 

requirement within conservation.  

 

The thesis shows that the concept of a Green Solvent and its criteria are relative and subjective. 

Balancing considerations and compromises pervade this project, and not only the chosen methodology 

and execution of the experiment, but also the results are based on comparing the solvents to each 

other; one can perform better, be greener or cheaper than the other. But these factors also depend on 

the context, on who’s assessing them, and how they are assessed. Due to the lack of research and 

publications regarding the removal of lacquer on silver surfaces with green solvents, the majority of 

the information gathered for this thesis has therefore been based on known properties of chemical 

compounds, articles and solvent selection guides from the scientific field of chemistry together with 

the pharmaceutical industry, and the greater conservation field including treatments of for instance 

paintings and plastics. As a result, the thesis is partially formed from sources with different 

perspectives, values and priorities that might not be entirely applicable to the conservation of metal 

heritage, and continued research on the subject of lacquer removal from silver, and the green solvent 

substitute process for that specific purpose, is needed.  
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7 CONCLUSIONS 

To investigate the performance of less harmful solvent substitutes for the removal of cellulose nitrate 

lacquer on silver surfaces, the solvents were identified by literary research and then tested in 

laboratory experiments. Taking into consideration the concept of sustainability as both a prerequisite, 

and an important context of evaluation in the thesis, resulted in the following research questions: 

• Can the selected green solvents dissolve unaged and artificially aged cellulose nitrate lacquer? 

• Does the treatment leave residue? 

• Do the different methods of removal effect the silver surface? 

• How do the selected solvents perform within the context of sustainability and utilization? 

The results showed that the prediction regarding the selection of solvents was successful in that they 

were all able to dissolve the aged and unaged cellulose nitrate lacquer to various degrees using the 

chosen methods. However, given the solvents different properties, the solvent-polymer interaction 

could have increased efficiency if the method was optimised for each solvent. 

The subjective ocular assessment relating to lacquer removal and residue, was supported to a large 

degree by the results from the Infrared Reflection-Absorption Spectroscopy (IRRAS) spectra, and 

confirmed a variation in the solvents success i.e., various quantity of residue remained on the test 

areas. According to the spectra, the surface areas assessed as clean or almost clean, resembled the 

unlacquered silver reference to a high degree. However, by not reaching the same level of reflectance 

as measured by the silver reference, the assessment of complete removal of the lacquer is thought to be 

overstated. Analysis showed that ethyl acetate performed better than acetone in both the aged and 

unaged category. Scoring marginally lower than acetone was dimethyl carbonate. 

The difference in solubility between the aged and unaged test samples, presents a result where the 

amount of removal on aged samples appears increased by the more polar solvents and decreased by 

the less polar solvents. By applying the general rule of “like dissolves like”, this could be explained 

due to an increased polarity of the deteriorated lacquer as a result of scissoring occurring within the 

polymer matrix due to aging. 

The EvolonCR cloth poultice treatment managed to remove more dissolved lacquer than the cotton 

swab treatment, and no signs of method abrasion were found on the poultice treated surfaces. Even 

though scratches were not found on most of the cotton swab test areas, it still indicates a possibility of 

occurring. No observation of chemical damage to the silver surface was identified by the analysis. 

An overall assessment suggested that the two carbonates dimethyl carbonate and propylene carbonate 

could be the greenest of all selected solvents. Ethyl acetate also scored high, and although considered 

greener and healthier than acetone, the solvent is still a VOC and may cause drowsiness or dizziness 

when inhaled. 

Observations regarding the effects of the solvent’s utilisation during treatment concluded that the 

longer evaporation rate of propylene carbonate, generated additional time and work due to removal of 

residue. However, this also led to increased time for reaction, and reduced solvent quantities which 

made the treatment more economically efficient. The high boiling temperature also meant a weaker 

smell and a lesser need to use a fume cupboard, giving the user more options regarding spaces to 

execute treatments. 

If a fast-evaporating polar solvent is required, ethyl acetate was assessed as having similar qualities 

and efficiency as acetone, only with slightly longer evaporation time. Ethyl acetate also resulted in 

being the most cost-efficient solvent. Considering its performance in the experiment, its similarities to 
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acetone, and overall greenness assessment, it could be suggested as a recommended green solvent for 

the removal of cellulose nitrate lacquer on silver objects. If the polymer polarity and financial 

resources allows it however, a substitute to ethyl acetate could be the greener dimethyl carbonate. It 

even has a slightly longer evaporation rate, and thus working time, and although emitting a strong 

smell, is not classified as a health risk.  

Taking into consideration the ethics of using green solvents within conservation  the method of 

removal presented in this thesis could within that context be developed further. It is for instance 

possible to dilute all solvents in ethanol down to >10% and still yield successful results.  The method 

of application is also of importance. Using covered poultice would not only be more gentle to the 

silver surface, but also a way of minimising the quantities of solvent used. The compromise of using a 

gentler and often slower method of removal is inherently time, a weaker solvent could require added 

applications and/or longer duration of action. However, the benefit of taking time is converted into 

increased control of the treatment, a key requirement within conservation. 

The conclusions in this thesis are based on research that is currently available. Further research to 

extend and understand the selective tools on solvent substitution, especially in regard to metal 

conservation and lacquer removal, is needed. 
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8 FURTHER RESEARCH 

The conclusions in this thesis are based on research that is currently available. The concept of green 

solvents has gained increasing interest over the years finding new and expanding areas of application, 

and a lot of research is being done presently to help implement them into conservation practice. 

Further research to extend and understand the selective tools on solvent substitution, especially in 

regard to metal conservation and lacquer removal, is needed. 

Suggestions to further research in relation to this thesis 

I think it would be interesting to see how the solvents would perform on even older lacquer. A 

suggestion for future research is to prolong the artificial aging of the lacquer to represent >50 years of 

deterioration within a museum setting. Furthermore, future research could potentially map the most 

used lacquers on silver objects in museum collections, estimate their age and perform a more extensive 

testing on these different coatings to try and achieve a more precise and custom-made treatment 

protocol for each type of lacquer in combination with the most durable green solvent.  

During the preliminary tests, the liquid polymer PEG400 was used as a weak organic solvent to 

remove unaged cellulose nitrate lacquer and showed a lot of potential. It is recommended that the 

possibilities of this liquid polymer as a solvent is researched further. The health benefits are very 

appealing, the solvent exudes no smell and there is no need to use protective masks or a fume 

cupboard. It also has an affordable price and is readily available. Since residue needs to be removed, 

the treatment time is extended and potentially produces additional material waste. The waste however 

is nontoxic, and the residue can be removed by using only water (although ethanol mixture could be 

preferred when treating metals). PEG400 is also a known and proven substance that is extensively 

used within other applications in the conservation field. 

The limitations of the thesis experiment only considered undiluted and unmixed solvents, however I 

think further research regarding mixtures of the included solvents would be interesting considering 

how their solubility parameters are situated in relation to the cellulose nitrate solubility window within 

the Teas chart. 

The experiment was conducted in a laboratory setting and all test surfaces were smooth, clean and flat. 

This is far from the historical object material that conservators usually have to work with. To move 

one step closer to real conservation practice, I think it would be interesting to know how the green 

solvents would perform on lacquers that were covering shaped and textured surfaces, with edges and 

crevices that have created differences in lacquer thickness. 

This thesis focused on comparing solvents to each other, and the experimental method was modified 

thereafter. I think it would be interesting to use a different approach and instead investigate what it 

would take from each solvent to completely remove the lacquer.  
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9 SUMMARY 

The subject of this thesis is part of bigger project based around the conservation of a gilded silver cup, 

fabricated by Hans Reiff in 1609, presently in the collection of the Nationalmuseum309. The museum’s 

documentation shows that the cup, together with many other silver objects from the 17 th century, were 

cleaned and lacquered in 1955 to protect the silver from tarnishing. This lacquer has deteriorated, 

resulting in unwanted aesthetic alterations and localized tarnishing of the surface of the objects. It is 

therefore necessary to remove the lacquer. 

Previous treatments to remove the deteriorated lacquer by submerging these objects in acetone, has 

proven to be incomplete310. With modern day emphasis on sustainability for both climate and health311, 

alternative methods that could prove more successful and replace the harmful solvents used in 

conservation, needs to be investigated and evaluated312. 

The purpose of this thesis was to investigate and evaluate the performance of potential non-hazardous 

solvent substitutes, intended for the removal of aged and unaged cellulose nitrate coating on silver 

surfaces. The result of the investigation could potentially propose alternative methods and materials of 

lacquer removal from silver objects in museum collections, that are considered less harmful to health 

and environment.  

Within the scope of this thesis, special attention has been given towards organic carbonates and bio-

solvents as a contemporary and sustainable solution of lacquer removal, achieving several of the so 

called green solvent criterions; being sustainably manufactured, low or non-volatile organic 

compounds (VOCs), nontoxic and biodegradable313. The thesis focused on the removal of cellulose 

nitrate lacquer, more specifically “Zaponlack”, due to cellulose nitrate lacquer being frequently used 

as a coating in past and contemporary treatments of silver objects. 

To investigate the performance of less harmful solvent substitutes for the removal of cellulose nitrate 

lacquer on silver surfaces, the solvents needed to be identified by literary research and then tried in 

laboratory experiments answering the following research questions: 

• Can the selected green solvents dissolve unaged and artificially aged cellulose nitrate lacquer? 

• Does the treatment leave residue? 

• Do the different methods of removal effect the silver surface? 

• How do the selected solvents perform within the context of sustainability and utilization? 

The literary research begins by describing what a lacquer is and why it is being used, followed by the 

implications of its deterioration and resulting in why it has to be removed. It continues by describing 

the interaction between solvent and polymer, and how to use that understanding through solubility 

calculations and principles to predict the effect of such interaction. This is followed by the concept and 

relevance of green solvents, ways to assess them and their place within the conservation field, 

underlining the knowledge gap regarding the utilization of green solvents in conservation , and arguing 

the relevance of this thesis. The last part of the overview presents a selection of green substitute 

solvents that were applied in the experimental research. In order to identify the green solvents, 

extensive literary research into broader fields of science was necessary, starting with investigating 

substituting characteristics of commonly used solvents of dissolution (i.e., acetone). Taking into 

account molecular prerequisites and solubility parameters to estimate the probability of success, the 

 
309 Föreningen Nationalmusei Vänner, ‘NMK 205/193 Pokal med lock’. 
310 Informant 1 
311 Sachs et al., ‘Six Transformations to Achieve the Sustainable Development Goals’. 2. 
312 Fife, Handbook. 
313 Calvo-Flores et al., ‘Green and Bio-Based Solvents’. 
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selected solvents were lastly compared to one another in terms of potential “greenness” and utilisation 

through preliminary tests. The investigation resulted in four potential solvents of interest: ethyl 

acetate, ethyl lactate, propylene carbonate and dimethyl carbonate. Acetone was used as a reference 

solvent. 

29 standardized silver coupons were lacquered with the cellulose nitrate lacquer “Zaponlack” and 15 

of the lacquered coupons were artificially aged in the aging chamber: Atlas Xenotest 440314, for a total 

of 525 hours. The standard used for artificial ageing of the lacquer was ISO 16474-2:2013, applying 

indoor climate with filtered windows with xenon-arc radiation – mimicking similar conditions the 

objects would be exposed to in a normal museum setting315. 

The experiment was performed according to a standardized experimental design and consisted of five 

solvents and two different methods of removal: cotton swab and textile poultice (a non-woven micro-

filament cloth made out of 70% polyester and 30% polyamide called Evolon CR316) and also 

containing 3 replicates for each means of removal. 

The results were analyzed and evaluated through qualitative and quantitative methods317; Abrasion 

was evaluated qualitatively using a Leica DM2700M microscope with 200x magnification in rake 

light, and Infrared Reflection Absorption Spectroscopy (IRRAS-FTIR) was used to quantitatively 

evaluate lacquer residue. The results were also evaluated within a holistic framework where the 

sustainability approach included environmental and health aspects together with practical 

considerations like user-friendliness, economics, time, availability and ethical issues that effects 

relevant conclusions regarding the result. 

The results showed that the prediction regarding the selection of solvents was successful in that they 

were all able to dissolve the aged and unaged cellulose nitrate lacquer to various degrees using the 

chosen methods. However, given the solvents different properties, the solvent -polymer interaction 

could have increased efficiency if the method was optimised for each solvent. 

The ocular assessment relating to lacquer removal and residue, supported to a large degree by the 

results from the IRRAS-FTIR spectra, showed a variation in the solvents success. The surface areas 

assessed with high scores, resembled the unlacquered silver reference to a high degree according to the 

spectra. However, by not reaching the same level of reflectance as measured by the silver reference, 

the assessment of complete removal of the lacquer is thought to be overstated. Analysis showed that 

ethyl acetate performed slightly better than acetone when looking at the total score in both the aged 

and unaged category, and scoring marginally lower than acetone was dimethyl carbonate. 

The EvolonCR cloth poultice treatment managed to remove more dissolved lacquer than the cotton 

swab treatment, and no signs of method abrasion were found on the poultice treated surfaces. Even 

though scratches were not found on most of the cotton swab test areas, it still indicates a possibility of 

occurring. No observation of chemical damage to the silver surface was identified by the analysis.  

The difference in solubility between the aged and unaged test samples, presents a result where the 

amount of removal on aged samples appears increased by the more polar solvents and decreased by 

the less polar solvents. By applying the general rule of “like dissolves like”, this could be explained 

due to an increased polarity of the deteriorated lacquer as a result of scissoring occurring within the 

polymer matrix due to aging. 

 
314 ‘Xenotest 440 | Xenon Weathering Instruments - Atlas’. 
315 The International Organization for Standardization, ‘ISO 16474 -2’. 
316 Baij et al., ‘Understanding and Optimizing Evolon® CR for Varnish Removal from Oil Paintings’. 
317 Patel, Forskningsmetodikens grunder. 51–53. 
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An overall assessment suggested that the two carbonates dimethyl carbonate and propylene carbonate 

could be the greenest solvents. Ethyl acetate also scores high, and although considered greener and 

healthier than acetone, the solvent is still a VOC and may cause drowsiness or dizziness when inhaled. 

Observations regarding the effects of the solvent’s utilisation during treatment concluded that the 

longer evaporation rate of propylene carbonate, generated additional time and work due to removal of 

residue. However, this also led to increased time for reaction, and reduced solvent quantities which 

made the treatment more economically efficient. The high boiling temperature also meant a weaker 

smell and a lesser need to use a fume cupboard, giving the user more options regarding spaces to 

execute treatments. 

If a fast-evaporating polar solvent is required, ethyl acetate was assessed as having similar qualities 

and efficiency as acetone, only with slightly longer evaporation time. Ethyl acetate also resulted in 

being the most cost-efficient solvent. Considering its performance in the experiment, its similarities to 

acetone, and overall greenness assessment, it could be suggested as a recommended green solvent for 

the removal of cellulose nitrate lacquer on silver objects. If the polymer polarity and financial 

resources allows it however, a substitute to ethyl acetate could be the greener dimethyl carbonate. It 

even has a slightly longer evaporation, and thus working time, and although emitting a strong smell, is 

not classified as a health risk.  

Taking into consideration the ethics of using green solvents within conservation  the method of 

removal presented in this thesis could within that context be developed further. It is for instance 

possible to dilute all solvents in ethanol down to >10% and still yield successful results.  The method 

of application is also of importance. Using covered poultice would not only be more gentle to the 

silver surface, but also a way of minimising the quantities of solvent used. The compromise of using a 

gentler and often slower method of removal is inherently time, a weaker solvent could require added 

applications and/or longer duration of action. However, the benefit of taking time is converted into 

increased control of the treatment, a key requirement within conservation. 

The conclusions in this thesis are based on research that is currently available. The concept of green 

solvents has gained increasing interest over the years finding new and expanding areas of application, 

and a lot of research is being done at the moment to help implement them into conservation practice. 

Further research to extend and understand the selective tools on solvent substitution, especially in 

regard to metal conservation and lacquer removal, is needed. 
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10 MATERIALS AND EQUIPPMENT 

10.1 Materials 

Acetone, propanone or dimethyl ketone (for gas chromatography ECD and FID) 

CAS No. 67-64-1 

Chemical formula: C3H6O 

Manufacturer: Sigma-Aldrich 

Supplier: Merck 

https://se.vwr.com/store/catalog/product.jsp?product_id=721026  

 

Diacetone alcohol, 4-Hydroxy-4-methyl-2-pentanone (for synthesis) 

CAS No. 123-42-2 

Chemical formula: C6H12O2 

Manufacturer: Sigma-Aldrich  

Supplier: Merck 

https://se.vwr.com/store/product/739615/4-hydroxi-4-metyl-2-pentanon-for-syntes-sigma-aldrich 

 

Dimethyl carbonate 

CAS No. 616-38-6 

Chemical formula: C3H6O3 

Manufacturer: Sigma-Aldrich  

Supplier: Merck 

https://se.vwr.com/store/product/2354665/dimetylkarbonat-for-syntes-sigma-aldrich 

 

Ethyl acetate (GPR RECTAPUR) 

CAS No. 141-78-6 

Chemical formula: C4H8O2 

Manufacturer: VWR Chemicals 

Supplier: VWR Chemicals 

https://se.vwr.com/store/product?keyword=23880.290 

 

Ethyl lactate 

CAS No. 97-64-3 

Chemical formula: C5H10O3 

Manufacturer: TCI Europé 

Supplier: TCI Europé 

https://se.vwr.com/store/catalog/product.jsp?catalog_number=TCIAL0003-500ML  

 

PEG400, poly(ethylene glycol)  

CAS No. 25322-68-3  

Chemical formula: C2nH4n+2On+1 (n = 8.2 to 9.1) or H(OCH₂CH₂)nOH 

Manufacturer: VWR Chemicals 

Supplier: Merck 

https://se.vwr.com/store/product/2342224/polyetylenglykol-400-supelco  

 

Propylene carbonate (for synthesis) 

CAS No. 108-32-7 

Chemical formula: C4H6O3 

Manufacturer: Sigma-Aldrich  

Supplier: Merck 

https://se.vwr.com/store/product?keyword=8.07051.0100  

https://se.vwr.com/store/catalog/product.jsp?product_id=721026
https://se.vwr.com/store/product/739615/4-hydroxi-4-metyl-2-pentanon-for-syntes-sigma-aldrich
https://se.vwr.com/store/product/2354665/dimetylkarbonat-for-syntes-sigma-aldrich
https://se.vwr.com/store/product?keyword=23880.290
https://se.vwr.com/store/catalog/product.jsp?catalog_number=TCIAL0003-500ML
https://se.vwr.com/store/product/2342224/polyetylenglykol-400-supelco
https://se.vwr.com/store/product?keyword=8.07051.0100
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CN-Zaponlack S 

Manufacturer: Höpner Lacke GmbH  

Fabrikstraße 4  

02906 Niesky 

Tel.: +49 (0) 35 88 / 25 96 21-0  

Mail: info@hoepner-lacke.de 

Supplier: Restauro-online 

https://www.restauro-online.com/Zapon-lacquer 

 

Evolon® CR , on Roll  

Article Number: 2219102 

Measurements: 102 cm x 10 m  

Weight: 1.4 kg 

Base Price: €62.90 / 1 pc 19 % VAT excl. 

https://deffner-johann.de/en/evolonr-cr-on-roll-102-cm-x-10-m.html  

 

 

10.2 Equipment 

Leica DM2700M, 200x magnification 

Software: Leica Acquire 

Manufacturer: Leica Microsystems 

https://www.leica-microsystems.com/products/microscope-cameras/p/leica-DM2700M-hd/ 

 

ALPHA-R, FTIR Spectrometer 

ATR-FTIR: Platinum ATR module, with pressure applicator.  

Accessory: ATR Platinum Diamond 1 Refl #30266522D. 

Parameters for the ATR-FTIR spectra (Figure 13) 
Result spectrum: Absorbance 
Resolution: 4 cm-1 

Sample scan time: 24 scans 

Background scan time 24 scans 
Data from 4000cm-1 to 400 cm-1 
Accessory: ATR platinum Diamond 1 Refl #30266522D 

Interferogram size: 10442 Points FT size: 16 K 

 

IRRAS-FTIR: A241/D module, contactless reflection.  

Accessory: 30GradFocRefl #1E8D0AE2D, 5mm diameter spot attachment. 

Software: Opus 

Manufacturer: Bruker 

https://www.bruker.com/en.html  

 

 

Atlas Xenotest 440, Xenon Weathering Instruments 

ISO 16474-2:2013 

Manufacturer: AMETEK Measurement, Communications & Testing  

and Atlas Material Testing Solutions 

https://www.atlas-mts.com/products/standard-instruments/xenon-arc-weathering-test/xenotest/440. 

mailto:info@hoepner-lacke.de
https://www.restauro-online.com/Zapon-varnish
https://deffner-johann.de/en/evolonr-cr-on-roll-102-cm-x-10-m.html
https://www.leica-microsystems.com/products/microscope-cameras/p/leica-mc170-hd/
https://www.bruker.com/en.html
https://www.atlas-mts.com/products/standard-instruments/xenon-arc-weathering-test/xenotest/440
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Photo: Evelina Borén 

 

Figure 15, Illustration of the two treatment areas on the lacquered silver coupon – poultice treatment 

on the upper half and cotton swabs on the lower half. Encircled area represents the 5mm analytical 

IRRAS window 
Figure: Evelina Borén 

 

Figure 16, IRRAS spectra of cotton swab treated coupon no.38 through a 5mm diameter sample spot 

window.  
Graph: Evelina Borén. IRRAS-FTIR 

 

Figure 17, Assessed test sample no.38.  
Photo: Evelina Borén 

 

Figure 18, IRRAS spectra of cotton swab treated coupon no.120, through a 5mm diameter sample spot 

window.  
Graph: Evelina Borén. IRRAS-FTIR 

 

Figure 19, Assessed test sample no.120.  
Photo: Evelina Borén 

 

Figure 20, IRRAS spectra of cotton swab treated coupon no.105, through a 5mm diameter sample spot 

window.  
Graph: Evelina Borén. IRRAS-FTIR 

 

Figure 21, Assessed test sample no.105. 
Photo: Evelina Borén 

 

Figure 22, IRRAS spectra of poultice treated coupon no.26 through a 5mm diameter sample spot 

window. 
Graph: Evelina Borén. IRRAS-FTIR 

 

Figure 23, Assessed test sample no.26. 
Photo: Evelina Borén 

 

Figure 24, IRRAS spectra of poultice treated coupon no.97 through a 5mm diameter sample spot 

window.  
Graph: Evelina Borén. IRRAS-FTIR 

 

Figure 25, Assessed test sample no.97. 
Photo: Evelina Borén 

 

Figure 26, Surface image 200x of cotton swab treated coupon no.15. Representative image of 

horizontal scratches most likely from swab treatment. 
Photomicroscopy: Evelina Borén. Leica DM2700M 

 

Figure 27, Surface image 200x of poultice treated coupon no.26. Representative image of poultice 

treated area displaying no visible scratches. 
Photomicroscopy: Evelina Borén. Leica DM2700M 
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Tables 

Table 1, Some chemical and physical properties of the six selected solvents. 
Table: Evelina Borén 

 

Table 2, Solvent selection guide compilation (diacetone alcohol and PEG400 are excluded due to lack 

of data). Represented by GSK’s Solvent Selection Guide model 
Table: Evelina Borén 

 

Table 3, CHEM21´s solvent selection guide 
Denis Prat et al., ‘CHEM21 Selection Guide of Classical- and Less Classical-Solvents’, Green Chemistry 

18, no. 1 (21 December 2015): 21, https://doi.org/10.1039/C5GC01008J.  
Table compiled by: Evelina Borén 

 

Table 4, Summary of observations from the Preliminary Test: Overall evaluation. 
Table v from APPENDIX 4.  

Table: Evelina Borén 

 

Table 5, The different variables in the experimental design 
Table: Evelina Borén 

 

Table 6, exposure cycles with temperature control by black-standard thermometer (BST), Method B: 

Exposures using window glass filters, table from BS EN ISO 16474-2:2013.  
The International Organization for Standardization, ‘ISO 16474-2:2013 Paints and Varnishes — Methods 

of Exposure to Laboratory Light Sources — Part 2: Xenon-Arc Lamps’, ISO, accessed 13 April 2022, 
https://www.iso.org/cms/render/live/en/sites/isoorg/contents/data/standard/05/68/56830.html.  

 

Table 7, Ocular assessment of lacquer removal on aged and unaged silver coupons using four 

potential green solvents and one acetone reference. 
Table: Evelina Borén 

 

Table 8, Microscopic assessment of characterized scratches presents in test areas treated by the 

different lacquer removal methods: poultice treatment with EvolonCR cloth and cotton swab 

treatment. 
Table: Evelina Borén 

 

Table 9, Solvent consumption of treatment and cost assessment. 
Table: Evelina Borén 

 

 

Equations 

Equation 1, Expression of how to calculate the Hildebrand parameter of cohesive energy density 
John Burke, ‘Solubility Parameters: Theory and Application’ (The Book and Paper Group of the American 
Institute for Conservation, 1984), https://cool.culturalheritage.org/coolaic/sg/bpg/annual/v03/bp03-04.html. 

 

Equation 2, Simplified expression of how to calculate the Hildebrand parameter of cohesive energy 

density 
Charles M. Hansen, Hansen Solubility Parameters: A User’s Handbook, Second Edition, 0 ed., vol. 2nd 
Edition (Boca Raton: CRC Press, 2007), https://doi.org/10.1201/9781420006834. 

 

Equation 3, Expression of how to calculate Hansen’s solubility sphere 
John Burke, ‘Solubility Parameters: Theory and Application’ (The Book and Paper Group of the American 

Institute for Conservation, 1984), https://cool.culturalheritage.org/coolaic/sg/bpg/annual/v03/bp03-04.html. 
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Equation 4, Expression of the connection between Hildebrand’s, Hansen’s and the Teas chart 

fractional solubility values 
Velson C. Horie, Materials for Conservation: Organic Consolidants, Adhesives and Coatings, 2nd ed. 

(London: Routledge, 2010), https://doi.org/10.4324/9780080940885. 

 

Equation 5, Fractional solubility values as percentage of a whole (1 or 100%) 
Velson C. Horie, Materials for Conservation: Organic Consolidants, Adhesives and Coatings, 2nd ed. 
(London: Routledge, 2010), https://doi.org/10.4324/9780080940885. 
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APPENDIX 1 Calculations of solubility 

Hildebrand solubility parameters 
The cohesive energy density is defined as the energy it takes to break the substrates intermolecular 

bonds and isolate a unit volume of that molecule (heat of vaporization). The square root of that 

cohesive energy density is defined by only one parameter in the Hildebrand model; δ318, 319, as 

presented in the formula below in the expression320: 

 
 

δ = Hildebrand solubility parameter 

c = Cohesive energy density  
ΔH = Heat of vaporization  

R = Gas constant: 8.31446261815324 J⋅K−1⋅mol−1 
T = Temperature  
Vm= Molar volume  
 

The cohesive energy density from the heat of vaporization is described in either calories per cubic 

centimetre of liquid cal/cm3 or in the newer unit description mega-pascals; MPa (conforming to 

standard international units of cohesive pressures: SI units ∂(SI). (MPa1/2 is 2.0455 times larger than 

that in (cal/cm3)1/2).  

The Hildebrand value for cellulose nitrate is 21.4-23.5 δ /MPa½ 321. If the solvent value lies within the 

interval of +2 MPa1/2 or -2 MPa1/2 of the Hildebrand solubility value for cellulose nitrate, it would 

suggest that the solvent would be able to dissolve the polymer322. 

 

Table i, Hildebrand solubility parameters (MPa1/2) for each solvent (PEG400 excluted due to lack of data). 

Ethyl acetate Diacetone 

alcohol (DAA) 

Ethyl lactate Pr opylene 

carbonate (PC) 

Dimethyl 

carbonate (DMC)  

Polyethylene glycol 

(PEG 400)  

18.2 20 21.3 27.1 20.3 

 

Cellulose nitrate polymer: 21,4 - 23,5 MPa
1/2 

Due to the interval, two values are given in the equations. 
 (+-2 =good solvent) 

 

All calculated values are presented in Table 1 in 2.5.3 Properties of selected solvents – Chemical and 

physical properties. 

 

 

 

 
318 Venkatram et al., ‘Critical Assessment of the Hildebrand and Hansen Solubility Parameters for Polymers’.  4188. 
319 Hansen, Hansen Solubility Parameters. 2. 
320 Burke, ‘Solubility Parameters’. 
321 Wypych, Handbook of Polymers. 64. 
322 Venkatram et al., ‘Critical Assessment of the Hildebrand and Hansen Solubility Parameters for Polymers’. 4188. 
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Acetone reference:  

19,7 -19,9 MPa
1/2 

Calculations are conducted by the average value 19,8 MPa1/2, 
 
21,4 – 19,8 = 1,6 
23,5 – 19,8 = 3,7 

- might dissolve cellulose nitrate 

 

Ethyl acetate 
21,4 – 18.2 = 3,2 

23,5 – 18.2 = 5,3 

- might not dissolve cellulose nitrate 

 

Diacetone alcohol 
21,4 – 20 = 1,4 
23,5 – 20 = 3,5 

- might dissolve cellulose nitrate 

 

Ethyl lactate 
21,4 – 21,3 = 0,1 
23,5 – 21,3 = 2,2 

- might dissolve cellulose nitrate 

 

Propylene carbonate 
27,1 – 21,4 = 5,7 
27,1 – 23,5 = 3,6 

- might not dissolve cellulose nitrate 

 

Dimethyl carbonate 
21,4 – 20,3 = 1,1 
23,5 – 20,3 = 3,2 

- might dissolve cellulose nitrate 

 

PEG400 

(Incomplete data) 
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Hansen solubility parameters 
Based on Hildebrand’s model, the solubility characteristics of a polymer can according to Hansen’s 

model be calculated from three partial parameters of Hildebrand’s value. 

• Dipole-dipole – unbalanced distribution of electrons causes polar attraction between 

molecules 

• Hydrogen bond – extreme form of polar attraction by hydrogen bonding (when directly 

attached to oxygen or nitrogen)  

• Dispersion (non polar) – changes of electron distribution between symmetrical molecules 

creates a temporary dipole moment 

The values from the Hansen parameters equation can produce a 3D-model of a polymer solubility 

sphere. According to Hansen’s model, the polymer is likely to be soluble if the solvent value lies 

within that sphere323. By using this equation below, one can calculate if the distance of the solvent 

from the spheric centre is less than the interaction radius R324, 325. 

 

Table ii, Hansen solubility parameters for cellulose nitrate polymer and for each solvent 

Substance ∂d ∂p ∂h 

Cellulose Nitrate R11,5 15,4 14,7 8,8 

Ethyl acetate 15,8 5,3 7,2 

Diacetone alcohol 15,8 8,2 10,8 

Ethyl lactate 16 7,6 12,5 

Propylene carbonate 20 18 4,1 

Dimethyl carbonate 15.5 3,9 9,7 

PEG400 17 10,7 8,9 

 

 

Equation: 

D(S-P) = [4(∂ds - ∂dp)2 + (∂ps - ∂pp)2 + (∂hs - ∂hp)2]½ 

(√a =a1/2) 

 

All calculated values are presented in Table 1 in 2.5.3 Properties of selected solvents – Chemical and 

physical properties. 

 

 

 
323 Horie, Materials for Conservation: Organic Consolidants, Adhesives and Coatings . 72. 
324 Horie. 72. 
325 Burke, ‘Solubility Parameters’. 
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Ethyl Acetate 

 

D(S-P) = [4(15,8ds – 15,4dp)2 + (5,3ps – 14,7pp)2 + (7,2hs – 8,8hp)2]½  

√91,56 = 9,57 

D = 9,57 <  R = 11,5  → should be able to dissolve cellulose nitrate 

 

Diacetone alcohol 

D(S-P) = [4(15,8ds – 15,4dp)2 + (8,2ps – 14,7pp)2 + (10,8hs – 8,8hp)2]½  

√46,89  = 6,85  

D= 6,85 < R = 11,5  → should be able to dissolve cellulose nitrate 

 

Ethyl lactate 

D(S-P) = [4(16ds – 15,4dp)2 + (7,6ps – 14,7pp)2 + (12,5hs – 8,8hp)2]½  

√65,54= 8,01  

D=8,01 < R = 11,5  → should be able to dissolve cellulose nitrate 

 

Propylene carbonate 

D(S-P) = [4(20ds – 15,4dp)2 + (18ps – 14,7pp)2 + (4,1hs – 8,8hp)2]½  

√117,62 = 10,85  

D= 10,85 < R = 11,5  → should be able to dissolve cellulose nitrate 

 

Dimethyl carbonate 

D(S-P) = [4(15,5ds – 15,4dp)2 + (3,9ps – 14,7pp)2 + (9,7hs – 8,8hp)2]½  

√117,49 =10,84  

D=10,84 < R = 11,5  → should be able to dissolve cellulose nitrate 

 

 

PEG 

D(S-P) = [4(17ds – 15,4dp)2 + (10,7ps – 14,7pp)2 + (8,9hs – 8,8hp)2]½  

√26,25 =5,12  

D=5,21 < R = 11,5  → should be able to dissolve cellulose nitrate 
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APPENDIX 2 Teas solubility charts for solvents 

By converting Hansen’s three component parameters as a percentage of the Hildebrand value, the 

force of attraction between molecules in a solvent can be calculated and graphically presented in a 

two-dimensional, triangular graph326- the Teas chart, at the expense of assuming all materials share the 

same Hildebrand value327. The teas chart focuses on relative amounts (percentage), where the three 

fractional solubility components are expressed as part of 1, or 100(%) according to the expression: 

 
 
fd = dispersion 
fp = polar 
fh = hydrogen 

 

The triangular graph is made up of three 60º axes, each side representing a scale from 0-100(%) of 

dispersion, hydrogen and polarity, where 0 on one side always represents 100 on the other. This means 

that any location within the graph could be expressed by three coordinate values that together always 

adds up to a hundred. 

The polymer’s solubility parameters are expressed within the graph as a larger area - a solubility 

window. If the fractional solubility values of a solvent is found within that area, there is a possibility of 

it being able to dissolve the polymer.  

Substitute 
solvent 

Ethyl 
acetate  

Diacetone 
alcohol (DAA)  

Ethyl lactate  Pr opylene 
carbonate 

(PC)  

Dimethyl 
carbonate 

(DMC)   

Polyethylene 
glycol (PEG 

400)  

Fr actional 

Solubility 
Par ameters 
100f

d
 100f

p
 

100f
h
 

56, 19, 25 45, 24, 31 44, 21, 35 48, 43, 10 53, 13, 33 
incomplete 

data. 

 

 

 

 

 

 

 

 

 

 
326 Torraca, Solubility and Solvents for Conservation Problems. 16. 
327 Burke, ‘Solubility Parameters’. 
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The star symbol represents solvent solubility parameters within the diagram, and the outlined area 

indicates the solubility window for cellulose nitrate.  

Ethyl acetate 

Figure A, Teas chart of cellulose nitrate solubility window and ethyl acetate 

 

Ethyl lactate 

Figure B, Teas chart of cellulose nitrate solubility window and ethyl lactate 
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Diacetone alcohol 

 

Figure C, Teas chart of cellulose nitrate solubility window and diacetone alcohol 

 

 

Propylene carbonate 

 

Figure D, Teas chart of cellulose nitrate solubility window and propylene carbonate 
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Dimethyl carbonate 

 

Figure E, Teas chart of cellulose nitrate solubility window and dimethyl carbonate  

 

 

Acetone 

 

Figure F, Teas chart of cellulose nitrate solubility window and acetone 
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APPENDIX 3 Experimental Design: Run Order 

The Run Order is based on 60 test areas, 30 containing unaged Zaponlack and 30 containing aged 

Zaponlack. 5 different solvents are tested with two different methods of removal, with cotton swabs 

and with poultices. The experimental design and method of removal is described in chapter 3 

METHOD AND MATERIALS. The workstation for the experiment is described in APPENDIX 6 

Preparation of the workstation required for the experiment. 

 

Table iii, The Run order conducted in the Experiment 

RunOrder Condition Solvent Method 

1 Aged Ethyl acetate Poultice 

2 Aged Ethyl acetate Swab 

3 Aged Ethyl acetate Poultice 

4 Aged Ethyl acetate Swab 

5 Aged Ethyl acetate Poultice 

6 Aged Ethyl acetate Swab 

7 Unaged Ethyl acetate Poultice 

8 Unaged Ethyl acetate Swab 

9 Unaged Ethyl acetate Poultice 

10 Unaged Ethyl acetate Swab 

11 Unaged Ethyl acetate Poultice 

12 Unaged Ethyl acetate Swab 

13 Aged Ethyl lactate Poultice 

14 Aged Ethyl lactate Swab 

15 Aged Ethyl lactate Poultice 

16 Aged Ethyl lactate Swab 

17 Aged Ethyl lactate Poultice 

18 Aged Ethyl lactate Swab 

19 Unaged Ethyl lactate Poultice 

20 Unaged Ethyl lactate Swab 

21 Unaged Ethyl lactate Poultice 

22 Unaged Ethyl lactate Swab 

23 Unaged Ethyl lactate Poultice 

24 Unaged Ethyl lactate Swab 

25 Aged Dimethyl carbonate Poultice 

26 Aged Dimethyl carbonate Swab 

27 Aged Dimethyl carbonate Poultice 

28 Aged Dimethyl carbonate Swab 

29 Aged Dimethyl carbonate Poultice 

30 Aged Dimethyl carbonate Swab 

31 Unaged Dimethyl carbonate Poultice 

32 Unaged Dimethyl carbonate Swab 

33 Unaged Dimethyl carbonate Poultice 

34 Unaged Dimethyl carbonate Swab 
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35 Unaged Dimethyl carbonate Poultice 

36 Unaged Dimethyl carbonate Swab 

37 Aged Propylene carbonate Poultice 

38 Aged Propylene carbonate Swab 

39 Aged Propylene carbonate Poultice 

40 Aged Propylene carbonate Swab 

41 Aged Propylene carbonate Poultice 

42 Aged Propylene carbonate Swab 

43 Unaged Propylene carbonate Poultice 

44 Unaged Propylene carbonate Swab 

45 Unaged Propylene carbonate Poultice 

46 Unaged Propylene carbonate Swab 

47 Unaged Propylene carbonate Poultice 

48 Unaged Propylene carbonate Swab 

49 Aged Acetone Poultice 

50 Aged Acetone Swab 

51 Aged Acetone Poultice 

52 Aged Acetone Swab 

53 Aged Acetone Poultice 

54 Aged Acetone Swab 

55 Unaged Acetone Poultice 

56 Unaged Acetone Swab 

57 Unaged Acetone Poultice 

58 Unaged Acetone Swab 

59 Unaged Acetone Poultice 

60 Unaged Acetone Swab 
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APPENDIX 4 Preliminary Tests 

The performance of the six Green Solvents, selected through the literary research  (2.5 Selection of 

solvents for the experiment), were investigated through different preliminary tests on unaged 

Zaponlack. 

Pre-Preliminary Test: Solubility 
Six green solvents were selected through literary research for the removal of cellulose nitrate. Before 

conducting the Preliminary tests regarding the different solvents potential to remove lacquer, a pre-

preliminary test was performed evaluating the possibility of removal by dissolution. This was done by 

placing unaged lacquer into the different solvents and the result was evaluated by ocular (macro) 

assessment. 

Method of Pre-Preliminary Test: Solubility 

One layer of Zaponlack was brushed on glass plates and left to airdry in a fume hood for two days. 

(All preliminary tests were performed on unaged cellulose nitrate lacquer). 

Small amounts of lacquer were scraped off the glass plates with a scalpel and placed in small test -

tubes.  

0.5 ml of each of the six selected solvents were applied by a pipette into the individual tubes 

containing flakes of lacquer.  

The tubes are identified by numbers: 

1: Ethyl acetate 

2: Ethyl lactate 

3: Diacetone alcohol 

5: Dimethyl carbonate 

7: Propylene carbonate 

9: PEG400 

The tubes were carefully turned to allow the flakes of lacquer to become fully emersed. They were set 

into a stand for 1 minute and evaluated. 

Result and conclusion of the Pre-Preliminary Test: Solubility 
All solvents dissolved the lacquer, although PEG400 did so at a slower rate than the others.  

The result suggested all six solvents could potentially remove Zaponlack and were therefore selected 

for further experimental investigation. 
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Preliminary Test: Practical investigation of lacquer removal and method 
development 
To establish a method of lacquer removal for the experiment, a practical investigation of solvent 

solubility potential was conducted. The investigation was limited to two different methods of removal, 

with poultices, and with cotton swabs. The poultice used was a non-woven micro-filament cloth called 

EvolonCR328. The test was performed to determine how these two methods could be adapted to suit all 

solvents in regard to solvent quantity, time of interaction and amount of substance removal (physical 

removal of dissolved lacquer and solvent residue). The result was assessed by ocular (macro) 

evaluation. 

Method of Preliminary test: Practical investigation of lacquer removal and method 
development 

One layer of Zaponlack was brushed on a glass plate and left to airdry in a fume hood for two days. 

(All preliminary tests are performed on unaged lacquer). 

The glass plate was divided into a grid pattern and each square divided in half, where the upper half 

was treated with poultice and the lower part with cotton swabs. 

All six solvents were poured into 5 ml lid-covered individual beakers and marked with their respective 

identification numbers: 

1: Ethyl acetate 

2: Ethyl lactate 

3: Diacetone alcohol 

5: Dimethyl carbonate 

7: Propylene carbonate 

9: PEG400 

Poultice method development 
A piece of poultice cloth 40x20 mm was put on the surface, and drops of solvent was applied to it by 

pipette. The amount of drops was estimated by poultice saturation for each solvent (starting from 1 

drop and increasing the amount of drops until the fabric appeared saturated). The amount needed 

varied between 5-10 drops depending on the solvent. 

Due to different evaporation rates, the longest timespan allowed before complete solvent evaporation 

(of acetone) was ca. 2 minutes, despite covering the poultice by plastic foil. After 2 minutes the 

acetone saturated poultice attached itself to the glass surface by unabsorbed resetting lacquer, also 

indicating the need for more absorbing material to remove the dissolved lacquer. The treatment was 

therefore limited to 2 minutes and repeated with new poultice material. 

After the second round of the 2 minute treatment, the poultice was carefully peeled off with tweezers, 

and the surface evaluated. 

Some of the slow evaporating solvents (diacetone alcohol, propylene carbonate and PEG400) left 

solvent/lacquer residue. To remove unevaporated solvent residue, a third piece of cloth was applied 

containing 3 drops of ethanol (enough to make the poultice lightly moist but not wet), gently pressed 

down on the treated surface and removed after ca.10 seconds. 

 

 
328 Baij et al., ‘Understanding and Optimizing Evolon® CR for Varnish Removal from Oil Paintings’.  



13 

 

Cotton swab method development 
A cotton swab was lowered into the 5 ml container of solvent until it was saturated. Different amount 

of cotton material were used before deciding on a mid-generous size in order to hold more solvent and 

create a bigger surface of interaction.  

By attempting to apply consistent pressure, one-directional swipes (to the left) were conducted over 

the lacquered surface (starting with 1 swab and increasing the amount of swabs until the lacquer 

appeared removed) After each swipe the cotton swab was turned slightly clockwise in order to 

continuously treat the lacquered surface with unused sections of the cotton swab. Up to 10 swipes per 

cotton swab were deemed as a suitable amount. 

Depending on the solvent, between 3 and 12 swipes were needed to remove the lacquer. 

Since some of the solvents needed more than 10 swabs, and some amount of dissolved lacquer was not 

completely absorbed by the cotton, the treatment was repeated once.  

As with the poultice treatment, some of the slow evaporating solvents (diacetone alcohol, propylene 

carbonate and PEG400) left solvent/lacquer residue. To remove the unevaporated solvent residue, a 

piece of poultice cloth was applied containing 3 drops of ethanol (enough to make the poultice slightly 

moist but not wet), and gently pressed down on the treated surface and removed after ca.10 seconds. 

Result and conclusion of the Preliminary test: Practical investigation of lacquer 
removal and method development 
An ocular assessment concluded that all six solvents were able to remove the lacquer with relative 

ease with both the cotton swab and the poultice method. 

Depending on the properties of the solvent (mostly based on the evaporation time), a compromise 

regarding the limitations of application was developed, resulting in 2 saturated cotton swabs each 

performing 10 swabs, and 2x 2minutes covered poultice applications, each measuring 2,5x3cm to fit 

the top half of the silver coupons (silver coupon measuring 5x3cm) in the primary experiment. Each 

poultice would contain 12 drops of solvent per application. The quantities settled on were a 

compromise between all solvent properties, and (due to different evaporation rates) were perhaps too 

little for acetone and ethyl acetate, and too much for propylene carbonate and PEG. But in order to 

compare them to each other, the method of exposing the solvents to similar treatments, in order to 

differentiate their performance, were regarded as relevant to the final assessment. The removal of 

residue by ethanol was however not included in the primary experiment since only one of the very 

slow evaporating solvents (propylene carbonate) ended up being chosen. 
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Preliminary Test: Differentiation of performance  
In order to compare and differentiate the performance of each solvent, all were diluted with ethanol to 

50%, 25% and 10% (50% ethanol, 75% ethanol, 90% ethanol). The test was intended to reveal 

different solvent limitations in relation to one another, by subjecting all to equal limiting conditions 

such as solvent strength by dilution, limited reaction time and specific amount of mechanical force. 

Method of the Preliminary Test: Differentiation of performance 
One layer of Zaponlack was brushed on a glass plate and left to airdry in a fume hood for two days. 

(All preliminary tests are performed on unaged lacquer). 

The glass plate was divided into a grid pattern and each square divided in half, where the upper half 

was treated with poultice and the lower part with cotton swabs. 

All the six solvent’s three different concentration mixes were poured into 5ml lid-covered beakers and 

marked with the name and concentration. 

A piece of poultice cloth measuring 40x20 mm was placed on the surface and 10 drops of diluted 

solvent were applied to it with a pipette before being covered with plastic foil. After 2 minutes the 

poultice was carefully peeled of, and the treatment repeated once.  

A cotton swab was lowered into a 5 ml beaker of diluted solvent until it was saturated. While 

attempting to apply consistent pressure, 10 one-directional swipes (to the left) were conducted over the 

lacquered surface. After each swipe the cotton swab was turned slightly clockwise in order to 

continuously treat the lacquered surface to unused sections of cotton. 

Run order for the Preliminary Test: Differentiation of performance 
Each solvent’s various concentrations, in combination with the two associated methods, were applied 

in numerical order from the individually marked containers as follows: 

#1 Ethyl acetate:  

#1.1 Ethyl acetate50% poultice treatment followed by Ethyl acetate50% cotton swab treatment.  

#1.2 Ethyl acetate25% poultice treatment followed by Ethyl acetate25% cotton swab treatment.  

#1.3 Ethyl acetate10% poultice treatment followed by Ethyl acetate10% cotton swab treatment.  

#2 Ethyl lactate:  

#2.1 Ethyl lactate50% poultice treatment followed by Ethyl lactete50% cotton swab treatment. 

And so on. 
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Results of the Preliminary Test: Differentiation of performance 
The performance on success of removal is rated 1-5, 5 representing complete removal. R represents 

solvent residue. 

Table iv, Solvent performance of the removal of lacquer rated 1-5, 5 representing complete removal. 1 representing no 
removal. R represents solvent/lacquer residue. 

 #1 Ethyl 
Acetate 

#2 Ethyl 
lactate 

#3 Diacetone 
alcohol 

#4 Dimethyl 
carbonate 

#5 Propylene 
carbonate 

#6 PEG400 

50% (50%ethanol) 
Poultice 

5 5 5 5 3R 5R 

50% (50% ethanol) 
Cotton swab 

4 5 4 4(R) 4R 4R 

25% (75% ethanol) 
Poultice 

4 5 5 5(R) 2R 5R 

25% (75% ethanol) 
Cotton swab 

3 4 4 5(R) 4 3R 

10% (90% ethanol) 
Poultice 

5 5 4 1 3 4R 

10% (90% ethanol) 
Cotton swab 

5 4 2 3(R) 2 3R 

Total  26 28 24 23 18 24 

 

Conclusion of the Preliminary Test: Differentiation of performance 
Ethyl lactate and ethyl acetate performed successfully even when applied in low concentrations. 
Because of the very slow evaporation of PEG400, the result was difficult to assess during treatment. 

Propylene carbonate performed less effective in relation to the other solvents when diluted with 
ethanol. 

The poultice treatment was more effective than the cotton swab in the majority of the applications- 
the exception being dimethyl carbonate 10%, where the solvents’ ability to dissolve the lacquer was 

surpassed by the applied mechanical abrasive force of swiping, causing the lacquer to peel back by the 
motion.  
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Preliminary Test: Utilization – a test to establish a final solvent selection for the 
Experiment  
In order to complement the preliminary performance tests, observations regarding the effects of the 

solvent’s utilisation during treatment were conducted relating to questions such as: 

• How is it to work with? (Smell, viscosity and wetting properties, health related considerations 

such as personal protective equipment etc.). 

• How long can you/do you have to work with it? What is the treatment time concerning 

effectiveness and evaporation time? 

• Removal of residue, is a follow-up treatment necessary? 

• Are the solvent properties limiting the treatment to a particular application method? 

• Was additional material used during treatment? 

All following observations were made while using undiluted solvents unless otherwise specified. 

Method of lacquer removal for Preliminary test: Utilization 
One layer of Zaponlack was brushed on a glass plate and left to airdry in a fume cupboard for two 

days for the lacquer to fully set. (All preliminary tests are performed on unaged lacquer). 

The glass plate was divided into a grid pattern and each square divided in half, where the lacquer on 

the upper half was treated with poultices and the lower part with cotton swabs.  

A piece of poultice cloth measuring 40x20mm was put on the glass surface and 10 drops of solvent 

were applied using a pipette, before being covered with plastic foil. After 2minutes the poultice was 

carefully peeled of, and the treatment repeated once. Unevaporated solvent residue was removed by 

using a third piece of poultice cloth 40x20mm, applied with 3 drops of ethanol, gently pressed down 

on the treated surface for 10 seconds. 

For the lower half of the test surfaces a cotton swab was lowered into a container of solvent until 

saturated. Ten one-directional swipes (from right to left) were conducted over the lacquered surface, 

while attempting to apply consistent pressure. After each swipe the cotton swab was turned slightly 

clockwise in order to continuously treat the lacquered surface with unused sections of cotton. The 

treatment was repeated once. Unevaporated solvent residue was removed by using a piece of poultice 

cloth 40x20mm, applied with 3 drops of ethanol, gently pressed down on the treated surface for 10 

seconds. 

 

 

 

 

 

 

 

 

 

 



17 

 

Results and observations for Preliminary test: Utilization 
 
Table v, Summary of observations from the Preliminary Test: Overall evaluation. Problematic solvent properties during 
treatment are marked red. Green =3points, Yellow 2points, Red 1points. 

 Ethyl 
Acetate 

Ethyl 
lactate 

Diacetone 
alcohol 

Propylene 
carbonate 

Dimethyl 
carbonate 

PEG400 Ref: 
Acetone 

Smell strong very strong medium faint strong faint strong 

Viscosity low low low low/medium low medium/high low 

Wetting properties good good good good, given 
some time 

good good, given 
some time 

good 

PPE: Gloves, 
glasses and fume 

cupboard 

yes yes yes gloves and 

glasses 
yes gloves  yes 

Working/evaporati
on time 

short medium/slow medium/slow very slow medium/ 
short 

slow very short 

Residue present 
after treatment 

no no potentially yes (potentially) 
no 

yes no 

Application 
method 

(preferred) 

both both Both/ 

(poultice) 
Both/ 

(poultice) 
Both/ 

(poultice) 
Both/ 

(poultice) 
both 

Waste minimal minimal Possible 
additional 

waste 

additional Possible 
additional 

waste 

additional minimal 

Total 18 20 18 17 (17)-18 16 18 

 

Ethyl Acetate 

Strong solvent smell – a fume cupboard, gloves and protective glasses are recommended. The solvent 

is very easy to work with exhibiting good wetting abilities. It does however evaporate quickly, and the 

poultice therefore needs to be covered. The lacquer is removed effectively by cotton swab after 3-5 

swipes and is also easily removed with 2x2min poultice treatment. No residue was observed and 

therefore no additional rinsing was needed. The material waste is minimal due to the effective 

performance. 

 

Ethyl lactate 

The smell is very strong and unpleasant and a fume cupboard, gloves and protective glasses are highly 

recommended. The evaporation time is slow, which would make it economically beneficial to work 

with. The poultice need not be covered for the 2min treatment and the amount of solvent for the 

20x40mm cloth could be less than 10 drops. The lacquer is removed by a saturated cotton swab in 

approximately 10 swipes. When fully evaporated no residue was observed and therefore no additional 

rinsing was needed. The material waste is minimal due to the effective performance. 

 

Diacetone alcohol 

The smell is present but not very strong. A fume cupboard or good ventilation, gloves and protective 

glasses are recommended. The evaporation time is slow with good wetting abilities, which would 

make it economically beneficial to work with. It dissolves the lacquer effectively but it needs an 

absorbent material to aid it with the physical removal of the dissolved lacquer. It could therefore be 

considered more suited to be applied with poultice, rather than cotton swabs. When using cotton swabs 

the some residue of dissolved lacquer is observed, this is easily removed by pressing a poultice 

containing a small amount of ethanol on the surface. The potential additional rinsing creates additional 

material waste.  
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Dimethyl carbonate 

Strong solvent smell, although not classified as harmful, a fume cupboard, gloves and protective 

glasses are recommended. The solvent evaporates relatively quickly – however, within the 2min 

poultice treatment it is just enough for all the lacquer to be dissolved and removed without observed 

residue with only one application. The lacquer is removed effectively with a cotton swab in under 10 

swipes. White residue was observed after treatments with ethanol mixes >50% (but this might have 

been an isolated case). The residue is easily removed by pressing a poult ice containing a small amount 

of ethanol on the surface. The effectiveness of the poultice application out-ways the cotton swab 

treatment, making it more beneficial since potential additional rinsing creates additional material 

waste.  

 

Propylene carbonate 

Faint smell, no ventilation needed but gloves and protective glasses are highly recommended. The 

solvent’s high boiling point makes it economically beneficial to work with. It dissolves the lacquer 

effectively but needs an absorbent material to aid it in the physical removal of the dissolved lacquer 

and the solvent residue. It could therefore be considered more suited to be applied with a poultice, 

rather than cotton swabs. The additional rinsing creates additional material waste. 

 

PEG400 

Minimal smell, no ventilation needed but gloves are recommended. The solvent’s high viscosity 

makes measuring and managing extra difficult and time consuming. The solvent dissolves the lacquer, 

but the oily consistency contributes to making assessments of number of swabs and lacquer residue 

problematic. The evaporation time is especially slow, which would make it economically beneficial to 

work with. The solvent residue from both treatment methods needs to be removed, either by pressing a 

poultice containing a small amount of ethanol on the surface, or by water/ethanol mixtures. The 

additional rinsing creates additional material waste. 

 

Reference solvent: Acetone 

Strong solvent smell – a fume cupboard, gloves and protective glasses are recommended. The solvent 

is very easy to work with exhibiting good wetting properties. It evaporates very quickly, and the 

poultice therefore immediately needs to be covered. The lacquer is removed effectively with a cotton 

swab after approximately 5 swipes and is also easily removed with 2x2min poultice treatment as long 

as it remains damp. No residue was observed and therefore no additional rinsing was needed. Waste is 

minimal due to the effective performance. 

 

Conclusion of the Preliminary test: Utilization, and a final selection of solvents 
All solvents scored similar points regarding their problematic properties during treatment, and most of 

them scored similar to the reference solvent. However, neither the ranking system nor the solvents are 

ideal, and compromises needed to be made in order to make a final selection. The solvent selection 

was conducted parallel to creating the project Experimental design, and therefore resulted in the 

possibility of having five solvents included in the Experiment (see chapter for Experimental design). 

The main arguments for selecting or excluding each solvent were as follows:  

The argument for selecting ethyl acetate as a potential substitute is primarily that despite the high 

evaporation rate, it is pleasant to work with, produces effective results, is already used in conservation 

and is recommended by all encountered chemical companies as a green solvent. 

The argument to choose dimethyl carbonate is mainly based on it not toxic to work with or to inhale. 

The lower boiling point should help with absorption into the chosen method material, and the fact that 

a small amount goes a long way is beneficial.  
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The argument for choosing ethyl lactate is largely based on its excellent performance in the 

preliminary tests. It is however considered somewhat problematic as a green solvent due to health 

concerns and low evaporation rate. 

Propylene carbonate scored low mostly due to the issues regarding residues, and the treatment would 

preferably be adjusted to its properties. However, the argument for choosing it is part ly due to health 

aspects, but also the polarity of the solvent, which makes it a more promising candidate than PEG for 

the removal of deteriorated (assumingly more polar) lacquer. 

PEG400 scores the lowest due to its high viscosity and residue issues. The t reatment method would 

need to be adjusted to this particular solvent in order for it to perform properly. Even though showing 

interesting results, it is therefore excluded from the primary experiment. 

Diacetone alcohol performed similar to dimethyl carbonate but the argument for not selecting the 

solvent is primarily due to potentially serious health considerations. 
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APPENDIX 5 Treatment assessment based on shared criteria 
within the research project 

In order to compare the different methods of lacquer removal from silver objects within the bigger 

research project (gels, solvent, laser), an assessment containing shared criteria; Lacquer removal and 

residue, abrasion and ease of use was also conducted.  

 
 
Table vii, Criterion anchored rating scale (CARS) comprised of 4 categories describing the assessment of lacquer removal rated 

from 0-4 accordingly: 

Lacquer removal 0 1 2 3 4 

Lacquer left on the surface 

("thickness") 
Whole surface 
covered 100% 

Greater part 

covered 61-99% 

Partially removed 

40-60% 

Few areas 

covered   1-40% 

Complete 

removal 0% 

Abrasion 
0   2   4 

Alot of scratches Some scratches No scratches 

Residues 0 1 2 3 4 

Lacquer Residue left on the 
surface ("thickness) Whole surface 

covered 100% 

Greater part 
covered 61-99% 

Partially removed 
40-60% 

Few areas 
covered   1-40% 

Complete 
removal 0% 

Ease of use 0   2   4 

Difficulty in application and 
removal Difficult handling 

Relatively easy Very easy 

 
 
The scale of previous ocular assessment regarding lacquer removal was adapted to the shared rating 

scale accordingly: 

 
Table viii, Ocular assessments translated into shared rating scale within the bigger project 

0 points 
100% lacquer 
coverage 
No removal of 
lacquer 

1 points 
1-40% removal of 
lacquer 
Slightly dissolved, 
thick layer of 
lacquer 
Slightly iridescent, 
thick layer of 
lacquer 

2 points 
41-60% removal of 
lacquer 
Distinct iridescent 
layer of lacquer 
Thin iridescent layer 
of lacquer 

3 points 
61-99% removal of 
lacquer 
“Milky” surface 
layer 
Matte (not 
completely 
reflective) surface 

4 points 
0% lacquer 
coverage 
Complete removal 
of lacquer 
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Table ix, Assessment of lacquer removal and method evaluation concerning abrasion/scratches and ease of use, from research 
project shared rating scale. 

Condition Solvent No. Area/Method Lacquer removal Abrasion Residues Ease of use 

Aged 

Ethyl acetate 

96 Top/Poultice 3 4 3 2 

96 Bottom/Swab 2 2 2 2 

38 Top/Poultice 3 4 3 2 

38 Bottom/Swab 2 4 2 2 

7 Top/Poultice 3 4 3 2 

7 Bottom/Swab 2 4 2 2 

Ethyl lactate 

97 Top/Poultice 3 4 3 2 

97 Bottom/Swab 2 4 2 2 

102 Top/Poultice 2 4 2 2 

102 Bottom/Swab 2 4 2 2 

29 Top/Poultice 3 4 3 2 

29 Bottom/Swab 2 4 2 2 

Dimethyl 
carbonate 

120 Top/Poultice 3 4 3 2 

120 Bottom/Swab 2 2 2 2 

13 Top/Poultice 3 4 3 2 

13 Bottom/Swab 2 2 2 2 

113 Top/Poultice 3 4 3 2 

113 Bottom/Swab 2 4 2 2 

Propylene 
carbonate 

98 Top/Poultice 2 4 2 0 

98 Bottom/Swab 1 4 1 0 

51 Top/Poultice 2 4 3 0 

51 Bottom/Swab 2 2 2 0 

46 Top/Poultice 2 4 2 0 

46 Bottom/Swab 2 4 2 0 

Acetone 

121 Top/Poultice 4 4 4 2 

121 Bottom/Swab 2 4 2 2 

117 Top/Poultice 3 4 3 2 

117 Bottom/Swab 2 4 2 2 

9 Top/Poultice 3 4 3 2 

9 Bottom/Swab 2 4 2 2 

Unaged 

Ethyl acetate 

94 Top/Poultice 3 4 3 2 

94 Bottom/Swab 2 4 2 2 

116 Top/Poultice 3 4 3 2 

116 Bottom/Swab 2 2 2 2 

26 Top/Poultice 4 4 4 2 

26 Bottom/Swab 2 4 2 2 

Ethyl lactate 

111 Top/Poultice 1 4 1 2 

111 Bottom/Swab 1 2 1 2 

114 Top/Poultice 1 4 1 2 

114 Bottom/Swab 2 4 2 2 

15 Top/Poultice 2 4 2 2 
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15 Bottom/Swab 2 2 2 2 

Dimethyl 
carbonate 

101 Top/Poultice 3 4 3 2 

101 Bottom/Swab 2 4 2 2 

122 Top/Poultice 3 4 3 2 

122 Bottom/Swab 2 4 2 2 

20 Top/Poultice 3 4 3 2 

20 Bottom/Swab 2 2 2 2 

Propylene 
carbonate 

105 Top/Poultice 1 4 1 0 

105 Bottom/Swab 1 2 1 0 

119 Top/Poultice 1 4 1 0 

119 Bottom/Swab 1 4 1 0 

52 front Top/Poultice 2 4 2 0 

52 front Bottom/Swab 2 2 2 0 

Acetone 

107 Top/Poultice 3 4 3 2 

107 Bottom/Swab 2 4 2 2 

99 Top/Poultice 2 4 2 2 

99 Bottom/Swab 1 4 1 2 

52 back Top/Poultice 3 4 3 2 

52 back Bottom/Swab 2 2 2 2 

 

Table x, Compiled results from Table ix. 

Solvent Score 

Ethyl acetate   

Aged 64 

Unaged +66 

Total 130 

Ethyl lactate   

Aged 64 

Unaged +50 

Total 114 

Dimethyl carbonate   

Aged 62 

Unaged +64 

Total 126 

Propylene carbonate   

Aged 45 

Unaged +36 

Total 81 

Acetone   

Aged 68 

Unaged +60 

Total 128 
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Figure I, Preparation of material to conduct the experiment Figure H, Preparation of workstation within a fume cupboard 

APPENDIX 6 Preparation of the workstation required for the 
experiment  

A clean workstation covered with a white non-absorbing paper was set up in a fume cupboard. 

The paper was divided vertically into two separate halves’, the left side marked “Aged” and the right 

side “Unaged”. Each half was then divided into a grid pattern consisting of 5 vertical and 3 horizontal 

lines and each column headlined by the 5 different solvents (Figure 14). 

29 coupons were positioned 

within the grid pattern, and 

the coupon number written in 

the top right corner of the 

marked square. (Unaged 

coupon no. 52 was treated 

both front and back.) 

All 29 coupons were 

horizontally divided into two 

halves, the top half intended 

for the poultice treatment and 

the bottom half intended for 

the cotton-swab treatment. 

60 pieces of Evolon CR cloth 

were cut (2,5mm x 3mm) and 

positioned with each coupon. 

60 pieces of cotton wool of 

suitable size were prepared to 

be applied to a bamboo stick 

to be used as cotton swabs 

(Figure 15). 

Another white, non-absorbent paper was divided with a marker into 5 equally sized sections and 

headlined with the 5 different solvents. It was placed to the right of the coupon grid. 

2 parafilm-covered containers – 10ml for the pipette and 20ml for saturating cotton swabs, were 

marked and filled with the 5 different solvents and placed within each marked square together with 5 

pipettes, 5 bamboo sticks and glass for covering the poultice (Figure 16). 

A permeated lidded container intended for waste was placed to the right of the solvents. 

Figure G, Preparation of workstation 


