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ABSTRACT OF THE DISSERTATION 
 

The Driving Forces of Adhesion Failure between Paint and Cellulose Diacetate  
in Walt Disney Animation Cels 

by 
Carolyn Louise Carta 

Doctor of Philosophy in Materials Science and Engineering 
University of California, Los Angles, 2019 

Professor Vijay Gupta, Chair 
 

This research seeks to draw scientific insights from the interplay of processes, which combined 

lead to the failure of adhesion between paint and cellulose diacetate (CDA), which as a 

substrate represents the majority of the animation cel collection at Walt Disney Animation 

Research Library (ARL). In collaboration with a team of conservation researchers at Getty 

Conservation Institute (GCI), this research has utilized an approach with a rescuer’s mentality, 

but is thus limited to deaccessioned animation cels, blank interleaving sheets, blank 

coversheets, or paint mockups pre-approved as samples for experimental research. The 

scientific value of this manuscript, however, relies on this important material collection in 

order to ensure representative naturally-aged samples to help evaluate the weakest links of 

decay in each layer of this laminate, heterogeneous material, that no mockup could ever 

equal. The interdisciplinary nature of this research is focused between materials science, 

polymer organic and physical chemistry, mechanical and chemical engineering, and 

conservation science of plastics and photographic materials, making it possible to delve into 

fundamental aspects of the chemical mechanisms and physical engineering of these systems 

from the macro to the nano-scale.  

As a compilation of future research papers into chapters, this dissertation overall considers 

properties that influence the conservation challenge to preserve the paint adhesion to the 

substrate, so one can continue to interpret the artwork visually. The first chapter includes a 

multi-analytical case study investigating natural aging properties of cellulose diacetate sheets 

through the worst case scenarios of the ~80 year old Walt Disney animation cels alongside 
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accelerated aging of blank CDA sheets. By tracking these chemical properties through various 

visualization methodologies, one can better understand the relevant chemical properties to 

consider for future storage solutions. The polymer decay is monitored through an improved 

ion chromatography detection method of percent free acetic acid in a water extract of an 

improved sample size of 100 mg, published here for the first time [Chapter 2 & 3]. The time-

scale of the process of the paint delamination is dependent on the rate of water sorption 

(usually minutes-hours), where the timescale of the process of plastic failure is dependent on 

the availability of water to react with the polymer and then the buildup of the acetic acid, 

which is on the timescale of months at elevated temperatures, or mere decades in hotter 

climates. Therefore, one chapter also utilized different adhesion methodologies for the 

purpose of easier quantification of this important property of failure of the different layers of 

the system [Chapter 4]. Adhesion was measured through the application of interfacial fracture 

mechanics by laser spallation and through surface nano-mechanical properties through atomic 

force microscopy (AFM), paired with contact angle measurements and thermodynamic 

calculations to evaluate standards of polymers with different degree of substitution (DS).  

Major contributions of this work forward approaches to quantify the buildup of % free acetic 

acid, to quantify the interfacial adhesion of the animation cel and the adhesion of paint, and 

within the final chapter the development of two scientific assays developed for finding and 

monitoring storage solutions for animation cels. Advanced chemical engineering is paired with 

paintings conservation to create the sensor in 5.1, and 5.2 utilizes molecular correlations 

between standards and extracted samples through nondestructive attenuated total reflectance 

Fourier transform infrared (ATR-FTIR). Efforts presented in this dissertation to identify the 

driving forces of adhesion in animation cels demonstrate quantitative materials science based 

structure-property relations relevant to decision-makers of art storage guidelines, in order to 

engineer practical, prescriptive, and preventive solutions.  
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1 Introduction 
1.1 Overview and statement of the problem 
Animation cels are made from various types of ink and paint on different manufacturer’s 

cellulose acetate (CA). This dissertation by no measure attempts to characterize, or identify 

the international variety that exists chemically, mechanically, physically, or even stability-

wise of animation cels, where approximately ~460,000 animation cels could be used to 

make one feature film at Walt Disney Ink and Paint Studios (24 frames a second over 

approximately 90 minutes).1 Instead, this dissertation not only serves as a call to survey 

material collections made of cellulose diacetate (CDA)-based artworks in collections 

around the world, but also contributes observation-based chemical and physical evaluation 

of a variety of naturally-aged examples [Chapter 2], fundamental investigations into the 

longevity of the polymer of the substrate [Chapter 3], preventative approaches to the 

storage and treatment of these materials based on advanced mechanical testing [Chapters 

4+5], and practical tools to monitor these issues in the future [Chapter 5]. Though a variety 

of chemical, mechanical, and computational methods could be combined to identify 

publishable information about this collection of animation cels, it was this author’s 

approach to design experiments leading to the most impact on the storage by deeply 

investigating the mechanism and fundamental properties as a function of decay. This also 

will include a model toolkit into caring for and monitoring the decay of animation cels. 

The innovation of the digital age has moved so quickly that the need for animation cels are 

obsolete for the majority of today’s filmmakers. At least at big studios like Walt Disney, 

the filmmakers did not engage in the inking and painting process, thus artistic value 

recognition was delayed, delaying the field of conservation and science to come together 

to address these issues. In current practice, animation cels are considered works of art with 

both historical, technological, and cultural documents of their time that hold sentimental 
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value. For these many types of value, it is important that tools are accessible to collections 

managers to aid in the preservation of animation cels [Chapter 5].  

 
 
 
 
 
 
 
  
  
 
 

Figure 1.1: Summary of Approach 
 

Destructive analysis was carried out in each chapter of this dissertation; however, only 

after other analytical tools were first attempted, such as 2D-NMR for chemical stratigraphy 

of the cross-section of these materials looking for buildup of water or plasticizers, and 

multispectral imaging to detect phase segregation in the plastic sheet [Appendix 2]. 

Unfortunately, neither of these non-destructive techniques proved useful for these 

heterogeneous materials, so other more direct and in most cases minimally destructive 

techniques were utilized throughout this research. The approach of this research was 

multi-disciplinary, multi-analytical, and required much multitasking for the scientific 

perspective of identification of materials and driving forces of failure, while working with 

curators, collections care managers, and conservators on storage solutions (Figure 1.1).  
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Figure 1.2: Schematic of animation cel cross-section [approximate scale]. 

 
Motion picture film, also made of CA polymer has been researched extensively finding cold 

storage at freezing temperatures as the storage solution2 to prevent decay and also done 

for other CA art objects in archives. Unlike animation cels within the study collection of 

the Disney Animation Research Library (ARL), motion picture film materials would require 

specialized equipment (projector with appropriate fittings to the film type) to appreciate 

for their artistic value. Animation cels are not meant to be interacted with, but as objects 

without any time-based element, some collectors may have interest in having cels on 

display within living environments.  This consideration of owner’s intent leads this author 

to consider if display conditions vertical, at an angle, or horizontal are best for these 

materials. Animation cels are a dual sided painting (Figure 1.2), on a canvas of CA, so any 

possible digitization project would require scanning on both sides to get a full material 

representation of this artwork, which would take more time. The amount of exposure to 

specific bulbs and temperatures during the scanning process are important parameters 

which would need evaluation prior to such exposures. 

In <0.1% of the collection at ARL include the extreme deaccessioned worst case scenarios, 

such as evidence of more advanced interlocking between highly degraded frosted/half 
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matte sheets with cellulose-based interleaving materials (Figure 1.3), or plastic sheets 

decayed and rippled so extremely that the paint adhesion fails leaving flaking paint (Figure 

1.4). Each of these examples lead to very complex considerations for display and storage.  

 
 

  
  

 
 
 
 

 
 

 
 
Figure 1.3: Gum Arabic paint from The Black Cauldron (1985), within the latest time period of 
paint behavior, sticking to the interleaving paper. Raking light photography detail. ©Disney 

 
 

A1)      B1) 
 

 
 
 
 
 
 
 A2)      B2) 
 
 
 
 

 
 
 

Figure 1.4: Extreme sheet distortions revealing varying paint behavior in response. A) Paint 
flaking from production cel sheet from Bambi (1942) 1=normal light, 2=raking light.  

B) Example from Snow White and the Seven Dwarfs (1937) of the witch 1- normal image of 
front and 2= cross-polarized filtered image. ©Disney 

 
Closest possible stability to ideal is the motto, and not deleting the element of time 

follows the ethics laid out in the 1950s by C. Brandi.3 The approach chosen in this 

dissertation was to utilize experimental and physical chemistry calculations, alongside 
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characterization tools of materials science and engineering research comes with many 

considerations by this author in the area of ethics. How far should we go? Do we preserve 

this historical transparent substrate of an early plastic like cellulose nitrate or acetate and 

entire collections of animation cels made of these problematic materials under argon gas 

and isolated from each other as to protect the painted surfaces? Do we re-plasticize them 

with other more stable plasticizers (and reversible)? Do we leave as they are? Move into 

cold storage? Display them at all? Display vertically or horizontally? 

In 1992, a more nuanced view of conservation ethics from the Nara Document presents 

the idea of preservation by replication without material authenticity, where art 

conservation and intervention can be considered in cases where there is intangible value.4 

Disney ARL has showed their understanding of this intangible relevance of their animation 

artworks by remaking old cels with non-authentic materials for exhibition purposes around 

the globe, and maintaining the expertise within the Ink and Paint Department. In theory 

the collaboration and investment of Disney ARL with GCI has proven the collection’s 

intent to find suitable solutions for the tangible history; however, their lack of showing any 

intent to hire a permanent conservator or keeping a permanent record of the 

environmental history of the collection shows the need for deeper persuasion to the value 

of their collection. Revealing the key role of the conservator in preservation, in the 1980s 

at a lecture hosted by the Victoria and Albert Museum (UK) J. Ashley-Smith stated “the 

key to ethical restoration is the quality of the evidence. The best evidence comes from the 

object itself…..the restorer should judge the quality of the evidence presented,” so the 

ideal of the first step was completed in this project with an initial conservation survey.5 

In the spirit of the ethical standard presented above, this research developed is indebted 

to the quality of the evidence presented at the highest level within the condition survey of 

~6,000 objects, 1% of the Disney ARL collection by Katharina Hoeyng and Suzanna 
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Etyemez.6 Their meticulous strategy to their observations and their database of important 

vocabulary, and documentation of physical and chemical properties such as sheet 

thickness, FTIR spectra, UV-induced photography, and cross-polarized light photography 

made it possible for this research to dig into fundamental relationships between materials 

of the animation cels for storage purposes. Though a tempting technique, this research 

was meant to go beyond a materials characterization study of the materials and interfaces 

of a specific type of art (animation cels). Instead, the research utilizes conservator’s 

judgements of the collection to study the complex systems through fundamental chemical 

and mechanical research. An example of this is the chemical sensor developed to probe 

paint adhesion as a function of environmental changes in %RH, and measuring the 

adhesion properties with a sensor to represent the interleaving papers, and another one to 

represent the good condition of acetate sheet [Chapter 5.1].  

 

1.2 Case Study: Art Conservation of Walt Disney Animation 
Research Library 
 
1.2.1 Aims 

 
The intent of this new collaborative research project is to address two fundamental issues 

relating to the long-term preservation of the animation cel collection at the ARL: 

developing conservation treatments for damaged cel paints, and investigating optimal 

environmental conditions for storing animation cels. This dissertation can be read as slices 

of the bigger picture of the loss of the artistic meaning and cultural heritage of animation 

cels: through the decay of adhesion of the paint to the sheet, and through solving the 

storage problems related to the characteristic vinegar syndrome i.e. decay of the material 

integrity of their substrate. 
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Figure 1.5: The art behind animation in the invention of the multiplane camera patented by 
Walt Disney in 1936. ©Disney 

 
 

1.2.2 Background 
In the collaboration between the initiative of Modern and Contemporary Art Conservation 

in the department of Science at the Getty Conservation Institute (GCI) and the Walt Disney 

Animation Research Library (ARL), the project goals include interventive conservation 

study for investigating minimally invasive treatment for detached paint, as well as an 

environmental preventive conservation study evaluating fundamental aspects of failure in 

both the paint, plastic, and in the adhesion of the system in order to improve storage 

conditions and prolong the lifetime of the cel collection. Animation cels hold significant 

value in cultural heritage of motion pictures since they are technical materials revealing the 

process of the artistic creation of pre-digital animation; specifically, animation cels 

contained characters and their movements. For each new movement there is a new sheet, 

and all is overlaid on top of a large format watercolor painted background for each scene. 

The filming process dictated the need for transparent sheets, and paints that could be lit 

through the multiplane camera, invented by Walt Disney himself (Figure 5).7 
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A)            B)  
 
 
 
 
 
 
 
  
 

 
Figure 1.6: Images from The Jungle Book (1967) to show front and back of animation cel, 

demonstrating how it was made, and difficulties in storage since both sides have materials 
important to the legibility of the art work. ©Disney  

 
A)             B)  

 
 
 
 
 
 
 
 
 
 
 
 

Figure 1.7: Visible light photography demonstrating major differences in the stacking 
methodology of A) production cels, with stacks of images varying only slightly and B) color 
models, where there is only one CA cel in a stack of notes and other papers relevant to the 

color pattern in the scene. ©Disney 
 
In the creation process of film-making, the background in large format was laid at the 

bottom of a setup including multiple layers of placing animation cels containing different 

characters, leading to 24 frames per second of film, shot from above, where it could have 

included several sheets of cels to fill out the characters and their scene. From the 

perspective of film-makers post- 1990s, animation cels are a nuisance which are no longer 

necessary to plan first in color model form, then to mass produce and wait to dry before 

the last step of the filming (Figure 7). From the perspective of preserving the innovation 

that was 20th century motion picture animation, these animation cels have infinite intrinsic 
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value worth preserving for future generations of American children who see films through 

taking out outa as individual artworks (Figure 8). 

 
  A)         B) 

 
 
 
 
 
 

 
 
 
 

 
Figure 1.8: Photographic documentation of cellulose diacetate production cels within Walt 

Disney ARL showing iconic characters such as A) Gus from Cinderella (1950), and B).Tod from 
The Fox in the Hound (1981).©Disney  

 

1.2.3 Storage History 
Over the years, the Walt Disney animation cels have been stored in various places and 

environmental conditions, undocumented with the specifics of which cel where/when/at 

what values of temperature (T) or percent relative humidity (%RH). Animation cels have 

been, and are still today, discovered at various studio locations. The cel collection was 

unified and placed in an HVAC-controlled building for the first time in 1989, and moved 

into climate-controlled vaults at the current Animation Research Library (ARL) location in 

Burbank in 1998. Thus, the earliest cels have been stored in relatively uncontrolled 

environments for most of their existence, so these cels serve essential for observational 

studies of the natural decay process within the LA climate of dry and relativity temperate 

conditions.  

The ARL vaults hold an indeterminate number of animation cels; estimates range from 

200,000 to 400,000 cels. The vaults are secure, climate-controlled rooms equipped with 

compact, baked enameled metal shelving. Carbon filters are used to purify the air in the 

vaults that hold the cel collections. It is reasonably safe to assume that the cels have 



10 

always been stored in the dark. These storage conditions are undoubtedly much better 

than ambient conditions. However, no research on establishing optimum storage 

conditions for animation cels has yet been carried out. This research seeks to investigate 

various chemical, physical, and mechanical properties of naturally aged animation cels, as 

well as improve upon, and if necessary, contribute new tools to the field for the purpose of 

establishing such standards for the field of animation cels. Other questions include how to 

store these dual sided paintings properly to prevent further decay, is it the same as motion 

picture film? Is it stacked vertically like seen in the stacks (Figure 9A) or is it horizontally 

packed as seen on the right in Figure 9B)? With recent standards in the field of motion 

picture film, it is wondered if the cels should be low temperature, what %RH (increases as 

decrease temperature), and should there be active storage measures toward solving the 

smell of acidity for safe standards for collection staff who seek to work with any artworks. 

[Chapter 2]. 

 
 

A)        B)  
 
 
 
 
 
 
 
 
 
 

 
 

Figure 1.9: Storage transformation for animation cels with the new building: A) then b) now. 
©Disney  

 
 

1.2.4 Current Conditions 
IPI Storage recommendations for acetate film: 50 °F (10 °C or lower), and 20-30 %RH. Are 

these reasonable for the storage of animation cels on acetate was the question. The Disney 



11 

ARL vaults at present are 62-65 °F (16-18 °C) and 50 %RH. If the temperature or %RH is 

kept too low, the paint may become too brittle, and these properties are important to 

investigate for their physical and chemical properties as a function of T and %RH at 

equilibrium. 

 

1.2.5 Insights from Archival Documents 
Unlike in the study of non-art materials, destructive analysis and widespread sampling is 

not possible, so archival documentation served as an important source to help explain 

variations say in paint recipes (Figure 10). For example, these recipe cards show the 

change in humectant source, as well as the paint binder concentration within the gum 

based paints. Moreover, cards reveal the variety in notion for the colorants, making this 

research area incredibly complex for a future art historian, archivist, or animated researcher 

(Figure 11). The Walt Disney Ink and Paint department had an interesting history of using 

commercial paints prior to 1936, then internal documents show the scientific experimental 

record of paint development toward the goal of better adhesion to the transparent plastics 

starting in 1936, and these formulations was the basis for all paints used from then until 

1989 when commercially available vinyl paint media began to be used for reproductions 

on polyester sheets.6 
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A)Earlier formulation     B) Later recipe 
 
 
 
 
 
 
 
 
     1938 
 
 
  
 
 
 
 

 
 
 
 

Figure 1.10: Archival documentation as part of initial research to show expected in chemistry 
of paint, leading to possible differences in hydroscopic properties—light blue outlines around 

these chemicals, but also revealing the heterogeneity of the paint. ©Disney  
 
 

  
   A)  
      D) 

 
 
 
 
 

B)        C) 
 
 
 
 
 
 

 
Figure 1.11: A,B,C,D images show paint recipes from archival documents, each demonstrating 

different naming systems that would lead to confusion of tracking documentation through 
time for paint chemistry. ©Disney. 
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Disney ARL has a large collection of archival documentation from decades of workers in 

the Walt Disney Studio during some of the most important moments in animation 

development. Though the paints were varied in chemistry over this time, with influence of 

evolution of new additives in brands of paint colorants, and also the amount of humectant 

depending on the time of the year the art was being filmed for feature presentations, 

creating 100,000s per film. As early as a 1956 document there is mention of the struggle 

during the process of creating these sheets, finding issues at certain times of year due to 

environmental conditions (Figure 12), giving insight into a future parameter to investigate. 

  

 
Figure 1.12 Archival documents from 1956 demonstrate observations of staff at the Walt 

Disney Studios relating %RH to adhesion of the paint. ©Disney. 
 
 
 
 
 

1.3 Current State of Research 
1.3.3 Adhesion Theory 

Both paint and plastic have significant variety in material composition over time as well as 

many condition issues, where the failure of adhesion- at various interfaces, scales, and as 

bulk materials- is chosen as the conservation and scientific focus here. While cohesion is 

defined as the sticking together of like materials, adhesion is defined by the sticking 

together of dissimilar materials.8 Cohesion of an interfacial phase failing as the cause of 
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adhesion failure follows Bikerman’s theory of following the weakest material link, and 

statistically is a likely cause of failure that is investigated deeper in this manuscript 

[Chapter 3].9 The topic of adhesion is complicated by the various theoretical overlap 

between mechanics, adsorption, diffusion, electrostatics, chemistry, and from loss of 

cohesion of a weak boundary layer.10 In the adhering system of this case study, the paint is 

a thick film (20-80 µm) adherate layer and the CDA is the adherand substrate layer (~160-

170 µm), and there is no adhesive or adhesive joint present, since the drying of the 

adherate layer attaches it to the adherand.11 The theories of the interlocking strength of 

contact mechanics and adsorption of contaminant, vapors, and gases would prove more 

useful in model studies, since both presume knowledge of the interface before the system 

is adhered. Though the diffusion theory of adhesion of polymers presumes macromolecules 

need to be heated above their glass transition temperature (Tg) to cross an interface, this 

does not account for the diffusion of the additives within macromolecules, and their effect 

on adhesion, which will come in handy in [Chapter 2].12 Due to the variety of materials 

and the diversity of adhesion conditions between these heterogeneous materials, the 

concept of adhesion in this manuscript cannot be defined by a single model or theory to 

predict behavior. In reality, several adhesion theories are involved simultaneously to 

describe the driving forces of failure at this paint adhesive interface [Chapter 4]. 

The main question to be addressed in this case study includes relating the chemical 

mechanisms of decay to the adhesion failure in the system of Walt Disney paint on 

cellulose diacetate substrates, where the proposed driving forces include the parameters 

that lead to brittle properties of paint, or simply the adhesion failure of paint to the 

substrate, and the contribution to this failure of adhesion from the physical and chemical 

decay of the plastic substrate caused by chemical degradation of the bulk polymer through 

hydrolysis leading the ductile polymer to experience brittle failure.  
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The way adhesion failure will be defined in this document is two-fold: 1- to describe any 

situation where the system of the animation cel is disturbed to lose its intrinsic visual 

value, so any moment where paint is lost, paint sticks to adjacent sheets, or when the 

paint layer is manipulated in some way from the front or the back- seen many cases from 

interleaving material or invasive treatments gone awry. However, it is clear that the most 

repeated use of the term ‘adhesion failure’ in this manuscript is in the context of the 

binding between the layers being lost, and thus needing to be reattached by the 

conservation treatment method developed by Katharina Hoeyng.  

 

1.3.4 Adhesion methodologies 
Practical adhesion is what we measure, and basic or fundamental adhesion is strictly an 

interfacial property depending exclusively on the surface of adhering phases and is 

independent of the thicknesses of the phases, specimen size, geometry, temperature, 

manner of apply external forces, test rate, bulk properties of the two phases.11 Similar to 

the complex definitions, so are the methods of analysis of adhesion. Most techniques 

either qualitatively or quantitatively measure its inverse or the force required to separate 

two materials, in a destructive measurement, which is limiting for the application to 

cultural heritage samples. Minimally destructive approaches through nano-scale and 

surface mechanical measurements are being applied to cultural heritage for the first time 

here with the technique of chemical functionalization [Chapter 5.1]. Also here, atomic 

force microscopy (AFM) measures surface work of adhesion in comparison to the study of 

the bulk of the substrate through contact angle measurements in order to approximate the 

relative scales of influence of the two substrates to the laser film spallation measurements 

of dynamic fracture properties of the interface of some select animation cels, based on 

characteristic properties [Chapter 4]. 
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The method of material structure and type is adopted to interpret the adhesion stability as 

a function of environment between the paint and plastic layers of the Disney ARL 

collection: interaction between paint and environment, interface between paint and 

plastic, and decay mechanism of plastic triggered by environmental factors. The study of 

adhesion begs the question of cohesion of the individual phases at the interface, which are 

being examined individually for the worst case scenarios leading to loss of physical stability 

through interaction with water vapor in the environment through the hydrolysis 

mechanism of CA [Chapter 2]. Failure propagation due to phase boundary incompatibility 

both chemically and mechanically is likely, so experiments targeted the interface, surface, 

and bulk material properties on the cel that likely lead to a loss of adhesion.13 

 

1.3.5 Standards for care and analysis of related materials 
 
As of today, there are no standards of care or guidelines for animation cels, and this is 

within the scope of this author’s collaborative research at GCI. However, there are 

significant standards for motion picture films (see examples below), and the Image 

Permanence Institute has some for all acetate film material,14 which this dissertation, in 

part, proves are not exactly the same through comparison of rates with changes in % 

acetyl, or DS of CA [Chapter 3]. 

 

Examples of many standards for motion picture film materials: 

A. International Imaging Industry Association (I3A) 

BSR/ISO 6051-1997, BSR/PIMA IT9.20-1998 Imaging Materials - Processed Reflection 

Prints - Storage Practices. Specifies dark storage conditions, storage facilities, and 

handling and inspection procedures for reflection prints of all types and sizes. This is a 
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revision and re-designation of the ANSI/NAPM IT9.20-1996 by the International 

Adoption of ISO 6051-1997. 

B. International Standards Organization (ISO) 

ISO 18902:2001 Imaging Materials - Processed Photographic Films, Plates, and Papers 

- Filing Enclosures and Storage Containers 

ISO 18920:2000 Imaging Materials - Processed photographic reflection prints - Storage 

practices 

ISO 14523:1999 Photography - Processed Photographic Materials - Photographic 

Activity Test for Enclosure Materials 

ISO 18911:2000 Imaging Materials - Processed Safety Photographic Films - Storage 

Practices 

ISO 10602:1993: Photography -- Processed silver-gelatin type black-and-white film -- 

Specifications for stability 

C. National Fire Protection Association 

Standard for the Storage and Handling of Cellulose Nitrate Motion Picture Film (NFPA 

40) 

Standard for the Fire Protection of Storage (NFPA 230) 

D. Society of Motion Picture and Television Engineers (SMPTE) 

SMPTE produces more standards and recommended practices relevant to film and 

video production and preservation, such as RP 131-2002: Storage of Motion-Picture 

Films. 

E. Archives- Analog to Digitial Preservation Requirements, 2003. ASHRAE Journal 45. 
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1.3.6 Relevant previous project contributions 
1.3.6.1 Paint Treatment: Conservation and Chemical Research 
 

Charts have been made to summarize paint behavior as noticed through various primary 

sources including in archival documents, confirmed by differences noticed in 

observational-based conservation studies, and these confirmed through paint sampling and 

analytical instrumentation (Figures 13 & 14). The timeline of materials gives important 

information like the majority of the collection contains gum-based ink and paint on various 

sides of the CDA sheet from the early 1940s until the mid-1980s.6  

 
 
 
 
 
 
 
 
 
 
Figure 1.13: Overall animation cel material timeline as gathered within the condition survey.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 1.14: Correlation with paint time period and physical markers of decay. 
 
Modern paint characterization by Joy Mazurek is used to help separate paint into groups 

revealing those sensitive to %RH changes in environment, [technique in Appendix I]. Most of 

the paint samples contain sugars that match those for gum Arabic.  Imported from Senegal, 
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Africa, gum Arabic is a high quality gum, technically a polysaccharide composed primarily of 

sugars rhamnose, arabinose, and galactose.15 In summary, results demonstrate that the 

average percent gum binder doubled from 7% in 1937 to 14% in 1953, changing the overall 

paint behavior.  

Table 1.1: Results from modern paint binder analysis grouping paints into various chemical 
types  

Date Main Binder % Gum [Average] 
1937-1944 Gum Arabic (3-14%) 7 
1944-1953 Gum Arabic (6-14%) and Sorbitol (1-8%) 10 

1953-1986 Gum Arabic (4-26%), Sorbitol (3-10%), 
and 1,4 anhydro glucitol (0.2-3%) 

14 

 
Before 1944, the paints were made with gum Arabic (3-14% by weight). Glycerin was 

detected in two paints Fantasia (1940) and Early to Bed Donald Duck (1941)). It is difficult 

to detect glycerin by GC-MS, it could be present in other samples but below the detection 

limit.  

Between 1944 and 1953 the paint formulation differs, due to the presence of sorbitol. 

These paint samples contain gum Arabic (6-14%) modified with sorbitol (1-8%).  Sorbitol 

is a polyol added to the paint as a humectant, sold to Disney under the trade name Arlex, 

as shown within archival documentation. This polyol modifies the paint by maintaining 

flexibility of the paint during humidity fluctuations. Blooming, unsightly white surface 

deposits on the paint from Peter Pan (1953) is sorbitol. From 1953-1986 the average 

amount of gum Arabic in the paint samples doubles to 14% by weight. This group also 

contains 1,4-anyhydro glucitol (a derivative of sorbitol), a polyol present in the paints from 

0.2- 3%, either produced during manufacturing or more likely through exposure to an 

acidic environment (byproduct of substrate decay). 

Five black paint samples from films Melody Time (1948), Cinderella (1950), Alice in 

Wonderland (1951), and Peter Pan (1953) do not contain gum Arabic, instead they are 
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composed of glucose. The ARL historical documents describes a recipe for black paint or 

“poster paint” with the use of Cellosize. Cellosize is a hydroxyethyl cellulose that upon 

analysis yields glucose.  The five black paint samples are likely composed of Cellosize and 

sorbitol. Lastly, one black paint sample in The Black Cauldron (1985) is composed of 

Polyvinyl acetate paint (PVA), confirming archival documents of the recipe. Future research 

could possibly investigate the different adhesion between black and other Disney paint 

colors through the techniques developed in this document. 

 
 

 
 
 
 
 
 

 
 
 

 
Figure 1.15: Clips from 20second film time-lapse to demonstrate paint response to %RH in cel 

from the later paint chemistry period. ©Disney. 
 
Once the different humectant properties were known to the project team, research began 

in the area of the stickiest paint, and how it behaved with changing %RH. A solution for 

improving paint adhesion in this specific example can be demonstrated by still images from 

a video made of an animation cel in an environment with constant T and changing %RH, 

which demonstrates the crack propagation and delamination in paint during the down-

cycle of humidity changes, then crack reattachment around 60 %RH on the up-cycle 

(Figure 15).  

This experiment shows clearly the role of %RH in this system to the driving force of 

weakening paint adhesion stemming from the %RH changes bringing the material in and 

out of equilibrium states (including possible hysteresis effects), which results in changing 
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mechanical behavior of the gum Arabic based paint. Early experiments show short 

timescale response to %RH within hours as the rate of change of paint behavior. This 

example demonstrates the technique used to reattach paint developed by conservator 

Katharina Hoeyng in her treatment study (Figure 16). These initial investigations have 

provided evidence for a deeper study of fundamental processes to explain the both bulk 

and interfacial properties leading to different extents of adhesion, and long term studies 

seek to solve storage solutions.16 

Experiments done manually by conservators on a practical scale for conservation 

treatments can also be confirmed at the small scale of the sampling technique as 

performed kindly by Mettler Toledo labs (Figure 17).17 This follow up tests confirm 

observations and experiments by the conservator, and thus will inspire more practical tools 

to be added in the next year beyond that being published here [Chapter 5].  

 
A)   B)        C) 

 
 
 
 
 
 

D)   E)        F) 
 
 

 
 
 
 
 
 

Figure 1.16: Images showing before and after paint treatment developed by paintings 
conservator Katharina Hoeyng exploiting fast [relative to the sheet] rate of water water 

sorption of paint to treat animation cels, A& D) visible light, B&E) raking light, C) transmitted 
light, F) UV-VIS. ©Disney. 

 
 
 

 

BEFORE TREATMENT: 

 

 

 

AFTER TREATMENT: 
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Figure 1.17: Various graphs showing change in weight percent on the y-axis, as a function of 
%RH on the x. Graph A) shows the difference in water uptake within an animation cel from 
Pete’s Dragon (1977), B) Shows water pickup of an old paint of the 1940s, and C) a new paint 
composition of the 1980s. 
 
 
 
1.3.6.2 Characterization of Sheets 

 
The deacetylation or hydrolysis of CDA is one contributing process toward failure leading 

to the loss of adhesion of paint from the hydrophobic polymer-based plastic, as is 

demonstrated by the loss of microscopic contact during the major loss of physical integrity 

of this material as it degrades and losses acid from the polymer backbone along with 

plasticizers, leading to these extremely degraded physical properties. In the first ARL 

collaboration, solvent extraction and gravimetric analysis revealed that plasticizer content 

in the cels is substantial, ranging from 12 to 21 weight % in CDA, and from 8 to 14 weight 

% in CTA, and if completely lost from the sheet, known adverse physical properties would 

ensue. Also in this study, the techniques of GC-MS and FTIR were applied to analyze 

animation cels, however, the FTIR data left much to be desired with a conclusion that FTIR 

as a tool “offers no particular advantage,”18 however, this manuscript proposes otherwise 
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[Chapter 5.2]. This phase of the project also contributed studies of animation cel plasticizer 

composition using gas chromatography/mass spectrometry (GC-MS) to identify six basic 

formulations were in CDA and five in CTA.19 Triphenyl phosphate, a solid material added 

to the plastic as a flame retardant, was identified in nearly every cel tested. Other 

plasticizers identified varied with the type of polymer, such as diethyl phthalate which was 

common in CDA cels, whereas dimethyl phthalate or dibutyl phthalate were typical for 

CTA, all which is useful for creating accurate replicas, or sheet mockups.  

Further, an analytical technique to identify the bulk polymer state, the degree of 

substitution was identified through a very time consuming and expensive py-GC-MS 

method.20 

 Presently, there is some disagreement among researchers about the role of plasticizers 

in the degradation of CA. As demonstrated in GCI studies during the first ARL 

collaboration, plasticizer loss appears to precede hydrolysis in thermal aging studies.18 This 

implies that naturally-aged plastics may be partially depleted in plasticizers, thereby 

causing a reduction in total volume and a loss of flexibility if aged naturally, which is a key 

insight for understanding the limitations of these thermal aging studies for understanding 

the role of plasticizers. Instead thermal aging studies and samples analyzed after thermal 

aging must not be extrapolated for insights into plasticizers. 
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Figure 1.18: Dynamic Load TMA curves used to measure Tg for a) CTA and b) CDA Disney sheet 

material. 

 
 Thermal Properties from DT-LMA studies of Tg for CTA vs. CDA are presented here 

(Figure 1.18).20 The primary relaxation for CA, cellulose nitrate and polyester on raising the 

temperature is the α relaxation, known as the glass transition (Tg). This is the most 

important transition with respect to the physical behavior of polymers. It covers a narrow 

range at which the non-crystalline regions move from a rigid, glassy state to a flexible, 

rubbery state caused by an increase in energy. The glass transition temperature is governed 

by the low ordered amorphous regions, where free volume begins to increase resulting in 

increased motion of the long chain segments and rupturing of the intermolecular bonds. 

The significance of the glass transition temperature is related to the changes in physical 

properties experienced as a polymer moves from below to above its Tg. Characteristic 

changes include a decrease in hardness, an increase in volume and an increase in percent 

elongation at break. It is these changes in the physical characteristics that are exploited to 

detect the temperature range of the transitions. In this study, thermomechanical analysis 
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and dynamic mechanical analysis was employed to monitor the physical behavior of the 

cels as a function of temperature, thus determining the Tg of each sample.20 

 In another study from the phase 1 collaboration, a colorimeter was applied to a variety 

of sheet samples, results were reported.20 This analysis demonstrates that any noticeable 

yellowing detectable by the eye only occurred in 3 samples from the 1930s, and no others. 

Chain scission from photo-oxidation reactions leads to change in physical properties such 

as yellowing, but since the cels in our collection have not been exposed to natural light, 

and have mostly been kept in dark environments. Therefore, it can be expected that over 

the course of time oxidation will slowly occur causing yellowing, but nothing any different 

than the yellowing of book pages, which are known for adding to the authenticity of their 

material culture, like the patina of copper, for example.  

 Also significant research was published that will be referenced later in this manuscript 

[Chapter 3] identifying the plasticizer composition and the paint binder composition.19 

 

1.4 Significance and rationale of this work 
 
This research is two pronged, and stemming from or the purpose of 1) treatment studies of 

paint and 2) environmental studies, where a conservator and scientist are able to work 

side by side within a team of consulting subject matter experts within the context of the 

department of Science at the Getty Conservation Institute. However, the broader impact of 

the research is beyond the individual collaborator in this research, to other animation cels, 

other projects of art and design, and similarly to industrial related fields: household 

products, cigarette filters, art and design: sunglasses, purses, and photographic materials, 

not to mention the industry of green plastics sweeping the scientific world in the era of 

Global Warming today. For the industry of film production, more specifically within the 

collection of Walt Disney Animated Research Library (ARL), this material has posed less 
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issues within the industry than its molecularly similar compound of cellulose nitrate, which 

has been notable for its instability within environmental conditions easily attainable in 

warmer climates, leading to disastrous fires and the loss of cultural heritage.  

In the context of cellulose diacetate, the main cause for environmental concern includes 

humidity from air containing gaseous water- the reactant in the degradation of hydrolysis- 

leading to the progress of decay in chemical and physical properties, such as % acetyl, also 

known as degree of substitution. Other environmental concerns include elevated 

temperatures, which accelerate the rate of the hydrolysis reaction based on the Arrhenius 

equation, and also results in the formation of acetic acid, the catalyst and byproduct of the 

hydrolysis reaction, leading to autocatalytic reaction kinetics, and the well-known 

phenomenon of the smell of vinegar in archival collections- a marker of identification for 

this artwork needing intervention. 

 This research enables fine tuning of environmental and storage parameters not only to 

control the stability of plastics that suffer by the mechanism of hydrolysis, but also to 

maintain adhesion forces between the paint and plastic that define artistic interpretation 

of any painted plastic art object. By carefully evaluating and developing new protocols for 

both the mechanical and chemical aspects of the degradation of the CDA support, this 

research paves the way for stabilizing many classes of plastic materials. This is an important 

step forward to alleviate: 1) misunderstanding of an induction period before an 

autocatalytic point, and 2) application of inappropriate storage materials and conditions 

that further degrade the material properties and thus destroy historical meaning of CA-

based materials. The interdisciplinary nature of this research formulates novel analytical 

methodologies in order to improve the characterization and context-sensitive storage for 

plastic sculpture, photographic materials, and animation cels of CA-based materials with 

significant historic and artistic value. The concept and development of the proposed 
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research builds on and improves characterization methods from research done on 

photographic materials of cellulose triacetate.21, 22, 23, 24, 25, 26, 27, 28, 29, 30 The integration of 

aspects of chemical kinetics, adhesion phenomena, and environmental monitoring of the 

storage of these art materials is significant in that it enables utilization of a broad 

multidisciplinary skill-set in the application of a scientific-based conservation need. 

 

1.5 Hypothesis for Preservation 
Although the Walt Disney animation cels (both color models and production cels) are in 

good physical condition overall (Figure 3.2), only 8% of color models are in unacceptable 

condition, and only 27% of color models and 18% of production cels are noted as 

unstable condition.31 Many cels show evidence of haloing, wrinkling, curling, warping and 

buckling as aging of the plastic progresses. While the exact mechanism of these problems 

are not fully understood, this author hypothesizes the gradient of decay is caused by %RH 

in the environment at various timescales- where the short term of hours influences the 

paint adhesion to the sheet, and the long timescale of months to years brings decay of the 

cel polymer leading to migration of acetic acid gas, and possibly bringing the migration of 

important plasticizers [Chapter 2]. Paints on cels face conservation problems such as 

cracking and delamination, which may relate to the chemistry (humectants, wetting 

agents, binding medium, or pigments), or may be caused by forces related to the storage 

environments, such as through the pressure or temperature felt by the cels, as proposed in 

the chapters ahead. Moreover, damage to the cels can be incurred through the vibrations 

in transit, as evidenced by current ARL policy forbidding the loan of original production 

cels to museum exhibitions, so replica cels are made as substitutes for this purpose. 

Adhesion theory presented later, also proposes the main cause of delamination being 

related to interphases building up at the interface, such as migrating small molecules of 

acetic acid, possibly pulling along other additives. Similar to other multilayered artworks, 
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each layer of the animation cel has potential to contribute to the decay of all the other 

layers through chemical, diffusive, and physical means, so each will be investigated for 

their contribution to the overall decay [Chapter 2]. 
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2 Haloing, Wrinkling, and Crazing: 80 year old evidence from Walt 

Disney Animation Research Library of stages of physical, chemical, 

and environmental decay of cellulose diacetate sheets  

Abstract 
 
Walt Disney Animation Research Library (ARL) holds a collection of over 500,000 

animation cels of varying materials and issues, and have collaborated with the Getty 

Conservation Institute (GCI) in order to find storage solutions for the collection. From a 

condition survey of 1% of the collection, initial correlations were observed between 

storage and condition of the animation cels. Therefore, it was the goal of this manuscript 

to examine some of the worst case scenarios to investigate the physical and chemical 

interactions of the animation cel decay. This research combines preventive conservation 

environmental monitoring, visualization techniques through cross-polarized filters, 

accelerated aging studies to evaluate chemically the effect of pressure on the sheets, 

characterization of paints in deaccessioned production animation cels, and a multi-

analytical characterization of several blank coversheets as a function of sheet location in 

order to understand diffusion of plasticizers in these sheets at the worst case scenarios. 

Understanding the role of plasticizers in this research is limited to the samples taken per 

sheet, where the resolution would improve given more than 13 sample areas, however, 

with a certain area of sample needed for each destructive test, few more would be 

possible to be added. As noted by previous researchers on this project, the stability of the 

cellulose acetate (CA) sheet is a limiting factor for the stability of the animation cel itself, 

due to curling, wrinkling, and crazing that leads to a wrinkled and distorted physical 

support with a visually stable artwork still adhered to the plastic. Key insights into stability 
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from this study include 1) using cross- polarized filters to visualize the sheet decay, 2) the 

detection of a substrate plasticizer within many paints showing little to no signs of decay,  

and 3) correlation between the pressure and orientation of the sheet to the animation cel 

stability.  

1) Background 

Cellulose diacetate physical evidence of decay was presented through cross-polarized 

filtered images from a condition survey of 1% of the 500,000 animation cel collection at 

the Walt Disney Animation Research Library (ARL). Within this context, several sheet 

deformation types were documented, including but not limited to sheet curling, as a 

possible indicator of sheet decay (Figure 2.1). 

 
 
 
 
 
 
 
 
 
 

 
 

Figure 2.1: Animation cel from production from The Jungle Book (1967) showing sheet curling through  
photo-documentation with cross- polarized filters. ©Disney. 
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Figure 2.2: Image in visible light from Once Upon a Wintertime, Melody Time (1948) shows extreme 
state of decay that is worse within the center of the animation cel showing the phenomenon of crazing, 

and this shows fusion of multiple sheets in a stack. ©Disney. 
 

 A more extreme example of sheet deformation occurs when sheets interlock with each 

other, which generally is accompanied by yellowing and extreme smells of acetic acid/ the 

vinegar syndrome (Figure 2.2). Though many research projects (published and 

unpublished) within the context of archivists, motion picture film libraries, or any other 

acetate based cultural heritage based material studies have utilized the % free acetic acid 

as the marker of the state of decay through the qualitative AD strips, this research seeks to 

compare several evaluation methods for their efficiency at tracking physical phenomena 

key to preserving the artistic value of these objects. As originally implied through the 

terminology of the condition survey, there is a subtle correlation between environment 

and decay that may be more problematic than demonstrated within this mere 1% of the 

collection (Figure 2.3).  
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Figure 2.3: Condition evaluation across 1% of collection.1 It is imperative to design experiments that 
help address this storage concern. 

 
 
  As links are attempting to be drawn between chemical and physical properties in this 

research, one recent published hypothesis published in 2009, by plastics expert Odile 

Madden that the high concentration of triphenyl phosphate (TPP) in old CA ‘Lumarith’ 

coupons was associated with their decay, so this research study hoped to utilize plasticizer 

quantification as a chemical marker.2 Many examples in the condition survey and in 

discussions throughout the community have brought attention to the formation of solid 

and liquid plasticizers on the surface of the animation cels, or degrading CA substrate. The 

blooming or puddling of plasticizers on CA surfaces is almost as characteristic to the decay 

of these materials as is the ‘vinegar syndrome’ that is often discussed among caretakers of 

these archival materials as a future doomed moment of the lifetime of all CA materials. 

This research seeks to draw data and reason into better understanding the formation of 

the vinegar smell, in order to continue future research into methodologies to create 

storage environments that minimize this stinky result.  
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Figure 2.4: Storage in vault 9 at Walt Disney ARL revealing storage boxes with Katharina Hoeyng, 
paintings conservator. ©Disney. 

 
 In Disney ARL collection, storage enclosures can divided into 3 groups.3 The first group 

represent large background cels, which are up to 140 cm long. Those cels are housed 

vertically, where each cel is placed in an envelope out of archival board (back) and Myler 

(front). Within the envelope further inner housing solutions differ, from none to usually 

several background cels stacked with Polyethylene or archival paper as interleaving, often 

including a background painting on board. Phase one of the collaboration between GCI 

and ARL included 41% of their sampling from this area.  

 The second group consists of WDAC cels, which at one point were deaccessioned from 

the collection to be sold at Disneyland. These cels usually have a Disney signet stamp. 

Today those cels are stored in cel mats, but without boxes in vault #11. Often one or two 

cels are housed in a cel mat with a background on copied paper, but no interleaving 

between two painted sheets. Some cels are still housed in the envelope, which was 

prepared for selling. Comparing the WDAC cels to those studied in the majority of the 

condition survey show similar distortion patterns.  
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Figure 2.5: Color models inner storage solutions at Walt Disney ARL. ©Disney. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
Figure 2.6: Images showing inner storage storage solutions for production cels at Walt Disney ARL. 

©Disney. 

 
The third group of sample cels include boxes for the GCI-ARL collaborative research. Half 

of these were rehoused previously, and are mostly housing in button folders between 

archival boards or in cel mats. The other half was pulled from cel boxes as seen for the 

majority of cels within the condition survey where cels are housed in stacks according to 

their scene and sequence. Stacks are sandwiched between cardboard and individual cels, 

separated by a sheet of paper. Sheet samples here represent typical housing within the 

ARL cel collection (Figures 2.4-6).  
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It is important to know the variety in the storage in order to best choose sheets to 

evaluate if storage and physical distortions of sheets are related. Though this paper may 

not yet have the answer to the exact mechanism of this relationship, this paper seeks to 

prove at least a correlation between the properties of pressure, optical and physical 

observations, and chemical decay. 

 

2) Materials 
 

1) 80 year old blank coversheets 
The most unique aspect of this research is the existence and scientific research access to 

decade’s worth of cultural heritage material that was catalogued, stored, and maintained 

responsibly through the care of the Walt Disney ARL. Art conservation documentation and 

development of a novel minimally invasive and non-toxic treatment method for detached 

paint contributed endless research streams investigating the fundamental chemical, 

physical, mechanical, and environmental properties. This paper hopes to use contextual 

information of storage environment paired with mapping the material components with 

relation to the physical properties, to give insight into the long studied CA sheet decay 

mechanism.  

For the accelerated ageing studies blank sheets that were previously housed within the 

color models were checked for visual uniformity were put together in stacks of 8 (3 x 2 cm 

squares). The sheets that were used for all these pilot studies were from The Rescuers 

(1977) unless otherwise noted, with a DS of 2.4 (verified by triplicate measurements with 

ion chromatography).   

 During the conservation survey investigation of Disney ARL, a vocabulary for animation 

cels behavior, particularly their characteristic decay states was refined by a paintings 

conservator. An untrained eye would be unable to define these differences as clearly as 
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was done in this case. Terms like curling, rippling, and wrinkling are key terms developed 

from the survey, and were used to identify the three coversheets sampled through a 

unique strategy (Figure 2.8), and used in the multi-analytical characterization study of 

sheets from Tiger Trouble (1946), Fantasia (1945), and Dog Watch (1946). The later sample 

was added due to the extreme coloration patterns, in hopes to discover links beyond the 

properties being investigated, including but not limited to the correlation between the 

optical, physical, and chemical properties as a function of the sheet locations. 

 
 
 
 
 
 
 
 
 

 
Figure 2.7: Here is the sampling methodology for each blank coversheet in order to track the various 

chemical behavior as a function of physical distortions and optical behavior. 

 
 
1)             2)          3)   

 
 
 
 
 
 
 

      
        
 
 
 
 
 
 

 
Figure 2.8: Coversheets viewed under visible reflected light (left images) through a strain viewer (to the 
right) to exaggerate physical features of 1) haloing in Tiger Trouble (1946) 2) crazing in Fantasia (1945), 

and 3) wrinkling in Dog Watch (1946). © Disney and the J.Paul Getty Trust. 

 



37 

 
Table 2.3: Paint samples studied for plasticizer content 

 

2) Paint samples  
The sample embedded into a cross section for elemental analysis by Scanning Electron 

Microscopy with a backscattering elemental detector (SEM-EDS) was from a 

deaccessioned production animation cel from the dark grey paint in the character of the 

buzzard from The Jungle Book (1967) (Figure 2.9). Samples analyzed for plasticizer 

composition are from a variety of films and time periods (Table 2.3). 

 

 

 

 

 

Year Film Descriptions of Colors 

1937 Snow White And The Seven Dwarfs Skin, Brown Red, Green, Horse White, Skin 2, Red Brown 

1940 Fantasia Grey, Dark Gray, Dark Brown, Blue 

1941 Dumbo Red, Yellow, Brown, Blue 

1942 Bambi Black 

1943 Victory Through Air Power White 

1944 Short Film Blue, Green 

1948  Melody Time Black 1, Black 2, Black 3, Black 4, White, Pink, Green 

1950 Cinderella Black, Moss 3, Brick 3, Deer 4, Berry 3, Hedge 

1951 Alice in Wonderland Black 

1953 Peter Pan Black 1, Black 3, White, Pink 1, Pink 2, Green, Dark 
Green, Dark Brown, Light Blue, Red 

1961 One Hundred and One Dalmations Black 1, Black 2, Light Grey, Dark Grey, Red Purple 

1967 The Jungle Book Purple, Brown, Orange, Gray Buzzie 

1970 The Aristocats Light Grey, Brown 

1971 
 
 
 

Bedknobs and Broomsticks 
 
 
 

Black, Purple, Blue, Green 

1977 
 
 

The Rescuers 
 
 

Brown, Purple, Light Gray 

1981 
 
 

The Fox and The Hound 
 
 

Brown 1, Dark Blue, Brown 2 

1985 
 
 

The Black Cauldron Dark Brown, Dark Red, Matte Black, Black 

1986 The Great Mouse Detective Black 



38 

 

 

 

 

 

 

 
 
 
 
 
 
 
 
 
 
 
Figure 2.9: De-accessioned production cel sampled from the reverse for paint analysis. 

©Disney. 
 

3) Experimental Methods 
1) Preventive Conservation  

In the spirit of preventive conservation, to best preserve the collection based on 

the recorded variations and thus the resulting needs of a particular collection, 

environmental monitoring occurred (Figure 10). Various storage rooms, or vaults at Disney 

ARL were investigated with different storage sensors, for %RH, T, and acetic acid vapor.  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 2.10: Various images revealing environmental monitoring of various storage areas with small 
sensors measuring %RH and T. ©Disney. 

 
Two types of sensors were utilized to compare the inner housing and experience of the 

animation cels to the HVAC monitoring system in storage. The smallest sensor used was 

the Ibutton®, for its small size and being able to fit in between stacks of animation cels in 

storage. The iButton® temperature/humidity logger (DS1923) purchased from Maxim 

Integrated Digital Hygrometer measures Humidity with 12-Bit resolution (0.04%RH). 
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Temperature accuracy is about ±0.5°C from -10°C to +65°C with software correction, 

measuring with 12-bit resolution (0.0625°C), and operating range: -20°C to +85°C; 0 to 

100% RH.  The other monitor used for this monitoring campaign around the collection 

was the hobo sensor (-20° to 70°C (-4° to 158°F); 0 to 95% RH (non-condensing)). 

Temperature ±0.21°C from 0° to 50°C (±0.38°F from 32° to 122°F), and RH ±2.0% from 

20% RH to 80% RH typical to a maximum of ±4.5% including hysteresis at 25˚C (77˚F); 

below 20% RH and above 80% RH ±6% typical. When purchased, these monitors were 

calibrated, and the user here confirmed this calibration with controlled %RH spaces at 

0%RH, 30%RH, 50%RH, and 90%RH. 

B) Draeger tubes were used to monitor these same spaces for the off-gassing of the 

byproduct of the hydrolysis mechanism acetic acid, to quantify the vinegar smell in certain 

areas in order to have a benchmark for future experimental research. The mechanism of 

draeger tubes is a color change of an internal indicator to reveal semi-quantitative data, 

within the range of 5-80 ppm (see photo with color change Figure 2.11). In a certain box 

tracked over the range of the past 2 years, it can be assumed that the box and its materials 

have become a sink of acetic acid vapor, and in these scenarios it is key to ensure 

equilibrium of the system is understood well enough to avoid further reacting and off-

gassing.  

 
 A)               B)         C) 
 
 
 
 
 
 
 

Figure 2.11: Draeger tube headspace acetic acid vapor technique: A) author demonstrating this 
technique in one of the worst case boxes of the entire survey as rated when opened during the 

condition survey in 2015, B) Here in 2017, see color change from purple to yellow to show easy gas 

phase semi-quantitative detection of unbound acetic acid vapor, then again C) in 2019. ©Disney. 
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2) Visualization Methodology 

This technique of using cross-polarized light was identified as a useful tool within the 

context of the Disney ARL condition survey as a possible cursory indicator of the substrate 

type (Figure 12). This technique of cross-polarized light is reliant upon optical properties of 

the material, particularly the anisotropy of its molecular structure leading to a retardation 

of light in planes which show bifringent behavior. Though the technique of cross-polarized 

filters with photography in the survey was useful, the technique was utilized in this paper 

through the strain viewer pictured here, sample technique just more extreme variations of 

color (Figure 13). This tool proved useful in recognizing which sheets to choose for 

sampling in order to look for trends, and will guide researchers with future multi-analytical 

studies through this same method. 
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1)    A)     B)    C) 

 
 
 
 
 
 
 

2)    A)         B) 
 
 
 
 
 
 
 
 

3)   A)           B)  
 
 
 
 
 
 
 
 

 
 

Figure 2.12: Images reproduced from Katharina Hoeyng’s condition survey to demonstrate 
differences in optical properties of different types of degrading animation cels, depending on 

substrate material: 1) Cellulose nitrate from Snow White and the Seven Dwarfs (1937) 
photography through A) cross polarized filters, B) raking light, and C) visible light. 2) CA from 

The Jungle Book (1967) in A) cross polarized light and B) raking light.                 
3) Polyester from The Black Cauldron (1985) in A) cross polarized light and B) visible light. 

©Disney. 
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Figure 2.13: Instrument viewing setup from the side of the strain viewer here. 

 

3) Multi-analytical invasive approach to quantify holistic composition of 

animation cels 

 A) Sheet Decay by Ion Chromatography (IC) of cellulose diacetate sheets 

a) DS analysis of bound acid4 

CA samples from blank coversheets (~500 µg) were analyzed by IC for the DS 

content. The method developed in our lab was published recently, but requires 

plasticizer extraction prior to analysis, as well as a dilution step before saponification. 

The dilution step varies depending on the state of the CA and its chemical changes, but 

all samples here were dissolved in [7:3] water acetone mixture before saponification 

with 1N NaOH, and dilution to 2 mL before analysis with the IC. 
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b) % free acid of unbound acid [method will be published with Chapter 3] 

The same IC setup is used for % free acid as was previously published for the 

DS. However, there is different sample preparation with more sample required (0.1g), 

and only one short step of a water extraction before analysis of the water extracts, so 

samples can be reused after for analysis of physical or mechanical properties. 

 B) Size Exclusion Chromatography (SEC) of plastic sheets  

In the chain scission reaction in CA, the bond broken is the C-O bond within the chain, 5 

and one can investigate the molecular properties of polymer chains, including the degree 

of polymerization (DP) of the CA chains, so the variety will be based upon the extent of 

chain scission over a certain amount of polymer chains. As the CA degrades by chain 

scission after starting with a specific manufactured molecular weight distribution (MMD) 

the peak becomes broader and flattens. Here we analyze the number average molecular 

weight distribution to gain information about the DP. This protocol was developed and 

published in by our research group.4 

 

C) Plasticizer analysis of plastic sheets and paint 

1. Pyrolysis assisted gas chromatography mass spectroscopy (py-GC-MS)6 

Solid samples extracted with solvent mixture of [1:1] hexanes: absolute ethyl alcohol for 

48 hours at 40 °C.7 After extracted 3 times with this protocol, samples dried and weighed, 

and the solution analyzed with py-GC-MS, protocol previously published for application to 

plastic.6 
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A)                  B) 

   
  

 
 

  
 
 
 
 
 
 
 
 

Figure 2.14: Chemical structure of A) TPP and B) DEP the known plasticizers in these CDA 
sheets. 

 
Previous research in our lab of Walt Disney animation cels identified DEP and TPP in CDA, 

where DMP was in CTA (Figure 14). Acids, which may be created as byproducts of these 

plasticizers as phosphoric acid, phenolic acid, and phthalic acid are all possible culprits to 

be tested in model studies. The chain scission reaction was also proven to occur when CTA 

is oxidized by transition metals like Cr, or Fe, which are both listed in paint formulations as 

seen in the Database of Archival Materials, so paints with this chemistry may have sheets 

with more extreme distortions.8  

 
 D) Accelerated aging investigations 

  1. In this first study, sheets from The Rescuers (1977) are pre-incubated for 2 

weeks in desiccators prepared to 50 %RH, 80%RH, and ~60ppm acetic acid (at 1M 

concentration in a glass desiccator). These sheets are then aged for 30 days within industry 

standard Al/PE aging double heat sealed bags before following % free acetic acid 

extractions in 7 mL glass vials with Teflon lined septa with polypropylene lids 

(ThermoFisher).  

2. Sheets were again compared for % free acetic acid by the IC and water 

extraction method post-accelerated aging. This set of samples was larger (4 cm x 4 cm), 
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but were adjusted (divided by 5) when comparing to one sheet. These were 

accelerated aged in a packet as a stack of 5, but again stacked vertically. Following the 

same preincubation protocol as in the first study, sheets were preincubated in the 

desiccator set at 50 %RH for 2 weeks.  

3. In this controlled experiment, sheets were accelerated aged in various 

configurations (vertical vs. horizontal) in packets of 8 sheets. Each sheet is preincubated in 

The Harris Chamber (Getty Conservation Institute laboratory) controlled at 50 %RH for on 

average 3 days to ensure equilibrium and equal amounts of water preloaded. Reasoning 

behind the choices of weights and clamps can be described based on the comparison to 

the in-situ force that would be on a sheet at the bottom of the heaviest box in the 

collection, up to 15 kg (Table 2.1).  

 
Table 2.1: Experimental Setup for Calculations of Pressure 

Sample  Area (ПR2) [m2] Mass [kg] Force [kg-m/s^2] [N] Pressure [Pa] 

in situ 
force 

1.3E01 1.5E01 1.47E02 1.1E01 

binder 
clips 

 

6.4E-05 1.0 5 7.8E04 

nylon 
spring 
clamp 

1.3E-04 1.5E01 1.47E02 1.2E06 

nylon 
spring 
clamp 
around 
sample 

 

6.0E-04 1.5E01 1.47E02 2.5E05 

10 g- 
abc 

 

6.0E-026 1.0E-02 9.8E-02 1.6 

1g-abc 6.0E-02 1.0E-03 9.8E-03 1.6E-01 

clip 2.0E-03 8.5E-03 8.2E-02 4.2E01 
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4) Results 

1) Preventive conservation 

In this section it is attempted to map actual storage conditions of the cels, not just the air 

detected in the HVAC system. Calibrated sensors detecting %RH/T were purchased and 

utilized by comparing environmental datasets within boxes, outside boxes, and in the air 

detected by HVAC. After many measurements across the variety of storage conditions, it 

was realized the accuracy from one vault to another, so it was decided to study Vault 9 to 

see any variations within one vault, revealing the minor variations inside and outside boxes 

(averages of inside: 50.2 % RH, 17.3 °C, averages of outside: 51.1 % RH, 17.5 °C), and that 

the difference is within the error of the sensors.  Further, averages by shelf were 

investigated revealing all within the same tight range of error of the detection of the 

sensors (Top: 50.9 % RH, 17.3 °C, Middle: 50.2 % RH, 17.2 °C, Bottom: 50.9 % RH, 17.8 

°C).  

Next acetic acid vapor was evaluated with draeger tubes in both micro and macro 

environments.9 Acetic Acid in open space in Vaults 2, 9, 10, 11, none detected. Micro-

environments evaluated (Table 2.2).  
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Table 2.2: Acetic Acid VOC Study with Draeger Tubes: 
Date Detected Vault Amount 

Detected 
Location Detected Inner Housing 

11-30-17 10 55 ppm Melody Time small box, 
resampled from Condition 
Survey 

Button folder with 
both archival and 
non-archival mat 
board, completely 
full box 

11-30-17 10 15 ppm Melody Time small box, not 
opened during condition 
survey 

1 button folder 
with archival and 
non-archival board, 
1/3 full box 

11-30-17 10 1-2 ppm The Jungle Book 2 button folders, 
box ¾ full 

12-18-17 10 51 ppm Melody Time small box, 
resampled from Condition 
Survey 

Button folder with 
both archival and 
non-archival mat 
board, completely 
full box 

12-18-17  10 11 ppm Melody Time small box, not 
opened during condition 
survey 

1 button folder 
with archival and 
non-archival board, 
1/3 full box 

12-18-17 10 38 ppm Cel Notebook: Ferdinand the 
Bull, Donald’s Vacation, Bone 
Trouble, How to Ride a Horse 

5 button folders 
with non-archival 
mat board 

12-19-17 GCI 55 ppm Stinky Box with frosted sheets Button folders, full 

 
Color Model and Production Cels, small, medium, and large boxes studied for films, based 

on a collection of particularly poor condition cels found in Melody Time, and the worst 

sheet condition being in films in the 50s-60s:9 

1) Melody Time (1948) 

2) Peter Pan (1953) 

3) Sleeping Beauty (1959) 

4) The 101 Dalmations (1961) 

5) The Jungle Book (1967) 

6) The Aristocats (1970) 

7) BedKnobs and Broomsticks (1971) 
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Results found limited quantities of acetic acid only in boxes from these films, otherwise it 

can assumed acetic acid cannot be detected in concentrations within the draeger tubes 

range (5-80ppm).   

2) Visualization Methodology  
 

Borrowed from conservation techniques, imaging through cross-polarized filters and strain 

viewers to see the internal stress patterns and exploiting bifringent differences in these 

transparent sheets, showing a large variety of behavior (Figure 2.15). 

 
 
 
 
 
 
 
 
 
 
 
 

Figure 2.15: Variability in chemical and optical properties demonstrated by strain viewer 
images of coversheets from the 1940s. © Disney and the J.Paul Getty Trust. 

 

 What does this variety of color mean? Using the chemistry of the Michel Lévy color 

chart, can understand retardation of light by bifringence in a sample (Figure 16).In the field 

of art conservation this is used to detect planes of light of crystals and minerals in large 

quantities, unlike in this case where the only difference is storage environment and 

condition of these sheets featured above. In this case the gradient for mobility on the 

molecular level that cannot be tracked as easily or as simply by chemical composition, or 

even by specific planes of bifringence.  
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Figure 2.16: Michel Levy Chart, for bifringence and orders of retardation of polarized light 

by the sample, leading to different optical effects.9 

 
 Cases with Lévy flights lead to anomalous diffusion: the variance grows faster than 

linearly in time. In this case study, the cross-polarized light retardation can be interpreted 

as chemical influence on the planes of light through movement of small molecules (which 

molecules will be investigated in the next section). It is important to note, the green color 

does not come up until order 3 in this chart. For now, the result is the correlation between 

the optical and physical properties (Figure 2.17).  

 
A)      B)           C) 

 
 
 

        
 
 
 

 
 

Figure 2.17: These representative 1940s coversheets via strain viewers demonstrate clearly 
different terminologies found within the Condition Survey (cite) A) curling and pillowing of 
sheet, B) garlands and wrinkling of sheet, and C) crazing of center of sheet. © Disney and the 

J.Paul Getty Trust. 
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3) Multi-analytical invasive approach to quantify holistic composition of 

animation cels 

 A) Sheet Decay by IC 

In the context of the hopes to correlate optical properties visualized through the bifringent 

behavior seen through the strain viewers, a sample with unique behavior of very polarized 

colored sections, to see if there could be a correlation between three property types- optical, 

physical, and hopefully chemical.  

 
v A)    B)     C) 
 
 
 
  
 
 
 
 
 
 

Figure 2.19: Correlation between DS and physical decay observations: A) Bilateral Edge 
Curling in Tiger Trouble (1946) coversheet: first physical marker matched with DS change ~2.0. 

B) Fantasia (1940) coversheet, Extreme decay below 1.0: strong white correlation within 
optical properties. C) Dog Watch (1945) coversheet.  

 
IC is here used to identify decay in the sheets by the bound acetic acid (degree of 

substitution) (Figure 2.19) and the unbound acetic acid (% free acetic acid) (Figure 20). 

The comparison of these two sets of data on these three 80 year old sheets suggests that 

the unbound free acid fills the void volume available after reaction with water yielding a 

reading on reactivity; however, not of the overall bulk condition. Instead, it seems the DS 

However, this variation in state in general, reveals the gradient driving chemical, physical, 

and mechanical changes as this plastic degrades. 

 In the case of these coversheets, diffusion likely guides the gradient if given more 

reactant and more space for acid to diffuse out. Diffusion is a chemical process that occurs 
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due to laws of thermodynamics, pressure on the system leads to the entropy gradient 

wanting to move back equilibrium, so the buildup of acetic acid will go in the direction of 

high concentration to low concentration of solute. Acid will move out to edges, which is 

supported by the fact that the highest DS is usually in the edges of the sheets, where the 

acid is most likely to escape from (Figure 2.20). In comparison, the DS in the center is the 

lowest, since the acetic acid can build up in the middle where it is the furthest distance 

from the edges, and see this in the most degraded coversheet (Figure 2.19.B).  

 
A)           B)    C) 
  

 
 
 
 
 
 

 
 
Figure 2.20: Charts of % free acid for: A) Tiger Trouble (1946), B) Fantasia (1940), C) Dog 
Watch (1945).  
 

B) SEC to calculate D.P of plastic sheets 

The molecular characterization of these sheets continues with the identification of the DP as a 

function of area across these plastic sheets, where the sheets range from 820-220 amu. The 

DP seems to be rather constant across the sheet that is merely curling, whereas the other two 

sheets reveal a larger range of 600amu across a sheet, where the more severely degraded 

Fantasia coversheet is on the low end of this range, and the Dog Watch sheet is on the higher 

end of this range. In the context of the research previously done with SEC of CA sheet 

material, our DP sheet data were compared as a function of DS (Figure 2.22), which 

demonstrate the large variability across a sheet for both properties of DS and DP, thus making 

these properties of a given sheet heterogeneous in nature. 
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  A)        B)    C) 

 
 

 
 
 
 
 
 
Figure 2.21: Degree of Polymerization collected with IC mapped as a function of sheet area 
from A) Tiger Trouble (1946), B) Fantasia (1940), C) Dog Watch (1945).  
 
 

 
 

Figure 2.22: Significance of sheet location on chemical properties: role of diffusion and 
location on sheet. Also see correlation between DS and DP. The data follows a similar trend to 

recently published data labelled “Joy’s sheet” with a sample from the same collection.3 
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C) Plasticizer analysis 
 
A)     B)       C) 

 
 
 
 
 
 
 
 
 
 

Figure 2.23: DEP content from coversheets related to the film A) Tiger Trouble (1946), B) 
Fantasia (1940), C) Dog Watch (1945) 

 
 

A)              B)         C) 
 
 
 
 
 

 
 
 
  

Figure 2.24: TPP content by weight from coversheets related to the film A) Tiger Trouble 
(1946), B) Fantasia (1940),C) Dog Watch (1945) (all set to the same scale). 

 
The most degraded sample as described by the lowest average DS and DP also has 

almost zero DEP, but has a high amount of TPP. It is known that the presence of TPP was 

added to keep the polymer stable longer, so its presence even in the most degraded 

sample is interesting to note as a benchmark.11 It is also intriguing that the edges have the 

highest content of TPP in this sample, as if the TPP content is independent of overall sheet 

decay.  

 Tracking the plasticizer loss as a function of time with these heterogeneous sheets 

would be unusual for tracking degradation of the bulk of the material. Yes, plasticizer can 

be lost with the acetic acid as %RH and pressure of the environment can both contribute 

to the TPP dissolving in the acetic acid and diffusing out of the art material into the 
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storage environment. Also it is correct that plasticizers can contribute up to 25% or more 

of a bulk material, and thus losing it is not ideal to physical properties. At high 

temperatures of storage, TPP can melt (Tm = 48 to 50 °C (118 to 122 °F; 321 to 323 K) 

thus able to migrate through the system as another phase.  

 Though it is clear tracking sheet plasticizers cannot be associated with sheet decay 

based on these case studies above, it seems that the plasticizers are moving, but the 

inducing gradient is not clearly defined. Study of paint hopes to elucidate the migration of 

sheet plasticizers. Overall, 60 % of paints sampled have sheet plasticizer out of a sampling 

of 78 paints from a variety of sample conditions. In the chemical study of 70 paint samples 

for analysis, a little over half (52%) samples had plasticizers from the sheet, which indicates 

a phenomenon that is in flux, rather than a side effect of manufacturing or painting onto 

the sheet. This set of paints ranges from 1937-1986, over 50 years of paint formulations. 

Of the paint with plasticizers, 89% have TPP, where 62% have DEP and less than a percent 

have camphor, which was known to be an additive in the early plastic formulations from 

patents in the 1930s and 1940s.  

 Elemental SEM-EDS first both showing chemical areas that demonstrate presence of 

TPP plasticizer as a solid within the paint media (Figure 25). As a plasticizer, TPP is known 

for a low vapor pressure, and a low melting point.  
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A)       B) 

            
Figure 2.25 a,b: SEM photomicrograph of microstructure features of embedded grey paint 

cross- section sample from The Jungle Book (1967). 
 
 

 Through this evidence of plasticizer of plastics within paint studies suggests that there 

is some sort of diffusive gradient bringing the plastic additives like TPP into the paint, it is 

also proposed that maybe these plasticizers were on the surface of the plastic when sheets 

were painted, thus combining into the paint pre-decay of the sheet. However, knowing 

from archival documents that each sheet was carefully inspected at Disney for colorimetric 

properties and a pristine standard before painting, so it does not make sense that any solid 

or liquid plasticizer could be on the surface without the quality control cleaning it off. 

Therefore, it is the conclusion of this author that the gradient of acetic acid off-gassing 

brings along the migration of other small molecules including TPP, leading to finding TPP 

in many paints. More studies should follow up on the mechanism of acetic acid as the 

gradient of this change, but it is likely the acetic acid formation leads to movement on the 

molecular level with plasticizers phase separating as the sheet becomes further and further 

degraded, as is demonstrated in the maps demonstrated above. It is possible that this 

phase migration is leading certain phases to cross boundaries (if driven by an entropic 

gradient within the void spaces), and to build up at interfaces as interphases between the 

plastic and the paint. An incompatibility of this interphase material with the paint could 
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thus lead to issues of adhesion in this composite material, but now this is a topic for 

another paper [Chapter 4]. 

D) Accelerated aging to demonstrate extreme sheet decay  

This section is a compilation of isolated experiments to give insight into various storage 

parameters to understand how they relate to the measurements above. First a one off 

experiment of pre-incubation with both reactant (50 %RH and 80 %RH) and catalyst (~60 

ppm acetic acid) then aged for 30 days at 90 °C reveal that the worst case scenario for 

color change is the acetic acid. Further, 60 ppm acetic acid lead to the development of 

plasticizer channels as can be seen in this sample aged for 30 days before cut up for 

analysis (Figure 27). Plasticizer channels transport between the center and edges of the 

sheet, because the entropic contribution to this process to have the gradient induced by 

the formation of unbound acetic acid from the bound acetyl groups of the CA polymer. 

Another influence that is more important than monitoring plasticizer loss- pressure and 

ability for acid to escape through diffusion. If the acid does not escape, autocatalytic 

reaction will proceed. But if we pull out the acid too fast either through heat or zeolites, 

likely the gradient of diffusion can transport liquid plasticizers with it, and thus the 

material may lose physical stability sooner than necessary. This hypothesis is this author’s 

explanation for Y. Shashoua’s 2014 research study and her unexpected results of the 

effects of zeolites and other sorbents having a larger buildup of acid than the control.12 
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Figure 2.26: Vials contain samples preincubated: 50 %RH (38 % acetyl ~2.3 DS), 80 %RH 
(35 % acetyl- ~2 DS), & 1N acetic acid (31 % acetyl ~1.3 DS best to worst optical and % 

acetyl stability 1N acetic acid = 31 % acetyl or DS 1.7) otherwise all degraded to about the 
same as 50 %RH. 

 

 
 

Figure 2.27: Visual transformation of physical properties of cel, where plasticizer channel 
created more proximately, and yellowing more extreme with the pre-incubation in acidic acid. 
© Disney and the J.Paul Getty Trust.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 2.28: Multiples of 5 sheets in stacking leads to buildup and collection of circular 
pockets where likely phase segregation is occurring. © Disney and the J.Paul Getty Trust. 
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Studying the aging of a stack of 5 sheets creates circular micro-environments where see 

that there is a change in refractive index (read: looks white), and these areas show the 

incompatibility of the edges with the internal chemistry. These sheets were stored on their 

side, not vertically, so it is possible the weight of the pressure of the stack added to the 

formation of these pockets revealing interphases forming between sheets. TPP is known to 

be a liquid at only 50 °C, so it is easily conceivable that the plasticizer melted then 

migrated and got stuck between the stacks. It would be interesting to repeat this 

experiment and analyze the composition of the liquid and solid buildup in these circles.  

5. Pressure study  

This method utilizes similar sheets as all the other pilot studies done in this set, from the 

film The Rescuers (1977) with DS = 2.4, and it can be estimated at ~10000 sheets would 

be equal to pressure from a clip. These were all tested in triplicates, including the 

difference of weight of 0, 1, 2 sheets horizontally, versus vertically stacked visual 

differences (Figure 29). From the observations, it appears the vertical is way more stable, 

demonstrating the major physical properties difference with a mere 2 % free acetic acid 

difference between these two sets of samples aged at 80 °C for 70 days.  

 
 

 
  

 
 
 
 
 

 
Figure 2.29: difference between stacking methodology, where weight of only 2 stacks of 

samples cause extreme discoloration. 
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1)  2) 

 
 

 
   
  
 
 
 
 
 
 

 
Figure 2.30: Strain viewer images of accelerated aged sheets (2cm x 3 cm) from The Rescuers 

(1977) 1) horizontal vs. 2) vertical accelerated thermal aging. © Disney and the J.Paul Getty Trust. 
 

Here the visualization tool serves correlate environmental storage, chemical decay through % 

free acetic acid, and optical properties through the visualization by strain viewers. The 

limitation of this method is in the resolution of the chemical properties, where these two 

samples are a mere 2% difference in acetic acid, but this author can recognize a slightly green 

tinge on the top orientation from the horizontal samples where a pink background is 

demonstrated. 
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y = 3E-06x3 - 0.0003x2 + 0.0083x - 0.0078
R² = 0.9862
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Figure 2.31: Extrapolation graph using influence of mass on rate data at other temperatures to 
calculate of the single pilot study up to and pressure pilot: stacks of 8 sheets from The Rescuers 

(1977) at 90 °C. 
 

Table 2.4: Pressure calculations in comparison to % free acid for storage considerations  

Sample Measured 
area 

averaged 
[ПR2] [m2] 

Measured 
masses 

averaged [kg] 

Calculated 
forces-

averaged 
[kg*9.8 

m/s2] [N] 

Calculated 
pressure [Pa]- 

averaged 

% free acetic 
acid- 

averaged 

RSD [%] 
averaged 

Extrapolatio
n from 1 

sheet 
vertical 
control- 
baseline 

(calculated) 

6.0E-02 1.0E-8 9.8E-8 1.6E-6 [ Figure 2.31] -- 

Horizontal 
control- 

triplicates 

6.0E-02 3.6E-05 
 

3.6E-04  5.9E-03 
 

8.448 
 

7.7290 
 

Vertical 
control- 

triplicates 

6.0E-02 1.0E-08 9.8E-8 1.6E-6 6.416 
 

3.3993 
 

10 g- 
triplicates 

 

6.0E-02 1.0E-02 9.8E-02 1.6 7.013 
 

6.12238 
 

1g-
triplicates 

6.0E-02 1.0E-03 9.8E-03 1.6E-01 5.962 
 

3.970 
 

Clip- single 2.0E-03 8.5E-03 8.3E-02 4.2E01 5.665 
 

5.8775 
 

Heaviest 
box- force 

(calculated) 

1.3E01 1.5E01 1.5E02 1.1E01 [Figure 2.31] -- 

Extrapolation from 1S to 8S  
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At first glance of % free acetic acid chemical decay data, the most stable configurations are the 

clip, closely followed by vertical. To better understand the variation between the best 

configurations of the clip with the worst configurations being the horizontal control followed 

by the 10 g (Figure 2.32). However, this does not take into account the very degraded 

samples from 1 gram that were not accounted for regarding average values of % acetic acid 

because they were so degraded in some cases they could not even be separated from each 

other and measured by IC. One example of samples degraded this extremely can be viewed 

(Figure 2.33).  

 

 
 

Figure 2.32: Data collected in triplicates after 70 days of at 80 °C, with varying stacking 
configurations. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
Figure 2.33: Correlation of extreme physical distortions from accelerated aging studies of 
stacks of sheets (8/stack) at 1g pressure from The Rescuers (1977) for 70 days at 80 °C. © 
Disney and the J.Paul Getty Trust 

0.000
0.500
1.000
1.500
2.000
2.500
3.000
3.500
4.000
4.500
5.000
5.500
6.000
6.500
7.000
7.500
8.000
8.500
9.000

70

%
 F

R
EE

 A
C

ET
IC

 A
C

ID

DAYS AGED

10 grams
1 gram CLIP 

(Highest
pressure)

Vertical control 
(Lowest  
pressure) 

Horizontal control  



62 

 
 

Table 2.5: Example of variation of % free acid data as a function of position in clipped stack 
Sample Measured 

Weight [mg] 
Acetic acid 

measured by 
IC [ppm] 

Ppm 
adjusted for 
calibration 

factor 

% free acetic 
acid 

80C-P-CL-1 100.5 250.59 1252.95 6.234 
80C-P-CL-2 99.30 251.12 1004.50 5.058 
80C-P-CL-3 100.4 281.89 1127.59 5.615 
80C-P-CL-4 100.2 289.01 1156.03 5.769 
80C-P-CL-5 100.4 287.78 1151.10 5.733 
80C-P-CL-6 100.2 292.59 1170.34 5.840 
80C-P-CL-7 100.2 275.76 1103.03 5.504 
80C-P-CL-8 100.3 279.13 1116.50 5.566 

 
 
Though the clip has the best chemical properties, the resulting physical properties are 

less than ideal, including burnishing of the sheet in the location of the gradient of the 

stability, and also buildup that may the sheets difficult to separate without further 

decay (Figure 2.34). 

 
 

 
 
 

 
 
 
 
 
 
 
 
 
 
 
Figure 2.34: Showing the pressure study setup for the stack with pressure exerted with a clip, 
unique surface deformations that are reminiscent of loss of reflectance and increase of matte 
behavior. © Disney and the J.Paul Getty Trust. 
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Top (8 )       Bottom of horizontal stack (1)  
  
 
 
 
 
 
 

 
 

 
 
 

 
 

 
Figure 2.35: Clip study from left to right is top of stack to bottom of stack, where the 

values of percent acid correlated to this visual behavior. © Disney and the J.Paul Getty Trust. 
 
The visualization procedure through the cross-polarized light shows a more extreme green 

color in the samples on the edges than on the middle. When analyzed, it seems that this 

pattern visually does not match the samples, where the top stack should be the most stable 

after the 3rd sheet from the top, which does not seem to be reflected in these extremely 

degraded samples up at 7-8 % free acetic acid (Table 2.7).  
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Table 2.7: For horizontal control, each sheet pressure calculations relative to position in stack 

in comparison to % free acid 
Location in 

stack- 
weight 

influence 

area 
(П*R2) 
[m2] 

mass (kg) force [kg*9.8 m/s2] 
[N] 

Calculated 
pressure [Pa] 

% free 
acetic 
acid 

RSD [%] 
By position 

0 sheet 0.06 1.00E-08 9.80E-08 1.63E-06 7.948 
 

1.00E-08 9.80E-08 
 

1.63E-06 
 

7.948 
 

1.69E+01 
 

1 sheet = 0.06 
m^2/ 

(5.8mm^2/m
g) 

0.06 1.03448E-
05 

0.000101379 0.001689655 8.781 
 

6.30E+00 
 

2 sheets 0.06 2.06897E-
05 

0.000202759 0.00337931 8.679 
 

1.59E+01 
 

3 sheets 0.06 3.10345E-
05 

0.000304138 0.005068966 7.848 
 

9.99E+00 
 

4 sheets 0.06 4.13793E-
05 

0.000405517 0.006758621 8.740 
 

1.33E+01 
 

5 sheets 0.06 5.17241E-
05 

0.000506897 0.008448276 8.540 
 

1.41E+01 
 

6 sheets 0.06 6.2069E-05 0.000608276 0.010137931 8.444 
 

1.25E+01 
 
 

7 sheets 0.06 7.24138E-
05 

0.000709655 0.011827586 8.606 
 

1.84E+01 
 

 
Though there is an increasing weight from pressure of <8 sheets, it seems like this stack 

amount will not lead to any substantial improvement in chemical properties of these sheets 

(Figure 3.36). 

  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 2.36: Sample position in stack leads to a varied pressure and thus varied % acetic acid, 
though not direct relationship.  
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5) Conclusions:  

Free acid generation from hydrolysis of CA leads to a diffusion gradient from the center of 

sheet out, and in early stages of decay particularly plasticizers migrate out with the acetic 

acid diffusion to the edges during this process, as is demonstrated here. Eventually CA DS 

has changed so much that any remaining plasticizers lose compatibility with CA, and either 

migrate into paint, or liquefy/solidify on surface. DS is a tracker for bulk properties, 

whereas % free acid (within a certain resolution and range of % acetic acid) is something 

that can be correlated to the optical properties seen through cross-polarized light. 

 

Next steps include more work at 15 days for the same experiment at 80 °C, but this 

experiment is limited by availability of samples. Future work also must include 

environmental macroscale experiments to correlate amount of acetic acid in headspace to 

the degradation. Future work in SEM or AFM to see void volume in sheets would be 

interesting to investigate water permeability as a function of plasticizer content.13  Whereas 

% free acetic acid should be used to track reactivity in a current storage situation, DS 

would serve as a marker for tracking changes in free moving acetic acid, carrying 

plasticizers with them as diffusing out. It makes sense that experiments lead to that sort of 

physical phenomena. Outliner trends in some samples, it would be interesting future work 

related to this work (Figure 2.37). 

 
Figure 2.37: These strain viewer images of blank coversheets from the 1940s reveal trends in 

optical behavior, which will be correlated to the chemistry of the sheets. © Disney and the 
J.Paul Getty Trust. 
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3 Film reel vs. animation cel: chemical differences result in different 

Arrhenius-like approximations of material lifetime 

Abstract 

Since animation cels and motion picture reels share at least 80% bulk material as the same 

polymer (cellulose acetate, CA), it seems logical that they should be stored the same way 

to avoid decay. This is a question posed by the collection managers at the Walt Disney 

Animation Research Library (ARL) in the collaboration with Getty Conservation Institute 

(GCI). Significant research and resources for remedial conservation and storage solutions 

have contributed to understanding these animation cel materials and their decay 

properties. Moreover, this manuscript is one of many within a collaboration between 

Getty Conservation Institute (GCI) and The Walt Disney Animation Research Library (ARL) 

in order to study deaccessioned animation cels and interleaving papers as authentic 

naturally aged samples to evaluate to prevent future decay. Experiments of this study vary 

from 2 days to over 300 days, ranging from 50-90 °C, with triplicates for error, while 

utilizing blank sheet material originally stored in between the color model collection of 

cels. This paper seeks to address gaps in the literature specific to the substrate issue of 

shrinkage, by fundamental accelerated ageing of the Walt Disney animation cel materials 

made of cellulose diacetate, and thus helping to predict better storage solutions. 

Exploiting the properties of decay such as the bulk property of the degree of substitution 

(DS) and the property tracking the buildup of the catalyst through % free acetic acid of the 

CA polymer, this research tracks the longevity of cellulose diacetate by improving upon 

and extending the applicability of a trusted method previously utilized through titration 

experiments at the Image Permanence Institute.  
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1) Reel of Film & Animation Cel: Shared Polymer 

Before getting into the mechanisms and interactions guiding the kinetics contributions of 

this research, the basic material properties will be first discussed. The plastics of film reel 

support and animation cel support are both cellulose acetate (CA), and both are 

multilayered art materials; one is manufactured with a gelatin coating, or image layer 

(which also happens to have a pH-buffering effect), and the cel is painted (max 60% of 

area) on the reverse side and diluted paint on the front side on <5% of the area, outlining 

the characters. Sorbitol as nonionic surfactant, so no buffering capacity in paint layer like 

gelatin layer in photographic film, which has gelatin as amphoteric species as part of 

laminar system. Despite these differences in overall composite layers and thicknesses and 

bond types, each is plagued with the same material issues of major physical distortions 

leading to loss of the artistic and historical values of these materials. These two materials 

have in common at minimum 70% of their composite material in common, so it is a good 

place to start to assume similarities. However, the shared polymer comes with many 

chemical differences.  

 

Historical Context: 

CA has been one of the most important “natural” polymers of the late 19th, 20th, and 21st 

centuries, as demonstrated by the vast literature on the topic starting with its invention in 

1865.1 As early as the 1920s U.S. patents under H. Dreyfus from the UK exists for the specific 

composition of cellulose esters and ethers.2, 3, 4, 5, 6 In the 1930s and 1940s, Eastman Kodak 

Company secured patents for the manufacture of CA films by notable inventors such as S.J. 

Carroll7, C.J. Staud8, C.J. Malm9, H.T. Clarke10, H.B. Smith11. As early as 1944 scientific 

research articles appeared considering the stability of these materials, due to its widespread 
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use in the Motion Picture Film industry by that time.12 In 1949, Eastman Kodak Co’s safety 

film was awarded an Academy Award for finding a replacement film base in CA for the 

flammable cellulose nitrate.13 As early as 1983, the Swedish Film Institute adopted cold 

storage in 1983 and J. Wallace wrote an informative article about practical concerns of cold 

storage in 1985.14 

 

 
 

 
 
 

   
 
 

  
 

Figure 3.1: Literature from a key source revealing a range of 2-100:1 possible for the CDA:CTA 
acidity values, giving minor indication for experimental design. 15 

 

Important Decay Research  

As early as 1944 the relationship between the physical and dimensional behavior of the 

motion picture film materials were noted as a function of Calhoun noted12 and by 1952, 

Decroes and Tamblyn studied the sensitivity of cellulose esters and their plasticizers to 

heat and light.16 By 1945, a NIST standard released, the degradation process was well 

understood.17 In 1966 a very important study in the hydrolysis mechanism of CA, where 

Vos reveals the fact the hydrolysis rate has a low point, between pH 4-5.5, revealing an 

insight that can be exploited when controlling the acid in the environment of the 

animation cels.18  

In the 1970s-1990s, the majority of the work in this area was published by two notable 

groups. Edge, Allen, Horie from The University of Manchester, UK with the National Film 

Archives group and the Image Permanence Institute (IPI) who was funded by the National 

Endowment for the Humanities with researches at Rochester Institute of Technology. In 
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one study from IPI, research was gathered under the title “examples of High acidity and 

satisfactory tensile properties of Cellulose diacetate base film” and these values of free 

acetic acid were about 0.2 % from Syracuse Research Library, data which we would want 

to compare our results, The British Film Institute, and the IPI Study for 30 days at 70 °C 

pre-incubated at 50 %RH (Figure 1), so we also repeated this study as a starting point.19 

These literature reported values range 2 orders of magnitude from each other, so it 

suggests large variations in the measuring tool, possibly requiring improvement for 

adopting the methodology from motion picture film to animation cels.   

 
 
 

 
 
 
       

 
 
 
 
 
 
 
 
 
 
 
Figure 3.2: Summary of combined degradation mechanisms known of CA film material.  
 
The British group was innovative to understand acid-catalyzed degradation as well as chain 

scission mechanisms in CA through studies of the parameters of viscometer, acidity, 

moisture regain, plasticizer loss, and with regard to storage environment through 

containment being open, closed, or made of various materials.20 These studies established 

various important parameters of decay, where 1 M acetic acid solution causes similarly 

aggressive degradation on CA to that of an environment of 100 % RH.21 Where the 

extension of the other research group continued and was elaborated for storage specific 
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questions. Ram and McCrea give a good overview of the state of the field of cellulose ester 

degradation: both chain scission and hydrolysis as well as role of plasticizers in oxidation 

experiments and in hydrolysis/chain scission (Figure 3.2).22 

Very recently, an important comparison and derivation of Arrhenius predictions in 2002 by 

Stefan Michalski revealed that though temperature control is significant, so is relative 

humidity on the rate of the chain of reactions for museum objects with inherent chemical 

decay, such as acetate film objects.23 Moreover, Michalski concludes “accelerated ageing is 

at best a euphemism, and at worst a delusion….attempts by industry to use Arrhenius to 

rank commercial products in a very rapid test rate are doomed” and offers advice for 

materials suffering from acid hydrolysis, which can expect “to last more than twice as long 

at 35 %RH to 70 %RH, and much more than four times as long at 18 %RH” and thus gives 

indication into controlling water for lifetime predictions. Although lifetime predictions will 

be offered here, also the rates of chemical diffusion of water into the plastic, revealed as a 

function of timeperiod and DS (Figure 3.3) is offered as a significant parameter for reaction 

rates- discussed in Michalski’s article as a parameter to lower apparent activation energies.  
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Figure 3.3: There is a whole order of magnitude difference in water uptake by the various 

blank color model sheets used for interleaving and samples in this study, where A) a sheet of 
DS 2.9, B) sheets with DS 2.4, 2.2, and 1.9, and C) sheet with DS 1.5, having implications to 

water pickup in equilibrium conditions that is accessible to react with the polymer. 
 

However, the hydrolysis reaction is best understood in this context by first order reaction 

kinetics, which if the case, k the rate constant could be found by plotting 1/ DP.24 Also the 

log(k) could be plotted versus 1/T to see the fast and slow processes showing those reactions 

catalyzed and uncatalyzed, however, since the weight changes are not as reliable as the 

detection of the trapped acetic acid extracted as free instead of bound, this research method 

is more efficient for understanding the mechanism than if tracked by weight and physical 

chemistry calculations of activation energy. If following this other physical chemistry 
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approach, one would be tracking the reaction stepwise as deacetylation, as this would in 

theory be more accurate than the overall calculations required for the hydrolysis mechanism. 

Here the role of water is demonstrated in relationship to the hydrolysis mechanism of CA 

(Figure 3.4). Hydrolysis mechanism, made up of several deacetylation reaction steps, where 

deacetylation includes an average of one molecule reacting with one acetyl group to form 

one de-acetylated CA and one molecule of free acetic acid. However, the structural 

properties of CA are key in understanding the water sorption, since the triacetate is more 

consistent stacking of polymer chains, for more regularity and anisotropy likely, but also for 

less spacing in between polymer chains for water molecules to slide in between. With each 

chemical reaction of CA and water there is a deacetylation reaction mechanism that occurs, 

in the specific order of increasing density from CTA, CDA, CMA, to cellulose based on pore 

radius size and structural relationships.25 

 
 
 
 
 
 
 
 

Figure 3.4: Deacetylation of CTA to cellulose in 3 additions of water, in 3 steps. 
 
Motion picture film, made from CTA not only is defined by a narrower range of DS than 

animation cels, but also, CTA has a trace amount of % hydroxyl contribution compared to 

that of the highly degraded animation cel materials, which can get down to cellulose 

mono-acetate (CMA) in some extreme cases [Chapter 2]. It is this hydroxyl contribution 

that changes the polarity and thus solubility of these polymers, as can be seen in their 

structural representation during the deacetylation reaction here from CTA to cellulose 

2º ACETATE 2º ACETATE 

1º ACETATE 
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(Figure 3.4).26 Further it can be seen that as the polymer varies as a function of DS, it 

comes with other chemical implications to make note of, such as weight differences 

affecting solvent interaction (Figure 3.5)27 or parameters of % acetic acid, bound vs. 

unbound (Table 1).28  Table shows that as DS decreases (or as decreasing acetyl groups and 

increasing hydroxyl groups), increasing hydrophilicity and also decreasing amount of acetic 

acid that is bound, which means more is free, and can contribute to the autocatalysis 

reaction within CA via the void space between polymer chains. Particularly, the role of the 

hydroxyl replacing the carboxyl group reveals the increasing hydrophilicity of the sheet to 

water, changing the electronegativity and thus chemical properties of the film support. By 

the chemical definition of autocatalysis, the increased concentration of the catalyst lowers 

the activation energy, increasing the rate constant, and thus the reaction rate. In the 

reaction of hydrolysis, and the formation of the catalyst acetic acid, the rate is autocatalytic 

whenever in the presence of the reactant, water.  

 
 
 
 
 
 
 

 
 

Figure 3.5: Table 2 reprinted here reveals solvents relevant for dissolution and fractionization 
of CAs with varying DS value, showing the boundaries of different material types at DS 2.9, DS 
2.46, DS 1.75, and DS 0.49 (4 types of polymers). 
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Table 3.1: Defining Chemical Properties of CA by hydrolysis mechanism 
 

 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 

 
Figure 3.6: In the range of 4 < pH < 5.5, there is a low point and constant reaction rate; 
therefore, it is important to understand what chemical interaction with CA causes this 

behavior, and to exploit it for stable storage conditions.18 
 

 
Scientific Methodologies Previously Developed: 
 

In 1951, a major publication about CA plastics came out in textbook form by V.S. 

Stannet.28 By 1952 G.C. Whitnack published with the Naval Laboratory on the topic of 

plasticizers used in CA Plastics, and chemical methods of extraction as well as 

instrumentation to determine plasticizer content.29 In 1953, an important article about the 

chemical reaction of CA with acetic acid and water was written by J.L. Hiller.24 In 1959, 

W.K. Wilson and B.W. Forshee studied the degradation of CA films at the National Bureau 

D.S. 
 

% ACETYL % HYDROXYL % ACETIC 
ACID 

3 44.8 ~0 62.5 

2.45 39.8 3.53 55.5 

1.75 32.0 9.02 44.6 
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of Standards.30 Literature on the dielectric properties was first published by a chemistry 

group in Scotland under D.J. Crofton, who focused on the how this parameter changed as 

a function of different molecular relaxations of various acetylated CAs, which probe at the 

variables of temperature, pressure, and interactions with water.31 Around 10 publications 

came out in 1988 focusing on the degradation mechanisms of this material.  

In the literature research of CDA and CTA degradation one type of behavior within both 

solids and solutions proves to complicate the interpretation, and that being the reaction 

order and reaction mechanism of hydrolysis of CA; this complication is the pH behavior 

varies as a function of hydrolysis rate, so rates may vary depending on the sample state 

(Figure 3.6). In the range of 4 < pH < 5.5, there is a low point and constant reaction rate; 

therefore, it is important to understand what chemical interaction with CA causes this 

behavior, and to exploit it for stable storage conditions. The authors of this paper explain 

this point as an equilibrium between the concentrations of OH- and H+; however, that 

would be expected to be around 7.18 However, in the context of autocatalysis, when the 

catalyst is present in larger concentrations, the reaction rate is increased, and this is proven 

through the %weight loss parameter for both the acidic and basic behavior of CA in 

solution (Figure 3.7); particularly, the NaOH parameter leads to deacetylation of CA.32 
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Figure 3.7: Concentration of acid and bases increases reaction rate of hydrolysis. 
 

To confirm amount of acetic acid unbound (pKA = 4.76) and kinetics of reaction that 

involve reactivating and leading reaction toward autocatalysis, one must utilize the 

extraction in water, following the IPI method. pKA value measurement may be tracked by 

UV-spectrometric methods, titration, or potentiometric experiments; however, this 

experiment will measure concentration of acetic acid in percent sample, since measuring 

pH generally is known to vary as a function of reaction rate, so need to specifically quantify 

% free acetic acid.33 To confirm amount of bound acetic acid attached to polymer, follow 

quantity of % acetyl through extraction methodology and GC-MS developed by Joy 

Mazurek for previously published papers. 

A tool that has been praised by the whole community is presented here for its cautionary 

tale of what it detects, since it is so widespread, that of the  

IPI developed A-D strips (Figure 3.8).34 However, the AD strips do have a color change 

indicating molar amounts, but the understanding of this autocatalytic point is 

misinterpreted by many as to mean a chemical definition, when in fact is referring to the 

quick onset of physical property changes. The AD strips are made of dyed papers meant to 

detect liquids, so not useful for any quantitative measurement, nor for identifying specific 
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plasticizers. For example, in the case of the sheet displayed here, the AD strip turned 

yellow, but there are at least 3 liquid chemical types on this surface, and any of them 

could have acidic compositions influencing this reading. Also, since they detect below 3.6 

pH, they are unable to identify the lowest point in the hydrolysis rate as predicted by 

Figure 6 above.  

 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
Figure 3.7: Two different print versions of the autocatalytic point referenced by IPI research.  
 
 
A)       B) 

 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 3.8: In this highly degraded frosted stack of sheets from Plausible Impossible (1941), 
phase segregation between a liquid layer and the triphenyl phosphate (TPP) crystal layer can 

be seen, as well as another liquid layer of water droplets. ©Disney. 
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2) Methods: 
 
Materials: 

As a function of decade or a function of DS, the sheets studied include interleaving sheets 

found within production model and color model storage boxes. These sheet were also 

characterized with the IC method for DS, including The Little Mermaid (1989) is 2.9, The 

Rescuers (1977) is 2.4, The Jungle Book (1967) is 2.2, Peter Pan (1951) is 1.9, and Dog 

Watch (1946) is 1.5. For a sample sheet, calculation for 3 DS steps, or full hydrolysis of 

CTA (100 mg) would occur from 45 uL of water, which is equivalent to the difference in 45 

ug. In a sheet, this would amount to 0.26 mm2 or 0.5 mm, and the limit of most eyes is 

0.14mm, so it would be detectable if measuring, and likely could not easily see by 

observation. Choose equilibrium time based on IPI studies, where equilibrium can be 

reached easily within 24 hours with small sheets (2 cm x 3 cm) hanging in a humidity 

controlled chamber (Figure 9).  

 
 
 
 
 
 
 
 
 

 
Figure 3.9: Pre-incubation of sheets hanging from racks in a humidity controlled chamber until 

reach equilibrium. ©Disney. 
 

Hygroscopic property of paint attracts water to the composite out of the environment of 

the animation cel, likely making water accessible during the natural progression of time. 

Though water is the main reactant in the hydrolysis of CDA the question of how much is 

important to the sampling methodology. Depending on the sheet bulk properties, there 
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will be a stronger capacity for pickup, and thus ability to react will depend on the water 

sorption of the sheet material; the worse it gets, the more water it will attract (Figure 10).  

Pre-incubation based on water uptake of CA, varies with DS, equilibrium time is <24 

hours, but leave in chamber for 5 days [min] to get most consistent results. 

Experimental: 

The theory behind this section is two-part. One is to get data at varying temperatures in 

order to find the degree of conversion point. This needed to be completed on small 

samples, so protocols were developed to improve the detection limits down to 3ppm for a 

rectangular square sample of 0.1g (density= 1.32 g/cm3).Then the second goal was to use 

these initial curves at varying temperatures to apply the CTA Arrhenius predictions to CDA 

animation cel samples.  

Most accelerated ageing tests in the literature of cellulose triacetate evaluate the material 

between 50-100 °C.35 22 26 Natural versus accelerated aging: For example, reducing the RH 

for storage of cellulosic materials to 30% from the commonly recommended 50% RH 

would slow degradation by a factor of 0.60 assuming a linear relationship between 

degradation rate and RH, but by a factor of 0.2 to 0.3 based on reaction rates measured in 

this work. This represents a 2 to 3-fold difference from what would be predicted based on 

a linear dependence on RH, for a total 3 to 5-fold slowing of hydrolysis relative to 50% 

RH. The rate of reactions which are independent of RH would not be affected.37  

For the sheet, hygroscopic properties are influenced by bulk property of DS, where the 

degree of conversion describes the free, unbound acetic acid content in the system. If 

space or volume can hold more water in the void space upon water uptake, then 

comparatively it has more space for an acetic acid environment that will lead to faster rates 

of hydrolysis, as demonstrated in the literature. Thus one would expect to the parameter 
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of free acid to be dependent on amount of water that was accessible to the CA material 

(moles solute/L solution), causing a faster rate of autocatalysis (Figure 6). 

 

Pre-Accelerated Aging Prep: Containment Protocol 

Weigh out samples (1g +/-0.001 g) in Harris Room and samples pre-incubated to 

equilibrium (studies in supplemental material of DVS) by hanging in shelving for maximum 

absorption of water. Wrap sample in teflon sheet (cut to 3x5 cm) making a sample packet. 

Double bag each sample packet with Bags made [cut to specific sizes to minimize air space 

and heat sealed and cooled before samples loaded into them] for double bagging each 

sample Material chosen by image permanence institute (IPI) for permeability properties. 

Put the sharpie labelled bags in the ovens at specific temperatures, previously equilibrated 

to constant. Temperatures studied include: 90 °C, 80 °C, 70 °C, 50 °C. 

 

Post-Accelerated Aging: Water Extraction 

Pre-label all vials (~7 mL with teflon/PP septa tops) with sample name, date, water 

extraction. Use computer paper to make a boundary so while cutting up plastic for 

extraction, do not lose any narrow strips or flakes of sample. One sample at a time open 

and take out of bags or storage, handle with gloves  and tweezers, and cut into thin strips 

horizontally (longest strip is 2 mm), thickness varies from 0.1 mm to 0.3 mm so most 

surface area exposed. Immediately after put into vial and seal lid. Do this to all samples for 

a batch for extraction, where batches average about ~40 samples at a time. In the original 

method that this built on, the samples were analyzed in 1g amounts, and had to be 

titrated following the ASTM Method D871. Here the IC analysis is first being published.  

Once all samples are cut and in correct vials, add 5 mL of 18 Ohms of ultra-pure water, 

measure using 10.00 mL graduated cylinder. Check all lids screwed tightly, put into oven 
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for 2hr 40 °C extraction. During the last hour of extraction, take out of oven, and do 1 

hour of sonication, in 40 °C water bath. Let samples cool. Label IC vials, and pour 

extracted liquid into vials for IC processing then for calculation of % free acid. 

Computer Processing of Data:[insert program name], column name for detection of anions 

with pre-column too, and experimental parameters, all following those previously 

published in JCH paper. Calibration Curves created covering the range of 3-300ppm, by 

the dilution of acetic acid standard 300ppm (brand). Calculation is where this work differs 

from the JCH paper, presenting detection of % free acid: 

 

Example Calculation:  
Sample weighed at 100.1 mg, extracted with 5.00 mL ultrapure water for 24 hours at 40 
°C, then 152 ppm acetic acid detected by IC: 
% acetic acid = [ppm]*[L]/[mg]*100  
152 ppm= mg/L *(1000 mL/L)* (1/5mL)*100.1mg 
=0.75 > 0.5 point of conversion 
 
Use degree of conversion to understand the free, unbound acetic acid content in the 

system. If concentrated, up to molar amounts (moles solute/L solution), will cause faster 

rate of autocatalysis [figure X].IC has a conductivity detector for detection of these acids, 

because in water, acids/bases can be identified, usually the anions of acetic acid show up 

between 7-8 minutes within this solvent run.  
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A)          B) 
 
 
 
  
 
 
 
 
 
 
 
Figure 3.11: These two figures reproduced here demonstrate the IPI method to create 
Arrhenius predictions of lifetime behavior. We are utilizing this same approach, with 
improved measuring techniques presented here for the first time.  

 

3) Results and Discussion 

Here shows the point at which IPI was detecting samples through the titration ASTM 

method at around 1000ppm acetic acid. In comparison, we have been able to detect well 

below the indicator limit, and thus have decreased sample size to 0.1 g from 1.0 (Figure 

11). Also important contribution because can use IC to process batches of samples, instead 

of a person doing hand titrations that take much longer to complete in lab. 
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Figure 3.12: Improvement of IPI method for lower detection limits of ppm, making it 
easier to track 0.5% acetic acid. 
 
Figure 12 also shows that the more moles of the CA sample, the faster the acetic acid 

buildup, which leads one to wonder about the idea of stacking experiments which will be 

presented later. From this specific experiment in Figure X, we would expect that our 

smaller sample studies may end up having much slower times to reach 0.5 than the larger 

examples, as done by IPI. But when our data is compared to IPI data, one can see 

immediately that the times to 0.5 are rapidly faster, where the difference in sample size is 

less of an effect than the molecular character of carboxyl groups being replaced by 

hydroxyl groups along the anhydro-glucose polymer chains that make up the CA polymer.  

 

The curves of % acetic acid vs. time tell us more than just the kinetics related to time 

predictions, they can also correlate to types of diffusion processes related to the decay 

happening in the thermal process- which is an isolated system loaded with enough %RH 

from pre-incubation to reach full deacetylation. 
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Figure 3.13: This curve shows the difference in degree of conversion times at 90 °C from 
fastest to slowest:1) animation cel sheet CDA (yellow), 2)photo-film CTA from IPI (red), 

then 3) animation cel sheet CTA (blue). 
 

 
Table 3.2: Comparison of Time to Degree of Conversion at Various Temperatures 
 
 
 
 
 
 
 

 
 
 

 
 
 
 
 
 
 
 
 
 
 
 

°C IPI CTA DISN/GCI CDA 
100 ~6 --- 

90 ~35 ~20. 

80 ~29 ~81 

70 ~77  ~102 

60 --- Data coming soon! 

50 --- ~149 
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Figure 3.14: Key Graph demonstrating the influence of temperature on the days to reach 
the degree of conversion chosen as 0.5 % free acetic acid in these samples of the pilot 
study to mimic the IPI studies. The curve shapes show similar behavior to the IPI data, 

utilizing polynomial curve fits to describe their behavior, and keeping with the 0.5 
conversion point. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 3.15: Key Graph demonstrating the difference in lifetime predictions using the IPI 
method of Arrhenius evaluations by tracking the days to 0.5 % free acetic acid in the 

sample. 
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Figure 3.16: Kinetic Evaluations at 90 °C with the added influence of multiples of the same 
type of the sheets, chemically (oriented at the vertical position in order to remove the 

influence of pressure/ orientation on the measurements). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 3.17: Kinetic Evaluations at 70 °C with the added influence of multiples of the same 
type of the sheets, chemically (oriented at the vertical position in order to remove the 

influence of pressure/ orientation on the measurements). 
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Figure 3.18: Kinetic Evaluations at 50 °C with the added influence of multiples of the same 
type of the sheets, chemically (oriented at the vertical position in order to remove the 
influence of pressure/ orientation on the measurements). 
 
In this next group of graphs, kinetic evaluations continue to a set of samples that vary in 

their degree of substitution. Each sheet follows the same methodology for the pilot study, 

but these show variations at all temperatures evaluated for % free acid. Once graphs are 

complete with 50 °C data, the final Arrhenius plot will be utilized to compare longevity as 

a function of reactivity of % free acetic acid. 
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Figure 3.19: Kinetic Evaluations of Degree of Conversion, here as a function of DS at 90 °C.  
 
 

 
 
 
 

  
 
 
 
 
 

 
 
 
 
 
 

 
 

Figure 3.20: Kinetic Evaluations of Degree of Conversion, here as a function of DS at 70 °C.  
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Figure 3.21: Kinetic Evaluations of Degree of Conversion, here as a function of DS at 50 °C.  

 
In the next 300 or so days, it is hoped to collect data on the currently “baking” sheets to 

track the acid decay timescale to 0.5 DOC, in order to plot the Arrhenius graph and make 

longer term stability predictions. 

 

This systematic study of a range of CDA samples ranging from 1940s to the 1980s reveal 

the significance of isolating, intervening, and researching with destructive testing for the 

purpose of storage solutions for these artworks. Subsequent papers will be published to 

offer tools and suggestions for nondestructive detection and reasoning to intervene, 

whereas this paper is meant to prove the influence of the degree of substitution of CA on 

the stability of these art materials. 
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5) Conclusions  

Here reported are the fundamental studies of cellulose diacetate sheet material from the 

1940s, preserved as coversheets alongside original artworks of animation cels. Arrhenius 

treatment of data has been utilized due to prior research by the Image Permanence 

institute of film material, made of the similar, yet chemically very different photographic 

film, made of cellulose triacetate. This paper is meant to be a call to action for the field of 

conservation science, to understand that the needs of cellulose esters aren’t all equal, with 

cellulose diacetate based art having a significantly shorter lifetime than cellulose triacetate 

based art. To store CDA differently than CTA, and objects of these materials are in more 

dire need of attention than motion picture film! IF people can apply for grants to help pay 

for storage of photo film, they can also pay to get the same grants for animation cel 

collections.   

Future work will continue to refine calibration curves with more data-points for samples 

aged at 60 °C and 50 °C. Further work hopes to relate hydrolysis rate to pH range, and 

explain the need for different indicator strips for different pH ranges for CDA sheets, based 

on where on the pH scale where the rate is actually the highest. Specifically, the low point 

of the hydrolysis rate is between 4-5, so the indicator range of the AD strips are based on 

bromcresol green, which changes to yellow below pH 3.8, which would only account for the acidic 

decay, not the basic decay that would indicate a higher pH, but also increased reaction rate in CA 

decay. Specifically this would require using an indicator strip with the range above 6.8 -10. This work 

would require the use of 2 different new strips, within the range of 6.8-8.2 would be phenol red 

(where at 6.8 it is yellow and at 8.2 it is red. Then from 8.0-10 range, the indicator of 

phenolphthalein would be used for the indicator strip. IT is possible that sheets undergo reactions 
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that lead to higher basicity that leads to similar hydrolysis rate increases that would put the sheet in 

danger, depending on the chemistry of an environment and paint chemistry. 

Also future work includes more conservation documentation of various stacking 

methodologies and document various conditions as come across them, like a photo setup. 

Mockup tests of boxes will be used of varying sizes and amounts of acid inserted by cels 

pre-accelerated aged to the 0.5% free acetic acid point, and see at what level % free acid 

becomes detectable by nose, versus ppm draeger tubes. The main goal is to correlate % 

free acid in the sample to ppm acetic acid in the headspace. After that, tests with different 

interleaving materials will be added to see the efficiency from one to another in the inner 

storage boxes. 
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4 What Gives? Compilation of adhesion techniques through 

surface, bulk, and interfacial analysis of Walt Disney 

animation cels  

Abstract 

Outsider work by these coauthors in the application of atomic force microscopy (AFM) to 

animation cels from Walt Disney Animation Research Library (ARL), there are few 

conservation science approaches to the study of adhesion beyond the tape peel test. This 

manuscript presents a compilation of different adhesion methods to quantify the 

instabilities inherent to the multilayered material of animation cels. Specifically here 

extends the recent work utilizing AFM at varying relative humidity conditions to measure 

cohesion and adhesion properties in a variety of Walt Disney paints with brittle vs. 

elastomeric paint behavior. Here results quantitatively confirm conservation observations 

and a chemical survey of the paint physical properties. Albeit destructive, laser spallation is 

applied here for the first time to the study of the interfacial properties of animation cels, 

by studying naturally aged mockups made up to 80 years ago. The final method to 

understand adhesion of this laminate material is the ASTM contact angle method, which 

here is correlated to the degree of substitution (DS) of cellulose acetate (CA), where results 

demonstrate the use of the DS as a marker for the bulk property of the plastic sheet, 

making it useful for correlations to adhesion. Unfortunately limitations in procuring 

samples for the laser spallation testing interfered with the comparisons in this case study, 

however, this study contributes a preliminary application with laser spallation, not to 

mention contributing useful correlations between known decay and failures of these 
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cultural heritage materials to properties measured through two of these adhesion 

methods.  

 

1) Background 
Peel test-- can we get to a smaller sample size beneath 3 inches length strips for 

reproducible 1 inch square tests with mm separations between lines of grid system (Figure 

1)?6 AFM, giving no variation with changes in plastic materials?7 Is this representative of 

physical or mechanical properties of this system? What about interfacial adhesion? 

Compare techniques for sample preparation, ability to work mathematical interpretation of 

each technique, relationship to physical properties. Here research seeks to identify the 

pros and cons of applying various adhesion techniques to understand the complex system 

and decay of animation cels (Figure 2). 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4.1 Reproduced from ASTM- method D3359 demonstrating the large destructive area 
of sampling required for this method of measuring adhesion.  
 

                                                           
6 ASTM Designation: D3359 − 092: Standard test method for adhesion tape peel test. 
 
7 Beltran, 2017. 
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Adhesion, related to chemical properties- defining DVS behavior and ability “to heal” with 

the plastic deformations that become more and more extreme over time. This paper does 

not seek to correlate chemical behavior of the paints directly to the adhesion, because we 

know they are heterogeneous. The overall trends of behavior can be divided into very 

brittle to flexible properties imparted to them through the humectant additives previously 

shown to be within these paints to modulate water balance within the paint from the 

environment, which was proven in a recent conference paper previously published by this 

group utilizing AFM on paint.8 Here the work of that initial paper was extended to samples 

that are also studied by the interfacial adhesion technique of laser spallation. This 

technique has never been applied to cultural heritage materials, so this is a unique 

application. Further, these two adhesion methodologies will be compared here through 

thermodynamic calculations. 

A)        B) 
 
 
 
 
 
 
 
 
 
 
 

          C)       D) 
 
 
 
 
 
 
 
 
 
 

                                                           
8 Beltran, ibid. 
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Figure 4.2: Image showing the elasticity of the paint as the sheet degrades and deforms, 
leading to adhesion questions. Examples here include Melody Time (1948) A) in visible light, 
B) in raking light, and from The Jungle Book (1967) C) in visible light, and D) in raking light. 

©Disney. 
Some extreme case studies for the evaluation of adhesion measurements-one surface 

related and one interfacial. This study is meant to be comparative, so calculations are used 

to estimate trends that may be useful observations that should be investigated through 

further experimentation. Adhesion-based methodologies are usually either based on 

wetting properties, or properties utilizing homogeneous materials.9 One of the major 

challenges of this work is the value in the evaluation of such complex, heterogeneous 

source material with such significant social and cultural value (Figures 2-4). 

The adhesion of materials is routinely approached for the coatings and paints industry and 

evaluated for longer term properties like adhesion of the melt, as means to improve this 

important aspect of those engineering materials, unlike those materials of interest here. 

This evaluation is most specific for the deeper relationship between the paints, plastic, and 

their issues of adhesion, to each other (the failure), and prevalent across the collection is 

the paint sticking to interleaving materials, flaking off the original sheet, pulling on and off 

the surfaces, so one could say there are all sorts of adhesion failures within this collection 

of animation cels, so it is important to distinguish which methods can best investigate the 

issues facing our cultural heritage collections like that of the Walt Disney Animation 

Research Library (ARL).  

 

 

 

                                                           
9 Alner, Aspects of Adhesion, 1970, vol. 5.  
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A)      B) 
   

 
 
 

  
 
 
 
 
 
 

Figure 4.3: These images show the effect of paint delaminating from its support in the cels 
from The Aristocats (1970), where the Duchess is in A) raking light and B) UV-VIS. ©Disney. 

 
 

A)        B) 
 
 
 
 
 
 
 
 

C)        D) 
 
 
 
 
 
 
 
 
 

 
Figure 4.4: Example of paint highlights paint cracking and delamination, particularly visible in 
this period of paint from 1937-1953. Animation cel from Early to Bed (1941), A) top left, front 
of sheet, visible light, B) bottom left, front of sheet, UV-VIS reflectance, C) top right, front of 

sheet, raking light, and D) bottom right, reverse of sheet, raking light. ©Disney. 
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2) Limitations 

Adhesion measurements that ask fundamental questions about interactions of materials 

with each other, are complex. When applying such theories to heterogeneous materials, 

limitations can occur. Particularly through this case study, the access to materials that 

could only be prepped within the context of development methodology, not in the cases 

of many samples. Therefore in this paper, experiments are not necessarily geared to the 

most practical adhesion problems but instead to those able to be compared. Statistical 

relevance of these materials will be assumed impossible from the standpoint of comparing 

large and many varieties of samples. In this case study, access to any deaccessioned 

production cels were simple luck. Although the ideas of this chapter stem from 

thermodynamic calculations in order to relate complex ideas in order to help forward 

research in the area of mechanical testing between heterogeneous media, these tests rely 

on complex instrumentation that when broken down, leads to the inability to complete all 

experiments in short periods of time. As soon as all such data is collected, it will be added 

below.  

 

3) Method: 
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Figure 4.5: Showing correlation between physical permanent deformation and the 

chemical evolution of materials through time, reproduced.10 ©Disney. 
 

 
 

 
 
 
 
 
 
 
 

Figure 4.6: Paint chemists at Walt Disney Ink & Paint department had the foresight to paint 
out paints on the polymer at the time, for comparing color swatches later as a function of age. 

White paint here [left most sample] was painted out in 1968 according to the hand-written 
label. ©Disney. 

 

Materials: 

For AFM testing, variety of samples studied to go beyond the initial testing, to paint 

samples of each period type that have been characterized for chemical and water sorption 

properties. Particularly, AFM is being applied to a variety of paints to look for trends to the 

types of behavior identified by treatment development by paintings conservator, Katharina 

Hoeyng. The first question of the study was, how to develop a minimally invasive method 

for distinguishing adhesion between paint and plastic so this work was published, and here 

extended to other paint periods. Then the interfacial adhesion compares spallation of 3 

samples 1) CN sheet/old 1940s white paint (very degraded), 2) newer paint/CDA from 

                                                           
10 Hoeyng, 2017. 
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mockup made in 1968, and 3) newer paint/CDA sheet—from The Jungle Book (1967) 

(Figure 7). 

 

 

 

 

 
 
 
 
 
 
 
 
 
 

 
 

 
Figure 4.7: Buzzard light grey paint from The Jungle Book (1967) for interfacial adhesion 

testing from a deaccessioned production cel. ©Disney. 

 

Theoretical: 

One method of adhesion can show differences of work as a function of paint very well- 

AFM surface method, but not great at distinguishing differences in the sheet 

(investigated in previous publication). Here the approach is to utilize another adhesion 

measurement technique to probe at different systems, with paint with high values by 

AFM for work of adhesion, what is the work of adhesion as calculated by utilizing the 

stress of interfacial adhesion within animation cels with similar paint. This study will 

determine if the changing surface energy of the sheet can be correlated to the energy 

of the stress within the case studies allowed to sample destructively here. These 
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samples happened to compare DS 1.47 (mockup) vs. DS 1.33 (deaccessioned sheet 

from The Jungle Book).  

The calculations that guide the relationships between the experimental work presented 

here are outlined below.  

1. Work calculations when utilizing AFM, we get adhesion of paints and plastic surfaces 

F*D [N-m] = Work [J]      (1) 

2.Work in J from L.S. Interfacial Free energy from an advanced mechanical technique 

utilizing ultra-high strain rates to spallate coatings off surfaces, largely suppressing the 

inelastic contributions during the interface de-cohesion process. Previously the 

interfacial technique has been applied to the range of 0.1 GPa to 2.5 GPa for 

engineering systems such as paints, multilayered electronic devices, engines, 

tribology, among many more applications. Here a major improvement has occurred in 

the electrical engineering, leading to much higher resolution of peaks at lower 

energies.  

3.Work of adhesion from Contact angle measurements can use the surface tension values to 

understand work of adhesion in another way), where the surface tension at the 

interface of water and air is known at 20C to be 7.28*10^-2 N/m. With this factor, 

the work of the SLV using the Young’s Dupre equation can be calculated as a 

function of D.S., since we know this value varies as a function of contact angle. It will 

be interesting to see if this variation is seen in the difference between the interfacial 

energy calculations, used to calculate work  

Here the values of the work of adhesion are related to the contact angle as related through 

the Young- Dupré equation: 
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Experimental: 
 
1) Surface adhesion and work of paint vs. plastic via Atomic Force Microscopy (AFM) 

This technique has recently been proven useful for paint adhesion variability with %RH 

and clear differences in paint vs. plastic. The value of plastic can be compared to the values 

of the same plastic through the third adhesion measurement below (contact angle 

measurement). A major limitation is that AFM cannot tracking adhesion changes as a 

function of the two bulk materials interacting with each other, as they are interacting with 

an inert silicon nitride tip, in contrast to the second method below (laser spallation). AFM 

method is applied as a surface nano-mechanical method, and the variability of the 

environment leads to conclusions related to cohesion properties of paint.  

Measuring adhesion between heterogeneous samples continues to be problematic for the 

cultural heritage field, which typically relies on a macro-scale destructive tape test method. 

As an alternative technique, atomic force microscopy (AFM) is employed to capture 

adhesion from force-displacement curves, specifically this research uses the retraction 

curve to calculate force and work, whereas the penetration depth, if relevant would be 

calculated from the (Figure 8). In the context of degrading painted plastic materials of 

Walt Disney animation cels, a major advantage of AFM over the tape test method is that 

material properties of sub-millimeter samples can be analyzed in a virtually non-

destructive way. While results demonstrated limited change in the adhesion force as a 

function of RH, the significant increase in the work of adhesion in the paint surface at high 

RH conditions with a silicon AFM tip suggest a loss of cohesion in the paint layer. These 

nano-scale observations correlate with macro-scale observations of paint delamination, 

revealing the potential significance of this approach in designing safe storage conditions.  

(3) 
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Figure 4.8: AFM curves collected, and which to process for data manipulation and 

interpretation (reproduced from Beltran, 2017).11 
 
 

 
Figure 4.9: Schematic of AFM technique, where resolution is on the fractions of a 
nanometer, depending on the sample tip, environment, and AFM probe. 
 
 
 
 
 

                                                           
11 Betlran, 2017. 
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Figure 4.10: Reprinted from ICOM-CC to show incredibly low work of adhesion for plastic 
vs. paint, which is measurable on the nano-scale here. It seems the plastic is constant at 
this timescale, but as we know from chapter 3 on Arrhenius calculations of CDA, these 
changes are long term and can be related to the work energy.  
 
 

 
 
 
 
 
 
 
 
 
 

 
Figure 4.11: Reprinted estimating AFM adhesion for DS 2.4, on the nano-scale level, due 

to nano-scale input with silicon nitride probe, with a set-point at 7.5nN, very elastic 
adhesion response with minimal to zero contribution from sheet cohesion (elongation of 

peak on x-axis). 
 

2) Interfacial Adhesion on animation cels with laser spallation  

For laser spallation materials used those that could be studied destructively, those 

mockups that were made by the insight of Walt Disney Studios Paint and Ink Department 

in the 1960s. Eventually, this author sought permission to test paint from another sample, 

A buzzard sample from The Jungle Book (1967) where there were over 10 of the same 

scene, which proved very valuable for conservation treatment tests.  
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Figure 4.12: Schematic of the laser apparatus. 12 

Technique is used to determine strength of planar interfaces between composites. High 

energy laser pulse (1 nano-second resolution) is fired onto sandwich of layers (Table 1), 

where absorbing film (Al layer) has melting-induced expansion generating a compressive 

shock wave into the substrate, directed toward the coating/substrate interface to be 

tested. In this thermal expansion of the glass, the energy is high enough to be transmitted 

as a compressive shock wave toward the material boundary of the film on the other side.  

In the experiment, the reflection of the compressive wave packet from the free surface of 

the test coating is a tensile pulse that leads to the removal (spallation) of the coating, if the 

amplitude is high enough. The velocity/displacement data from can be used to estimate 

the critical stress level at which spallation of the paint coating film layer occurs.13 The 

coating’s free surface velocity during interface de-cohesion is measured using an optical 

interferometer, a schematic representing this initial step which is shown (Figure 13). This 

measurement of critical stress to nucleate an instability at the interface is largely 

independent of in-plane residual stresses. Thanks to the timescale of this analysis at 109 

sec-1, the viscoelastic effects can be assumed to be frozen out. The front surface of the 

paint film reflects a tensile wave caused by the rapid tensile snap back of the substrate in 

                                                           
12 Gupta, 2003. 
 
13 Lacombe, 2006. 
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response to the compressive shock wave incident to its phase boundary between the two 

materials. This high energy interaction is fast enough that it can utilize elastic boundaries.  

 
Figure 4.13: Laser spallation setup showing sample setup where laser enters from front of cel, 

so no light absorption of laser  
 
 
Table 4.1: Cross-section order and thicknesses of our sample system (top facing Nd:YAG laser 

wavelength=). 
Sample Layer Thickness  
Aluminum 400-600 nm 
Glass slide 50-100 microns 
Water Glass 10-40 microns 

Substrate (CDA) 500 microns- 2.5 mm 
Thin Film Sample (paint coating) 5-500 microns 

 
 

𝜎(ℎ, 𝑡) =  
1

2
𝜌𝑐[𝑣(𝑡 +  

ℎ

𝑐
 ) – 𝑣(𝑡 - 

ℎ

𝑐
 )]     (1)14 

 
The overall error of the laser spallation measurement stems from the laser pulse variability, 

measurement of the ablated area, recording of the fringes, etc, and is estimated to be 

within 8%. The laser spallation technique is utilized to measure strengths that are intrinsic 

to the interfacial microstructure. Resulting area of deformation on paint coating surface 

measured by Ar Ion laser interferometric reading. In the single shot mode, the laser has a 

resolution of 0.2 ns making it capable of recording fringes from optically rough surfaces. 

                                                           
14 Gupta, 2003. 
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The laser in previous publications was open and limited to 632 nm, but in these 

experiments the laser was improved to 150 nm, so able to access the lower joules input for 

the weaker adhesion found in our applications. First the separation which interface 

separation is observed is recorded. Next a stress pulse is measured through the same cross-

section without the coating or substrate layer, so simulations can be utilized and a 

background can be subtracted. For a paint of density (ρ), and thickness (h), the interface 

stress can be calculated from the measured transient velocity profiles that are matched to a 

best fit curve then transposed here in equation (1). During this second step, the output is 

not a function of the material properties. In a final simulation step, the tensile stress 

history of the material is calculated with finite element acoustic wave model theory. This 

simulation requires material properties of each material, and assumes homogeneity, which 

is a limitation accepted in this study.  

 

 
Figure 4.14: Animation cel from The Jungle Book (1967) being measured for density on an 

open top balance in GCI labs. ©Disney. 
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Table 4.2: Interferometry Simulation Measurements 
Shot # Energy (J) Spot 

Size 
(mm) 

Sample Starting Conditions 

435 0.075 2.3 No spallation here for paint 
1960s mockup 

Waterglass-Al-glass 

436 0.075 2.3  Waterglass-Al-glass 
437 0.1 2.3 Only top layer spallation for 

1960s JB paint 
Waterglass-Al-glass 

438 0.155 2.3  Waterglass-Al-glass 
439 0.24 2.3  Waterglass-Al-glass 
440 0.3 2.3  Waterglass-Al-glass 
441 0.4 2.3  Waterglass-Al-glass 
442 0.5 2.3 Mockup paint completely 

spallate 
Waterglass-Al-glass 

443 0.75 2.3 Completely spallate JB paint Waterglass-Al-glass 
444 1 2.3  Waterglass-Al-glass 

 
3) ASTM Method for contact angle of sheet15   

 
Various surfaces studied here contact angle measurements and thermodynamic calculation 

for relationship between decay (tracking with DS timescale) of CA and the interfacial 

energy, since measured 2 samples with different DS values. Future work would ideally 

include sheets with varying DS larger than 0.1 difference, but access to cels of other time-

periods have limited the extent of this research. Evaluation of DS was by IC, and same 

sheets were measured for their contact angles, as a calibration curve to calculate work of 

the solid-liquid-vapor interface. This value in N/m, or J, can be compared to the values for 

the energy it took to spallate samples with different DS values, but in this study will be 

limited to applying it to two samples with similar CA substrate, and another sample that 

was CN substrate, with paint so brittle modulus values with limited sampling possibility.  

 

                                                           
15 Designation: D7334 − 08 (Reapproved 2013) 
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4) Results & Discussion 

 

1) Adhesion properties of 3 main paint types 
 

A)       B) 
  
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 4.15: Correlates well to recent data collected confirming this trend with ability of 
different paints to pick-up moisture from the environment to aid in hydrogen bonding and 
other intermolecular forces. A) adhesion force as a function of %RH, and B) adhesion work as 
a function of %RH. 
 
 

Paint adhesion forces follow macroscopic observations, and what one would expect of 

these three types of paint. The additional information is the contribution of cohesion to 

this value when calculating work of adhesion, so the paint adhesion variability can be 

taken into account with AFM uniquely as a function of %RH (Figure 15). 

 

Table 4.3: Values for work of adhesion based on extension of AFM method 
Paint year Paint work of adhesion [nN-nm] by 

AFM @ 50%RH 
1940 1.2E4 
1951 2.8E4 
1967 3.7E4 
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Figure 4.16: Here data shows a linear trend of increasing work of adhesion as a function of 

year the paint was made (at ~50%RH). 
 
 
This chart demonstrating the connection of increased work of energy between the year of 

the paint, and reveals a quantitative relationship that can be checked for accuracy with the 

other adhesion techniques presented (Figure 16). 

 

2) Interfacial Adhesion Measurements: 

1) Spallation Experiments for various samples 

Two paints chosen for the different behavior, one very brittle and low sorption of water 

(Figure 17), and the newer paint very flexible and of paint type A) as presented above 

(Figure 18).  
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Figure 4.17: 1940s white paint on CN early substrate from Bambi (1940) here under 

Keyence microscope at 20X. 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.18: 1960s white paint on CA (DS 1.47), mockup, here under Keyence optical 

microscope at 30X.  
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Figure 4.19: Light grey paint The Jungle Book (1967) production cel (DS 1.33) at 30X. 

 

5) Collecting Interferometry values then fitting stress profiles for various energy values of 

experiments: 435 444 using MatLab simulation in Gupta Lab.  

Table 4.3: Comparison of Different Laser Spallation Energies and variation in displacement as 

lower energy, new feature!  

Shot # Energy (J) Peak pressure 
incident to 
sample/ 
compressive 
shock wave 
[MPa] 

435 0.0750 3.0E2 
437 0.100 8.4E2 
438 0.155 1.60E3 
439 0.240 2.25E3 
440 0.300 2.70E3 
441 0.400 2.95E3 
442 0.500 2.95E3 
443 0.750 3.55E3 
444 1.00 3.8E3 
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Table 4.4: Paint from 1960s white, mockup 
Shot Energy [J] Result 

1 0.245 Top layer spallate only 
2 0.420 Close to spallation 
3 0.500 Completely spallate 
4 0.155 Smallest bit of top layer 

removed 
5 [new sample] 0.090 No spallation 

 

1A)                1B) 

 

 

 

 

 

2A)                2B) 

   

 

 

 

 
Figure 4.20: For paint adhesion from 1960s mockup paint/ CA:  
A) input-of fringe data (simulation) and B) stress [MPa] curves  
as function of 1) energy causing no spallation 0.100 J 2) energy to spallate 0.240 J. 

  

Table 4.5: light grey paint/CA from The Jungle Book (1967) production cel (deaccessioned) 

Shot Energy [J] Result 

2 0.750 Spallation [extreme] 

3 0.300 Spallation-less 

4 0.100 Only top layer spallation 
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5 0.050 No spallation 

 

 

 

1A)                1B) 

 

 

 

 

 

2A)                2B) 

   

 

 

 

 

Figure 4.21: For paint adhesion from The Jungle Book (1967) paint/ CA deaccessioned 
production cel:  

A) input-of fringe data (simulation) and B) stress [MPa] curves  
as a function of 1) energy causing no spallation 0.100 J 2) energy to spallate 0.75 J. 
 

Table 4.6: Paint from 1940s white, production cel 

Shot Energy [J] Result 

1 0.245 Spallation 

2 0.155 Spallation 

3 0.100 Spallation 

4 0.075 Lowest the laser can go, still see 
spallation 
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A)           B) 

 

 

 

 

 

Figure 4.22: For brittle paint adhesion that went to the limit of the instrument for 1940s 
paint/ CN:  

 A) input fringe data (simulation) and B) resulting stress [MPa] curves. 
 

Table 4.7: Input for Simulation Software: Material Properties 

Parameter/sample Mockup 
paint 1 

1967 paint 1 Substrate CDA 

mass [g] 0.071 0.026 0.037 
Thickness [cm] 0.00062 0.000925 0.01 
V [cm] 0.00258 0.00184 0.0279 
Density [avg. mass/avg. 
Vol] 

30.6 14.1 1.32 

Storage modulus [MPa] 400 - 100 

Loss modulus [MPa] 1000 - 3000 
Tan δ 0.6 - 4.80E-02 

 
 
It appears that when this data of these very similar materials were put into the simulation, 

the data could not be compared as showing any differences. Future work is intended to 

evaluate this deeper. 
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3) Contact Angle for thermodynamics adhesion calculations: 

Now the Young- Dupré equation will be compared with the calculation an estimated work 

of adhesion at the solid-liquid-vapor interface.  To compare to values of work calculated 

with AFM, to answer, does paint follow same trends in these two methods?  

Contact angle varies as a function of DS [Table 8], and we know that samples age in a 

heterogeneous fashion. Not able to get the exact spot, but knowing the DS nearby, may 

be able to give insight into it. 

 
Table 4.8: Compare to the Work when interacting with water on the surface tension 

D.S.  Sample Measured 
Contact Angle 
[°] 

Cos(Θ)  Calculated work 
[N-m] 

3.0 CTA blank sheet-
center 

135 -0.71 7.58E-02 

2.0 Jungle Book 
interleaving 
sheet-center 

99 -0.15 2.01E-02 

1.0 Fantasia 
coversheet 1- 
sport 13 

110 -0.34 1.08E-03 

0.2 Fantasia 
Coversheet 1- 
center 

117 -0.45 3.01E-03 

*%rsd of measurements are all < or = 5%.  
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   B) 
 
 
 
 
 
 
 
 

 
Figure 4.23: Examples of images for calculating contact angles for sheets at DS 0.09 and 

DS 3.0, showing range of properties. 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
  
 

 
Figure 4.24: Curve showing the influence of DS on the values of work of adhesion as 

measured with contact angles. 
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Figure 4.9: Table showing results of contact angle for plastic sheet samples 

D.S.
  

Sample Averaged 
Measured 
Contact 
Angles [°] 

% RSD 
of 
contact 
angles 

Cos(Θ) 
from 
averages 

Calculated 
Work [N-m] 

Theoretical 
work by 
contact 
angle curve 

1.33 Jungle 
Book edge 
sheet  

113 2.23 -0.39 1.39E-01 

 

1.10E-02 
 
 

 
1.47  Mockup 

edge sheet  
116 3.75 -0.44 2.07E-03 7.54E-03 

 
 
 
 
Table 4.10: Results of measurements of work of adhesion calculated with multiple 
adhesion techniques 

Sample Adhesion technique Measured Work values 
Paint 

 
AFM-surface 17960 [nN-nm] 

Plastic JB AFM-surface 100 [nN-nm] 
Plastic JB contact angles with standards 1.39E-01 [N-m] 

Animation cel Interfacial-LS Results with these samples 
are too similar to compare 

 
 

6) Conclusions 
 

Same trends of behavior in both methods on all materials, correlating 1960s mockups with 

1960s production cels, and differentiating them from older material properties in 

1940s.Also, correlations between scale of surface method and interfacial method of 

adhesion. 

 Contributions of this paper include investigating art materials for the first time through 

the laser spallation technique, measuring interfacial free energy between paint and plastic 
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without the influence of electrostatic or plastic forces that tend to influence other 

adhesion measurements. Important evaluation of techniques for both paint and plastic 

adhesion were completed to correlate to processes that influence the adhesion in the 

animation cel laminate materials. In the case of the paint, the sensitive timescale is short, 

within hours, in response to % RH, and can be evaluated in a controlled research chamber. 

In comparison, the plastic is not easily evaluated in such a short timescale due to 

differences in sheets occurring from a reaction and buildup of acetic acid, and thus can be 

studied through a more bulk technique like the surface analysis with contact angles. 

 Though destructive adhesion testing through laser spallation, it may be useful for 

evaluation and testing of coatings for the outdoor painted sculpture artworks, which have 

similar materials to the intended use of this technique in the electronics industry with 

metal substrates bonded to transparent coatings.  
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5 Preliminary correlations between scientific assays and 

fundamental chemistry to help solve important storage questions 

for animation cels 

 
Here is a divided chapter, presented by preliminary correlations of two scientific assays: the 

one utilizing a modified AFM method, the second applying a previously developed method to 

a much larger dataset of blank animation cels or coversheets.  

 

5.1) Paint Adhesion Failure Sensor: Functional Chemistry Insights into 

Walt Disney animation cel paint adhesion with Chemical Modification of 

AFM probes through gold-thiol chemistry 

Abstract 

This tool was developed to determine if macroscale behavior continues down to the nano-

scale, with regard to paint having increased adhesion with increasing %RH environment 

(Figures 1 & 2). Measuring adhesion between heterogeneous samples continues to be 

problematic for the cultural heritage field, which typically relies on a macro-scale 

destructive tape test method. As an alternative technique, atomic force microscopy (AFM) 

has been employed to capture nano-mechanical information on adhesion from force-

displacement curves.16 In the context of degrading painted plastic materials of animation 

cels from the Walt Disney Animation Studios, a major advantage of AFM over the tape test 

method is that material properties of sub-millimeter samples can be analyzed in a virtually 

non-destructive way. However using the AFM method, a non-specific adhesion is being 

                                                           
16 Beltran, 2017. 
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measured with an inert silicon nitride tip, not accounting for any chemical interactions. 

This research seeks to address the chemically specific adhesion of the paint as a function of 

changing %RH and changing tip chemistry.  

 
   A)         B)          C) 

 
 
 
 
 
 
 
 
 
 
 
 
 

 
Figure 5.1: Here in this production cel from Cinderella (1950) shows the result of a literal movement of 

the paint on, off, and back on, in order to show this lack of image literacy with the original outline, 
demonstrated through A) raking light, B) UV-VIS, and C) transmitted light. ©Disney. 

 
 
 
 

 
 

 
 
 
 
 
 
 
 
 
 

 
 

Figure 5.2: Gum Arabic paint from The Black Cauldron (1985), within the latest time period of paint 
behavior, sticking to the interleaving paper. Raking light photography detail. ©Disney. 
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1) Background 
After a manuscript was written demonstrating the use of AFM to differentiate adhesion of 

paint and plastic,17 it was this author’s intention to probe at the preferred chemical 

adhesion of the paint under varied % RH conditions. This new approach would give insight 

beyond nano-mechanical forces with AFM and better understand quantitative values of 

molecular adhesion interactions through single molecular force recognition microscopy.  

The only chemically specific adhesion methods known by this author is in the field of 

biomechanics, where AFM probes are chemically modified in order to probe at specific 

lock and key binding energies associated with important biological reactions.18 The 

potential of using this method to probe at dissociation energies of different types of bonds 

is demonstrated in the reprinted graph from S. Sharma and coauthors, where functional 

groups of the substrate and tip were both controlled through synthesis and quantified on 

the scale of nano-forces (Figure 5.3). 

 

 
Figure 5.3: Reprinted demonstrating types of chemical interactions accessible through AFM, by 

separation of force type into intermolecular and intramolecular.19 

 

                                                           
17 Beltran, 2017. 
 
18 Shivani, et al. 2012. 
 
19 Hugel, 2001. 
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There are different strategies to functionalizing an AFM probe one includes chemical 

synthesis and the other involved mechanical adhesion of microspheres onto the tip. The 

choice of AFM tip is important because it has a direct effect on the accuracy of the 

measurement,20 and various types of interactions are summarized below (Figure 4), where 

intramolecular forces are smaller than the intermolecular ones.  

Within this system, linker molecules are ideal to add more accessibility of the 

functionalized molecular group to the substrate, as is commonly done with single molecule 

functionalization. Unlike in biological systems made up of interactions that are lock and 

key, it is the goal of this work to saturate the tip with functional groups to get an 

indication into the trend of the interaction types. This approach directly affects the 

adhesion peak if unlinking occurs, which is easily identified by the behavior of the inset 

(Figure 5). This unlinking is unlikely since the gold-thiol bond connecting the 

functionalization to the AFM of about 50-100 kJ/molis more than the expected hydrogen 

bond or van der Waals interactions with the paint surface (10-40 kJ/mol). 21 

 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 5.4: Figure showing probe functionalized with Gold-thiol chemistry.22 
 
 

                                                           
20 Barattin, 2008. 
 
21 Xue, Y., 2014. 
 
22 Berquand, 2010. 
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Figure 5.5: Characteristic curved unbinding peak as the linker molecule stretches and breaks.23 

 

 
2) Method/approach:  

Fundamental chemistry to investigate adhesion properties on the nano-scale here, a sensor 

technique was developed to draw insight into the macroscale phenomenon concerning 

highly concentrated humectant containing paint with interleaving materials. In order to 

represent both the chemical and mechanical interactions of adhesion in these systems, a 

paint sample was studied for its interaction with chemically modified AFM tips. Choosing 

to study the sticky or ‘type A’ paint from the most recent period of gum Arabic paints in 

the collection, by removing a small piece already flaking or easy to remove, then adhering 

it to a magnetic disc with conservation grade thermoplastic adhesive of ethyl methacrylate 

copolymers called Paraloid B-72. The functionalization of the AFM tips will serve to 

represent either the cellulose triacetate sheet (Figure 6), or to represent a cellulose-based 

interleaving paper (Figure 7), thus comparing one type of chemical adhesion of paint to 

one vs. the other. This process was repeated in triplicates of synthesis tips, while also 

collecting at least 30 force distance curves to average for each change in environmental 

                                                           
23 Berquand, 2010. 
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parameters. In theory, another parameter to vary in the future would be paint type, or 

even more variations in substrate type, as described later in the future work section.  

 
 
 
 
 
 
 
 

Figure 5.6: Cellulose triacetate chemical structure. 

 
 
 
 
 
 
 

 
Figure 5.7: Cellulose chemical structure. 

 
 
 
A)  
 
 
 
 

 
B)   
 

 
 

Figure 5.8: Chemical structures for the thiols purchased and completed a one-pot synthesis reaction 
with the gold tipped AFM probes: A) 11-Mercaptoundecanoic Acid, functionalization to represent “the 

sheet” and B) 11-hydroyxy-1-undecanethiol; “cellulose based paper” functionalization. 

 

Coating typical AFM tips with gold (which have been purchased from Bruker with spring 

constant of 5 N/m), instead of keeping it bare helps avoid the hydrophobic attraction of 

the silicon-based tips to silanol groups, or causing adsorption of other contaminants on 
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the surface.24 Another advantage of gold coated tips includes the fact that gold is inert, 

and these tips can be easily recycled by removing all attached molecules (with detergents 

or UV-ozone treatments).25 

 Gold-thiol chemistry was used to attach the long alkyl chains to the tip, leaving specific 

functional groups of –OH (of 11-mercaptoundecanoic acid) and –COOH (of 11-hydroyxy-

1-undecanethiol ) to interact with the paint (Figure 8). Schematic representation shows 

the representation of the AFM tips after the one- pot synthesis (Figure 9).  

 The gold coated tips were cleaned using UV for 1 hour to remove organic 

contamination, rinsed in absolute alcohol and immediately immersed into a 5mM solution 

of ethanol of 11-mercaptonundecanoic acid, HS(CH2)10 COOH functionalization (Sigma). 

The same protocol was followed for OH functionalization but with [insert chemical name 

here] SH(CH2)10OH. The modified tips were rinsed in ethanol, dried under a stream of 

nitrogen, and used immediately for experiments. Force curves on were evaluated for 

effectiveness on control surfaces (silicone molds), and with various concentrations and 

synthesis times (Figure 9). The force control mode was utilized in non-contact (static) 

mode, at 20.2 nN at X Hz, ramp size ??, scan rate ??, and tip velocity ??. Measurements 

were taken in 1 region with a 10 um wide region with measurements as close at 50 nm 

from the closest measurement. At least 30 measurements were averaged for each curve 

presented here.  

 

 

 

 

                                                           
24 Barattin, 2008. 
 
25 Berguand, 2010. 



130 

A)       B) 
 
 
 
 
 
 
 
 
 

Figure 5.10: Silicone surface method development: A)Post-functionalization, tip seems to be most 
effective within the first 2 hours, even after a 27 hour synthesis for –OH groups  and B) Varying the 

concentration of OH did not show a difference, but –COOH showed a difference. 
 

 After protocols were developed with the silicone surface, the humidity of the chamber 

was varied in this process to evaluate if chemically specific adhesion forces would vary as a 

function of %RH. The two variations of functional groups were chosen to represent the 

fundamental differences between cellulose (-OH group) and cellulose triacetate (-COOH 

groups), in order to probe if the paint has stronger adhesion to a cellulose interleaving 

sheet vs. the plastic substrate. 

3) Results/discussion 

At low RH, prefers to stick to COOH (CTA substrate sheet). At 50 %RH and 80 %RH, paint 

prefers to stick to OH (cellulose interleaving papers). This would imply that for animation 

cels known to stick to cellulose interleaving materials, these sheets should be stored at 

lowest %RH safe from paint cracking (~35 %RH) according to archival documents.  
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Figure 5.11: Defining adhesion force and its work, two parameters using for comparison in this 

method.26 
 
 
 

 
 
 
 
 
 
 
 

 
Figure 5.12: OH adhesion to paint is a larger force than to the COOH adhesion to paint, as 
a function of 30, 50, and 80 %RH.  

 
 
 
 
 
 
 
 
 
 

 
 

Figure 5.13: Charts demonstrating the overall trend of higher work of adhesion between OH 
“interleaving” and paint at most ranges of humidifies, but data at 30%RH reveals inversion of 

trend at this condition. 
 
 

                                                           
26 Beltran, 2017. 
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Table 5.1: Work values calculated from force curves at varying %RH 

%RH COOH work 
[nN-nm] 

OH work 
[nN-nm] 

ratio OH:COOH ratio COOH:OH 

30 17900 7780 4.35E-01 2.30 

50 53300 501000 9.40 1.06E-01 
 

80 3.44E+06 6.55E+06 1.90 5.25E-01 

 
For the OH probes, the repeatedly larger OH interaction with paint at 50%RH and 80%RH 

reveals the increased adhesion between the paint and “the interleaving” at these 

conditions. The COOH probes and their repeated increased cohesion measurements with 

increased areas for the 30%RH set of data suggests there is a preferred or stronger 

interaction between the “cel” and the paint at this environmental condition (Figure 5.13).  

Further, the thermodynamic values also demonstrate the same adhesion trend in these 

conditions with this formulation of paint-A (Table 5.1). 

 
4) Conclusions 

 
 
 
 
 
 
 
 
 
 
 

 
 

Figure 5.14: Image demonstrating the effects of polyethylene sheets on the surface 
structure of this paint from The Fox and the Hound (1981) in raking light photography, 

detail. ©Disney. 
 

To avoid this type of paint adhesion to cellulose based interleaving materials, store these 

animation cels at lower %RH. Initial results were promising but wanted to prove method 

to ourselves with many batches of averages and different functionalization type. For the 

application of this method, first time applied to cultural heritage is usually applied to 
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biological systems to better understand lock and key mechanisms correlated to 

mechanistic tuning of properties, thus making the values to be precise.  

However in this application, the approach of investigating a new sensor was developed, 

though not yet perfected on the nano-scale, and exploratory experiments will be 

presented and used for qualitative trends here, not for quantitative purposes.  

This is a new chemical adhesion method application to probe at paint adhesion to 

substrates as a function of %RH, could be applied to other paints also adhered to CA, to 

determine storage solutions for those materials. 

Upcoming work may investigate other types of paint and their adhesion to these same 

materials. Other work could look at these sensors made by CH2 groups in the 

representation of polyethylene sheets that tend to cause other interleaving problem 

Interleaving we know is sensitive to %RH, from DVS curves. Tips as CH2 groups to 

represent polyethylene sheets used as interleaving materials, and relative interaction with 

paint that causes this damage (Figure 14). 
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5.2) Sheet degradation monitoring by bulk state: analysis of cellulose 

acetate standards and naturally aged Walt Disney animation cel 

samples with ATR-FTIR correlation curve 

Abstract 

As described in detail in Chapters 2 & 3, cellulose acetate (CA) degradation through 

hydrolysis as tracked by degree of substitution is a bulk marker important for storage 

solutions for animation cels. In order to utilize this information, it would be useful for 

practitioners closest to the art materials to have non-destructive tools to monitor this 

property of animation cels, as this paper seeks to do. With the added knowledge that 

comes from analyzing pure samples, it is demonstrated the ability to correlate between 

non-plasticized naturally aged CA samples to synthesized CA samples with the assistance 

of a correlation between similar curves fit to this data. In the long term, it is hoped that a 

material database containing spectra of animation cels and standards by many instruments 

would be most useful for characterization of sheet type and overall bulk for collections of 

animation cels beyond Disney, however at the moment the study will be limited to the CA 

sheets owned or deaccessioned by the Walt Disney Animation Research Library (ARL). 

 

1) Background  

Since the AD strips are more a marker of the free acidity, or unbound acidity and thus 

reactant product content on the surface of a sheet, this method does not provide the 

collections care manager with the bulk information that would provide evidence for 

intervention as invasive as changing the temperature or overall environment of the 

animation cel. On the other hand a possible solution to this sought out bulk identification 
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is attempted here with ATR-FTIR, due to its nondestructive and molecular characterization 

capabilities.  

In 1989, IR was first applied to studying naturally aged composite CA supports;27 however, 

the IR spectra proved complicated by additives present in the CA films. Though as soon as 

1990 solvent extraction techniques were utilized to remove some of these interfering 

plasticizers from analysis, no paper has yet been published correlating between FTIR 

spectra of naturally aged and CA sample standards of varying DS.28 

In an initial survey of Disney-ARL, E. Richardson used this tool to distinguish between CA, 

cellulose nitrate (CN), and polyester (PE) sheets; however, after analyzing a range of CA 

only sheets, she concluded “FTIR offers no particular advantage as a tool for assessing the 

extent of deacetylation of CA polymers.”29 However, it is the goal of this manuscript to 

prove the opposite by utilizing an improved method of graphing the data, and by 

comparing animation cels with standards, in both transmission and ATR modes on the 

FTIR. 

2) Method 

Synthesis of standards of CA with varying DS values proved difficult, as several published 

paper protocols did not work. The final method that successfully synthesized 4 CA 

standards was completed by colleague J. Mazurek following a 1963 protocol.30 Standards 

were synthesized in lab and then characterized for their DS values (in triplicates) with IC.  

 
How to graph FTIR:  

                                                           
27 Horie, 1989. 
 
28 Whitnack, 1952. 
 
29 M.T. Giachet, 2014. 
 
30 Tanghe, L.J., 1963.  
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1. Degree of substitution (DS) of samples on x-axis 

2. Ratio of OH peak to C=O peak: C=O peak area is correctly done; however, OH peak 

area is incorrect, should be OH peak height. This is due to the difference between 

intramolecular bonding vs. intermolecular bonding, one is interaction with water, and 

another is interaction of the bulk polymer. The use of this ratio here is not to understand 

how the polymer interacts with water, so taking the entire area of this peak would be 

misleading. Instead, the peak height is used, so the final proper y-axis would be (OH peak 

height/ C=O peak area)*1000.31 

 
Figure 5.14: reprinted Figure 9 from Giachet, 2014, Polymer Deg. And Stability. 

 

3) Results 

An initial study of only a few samples demonstrates a correlation between samples from 

animation cels with a variety of DS standards (Figure 14). In the context of Figure 2.22 [DS 

vs DP] Chapter 2 of this manuscript, it is clear that as the CA polymer degrades by 

hydrolysis, it also degrades by degree of polymerization, as expected when interacting with 

both water (reactant for hydrolysis) and oxygen (reactant for chain scission reaction). The 

question is does the exposure of the exterior of the sheet to the interface with oxygen, and 

how this could influence the FTIR molecular characterization of the sheet. For example, if 

                                                           
31 Samios, 1997.  
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the x-y direction of the animation cel varies with DS as shown in Chapter 2, is there 

variation in DS in the z direction of a sample (Tables 1-2). 

 
Table 5.1: CDA accelerated aged from The Rescuers (1977) analyzed as a function of depth 

Sample/location DS (by IC- 
bulk) 

OH 
peak 
height 

C=O 
peak 
area 

OH/C=O x 
10^(3) (by 
ATR- FTIR) 

CDA (The Rescuers, 1977) unaged- surface 2.4 0.0620 20.865 2.97 

CDA accelerated aged (The Rescuers, 1977)- surface 
 

2.0 0.0178 17.439 10.21 

CDA accelerated aged (The Rescuers, 1977)- deepest 
depth 1 

2.0 0.175 17.050 10.26 

CDA accelerated aged (The Rescuers, 1977)-  depth 1-
1 

2.0 0.170 17.408 9.77 

CDA accelerated aged (The Rescuers, 1977)- depth 2 2.0 0.116 12.286 9.44 

CDA accelerated aged (The Rescuers, 1977)- depth 3 2.0 0.113 12.142 9.31 

Precision of correlation factor: 0.95 
 
 

 
Table 5.2: CDA naturally aged from a Coversheet analyzed as a function of depth 

Sample/ location DS (by IC-bulk) OH peak height C=O peak area OH/C=O x 10^(3) 
(by ATR- FTIR) 

CDA naturally aged 
(UM-28)- surface 

1.7 0.165 20.573 8.00 

CDA naturally aged 
(UM-28)- deepest 
depth 1 

1.7 0.195 21.152 9.21 

CDA naturally aged 
(UM-28)- depth 1a* 

1.7 0.105 14.814 7.07 

CDA naturally aged 
(UM-28)- depth 2 

1.7 0.115 18.692 6.16 

CDA naturally aged 
(UM-28)- depth 2a 

1.7 0.122 13.859 8.80 

CDA naturally aged 
(UM-28)- depth 3 

1.7 0.134 17.235 7.79 

CDA naturally aged 
(UM-28)- depth 3a 

1.7 0.099 10.466 9.46 

CDA naturally aged 
(UM-28)- depth 4 

1.7 0.113 15.420 7.30 

CDA naturally aged 
(UM-28)- depth 4a 

1.7 0.117 20.682 5.68 

*value followed by letter indicates similar z-depth to the number, but different area in x-y 
plane 
Precision of correlation factor: 3.78 
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Figure 5.15: Comparing data for CDA aged differently as a function of depth, where the only 
obvious trend is that the naturally aged CDA has a wider spread in the correlation factor than 

does a CDA accelerated aged through the methodology presented here. 
 

 

Another case study was compared between standards synthesized in lab at DS 2.2, 2.0, 

1.7, and 1.0, and able to be cast and measured with ATR and transmission after 

completely dried. The calibration curve made from the standards was compared to several 

animation cels that underwent extraction of plasticizers for other experiments in lab.32 

These naturally aged samples studied here included: UM-Coversheet 28 (DS 1.7), Fantasia 

interleaving (DS 2.0), and Alice in Wonderland interleaving (DS 2.4). The similarity between 

these two calibration curves are promising, and thus more work was extended to naturally 

aged coversheets at lower DS values. 

                                                           
32 Whitnack, 1951. 
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Figure 5.16: Correlation curve between standards and animation cels (without plasticizer), 

analyzed by ion chromatography for x-axis, and ATR-FTIR for y-axis. 
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4) Newest Results: 
 

 
Table 5.3: Samples analyzed for extended calibration curve: 

Film Sheet Type Year 

Peter Pan Production Cel 
Interleaving 

1951 

Bath Day Coversheet 1946 

Crazy with the Heat Coversheet 1947 

First Aiders Coversheet 1944 

Mickey’s Delayed Date Coversheet 1947 

Double Dribble Coversheet 1946 

Lighthouse Keeper Coversheet 1967 

Dog Watch -1 Coversheet 1945 

Dog Watch- 2 Coversheet 1945 

Fantasia- 1 Coversheet 1940 

Fantasia- 2 Coversheet 1940 

Fantasia- 3 Coversheet 1940 

Plausible Impossible Coversheet 1956 

In Dutch Coversheet 1946 

The Purloined Pup Coversheet 1946 

Legend of Coyote Rock Coversheet 1946 

Old Sequoia Coversheet 1945 

Tiger Trouble Coversheet 1945 

The Jungle Book Production Cel 
Interleaving 

1967 

The Rescuers Production Cel 
Interleaving 

1977 

Swatch Grey-0 Swatch 1968 

Robin Hood Coversheet 1973 

The Fox & the Hound Coversheet 1981 

Pluto’s Housewarming Coversheet 1947 

Contrary Candor Coversheet 1944 

Donald’s Garden Coversheet 1942 

Mickey & the Beanstalk Coversheet 1947 

Little Mermaid Production Cel 
Interleaving 

1989 

Black Cauldron- Witch Production cel 1985 

Black Cauldron- Boy Production cel 1985 

Pete’s Dragon Production cel 1977 

Robin Hood Production cel 1973 
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Figure 5.17: FTIR (transmission) spectra revealing obvious trend in lab synthesized standards 

as a function of DS. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 5.18: FTIR (transmission) spectra showing trend of samples as a function of DS, 
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Figure 5.19: FTIR (ATR) spectra showing trend of samples as a function of DS, but less 

sensitive than transmission at recording this affect. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 5.20: Correlation curve between samples and standards, adding all the data points into 
the curve to see overall trends of a linear relationship versus an exponential relationship as a 

decreasing in DS. 
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Figure 5.21: Calibration Curve with standards and samples select from list to make example of 

future leads in this area. 
 
 
In this newest batch of data, the IC values for the DS seem off, thus causing unexpected 

variations within the calibration curves of the large data set, and for the final figure had to be 

hand selected to make even this good of a correlation. Future work must be done to ensure 

DS values are all correct, in order to determine if this method will be possible for conservators 

in the future who analyze CA DS standards with their ATR to correlate it to samples in situ. 
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6 Conclusion 
 
The formation and thus catalyst of the % free acetic acid in the hydrolysis reaction of 

cellulose acetate (CA) polymer is important for monitoring reactivity, and thus is worth 

tracking for its contribution to the hydrolysis rate and need for remedial or preventive 

intervention. The key behind the research contributions here was through going back to 

the basics, by not underestimating the role of the hydroxyl group on the variation between 

CTA and CDA, where their difference in hydrophobicity leads to distinguishing behavior 

for their capability to absorb and react with water. Here the coating of paint acts as a 

hydrophilic layer that is attracting water from the environment toward this system, leading 

to a gradient of reactivity for this hydrolysis-prone polymer substrate, as demonstrated in 

chapter 3. Not only did the hygroscopic behavior of the paint led to the treatment 

methodology for the majority of the flaked paint in the collection, but also water plays a 

major role on the sheet storage considerations, as it suffers from it’s own interaction with 

water, particularly. If anything can contribute as the main factor, it would be to isolate the 

collection from humidity, so keeping these materials in Los Angeles dry weather has kept 

them in great conditions in general. Likely the inner storage methodology has also 

contributed to the collection’s stability, thus future documentation research in this area 

may be useful. 
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Figure 6.1: Schematic demonstrating thought process in experimental design for this project, 
and what has been completed for the completion of this dissertation. 
 

Hydrolysis rate is influenced by the presence of plasticizers, by the temperature, and by the 

amount (%RH reactant in product % free acetic acid [ppm]) and accessibility (DVS) of 

reactants, of course. The definition of autocatalysis, as this reaction is defined by, reveals 

that the DS of the sample influences the amount of % free acid formed.   

Key contributions from in this dissertation lie in the inter-disciplinary topics, as well as 

multi-disciplinary tools to solve applied research in the field of materials science and 

engineering. The interdisciplinary research lies in topics such as preventive art 

conservation, polymer chemistry, materials engineering, and fracture mechanics. Multi-

disciplinary tools include a variety of characterization methods such as cross polarized 

photography, chromatography, light and electron microscopy, laser spallation, and atomic 

force microscopy. Solution-oriented experiments that appear unfinished in this schematic 

(Figure 1) will continue in future research within the context of my research position at 

Getty Conservation Institute (GCI) through the end of phase 2 of a collaboration with Walt 

Disney Animated Research Library (ARL).  
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Main contributions of this document include emphasizing the role of hydrolysis based 

aging properties on the physical and chemical properties relevant to the loss of artistic 

stability beyond film (CTA) to animation cels (CDA) and other film related materials such as 

Dictaphones!33 The impact of this conclusion is significant for archivists and collectors of 

film collections [Chapter 3]. Further, the very visual images from a strain viewer within the 

context of a pressure study was paired with chemical identification through unbound and 

bound properties for decay of CA was able to contribute insight. For example the reactivity 

of the sheet is related to the % free acetic acid content as well as the storage properties 

like pressure, temperature, and % RH [Chapter 2].  The third major contribution lies in the 

context of measuring the % free acetic acid content through ion chromatography for batch 

mode experimental research, efficiency leading to more precision, better accuracy, and the 

ability to add a variety of creative solutions. One contribution that will lead to another 

efficiency is the extension of the tool of ATR-FTIR to a much larger dataset of samples from 

various time-periods and various stages of decay [Chapter 5.2], and building up this 

database would prove incredibly useful for collections care managers. This last 

contribution is an intriguing method for future solution-oriented experiments with control 

over %RH, T, or ppm acetic acid [in vapor space] and the contribution pertains to the 

AFM-sensor to detect chemically specific adhesion that is modelled to mimic the substrate 

(1-mercaptoundecanoic acid functionalization) vs. the interleaving (11-hydroyxy-1-

undecanethiol functionalization) [Chapter 5.1]. 

 
Impact and beyond 

                                                           
33 Huelsbeck, M. “Providing Access to Media related Collections: Dictabelts, posters, and paperwork” Session 2, 
Wednesday May 15, 2019, The Film Librarians Conference, The Margaret Herrick Library, Los Angeles, CA, USA, 
Conference presentation.  
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Not only is this application useful to the case study collection of animation cels in Walt 

Disney Animation Research Library, but with some fine tuning, similar research techniques 

could be applied to other research collections of similar paint-plastic laminates of 

heterogeneous mixtures. It is hoped that within the next year or so a major output from 

this research will include a set of guidelines for storage of animation cel collections. 

However, no research of this breadth and depth could be achieved without the 

collaborative aspects of this effort with specialists within the context of the research 

position at GCI. Particularly the hands on observational work with a conservator to begin 

the research was fundamental, key, defining. After viewing other collections of animation 

cels during this research opportunity with the GCI, it has become clear that an obvious 

future area of research would be in studying the variable decay for animation cels made of 

oil, alkyd, vs. this gum-Arabic based paint. Hydrophilic vs. hydrophobic paint may have 

very different long term adhesion and degradation properties. Mockups could be made (or 

more deaccessioned artworks with a known environmental history could be donated for 

their study), aged, and compared through this CC animation cel toolkit: for adhesion 

properties [Chapter 4], for interaction with storage vs. substrate materials [Chapter 5.1] 

and for lifetime approximations through acetic acid formation [Chapter 3]. If collections 

were studied in the future, it would be suggested to follow priority of the different 

chapters in this dissertation, first understand the system through investigation of previous 

storage conditions before beginning chemical and mechanical interpretations through any 

of the methods presented in this dissertation. Moreover, when investigating properties for 

preventive conservation experiments, start with those most likely to be able to control and 

relationships to those most easily measurable [Chapter 4 and 5]. But for a real 

understanding of a long term behavior, investigate bulk DS of the sheet [Chapter 2] and 

water uptake properties [Chapter 3]. For research into paint cohesion and environment, 
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the most useful study is the AFM of paint with varying %RH. The adhesion of paint to 

plastic is likely influenced by the brittle vs. elastic behavior demonstrated with this test in 

a virtually non-destructive way [Chapter 4].  

 
 
 
 
 
 
 
 
 
 

 
Figure 6.2: Please remember this face of the Horned King from The Black Cauldron (1981) 

when debating whether to use this work without permission from myself or my collaborators. 
©Disney. 

 
Like all queries worth investigating, this project has set forth to create practical tools and 

correlate to other lifetime predictive studies in order to aid conservators, archivists, and 

conservation scientists hoping to identify materials within their collections that are 

begging for intervention, and requiring separation from other animation cels, and other 

environments sensitive to off-gassing. Though this research demonstrates a wide breath of 

research from optical, chemical, physical, mechanical, to environmental, and in an 

application that proves useful for both artistic and cultural value, the research presented 

here is the deep scientific methodologies that have taken doctoral level thinking to 

develop, beyond the characterization or method development tasks, though these have 

also proved challenging in their own right when more than one variable is changed at a 

time (NEVER AGAIN!). Field needs include condition survey guidelines, treatment 

guidelines for different types of paint, storage guidelines (coming soon!), material database 

of paints.  
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The possibility of replasticizing degraded CA using plasticizers that are more compatible 

with the partially-hydrolyzed polymer has been a hot topic of discussion amongst several 

researchers within the CA and film communities. Thermal aging studies from the 1940’s of 

CA showed uptake of semi-volatile plasticizers occurs in a flowing gas stream. This 

supports the idea that plasticizers may be reintroduced into a degraded plastic without the 

need to saturate their surfaces with a liquid plasticizer. This would be interesting future 

work now that the decay mechanism within a sheet substrate is better understood. 
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7 Appendix I: Supplemental Information for Introduction 

2D-NMR technique: molecular characterization of solid state materials 

in this application through manipulation of data 

A) Mockup  

A mockup of cellulose triacetate sheet- typical of material from the 1980s feature films- 

painted with two different colored paints in 2 inch squares leaving a 2 inch square of sheet 

in between was sent to Tyler Meldrum for 2D NMR analysis. Data was collected, and a 

report was sent back a few months later.  

The report included the following three figures, one for each position on the paint sample, 

representing chemical analysis through depth profiling (see Figures 17-19). In each figure, 

the (relative) position is indicated on the x-axis in microns, and the y-axes correspond to the 

signal amplitude (top) or relaxation time T2 (bottom). [Note: both y-axes are on logarithmic 

scales]. The signal amplitude is the amount of the hydrogen proton signal that is detected 

in a particular region. The signal amplitude is usually used to distinguish between canvas 

and paint (canvas usually shows much less signal than paint) in other applications of this 

method. Another example would be to look at delamination: where a paint film has 

experienced delamination we would expect an abrupt decrease in the signal intensity in the 

“void” region, unless there is phase separation or buildup of additives or moisture at the 

interface. Other figures include a y-axis with T2 relaxation, which is helpful in distinguishing 

between types of material that may be in physical contact. For example, ground and paint 

may be distinguishable based on T2 relaxation, while they tend to produce similar amounts 

of signal. 
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B) Natural samples:  
The paint was on the top of the cel in this setup. One control I didn’t do was to measure the 

thickness of or the signal from the mylar. I can do that. I did two measurements: one at a spot 

on the cel with paint on it, and one on a spot that had only the cellulose from the cel (no 

paint). These spots are designated painted (red) and unpainted (gray) cel in the data. 

Each measurement is actually a series of individual measurements at different positions, each 

10 um offset from the previous. At each position, a full CPMG decay train (WHOA NMR 

jargon!) measured. Basically, this is a series of signals acquired in rapid succession that, taken 

together, show me both (1) how strong the signal is in a particular area and (2) how quickly 

that signal decays. The amount of signal tells me how much proton-containing material is 

present in a given area, and the rate of signal decay indicates how strongly coupled/cross-

linked the protons in the material are. Strongly cross-linked materials (think cross-linked 

polymers) have rapid relaxation rates (shown in my data as a small T2 time), while weakly 

cross-linked materials (think liquid water) have slow relaxation rates (or large T2 times). To 

produce the figures that I’ve sent you, I take the CPMG data at each position and fit it to an 

exponential decay function that gives me values for both the signal amplitude and the 

relaxation time T2. Then I stitch each of the A and T2 values from each position together to 
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produce two figures: a plot of signal amplitude vs. position, and another of T2 vs. position. 

Doing this whole process twice—once on the painted part and once on the unpainted part—

gives a total of four graphs. I’ve overlaid the T2 graphs and the A graphs so it’s easier to see 

the differences caused by the addition of paint. [By the way, my exponential function is f(t) = 

y0 + A*exp(-t/T2), where y0 is a y-offset to account for an incomplete decay [trivial in these 

experiments], A is the parameter for the signal amplitude, t is the time parameter for the 

CPMG measurement [the independent variable], and T2 is the characteristic relaxation time, 

T2, here reported in ms. 

 

 
 

 

 

 

 

 

 

 

 

 

 

 

 
 
 
Method for analysis of modern paint by Joy Mazurek. 
Fourier-transform infrared microspectroscopy (FTIR) and Gas Chromatography Mass 

Spectrometry (GC-MS) were used to analyze the Disney paint samples. FTIR is a technique 

that can be used directly on a sample without requiring aggressive chemical pre-treatment. 

Furthermore, it can also identify other non-volatile species (such as acrylic media) that cannot 
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be detected by GC-MS.  A representative sample particle was placed on a Diamond window, 

and analyzed by transmitted infrared beam.    

GC-MS Proteins34: 100 µL of a solution of 6 N HCl is added to the vials and heated for 24 

hours at 105 °C.  Evaporate and reconstitute in 25 mM HCl to a final volume of 60 µL.  Mix 

with 32 uL of ethanol, 8 uL pyridine, 5 uL ECF. Shake for 5 seconds, and add 100 uL 1% ECF 

in chloroform.  The chloroform layer is transferred into a vial and the solution is extracted a 

second time, neutralized, concentrated and injected into the GC-MS.  An INNOWAX (25 M x 

0.2 mm x 0.2 µm) capillary column was used for the separation. Helium carrier gas was set to 

a linear velocity of 38.8 cm/sec, at 1 mL/min.  Splitless injection was used with a 60 sec purge 

off time, and was set to 240 °C.  The MS transfer line was set to 240°C. The GC oven 

temperature program was: 70 °C for 1 min; 20 °C/min to 250 °C; isothermal for 3.5 min.  Total 

run time is 12 min.   

GC-MS Oils35: 100 µL of a solution of Meth Prep II reagent (0.2 M TMTFTH in methanol) in 

toluene (1:2) were added to the vials.  The vials were warmed on a hotplate at 60 °C for 1 

hour.  After cooling, the vials were centrifuged, and the contents were ready for injection into 

the GCMS.  An INNOWAX (25 M x 0.2 mm x 0.2 µm) capillary column was used for the 

separation. Helium carrier gas was set to a linear velocity of 44 cm/sec. Splitless injection was 

used with a 60 sec purge off time, and was set to 260 °C.  The MS transfer line was set to 260 

°C. The GC oven temperature program was: 80 °C for 2 min; 10°C/min to 260 °C; isothermal 

for 15 min; 20 °C/min to 260°C; isothermal for 2 min.  Total run time is 38 min.  

                                                           
34 Schilling, M.R.and H.P. Khanjian, "Gas Chromatographic Analysis of Amino Acids in Ethyl 
Chloroformate Derivatives." In Scientific Examination of Works of Art. Preprints of 11th Triennial Meeting 
of ICOM Committee for Conservation, Edinburgh, September 1996, pp. 211-219.  
35 Schilling, M.R. "Analysis of Drying Oils by Gas Chromatography-Mass Spectrometry." Paper presented 
at the WAAC Annual Meeting, Catalina, October 1990.  
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GC-MS Plant Gums36:  Add 100 µL of 1.2 N trifluoroacetic acid and heat 125 °C for 1 hour. 

Add 200 µL of O-methoxyamine hydrochloride in pyridine and methanol (300 mg/2 mL/1mL) 

and heat 70 °C for 20 minutes.  Evaporate to syrup and add 400 µL of acetic anhydride in 

pyridine (3 mL/1mL), heat 70 °C for 20 minutes.   Evaporate and add 400 µL chloroform, add 

500 µL D.I. water, shake vial for 20 seconds.   Remove   chloroform, and add 300 µL 

chloroform.  Collect chloroform, evaporate, and bring up in 50 µL chloroform.  Inject into GC-

MS.  An INNOWAX (25 M x 0.2 mm x 0.2 µm) capillary column was used for the separation. 

Helium carrier gas was set to a linear velocity of 29 cm/sec.  Splitless injection was used with a 

60 sec purge off time, and was set to 240 °C.  The MS transfer line was set to 260 °C. The GC 

oven temperature program was: 105 °C for 1 min; 20 °C/min to 250 °C; isothermal for 10 min.  

Total run time is 18.25 min.  

  

                                                           
36 Lluveras-Tenorio, Anna et al.  Analysis of plant gums and saccharide materials in paint samples: 
comparison of GC-MS analytical procedures and databases.  Chemistry Central Journal 2012, 6:115  
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