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ABSTRACT 

Cellulose acetate (CA) is one of the earliest man-made polymers. The oldest CA 

artefacts housed in museum collections are no more than a century old. However, 

the degree and the rate of damage observed in these items, which may have 

appeared stable before acquisition, as well as in other objects stored near them, 

has resulted in its reputation as a “malignant” plastic. This PhD thesis presents the 

development of mathematical models to investigate the dynamics of polymer 

degradation in CA. Polymer degradation refers to irreversible changes in the 

polymer molecule due to chemical reactions. Two types of polymer degradation 

were investigated, deacetylation and chain scission. Both are believed to be due to 

reaction of the polymer with water, present as moisture in the object. 

Deacetylation produces acetic acid; acidic conditions are associated with catalysing 

both deacetylation and chain scission. The degree of deacetylation appears to 

impact the susceptibility of the polymer to chain scission. These causal 

relationships were modelled by developing systems of differential equations, 

which were solved computationally. Quantitative inputs, such as rate constants, 

were obtained by fitting to experimental data collected by other researchers, or by 

estimating values based on comparable reference systems found in the literature. 

The models were evaluated on their prediction errors on unseen data (data not 

used for training the models) and tended to outperform benchmarks. The results 

suggest that current guidelines for cellulose triacetate film conservation may be 

overestimating the benefits of cold storage to prolonging film lifetime. Finally, the 

thesis discusses the implications for museum professionals trying to conserve CA 

artefacts, based on the understanding of the system dynamics developed through 

this investigation. 
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First, the discovery that cellulose triacetate cinematographic film lifetimes may be 

overestimated (Chapters 4 and 7) has urgent implications for film conservation 

guidelines. The results suggest that these films may be less stable than previously 

thought, and that it may be prudent to prioritise duplicating these films to a more 

stable medium. These findings were disseminated through publication of a peer-

reviewed paper (1) in a scientific journal, a news article (2) on a popular science 

website, and the presentation of a talk at the American Institute for Conservation 

48th Virtual Annual Meeting 

Second, the mathematical model which accounts for monomer composition in the 

deacetylation kinetics of cellulose acetate (Chapter 5) is a new tool for analysing 

mechanisms in the chemical reactions it describes. This was demonstrated by the 

application of the model to experimental data published by other researchers. The 

results of this analysis appear to contradict some of the earlier theories about the 

reactions of acetyl groups in cellulose acetate. The model is quite general and could 

be applied to other substitution kinetics in cellulose derivatives. There is also 

already published data of other cellulose derivatives that could be used with this 

model, which were not considered in this thesis as the focus was cellulose acetate. 

The model could be used as a framework to analyse this data and provide new 

perspectives for understanding cellulose substitution kinetics. This research could 

be disseminated in the form of a peer-reviewed paper in a scientific journal. 

Third, the mathematical model which couples substitution and depolymerisation 

kinetics (Chapter 6) could enhance future studies of polymer degradation. This 

could be within the field of heritage science—to better understand degradation of 

plastic heritage—or in a broader context. Cellulose and starch are of interest in the 

development of environmentally friendly plastics, due to their being plant-based as 

well as the possibility for biodegradation. Carbohydrate polymers are typically 

modified by substitutions of functional groups to engineer new materials with 

desirable properties. The model could be used to understand how these materials 

degrade in the natural environment, or even during manufacturing processes. It is 

possible that objects composed of such materials are eventually acquired into 

cultural heritage collections, where it could be beneficial for conservators to 

understand how these materials are expected to degrade. These impacts are more 
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speculative, and depend on incremental research, industry, and societal 

developments in the future. Nonetheless, the novel theoretical framework 

provided by the mathematical model should be shared to the research community, 

perhaps as a peer-reviewed paper in a scientific journal.  
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1 INTRODUCTION 

1.1 THE PROBLEM OF DEGRADATION 

Deterioration in cultural heritage artefacts is associated with causing a loss of 

value due to accumulation of damage over time. Value is a subjective quality, 

attributed by stakeholders such as historians, communities or individuals whose 

heritage is represented, curators, owners, museum visitors, and conservation 

professionals (1). Heritage has multiple values, which are mutable, 

incommensurable, and in conflict (1). Examples of different kinds of values include 

utility, aesthetic, economic, emotional, existence, and evidence (2,3). 

Acknowledging the complexity and nuance of determining heritage value, 

preserving heritage value is a key motivation for studying degradation in cellulose 

acetate (CA) artefacts. As with all scientific research, the study of degradation 

processes may also provide insight in other disciplines and sectors, in this case one 

example is those concerned with plastic performance.  

Artefacts made of cellulose acetate are considered difficult to conserve due to their 

tendency to deteriorate relatively rapidly and unpredictably after long periods of 

apparent stability. The first sign of degradation in CA artefacts is the presence of an 

odour known to film archivists and museum conservators as the “vinegar 

syndrome” or “Pedigree Doll disease” (4–7). Acetic acid, commonly known as 

vinegar, is a degradation product generated by the reaction of water and cellulose 

acetate. Emissions of acetic acid may cause damage to storage materials or other 

nearby objects, lending cellulose acetate its reputation as a “malignant” plastic 

(8,9).  

In CA films, other changes in film properties will typically follow the vinegar 

syndrome. These include reduction in tensile strength or toughness due to 

degradation of the polymer (embrittlement), buckling of emulsion away from the 

base layer (shrinkage and channelling), and surface deposits caused by the 

migration of plasticiser (crystals or bubbles) (10–14). Historical archives, 

including public records and cultural heritage institutes, are already seeing 

damage to their film collections due to the inherent instability of CA films (15,16).  
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Aside from film archives, CA plastics feature in sculptures by constructivist artists 

such as Naum Gabo, László Moholy-Nagy and Antoine Pevsner (17). Construction 

in Space: Two Cones (1927), a CA sculpture by Gabo, started disintegrating in 1967 

while kept at the Philadelphia Museum of Art (18). The artist blamed the museum 

for not taking care of it properly and produced a replica in the same material, 

which is kept at Tate today (19). Presently, the replica (Figure 1.1) shows signs of 

deterioration such as warping, crazing and crystal growth, and is deemed too 

deteriorated to be displayed (20).  

 

 

Figure 1.1   Naum Gabo 1890-1977. Tate T02143 Construction in Space ‘Two Cones’ 1927, this 
version a replica made by the artist in 1968 using the same materials as for the original. Cellulose 

acetate. The Work of Naum Gabo © Nina & Graham Williams/Tate, London 2022. Caption and 
photo (17). 

  

Recognising the timeliness of the conservation of plastic objects, the European 

Commission funded the POPART: Preservation Of Plastics ARTefacts research 

project, a consortium of 13 partners from eight countries, which lasted from 2008 

to 2012 (21). In the POPART survey (22) of plastic artefacts in three museums, 

about 20% of the objects surveyed were made of cellulose acetate or cellulose 
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nitrate, mostly fashion accessories at musée Galliera. About 37% of these were 

classified as being in “poor” or “severe” condition. The types and frequency of 

important or severe damages suggest that those due to internal decaying 

processes play a prominent role compared with external causes, confirming the 

physical and chemical instabilities of the materials (23).  

1.2 DEGRADATION IN CELLULOSE ACETATE ARTEFACTS 

Collins English Dictionary (24) defines degradation as “a breakdown of a molecule 

into atoms or smaller molecules” and “an irreversible process in which the energy 

available to do work is decreased”. Considering how these concepts apply to 

cellulose acetate artefacts, this work employs a more context-specific definition of 

degradation, as irreversible change in the chemistry of the material from its initial 

composition. Degradation is therefore relative to an agreed-upon starting point. 

For example, fluctuations in moisture content due to cycling relative humidity 

conditions do not constitute degradation as this change is reversible. Plasticiser 

loss is included in this definition as it is not reversible. Cracking, while irreversible, 

is not degradation as it does not involve a change in chemical composition.  

The material “cellulose acetate plastic” contains multiple components, including 

the polymer, plasticisers, other additives such as pigments and stabilisers, as well 

as water and other small molecules absorbed from the environment surrounding 

the plastic. These participate in several physicochemical processes identified in the 

degradation of CA artefacts, including: 

• Deacetylation: Chemical reaction with water, resulting in a change in the 

composition of the individual monomers (anhydroglucose units, or AGUs) 

of which the CA polymer is composed (4). 

• Chain scission: Also known as chain degradation, cleavage of the links 

connecting monomers results in large polymer molecules splitting into 

smaller polymer chains (26).  

• Loss of plasticiser: Common plasticisers such as triphenyl phosphate (TPP) 

and diethyl phthalate (DEP) can diffuse out of the body of the plastic, 

evaporating from the surface and/or forming liquid or crystalline deposits 

(27,28).  
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• Degradation of additives (including plasticisers and residual impurities): 

These molecules may undergo chemical changes over time. For example, 

TPP reacts with moisture to form a more acidic diphenyl phosphate and 

phenol (29). 

Studies (4,30) on CA films and CA objects have found evidence that suggests 

deacetylation occurs first, with chain degradation following later. This has led to 

speculation that deacetylation is a necessary pre-requisite for chain scission. The 

retention of acidic products resulting from reactions such as deacetylation or 

degradation of additives have the effect of catalysing further degradation reactions 

(30,31). Changes in the polymer matrix may reduce its compatibility with 

plasticiser and increase moisture retention (32). It is not well-understood whether 

deacetylation precedes or follows plasticiser loss, or how other factors affect this 

(30).  

1.3 RESEARCH AIM AND QUESTIONS 

Mathematical models have been used in heritage conservation to understand the 

role of environmental factors on degradation, but these have limited use for 

materials whose rate of degradation appears to be influenced by the dynamics of 

intrinsic factors. These reductionist approaches appear to yield reasonable 

approximations for short timescales, little degradation, or one type of degradation, 

but fail to generalise for longer timescales, more advanced degradation, or 

multiple/combined forms of degradation.  

The interactions and effects of the physicochemical processes listed in Section 1.2 

are the scope of the COMPLEX research project, of which the research presented in 

this PhD forms a part. This PhD thesis focuses on polymer degradation, defined as 

processes that alter the composition of the CA molecule. Specifically, the research 

project aims to develop mathematical models of deacetylation and chain scission in 

CA cultural heritage artefacts.  

The research questions are:  
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• How have analytical methods been used to study polymer degradation in 

CA artefacts, and what can these studies tell us about the underlying 

phenomena? 

• How does polymer degradation in CA artefacts manifest in tangible signs of 

damage, and how does this influence which metrics of polymer degradation 

we should be concerned with as model outputs?  

• How have mathematical models been used to understand polymer 

degradation in CA artefacts up until now?  

• How can novel mathematical models represent causal relationships 

underlying CA deacetylation and chain scission? 

• To what extent can novel mathematical models of deacetylation and chain 

scission enhance our understanding of CA polymer degradation? 

• To what extent can these new mathematical models improve our ability to 

manage risk and conserve CA cultural heritage artefacts? 

1.4 THESIS OUTLINE 

This chapter introduced some of the gaps in our understanding of CA polymer 

degradation and the consequences that CA instability has for conservation of 

cultural heritage collections, that motivate the research aim and questions for this 

work.  

In Chapter 2, a literature review establishes the current understanding of CA 

polymer degradation and its effects on heritage conservation. This establishes the 

causal relationships in polymer degradation that this work aims to model, the 

evidence for these, and the role of understanding CA degradation dynamics in 

conserving cultural heritage.  

Chapter 3 discusses the role of mathematical models in heritage conservation, and 

approaches to mathematical modelling of polymer degradation in heritage and 

non-heritage contexts. Having reviewed the research context, methods, and 

opportunities in Chapters 2-3, Chapter 3 concludes by underlining the original 

contribution of this thesis. 
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Chapter 4 presents the development of an autocatalytic model of deacetylation. 

This model looks at how acetic acid produced by deacetylation causes acceleration 

of deacetylation. The model is trained and tested on published literature data on 

cellulose triacetate films. 

In Chapter 5, a mathematical model of deacetylation which can simulate how AGU 

composition varies with time is described and analysed. As a proof-of-concept, the 

model is trained on published literature data of lab-prepared CA samples degraded 

in aqueous acidic solution. 

Chapter 6 combines the deacetylation models in Chapters 4-5 and builds on the 

outputs (acetic acid concentration and AGU composition as a function of time) to 

develop the model of chain scission.  This model is based on the theory that chain 

bonds between AGUs are more susceptible to scission after the AGUs have been 

deacetylated. The model is trained on cross-sectional data sampled from naturally 

aged CA artefacts. One dataset is from a published study and the second is from 

research carried out by other COMPLEX workers. Cross-validation is used to 

compare the performance of the novel model against a benchmark model for 

polymer degradation in historic artefacts. 

Chapter 7 discusses the practical consequences of the models developed in 

Chapters 4-6, for conserving cultural heritage. Although it refers to some results 

obtained in earlier chapters, this chapter does not require deep familiarity with the 

mathematics of the models, and it includes overviews of the models for non-

technical readers. I reflect on some of the challenges of developing models for 

heritage conservation and discuss the benefits and limitations of mathematical 

models based on my experiences while conducting this research project.  

Chapter 8 summarises the main takeaways of the work, discusses whether the 

work succeeds in answering the research questions set out at the start, and 

proposes suggestions for future research directions.  
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2 CELLULOSE ACETATE DEGRADATION 

This chapter is an introduction to polymer degradation in cellulose acetate (CA) 

artefacts in cultural heritage collections. The literature review aims to cover 

polymer degradation in depth, while presenting sufficient coverage of other 

aspects of CA degradation to establish:  

• key analytical methods to measure polymer degradation 

• the motivation for focusing on polymer degradation 

• factors affecting polymer degradation 

• possible interactions of polymer degradation with other processes 

• the conservation context of the research. 

2.1 INTRODUCTION 

In this work, only tangible deterioration is considered. Tangible deterioration 

refers to phenomena that can be measured objectively using analytical methods 

used by natural scientists. Such phenomena can be assessed across a variety of 

aspects. For example, types of deterioration could be categorised by: agent 

(moisture, heat, light); degradation process (deacetylation, chain scission); or 

damage (cracking, warping, yellowing). There are clearly opportunities to propose 

links between the ways that deterioration is understood under each of these 

categories. One framework (Figure 2.1) is that agents induce microscopic 

degradation processes (or those which occur on an even smaller scale), which 

result in macroscopic property changes observed as damage. This framework 

underlies most of the proposed explanations in the literature covering damage in 

CA artefacts and will be applied in this thesis. The application of this framework 

has led to a set of hypothesised relationships between agents, degradation, and 

damage, several of which appear to have become accepted (to varying degrees) 

tacitly by researchers in the field. This is not to suggest that only explanations 

following this simplistic, linear format have been proposed, and indeed the 

possibility that more complex relationships may exist contributes to the challenges 

and opportunities in the field.   
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Figure 2.1   Agent-degradation-damage framework, with examples of each. 

 

This review aims to uncover evidence and explanations of polymer degradation in 

CA-based artefacts. In this respect, the review aims to identify research 

opportunities presented by knowledge gaps in polymer degradation mechanisms 

and the relationships between polymer degradation, its causes (agents), and its 

effects (damage), in the context of cultural heritage collections. Research published 

in peer-reviewed scientific journals form the bulk of the references; however, 

other sources of information were also consulted—including patents, news 

reports, standards, guidelines, and condition surveys—as these offer rich insight 

into the practical consequences of degradation and beliefs about degradation in 

the heritage sector.  

2.2 WHERE DO CELLULOSE ACETATE ARTEFACTS COME FROM? 

Cellulose acetate was first synthesised in 1865 by French physician and chemist 

Paul Schützenberger (33,34). It is a derivative of the naturally occurring polymer 

cellulose, which is produced in plants (35). In cellulose acetate, the monomers are 

anhydroglucose units (AGUs) that are substituted by up to three acetyls (CH3CO) 
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at carbon positions 2, 3, and 6 (Figure 2.2). The degree of substitution (DS) 

describes the average degree of acetylation in cellulose acetate and can vary from 

0 to 3 (36). DS impacts the properties of cellulose acetate, such as its miscibility in 

different solvents: cellulose triacetate with a DS of 3.0 is easily soluble in 

chloroform, but cellulose diacetate with a DS of 2.3 is soluble in acetone (30,36). 

Consequently, CA is produced in a range of DSs which reflects its use in diverse 

products from cigarette filters to hair combs (37–39).  

 

 

Figure 2.2   Chemical structure of CA monomer. 

 

Cellulose acetate is produced by acetylation of cellulose sourced from wood pulp 

or cotton linters (40,41). The most common industrial manufacturing route today 

is the “Acetic Acid Process”, with the “Methylene Chloride Process” and the 

“Heterogeneous Process” having fallen into disuse due to being less competitive in 

terms of cost and quality (42,43). These routes were established in the 1920/30s, 

but the latter two have never accounted for more than 10-15% (each) of world 

triacetate flake and were phased out at the end of the 20th century (42). Starting 

with wood pulp, the mixture is activated with acetic acid and sulphuric acid, which 

causes the morphology of the cellulose fibres to open up, promoting access to the 

hydroxyl groups. Acetic anhydride is added for the acetylation reaction. Cellulose 

triacetate is formed in the first step of the process, with a second hydrolysis step to 

obtain the desired degree of substitution. At the same time, chain degradation 

occurs as it is subject to acidic hydrolysis.  
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Plasticisers are added to cellulose acetate during processing to lower the melting 

temperature of the polymer further from the decomposition temperature, 

increasing its flexibility and durability (44). Common plasticisers in historic 

cellulose acetate include triphenyl phosphate (TPP) and diethyl phthalate (DEP), 

but can also include dimethyl phthalate, toluene sulphonamide, N-ethyl toluene 

sulphonamide, or mixtures of the same (45,46). 

The first application of cellulose acetate was in the field of coatings for airplanes 

(39). Cellulose diacetate lacquer gave light, water, oil, and petrol resistance to the 

linen tissue wings, and improved the tension and flatness in the surface. Demand 

for plane applications dropped strongly after World War I, so manufacturers had 

to find new uses based on existing industrial capacities. This led to the 

development of textile cellulose diacetate (47). Fibre-grade CA requires a DS of 

about 2.6 (30). 

Cellulose triacetate (CTA) is found in historical films, including cinematographic, 

photographic and microfilms (15,48,49). CTA is substituted to a specification of 

2.7-3.0 (37). Also known as ‘safety film’, cellulose triacetate came into use in the 

1950s as an alternative film base material to cellulose nitrate (often known as 

Celluloid) which, though widely used, was both unstable and highly flammable 

(50,51). Research and production of CTA photographic film base was advanced by 

the Eastman Kodak Company (52). As an example of the prevalence of CA films, the 

BFI Master Collection consists of over 450,000 cans of film, of which 59% are 

acetate films (53).  

Moulded cellulose acetate is found in plastic objects such as spectacle frames, toys, 

jewellery, buttons, hair accessories, and combs (27,38,39,54,55). Typical DS for 

such applications are 2.5 to 2.7 (30). CA sculptures may be made of moulded CA, 

but artists often used as materials fabricated CA in the form of rod, sheet, or tube 

(56). 

As mentioned at the start of this section, cellulose triacetate is used to make 

cigarette filters. Cigarette butts are the most common litter in the world (57). 

Another example of CA waste is osmotic filters, which must be continually replaced 

(58). While CA waste is not expected to feature prominently in museum 
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collections, it is useful to consider these objects as research on their degradation 

may provide information that is relevant to understanding CA degradation in 

museum artefacts and vice versa. 

More recently, cellulose acetate has been studied due to its potential as a 

biodegradable polymer (59,60). Cellulose acetate is a bioplastic, meaning it is 

based on renewable resources and not on petrochemicals. Environmentally 

conscious policies and growing consumer interest in sustainability may have the 

effect of increasing the prevalence of cellulose acetate materials in museum 

collections of the future.  

2.3 DEGRADATION PROCESSES IN CELLULOSE ACETATE ARTEFACTS 

As mentioned in Chapter 1, the main chemical degradation processes in CA 

artefacts include deacetylation, chain scission, loss of plasticiser, and degradation 

of additives. This section reviews literature to establish the current understanding 

of these phenomena, how they affect CA artefacts, and the analytical methods used 

to study them. 

2.3.1 Deacetylation 

Deacetylation of cellulose acetate occurs by the reaction of water (H2O) with a 

bound acetyl group (ROAc), resulting in hydroxyl substitution (ROH) and acetic acid 

(HOAc). In this notation, OAc represents CH3COO (Ac is short for acetyl) and R 

represents the rest of the polymer (61). The chemical reaction is: 

𝑅𝑂𝐴𝑐 + 𝐻2𝑂 → 𝐻𝑂𝐴𝑐 + 𝑅𝑂𝐻  (2.1) 

  

Deacetylation of CTA in solution shows a first-order dependence on degree of 

substitution (62). It is known that the reactivity of acetyl groups varies with the 

carbon position, and this appears to affect the order in which they react, although 

this depends on the reaction conditions (63–69). In industrial processes, CTA is 

partially hydrolysed to yield different grades of CA, which may contain different 

distributions of acetylated carbons (36). 

Deacetylation produces acetic acid and reduces the DS. Methods of detecting 

deacetylation have focused on measuring acetic acid or DS, directly or indirectly.  
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Evidence of deacetylation in CA museum artefacts has mainly focused on detecting 

acid (acetic or other) in the plastic or the surrounding air. Acid detector strips (A-

D strips) are a popular option for conservators. Cheap, non-destructive, and easy 

to use, A-D strips give a rough indication of pH changes (70–72). Ion 

chromatography has been used to detect acetate ions in samples taken from CA 

museum artefacts (30,73). Solid phase microextraction gas chromatography/mass 

spectrometry (SPME-GC/MS) has been used to detect acetic acid from CA objects 

(20,74). Proton Transfer Reaction “Time-of-Flight” Mass Spectrometer (PTR-Tof-

MS) was used to monitor volatile organic compounds (VOCs) emitted from CA 

movie films, with acetic acid the most abundant, but over 100 VOCs were detected 

(75). 

Deacetylation in CTA film has been studied using measurements of the free acidity 

of the film. Free acidity, determined by the volume of 0.1 M NaOH required to 

neutralise one gram of film base, is considered the most sensitive indicator of 

degradation in CTA film (76). 

Direct measurement of the degree of substitution is less common. GC/MS has been 

used to measure the % acetyl content of CTA and cellulose diacetate (CDA) 

animation cels, though it is inconclusive from this study whether differences in 

acetyl content were due to ageing or different initial DS of the cels (28). 

Moisture regain is independent of molecular weight, but depends on other 

properties such as DS, distribution of acetyls in the chain, and extent of 

crystallisation (37). Reduction in DS is generally associated with increasing 

hygroscopicity of CA; therefore, equilibrium moisture content has been used to 

evaluate degradation in CA films, providing indirect evidence of deacetylation (13). 

The term “vinegar syndrome” best exemplifies the effect of deacetylation on 

artefact stability and the role that this effect is considered to play within the 

narrative of cellulose acetate degradation. It has been extensively observed that 

one of the first signs of degradation in CTA films is emissions of acetic acid; this 

process is nicknamed the “vinegar syndrome” owing to its characteristic odour of 

acetic acid (4–7).  
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Emissions with a vinegar-like odour due to the production of acetic acid are 

typically the first sign of degradation in CTA film (14). While acidic film with no 

other visible signs of degradation has been observed, very badly degraded film is 

nearly always highly acidic (76). Other than the vinegar odour, the presence of 

acetic acid does not directly affect the film properties, though the acidity tends to 

increase prior to significant changes in the film properties.  

Accelerated ageing experiments reveal that the free acidity in CTA film proceeds 

with an induction phase, where little change is observed over a period (the exact 

duration depends on the experiment conditions), followed by the so-called 

initiation of the vinegar syndrome, where the rate of change in free acidity 

increases dramatically (10). 

Deacetylation is an ester hydrolysis, a type of chemical reaction which may be 

catalysed by an acid (77). At the initiation point, the deacetylation reaction is said 

to become autocatalytic, as increasing quantities of acetic acid become available to 

catalyse the reaction. According to conservation guidelines, a rule of thumb is that 

the reaction becomes autocatalytic at a free acidity of 0.5 (76). However, no 

scientific explanation has been proposed to explain why the acid-catalysed 

mechanism should not occur if there is acid present; nor why a free acidity of 0.5 is 

the characteristic point at which the dominant mechanism changes to acid-

catalysed. A later analysis of the same published accelerated ageing data which 

was argued by the original authors to show this “autocatalytic point” found no 

evidence of a distinct change at 0.5 acidity (78). This will be discussed further in 

Chapter 3. 

The “vinegar syndrome” is also known as “Pedigree Doll disease”, which describes 

the same deacetylation degradation but observed in dolls (initially) and extends to 

other solid objects as found in museum collections (54). Damaging effects of 

deacetylation are primarily associated with the evolution of acetic acid, identified 

by a vinegar odour (4,79). The tendency for neighbouring objects to deteriorate 

faster in the presence of degrading CA objects is believed to be due to acetic acid 

catalysing degradation reactions in the nearby objects (8,80). Acetic acid may also 

autocatalyse or catalyse other degradation reactions within the CA object.  
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Advanced stages of deacetylation have been observed in museum artefacts. 

Samples from a highly degraded plastic sculpture by Naum Gabo were analysed 

using pyrolysis gas chromatography mass spectrometry (Py-GCMS) in conjunction 

with Fourier transform infrared microscopy (μFTIR) and other techniques, 

confirming that Gabo had used cellulose acetate and cellulose nitrate plastics (81). 

The original polymer has degraded almost completely to a cellulose-like structure 

through deacetylation. 

Deacetylation is promoted by moisture (11). Increasing the temperature also 

increases the reaction rate (10). The reaction is acid-catalysed and so is 

autocatalytic under conditions where the evolved acetic acid is prevented from 

leaving the plastic, for example, by the use of sealed enclosures for storage 

(8,14,31,78,82). Residual sulphuric acid from the manufacturing process may also 

catalyse the reaction. This occurs by water first hydrolysing the aceto-sulphate 

ester group remaining from the CA synthesis and liberating sulphuric acid (30,83–

86). 

Reduction in DS makes CA more hydrophilic, resulting in increased moisture 

content at constant relative humidity (RH) (37). This could promote hydrolysis 

reactions including deacetylation, chain scission, and plasticiser degradation.  

In CTA films, plasticiser loss is high in film regions corresponding to those with a 

high moisture regain (12). This observation implies a correlation between 

plasticiser loss and deacetylation. Changes in DS are associated with changes to the 

compatibility with plasticiser, influencing the loss of plasticiser by diffusion 

(32,44).  

Thermal oxidation of the hydroxyl groups formed following deacetylation has been 

proposed, producing ketones and aldehydes (56,87). The carbonyl groups in these 

products are chromophores and are blamed for yellowing of CTA films.  

2.3.2 Chain degradation 

Chain scission refers to reactions that decrease the degree of polymerisation (DP) 

of the polymer backbone. The DP is the number-average (𝐷𝑃𝑛) or weight-average 

(𝐷𝑃𝑤) number of monomers per molecule. CA is a linear chain polymer, so cross-

linking does not take place (88).  
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Chain degradation reactions can be initiated by several reactants (agents). These 

include water (hydrolysis), acetic acid or acetic anhydride (acetolysis), 

oxygen/peroxides (oxidative degradation) and UV light (photo-degradation). 

Hydrolysis causes cleavage of the β-1,4 glycosidic bond which joins monomers 

(30,89–91). Acetolysis is similar in that it causes cleavage of the glycosidic bond. 

While oxidative degradation is associated with attack of oxygen on the glycosidic 

ring structure, as well as acetyl groups, it leads to the production of small 

molecules such as formic acid, oxalic acid, carbon dioxide and various aldehydes 

(30). Photo-degradation is associated with photo-initiated radical generation (92). 

A range of experimental techniques has been used to study chain degradation in 

cultural heritage artefacts. One approach is to measure the DP by measuring the 

molecular weight, for example, via viscometry (4,10,12,26,93). In viscometry, the 

specific viscosity 𝜂𝑠𝑝 of a polymer in solution is measured to obtain the molecular 

weight by applying the intrinsic viscosity [𝜂] relationship: 

[𝜂] = lim
𝑐→0

𝜂𝑠𝑝

𝑐
= 𝐾𝑚𝑀𝑣

𝑎  (2.2) 

  

where [𝜂] is intrinsic viscosity, 𝑐 is concentration, 𝐾𝑚 is an experimentally 

determined constant for a specific solution, 𝑀𝑣 is viscosity-average molecular 

weight, and the value for 𝑎 depends on the shape and solution properties of the 

molecules (37,94). 𝑀𝑣 is usually somewhere between the number-average 

molecular weight 𝑀𝑛 and the weight-average molecular weight 𝑀𝑤, two types of 

statistical quantities representing the molecular weight distribution (MWD). 

Size exclusion chromatography (SEC) was used to measure DP in naturally aged 

sample locations which appeared to differ in visible appearance of degradation 

(17). SEC (also known as gel permeation chromatography (GPC)) can be used to 

obtain the MWD, rather than just the average as reported in this study, but this 

does not appear to have been done yet by any researchers in the field.  

There is a lack of data on quantities relevant to chain degradation, like DP or MWD, 

for CA artefacts subjected to empirical procedure (not cross-sectional studies). For 

example, a study (95) which used SEC to measure 𝑀𝑛 and 𝑀𝑤 of CA films presents 
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only the arithmetic difference in these quantities in samples that had undergone 

accelerated ageing, and not the values before or after ageing. 

Tensile strength generally increases with DP in secondary cellulose acetate (CA 

manufactured via deacetylation of CTA), though this is not considered a reliable 

way to measure DP (96). Tensile break stress tends to decrease in badly degraded 

CTA film, with this effect promoted by the onset of the vinegar syndrome (8). In 

naturally aged objects, FTIR analysis indicated that loss of acetyl groups does not 

necessarily lead to loss of mechanical integrity, but if this is followed by chain 

scission then loss of integrity of the artefact will often occur (30). Crazing, the 

formation of fine cracks in the surface of an object, is generally caused by loss in 

molecular weight (97).  

The moulding process for the object may affect the orientation of the chains and 

their structural characteristics. This could affect both the chemical mechanisms by 

which chain degradation takes place and the physically observable manifestation 

of the change in the degree of polymerisation. For example, Tsang et al. (98) 

hypothesised that crizzling-type patterns of small cracks are due to chain 

degradation, and that cracks appeared to run parallel to where they believed the 

polymer chains ran due to the injection-moulding process. 

A less-common approach to detecting chain degradation is by measuring low 

molecular weight degradation products or functional groups. In CA artefacts, ion 

chromatography was used to detect oxalate (product of chain scission) and 

formate (product of oxidative degradation) (30).  

Chain scission by hydrolysis is acid-catalysed so the presence of acetic acid and 

sulphuric acid promotes it (63). Oxidation appears to be initiated by the presence 

of oxygen and ultraviolet light; that is, photo-chemical oxidation (99). One study 

(93) measured hydroperoxide concentration in CTA films subjected to different 

stabilisation regimes and artificial ageing, under the hypothesis that it acted as an 

initiator in oxidative mechanisms of chain degradation. The same study also used 

viscometry to monitor changes in weight-average molecular weight (𝑀𝑤). 

As noted earlier, reduction in DS appears to promote chain degradation. In 

conservation studies, chain degradation tends to follow deacetylation, although 
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whether this is a relationship of cause and effect or simply because the chain 

degradation occurs more slowly than deacetylation at room temperature is not 

conclusive (73). A study (17) which compared non-degraded and degraded 

samples from the same (naturally aged) CA and CN objects found a correlation 

between low DP and low DS.  

Mechanisms for chain scission in CTA, following deacetylation steps, have been 

proposed by workers in the field (100). A study (101) which used 1H and 13C 

Nuclear Magnetic Resonance (NMR) spectroscopy to measure hydrolysis of the 

acetyl groups in CA found that the rates of deacetylation are in the following order: 

C6 > C3 > C2. The author of the study proposes that deacetylation precedes chain 

degradation since oxidative chain-scission would take place through the C2 acetyl 

group which is less accessible. 

Hydrolysis of the glycosidic bond in cellulose acetate is not necessarily identical to 

that in cellulose. It is known that substitution of cellulose affects the rate of 

hydrolysis (102,103). One explanation attributes difference in degradation rates 

between different cellulose derivatives, including cellulose acetate, in terms of 

steric effects (104). Another explanation is proposed in terms of the impact of the 

electronegativity of substituents (105). For example, a study (106) which 

investigated the kinetics of nitrocellulose degradation in aqueous sulphuric acid 

solutions found that chain degradation by acid hydrolysis is much slower than 

denitration, and that the dependence of the chain scission rate on the acidity of the 

medium is significantly weaker compared with the denitration rate. The authors of 

the study propose that water probably takes part in the kinetically determining 

stage of heterolysis of the protonated acetal bond and that the much slower rate of 

degradation of nitrocellulose compared with cellulose is due to inhibiting effect of 

electronegative substituents on protonation of the acetal bond. A similar effect is 

found in cellulose triacetate (107).  

Under reaction conditions which vary the proportion of water and acetic 

anhydride, water appears to inhibit chain scission unless CA is sufficiently 

deacetylated, suggesting that acetolysis of CA and hydrolysis of cellulose is in fact 

taking place (108).  
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Biodegradation studies (59,66) have shown that reduction in DS increases the rate 

of reduction in DP. Indeed, the biodegradability of CA cigarette filters has been 

increased by adding a controlled-release acid catalyst whose main effect is 

accelerating the deacetylation reaction under ambient conditions (109). However, 

these studies used enzymes to degrade CA, which may be subject to different 

mechanisms than non-bio chain degradation. For example, acetyl groups may 

inhibit the binding between the polymer and the catalytic domain of the enzyme 

(110). 

2.3.3 Plasticiser loss 

Plasticiser loss describes the mass transport processes that result in the reduction 

of plasticiser concentration in the CA plastic. Loss of additives from polymer 

material involves three processes (111):  

1. Diffusion of additives up to the interface. 

2. Transport through the interface. 

3. Loss of additives from the surface into the surrounding medium: 

a. Evaporation (into gas medium). 

b. Extraction (into liquid medium). 

c. Migration (into another material in direct contact). 

The mechanism of the loss of additives from the matrix depends on which one of 

these processes governs its loss. During natural degradation, evaporation is the 

step that occurs more slowly and controls the kinetics of the process (112). 

Accelerated ageing experiments speed up evaporation relative to diffusion, so 

diffusion may appear to become the rate-controlling step (113). This difference 

could also affect the sequence of other events, such as deacetylation, compared 

with the sequence that would occur during natural ageing. For example, in a study 

(113) on thermal degradation of cellulose diacetate, a significant amount of 

plasticiser was lost before noticeable deacetylation. However, in archival 

conditions, acetic acid release is a precursor to plasticiser loss (12). 

Cellulose acetate may contain significant levels of plasticiser, in addition to 

pigments and fillers (30). Mouldable CA may contain 20-40% by weight of 

plasticiser (29,30).  
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Once plasticiser has diffused to the surface of the object, it is often seen as an oily 

exudate, in the case of phthalate plasticisers, or solid triphenyl phosphate crystals 

(12,13,114). The formation of an exudate is also known as leaching of the 

plasticiser and can make the surface of the artefact sticky and unpleasant to touch 

(30). Over time, loss of plasticiser leads to embrittlement and cracking of the 

material (27,30,114).  

Lower DS is associated with reduced miscibility between the polymer matrix and 

the plasticiser, promoting phase separation (32,44). Thus, deacetylation may 

enhance the rate of plasticiser loss at a given temperature. This is consistent with 

anecdotal evidence that acetic acid release (vinegar syndrome) precedes 

plasticiser loss (as observed by surface crystalline deposits) on archival CTA films, 

although these observations only indicate the sequence of when the processes 

become noticeable (12). For this reason, it is still considered an open question 

whether deacetylation precedes or follows plasticiser loss (30).  

As reduction in DS increases moisture regain, and the plasticisers are hydrophobic, 

it is also possible that the compatibility of the polymer and the plasticiser are 

mediated through changes in moisture content as the material degrades. For 

example, a study (12) found that plasticiser loss was higher in regions of CTA films 

which had higher moisture regain. An alternative explanation is that plasticiser 

loss happens first, making the plastic more hydrophilic in these regions, which 

increases moisture regain, promoting deacetylation with the reduction in DS 

further increasing moisture regain.  

2.3.4 Reaction of plasticisers and additives 

Triphenyl phosphate reacts with water to form diphenyl phosphate, a strong acid 

(29,30). This accelerates degradation processes such as deacetylation (27). 

Phthalate plasticiser is thought to have little effect on degradation (27,29). 

As noted in Section 2.3.1, some AGUs may have aceto-sulphate rather than acetate 

substitutions, due to the CA manufacturing process (30). It is not known if or to 

what extent the presence of aceto-sulphate groups affects polymer properties at 

these levels. Hydrolysis of these groups results in the release of sulphuric acid, 

which is a much stronger acid than acetic acid  (30,83–86).  
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2.4 FACTORS IN CELLULOSE ACETATE DEGRADATION 

Based on the evidence and theories presented in Section 2.3, CA polymer 

degradation processes are affected by other processes that are going on in the 

plastic. Appreciation of the interactions between different processes will be 

important for proposing relationships between the components of the polymer 

degradation model. This section reviews how degradation processes are affected 

by factors or variables other than the processes themselves. These factors are 

either a function of the environmental conditions (temperature, moisture, 

radiation, microenvironment), or based on the material characteristics of the 

object (internal diffusion, crystallinity, chemical composition). 

2.4.1 Temperature 

Increasing temperature increases degradation rate (115). The effect of the 

temperature on the reaction rate is described by the Arrhenius equation:  

𝑟 ∝ 𝑒
−

𝐸𝑎
𝑅𝐺𝑇 

 (2.3) 

  

where 𝑟 is the instantaneous reaction rate, 𝐸𝑎 is the apparent activation energy, 𝑅𝐺  

is the ideal gas constant, and 𝑇 is the temperature (116,117). According to classical 

thermodynamics, reactant molecules must possess a certain amount of energy to 

undergo chemical change (118). The apparent activation energy depends on the 

reaction mechanism.  As temperature increases, the average energy of the 

molecules (reactants) increases. Since a higher proportion of the molecules 

exceeds the activation energy, this speeds up the reaction rate. The apparent 

activation energy must be measured empirically. 

Plasticiser loss is accelerated with increasing temperature (12,113). It appears 

that under artificial ageing conditions the evaporation rate may be accelerated 

relative to the diffusion rate, though both increase with temperature. As noted in 

Section 2.3.3, the fact that increasing temperature may alter the rates of processes 

relative to one another may mean that accelerated ageing experiments produce a 

sequence of events different from what occurs under natural ageing conditions.  

Temperature change, as opposed to temperature magnitude, may also enhance 

deterioration, though this has more to do with physical properties than with 
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degradation reactions. Examples of physical changes induced by temperature 

change (for example, cooling) include crystallization, dimensional changes, 

increased brittleness, and cracking (119). Periodic temperature cycling does not 

appear to increase the deacetylation rate of CA films (120). The average 

deacetylation rate of a cycling temperature regime is somewhere between the 

values at the temperature extremes.  

2.4.2 Moisture  

In a museum setting, a plastic object is most likely to encounter moisture via the 

water vapour present in its immediate environment, measured by the relative 

humidity which is typically in the 40-60% range. Water is a reactant in hydrolysis 

reactions including deacetylation, chain scission, and triphenyl phosphate 

degradation.  

Increasing the relative humidity has been shown experimentally to increase the 

rate of deacetylation and chain degradation (4,11). Independently from 

environmental conditions, the moisture regain of CA also tends to increase as it 

degrades. This correlation holds when comparing between less degraded and more 

degraded films, and between less degraded and more degraded samples in the 

same films (12). Reduction in DS makes CA more hydrophilic, resulting in 

increased moisture content at constant relative humidity (37,121). While the 

relative humidity is an environmental factor, the effect it has on moisture-related 

degradation may depend on the extent of degradation present in the sample 

already (4). There is a correlation between plasticiser loss and higher moisture 

regain as discussed earlier, but it is not clear why (12). 

As with temperature variations, moisture variation may play a role in 

deterioration. Periodic RH cycling does not appear to increase the deacetylation 

rate of CA films, with the average deacetylation rate for the cycling condition 

somewhere between the values at the RH extremes (120). Moisture is slower to 

equilibrate than temperature, so moisture change in a material may lag changing 

relative humidity (119). If plastic which contains some moisture is cooled rapidly, 

then it is possible for condensation to form. A study (122) concluded that “The risk 

of introducing either irreversible physical changes or damage due to the formation 

of condensation into degraded plastics materials during the cooling process is not 
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significant for plastics thinner than 1 cm (thin-walled), regardless of their polymer 

type or extent of degradation.” Thus, CA objects thicker than 1 cm may be at risk 

for condensation-related degradation.  

2.4.3 Radiation  

Photo-degradation of the CA polymer is initiated by exposure to high-frequency 

radiation such as UV radiation. Theoretically, exposure to lower-frequency 

radiation does not initiate photo-degradation, regardless of dosage (123). In 

practice, plastic objects will often have slight impurities, e.g., C=O groups, that will 

absorb in the visible range. Additives such as titanium oxide, a whitening agent 

used in many consumer products, can significantly increase photodegradability by 

acting as a photocatalyst (59). While a study (124) comparing the impact of 

different environmental factors on plastic degradation found a correlation 

between visible light intensity and discolouration in CA, this is most likely due to 

concurrent correlation of visible light intensity and UV light intensity in the 

absence of any filtering. UV radiation is normally filtered out of indoor heritage 

environments, so much of the photo-degradation research in the literature is not 

that relevant. There is also a lack of studies on CA photo-degradation in the 

spectral range typically found in a museum setting, which is usually represented 

by CIE light source D65 to represent UV-filtered daylight (125). Nevertheless, 

exposure to UV radiation prior to acquisition may contribute to CA degradation or 

in the case of improper storage or display conditions.   

UV radiation can be subdivided into different frequencies, from lowest to highest: 

UVA, UVB, and UVC (123). UVC rays are not transmitted through the atmosphere, 

but they have been used in experiments to study the effect of UV radiation 

frequency on photo-degradation. A study (113) on ageing of CDA found that UVC 

induced higher levels of discolouration, deacetylation, and photo-degradation of 

plasticiser, compared with UVB and UVA. However, samples degraded under UVB 

radiation were extremely brittle and fragile and were also prone to crazing. This is 

believed to be due to the ability for the lower frequencies to penetrate more deeply 

into the samples and induce degradation at a deeper level (based on fluorescent 

microscopic imaging). The study also found that yellowing induced after 32 days’ 

exposure to UVC radiation could be reversed following 25 days’ exposure to UVA 
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radiation. While this result seems unexpected, reversible yellowing or “bleaching” 

following exposure to visible light has been observed in other polymers, for 

example, several aromatic thermoplastics (126), poly(vinylbutyral) (127) and 

polyvinyl chloride (PVC) (128). 

2.4.4 Microenvironment  

Aspects of the microenvironment include storage containers and other nearby 

substances. The material of the storage can in which CA films are stored was 

shown to have a significant effect on archival life (as measured by 10% loss of 

intrinsic viscosity), in order from least to most severe detrimental impact: glass, 

polyethylene, aluminium, iron (26).  

Inserts that reduce the amount of moisture or acid in the microenvironment have a 

beneficial effect, providing additional evidence that moisture and acid are 

important factors in the degradation process (4). Acid or moisture adsorbents, 

such as molecular sieves, can aid in the removal of acid from the film, or protect it 

from relative humidity fluctuations (31,129). Acid-neutralising inserts contain a 

base such as calcium carbonate which reacts with acetic acid to neutralise it (31). 

However, buffered cardboard disks were shown to be ineffective at mitigating 

deacetylation in CA film rolls stored in sealed metal cans, due to inefficient acid 

adsorption by the disks, and the introduction of additional moisture into the 

enclosure via the disks (31). 

Storage systems that permit acetic acid (produced by deacetylation) to escape also 

appear to mitigate the degradation rate. Tightly sealed storage containers have 

been found to prevent acetic acid from escaping from the film, increasing the 

potential for autocatalysis (12,93); ventilated containers facilitate the escape of 

acetic acid (129). In ventilated or open enclosure designs, which permit acetic acid 

to escape, the acid can diffuse faster out of the film if the reel is wound less tightly 

(89). One of the difficulties in assessing the impact of open vs. closed environments 

is that most of these studies, which were on CA films, measured the degree of 

degradation by the free acidity in the films. Obviously, if acid is lost then the free 

acidity will be lower, but this does not necessarily prove that degradation is 

reduced, and it might even give observers a false sense of security if the degree of 

degradation can be made to appear lower simply by ventilating acid which has 
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already been generated through a degradation process. Furthermore, by 

ventilating acid, it may expose other nearby artefacts or storage materials to acid. 

Emissions of acetic acid from degraded CTA films have been shown to induce 

degradation in undegraded films stored nearby (8). A study (8) investigated the 

uptake of acetic acid from the environment in CA films. One of the experiments 

established that undegraded CTA film will absorb acetic acid from adjacent 

degraded film and that physical contact is not necessary for absorption to occur. 

However, it is not clear whether exposure to acidic vapour increased the rate of 

deacetylation in the (initially) undegraded film. Another experiment in the same 

study (8) found that decreasing the volume of film in a storage can resulted in 

lower free acidity, showing that a larger air/film volume ratio allows more acid to 

escape from the film. In the last set of experiments in this study (8), acetic acid was 

introduced directly into a closed vessel containing undegraded film and the 

resulting take-up of acetic acid by the film was determined. Acid take-up by the 

film after two weeks at 70 °C, 80% relative humidity, is directly proportional to the 

acetic acid vapour concentration in the vessel. This was also associated with 

decrease in tensile break stress, compared to a control, showing that the acidic 

microenvironment led to deterioration of physical properties which are associated 

with chain degradation.  

A study (84) that measured unsaturation (indicating double bond formation) in 

severely degraded CTA film samples and a CTA sculpture found more unsaturation 

in the film samples. The authors of the study suggest as possible explanation that 

different degradation pathways have been promoted, due to the CTA film being 

stored in a closed storage container, while the CTA sculpture had not been. 

A study (64) that measured degradation via viscosity retention in CA films stored 

in open and closed containers found that the degradation rate is faster in the 

closed environment, but the rate of increase of moisture regain is slower. In this 

case, the change of moisture regain was in response to relative humidity 

fluctuations, suggesting that the closed container offers some protection against 

macro-environment fluctuations, but at the cost of accumulating acetic acid.  
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There are many storage options for cultural heritage artefacts and thus many 

studies have been done to understand the effects of different microenvironments 

on CA degradation. In general, the “openness” of enclosures incurs a trade-off 

between facilitating ventilation of acetic acid (preventing its accumulation in the 

object) and exposing the object to unfavourable shifts in macroenvironmental 

conditions, mainly relative humidity (and temperature to a lesser extent).   

2.4.5 Internal diffusion 

In 35 mm CA film reels, variation in degree of degradation appears to be related to 

the diffusion of volatile components like water and plasticiser over the film width. 

A study (12) which analysed cross-sections of naturally and artificially aged films 

found variability in various properties across axial (width) and radial (reel 

diameter) dimensions in film. Moisture regain was highest at the edges (near the 

spool and outer circumference), the effect being more evident in severely 

degraded films and in older film stock. The increase in moisture regain is 

consistent with an observed decrease in intrinsic viscosity, and more plasticiser 

loss.  

A different study (13) that compared the IR spectra in naturally and artificially 

aged CTA films and in samples from a naturally aged CA sculpture, in 30 μm thick 

samples taken through the cross-sections, found little difference between surface 

and bulk layers in the film, compared with the sculpture. CTA film base is 150 μm 

thick and the sculpture is most likely several millimetres thick in the narrowest 

dimension (13). The difference in variation may be due to longer diffusion length 

in the sculpture, or that the film was stored in a microenvironment (enclosed 

space, low air/CA volume ratio) that permitted it to approach an equilibrium with 

the microenvironment, thus reducing the concentration gradient. The difference in 

storage conditions may also have promoted different degradation pathways 

altogether in the sculpture than in the films.  

2.4.6 Crystallinity 

The crystallinity of the plastic affects the accessibility of degradative reactants to 

the polymer (95,130). Amorphous regions are more easily penetrated by chemical 

species due to local chain disorder, giving this fraction a faster rate of degradation. 
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This can cause an increase in the crystalline fraction over time as the amorphous 

fraction is destroyed.  

The distribution of acetyl groups at the three possible sites of the AGU and the 

distribution along the chains may result in differences in degree of crystallinity 

(37). The crystalline structure and crystalline fraction may in turn affect the 

distribution of acetyl groups and the distribution along the chains as certain sites 

are more accessible to degradative reactants.  

2.4.7 Other components  

In CA films, plasticiser and the emulsion layer appear to confer some stability to 

the film base (12,26). The emulsion layer, based on gelatine, may act as an acid-

scavenger; or possibly impair the rate of diffusion of oxygen into the film and 

inhibit oxidation (26). The emulsion layer may also operate as a diffusion barrier 

for the migration of plasticiser (12). Positive films are generally less stable than 

negative films; negative film has a thicker emulsion layer (12). However, a 

different study (10) found no consistent difference between the stability of 

uncoated base and emulsion-coated base. 

Triphenyl phosphate plasticiser may operate as an antioxidant (26). However, the 

decomposition of triphenyl phosphate to diphenyl phosphate, a strong acid, 

accelerates hydrolytic degradation (29,30). 

Residual manufacturing impurities such as sulphuric acid increase susceptibility to 

degradation (13,30,83–86). In films, the redox nature of processing reagents may 

help to catalyse degradation reactions (13). The extreme pHs used in photographic 

processing could also contribute to instability (13).  

2.5 CONSERVATION IMPACTS OF CELLULOSE ACETATE DEGRADATION 

Degradation may lead to signs of damage, perceived as a loss in value(s) of an 

artefact or collection. Identifying and managing degradation processes is a key part 

of any conservation policy that aims to minimise damage over time. This section 

reviews practical implications of cellulose acetate degradation in the context of 

conserving cultural heritage.   



41 
 

2.5.1 Monitoring degradation 

Degradation monitoring refers to the detection and measurement of degradation 

in artefacts or collections. These techniques may be used to study degradation 

processes or to detect degradation or susceptibility to degradation before it is 

advanced (30). Many of the analytical techniques that provide information about 

the chemical characteristics of the plastic material are covered in detail in 

Section 2.3.  

A disadvantage of some analytical methods such as NMR spectroscopy or SEC is 

that they are labour-intensive and destructive (7). They require access to 

expensive equipment and specialised knowledge that a conservator may not have. 

The need for destructive sampling precludes their use for long-term monitoring of 

valuable cultural heritage.  

The extent to which a measurement reflects a qualitative change in condition is 

also an important characteristic for degradation monitoring. For example, free 

acidity is considered a more sensitive indicator for deacetylation in CTA film than 

pH (76). This is mainly due to pH being based on a logscale. As a destructive and 

labour-intensive technique, free acidity is not suited for large-scale monitoring of a 

collection. Therefore, non-destructive methods such as A-D strips are preferred for 

the detection of increasing quantities of acetic acid, even if these do not provide 

sufficient quantitative information for scientific research on deacetylation (70–72). 

According to the vinegar syndrome narrative, detecting deacetylation is important 

when monitoring degradation, as it is believed to be the first sign of degradation 

and can lead to more severe forms of degradation.  

There is a discrepancy between qualities that can be measured and changes that 

are perceptible. Referring to Figure 2.1, qualities that correspond to degree of 

degradation (e.g., DS) are useful to a physical scientist studying the underlying 

phenomena, while qualities that correspond to damage (e.g., tensile stress at 

break) are linked to values and tend to be prioritised by conservators. A key role 

for the physical scientist studying heritage artefacts is to bridge this gap between 

systems of evidence to improve understanding, while remaining aware of what 

kinds of knowledge will be considered relevant to other stakeholders (131). 
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Chapter 7 will address this point by exploring the consequences for heritage 

conservation of the analytical outputs of the model.  

2.5.2 Managing degradation  

Conservation strategies for preserving cellulose acetate artefacts illustrate 

conventional beliefs amongst conservation professionals about what and how 

factors affect cellulose acetate degradation. While the focus of this thesis is not to 

develop new conservation guidelines, awareness of the current recommendations 

provides the context for a model that considers factors and scenarios that are 

realistic and relevant to conservators.  

Photo-degradation is effectively inhibited by minimising exposure to UV radiation. 

Most museums and archives have storage and display systems that prevent UV 

radiation exposure, for example: dark storage, artificial lighting, natural lighting 

with UV filters (132).  

Storage below room temperature is widely recommended as this broadly inhibits 

the rates of various degradation processes (11,120,133). For example, it is 

believed that “reducing the temperature by 5 to 10 °C halves the rate of the most 

common chemical degradation reactions of plastics, such as hydrolysis and 

oxidation” (6). The advice to store new CA films at <0 °C, and older films which 

already contained acetic acid at -18 °C to freeze the acid (melting point -17 °C), 

illustrates how temperature might be used to control physical phenomena as well 

as chemical (4). Research (134) on cooling rolls of CA-based movie films 

concluded that to avoid formation of condensation, the temperature difference 

between film and its storage container or between any two areas in the mass of 

materials should not exceed 10 °C. Cool storage is suitable for constructed objects 

or those made from mixed materials, but temperatures close to or below 0°C is not, 

due to differential thermal expansion. 

Moisture content is usually controlled by the relative humidity, as moisture 

promotes hydrolysis reactions. A study (11) that used a model to extrapolate film 

lifespans from artificial ageing experiments concluded that decreasing relative 

humidity from 50% to 20% appears to increase lifespan of films by a factor of 

about 3. Some disadvantages of very low relative humidity are increased 
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dehumidification costs and possible increase in film brittleness and curl (mostly 

reversible, though one can imagine that even a reversible change in brittleness 

could lead to irreversible mechanical damage) (11).  

Ventilation has been recommended to prevent build-up of acetic acid, for example 

by storing CA films in aerated cans (4). However, this strategy requires careful 

control of relative humidity as there is less buffer from the storage container. 

Ventilation of acetic acid also comes at the cost of increasing plasticiser loss rates. 

Microenvironment conditions to avoid include low air volume (e.g., a vacuum-

sealed bag), no air movement and/or absence of acid-absorbing materials (11). 

Desiccants such as zeolite crystals inhibit degradation of CA by absorbing water 

and acetic acid  (135,136). However, their effectiveness at absorbing acid in a 

moisture-permeable container is limited as the absorption of water from the 

outside environment reduces the uptake of acetic acid (136). Patented designs 

(135,137–139) for film enclosures attempt to either absorb acetic acid or allow its 

release. While it would seem like a good idea to use a sealed container (to limit 

moisture ingress and plasticiser loss) with acid-absorbing desiccants, in practice, 

many conservators are reluctant to do this (136). First, the use of sealed 

containers limits access to the collection. Second, there is the risk that reaction 

products will eventually accumulate as degradation proceeds, resulting in rapid 

and severe deterioration.  

It is advised not to store degraded CA film in the same microclimate or confined 

storage area with undegraded film unless steps are taken to continually remove 

acetic acid vapours from the area as they are produced (8). For similar reasons, it 

is recommended to separate degrading plastics from cellulose, iron, and silver, as 

the degradation products can corrode other organic materials and metals (140). 

2.6 CONCLUSIONS 

I have presented approaches in preventive conservation that aim to mitigate or 

inhibit degradation, rather than interventions to reduce or reverse damage that 

has already occurred. Intervention deals with addressing the effects of 

degradation, while prevention focuses on understanding its causes. However, 

preventive conservation benefits from awareness of both causes and effects of 
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degradation that were reviewed in this chapter, as the effect is what we are trying 

to prevent! This motivates the field of study within heritage science concerned 

with lifetime prediction, which will be discussed next in Chapter 3.  
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3 MODELLING POLYMER DEGRADATION 

This chapter is a literature review of mathematical models of polymer degradation. 

The review discusses: 

• applications and motivations for the development of mathematical models 

of polymer degradation 

• definitions and models of degradation in the context of cultural heritage 

conservation  

• how modelling approaches in heritage science attempt to predict the effect 

of environmental factors on the longevity of collections to inform 

conservation decisions 

• mathematical models of mechanisms and phenomena relevant to cellulose 

acetate (CA) degradation. 

The aims and original contribution of this thesis are argued in light of the 

modelling state-of -the-art.   

3.1 INTRODUCTION 

Mathematical models are a form of knowledge representation (141). Formalising 

knowledge in a rules-based system of logic (mathematics) enables us to make 

deductions and reveals new insights which were not obvious based on earlier 

empirical observations. Such models may yield novel hypotheses based on their 

underlying assumptions, which can then be tested empirically. Furthermore, a 

model which is represented in a mathematical framework has the benefit that a 

computer can perform calculations on the model. Even complex models can be 

solved in an efficient and scalable way using readily available software programs. 

Finally, mathematical models are versatile and inspire cross-pollination of ideas by 

recognising the similarities between abstract representations of different systems. 

Mathematical modelling has been used to study polymer degradation and to 

predict object lifetimes across a range of disciplines: 

• In heritage conservation, being based on extrapolation from accelerated 

ageing experiments via the Arrhenius equation (26,142). 
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• In industrial applications, which may expose materials to harsher 

conditions than those encountered in a heritage context, and where the 

definitions and/or threshold for damage may be different. For example: 

EVA polymer degradation in solar panels (143); cellulosic insulation in 

power transformers (144); nylon 6.6 degradation in parachutes (145). 

• To predict the behaviour of bioresorbable medical implants (146). 

• In pharmaceutical applications, to simulate and design the drug delivery 

properties of controlled-release formulations (147–149). 

• In environmental sciences, to assess the biodegradability of plastic waste 

and its ecological impact (150,151). 

These applications involve the interactions of the object with its immediate 

environment. In the last four examples, the environmental conditions are a 

constraint that engineers and scientists use to design an object, or to manage its 

usage—for example, to plan the frequency of replacements. The heritage sector is 

distinct in that there is no option to “engineer” the object. Instead, conservators 

can control the environment to minimise damage and extend lifetime of the object. 

For this reason, degradation models created in the context of heritage 

conservation have tended to focus on the effects of environmental factors. 

3.2 MODELLING POLYMER DEGRADATION IN CULTURAL HERITAGE 

ARTEFACTS 

Modelling is used in preventive conservation to inform decision-making and risk 

management (3). Mathematical models of degradation can support a holistic risk 

management strategy which incorporates objectively measurable variables as well 

as subjective values (152). The main purpose of these models is to predict object 

condition (output) as a function of tuneable environmental conditions and, 

although less frequently, the independent variable time (inputs). These models 

have tended to be highly empirical and do not seek to explain underlying 

phenomena. An advantage of this approach for heritage is that the phenomena may 

be complex, and a simpler approach may be sufficient for achieving the desired 

objectives. A disadvantage is that it can be hard or impossible to predict new types 

of behaviour, particularly when considering unique or modern artefacts. An 
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empirical model can be used for a small class of systems and is not easy to extend 

or generalise. Finally, it does not offer much insight, as it can tell you what will 

happen, but not why it happens.   

3.2.1 Damage and dose-response functions 

A dose-response function 𝑓𝐶  attempts to predict an objectively measurable change 

as a function of parameters 𝑝 (2). A values-based function 𝑓𝑉  can be applied to the 

output, to get a damage function 𝑓𝐷 . 

𝑓𝐷 = 𝑓𝑉(𝑓𝐶(𝑝))  (3.1) 

  

For example, Strlic et al. (153– 155) developed a model of paper degradation that 

links the change in degree of polymerisation over time 𝑡 (years) to temperature 𝑇 

(°C), relative humidity 𝑅𝐻 (expressed as a ratio) and 𝑝𝐻: 

𝑘𝑡 =
1

𝐷𝑃𝑛
−

1

𝐷𝑃0
 

 (3.2) 

  

ln 𝑘 = 36.981 + 36.72 (
ln(1 − 𝑅𝐻)

1.67𝑇 − 285.655
)

1
2.491−0.012𝑇

 

+0.244 ln(10−𝑝𝐻) −
14300

𝑇 + 273.15
 

(3.3) 

  

𝐷𝑃𝑛 is the number-average degree of polymerisation at time 𝑡, 𝐷𝑃0 is the number-

average degree of polymerisation at 𝑡 = 0 and 𝑘 (year-1) is the rate constant. In 

this example, the parameters 𝑝 are 𝑡, 𝑇, 𝑅𝐻 and 𝑝𝐻, and the dose-response 

function is 𝑓𝐶 = 𝐷𝑃𝑛. The dose-response function was developed by fitting 

empirical data to a form of the Ekenstam equation (Equation 3.2), which is covered 

in more detail in Section 3.3.2 (156). This dose-response function provides the 

input, 𝐷𝑃𝑛, to a wear-out function (𝑓𝑉) linking degradation to accumulation of 

mechanical damage due to use. The wear-out function (Equation 3.4) considers the 

“number of handlings” (𝑛𝑜ℎ𝑎𝑛𝑑𝑙𝑖𝑛𝑔𝑢𝑛𝑡𝑖𝑙 𝑢𝑛𝑓𝑖𝑡) before the paper in question 

becomes unfit for use (154). A fitness-for-use threshold, based on psychosocial 

factors, is defined as the state of an object where its use is no longer satisfactory. In 
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this case, this is defined by the “threshold number of large missing pieces per 100 

sheets” (𝑡ℎ𝑟𝑒𝑠ℎ𝑜𝑙𝑑𝐿𝑀𝑃/100𝑠ℎ𝑒𝑒𝑡𝑠). 

ln(𝑛𝑜ℎ𝑎𝑛𝑑𝑙𝑖𝑛𝑔𝑢𝑛𝑡𝑖𝑙 𝑢𝑛𝑓𝑖𝑡) = (0.01050 ± 0.00097) × 𝐷𝑃𝑛   

                                                       + ln(𝑡ℎ𝑟𝑒𝑠ℎ𝑜𝑙𝑑𝐿𝑀𝑃/100𝑠ℎ𝑒𝑒𝑡𝑠) −

(0.02 ± 0.51) 

 (3.4) 

  

Combining these three elements (dose-response function, wear-out function, and 

fitness-for-use threshold) establishes the damage function 𝑓𝐷 .  

Relative humidity and temperature are the most common inputs found in dose-

response functions, but other factors may be considered as well. A study (124) on 

degradation in historic plastics used principal component analysis (PCA) to map 

correlations between colour change and yellowing, and environmental factors: 

light intensity, relative humidity, temperature, SO2, O3 and NO2. This kind of 

analysis could be useful for exploratory purposes to decide which factors to focus 

on when developing a dose-response function, with environmental factors as 

parameters 𝑝, and colour change and yellowing as the output of the dose-response 

function 𝑓𝐶 . Researchers can limit the number of required experiments to obtain 

sufficient data for a model. In another study (157), Design-of-Experiment, a 

procedure to optimise experiments for efficient data collection, was used to 

develop a dose-response function for colour photographs. The form of the 

Equation 3.5 is based on the Arrhenius equation in the sense that it suggests a 

linear relationship between the logarithm of a rate of reaction and temperature 𝑇 

(K), but the terms in the equation do not represent an activation energy: 

ln (
∆𝐸𝑅𝐺𝐵

𝑡
) = 32 + 0.0002(𝑐(𝐴𝐴)) + 0.01(𝑅𝐻) − 11 (

1000

𝑇
) 

 (3.5) 

  

The rate of reaction is represented by the colour change ∆𝐸𝑅𝐺𝐵 over time 𝑡 (years). 

The term 𝑐(𝐴𝐴) stands for concentration of acetic acid (ppb). Relative humidity 

𝑅𝐻 is expressed in percent. In terms of Equation 3.1, ∆𝐸𝑅𝐺𝐵 or ∆𝐸𝑅𝐺𝐵/𝑡 could be 

considered as outputs of 𝑓𝐶 , with the remaining variables as parameters 𝑝. 
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3.2.2 Kinetic models of decay rate 

According to kinetic theory, for a first-order reaction consisting of a reactant 𝑅 

going to product 𝑃: 

𝑅 → 𝑃  (3.6) 

  

The rate of reaction 𝑟 in terms of their molar concentrations [𝑅]  and [𝑃]  is 

𝑟 = −
𝑑[𝑅]

𝑑𝑡
=

𝑑[𝑃]

𝑑𝑡
= 𝑘[𝑃] 

 (3.7) 

  

𝑘 = 𝐴 × 𝑒
−𝐸𝑎
𝑅𝐺𝑇 

(3.8) 

  

where 𝑘 is the rate constant, 𝐴 is the pre-exponent factor, 𝑅𝐺  is the ideal gas 

constant, and 𝐸𝑎 is the apparent activation energy. Equation 3.8, the Arrhenius 

equation, has been relied on extensively to extrapolate lifetime predictions for 

collections from accelerated ageing experiments. As explained in Chapter 2, the 

equation expresses the dependence of the reaction rate on the temperature. 

Typically, heritage scientists have utilised the temperature dependency set out by 

the Arrhenius equation to model macroscopic changes regardless of whether these 

changes are known to correspond to a simple reaction like Equation 3.6, simply 

because the relationship between temperature and the macroscopic change has 

been found empirically to follow the Arrhenius dependence. For example, 

Equation 3.5 makes an analogy between rate of reaction and rate of colour change. 

It is also common to define 𝑟 as the rate of change of a relevant degradation 

indicator, by measuring the time to reach a threshold level of this indicator, such as 

the time for cellulose triacetate (CTA) film to lose 10% viscosity (26). It is possible, 

on theoretical grounds, to model macroscopic changes as following the Arrhenius 

dependence if a reactant or product can be identified with a degradation indicator 

and a degradation mechanism (chemical reaction). 

Another example of the use of the Arrhenius equation in museum conservation is 

in the temperature-dependence multiplier 𝑓(𝑇) of the object lifetime 𝐿 (years). 

Assuming that the rate of decay is constant, the lifetime is the reciprocal of the rate 

of decay. Therefore, 𝑓(𝑇) is derived from the reciprocal of the Arrhenius equation. 
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For example, for the most rapidly decaying organic materials, including cellulose 

acetate (CA), the dominant degradation mechanism is acid hydrolysis (158,159). 

In Chapter 24 “Museums, Galleries, Archives, and Libraries” of the 2019 ASHRAE 

Handbook—HVAC Applications (159), the lifetime of objects composed of these 

materials is calculated using the following form of equation: 

𝐿 = 𝑓(𝑝𝐻) × 𝑓(𝑇) × 𝑓(𝑅𝐻)  (3.9) 

  

According to this standard (159), “for our purposes, acidity is a given, and only 

temperature and relative humidity can be controlled.” In general, the equation 

assumes that all the inputs (which determine the rate of decay) are constants, even 

though acidity may vary with the degree of decay. 

The idea of lifetimes is well-established in heritage conservation literature, with 

guidelines building upon this concept to provide further reference tools for 

conservators to understand the potential impacts of the environment on the 

longevity of collections. For example, isoperms are lines of constant lifetime 

plotted with respect to temperature and relative humidity as the axis (160). For a 

given object, isoperms represent relative lifetime 𝐿𝑟 , the ratio of the lifetime at 

storage conditions to the lifetime at room conditions 20°C, 50% relative humidity. 

Object-specific properties will influence the absolute lifetime. This approach only 

considers the influence of degradation on lifetime, and in that sense, it defines 

lifetime by the extent of degradation alone. For example, an object could break due 

to repeated mechanical stresses, without any change in chemical composition. This 

is not accounted for in the concept of lifetimes as used in isoperms.    

Chapter 24 of the 2019 ASHRAE Handbook (159) provides three advisory tools 

that are essentially isoperm models. As expressed in Equations 3.10-12, 

temperature 𝑇 is in Kelvin, relative humidity 𝑅𝐻 is expressed as a ratio, and ideal 

gas constant 𝑅𝐺  is 8.134 × 10-3 kJ mol-1 K-1.  

1. The Preservation Index, derived primarily from acetate film data (14). The 

model is the basis of a software tool offered by the Image Permanence 

Institute (161,162). 
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𝐿𝑟 = 4.69 × 10−17 exp (
94.9

𝑅𝐺𝑇
) exp(𝑅𝐻(0.02087𝑇 − 8.79)) 

 (3.10) 

  

2. Michalski (115) derived the following expression for 𝐿𝑟 from a review of 

data on paper, film and dyes, but it is considered applicable to all organic 

objects: 

𝐿𝑟 = 6.17 × 10−19 exp (
100

𝑅𝐺𝑇
) (

1

𝑅𝐻
)

1.3

 
 (3.11) 

  

3. By rearranging the dose-function in Equation 3.3, it is possible to obtain a 

formula for 𝐿𝑟 which is applicable primarily to paper and other cellulosic 

materials (155): 

𝐿𝑟 = 9.468 × 10−21exp (
119

𝑅𝐺𝑇
)

× exp {−36.72 (
ln(1 − 𝑅𝐻)

1.67𝑇 − 741.82
)

1
5.7688−0.012𝑇

} 

 (3.12) 

  

These advisory tools assume constant environmental conditions. For fluctuating 

relative humidity, the 2019 ASHRAE Handbook (159) recommends using a time-

weighted average of the relative humidity. For temperature dependence, the 

Handbook (159) recommends obtaining the decay rate from the time-weighted 

average of the decay rates at each temperature, calculating lifetime as the 

reciprocal of the final decay rate. 

These models can predict what will happen, but they do not tell conservators what 

should be done. This can lead to confusion and uncertainty for conservators 

wishing to use these tools to make decisions about storage conditions (163). It is 

worth bearing in mind the practical limitations of these kinds of models in heritage 

conservation, and that knowledge (model-based or otherwise) is not a substitute 

for judgement.  
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3.2.3 Deacetylation 

Kinetic models of deacetylation in CTA film have been developed with the 

motivation to predict the time until the onset of the vinegar syndrome under 

different conditions of temperature and relative humidity (142). This is the basis for 

the Preservation Index mentioned earlier (161). Outputs from this model are cited 

as the standard in guidelines for photographic film preservation (164). The model 

assumes a constant rate of reaction during the so-called induction phase (below a 

free acidity of 0.5) and does not account for the catalytic effect of acetic acid (10,14). 

To use a volatile product (acetic acid) as the measure of the extent of degradation, 

all the product must be retained in the system. Therefore, this model only applies to 

a storage scenario in which all the acetic acid is retained in the film, which requires 

a sealed enclosure with minimal air-film volume ratio (e.g., vacuum-sealed). This 

“no-ventilation” scenario is considered the worst-case scenario for promoting the 

vinegar syndrome and so the model provides an upper bound on the rate (lower 

bound on lifetime). Curiously, under the premise that the acid has no effect when 

the free acidity is less than 0.5, this implies that deacetylation (if measured by 

degree of substitution) would proceed at the same (constant) rate if the acid was 

ventilated, for example, by storing the film in an open enclosure.  

3.2.4 Chain degradation 

The best-known model concerning chain degradation in linear chain polymers is 

the Ekenstam equation (Equation 3.2) (156). The original equation was obtained 

by fitting a line of best fit to data from experiments of cellulose degrading in acidic 

aqueous solutions. While the model was first conceived empirically, numerous 

phenomenological models of degradation in linear chain polymers have predicted 

functions consistent with the Ekenstam model under certain assumptions (see 

Sections 3.3.2.1 and 3.3.2.2). The Ekenstam model has been the basis for dose-

response functions in heritage concerning cellulose hydrolysis, particularly paper 

degradation in archival collections (158,165,166).  

When it comes to simulating polymer degradation, heritage science has tended to 

deploy the Ekenstam model in an empirical spirit without substantial inquiry into 

the theoretical reasons for the application of this particular equation to this 

particular polymer system. This approach is not necessarily inaccurate in specific 
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cases, but it limits our ability to generalise from the specific cases and prevents the 

transfer of knowledge to describing new situations. In a review on mathematical 

models of polymer erosion for drug delivery, Sackett and Narasimhan (149) make 

the following observation about empirical models: “While empirical models are in 

general reliable within a system that has been studied experimentally and are easy 

to apply, they are not applicable to all systems and conditions. Additionally, 

accurate empirical models usually require an input of a large number of 

parameters and as a result contain little information about the actual underlying 

mechanisms.” With respect to heritage science, models are trained on data that 

may not be representative of the collections they attempt to simulate. They may 

only work well for collections that are very similar to the objects/conditions in the 

training data. One can attempt to define “similarity” as variables being within a 

range of validity, but without understanding why these or other variables affect 

the underlying phenomena, one risks comparing two systems that may behave in 

very different ways. In the absence of an explanation of the underlying causes, it is 

difficult to study the relationship between cause and effect, which is essential 

when justifying the course of action in a particular conservation plan.   

Mathematical models which represent a causal chain of processes can produce 

insights that an empirical model alone cannot reveal. For example, to investigate 

the impact of acetic acid on libraries and archives, Ligterink et al. (167) developed 

a model by combining existing partial models describing the transfer of acetic acid 

through air, the pH response of paper, and the kinetics of acid-catalysed hydrolytic 

depolymerisation. The kinetic model was based on the Ekenstam equation. This 

model predicts that the impact of acetic acid on archival collections is limited. This 

conclusion contradicts conventional wisdom, but it is consistent with the lack of 

direct evidence for acetic acid in typical storage conditions causing significant 

damage to paper heritage. One limitation of the model is that it does not account 

for acidic products generated by cellulose degradation during the natural ageing of 

paper (168). Therefore, the model may only be valid for situations where it is 

possible to maintain a constant level of acidity.  

Variation within a collection has been modelled using a population distribution, 

simulating cellulose degradation in different segments of an archive that have 
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similar properties/conditions (169). Note that using a distribution to describe 

(known) variation in a collection is mathematically similar to using a distribution 

to describe uncertainty (unknown) in model inputs, but the former is suitable for 

calculating the probability of outcomes and the latter, the range of outcomes.   

In summary, models of polymer degradation in heritage science have tended to 

focus on the effects of external (exogenous) factors/inputs such as temperature 

and relative humidity, with minimal representation of the structural 

characteristics of the system on which these factors act. The models are often 

descriptive, in comparison with the models presented in the following section, 

which have a more analytical basis.  

3.3 MODELLING POLYMER DEGRADATION IN OTHER CONTEXTS 

Outside heritage science, there are many models of polymer degradation which 

focus on representing underlying mechanisms. Such models can provide greater 

understanding of how endogenous factors—the internal organisation, qualities, 

and interactions between parts of the system itself—affect the system’s outputs. 

This section presents a selection of mathematical models of 

mechanisms/phenomena relevant to cellulose acetate degradation. 

3.3.1 Deacetylation 

The kinetics of hydrolytic deacetylation have been studied experimentally 

primarily in aqueous solution systems. Typically, the reaction conditions are either 

homogeneous or, if heterogeneous, the experiments are designed to limit the role 

of diffusion, for example, by using very thin fibres of cellulose acetate. One feature 

of these conditions is that water concentration is effectively constant, therefore the 

effect of moisture is not studied. Mathematical models based on such experiments 

treat acetyl groups as a uniform chemical species, and hence, the overall rate is 

first order in acetyl concentration:  

𝑟 = 𝑘1[𝑅𝑂𝐴𝑐]  (3.13) 

  

where 𝑘1 stands for the first order rate constant. A study (82) using this approach 

measured the overall rate in a range of pH from 2-10. Because the reaction can be 
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acid- or base-catalysed, the authors of this study modelled these mechanisms as 

separate terms in a cumulative reaction rate constant: 

𝑘1 = 𝑘𝐻+[𝐻+] + 𝑘𝑂𝐻−[𝑂𝐻−] + 𝑘𝐻2𝑂  (3.14) 

  

where [𝐻+] is hydrogen ion concentration, [𝑂𝐻−] is hydroxide concentration, 𝑘𝐻+  

and  𝑘𝑂𝐻−  are second order rate constants for the acid- and base-catalysed 

reactions respectively, and 𝑘𝐻2𝑂 is the first order rate constant for the neutral 

reaction (82). The model assumes that concentrations of the ions can be calculated 

accurately based on dissociation constants and pH.   

 

 

Figure 3.1   Cellulose acetate anhydroglucose unit (AGU). Functional groups bonded to C2 and C3 
are secondary (e.g., secondary acetyls, when R = CH3CO), while the one bonded to C6 is primary. 

 

Other models have attempted to account for variation in reaction rates between 

acetyl groups. The rate is still first order in acetyl group concentration, but the 

groups are distinguished from each other (see Figure 3.1). For example, one model 

distinguishes between primary and secondary acetyls (thus combining C2 and C3 

acetyls) and considers the reverse reaction (re-acetylation) as well as the forward 

reaction (63). The reverse reaction is not expected to play a role in heritage 

materials and environments as it is not thermodynamically favourable under these 

conditions. 
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Spurlin’s model for substitution kinetics in cellulose derivatives distinguishes 

three reactive functional groups, with a rate constant for the substituent at each 

carbon position (170). The model assumes that the ratio of rate constants k2:k3:k6, 

as well as the ratio of equilibrium constants K2:K3:K6, are constants (the subscripts 

denote the carbon position of the substituents that the rate constant or 

equilibrium constant refers to). Assuming that these ratios remain the same during 

the whole reaction, and that all anhydroglucose units (AGU – the general term for a 

single monomer in a CA molecule) in the chain remain equally accessible for 

substitution at all times, then the equations of Spurlin’s model may be solved to 

yield a characteristic distribution known as the Spurlin distribution (171). 

The Spurlin model was augmented by Salmi and others (172–174) to account for 

the decrease in reactivity as substitution proceeds, during the carboxymethylation 

of cellulose. This model defines the 8 types of AGUs (2 substituent types and 3 

substituent positions = 23 = 8 unique AGUs) as the chemical species, with 12 

substitution reactions linking them (see Chapter 5, Figure 5.2). For each of the 

three positions, the model defines a reference rate constant and a parameter which 

relates to the decline in reactivity as substitution progresses. Therefore, while this 

model involves 12 substitution reactions, it defines no more than 6 kinetic 

parameters to describe the reactions.  

The Spurlin model assumes that the substitution reactions on neighbouring AGUs 

are independent of each other. Another model was developed that distinguished 

between un-, mono- and di-substituted AGUs as a group and tri-substituted AGUs, 

to model the effect of substitutions in adjacent AGUs on substitution kinetics (175). 

Like the Spurlin model, this model generates distributions of AGUs as a function of 

degree of substitution. Recall that the degree of substitution (DS) is the average 

degree of acetylation of cellulose acetate and can vary between 0 and 3 (36). Using 

data of the AGU distributions in dimers (polymer molecules comprising exactly 

two monomers) generated from commercial cellulose acetate (DS = 2.44), it was 

found that the new model (which assumes dependence on adjacent substitutions) 

fits better than the Spurlin model (175).  

As noted previously, the Arrhenius equation is often applied empirically to 

describe the temperature-dependence of reactions. The Eyring equation is based 
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on molecular modelling to predict the Gibbs free energy of activation, or the 

entropy and enthalpy change of the reaction (176). It models the chemical 

mechanism(s) of the reaction including intermediate and transition states (176). 

One such model was developed for deacetylation in cellulose diacetate, considering 

the reaction in neutral and acidic conditions: 

𝑑[𝑅𝑂𝐴𝑐]

𝑑𝑡
= −

𝐾𝐵𝑇

ℎ
exp (

∆𝑆‡

𝑅𝐺
) exp (−

∆𝐻‡

𝑅𝐺𝑇
)

[𝑅𝑂𝐴𝑐]𝐶𝐵

𝐶𝑆
 

 (3.15) 

  

where 𝐾𝐵 is Boltzmann’s constant, ℎ is Plank’s constant, ∆𝑆‡ and ∆𝐻‡ are the 

maximum changes in entropy and enthalpy that correspond to the transition state, 

and 𝐶𝑆 is the standard concentration (usually 1 mol L-1) (177). In neutral 

conditions, 𝐶𝐵 is the water concentration. In acidic autocatalytic conditions, 𝐶𝐵 is 

the concentration of acetic acid. This study (177) cites a published peer-reviewed 

paper (172) based on Chapter 4 of this thesis. 

3.3.2 Chain degradation 

Chain degradation models comprise a far greater breadth and depth than do 

models relating to deacetylation. While a variety of approaches are presented in 

this section, all the mathematical models are based on a common conceptual 

model. In this conceptual model, a scission event occurs when one polymer 

molecule of length 𝑛 splits into two polymer molecules of length 𝑚 and 𝑛 − 𝑚. 

Therefore, chain scission increases the number of chains, but makes the chains 

smaller.  

3.3.2.1 Stochastic models 

In a sample of polymer, polymer molecules of different sizes will be present in 

varying proportions (mole fractions). The molecular weight distribution (MWD) is 

a population distribution which maps molecular weight to mole fraction. Molecule 

size can also be expressed in terms of degree of polymerisation (DP), the number 

of monomers per polymer molecule.  

Stochastic models of chain degradation attempt to deal with the polydispersity of 

the polymer molecules and the large number of possible scission events through 
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probabilistic approaches. These output MWD as a function of time or extent of 

reaction (degradation).  

In a linear chain polymer, probability of reaction of a bond could depend on its 

position in the chain and the chain length (thus, the initial chain length or MWD is 

also required). Most of the stochastic models presented in this review vary by the 

assumptions they make concerning the effect of these two factors, the initial 

conditions, and in the analytical and/or numerical methods used to solve the 

equations.  

Kuhn (179) assumed that initial chains are infinitely long compared with the 

degradation products and that all links are split with the same probability. Since 

the initial chains are infinitely long, individual fragments of length 𝑛 are formed 

when a bond at position 𝑛 away from the chain end is broken, while the 𝑛 − 1 

bonds in between remain intact. If the probability of any particular polymer bond 

being broken is 𝑎, then the (relative) frequency 𝑓𝑛 of molecules of size 𝑛 may be 

calculated as:  

𝑓𝑛 = 𝑎(1 − 𝑎)𝑛−1  (3.16) 

  

Equation 3.16 is analogous to MWD, where 𝑓𝑛 represents mole fraction as a 

function of DP = 𝑛 and probability 𝑎 corresponds to the extent of chain 

degradation. 

Mark and Simha (180) derived MWD as a function of the initial (monodisperse) 

chain length 𝑏 + 1 (𝑏 = initial number of bonds per chain) and number of scissions 

per chain 𝑟. This assumes that 𝑟 is the same for all chains undergoing degradation. 

They validated the model against experimental results of acetolysis of cellulose 

acetate, which was fractionated initially to a DP of 350. They noted that the model 

only holds for homogeneous reactions and that the reaction conditions were 

considered sufficiently homogeneous to make the comparison valid. They 

observed that there is no complete quantitative agreement between the 

experimental and theoretical curves, but that their results show good qualitative 

agreement. As this study was published in 1940, all the plots were hand-drawn, 

and the best-fit curves were obtained manually. Therefore, this limited the ability 
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of the researchers to make quantitative comparisons. The authors of the study did 

not demonstrate the relevance or advantage of including 𝑏 as a parameter in their 

model compared with the model of Kuhn (179), for example, by showing how 

different 𝑏 results in different MWDs. 

Montroll and Simha (181) extended the previous model. Formally, the assumption 

that 𝑟 is the same for all (initially monodisperse) chains undergoing degradation, is 

defined as all bonds connecting monomeric elements in the system having the 

same probability of being broken regardless of (1) their position in a polymer 

chain and (2) the size of the polymer in which they are found. In terms of a kinetic 

expression, the concentration term corresponds to the moles of bonds per unit 

volume. The model also assumes that all chains are equally accessible to reaction. 

Building on the work of Mark and Simha (180), the model predicts the average 

molecular weight of the degraded product as a function of the average number of 

bonds split per molecule (181). Experiments of acetolytic degradation of cellulose 

acetate are briefly discussed and compared with the model. The authors of the 

study predicted that at high degrees of depolymerisation, the chain length in which 

monomeric elements are most likely to be found (the mode length) tends to a limit, 

suggesting that the distribution functions tend to become independent of the initial 

chain length as the degradation process nears completion. It can be shown that the 

statistical model due to Montroll and Simha (181) simplifies to the Ekenstam 

equation (156), a result which went unremarked by the authors of the study 

despite publishing several years after Ekenstam. It requires the additional 

assumption that the rate of bond cleavage is constant, as Montroll and Simha’s 

model is based on extent of reaction whereas Ekenstam’s model is a function of 

time. 

Researchers have benefited from gains in computational power, allowing 

stochastic models to be simulated via Monte Carlo methods (MC) (182). Early 

models assumed that all the bonds in the chain had the same probability of being 

broken. This is termed “random” scission, after the definition of random: “of or 

characterising a process of selection in which each item of a set has an equal 

probability of being chosen” (183). It was often possible to solve the equations 

analytically. Models with non-random scission events are usually too complex to 
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solve analytically. In this context, the term “non-random” refers to the fact that the 

probabilities of scission may not be equal and does not imply that the process is 

deterministic. MC deals with this by running many simulations of a stochastic 

model, generating a distribution of outputs over all the simulations. In this way, the 

MWD is obtained from the results of the simulation, rather than by solving model 

equations analytically. This makes it easier to study the effects of non-random 

scissions. Another benefit of performing calculations with computers is that it 

becomes possible to calculate numerical solutions for MWD in fine resolution, 

which would be extremely time-consuming if done by hand. This makes it easier to 

characterise statistical properties of the MWD such as the dispersity based on 

molecular mass, which is defined as:   

Ð𝑀 =
𝑀𝑤

𝑀𝑛
 

 (3.17) 

  

and the dispersity based on degree of polymerisation, defined as (184): 

Ð𝑋 =
𝐷𝑃𝑤

𝐷𝑃𝑛
 

 (3.18) 

  

As mentioned in Chapter 2, number-average molecular weight (𝑀𝑛) and weight-

average molecular weight (𝑀𝑤) are two types of average values of the MWD in 

terms of molecular weight. Number-average degree of polymerisation (𝐷𝑃𝑛) and 

weight-average (𝐷𝑃𝑤) are the equivalents for MWD expressed in terms of DP.  

In large polymers containing identical or uniform distribution of monomers, Ð𝑀 

and Ð𝑋 are the same. Under these conditions, both types of average molecular 

weights can be calculated by multiplying the corresponding average degree of 

polymerisation by the average molecular weight of one monomer. Therefore, 

Ð𝑀/Ð𝑋 = 1.  

Guaita et al. (185) found that dispersity tends towards 2 when scission events are 

random, studied using MC. Favouring centre-scissions causes the dispersity to dip 

below 2, while favouring end scissions is associated with increasing dispersity 

above 2. Nishida et al. (186) developed a mathematical model of autocatalytic 

random hydrolysis in polyesters and found the same result, up until a threshold DP 
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termed the “critical point”. The model’s predictions were compared against 

hydrolysis data of aliphatic polyesters. The model and the data agreed up until the 

critical point, which depended on the polymer type. The authors of the study 

attribute this to structural changes such as disintegration of the amorphous 

regions, which “would result in failure of the most probable distribution and the 

broadening of distribution” (186).   

Using MC, Emsley and Heywood (187) compared the effect of random bond 

cleavage to non-random bond cleavage, such as favouring centre-scissions or 

slicing off a fixed number or percentage of units. They found that the non-random 

processes are needed to cause a shift in molecular weight distribution, otherwise 

the peak DP does not shift. New peaks only occurred with chopping off a fixed 

number of units. Breaking the molecule in half resulted in a shift of the peak DP to 

lower molecular weights. Broadening towards higher molecular weights only 

occurred if there was recombination.  

Similarly, Bose and Git (188) simulated different scission mechanisms using two 

new mathematical algorithms, an iterative Monte Carlo structured probability 

scheme and a semi-iterative algebraic exact statistical formulation method. They 

concluded that “The nature of molecular destruction can be well-characterised if 

the distinct MWD shift patterns can be simulated to fingerprint the different chain 

scission dynamics.” 

3.3.2.2 Deterministic models 

Deterministic models are typically based on mass balances in the form of 

differential equations. The species described by the balances could be molecules, 

functional groups, or bonds (143). Unlike stochastic models, which consider the 

probabilities of discrete reaction events taking place in a time interval, 

deterministic models use reaction rates to describe the frequency of reaction 

events.  

Because the polymer species are a distribution of molecular weights, which can be 

both reactants and products of scission events, it is computationally expensive to 

build and run a model as a system of differential equations representing the entire 

distribution. This approach is used in population balances, described in 
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Section 3.3.2.2.3. Most other deterministic models of linear chain polymers, 

including cellulose and its derivatives, characterise the hydrolysis rate by the 

generation rate of newly formed chain ends (189). The total chain end 

concentration at any time is equal to (2 × 𝑣𝑜𝑙𝑢𝑚𝑒)/𝐷𝑃𝑛 , therefore the hydrolysis 

rate is frequently expressed in terms of 1/𝐷𝑃𝑛 or 1/𝑀𝑛. Equivalently, the 

concentration of only reducing chain ends is equal to 1/𝐷𝑃𝑛. 

3.3.2.2.1 Hydrolysis of cellulose and cellulose derivatives 

The Ekenstam model can be derived from kinetic principles (190). The reaction 

involves the conversion of inter-monomer bonds (concentration 𝐶) to two chain 

ends, resulting in a net gain of one polymer chain. Consider the random hydrolysis 

of inter-monomer bonds (𝐵), producing chain ends (𝐸) as product: 

𝐵 + 𝐻2𝑂 → 2𝐸  (3.19) 

  

Assuming the water concentration is constant, the reaction rate depends on the 

concentration 𝐶 of reactant 𝐵 as: 

𝑑𝐶

𝑑𝑡
= −𝑘𝐶 

 (3.20) 

  

𝐶(𝑡) = 𝐶(0)𝑒−𝑘𝑡 (3.21) 

  

The initial number-average degree of polymerisation 𝐷𝑃0 is: 

𝐷𝑃0 =
𝑀1

𝑀0
=

∑ 𝑛𝑖𝑃𝑖𝑖

∑ 𝑛𝑖𝑖
 

 (3.22) 

  

where 𝑀0 is the initial zero-order moment of chain length distribution, 𝑀1 is the 

initial first-order moment of chain length distribution,  𝑛𝑖  is the concentration of 

chains of length 𝑖, and 𝑃𝑖  is the number of monomers in a chain of length 𝑖. The 

units of 𝑛𝑖  are “chains per unit volume” and the units of 𝑃𝑖  are “monomers per 

chain". Considering that each chain has one less bond than there are monomeric 

units, and using 𝑃1 = 1: 

𝐶(0) = ∑ 𝑛𝑖(𝑃𝑖 − 𝑃1)
𝑖

= 𝑀1 − 𝑃1𝑀0  (3.23) 
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Denoting the number of scissions per unit volume as 𝑆: 

𝐷𝑃𝑛 =
𝑀1

𝑀0 + 𝑆
 

 (3.24) 

  

𝐶(𝑡) = 𝑀1 − 𝑃1𝑀0 − 𝑃1𝑆 (3.25) 

  

Substituting these into Equation 3.21: 

𝑀1 − 𝑃1𝑀0 − 𝑃1𝑆 = (𝑀1 − 𝑃1𝑀0)𝑒−𝑘𝑡  (3.26) 

  

𝑀1 − 𝑃1𝑀0 − 𝑃1𝑆

𝑀0 + 𝑆
=

𝑀1 − 𝑃1𝑀0

𝑀0 + 𝑆
𝑒−𝑘𝑡 

 

  

𝐷𝑃𝑛 − 1 = (𝐷𝑃𝑛 −
𝐷𝑃𝑛

𝐷𝑃0
) 𝑒−𝑘𝑡  

  

1 −
1

𝐷𝑃𝑛
= (1 −

1

𝐷𝑃0
) 𝑒−𝑘𝑡  

  

1

𝐷𝑃𝑛
−

1

𝐷𝑃0
= (1 −

1

𝐷𝑃0
) (1 − 𝑒−𝑘𝑡) 

(3.27) 

  

Equation 3.27 is the first-order rate law. Expanding the exponential function in a 

Taylor series around 𝑡 = 0 and retaining only the first two terms: 

1 − 𝑒−𝑘𝑡~ 𝑘𝑡 + 𝑂(𝑡2)  (3.28) 

  

Replacing the exponential function in Equation 3.27 with the linear approximation: 

1

𝐷𝑃𝑛
−

1

𝐷𝑃0
= (1 −

1

𝐷𝑃0
) 𝑘𝑡 

 (3.29) 

  

Assuming 𝐷𝑃0 is large, this approximates to: 

1

𝐷𝑃𝑛
−

1

𝐷𝑃0
= 𝑘𝑡 

 (3.30) 
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Equation 3.30 (the Ekenstam equation) corresponds to a zero-order reaction 

where the rate of bond cleavage is constant (191). The rate of bond cleavage is 

approximately constant at the start of the reaction because the concentration of 

bonds, on which the rate has a first-order dependence, changes very little during 

this period.  

Molecular weight distributions obtained by size exclusion chromatography show 

that the depolymerisation of cellulose proceeds in a random fashion and follows 

first-order reaction kinetics (Equation 3.20) (191,192). As this meets the 

conditions of the first-order law (Equation 3.27), the zero-order law (Equation 

3.30) is therefore applicable when the additional conditions are met, such as 

constant rate of bond cleavage.  

Studies (193–195) built on these assumptions have often focused on deriving 

analytic solutions to their models. Elegant formulas can be satisfying to their 

authors and other readers, and simple models are probably more likely to diffuse 

in the scientific community than complex ones. Sometimes there are good reasons 

for the acceptance and sharing of models: for example, if the equations are better 

suited to fitting data. Nonetheless, it should be stressed that the human preference 

for aesthetically pleasing equations is a bias in the development and dissemination 

of models. The fact that an assumption results in a more tractable function is not 

sufficient to justify the underlying assertion that is being made about the system 

under study.  

Several cellulose degradation models attempt to account for non-Ekenstam 

behaviour by incorporating additional explanatory features. Around 𝐷𝑃𝑛 = 250, 

experimental data deviate from the Ekenstam model (196). This is called the 

Levelling Off Degree of Polymerisation (LODP). Below this, the rate constant 

appears to decrease, possibly due to the breaking off of soluble molecules of very 

low DP, causing weight loss and leaving behind larger molecules with little change 

in 𝐷𝑃𝑛 in residual polymer. LODP is comparable to the “critical point” mentioned 

earlier in the context of stochastic models (186). It is simply the point where the 

data deviate from the model, presumably because something in the physical 

system has changed so that the model assumptions are no longer valid.  
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Global deviation may also be due to presence of weak and amorphous links, 

leading to a model of two parallel first-order reactions (197). Several studies 

(198–202) found that if there were weak links or acid-sensitive links present in 

paper during acid-catalysed hydrolysis, a two-stage degradation process could be 

observed, giving a non-constant slope. The acid-catalysed hydrolytic degradation 

of cellulose may proceed in several stages, resulting in distinct phases where the 

dominant mechanism determines the apparent rate of reaction. Proposed stages 

include (203): 

1. Rapid initial stage: very susceptible weak bonds, due to physically induced 

strains.   

2. Accessibility: Reaction of the chains in the amorphous region. 

3. Attack on crystallites: Reaction of the crystalline regions of the polymer. 

4. Even more weakening of weak bonds by light.  

Other phenomena accounted for in cellulose degradation models include 

considering an oxidised vs. non-oxidised portion, and a model for autocatalytic 

depolymerisation in sealed vessels based on generation of H+ ions during 

degradation (194,196).  

Despite such deviations from the Ekenstam model, researchers have continued to 

apply the formula (or at least, to quantify extent of reaction according to 1/𝐷𝑃𝑛) to 

study the effects of parameters like temperature, relative humidity, and acidity on 

paper ageing (158). The activation energy of the Arrhenius equation 

(Equation 3.8) indicates the temperature sensitivity of the reaction rate. A paper 

ageing study (158) which looked at the performance of fresh paper pulps (as 

opposed to the deterioration of archival papers) obtained activation energies of 

104-113 kJ mol-1, close to those obtained in different study (201) for the 

hydrolysis of cellulose in a dilute acid solution, 113-117 kJ mol-1. This supports 

acid-catalysed hydrolysis of cellulose as the dominant mechanism during ageing 

because any reaction with an activation energy far from the apparent activation 

energy is weighted very little (158). 

The relationships between RH and cellulose degradation resembles the 

relationship between RH and moisture content (158). Based on this, Zou et al. 
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(158) suggest that the moisture content in the paper may be the controlling factor 

of cellulose degradation. The significant effect of moisture may be explained by the 

fact that cellulose is hydrolysed according to the following mechanism (acid-

catalysed hydrolysis) (204): 

1. A rapid protonation of the glycosidic oxygen atom. 

2. Slow transfer of the positive charge to C1 with consequent formation of a 

carbonium ion and fission of the glycosidic bond by a water molecule. 

3. Reformation of hydronium. 

Hence, water reacts in the slowest step (step 2), also known as the rate-controlling 

step. 

It has been speculated that dissociated hydrogen ions can be present in paper if 

sufficient moisture is present during moist ageing. The true hydrogen ion 

concentration in paper under ageing conditions is hard to define, but an 

approximation of the true value may be measured using the cold-water leach 

method (158). A linear relationship between the degradation rate constant 

(Ekenstam model) and hydrogen ion concentration was found using this 

measurement (158). 

Zou et al. (165) outline the following fundamental problems when a kinetic 

analysis approach has previously been applied to determine the validity of 

accelerated ageing tests for predicting paper permanence: 

1. The use of inappropriate parameters for kinetic analysis e.g., physical 

properties. 

2. Lack of critical examination of the Arrhenius equation. 

3. No examination of the statistical errors of the predictions. 

4. No quantitative comparison of the results of accelerated and natural ageing. 

As similar approaches have been used to study fresh paper performance as 

degradation of archival papers, it is worth keeping these concerns in mind when 

using accelerated ageing tests in heritage science.   

Chain degradation in cellulose acetate is less well studied than either deacetylation 

in CA or chain degradation in cellulose. Relatively few studies have looked at 
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modelling chain degradation in cellulose acetate; therefore, this review includes 

models of chain degradation in other cellulose derivatives.  

The pseudo-zero order chain scission rate was measured in cellulose acetate in 

acetic acid containing varying water or acetic anhydride concentrations at fixed 

sulphuric acid concentration and temperature (104). The degradation rates in 

water were 1-3 orders of magnitude less than those in acetic anhydride, dropping 

sharply with increasing water concentration.  

Homogeneous hydrolysis/acetolysis of cellulose acetate in acidic aqueous solution 

was modelled using the Ekenstam equation (63,156). Deacetylation kinetics were 

also modelled in this study, treating deacetylation and chain degradation as 

independent processes. The main findings were that activation energies of 

deacetylation are significantly lower than those for chain scission, indicating that 

chain scission is more sensitive to temperature than deacetylation. The CA chain 

scission activation energies found in this study (63), 95-124 kJ mol-1, agree 

approximately with the values that have been measured for cellulose chain 

degradation, 104-117 kJ mol-1 (158,201).  

Despite awareness that deacetylation precedes chain degradation, and theories 

positing deacetylation as a condition for chain degradation in CA, a review of the 

literature did not find any models that attempt to consolidate these two 

mechanisms into a unified mathematical framework. In a study (205) concerning 

the biodegradability of CA, a model was proposed that calculates the probability of 

the occurrence of unsubstituted AGUs adjacent to one another, assuming 

deacetylation occurs randomly with equal probability for all the reactions. By 

assuming constant reaction rate, the model obtains the proportion of “reactive” 

glycosidic bonds as a function of time. The “reactive” glycosidic bonds constitute 

bonds between adjacent unsubstituted AGUs, as these are believed to be more 

susceptible to biodegradation than glycosidic bonds between substituted AGUs.   

In a study (106) that attempted to model denitration and chain degradation of 

nitrocellulose in aqueous sulphuric acid solutions, Lure et al. acknowledged that 

chain degradation was inhibited in nitrocellulose compared with cellulose, but 

they modelled denitration and chain degradation as two independent processes. 
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The Ekenstam equation was used to model chain degradation (106,156). The chain 

degradation rate in nitrocellulose was estimated as a third of that in cellulose 

under similar reaction conditions.  

A study (102) that aimed to investigate how substitution could increase the rate of 

chain degradation produced substituted and unsubstituted cellulose using a 

proprietary substitution agent. Mu et al. (102) developed and trained a model that 

accounts for the proportion of substituted cellulose on the first-order chain 

scission rate constant. Their results show that the apparent scission rate in 

substituted (more reactive) cellulose converges (decreases) over time to the 

apparent scission rate in unsubstituted (less reactive) cellulose, as the proportion 

of substituted (more reactive) cellulose decreases as the reaction progresses. 

However, the model does not consider kinetics of substitution itself and the 

interaction of this with the chain scission dynamics. 

3.3.2.2.2 Hydrolysis of linear chain polymers 

Chain scission in other linear chain polymer molecules share (or may share) 

common aspects with CA chain degradation. For example, the Ekenstam model, 

originally applied to cellulose hydrolysis and cellulose acetate acetolysis, can be 

applied to other degrading polymers if the following conditions are met (206): 

1. The polymer chain is linear and of high molecular weight. 

2. The polymer is monodisperse and the products of scission are themselves 

long chain molecules. 

3. There is a low degree of chain end-chopping. 

4. There is no loss of monomer units during scission. 

The first-order model, Equation 3.27, is also valid for linear chain polymers over 

longer reaction times when the bond scission rate has changed from the initial 

bond scission rate. The most basic modification to this model is to consider what 

happens when chain scission is non-random. As noted earlier, “randomness” in the 

context of chain scission refers to uniform rates (or probabilities) of bond 

scissions, independent of bond position or molecule size. Since there are many 

more non-terminal bonds than terminal bonds (bonds at the end of the chain), 

random scission implies the third condition (above). Therefore, one type of non-
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random scission is when end scission is faster, i.e., more probable, than expected in 

random scission. 

Numerous deterministic models have incorporated varying degrees of end scission 

(207–210). Chain scission is modelled using specific bonds or radicals as reacting 

species. Reactivity is independent of position in chain other than distinguishing 

between species in main chain and species in terminal position (or near terminal 

position) (143). The differential equations are expressed and solved in terms of 

concentrations of non-terminal bonds and terminal bonds. These models output 

𝑀𝑛 and fraction residual monomer (sometimes referred to as soluble fraction), 

enabling comparison with experimental data. These models demonstrate that it is 

feasible to have deterministic models with non-uniform bond reactivities, without 

the need to resort to computationally intensive population balances (see 

Section 3.3.2.2.3).  

Some basic patterns emerge, enabling identification with the dominant chain 

scission mechanism (209). This two-part study also looked at the effect of 

autocatalysis by chain ends. Since this is not believed to be relevant to CA 

degradation, it is worth pointing out that the conclusions given here pertain to the 

noncatalytic cases. Part 1 of the study (209) focused on effects of the kinetic 

parameters (reaction rate constants). The kinetic parameters determine the chain 

scission mechanisms – random scission or end scission. The model predicts that 

random scission will result in deceleration (convexity) in the 𝑀𝑛-time curve. The 

convexity of the 𝑀𝑛-time curve under random scission is consistent with its 

inverse being linear, per the Ekenstam model (Equation 3.30 – recall 𝑀𝑛 and 𝐷𝑃𝑛 

are proportional when the monomer masses are uniformly distributed). When the 

dominant mechanism is end scission, the model predicts the absence of this 

convexity in the 𝑀𝑛-time curve. End scission is also predicted to result in mass loss 

due to diffusion of small, soluble molecules. This is because end scission produces 

low-molecular weight degradation products—single monomers. A linear 

relationship between mass loss and time is associated with end scission. The upper 

limit of mass loss is determined by the rate of soluble degradation products, which 

is essentially linear during end scission. Because mass loss also requires the small 
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chains to diffuse out of the sample specimen, a lack of mass loss does not 

necessarily indicate that end scissions do not occur (209).  

Part 2 of this study (210) looked at effects of initial conditions (molecular weight 

and monomer content) on 𝑀𝑛 half-life and time to obtain 10% soluble fraction. The 

𝑀𝑛 half-life time is the (normalised) time for the molecular weight to reach half its 

initial value. 𝑀𝑛 half-life is positively correlated with initial 𝑀𝑛 for end scission. 

This is because the number of end scissions required to reduce 𝑀𝑛 by half is 

directly proportional to the chain length, and so to 𝑀𝑛.  𝑀𝑛 half-life is negatively 

correlated with initial 𝑀𝑛 for random scission. This is because with larger initial 

𝑀𝑛, there are fewer polymer chains initially. So, for the same rate of random chain 

scission, the effect of each random scission on molecular weight is greater, 

resulting in shorter half-life.     

3.3.2.2.3 Population balances 

Population balance models look at the generation and consumption of all the 

molecules in the molecular weight distribution. The MWD is a discrete distribution 

which describes the mole fraction of polymers of each molecular weight or degree 

of polymerisation. In the population balance, for each (discrete) polymer length 𝑗 

in the MWD, there is a mass balance on polymers of length 𝑗, accounting for all the 

possible reactions that produce it from a larger chain or break the molecule into 

smaller fragments. 

Simha (211) developed a population balance model for depolymerization of linear 

chain molecules. In the general case, there are independent rate constants 𝑘𝑖
(𝑗)

 for 

the breakage of bond 𝑖 in a chain consisting of 𝑗 monomers. This results in a set of 

differential equations describing the rates of change of 𝑁𝑗 , the number of molecules 

of size 𝑗, from 𝑗 = 1 to the upper limit of the MWD. Three special cases are 

considered:  

a. Equal disintegration probability for all linkages independently of their 

position in the chain. The results confirm and extend those previously 

found from statistical considerations. 

b. Preferred breaking at the ends.  

c. Equal disintegration probability for all chains independently of their size.  
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Equations for the decrease of number and weight average molecular weight with 

time are given in each case. For the case of (a), the model simplifies to the result 

found using identical assumptions for the stochastic model by Montroll and Simha 

(181). The statistical result involves the trivial assumption that 𝑁𝑗  are very large 

numbers, a condition which is introduced implicitly by describing the rate process 

by means of differential equations rather than difference equations.  

3.3.2.3 Mechanistic models 

Mechanistic models invoke detailed explanations of the underlying chemical 

mechanisms involved in reactions. Stochastic and deterministic models may or 

may not rely on mechanistic explanations of phenomena to support their 

assumptions. Mechanistic models could support the assumptions of existing 

stochastic and deterministic models, or they could be used to predict what 

assumptions to include in a new model.  

According to a review by Laycock et al. (146), “the use of molecular modelling, 

where polymer chains are modelled atom by atom, is . . . limited in its applicability. 

Such simulations can assess disrupted bonds and the influence of thermodynamic 

enthalpy on product formation, but give less insight into kinetic processes”. This 

conclusion would appear to be contradicted by the example given in Section 2.3.1 

of a molecular model of deacetylation, Equation 3.15 (177). In that example, the 

contribution of the Eyring equation is to predict kinetic parameters. The 

mechanistic model of deacetylation of a cellulose acetate AGU is comparable to a 

model of the same reaction in cellobiose acetate, a two-monomer molecule of 

cellulose acetate. It may be the case that molecular modelling of polymer chains, 

which are more complex and significantly larger, is less useful for understanding 

kinetics of chain degradation. Molecular modelling has been used to rank relative 

degradation rates in PLLA/PDLA polymer blends by comparing states of polymer 

chains before and after an artificially introduced cleavage event and calculating the 

change in potential energy (146,212). However, the correlation with polymer 

degradation that occurs over long timescales is less clear cut.  
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3.4 CONCLUSIONS AND CONTRIBUTION OF THIS THESIS 

This chapter has covered a range of mathematical models of polymer degradation 

in heritage and non-heritage contexts. Following the review of cellulose acetate 

degradation in Chapter 2, this modelling literature review uncovered opportunities 

to model phenomena believed to play a role in CA polymer degradation, while also 

suggesting an assortment of modelling methods to draw upon for this task.  

As noted in Chapter 1, and illustrated with several examples in this last chapter, 

mathematical models of degradation in heritage science have tended to focus on 

the effects of environmental factors, mainly to establish guidelines for storage 

conditions. Subject to the environment being constant, the rate of degradation is 

modelled as constant, also known as a linear model. However, as was shown in 

Chapter 2, there is substantial evidence that degradation in CA is non-linear, as 

well as explanations and additional evidence for how the underlying phenomena 

may cause this.  Many of the mathematical models in this chapter are based on 

differential equations and utilise calculus to deal with systems that have non-

constant rates, and so yield non-linear solutions. 

This thesis develops mathematical models for deacetylation and chain degradation 

in cellulose acetate cultural heritage artefacts. Utilising differential equations, the 

models attempt to simulate the dynamics of these reactions based on descriptions 

of underlying phenomena.  These descriptions are based on causal relationships 

and interactions that have been hypothesised by other scientists in the field. The 

research focuses on two dynamical phenomena which have not been adequately 

modelled using existing approaches and have been identified as suitable for 

modelling in terms of mass balances: 

1. Autocatalysis of the deacetylation reaction by acetic acid: The total amount 

of acetic acid produced by deacetylation (and retained in the artefact) is a 

time-varying quantity. Therefore, the rate of the reaction which it impacts is 

not constant, so deacetylation is a non-linear process which could be 

modelled using calculus. As deacetylation also produces acetic acid, which 

increases the rate of deacetylation, the dynamics are characterised by 

positive feedback. In a feedback process, the rate of change of a quantity is a 
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function of the current value of the quantity. In positive feedback, an 

increase in the quantity causes an increase in its rate.  

2. Linking AGU composition to chain scission: AGU composition changes as 

deacetylation advances. The impact of AGU composition on the rate of chain 

scission can be modelled using differential equations, which can be 

integrated to predict the extent of chain scission as a function of time. The 

rate of chain scission is mediated by the extent of deacetylation, which 

describes a cascade process. In a cascade, the (time-dependent) value of an 

output from one process affects the rate of a second process.  

The difference between these models and previous degradation models in 

heritage science is that, in broad terms, positive feedback and cascade models 

attempt to describe how the degree of degradation in a CA artefact influences 

its rate of degradation. These models identify causal relationships between 

inputs and outputs, based on physicochemical processes, offering insight and 

knowledge to alter these relationships and thus manage degradation in CA 

artefacts. Non-linear dynamics and variable rates are the mathematical 

consequences of accounting for the relationship between degree and rate of 

degradation. 

Chapter 4 presents the development of the autocatalysis model of 

deacetylation. The chain degradation model is based on the theory that 

glycosidic bonds are more susceptible to cleavage when adjacent AGUs are 

deacetylated. The model of deacetylation which predicts AGU composition is 

developed in Chapter 5. Chapter 6 builds on the outputs of this model—AGU 

composition as a function of time—to develop the chain degradation model. 

Chapter 7 presents the conclusions that can be drawn from these models in the 

context of CA artefacts and their consequences for heritage conservation. 
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4 DEACETYLATION AND AUTOCATALYSIS 

This chapter presents a mathematical model of deacetylation that accounts for the 

autocatalytic effect of acetic acid continuously, including before and after initiation 

of the vinegar syndrome. The research I carried out for my PhD was published in a 

paper (178), which I am the lead author of.  This research includes: 

• motivation for the development of the model in the context of predicting 

cellulose acetate (CA) film degradation 

• model system definition, model assumptions, and model equations 

• estimation of kinetic parameters from a set of published experimental data 

• comparison of model predictions with a second set of published 

experimental data 

• discussion of model performance and limitations. 

4.1 INTRODUCTION 

As discussed in Chapter 2, the vinegar syndrome is typically one of the earliest 

signs of degradation in cellulose acetate (CA) cultural heritage artefacts. Vinegar 

syndrome is due to deacetylation, which reduces the degree of substitution (DS) of 

CA and produces acetic acid. Recall the chemical reaction: 

𝑅𝑂𝐴𝑐 + 𝐻2𝑂 → 𝐻𝑂𝐴𝑐 + 𝑅𝑂𝐻  (4.1) 

  

where OAc stands for CH3COO (Ac is short for acetyl), HOAc is acetic acid, OH is 

hydroxyl, and R represents the rest of the polymer (61). Vinegar syndrome, 

recognisable by its odour, is typically a precedent to more rapid degradation and 

damage, such as reduction in tensile strength, and can also expose nearby storage 

materials or artefacts to acidic vapours.  

While this reaction takes place in all kinds of CA objects, the term “vinegar 

syndrome” is most associated with CA films, including photographic, motion 

picture, and microfilms. Technically, vinegar syndrome is considered to begin after 

the concentration of acetic acid in the film reaches a threshold level, corresponding 
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to a free acidity1 of 0.5 (10,14). It was believed that after this point, the rate of 

reaction increases dramatically due to accumulation of acetic acid which catalyses 

the reaction producing it, a phenomenon known as autocatalysis. This idea has 

been central to the development of models of deacetylation in CA films, which 

assumed that prior to the vinegar syndrome, the deacetylation rate was constant 

(10). Models with a constant degradation rate are also known as linear models. 

Such models were developed with the aim of predicting the onset of vinegar 

syndrome i.e., to predict the time until free acidity of 0.5, under various 

environmental conditions (temperature and relative humidity) (11).  

As discussed in Chapter 2, Section 2.3.1, there is a lack of evidence supporting the 

theory that the mechanism changes from non-catalytic to autocatalytic at 0.5 free 

acidity (78). There is also no scientific explanation for why the mechanism would 

change, or why it would change at a free acidity of 0.5. This chapter presents a 

model which accounts for autocatalysis. Autocatalysis is an example of positive 

feedback. Positive feedback occurs when an increase in the output of a system 

(acetic acid) increases the rate of that output (deacetylation rate). When a system 

has a positive feedback process, this results in non-linear dynamics. Therefore, this 

model differs from previous research by accounting for the positive feedback effect 

of autocatalysis in the form of non-linear equations to describe deacetylation rate.  

4.2 METHODS 

In the model system, it is assumed that the film is stored in an air-tight enclosure 

made of a material that does not interact with any of the compounds in the film. 

The film, which can be a roll or strip, occupies most of the enclosed volume. 

Two different experimental procedures, carried out by other researchers, were 

considered to fit this scenario. In both, cellulose triacetate (CTA) film was first 

moisture-conditioned, so that the initial moisture content was in equilibrium with 

 
1 As mentioned in Chapter 2, free acidity is measured as the mL of 0.1 M NaOH required to 
neutralise 1 g of CA . For brevity, the units for free acidity are omitted from hereon, except 
for in the figures and tables, or anywhere the units of free acidity are required for 
conversion to different units or other calculations. 
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the temperature and relative humidity (RH) of the environment in which the film 

was placed. 

In the first procedure, referred to as the bag method, following moisture-

conditioning, strips of film were incubated in two heat-sealed aluminium foil-

polyethylene bags (10). Air was removed from the bags prior to sealing to 

maintain a high film-to-air volume ratio. 

In the second procedure, referred to as the can method, rolls of film were 

incubated in taped metal cans (31). Experiments separate from the studies used to 

train and test the model confirmed that measurements of free acidity using the bag 

method and the can method agree with one another (8). 

To model this scenario, it was assumed that the volume inside the enclosure 

consists of only the film base, with the chemical species of interest distributed 

initially uniformly throughout.  An assumption of no mass transport across the 

boundaries of the enclosed volume was made. Given an initially uniform field of 

chemical species, the field will remain uniform, and the concentrations depend 

only on time as the independent variable. 

Because the system is closed, any volatile compounds present in the system (water 

and acetic acid) are retained completely in the film base. Assuming that 

deacetylation is the only reaction taking place, the concentrations of acetyl, water, 

and acetic acid are related by the following balance equations, which are based on 

the reaction in Equation 4.1: 

[𝑅𝑂𝐴𝑐](𝑡) = [𝑅𝑂𝐴𝑐]0 − ([𝐻𝑂𝐴𝑐](𝑡) − [𝐻𝑂𝐴𝑐]0)  (4.2) 

  

[𝐻2𝑂](𝑡) = [𝐻2𝑂]0 − ([𝐻𝑂𝐴𝑐](𝑡) − [𝐻𝑂𝐴𝑐]0) (4.3) 

  

where the terms in brackets are the concentrations of the chemical species in the 

film base (mol m-3), 𝑡 is time (s) and the subscript 0 denotes the initial 

concentration of the component at time 𝑡 = 0.  

These equations were solved to obtain [𝐻𝑂𝐴𝑐](𝑡), the acetic acid concentration as 

a function of time. It was assumed that the acid-catalysed mechanism dominates 

the deacetylation reaction kinetics in this system, compared with neutral or base-
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catalysed mechanisms. This requires [𝐻𝑂𝐴𝑐]0 > 0. The free acidity in fresh CTA 

film is about 0.04, meeting the minimum requirement (8). Defining the control 

volume as the enclosed volume of film base, the mass balance on acetic acid is: 

𝑑[𝐻𝑂𝐴𝑐]

𝑑𝑡
= 𝑘 [𝑅𝑂𝐴𝑐] [𝐻2𝑂] [𝐻𝑂𝐴𝑐] 

(4.4) 

  

where 𝑘 is the deacetylation rate constant (mol-2 m6 s-1). 

The temperature dependence of 𝑘 is given by the Arrhenius equation: 

𝑘 = 𝐴 𝑒
 
−𝐸𝑎
𝑅𝐺 𝑇 

(4.5) 

  

where 𝐴 is the pre-exponent factor (mol-2 m6 s-1), 𝐸𝑎 is the activation energy 

(kJ mol-1), 𝑅𝐺  is the ideal gas constant (8.3145 × 10−3 kJ mol-1 K-1), and 𝑇 is the 

temperature (K).  

The kinetic model is characterised by the following set of assumptions:  

1. First order dependence on acetyl concentration: Deacetylation of CTA in 

solution shows a first-order dependence on degree of substitution (62). As 

noted earlier, acetyl groups may react at different rates (63–69). The 

kinetic model considers the reacting acetyl groups as equivalent, 

independent of acetyl position and degree of substitution. This approach 

has been successfully applied in other models of this reaction (78,82). 

Mathematically, this approach is suitable either if reactions of different 

acetyls have identical rates, or if one reaction is significantly faster than 

other reactions. In the latter case, the validity range of the model is limited 

by the concentration of the fast-reacting acetyl in the initially dominating 

reaction, because as the fast-reacting acetyl becomes depleted, this reaction 

will cease to dominate the overall deacetylation rate. 

2. First order dependence on water concentration: Based on consideration of 

the reaction stoichiometry, this distinguishes Equation 4.4 from the kinetic 

expression for a typical aqueous ester hydrolysis, which does not depend 

on water concentration. However, given the relative scarcity of water in CA 
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film compared to an aqueous reaction phase, this difference in dependency 

makes sense. 

3. First order dependence on acetic acid concentration: The rate depends on 

[𝐻𝑂𝐴𝑐] as the acid catalyses the reaction. In an aqueous solution, the rate 

of the acid-catalysed reaction is expected to depend on [𝐻+] (82). As the 

reaction takes place in solid film base, not solution, this quantity is difficult 

to measure or even define. Conveniently, free acidity is considered a 

reliable measurement of acetic acid content in CTA film base, rather than 

the concentration of hydrogen ions (76). A first-order dependence on the 

concentration of acidic hydrolysis products, not on [𝐻+], was proposed by 

Pitt et al. (213) while working on poly(ε-caprolactone). This type of model 

is considered generally applicable in the field of polymer degradation 

kinetics (146,189). In a study modelling cellulose diacetate deacetylation 

from first principles, Mohtar et al. (177) assumed a first-order dependence 

on acetic acid concentration for the acid-catalysed reaction. An analysis 

(78) of free acidity changes in CTA films during accelerated ageing 

observed a first-order dependence on free acidity, so this result is used for 

Equation 4.4. A mechanism has been proposed by Mohtar et al. (177) 

which may be valid here but it is beyond the scope of this thesis to explore 

this in detail.  

To simplify the notation, the following constants were defined: 

𝑎 ≡ [𝑅𝑂𝐴𝑐]0 + [𝐻𝑂𝐴𝑐]0 (4.6) 

  

𝑏 ≡ [𝐻2𝑂]0 + [𝐻𝑂𝐴𝑐]0 (4.7) 

  

Equation 4.2 and 4.3 become: 

[𝑅𝑂𝐴𝑐](𝑡) = 𝑎 − [𝐻𝑂𝐴𝑐](𝑡) (4.8) 

  

[𝐻2𝑂](𝑡) = 𝑏 − [𝐻𝑂𝐴𝑐](𝑡) (4.9) 
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The expressions for [𝑅𝑂𝐴𝑐] and [𝐻2𝑂] in Equation 4.8 and 4.9 were substituted 

into Equation 4.4 to obtain a differential equation with one time-dependent 

variable, [𝐻𝑂𝐴𝑐]: 

𝑑[𝐻𝑂𝐴𝑐]

𝑑𝑡
= 𝑘 (𝑎 − [𝐻𝑂𝐴𝑐]) (𝑏 − [𝐻𝑂𝐴𝑐]) [𝐻𝑂𝐴𝑐] 

(4.10) 

  

This equation describes how the concentration of acetic acid varies in time. 

Assuming that free acidity provides a direct means to measure acetic acid 

concentration, this formulation has the advantage that most of the published 

literature which employed the relevant experimental procedures (the bag method 

and the can method) measured the extent of deacetylation by measuring free 

acidity over time. 

4.3 RESULTS AND DISCUSSION 

This thesis uses the terms training, (cross-)validation, and testing to describe 

aspects of model development. Sometimes associated with machine learning, these 

concepts are useful for creating and evaluating quantitative models using real-

world data. The definitions are as follows (214): 

Training dataset: The sample of data used to fit the model. 

Validation dataset: The sample of data used to provide an unbiased 

evaluation of a model fit on the training dataset while tuning model 

hyperparameters.  

Test dataset: The sample of data used to provide an unbiased evaluation of 

a final model fit on the training dataset. 

4.3.1 Training 

The kinetic parameters 𝐴 and 𝐸𝑎 were fit to published data from accelerated 

ageing experiments. In these studies (10), the free acidity of CTA film was 

measured to assess the impact of temperature and RH on the rate at which the 

vinegar syndrome progresses. Fresh CTA film was moisture-conditioned at 21 °C 

and 50% RH. The film was then incubated using the bag method.  



80 
 

Data from film base pre-conditioned at 50% RH was used to estimate the kinetic 

parameters, as it was the only RH for which the data were available over a wide 

range of temperatures. Experimental results had to be estimated from graphical 

observation. The data used are presented in Table 4.1. Measurements over 5.2 

acidity were excluded from the data used in this analysis because Adelstein et al. 

(10) believed that, at higher acidity, some of the acetic acid may have been lost 

between removing the film from the bag and making the measurements. The 

maximum temperature used, 100 °C, is below the glass transition temperature of 

CTA film, observed at approximately 120 °C (215). 

 

Table 4.1   Experimental data used for estimating kinetic parameters (10). 

70 °C   80 °C   90 °C   100 °C  

Time 

(days) 

Free 

acidity 

(mL) 

 Time 

(days) 

Free 

acidity 

(mL) 

 Time 

(days) 

Free 

acidity 

(mL) 

 Time 

(days) 

Free 

acidity 

(mL) 

0 0.04  0 0.04  0 0.04  0 0.04 

30 0.1  25 0.25  5 0.1  2 0.1 

60 0.25  50 3.4  10 0.2  4 0.2 

75 0.6  60 5.2  20 3.2  8 0.8 

90 1.3        15 1.5 

114 4.6        20 4.7 

 

Rate constant 𝑘 at different temperatures was obtained by fitting the model to this 

data. Equation 4.10 was rearranged to integrate it: 

∫
1

(𝑎 − 𝑥)(𝑏 − 𝑥)
 𝑑𝑥 = ∫ 𝑘 𝑑𝜏

𝑡

0

[𝐻𝑂𝐴𝑐]

[𝐻𝑂𝐴𝑐]0

 

(4.11) 

  

where 𝑥 and 𝜏 are dummy integration variables. Equation 4.11 was solved 

analytically (see Appendix A), obtaining: 
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𝛼 ln (
[𝐻𝑂𝐴𝑐] − 𝑎

[𝐻𝑂𝐴𝑐]0 − 𝑎
) + 𝛽 ln (

[𝐻𝑂𝐴𝑐] − 𝑏

[𝐻𝑂𝐴𝑐]0 − 𝑏
) + 𝛾 ln (

[𝐻𝑂𝐴𝑐]

[𝐻𝑂𝐴𝑐]0
) = 𝑘𝑡 

(4.12) 

  

𝛼 ≡
1

𝑎 (𝑏 − 𝑎)
 

(4.13) 

  

𝛽 ≡
1

𝑏 (𝑏 − 𝑎)
 

(4.14) 

  

𝛾 ≡
1

𝑎 𝑏
 

(4.15) 

  

The free acidity data in Table 4.1 were processed according to Equation 4.12, using 

the initial conditions in Table 4.2. The procedure for converting between free 

acidity and acetic acid concentration is explained in Appendix B.  

 

Table 4.2   Initial conditions used to process data in Table 4.1. 

Quantity Value (mol m-3) Description 

[𝑅𝑂𝐴𝑐]0 13403.6 Based on density of cellulose triacetate (37). 

[𝐻2𝑂]0 2137.2 Based on the moisture isotherm for fresh 

CTA film base at 20 °C, as this was the nearest 

temperature to 21 °C for which the data were 

available (121). 

[𝐻𝑂𝐴𝑐]0 5.2 Calculated by converting the measured free 

acidity at 𝑡 = 0 (see Table 4.1) to acetic acid 

concentration. 

 

By plotting the left-hand side of Equation 4.12 against time (Figure 4.1), it is 

possible to visualise how the rate constant 𝑘 was found from the gradient of the 

best-fit line at each temperature. 

The rate constant 𝑘 was estimated at each temperature by calculating the slope of 

the best-fit line, where the y-intercept was set to zero. This was done using linear 

least squares regression in Microsoft Excel™. The results are reported in Table 4.3. 

The errors in 𝑘 refer to the standard error in the gradient. The 𝑟2 values are close 
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to 1, suggesting that Equation 4.12 is a good fit for the data and supporting the 

validity of the kinetic model for this reaction system. 

 

Figure 4.1   Data in Table 4.1 processed using Equation 4.12. 

 

Table 4.3   Values of 𝑘 fitted at each temperature. 

Temperature °C 𝑘 × 10−14 (mol-2 m6 s-1) 𝑟2 

70 1.62 ± 0.09 0.985 

80 3.6 ± 0.1 0.996 

90 8.7 ± 0.7 0.983 

100 10.9 ± 0.8 0.974 

 

The data in Table 4.3 were linearised by rearranging Equation 4.5: 

ln(𝑘) = ln(𝐴) − (
𝐸𝑎

𝑅𝐺
) (

1

𝑇
) 

(4.16) 
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Plotting ln(𝑘) against 1/𝑇 (Figure 4.2) shows how ln(𝐴) was found from the y-

intercept of the best-fit line, and 𝐸𝑎/𝑅𝐺  from the gradient.  This was done using 

linear least squares regression in Microsoft Excel™. The results are reported in 

Table 4.4. 

 

Figure 4.2   Estimated rate constants at different (reciprocal) temperatures. 

 

Table 4.4   Estimated kinetic parameters. 

Quantity Value 

ln(𝐴) -6.9 ± 3.4 

𝐴 0.00103−0.000996
+0.030159 mol-2 m6 s-1 

𝐸𝑎  70.734 ± 10.141 kJ mol-1 

𝑟2 0.961 

 

The relatively large error in ln(𝐴) is due in part to the small size of the training 

dataset. The precision could be improved by taking measurements at more 
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temperatures. As these errors are magnified exponentially when calculating 𝐴, this 

causes the asymmetry in the final reported standard errors.  

Other studies have estimated the apparent activation energy of the deacetylation 

of cellulose acetate, under various conditions and with different models. These are 

summarised in Table 4.5. 

 

Table 4.5   Deacetylation activation energies reported in the literature. 

𝐸𝑎  (kJ mol-1) Reaction system Model description 

92.048 CTA film at 20% RH. Zero-order kinetics. Based on time 
taken to reach free acidity of 0.5 
(142). 87.864 CTA film at 50% RH. 

87.864 CTA film at 60% RH. 

83.68 CTA film at 80% RH. 

68.6 CA reverse osmosis (RO) membranes 
in aqueous solution (acid-catalysed). 

Models acid-catalysed, base-
catalysed, and neutral reactions 
separately, with first-order 
dependence on DS. For the acid- 
and base-catalysed reactions, there 
is also first-order dependence on 
the activity of H+ and OH- in 
solution, respectively (82). 

34.0 CA reverse osmosis (RO) membranes 
in aqueous solution (neutral). 

48.1 CA reverse osmosis (RO) membranes 
in aqueous solution (base-catalysed). 

59.8 Uncatalysed C6 deacetylation, CA 
dissolved in aqueous solution. 

The original study modelled both 
the forward and backward 
reactions, for the primary and 
secondary acetyls (63). A 
subsequent analysis calculated the 
activation energies of the reactions 
listed (100). 

67.4 Acid-catalysed C6 deacetylation, CA 
dissolved in aqueous solution with 
sulphuric acid. 

86.2 Uncatalysed C2/C3 deacetylation, CA 
dissolved in aqueous solution. 

35.6 Acid-catalysed C2/C3 deacetylation, 
CA dissolved in aqueous solution with 
sulphuric acid.  

 

While it is not possible to directly compare the fitted activation energy with other 

published values due to differences in the experimental conditions and the models, 

the values in Table 4.5 suggest that the fitted parameter is within the range 

reasonably expected for the reaction. 
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4.3.2 Testing 

Model performance was evaluated by comparing the model predictions to 

experimental data from Bigourdan and Reilly (31) for the free acidity change in 

35 mm CTA film incubated using the can method, under different conditions of 

temperature and RH. The conditions describing each experiment are summarised 

in Table 4.6. 

 

Table 4.6   Experimental conditions for each test case (31). 

Case Temperature (°C) RH (%) 
Initial free acidity (mL 0.1 M 

NaOH /g CTA film base) 

A 35 50 0.4 

B 35 35 0.46 

C 35 20 0.4 

D 21 50 0.4 

E 21 35 0.4 

F 21 20 0.4 

G 21 50 0.58 

 

The model was used to predict free acidity (acetic acid concentration) as a function 

of time for each case. The rate constant 𝑘 was calculated from the temperature 

using Equation 4.5 and the estimated parameters 𝐴 and 𝐸𝑎. The initial conditions 

[𝑅𝑂𝐴𝑐]0, [𝐻2𝑂]0, and [𝐻𝑂𝐴𝑐]0 were required to integrate Equation 4.10.   

According to Bigourdan and Reilly (31), the samples were prepared by moisture-

conditioning fresh CTA film at 21 °C and 50% RH. They were then incubated using 

the bag method at 90 °C until the samples reached a free acidity of approximately 

0.4 (the precise value is indicated as the initial free acidity in Table 4.6). In cases A-

F, the samples were then moisture-conditioned again at 21 °C and their respective 

RH, before being incubated using the can method at either 21 °C or 35 °C. In case G, 

the sample was not re-conditioned before the second incubation as it was found 

that the difference in moisture content before and after the first incubation was 

insignificant compared with the total water content inside the roll. 



86 
 

The initial acetic acid concentration was determined from the measured free 

acidity at 𝑡 = 0. The initial water concentration was based on the moisture 

isotherm for fresh CTA film at 20 °C, as this was the nearest temperature to 21 °C 

for which the data were available (121). The reported moisture content at 21% RH 

was used for the moisture content at 20% RH as this was the lowest value 

reported. The initial acetyl concentration was calculated from the following mass 

balance, where 13403.6 mol m-3 is the concentration of acetyl in fresh CTA, and 

5.2 mol m-3 is the concentration of acetic acid in fresh CTA film (8): 

[𝑅𝑂𝐴𝑐]0 = 13403.6 −  ([𝐻𝑂𝐴𝑐]0 − 5.2) (4.17) 

  

The model inputs for each case are summarised in Table 4.7. 

 

Table 4.7   Model inputs used to simulate each test case. 

Case Temperature (°C) [𝐻𝑂𝐴𝑐]0 (mol m-3) [𝐻2𝑂]0 (mol m-3) [𝑅𝑂𝐴𝑐]0 (mol m-3) 

A 35 52 2137.2 13356.8 

B 35 59.8 1605.2 13349.0 

C 35 52 1010.0 13356.8 

D 21 52 2137.2 13356.8 

E 21 52 1605.2 13356.8 

F 21 52 1010.0 13356.8 

G 21 75 2137.2 13333.8 

 

Using these inputs for each case, numerical integration of Equation 4.10 was 

carried out in MATLAB® R2018a using the solver ode15s. The predicted free 

acidity values are shown with the experimental measurements of free acidity in 

Figures 4.3 and 4.4. For cases D-G, the reported experimental values are the mean 

of three measurements taken at three different locations in the film roll, with the 

error bars indicating the minimum and maximum values. In cases A-C, only the 

mean values were reported in the original report (31). In case G, the authors 

reported a sharp reduction in the free acidity after 15 months, but they did not 
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explain the reason for this. This surprising behaviour cannot be predicted with the 

model but as a decrease in free acidity after exposure to high humidity is unlikely 

and may be due to experimental error, these data points were excluded from the 

analysis. 

 

 

Figure 4.3   Model and experimental free acidity for cases A-C (T = 35 °C). 
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Figure 4.4   Model and experimental free acidity for cases D-G (T = 21 °C). 

 

The accuracy of the model predictions was evaluated using the normalised-root-

mean-square-error (NRMSE). The function (1 − NRMSE) represents the accuracy 

score of the model. Using this statistic, the worst score is -∞, a perfect score is 1, 

and a score of 0 indicates the model is no better than a horizontal straight line 

(through the mean value) at fitting the data (216). The results are reported in 

Table 4.8. 

Table 4.8   Model performance on test dataset. 

Case Accuracy 

A 0.4551 

B 0.7105 

C -0.3202 

D 0.8450 

E 0.4278 

F -1.7857 

G 0.7684 
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The model performed best at RH of 50 and 35% (cases A, B, D, E and G), and poorly 

at 20% RH (cases C and F). The best fit was found with 21 °C and 50% RH (case D).  

To investigate whether an error in [𝐻2𝑂]0 could explain the poor accuracy of the 

model at 20% RH, for cases C and F, the model was run with varying [𝐻2𝑂]0 to 

obtain the value that maximised the accuracy (= 1 − NRMSE). For case C, the 

optimal fit was obtained using [𝐻2𝑂]0 = 636 mol m-3 (accuracy = 0.4042). For case 

G, the optimal fit was obtained using [𝐻2𝑂]0 = 317 mol m-3 (accuracy = 0.0591). 

Note that the accuracy scores obtained this way are biased and do not reflect test 

performance, which measures how well the model performs on data not used for 

fitting parameters (in this case, [𝐻2𝑂]0). A high accuracy score obtained this way 

would not indicate whether the model would generalise well on an unseen dataset, 

but a low accuracy, as for case G, indicates that the model does not fit well even on 

the data it was trained on. Given that neither of the fitted values for [𝐻2𝑂]0 are 

particularly close to the reference used originally (1010 mol m-3), that the values 

are not close to each other, and the low accuracy score for G, it seems unlikely that 

an error in [𝐻2𝑂]0 could account for the poor performance of the model at 

20% RH.  

One possible explanation is that different mechanisms are responsible for the 

observed behaviour at high (50 and 35%) RH and low (20%) RH. In the model 

(Equation 4.4), the first-order dependence of the reaction rate on [𝐻𝑂𝐴𝑐] is based 

on empirical observation, where the experimental conditions consisted of solid 

CTA films prepared by equilibrating with a gas (50% RH) before being placed in a 

vacuum-sealed bag (10). In a mechanistic model of acid-catalysed hydrolysis in 

aqueous solution, the rate dependence on [𝐻𝑂𝐴𝑐] is expected to be of order ½, 

since the acid-catalysed mechanism depends on [𝐻+]: 

[𝐻+] = √𝐾𝑎[𝐻𝑂𝐴𝑐] (4.18) 

  

where 𝐾𝑎 is the acid dissociation constant (mol m-3) of acetic acid. While 

Equation 4.4 is not based on a mechanistic model for acid-catalysed hydrolysis of 

solid films, the difference in the dependence on [𝐻𝑂𝐴𝑐] between this model and 

the mechanistic model of acid-catalysed hydrolysis in solution acknowledges that 

the rate-determining mechanisms in the two conditions differ as well. Hence, it is 
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not an unlikely possibility that yet another set of mechanisms determines the rate 

of generation of acetic acid at low RH conditions, compared to high RH conditions.  

For example, in solution, [𝐻2𝑂] is essentially constant, therefore it does not feature 

as a variable in the rate expression for the aqueous system. In the solid CTA model 

system, [𝐻2𝑂] is rate-limiting. By analogy, it is possible that some unknown 

variable which is rate-limiting at low RH is not rate-limiting at high RH, therefore 

exclusion of the unknown variable(s) from the model only has a noticeable effect 

on the accuracy of the model at low RH (217). 

4.4 CONCLUSIONS 

A mathematical model was proposed which accounts for the autocatalytic effect of 

acetic acid on the vinegar syndrome. This model is based on an understanding of 

the reaction chemistry which has been established by other researchers in the 

field. The good agreement between the predictions and previously published 

experimental data attest to the validity of the model. Later chapters in this thesis, 

particularly Chapter 6, build upon the autocatalytic model of deacetylation. In 

Chapter 7, the implications of the model for film conservation are investigated.  

 

 

 

 

 

 

 

 

 

 

 

 



91 
 

5 DEACETYLATION AND AGU COMPOSITION 

This chapter presents a mathematical model of deacetylation that distinguishes 

acetyl groups by their position in the cellulose acetate anhydroglucose unit (CA 

AGU) and the substitutions on the two remaining positions on the AGU:  

• premises, justification, and motivations for the model 

• chemical species, reaction pathways, and mass balances 

• simulations and discussion of cases when some parameters are assumed to 

be equal 

• estimation of kinetic parameters for deacetylation of CA in aqueous 

solution, using published data 

• how these results compare with qualitative explanations of CA 

deacetylation 

• implications for the chain scission model. 

5.1 INTRODUCTION 

In the previous chapter, a model was developed under the assumption that, in the 

time frame investigated, acetyl groups react uniformly and may be treated as a 

single chemical species. This chapter presents a mathematical model that 

distinguishes acetyl groups by the position of the carbon to which they are bonded 

and the substitutions on the two remaining positions on the monomer. The reader 

is reminded that cellulose acetate (CA) may be acetylated at carbon positions C2, 

C3 or C6 (see Figure 5.1). The degree of substitution (DS) is the average number of 

acetyls per CA anhydroglucose unit (AGU). 
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Figure 5.1   Cellulose acetate anhydroglucose unit. 

 

Several reasons motivate the development of this model. Studies (63–69) have 

found evidence of variation in substitution rates of acetyl groups. A model that 

accounts for this could fit experimental data better than a model that assumes the 

acetyl groups react identically and independently of other substitutions on the 

AGU. This idea is tested by fitting the model to experimental data obtained from 

the literature in Section 5.4.  

The additional parameters (rate constants) have physical significance. The values 

or ratios of the rate constants can be easily interpreted by other scientists and 

could be used to corroborate or support explanations regarding chemical 

mechanisms, enhancing our understanding of carbohydrate chemistry. 

The model could help predict variations in monomer composition over time, 

thereby determining the physicochemical properties of cellulose acetate, such as 

miscibility with solvents. Compatibility (or incompatibility) with plasticisers and 

hydrophilicity affect the susceptibility of cellulose acetate to degradation, and the 

dynamic evolution of these properties may depend on how monomer composition 

varies under particular conditions or from particular initial compositions. 

The model can be applied to modelling of other substituted celluloses such as 

cellulose nitrate, ethyl cellulose or methyl cellulose.   

Finally, the outputs of this model (monomer composition vs. time) provide the 

inputs for the chain scission model presented in Chapter 6. The chain scission 
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model assumes that the substitutions on adjacent AGUs affect the reactivity of the 

glycoside bond between them. Specifically, it assumes that only the bonds between 

two cellulose AGUs are susceptible to hydrolysis leading to chain cleavage.  

5.2 MATHEMATICAL MODEL 

The model considers eight types of AGUs. Each of the three carbon positions has 

two possible substituents (acetyl or hydroxyl), so there are 23 = 8 substitution 

states: cellulose (no acetyl substituents); 2,3,6-tri; 2,3-di; 3,6-di; 2,6-di; 2-mono; 3-

mono; and 6-monoacetate. The numbers denote which carbon positions are 

acetylated, while “tri”, “di”, or “mono” indicates the degree of substitution (DS) of 

the AGU in question. Figure 5.2 illustrates the 12 types of deacetylation reactions 

that connect the 8 substitution states. 

 

 

Figure 5.2   Pathways for deacetylation of cellulose acetate. Each arrow represents the conversion 
of one acetyl to hydroxyl. 
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As in Chapter 4, deacetylation is assumed to depend in the first order on acetyl 

concentration, where acetyl is one of the reactants. In the model presented in 

Figure 5.2, there are 12 different types of deacetylation reactions, depending on 

the acetyl position and AGU substitution state of the reactant. Although the 

reactant is the acetyl at a particular carbon position on the particular AGU, the 

concentration of the particular acetyl on the particular AGU is the same as the 

concentration of the particular AGU. Therefore, rate of reaction depends in the first 

order on the concentration of the reactant AGU from which the acetyl is lost.  

To focus on the effects of AGU composition on deacetylation, in the following 

equations, it is assumed that the concentrations of other reactants (water) and 

catalysts (acetic acid) are constant and therefore included in the first-order rate 

constant 𝑘. Later, in Section 5.4, it is verified that the experimental system to which 

the model is fitted adheres reasonably to these conditions. There is no reason why 

it should not be possible to replace 𝑘 with variable terms representing 

concentrations of water and acid, as in the model in Chapter 4, but there is also no 

reason to do this if these terms are constant in the system under study.  

𝑑[2,3,6 tri]

𝑑𝑡
= −𝑟𝐼 − 𝑟𝐼𝐼 − 𝑟𝐼𝐼𝐼 = −(𝑘𝐼 + 𝑘𝐼𝐼 + 𝑘𝐼𝐼𝐼)[2,3,6 tri] 

(5.1) 

  

𝑑[3,6 di]

𝑑𝑡
= 𝑟𝐼 − 𝑟𝐼𝑉 − 𝑟𝑉 = 𝑘𝐼[2,3,6 tri] − (𝑘𝐼𝑉 + 𝑘𝑉)[3,6 di] 

(5.2) 

  

𝑑[2,6 di]

𝑑𝑡
= 𝑟𝐼𝐼 − 𝑟𝑉𝐼 − 𝑟𝑉𝐼𝐼 = 𝑘𝐼𝐼[2,3,6 tri] − (𝑘𝑉𝐼 + 𝑘𝑉𝐼𝐼)[2,6 di] 

(5.3) 

  

𝑑[2,3 di]

𝑑𝑡
= 𝑟𝐼𝐼𝐼 − 𝑟𝑉𝐼𝐼𝐼 − 𝑟𝐼𝑋 = 𝑘𝐼𝐼𝐼[2,3,6 tri] − (𝑘𝑉𝐼𝐼𝐼 + 𝑘𝐼𝑋)[2,3 di] 

(5.4) 

  

𝑑[6 mono]

𝑑𝑡
= 𝑟𝐼𝑉 + 𝑟𝑉𝐼 − 𝑟𝑋 = 𝑘𝐼𝑉[3,6 di] + 𝑘𝑉𝐼[2,6 di] − 𝑘𝑋[6 mono] 

(5.5) 

  

𝑑[2 mono]

𝑑𝑡
= 𝑟𝑉𝐼𝐼 + 𝑟𝑉𝐼𝐼𝐼 − 𝑟𝑋𝐼

= 𝑘𝑉𝐼𝐼[2,6 di] + 𝑘𝑉𝐼𝐼𝐼[2,3 di] − 𝑘𝑋𝐼[2 mono] 

(5.6) 
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𝑑[3 mono]

𝑑𝑡
= 𝑟𝑉 + 𝑟𝐼𝑋 − 𝑟𝑋𝐼𝐼 = 𝑘𝑉[3,6 di] + 𝑘𝐼𝑋[2,3 di] − 𝑘𝑋𝐼𝐼[3 mono] 

(5.7) 

  

𝑑[Cellulose]

𝑑𝑡
= 𝑟𝑋 + 𝑟𝑋𝐼 + 𝑟𝑋𝐼𝐼

= 𝑘𝑋[6 mono] + 𝑘𝑋𝐼[2 mono] + 𝑘𝑋𝐼𝐼[3 mono] 

(5.8) 

  

5.3 DEGENERATE CASES OF INTEREST 

The model has 12 parameters, the rate constants 𝑘𝐼 - 𝑘𝑋𝐼𝐼 . Degenerate cases are 

scenarios where the rate constants depend on each other in a way that reduces the 

effective number of parameters required to specify the model. This results in a 

simpler model. 

From a mathematical perspective, there is no difference between the substitutions 

at C2, C3, and C6. For example, consider a situation (1) in which 𝑘𝐼 is 100 times 

greater than all the other rate constants, which are all the same. This is not 

meaningfully different than if (2) it was 𝑘𝐼𝐼 that was the outlier, or (3) 𝑘𝐼𝐼𝐼 . The 

simulation output for (2) would be the same as for (1), only the labels on the 

variables change. Within the context of the model, the only qualities that 

distinguish the positions are the magnitudes of the rate constants associated with 

the reactions involving substituents at those positions. Therefore, for the purpose 

of investigating theoretical scenarios, it is convenient to redefine the variables in 

terms which reflect this.  

A tri-substitution system was conceptualised based on an AGU substituted at 

positions A, B, or C. Taking the triacetate species “ABC” as the starting point, the 

letter O was used in place of the letter A, B or C to indicate a hydroxyl substitution 

in that position of the named AGU. In this schema, the acetyl at position A is lost via 

𝑟𝐼 , position B via 𝑟𝐼𝐼 and position C via 𝑟𝐼𝐼𝐼 (see Figure 5.3). A, B, and C were defined 

such that 𝑘𝐼 ≥ 𝑘𝐼𝐼 ≥ 𝑘𝐼𝐼𝐼 .  
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Figure 5.3   As in Figure 5.2, but with A, B, C defined such that 𝑘𝐼 ≥ 𝑘𝐼𝐼 ≥ 𝑘𝐼𝐼𝐼. 

 

The rate constants were combined into a 4×3 matrix, 𝒌: 

𝒌 = [

𝑘𝐼 𝑘𝐼𝐼 𝑘𝐼𝐼𝐼

𝑘𝑉𝐼 𝑘𝐼𝑉 𝑘𝑉

𝑘𝐼𝑋

𝑘𝑋𝐼

𝑘𝑉𝐼𝐼𝐼

𝑘𝑋𝐼𝐼

𝑘𝑉𝐼𝐼

𝑘𝑋

] 

(5.9) 

  

In this notation, the columns correspond to which of the positions A, B, or C the 

acetyl is lost from (in that order, left to right). The first row corresponds to 

reactions on tri-substituted AGUs, the middle two rows on di-substituted AGUs and 

the fourth row on mono-substituted AGUs. Note that the row number of the rate 

constants in the middle two rows is interchangeable but for clarity the definition in 

Equation 5.9 will be used.  

Equations 5.1-8 (in terms of the notation in Figure 5.3) were solved in MATLAB 

R2021a using the ordinary differential equation solver ode15s. The system was 

modelled as having a constant volume, so the concentrations in Equations 5.1-8 

were replaced with the number of moles. As deacetylation does not change the 
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total number of moles, the mole fractions were used in place of the number of 

moles. The mole fraction of an AGU is the proportion (by number, or moles) of the 

AGU out of all the AGUs and varies between 0 and 1. All the concentrations are 

normalised as mole fractions, denoted using angle brackets, e.g., the mole fraction 

of ABC is 〈𝐴𝐵𝐶〉. The simulations used an initial degree of substitution (DS) of 3, so 

at 𝑡 = 0, 〈𝐴𝐵𝐶〉 = 1, and for the remaining AGUs is 0. The time scale is normalised 

so that normalised time 𝑡 = 1 corresponds to when 〈𝑂𝑂𝑂〉 = 0.1.  

The formula to calculate DS from the mole fractions is:  

𝐷𝑆 = 3〈𝐴𝐵𝐶〉 + 2(〈𝑂𝐵𝐶〉 + 〈𝐴𝑂𝐶〉 + 〈𝐴𝐵𝑂〉) + 〈𝑂𝑂𝐶〉 + 〈𝐴𝑂𝑂〉 + 〈𝑂𝐵𝑂〉 (5.10) 

  

Using the methods described above, the degenerate cases were simulated by 

specifying the rate constants in 𝒌 (Equation 5.9) as the inputs for each case. The 

results of the simulations are presented in the following sections. 

5.3.1 Identical rate constants 

In Chapter 4 it was assumed that all deacetylation rate constants are the same. This 

is the same as assuming identical rate constants, i.e., 𝒌 = 𝑝𝑱, where 𝑱 is a matrix of 

ones. However, the model in this chapter can predict how AGU composition varies 

with time under this assumption (see Figure 5.4). After time normalisation, 

solutions for all (positive) values of 𝑝 correspond to a single solution. The curves in 

Figures 5.5 and 5.6 form the benchmark case for comparison in the discussions of 

the following cases in which the rate constants are not identical.  
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Figure 5.4   Simulated results from the model, predicting mole fraction of each AGU against 
normalised time. Time is normalised so that 𝑡 = 1 when 〈𝑂𝑂𝑂〉 = 0.1. 

 

In Figure 5.4, the results for the di-substituted AGUs (〈𝑂𝐵𝐶〉, 〈𝐴𝑂𝐶〉, 〈𝐴𝐵𝑂〉) are 

identical, so they are indicated by a single-colour trendline. Similarly, mono-

substituted AGUs (〈𝑂𝑂𝐶〉, 〈𝐴𝑂𝑂〉, 〈𝑂𝐵𝑂〉) follow identical paths. 〈𝐴𝐵𝐶〉 decreases 

monotonically, while 〈𝑂𝑂𝑂〉 increases monotonically. Mole fractions of di-

substituted AGUs and mono-substituted AGUs each feature a maximum, with the 

maximum of the di-substituted AGUs occurring earlier than the maximum of the 

mono-substituted AGUs.  

Figure 5.5 shows the simulation results for DS (left axis) and cellulose mole 

fraction 〈𝑂𝑂𝑂〉 (right axis) against normalised time. DS is of interest in a museums 

context as it may be easier to track as an indicator of “degradation elapsed” than 

time using, for example, proton nuclear magnetic resonance spectroscopy 

(1H NMR) (218). According to the hypothesis that glycosidic bond cleavage occurs 

between adjacent cellulose AGUs (see Chapter 6), the mole fraction of cellulose is 

relevant because it tracks susceptibility to degradation via chain scission. As 

discussed in Chapter 2, chain scission is linked to brittleness, cracking, and loss of 

mechanical strength. Figure 5.6 shows how simulated cellulose mole fraction 

varies with DS.  



99 
 

 

Figure 5.5   Simulated DS, 〈𝑂𝑂𝑂〉 vs. normalised time, identical deacetylation rate constants. 

 

Figure 5.6   Simulated 〈𝑂𝑂𝑂〉 vs. DS, identical deacetylation rate constants. 
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5.3.2 Substituent-dependent rate constants 

This case corresponds to assuming identical rate constants in each column of the 

matrix 𝒌 (Equation 5.9). Physically, this means that deacetylation at a given 

position on the AGU i.e., whether it occurs at C2, C3 or C6, has the same rate 

constant, regardless of the other substitutions on the AGU, but that deacetylation 

rate constants may vary between the positions. As noted previously, the reactivity 

of acetyl groups varies with the carbon position, and this appears to affect the 

order in which they react, although this may depend on the reaction conditions 

(63–69).   

This case can be viewed as modelling deacetylation as three parallel reactions: 

1. Acetyl → hydroxyl at position A 

2. Acetyl → hydroxyl at position B 

3. Acetyl → hydroxyl at position C 

To model three parallel reactions, three rate constants, 𝑘𝐴, 𝑘𝐵, and 𝑘𝐶 , were 

defined: 

𝑘𝐴 = 𝑘𝐼 = 𝑘𝑉𝐼 = 𝑘𝐼𝑋 = 𝑘𝑋𝐼 (5.11) 

  

𝑘𝐵 = 𝑘𝐼𝐼 = 𝑘𝐼𝑉 = 𝑘𝑉𝐼𝐼𝐼 = 𝑘𝑋𝐼𝐼 (5.12) 

  

𝑘𝐶 = 𝑘𝐼𝐼𝐼 = 𝑘𝑉 = 𝑘𝑉𝐼𝐼 = 𝑘𝑋 (5.13) 

  

According to the definitions of A, B, and C, 𝑘𝐴 ≥ 𝑘𝐵 ≥ 𝑘𝐶 .  

Under time normalisation, only the ratios of the rate constants to each other are 

relevant. Various scenarios were simulated, varying the ratios of the rate 

constants, 𝑘𝐴: 𝑘𝐵: 𝑘𝐶 . The benchmark case corresponds to 𝑘𝐴: 𝑘𝐵: 𝑘𝐶 = 1: 1: 1.  This 

is the case discussed above in Section 5.3.1.  Figure 5.7 shows the simulation 

results for DS (left axis) and cellulose mole fraction 〈𝑂𝑂𝑂〉 (right axis) over 

normalised time. Figure 5.8 shows how 〈𝑂𝑂𝑂〉 varies with DS. The rate constant 

ratios for each scenario are indicated in the legends of Figures 5.7 and 5.8. 
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Figure 5.7   Simulated DS, 〈𝑂𝑂𝑂〉 vs. normalised time. Model assumes that the deacetylation rate 
constant depends on the position of the substituent on the AGU. 

 

Figure 5.8   Simulated 〈𝑂𝑂𝑂〉 vs. DS. Model assumes that deacetylation rate constants depend on the 
position of the substituent on the AGU. 
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In Figure 5.7, comparing to the benchmark DS-time curve, as 𝑘𝐴 and 𝑘𝐵 deviate 

from 𝑘𝐶 , DS decreases more rapidly initially, followed by a more gradual decline. 

The curves develop a sharper inflection around normalised time 𝑡 =  1-3. The 

trend in 〈𝑂𝑂𝑂〉 compared with the benchmark 〈𝑂𝑂𝑂〉-time curve is an initially 

faster increase, followed by a slower ascent. The curves have a less sharp inflection 

compared with the curve when 𝑘𝐴: 𝑘𝐵: 𝑘𝐶 = 1: 1: 1. The most likely explanation is 

that when the substituent rate constants are dissimilar, and independent of the 

other substitutions on the AGU, the fastest-reacting substituent (largest rate 

constant) is consumed rapidly initially, causing the initial sharp decline in DS. The 

remaining substituents react more slowly (due to having smaller rate constants), 

leading to slower decrease in DS and slower increase in 〈𝑂𝑂𝑂〉. For example, the 

convergence of the DS-time curves for 𝑘𝐴: 𝑘𝐵: 𝑘𝐶 = 100: 10: 1 and 𝑘𝐴: 𝑘𝐵: 𝑘𝐶 =

10: 10: 1 below DS = 0.7 (approximately) may be attributed to the faster-reacting 

A and B acetyls having been consumed, with the slow-reacting C acetyl comprising 

the majority of the remaining substitutions.  

In Figure 5.8, at a given DS, 〈𝑂𝑂𝑂〉 tends to be lower as 𝑘𝐴 and 𝑘𝐵 deviate from 𝑘𝐶 . 

Assuming unsubstituted cellulose monomers increase susceptibility to chain 

scission, setting 𝑘𝐴 and 𝑘𝐵 closer to 𝑘𝐶  confers increased susceptibility to chain 

degradation at the same DS (all other factors being equal). Conversely, high 

variation in substituent rate constants confers protection against chain scission. In 

practice, it would not be feasible to vary the rate constants of cellulose acetate in 

this way, and certainly not to do so in a museum artefact. However, what may be 

deduced from the model is that if (1) substituents react at very different rates, and 

(2) chain scission is attributed to cleavage of cellulose-cellulose bonds, then chain 

scission will only begin after substantial deacetylation. Chemically, this would 

result in a large reduction in DS before any decrease in DP begins. Physically, it 

might manifest as a long period of vinegar odour, increased moisture absorption, 

loss of plasticiser (due to decreased miscibility with the lower-DS polymer)—all 

associated with deacetylation—followed by signs of chain scission such as 

brittleness and cracking. This is generally consistent with the observed 

progression of deterioration in CA artefacts. 
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Aside from speculation on chain scission (which depends additionally on the 

validity of the second condition above), the ratios of the substituent rate constants 

also impact the DS dynamics, AGU composition dynamics, and the ways these 

result in changes in material properties. For example, if two substituent rate 

constants are bigger than the third one (for instance, 𝑘𝐴: 𝑘𝐵: 𝑘𝐶 = 10: 10: 1), then 

this predicts a more rapid descent in DS from 3 to 1 followed by a slower decline. If 

two substituent rate constants are smaller than the third one (for instance, 

𝑘𝐴: 𝑘𝐵: 𝑘𝐶 = 10: 1: 1) then the more rapid descent period is from DS = 3 to 2, with a 

slower rate of decline thereafter.  This should also be considered in the context of 

the range of starting DS of artefacts, for example, there are cellulose triacetate 

(CTA) and cellulose diacetate (CDA) photographic films. If the first substituent lost 

from hydrolysis of CTA is much more reactive than the other two (for example, 

𝑘𝐴: 𝑘𝐵: 𝑘𝐶 = 10: 1: 1) this could imply that CDA is comparatively more stable than 

CTA.  

5.3.3 DS-dependent rate constants 

This case corresponds to assuming identical rate constants in each row of the 

matrix 𝒌 (Equation 5.9). The two middle rows (corresponding to DS = 2) are also 

the same. Physically, this means that the deacetylation rate is independent of 

substituent position (it has the same rate constant whether it is position A, B, or C), 

but dependent on the number of substitutions on the AGU i.e., the rate varies 

depending on whether the AGU is tri-, di- or mono-substituted. A possible reason 

this might be the case is that having fewer acetyls and more hydroxyls could 

reduce steric hindrance. Another reason could be if changes in DS alter solvent or 

sorbent interactions (e.g., reduction in DS increases hydrophilicity). These factors, 

as well as the apparently accelerating degradation of CA experienced in museums, 

would lead me to expect that lower DS would be associated with larger 

deacetylation rate constants.  

The DS-dependent case can be viewed as modelling deacetylation as three 

sequential reactions: 

1. Cellulose triacetate AGU → cellulose diacetate AGU 

2. Cellulose diacetate AGU → cellulose monoacetate AGU 

3. Cellulose monoacetate AGU → cellulose AGU 
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To model three sequential reactions, three rate constants, 𝑘3, 𝑘2 and 𝑘1, were 

defined: 

𝑘3 = 𝑘𝐼 = 𝑘𝐼𝐼 = 𝑘𝐼𝐼𝐼 (5.14) 

  

𝑘2 = 𝑘𝐼𝑉 = 𝑘𝑉 = 𝑘𝑉𝐼 = 𝑘𝑉𝐼𝐼 = 𝑘𝑉𝐼𝐼𝐼 = 𝑘𝐼𝑋 (5.15) 

  

𝑘1 = 𝑘𝑋 = 𝑘𝑋𝐼 = 𝑘𝑋𝐼𝐼 (5.16) 

  

There are six possible inequalities expressing the relationship between DS and rate 

constants:  

a.  𝑘1 ≤ 𝑘2 ≤ 𝑘3  

b. 𝑘2 ≤ 𝑘1 ≤ 𝑘3  

c. 𝑘1 ≤ 𝑘3 ≤ 𝑘2   

d. 𝑘2 ≤ 𝑘3 ≤ 𝑘1   

e. 𝑘3 ≤ 𝑘1 ≤ 𝑘2  

f. 𝑘3 ≤ 𝑘2 ≤ 𝑘1  

The physical reasons suggested above for why deacetylation rate constants could 

be DS-dependent both imply 𝑘3 ≤ 𝑘2 ≤ 𝑘1, corresponding to sub-case (f). All six 

cases were simulated to compare the effects of assuming different relationship 

between DS and rate constants, and to understand whether the predicted effects 

were consistent with the observed progression of deterioration in CA artefacts.  

Under time normalisation, only the ratios of the rate constants to each other are 

relevant. Various scenarios were simulated, varying the ratios of the rate 

constants, 𝑘3: 𝑘2: 𝑘1. The benchmark case again corresponds to 𝑘3: 𝑘2: 𝑘1 = 1: 1: 1. 

Figures 5.9-10 show the results of the simulations. The rate constant ratios for 

each scenario are indicated in the legends of Figures 5.9-10. 
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Figure 5.9   Simulated DS, 〈𝑂𝑂𝑂〉 vs. normalised time. Sub-cases: (a) 𝑘1 ≤ 𝑘2 ≤ 𝑘3;                             
(b) 𝑘2 ≤ 𝑘1 ≤ 𝑘3; (c) 𝑘1 ≤ 𝑘3 ≤ 𝑘2; (d) 𝑘2 ≤ 𝑘3 ≤ 𝑘1; (e) 𝑘3 ≤ 𝑘1 ≤ 𝑘2; (f) 𝑘3 ≤ 𝑘2 ≤ 𝑘1. 
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Figure 5.10   Simulated 〈𝑂𝑂𝑂〉 vs. DS. Sub-cases: (a) 𝑘1 ≤ 𝑘2 ≤ 𝑘3; (b) 𝑘2 ≤ 𝑘1 ≤ 𝑘3;                          
(c) 𝑘1 ≤ 𝑘3 ≤ 𝑘2; (d) 𝑘2 ≤ 𝑘3 ≤ 𝑘1; (e) 𝑘3 ≤ 𝑘1 ≤ 𝑘2; (f) 𝑘3 ≤ 𝑘2 ≤ 𝑘1. 

 

Sub-case (a) (𝑘1 ≤ 𝑘2 ≤ 𝑘3) simulates the effect of 𝑘 increasing with DS. In 

Figure 5.10(a), increasing variation in 𝑘 in this order lowers 〈𝑂𝑂𝑂〉 at the same DS, 

thereby decreasing susceptibility to chain scission. Sub-case (f) (𝑘3 ≤ 𝑘2 ≤ 𝑘1) 

illustrates the opposite effect, with 𝑘 decreasing with DS. In Figure 5.10(f), 

increasing variation in 𝑘 increases 〈𝑂𝑂𝑂〉 at the same DS, thereby increasing 

susceptibility to chain scission. 

As might be expected, sub-cases (b)-(e) indicate trends somewhere between these 

two extremes, or perhaps combining elements of both.  
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Sub-cases (b) (𝑘2 ≤ 𝑘1 ≤ 𝑘3) and (d) (𝑘2 ≤ 𝑘3 ≤ 𝑘1) both characterise 

“bottleneck” cases in which 𝑘2 limits the rate of deacetylation. In sub-case (b),  

𝑘1 ≤ 𝑘3, whereas in sub-case (d), 𝑘3 ≤ 𝑘1 . The effect of 𝑘1 ≤ 𝑘3 is rapid initial 

decline in DS, illustrated in Figure 5.9(b), with little associated change in 〈𝑂𝑂𝑂〉, 

illustrated in Figure 5.10(b). There are visible inflections in the DS-time and 

〈𝑂𝑂𝑂〉-DS curves around DS = 2 in both Figures 5.9(b) and 5.10(b), where the 

bottleneck occurs. In comparison, when 𝑘3 ≤ 𝑘1 , the above effects of the 

bottleneck are diminished, most likely because k3 and k2 are more similar. There 

are still inflections in the DS-time and 〈𝑂𝑂𝑂〉-DS curves around DS = 2 in 

Figures 5.9(d) and 5.10(d), but the inflections are more rounded than in Figures 

5.9(b) and 5.10(b). 

Sub-cases (a) (𝑘1 ≤ 𝑘2 ≤ 𝑘3) and (c) (𝑘1 ≤ 𝑘3 ≤ 𝑘2) are both characterised by 𝑘1 

as the limiting rate of deacetylation. Similar to the bottleneck cases presenting 

inflections around DS = 2 due to having 𝑘2 as the limiting rate, there are evident 

inflections in the DS-time and 〈𝑂𝑂𝑂〉-DS curves around DS = 1 in Figures 5.9(a), 

5.10(a), 5.9(c), and 5.10(c). The inflections are sharper in sub-case (c) compared 

with sub-case (a). This is most likely due to 𝑘2 and 𝑘1 being more similar in sub-

case (a) than sub-case (c).  

Sub-cases (e) (𝑘3 ≤ 𝑘1 ≤ 𝑘2) and (f) (𝑘3 ≤ 𝑘2 ≤ 𝑘1) both have 𝑘3 as the limiting 

rate of deacetylation. As seen in Figures 5.9(e) and 5.9(f), the DS-time curve moves 

right from the benchmark curve as the initial deacetylation rate is impeded, 

creating a “lag” (relative to the benchmark) from the start. There are no evident 

inflections. 

As discussed in Section 5.3.2, the observed progression of degradation in CA 

artefacts appears to be more consistent with an 〈𝑂𝑂𝑂〉-DS trendline below or 

coincident with the benchmark curve. Based on this, sub-case (f) does not appear 

to be a suitable model of DS-dependence of deacetylation rate constants. This is a 

surprising result, as it directly contradicts the prediction made at the start of this 

section. Sub-cases (a) and (c) are more consistent with chain scission occurring 

after advanced deacetylation, but these lack explanations of why the deacetylation 

rate constant would be smaller when DS = 1. These findings suggest that variation 
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in deacetylation rate constants may not be sufficiently described in terms of 

dependence on DS alone.  

The presence of sharp inflections in the DS-time curve or 〈𝑂𝑂𝑂〉-DS curve illustrate 

how highly non-linear behaviour could arise from the deacetylation kinetics (even 

when autocatalysis is excluded), by considering (1) the complete sequence of 

reactions required to yield cellulose AGUs from triacetate and (2) the distribution 

of deacetylation rate constants.  By comparing the curves with how degradation in 

CA artefact appears to progress, the initial hypothesis about how DS affects 

reactivity was tested. Next, the model will be used to analyse real data on CA 

deacetylation, to find out whether DS or substituent position affects reactivity.  

5.4 FITTING THE MODEL TO EXPERIMENTAL DATA 

As a proof-of-concept, the model was fitted to published experimental data (65) 

comprising the mole fractions of monomers in cellulose acetate in progressive 

stages of deacetylation. This was done by estimating the rate constants in 

Equations 5.1-8 using experimental AGU mole fractions for the dependent 

variables and experiment time for the independent (time) variable.  

The experimental system did not resemble the conditions expected in a museum 

setting, but data was not available for such conditions. Therefore, the results for 

the rates or the rate ratios cannot be generalised to the simulation of a museum 

setting. Nevertheless, this work demonstrates that this mathematical model could 

be used to simulate and analyse such data were it available.  

5.4.1 Methods 

In this experiment, 1.0 g of commercial cellulose triacetate (DS = 2.92) was 

reacted in a solution of pure acetic acid (15 mL), water (1.5 mL) and concentrated 

sulphuric acid (0.40 g) at 358 K (85 °C) for 10, 40 and 70 minutes, for a total of 

four grades of CA corresponding to four degrees of deacetylation (65). The mole 

fraction of each AGU was measured using NMR (219,220). The data used for fitting 

the model consist of mole fractions for 2,3,6-triacetate, 3,6-diacetate, 2,6-diacetate, 

2,3-diacetate, 6-monoacetate, 3-monoacetate and 2-monoacetate in each of the 

four grades of CA, corresponding to reaction time = 0, 10, 40, 70 minutes. 
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Tabulated data and details of data processing are included in Appendix C. As the 

initial monomer composition (DS = 2.92) was not reported in Kono et al. (2017) 

(65), it was assumed to be the same as that reported in Kono et al. (2015) (220), 

as the CA had the same DS.  

Several assumptions and approximations were made to apply the model to the 

experimental set-up. It was assumed that the reaction system had constant 

volume, so the concentrations in Equations 5.1-8 were replaced with the number 

of moles. As the total number of moles is also a constant, the mole fractions were 

used in place of the number of moles. In the case of completed deacetylation, the 

number of moles of water would decrease by 12.3%. In the experiment, CTA 

(DS = 2.92) was converted to DS = 1.28, so the number of moles of water 

decreased by 6.9%. Due to this relatively small change, the water concentration 

was approximated as constant. It was further assumed that in the presence of 

sulphuric acid (a strong acid) and a large quantity of acetic acid, the small 

quantities of acetic acid being generated by the reaction had negligible impact on 

acid-catalysed deacetylation. Calculations show that the change in number of 

moles of acetic acid under complete and experimentally realised deacetylation are 

3.9 and 2.2%, respectively, supporting the approximation of acetic acid 

concentration as constant. Subject to these assumptions, deacetylation is 

approximately first-order in the concentration (mole fraction) of acetyl, consistent 

with the model Equations 5.1-8.    

As the experimental data were insufficient to estimate time derivatives, 

Equations 5.1-7 were integrated analytically to produce algebraic expressions for 

the mole fractions. The integrated equations (see Appendix D) were fitted to the 

experimental data using lsqcurvefit in MATLAB R2021a.  Equation 5.8 was not 

included as the mole fraction of cellulose AGU was not reported.  

5.4.2 Results 

The model was fit according to four different scenarios: (1) identical rate 

constants, (2) substituent-dependent rate constants, (3) DS-dependent rate 

constants, and (4) independent rate constants. This was done to identify the set(s) 

of assumptions that best describes the experimental data. 
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Table 5.1 shows the results for (1) identical rate constants and (2) substituent-

dependent rate constants. Table 5.2 show the results for (3) DS-dependent rate 

constants and (4) independent rate constants. The rows and columns for each 

scenario correspond to the rows and columns of matrix 𝒌 in Equation 5.9, with the 

columns (corresponding to carbon positions A, B, C in Equation 5.9) corresponding 

to carbon positions 2, 3, 6. Simulations for the different scenarios are shown in 

Figures 5.11-14.  

 

Table 5.1   Fitted rate constants under different model assumptions. The rows and columns for each 
scenario correspond to the rows and columns of matrix 𝒌 in Equation 5.9. 

 Identical rate constants Substituent-dependent rate constants 

 

Estimated rate 

constants  

(10-3 min-1) 

16.5 - - 28.4 26.8 6.26 

- - - - - - 

- - - - - - 

- - - - - - 

 

Table 5.2   Fitted rate constants under different model assumptions. The rows and columns for each 
scenario correspond to the rows and columns of matrix 𝒌 in Equation 5.9. 

 DS-dependent rate constants Independent rate constants 

 

Estimated rate 

constants  

(10-3 min-1) 

11.8 - - 10.0 28.9 7.41 

19.6 - - 102 2.69 ×  10-8 22.3 

- - - 10.4 2.22 ×  10-11 9.53 

15.6 - - 2.66 × 10-3 38.9 1.24 
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Figure 5.11   Identical rate constants: Experiment (markers) and simulated (lines) AGU mole 
fractions vs. time, in cellulose acetate undergoing deacetylation. The predictions for 3,6-diacetate 

and 2,6-diacetate (yellow) coincide, as do the predictions for 3-monoacetate and 2-
monoacetate (magenta). 

 

 

Figure 5.12   Substituent-dependent rate constants: Experiment (markers) and simulated (lines) 
AGU mole fractions vs. time, in cellulose acetate undergoing deacetylation. 
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Figure 5.13   DS-dependent rate constants: Experiment (markers) and simulated (lines) AGU mole 
fractions vs. time, in cellulose acetate undergoing deacetylation. The predictions for 3,6-diacetate 
and 2,6-diacetate (yellow) coincide, as do the predictions for 3- monoacetate and 2-monoacetate 

(magenta). 

 

Figure 5.14   Independent rate constants: Experiment (markers) and simulated (lines) AGU mole 
fractions vs. time, in cellulose acetate undergoing deacetylation. 



113 
 

5.4.3 Discussion 

Due to insufficient data for a validation or test set, it was not possible to estimate 

the unbiased error of the models. However, analysis of the results in Table 5.1 

provides some interesting insights. 

The DS-dependent case does not suggest that reactivity increases or decreases 

monotonically with DS. 𝑘2 is larger than 𝑘3 and 𝑘1, and the rate constants vary by 

less than a factor of two, which is closer to the benchmark than the ratios explored 

in scenarios in Section 5.3.3. In Figures 5.11 and 5.13, the identical rate constants 

and DS-dependent cases are not able to simulate the progression of 6-

monoacetate, unlike the substituent-dependent case in Figure 5.12. 

In the substituent-dependent case, the estimated rate constants suggest that the 

acetyls react in the order C2, C3, C6. This is the same conclusion that was reached 

by the authors of the study where the data came from (65). C2 and C3 are both 

secondary alcohols, while C6 is primary, so it makes sense that the rate constants 

of C2 and C3 would be similar to each other yet different from that of C6. However, 

typically it would be expected that the primary alcohol is more reactive than the 

secondary (63). As noted earlier, the reaction conditions seem to affect the 

reaction order of the substituents. For example, a study (64) using NMR 

spectroscopy to measure hydrolysis of the acetyl groups in CA suggested that 

acetyls are lost in the order C2, C6, C3. The context of the study –which was 

published in the journal Polymers in Conservation and cited in the book 

Conservation of Plastics (56)—implies that this is the reaction order believed to 

take place under conditions found in a museum/archive setting. This shows how 

the results based on the lab data may not be applicable to modelling deacetylation 

in a museums environment.  

Although there is a risk that the scenario with 12 independent rate constants could 

be over-fitted, the data comprise 28 data points and were fitted to seven equations, 

leaving 21 degrees of freedom. Therefore, based on the number of degrees of 

freedom, 12 rate constants is acceptable, but it would be better to verify this using 

the error on a separate validation dataset. Based on some of the values of the 

estimated rate constants for this scenario in Table 5.1, the estimates themselves 

may be unreliable. For example, 𝑘𝑉𝐼𝐼𝐼 = 2.22 × 10−14 min-1, is so close to zero that 



114 
 

it is likely due to the optimisation algorithm hitting the lower bound for the 

parameter, even though this was not the reason that the algorithm stopped. 

Repeated runs of the optimisation algorithm using random initial guesses 

converged to the same local minimum.  

The mean2 of the DS-dependent rate constants is 16.7 × 10-3 min-1, similar to the 

result obtained for fitting identical rate constants, 16.5 × 10-3 min-1. The mean 

substituent-dependent rate constant is 20.5 × 10-3 min-1, close to the mean of the 

case with 12 independent rate constants, 19.6 × 10-3 min-1.  

By row (DS = 3, 2, 1), the means of the case with 12 independent rate constants 

are: 15.4, 24.0, 13.4 (× 10-3 min-1). This roughly resembles the relationship in the 

DS-dependent case, where the rate constant for DS = 2 is larger than the other two, 

and the rate constants vary from each other by less than a factor of two.  

By column (substituent positions = C2, C3, C6), the means of the case with 12 

independent rate constants are: 30.6, 17.0, 10.1 (× 10-3 min-1). This order agrees 

with the result obtained by the substituent-dependent case, although the 

magnitude of the mean C3 and C6 rate constants are more similar. Another 

similarity between the means-by-substituents of the 12 independent rate 

constants case and the substituent-dependent case are that the rate constants vary 

by more than a factor of three, although this is still closer to the benchmark than 

the ratios explored in the scenarios in Section 5.3.2.  

It is interesting to consider how a mathematical model can affect the interpretation 

of the data. The authors of the study where the data came from did not use any 

mathematical kinetic models to interpret the data (65). The following passage 

illustrates their qualitative interpretation: 

“Notably, the accumulation of the . . . [2,6-diacetate] and . . . [3,6-diacetate] 

of CA chains was not observed before the increase of . . . [6-monoacetate], 

indicating that the rate of the hydrolysis of the acetyl groups at the 2- and 3-

positions was greater than that at the 6-position . . . This could be explained 

by the mechanism of the acid-catalyzed ester hydrolysis and the order of 

 
2 This is a weighted mean of all the rate constants in Equation 5.9, so the rate constant for DS = 2 is 
counted twice because it is the rate constants for the two middle rows. 
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electron charge density of the cellulose hydroxyl groups at the 2-, 3- and 6- 

positions (221). The hydrolysis of the acetyl groups begins with the 

abstraction of a proton from a hydroxonium ion in the solvent by the ester 

to make the ester carbonyl more electrophilic. The oxygen of water 

functions as a nucleophile and attacks the electrophilic carbonyl atom, 

which results in the formation of a cationic tetrahedral intermediate. Next, a 

proton (a hydrogen ion) from water binds to the carbonyl carbon and is 

transferred to the oxygen atom of the ester derived from the cellulose 

hydroxyl by the unpaired electrons of the oxygen atom, which facilitates the 

dissociation of the hydroxyl group from the ester. Thus, the 

electronegativity of the oxygen atom in the hydroxyl groups of cellulose 

promotes the acid-catalyzed ester hydrolysis. Because the electron density 

of the hydroxyl groups of cellulose ranks as OH(2) > OH(3) > OH(6) (221), 

the electronegativity of the hydroxyl groups in cellulose reflects the rate of 

hydrolysis at the 2-, 3-, and 6-positions. Therefore, the very fast hydrolysis 

at the 2- and 3-positions resulted in a prompt increase of . . . [6-

monoacetate] in CA chains, without increasing . . . [2,6-diacetate] and . . . 

[3,6-diacetate].” (65) 

However, the results of the scenario with 12 independent rate constants tell a 

slightly different story (in the following description, the units of the rate constants 

are (× 10-3 min-1)). Considering deacetylation of 2,3,6-triacetate, hydrolysis at C3 

(𝑘𝐼𝐼 = 28.9 ) is faster (though not by a large degree) than at either C2 or C6 (𝑘𝐼 =

10.0, 𝑘𝐼𝐼𝐼 = 7.41) (disagrees with quoted passage). On 3,6-diacetate, hydrolysis at 

C6 (𝑘𝑉 = 22.3) is much faster than at C3 (𝑘𝐼𝑉 = 2.69 × 10-8) (disagrees with 

quoted passage). On 2,6-diacetate, hydrolysis at C2 (𝑘𝑉𝐼 = 102) is much faster than 

at C6 (𝑘𝑉𝐼𝐼 = 9.53) (agrees with quoted passage). Based on this, increase in 6-

monoacetate could not be attributed to “very fast hydrolysis at the . . . [3-position]” 

of 3,6-diacetate, as C6 reacts significantly faster than C3 in this AGU. Furthermore, 

the order of preference of reaction in 2,3,6-triacetate is C3 > C2 > C6, disagreeing 

with the order of electron density, OH(2) > OH(3) > OH(6). Thus, assuming the 

estimated rate constants are unique, the mathematical model raises some doubts 

about the original interpretation of the data. 
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To investigate the effect of the various model assumptions and estimated rate 

constants on the 〈𝑂𝑂𝑂〉 vs. DS curve, simulated 〈𝑂𝑂𝑂〉 vs. DS was plotted for each 

of the four scenarios, as well as the experimental data, in Figure 5.15. Experimental 

〈𝑂𝑂𝑂〉 was estimated as: 

〈𝑂𝑂𝑂〉 = max(0, (1 − 〈2,3,6 triacetate〉 − 〈3,6 diacetate〉

− 〈2,6 diacetate〉 − 〈2,3 diacetate〉 − 〈6 monoacetate〉

− 〈3 monoacetate〉 − 〈2 monoacetate〉)) 

(5.17) 

  

 

Figure 5.15   〈𝑂𝑂𝑂〉 vs. DS, simulated (lines) and estimated from experimental data (markers). 

 

There are likely errors in the data as three out of four of the 〈𝑂𝑂𝑂〉 values were 

estimated as 0. For example, the mole fractions of the other seven AGUs may be 

overestimated. There are limits on the accuracy of NMR, which was used to detect 

the other seven AGUs. Figure 5.15 is not intended to show which of the cases gives 

the best fit to the experimental data. It demonstrates that the estimated 
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experimental 〈𝑂𝑂𝑂〉 lies below the benchmark (the case with identical rate 

constants), and that the more complex (non-benchmark) cases are consistent with 

each other and the data by simulating this trend. 

Figure 5.16 plots rate constant vs. AGU DS for the model with 12 independent rate 

constants. As is apparent from this graph, there is no discernible consistent effect 

of DS on the rate constant for a particular substituent. The correlation coefficients 

between the AGU DS and the rate constants support this, which for C2, C3 and C6 

are 0.0856, -0.2046 and 0.2748, respectively. This agrees with the conclusion 

drawn earlier based on the fitted rate constants for the DS-dependent case. 

However, as noted earlier, the estimated rate constants may be unreliable. 

 

Figure 5.16   Fitted rate constants vs. DS, for the model assuming independent rate constants. 

 

As mentioned in Chapter 3, Section 3.3.1, several models of substitution kinetics in 

cellulose derivatives have been developed which are basically consistent with the 

diagram in Figure 5.2, with initial credit being due to Spurlin (170). For 

comparison, the model due to Salmi et al. (172,173) has a similar structure as the 

model presented in this chapter: using Equation 5.9 as reference, in their model, 
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the first row are three free parameters, then the terms in subsequent rows are 

declining functions of the term in the same column in the first row. The functions 

are described in terms of rate decline parameters which quantify the extent to 

which the presence of other substitutions in the AGU affect the rate constant. While 

the Salmi et al. applied their data to carboxymethylation of cellulose, and therefore 

the effect of substituting carboxymethyl for hydroxyl is not necessarily comparable 

to substituting hydroxyl for acetyl, the implication of their model is that 

substitution is expected to have a consistent effect on reactivity of other 

substituents in the AGU. For example, deacetylation of one substituent could 

increase reactivity of other substituents due to diminished steric hindrance or 

increase/decrease reactivity of other substituents by being electron withdrawing 

or donating. What the results in Figure 5.16 suggest, as well as the correlation 

coefficients calculated above, is that other substitutions on the AGU may not have a 

consistent positive or negative effect on the reactivity of an acetyl substituent in 

cellulose acetate (at least under the reaction conditions of this experiment). This is 

also consistent with the results of the DS-dependent case, which suggested that 

deacetylation rate constants do not seem to correspond strongly with the total 

substitutions on the AGU. This suggests that a model which attempts to capture 

variation in the rate constants by presuming this correlation exists, such as the one 

due to Salmi et al.,  may not be suitable for modelling deacetylation kinetics in 

cellulose acetate.  

5.5 CONCLUSIONS 

Variation in rate constants for the 12 reactions identified in Figure 5.2 could 

explain deviations from the benchmark case, conferring increased or decreased 

susceptibility to chain scission (assuming chain scission depends on 〈𝑂𝑂𝑂〉) 

relative to progression of deacetylation (as measured by DS). Fitting the model to 

lab data from the literature verified the existence of such deviations and the 

capability of the model to simulate the trends. An interesting result was that the 

rate constants do not appear to increase or decrease monotonically with 

decreasing DS. While the findings cannot necessarily be generalised to 

deacetylation in a museum setting, this is surprising as I expected the rate 

constants to increase as DS decreases due to the observed tendency for CA to 
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become more unstable as degradation progresses. Another thought-provoking 

finding was that although the model agreed with the original interpretation (by the 

authors of the study where the data came from) that generally, deacetylation 

proceeded in the order C2 > C3 > C6, there were some inconsistencies that were 

not explained by or disagreed with the original interpretation. This shows how the 

mathematical model can be used to interpret complex data and test assumptions.  

The outputs of this model provide a link between deacetylation and chain scission 

under the assumption that glycosidic bonds cleave primarily between adjacent 

cellulose AGUs. Having demonstrated the validity and relevance of this model for 

predicting AGU composition, Chapter 6 presents a model of chain scission that 

builds further on these concepts. The mathematical model of chain scission will be 

used to explore the consequences of the assumption that glycosidic bonds cleave 

primarily between adjacent cellulose AGUs and whether implementing this 

assumption results in a more accurate model compared to not implementing this 

assumption.  
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6 CHAIN SCISSION 

This chapter presents a mathematical model of chain scission in cellulose acetate 

(CA) based on the hypothesis that bond cleavage is more likely to occur between 

adjacent cellulose anhydroglucose units (AGUs):   

• premises, justification, and motivations for the model 

• chemical species, reactions, and mass balances 

• pre-processing data, model assumptions, and framing the problem in 

modelling terms 

• fitting models to experimental data and estimating the out-of-sample errors 

of the models 

• what the results indicate about the hypothesis being tested. 

6.1 INTRODUCTION 

As discussed in Chapter 2, chain scission in cellulose acetate (CA) artefacts—

associated with reduction in the degree of polymerisation (DP) and/or tensile 

strength—tends to occur only after advanced deacetylation—evidenced by 

development of the vinegar syndrome or reduction in degree of substitution (DS). 

The observation can be restated as “the rate of chain scission increases after 

deacetylation has advanced to some extent.” The model in this chapter assumed 

that chain scission in CA artefacts occurs via hydrolysis (see Figure 6.1), as 

oxidative chain scission appears to require UV light, an unlikely factor in museums 

and archives (99). 

 

Figure 6.1   Schematic of chain scission via hydrolysis. The small arrow points to the β-1,4 
glycosidic bond. RC4 and RC1 represent the rest of the CA polymer on each side of the 

anhydroglucose units (AGUs) involved in the bond. 
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The rate of chain scission 𝑟 is the sum of all the rates of reactions which result in 

cleavage of a glycosidic bond in the polymer (Equation 6.1). The rate 𝑟𝑖 of reaction 

𝑖 is determined by a rate constant 𝑘𝑖 , the concentration of the type of glycosidic 

bond involved in the reaction [𝐵𝑖], the concentration of water [𝐻2𝑂] and the 

concentrations of any catalysts [𝑐𝑎𝑡𝑎𝑙𝑦𝑠𝑡] (e.g., acetic acid)(Equation 6.2). 

𝑟 = ∑ 𝑟𝑖
𝑖

 (6.1) 

  

𝑟𝑖 = 𝑓𝑖(𝑘𝑖, [𝐵𝑖], [𝐻2𝑂], [𝑐𝑎𝑡𝑎𝑙𝑦𝑠𝑡]) (6.2) 

  

Function 𝑓𝑖  expresses the dependence of 𝑟𝑖 on the aforementioned factors. Basing 

𝑘𝑖  on the Arrhenius equation, 𝑘𝑖  is constant when the temperature is constant. As 

deacetylation does not cause temperature changes, it is assumed that 𝑘𝑖  is constant 

at a given temperature, so the development of chain scission is not attributable to 

this factor. The link between deacetylation and chain scission is observed even in 

cellulose acetate degrading in acidic aqueous solutions, systems which maintain 

constant [𝐻2𝑂] and [𝑐𝑎𝑡𝑎𝑙𝑦𝑠𝑡] (108). It is reasonable to infer that the increase in 

the rate of chain scission may be attributed to a change in [𝐵𝑖]. Specifically, if some 

bonds are more susceptible to chain scission and have larger rate constants 𝑘𝑖 , 

then an increase in the concentration of such bonds will cause an increase in their 

respective 𝑟𝑖 leading to increase in 𝑟.  Additionally, the features which distinguish 

different bonds 𝐵𝑖 are affected by deacetylation.  

In this chapter, a mathematical model of CA chain scission is developed based on 

the hypothesis that bond cleavage is more likely to occur between adjacent 

cellulose anhydroglucose units (AGUs). This could be due to steric hindrance (with 

hydroxyls being less obstructive than acetyls to the reacting water molecule), as 

well as the effects of the electronegativity of the moieties on the glycosidic bond. 

The influence of acetic acid on the chain scission reaction is also modelled. Using 

experimental data from the literature, this chapter attempts to establish whether 

the proposed model is better at simulating empirical trends than the benchmark, 

which assumes that bond cleavage is equally likely to occur regardless of AGU 

substitution states. 
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Using the deacetylation models from Chapters 4-5 to simulate the AGU 

composition over time, the chain scission model in this chapter predicts (1) the 

proportion of types of glycosidic bonds present for a given AGU composition and 

(2) the chain scission rate as a function of the composition at a particular time. By 

solving these equations, the deacetylation and chain scission model predicts DS 

and DP as a function of time, and correlates DP with DS. 

6.2 MATHEMATICAL MODEL 

6.2.1 Chemical species 

The substitution states comprise the 8 AGUs that were presented in the previous 

chapter. These can combine into 8 × 8 = 64 pairs of AGUs in a bond. While it is not 

strictly necessary for the assumptions used in the model, the model distinguishes 

between whether an AGU is on the C4 side or the C1 side of a glycosidic bond (see 

Figure 6.2). The β-1,4 glycosidic bond is not symmetrical; as suggested by the 

name, it involves the C1 of one AGU and the C4 of a second AGU, which are linked 

via the oxygen atom between them.  

 

Figure 6.2   Structure of CA polymer molecule. The arrows point to glycosidic bonds, also known as 
chain bonds. The left-most arrow points to the “C4 end bond” of the molecule. The middle arrow 

points to a “non-end chain bond”. The right-most arrow points to the “C1 end bond” of the molecule. 
The middle two AGUs have “both ends bonded”. The left-most AGU “terminates at the C4 end”. The 

right-most AGU “terminates at the C1 end”. 
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Figure 6.3   Structure of CA dimer molecule. The arrow points to a “dimer bond”. 

 

 

Figure 6.4   Structure of CA monomer, an AGU having “no glycosidic bonds”. 

 

Similarly, while this chapter will not consider scenarios in which the rate constants 

depend on the bond position in the chain, it will be useful for accounting purposes 

to define four types of bonds (see Figures 6.2-3). The four types of bonds and their 

notations are defined in Table 6.1. 
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Table 6.1   Types of bonds in the model. 

Description of bond Symbol 

Non-end chain bond xBx 

C1 end bond xB 

C4 end bond Bx 

Dimer bond B 

 

Chain bonds are defined by two AGUs joined together, which may or may not be 

joined to other AGUs (see Figures 6.2-4). The chain bonding states that an AGU 

may take are defined in Table 6.2. 

 

Table 6.2   Types of AGUs in the model. 

Description of AGU Symbol 

Both ends bonded xAx 

Terminates at C1 end xA 

Terminates at C4 end Ax 

No glycosidic bonds A 

 

Finally, an AGU is also characterised by its substitution state, defined in Table 6.3. 

The substitution state of an AGU or of the AGUs involved in a chain bond is 

expressed using these symbols as indices. For example, xA(236) refers to a 2,3,6-

triacetate AGU at the C1 end of a CA molecule; xBx(000,000) refers to a non-end 

chain bond between two cellulose AGUs.  
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Table 6.3   Substitution states of AGUs. 

Chemical name Symbol 

2,3,6-triacetate 236 

3,6-diacetate 036 

2,6-diacetate 206 

2,3-diacetate 230 

6-monoacetate 006 

3-monoacetate 030 

2-monoacetate 200 

Cellulose 000 

 

There are thus (8 substitution states)×(8 substitution states)×(4 bond types) = 

256 distinct species of glycosidic bonds, and (8 substitution states)×(4 chain 

bonding states) = 32 distinct species of AGUs.  

The model consists of mass balances on the 32 species of AGUs in the form of 

differential equations, and algebraic expressions calculating the expected 

concentrations of each of the 256 bond types as a function of the concentrations of 

the AGU species.  

6.2.2 Chemical reactions 

Molar balances on the species of AGUs are expressed as differential equations that 

sum the rates of production and consumption (by chemical reactions) of each AGU. 

It was assumed that that AGUs cannot diffuse, so there are no mass transport 

terms for these species. 

6.2.2.1 Deacetylation 

The deacetylation term includes any reactions that produce or consume the AGU 

via deacetylation. The effect of deacetylation reactions is to alter the substitution 

states, which are denoted by the symbols in parentheses (as defined in Table 6.3). 

As shown in Chapter 5, for eight substitution states, there are 12 types of 

substitution reactions. It was assumed that deacetylation depends only on the 
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substitution state of the AGU on which it takes place, and not on the properties of 

any adjacent AGUs.  

For example, the sum of the deacetylation reaction terms for xAx(036), 𝑅𝐷,𝑥𝐴𝑥(036), 

is: 

𝑅𝐷,𝑥𝐴𝑥(036) = (𝑘𝐼[𝑥𝐴𝑥(236)] − 𝑘𝐼𝑉[𝑥𝐴𝑥(036)]

− 𝑘𝑉[𝑥𝐴𝑥(036)])[𝐻2𝑂][𝐻𝑂𝐴𝑐] 

(6.3) 

  

where the deacetylation rate constants 𝑘 have dimensions (concentration)-2  

(time)-1. The index in the subscript of the rate constant 𝑘 refers to the substitution 

reaction as defined in Figure 5.2. For a given AGU, the deacetylation reaction terms 

involve only AGUs of the same AGU type—in this case, both ends bonded (xAx). 

This is because deacetylation may only alter substitution states, not AGU type. The 

first term in Equation 6.3 is the rate of the reaction that produces 3,6-diacetate by 

deacetylation of 2,3,6-triacetate. The second and third terms are consumption 

(hence the minus signs) of 3,6-diacetate by deacetylation to 6-monoacetate and 3-

monoacetate, respectively. The dependence of the deacetylation rate on [𝐻2𝑂] and 

[𝐻𝑂𝐴𝑐] are taken from the model developed in Chapter 4.  

6.2.2.2 Chain scission 

The chain scission terms include reactions that produce or consume the AGU via 

hydrolysis of glycosidic bonds. The effect of chain scission reactions is to alter the 

AGU type, which are denoted by the symbols defined in Table 6.2.  

The reactants are chain bonds, and the products are AGU types. Each type of chain 

bond (as defined in Table 6.1) may undergo a chain scission reaction. There are 

therefore four possible chain scission reactions: 

𝑥𝐵𝑥(𝑖, 𝑗)  → 𝑥𝐴(𝑖) + 𝐴𝑥(𝑗) (6.4) 

  

𝑥𝐵(𝑖, 𝑗)  → 𝑥𝐴(𝑖) + 𝐴(𝑗) (6.5) 

  

𝐵𝑥(𝑖, 𝑗)  → 𝐴(𝑖) + 𝐴𝑥(𝑗) (6.6) 
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𝐵(𝑖, 𝑗)  → 𝐴(𝑖) + 𝐴(𝑗) (6.7) 

  

Index 𝑖 denotes the substitution state of the AGU on the C4 side of the bond and 

index 𝑗 denotes the substitution state of the AGU on the C1 side. Figure 6.5 

illustrates these chemical reactions. 

 

Figure 6.5   The four types of chain scission reactions: (a) Equation 6.4, middle of chain bond goes 
to C1 end AGU and C4 end AGU; (b) Equation 6.5, C1 end bond goes to C1 end AGU and AGU 

monomer; (c) Equation 6.6, C4 end bond goes to AGU monomer and C4 end AGU; (d) Equation 6.7, 
dimer bond goes to AGU monomer and AGU monomer. RC4 and RC1 represent the rest of the CA 

polymer on each side of the AGUs involved in the bond. Index 𝑖 denotes the substitution state of the 
AGU on the C4 side of the bond and index 𝑗 denotes the substitution state of the AGU on the C1 side. 
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Chain scission reactions depend on the concentration or mole fraction of chain 

bonds. The mole fraction of each type of chain bond is estimated using a 

probability model that has the mole fraction of the AGU species as inputs. The 

model assumes that AGU species are initially randomly distributed and that all 

chemical reactions are independent of chain length or position in the chain (other 

than as reflected by the AGU type or chain bond type). As mentioned at the start of 

Section 6.2.2, the model assumes that AGUs cannot diffuse nor evaporate, so the 

total number of AGUs in the system is conserved. 

Consider the chain bond species xBx(i,j), which is made up of xAx(i) and xAx(j) 

being bonded to one another. The frequency (concentration) of xBx(i,j) is equal to 

the product of the frequency (concentration) of xAx(i) and the probability that 

xAx(i) is bonded to xAx(j). Since deacetylation does not depend on the substitution 

state of adjacent AGUs, the substitution state of xAx(j) is independent of xAx(i). 

Therefore, the probability that xAx(i) is bonded to xAx(j) is simply equal to the 

frequency of xAx(j) divided by the sum of the frequencies of all AGUs that may 

bond to the C1 side of xAx(i) (Equation 6.8).  

[𝑥𝐵𝑥(𝑖, 𝑗)] = [𝑥𝐴𝑥(𝑖)] ×
[𝑥𝐴𝑥(𝑗)]

∑ ([𝑥𝐴𝑥(𝑛)] + [𝑥𝐴(𝑛)])𝑛∈𝑆
 

(6.8) 

  

The denominator in the second term of Equation 6.8 denotes the sum of all AGUs 

that may bond to the C1 side of xAx(i). 𝑆 is the set of all substitution states:                   

𝑆 ∋ {236, 036, 206, 230, 006, 030, 200, 000}.  

Similarly, formulas were derived for the remaining three types of chain bonds:  

[𝑥𝐵(𝑖, 𝑗)] = [𝑥𝐴𝑥(𝑖)] ×
[𝑥𝐴(𝑗)]

∑ ([𝑥𝐴𝑥(𝑛)] + [𝑥𝐴(𝑛)])𝑛∈𝑆
 

(6.9) 

  

[𝐵𝑥(𝑖, 𝑗)] = [𝐴𝑥(𝑖)] ×
[𝑥𝐴𝑥(𝑗)]

∑ ([𝑥𝐴𝑥(𝑛)] + [𝑥𝐴(𝑛)])𝑛∈𝑆
 

(6.10) 

  

[𝐵(𝑖, 𝑗)] = [𝐴𝑥(𝑖)] ×
[𝑥𝐴(𝑗)]

∑ ([𝑥𝐴𝑥(𝑛)] + [𝑥𝐴(𝑛)])𝑛∈𝑆
 

(6.11) 
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As it turns out, the sum in the denominator of the second term is the same for all 

types of chain bonds, as the species included in the sum account for all AGUs that 

are chain bonded on their C4 end (and so are bonded to the C1 end of another 

AGU). Hopefully, by now, it will be apparent to the reader why it was necessary to 

distinguish between the species defined in Tables 6.1-2, even if these qualities will 

not later be modelled as having any direct effect on rate constants. 

The chain bond concentrations calculated using Equations 6.8-11 are used in the 

calculation of the chain scission rates. The model assumes that the rates of chain 

scission depend in the first order on the concentration of the chain bonds. This 

assumption is made in previous models of cellulose degradation discussed in 

Chapter 3, Section 3.3.2.2.1, and the reasons for doing so are elaborated there. 

Dependence on other variables, such as water concentration, was accounted for in 

the function for the rate constant, as will be shown in the implementation of the 

model in Section 6.3.2.  

For example, the sum of the chain scission reaction terms for xAx(036), 𝑅𝐶,𝑥𝐴𝑥(036), 

is equal to:  

𝑅𝐶,𝑥𝐴𝑥(036) = − ∑ 𝑘𝑥𝐵𝑥(036,𝑛)[𝑥𝐵𝑥(036, 𝑛)]
𝑛∈𝑆

− ∑ 𝑘𝑥𝐵𝑥(𝑛,036)[𝑥𝐵𝑥(𝑛, 036)]
𝑛∈𝑆

 

(6.12) 

− ∑ 𝑘𝑥𝐵(036,𝑛)[𝑥𝐵(036, 𝑛)]
𝑛∈𝑆

 

− ∑ 𝑘𝐵𝑥(𝑛,036)[𝐵𝑥(𝑛, 036)]
𝑛∈𝑆

 

 

  

The terms are all negative because xAx(036), being bonded on both sides, can only 

be consumed by chain scission, not produced. In the first summation term, 

xBx(036,n) represents all possible non-end chain bonds in which xAx(036) is on 

the C4 side of the bond (see Equation 6.8). In the second summation term, 

xBx(n,036) represents all possible non-end chain bonds in which xAx(036) is on 

the C1 side of the bond (Equation 6.8). In the third summation, xB(036,n) 

represents all possible C1 end chain bonds in which xAx(036) is on the C4 side of 

the bond (see Equation 6.9). In the fourth summation, Bx(n,036) represents all 
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possible C4 end chain bonds in which xAx(036) is on the C1 side of the bond (see 

Equation 6.10). The chain scission rate constants 𝑘 are defined for each bond type, 

as indicated by the subscripts. The rate constants in Equation 6.12 are functions of 

[𝐻2𝑂] and [𝐻𝑂𝐴𝑐], and have dimensions (time)-1.   

6.2.2.3 Mass balances 

The deacetylation and chain scission reaction model combines the deacetylation 

and chain scission reaction terms into a single mass balance for each AGU species. 

For example, the mass balance for xAx(036) is simply the sum of Equation 6.3 and 

Equation 6.12:  

𝑑[𝑥𝐴𝑥(036)]

𝑑𝑡
= 𝑅𝐷,𝑥𝐴𝑥(036) + 𝑅𝐶,𝑥𝐴𝑥(036)

= (𝑘𝐼[𝑥𝐴𝑥(236)] − 𝑘𝐼𝑉[𝑥𝐴𝑥(036)]

− 𝑘𝑉[𝑥𝐴𝑥(036)])[𝐻2𝑂][𝐻𝑂𝐴𝑐] 

                           − ∑ 𝑘𝑥𝐵𝑥(036,𝑛)[𝑥𝐵𝑥(036, 𝑛)]
𝑛∈𝑆

− ∑ 𝑘𝑥𝐵𝑥(𝑛,036)[𝑥𝐵𝑥(𝑛, 036)]
𝑛∈𝑆

 

                           − ∑ 𝑘𝑥𝐵(036,𝑛)[𝑥𝐵(036, 𝑛)]
𝑛∈𝑆

 

                           − ∑ 𝑘𝐵𝑥(𝑛,036)[𝐵𝑥(𝑛, 036)]
𝑛∈𝑆

 

(6.13) 

  

The model consists of solving the system of differential equations, which are the 

mass balances for each species of AGU. To solve the model, one needs a procedure 

to specify or calculate [𝐻2𝑂] and [𝐻𝑂𝐴𝑐]; the values for the rate constants; and 

initial values for the AGU species. These aspects depend on the features of the 

physical system being modelled and are explained in Section 6.3.2.  

6.2.2.4 Degree of substitution and degree of polymerisation 

The model outputs mole fractions of AGUs as a function of time. It is helpful for 

interpretability to convert these results into more meaningful quantities. The 

following equations were used to calculate DS and 𝐷𝑃𝑛 from AGU mole fractions.  

The degree of substitution is calculated as: 
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𝑋𝑡𝑟 =
∑ [𝑚(236)]𝑚∈𝐺

∑ ∑ [𝑚(𝑛)]𝑛∈𝑆𝑚∈𝐺
 

(6.14) 

  

𝑋𝑑𝑖 =
∑ ([𝑚(036)] + [𝑚(206)] + [𝑚(230)])𝑚∈𝐺

∑ ∑ [𝑚(𝑛)]𝑛∈𝑆𝑚∈𝐺
 

(6.15) 

  

𝑋𝑚𝑜 =
∑ ([𝑚(200)] + [𝑚(030)] + [𝑚(006)])𝑚∈𝐺

∑ ∑ [𝑚(𝑛)]𝑛∈𝑆𝑚∈𝐺
 

(6.16) 

  

𝐷𝑆 = (3 × 𝑋𝑡𝑟) + (2 × 𝑋𝑑𝑖) + 𝑋𝑚𝑜 (6.17) 

  

where  𝑋𝑡𝑟, 𝑋𝑑𝑖 and 𝑋𝑚𝑜 are the mole fractions of triacetate, diacetate and 

monoacetate, respectively. Recall that mole fractions represent the proportion of 

chemical species in each state (in this case, the proportion of AGUs of each DS) and 

can vary between 0 and 1. 𝐺 is the set of all AGU types (see Table 6.2),                   

𝐺 ∋ {𝑥𝐴𝑥, 𝑥𝐴, 𝐴𝑥, 𝐴}. The denominator in Equations 6.14-17 is equal to the total 

concentration of AGUs in the system.  

Recall that the degree of polymerisation (DP) is the number of monomers per 

polymer molecule. The number-average degree of polymerisation is calculated as: 

𝐷𝑃𝑛 =
∑ ∑ [𝑚(𝑛)]𝑛∈𝑆𝑚∈𝐺

∑ ([𝑥𝐴(𝑛)] + [𝐴(𝑛)])𝑛∈𝑆
 

(6.18) 

  

The numerator in Equation 6.18 is the same as the denominator in Equations 6.14-

17 and is equal to the total concentration of AGUs in the system. The denominator 

represents the concentration of cellulose acetate or cellulose molecules (including 

dimers and monomers) in the system. 

6.3 METHODS 

I compared predictions under different model assumptions about the effect of AGU 

composition on chain scission. Due to a lack of published data, several assumptions 

were made in terms of the quantities used for physical or chemical properties. 

Where possible, I tried to represent or compare the models in terms that reduce 

the dependence on such approximated quantities. When this is the case, the 
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absolute numerical values of the predictions are less important than the shape of 

the curves or functions they output. Chapter 7 discusses the implications of these 

results for heritage conservation.  

The mathematical model in Section 6.2 describes chain scission in cellulose acetate 

as a function of AGU composition. As discussed earlier in this thesis, the 

dependence on AGU composition is based on the hypothesis that hydrolysis of the 

glycosidic bond is significantly more likely between two cellulose AGUs. I model 

chain scission (and deacetylation) in the absence and presence of the assumption 

that the chain scission reaction rate may vary depending on the substitution states 

of bonded AGUs.  

6.3.1 Data from analysis of plastic samples 

The models aimed to simulate the 𝐷𝑃𝑛 and DS in naturally aged CA cultural 

heritage artefacts, measured at a single point in time (cross-sectional study). One 

set of data was collected by other members of COMPLEX, not including myself. The 

second set comes from a study (17,222) published by the Getty Conservation 

Institute (GCI). Both collections included naturally aged historical objects, some in 

good condition and some in bad condition. Figure 6.6 shows both sets plotted on a 

single graph of 𝐷𝑃𝑛 vs. DS. The direction of degradation is from right to left, in the 

direction of decreasing DS. Two data points from the GCI dataset were measured 

from samples taken from a single object (CA sheet), where one sample was taken 

from an area that appeared less degraded, and another sample taken from an area 

that appeared more degraded. The arrow shows the direction of degradation 

between the non-degraded and degraded samples from this object.  
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Figure 6.6   𝐷𝑃𝑛 and DS of naturally aged CA objects. 

 

In the COMPLEX study, DS was measured using high-resolution proton nuclear 

magnetic resonance spectroscopy (1H NMR). 𝐷𝑃𝑛 was measured using size 

exclusion chromatography (SEC) (218). 

In the GCI study (17), DS was measured using ion chromatography. Degree of 

polymerisation was measured using SEC. The authors of the study only provided 

the weight-average degree of polymerisation 𝐷𝑃𝑤 . To estimate 𝐷𝑃𝑛 from 𝐷𝑃𝑤 , the 

dispersities Ð𝑋 of the samples in the COMPLEX study were calculated, since both 

𝐷𝑃𝑛 and 𝐷𝑃𝑤  were available for these. As explained in Chapter 3 (Equation 3.18), 

the dispersity Ð𝑋 = 𝐷𝑃𝑤/𝐷𝑃𝑛. The dispersities were in the range 2.2-3.0. Based on 

these calculated values, as well as reference values found in the literature (185), 

and adding some margin for errors, the dispersities of the GCI samples were 

estimated to be in the range 2-3.3. Re-arranging Equation 3.18, the formula for 𝐷𝑃𝑛 

is:  

𝐷𝑃𝑛 =
𝐷𝑃𝑤

Ð𝑋
 

(6.19) 
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Upper and lower bounds for 𝐷𝑃𝑛  were calculated using the estimated range of Ð𝑋 . 

The mean of the upper and lower values was used as the final estimate for 𝐷𝑃𝑛. 

As can be seen in Figure 6.6, the GCI samples feature more advanced stages of 

degradation than the COMPLEX samples. The 𝐷𝑃𝑛  in the range where DS = 1.6-2.6 

are reasonably consistent between the two datasets considering that the GCI 𝐷𝑃𝑛  

had to be estimated, which gives some confidence in the accuracy (if not precision) 

of the estimates. These data suggest that 𝐷𝑃𝑛 does not change much above DS = 1, 

while at lower DS, it decreases significantly. The models aimed to simulate this 

relationship between 𝐷𝑃𝑛 and DS, testing the hypothesis that the pattern could be 

caused by increased susceptibility to chain scission between adjacent AGUs that 

have certain substitution states.  

6.3.2 Model system  

To provide a meaningful comparison between model simulations and the data, the 

model system should ideally resemble the real physical system from which the 

data were collected. The systems modelled in Chapters 4 and 5 consisted of 

controlled experiments on lab-prepared samples, while the systems modelled in 

this chapter are observational studies of naturally aged artefacts. Due to 

uncertainty in the environments which the objects were exposed to and 

uncertainty in the initial conditions of the objects, it was necessary to make some 

assumptions (approximations) when defining the model system. Convenience is 

another reason for simplifying assumptions, although in defence of this, sometimes 

one simplifying assumption can preclude the need to make several more 

speculative assumptions.  

As in Chapter 4, the system was modelled as a CA object in a storage container at 

constant temperature and relative humidity. It was assumed that all the acetic acid 

was retained in the object. It was assumed that water concentration was constant. 

The sample was modelled as having initially uniform composition and reacting at a 

uniform rate throughout.  

The assumptions about [𝐻𝑂𝐴𝑐] and [𝐻2𝑂] may appear to imply conflicting 

conditions. For example, retention of acid could imply low ventilation (sealed 

enclosure), whereas constant moisture could imply an open (or very permeable) 
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enclosure that permits water to enter and replace the reacted water. Acid still 

tends to accumulate in museum objects over time, whether they are stored in 

perfectly sealed containers or not. Additionally, moisture levels are typically 

determined by the relative humidity in the macroenvironment, not by how much 

water has been consumed by hydrolysis. The assumptions are reasonable in the 

practical context of considering what kind of exposures to acid and water an object 

may encounter in a museum collection.   

In Chapter 5, a model was developed which outputs AGU composition as a function 

of time. The model in this chapter is based on that model. While it is possible to 

specify the model as having different deacetylation rate constants for each acetyl 

group, insufficient data were available to estimate what these may be in the system 

that is modelled here. Although the results of Chapter 6 suggest that the 

deacetylation rate constants may be different in the lab conditions, these may not 

apply to the conditions found in museums. A pragmatic assumption is that the 

deacetylation rate constants are the same and equal to the deacetylation rate 

constant obtained in Chapter 4, using Equation 4.5 and the parameters in 

Table 4.4. It’s important to emphasise that this is distinct from simply copying the 

deacetylation model in Chapter 4, as that model does not output AGU composition 

as a function of time. 

The mass balance for acetic acid is the sum of the reaction rates for all 

deacetylation reactions: 

𝑑[𝐻𝑂𝐴𝑐]

𝑑𝑡
= 𝑘𝑑[𝐻2𝑂][𝐻𝑂𝐴𝑐] ∑ (3 × 𝑚(236)

𝑚∈𝐺

+ 2 × (𝑚(036) + 𝑚(206) + 𝑚(230)) + 𝑚(006)

+ 𝑚(030) + 𝑚(200)) 

(6.20) 

  

The expression in the sum corresponds to the term for [𝑅𝑂𝐴𝑐] in Equation 4.4.  

For chain scission rate constants, the assumptions were based on literature 

models/equations for acid-catalysed hydrolysis of cellulose in paper degradation. 

It was assumed that hydrolysis of the cellulose-cellulose bond in a CA molecule is 

similar to the hydrolysis of the cellulose-cellulose bond in a cellulose molecule. 

Referring to Figure 6.5, hydrolysis of a cellulose-cellulose bond in CA is when 𝑖 =
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𝑗 = 000. The chain scission rate constant for a cellulose-cellulose bond is 

𝑘𝑥𝐵𝑥(000,000) = 𝑘𝑥𝐵(000,000) = 𝑘𝐵𝑥(000,000) = 𝑘𝐵(000,000). This is abbreviated as 𝑘𝑐𝑐. 

The cellulose chain scission rate constant 𝑘𝑐𝑐 (s-1) is:  

𝑘𝑐𝑐 = {(3.992256 × 1014) + (2.44512 × 1017 × [𝐻2𝑂]𝐹)

+ (8.5104 × 1021 × [𝐻3𝑂+] × [𝐻2𝑂]𝐹)}

× exp (
−13109.6

𝑇
) 

(6.21) 

  

where 𝑇 is the temperature (K), [𝐻2𝑂]𝐹 is the mass fraction of water on a dry-

weight basis, and [𝐻3𝑂+] is the hydronium ion concentration (mol L-1). The 

constants in the equation are due to Ligterink et al. (167), whose study on 

modelling the effects of acid on archival paper degradation is discussed in 

Chapter 3, Section 3.2.4. The equation draws on Zou et al. (158) and was selected 

here because it accounts for moisture directly in terms of how much water is in the 

sample. This was believed to be more reliable than cellulose paper degradation 

models that use relative humidity, as these models depend implicitly on the 

moisture adsorption isotherm of the paper and are thus less likely to apply to 

cellulose-cellulose hydrolysis in cellulose acetate plastic.  

When applied to modelling paper degradation, [𝐻3𝑂+] is calculated from the pH of 

the paper as measured using the cold-water leach method. The pH of CA can also 

be measured using the cold-water leach method, by measuring the pH of aqueous 

solution (prepared using 100 mL water) which contains acid leached from 1 g of 

sample (76,223). It was assumed that the definition of pH in CA is comparable to 

that of paper, and that the pH defined as such may be used to obtain [𝐻3𝑂+] in 

Equation 6.21. Assuming that all the acetic acid is extracted from the CA sample, 

the concentration (mol L-1) of acetic acid in the extract, [𝐻𝑂𝐴𝑐]𝐿 , can be calculated 

from the concentration (mol m-3) of acetic acid in the sample, [𝐻𝑂𝐴𝑐],  as 

[𝐻𝑂𝐴𝑐]𝐿 =
[𝐻𝑂𝐴𝑐]𝑀

𝜌𝑉
=

[𝐻𝑂𝐴𝑐]

1.3 × 106 × 0.1
 

(6.22) 

  

where 𝑀 is the mass of CA sample (1 g),  𝜌 is the density of CA (1.3 × 106 g m-3) 

(36), and 𝑉 is the volume of extract (0.1 L). The formula to calculate [𝐻3𝑂+] from 
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[𝐻𝑂𝐴𝑐]𝐿 depends on the dissociation constant of acetic acid in water, 𝐾𝑑 =

1.8 × 10−5 mol L-1 (224,225): 

[𝐻3𝑂+] =
−𝐾𝑑 + √𝐾𝑑

2 + 4𝐾𝑑 × [𝐻𝑂𝐴𝑐]𝐿

2
 

(6.23) 

  

Equation 6.23 solves the acid-base equilibrium for a weak acid in a dilute solution, 

using the quadratic formula. The quadratic formula, which gives the precise 

answer, was used as it was found that this approach is significantly more accurate 

than approximate strategies for predicting pH from free acidity of CTA films (76).  

The initial conditions were based on an initial 𝐷𝑃𝑛 of 280, DS of 3, and free acidity 

of 0.04 (10,37,226). These values are representative of fresh, undegraded cellulose 

triacetate (CTA). Environmental conditions of 21°C and 50% relative humidity 

were used for all the simulations, as these are standard set points for room 

conditions in museums (159). These conditions were used to obtain the initial 

water concentration (see Chapter 4), which was assumed constant as explained 

previously. The initial values for all chemical species are summarised in Table 6.4. 

 

Table 6.4   Initial composition for model simulations. 

Chemical species Initial value (mol m-3) 

[𝐻2𝑂] 2137.2 

[𝐻𝑂𝐴𝑐] 5.2 

[𝑥𝐴𝑥](236) 4436.0 

[𝑥𝐴](236) 16.0 

[𝐴𝑥](236) 16.0 

[𝐴](𝑛), 𝑛 ∈ 𝑆 0 

[𝑥𝐴𝑥](𝑛), 𝑛 ∈ 𝑆\236 0 

[𝑥𝐴](𝑛), 𝑛 ∈ 𝑆\236 0 

[𝐴𝑥](𝑛), 𝑛 ∈ 𝑆\236 0 
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6.3.3 Model hypotheses 

As stated previously, this chapter aims to establish whether modelling certain 

chain bonds as more susceptible to degradation, due to the substitution states of 

the AGUs involved in the bond, gives a better fit to real-world data than the 

benchmark model for chain scission. The benchmark model for chain scission (H0) 

expresses the hypothesis that the chain scission rate is the same for all chain 

bonds. The new proposed model (H1) expresses the hypothesis that cellulose-

cellulose bonds are more susceptible to chain scission than other types of bonds.  

This section explains how the two hypotheses were modelled. 

Under the assumption that the chain scission rate does not depend on AGU 

composition, the logical (extreme) conclusion is that 𝑘𝑐𝑐 defines the chain scission 

rate constant for all the chain scission events. This means that the rate constant for 

any chain scission event in CA is the same as that for the cellulose chain scission 

event. In H1, the non-(cellulose-cellulose) chain scission rate constants are some 

fraction of 𝑘𝑐𝑐. The non-(cellulose-cellulose) chain scission rate constants 𝑘𝑥𝑥 were 

defined as: 

𝑘𝑥𝑥 =
𝑘𝑐𝑐

𝐶𝑆𝑅𝑅
 

(6.24) 

  

𝐶𝑆𝑅𝑅 stands for “chain scission rate ratio”. When 𝐶𝑆𝑅𝑅 = 1, this corresponds to 

the assumption that chain scission rate does not depend on AGU composition, and 

𝑘𝑥𝑥 = 𝑘𝑐𝑐. As the ratio is increased, this corresponds to simulating that cellulose-

cellulose chain bonds are more reactive than the chain bonds between other AGU 

pairs.  

Because increasing 𝐶𝑆𝑅𝑅 decreases the overall rate of chain scission, this makes it 

difficult to compare H0 and H1 if they are both based on the same 𝑘𝑐𝑐. It would also 

be unreliable to compare the fit of models based on rate constants which were 

originally developed for paper degradation. For these reasons, Equation 6.21 was 

used as an initial guess for 𝑘𝑐𝑐 for each run of each model. Thereafter, 𝑘𝑐𝑐 was 

adjusted by a factor 𝐹, until the normalised root-mean square error (NRMSE) 

between the model and the data was minimised. The fitted cellulose-cellulose 

chain scission rate constant is: 
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𝑘𝑐𝑐
∗ = 𝐹 × 𝑘𝑐𝑐 (6.25) 

  

For the GCI datapoints, predictions falling within the uncertainty bars were 

considered to have error = 0. For predictions falling outside the uncertainty bars, 

the nearest uncertainty limit was used as the reference 𝐷𝑃𝑛. For each run of H1, the 

optimal 𝐶𝑆𝑅𝑅 also had to be obtained, and 𝐶𝑆𝑅𝑅 and 𝐹 were optimised 

simultaneously using the same procedure as outlined for optimising factor 𝐹 alone. 

The fitted non-(cellulose-cellulose) chain scission rate constant is: 

𝑘𝑥𝑥
∗ =

𝑘𝑐𝑐
∗

𝐶𝑆𝑅𝑅
=

𝐹 × 𝑘𝑐𝑐

𝐶𝑆𝑅𝑅
 

(6.26) 

  

The inputs for the model have now been fully defined. Figure 6.7 summarises the 

inputs and outputs of the model.  

 

 

Figure 6.7   Model inputs and outputs. 

6.4 RESULTS AND DISCUSSION 

6.4.1 Training 

The models were trained on all the data (𝑛 = 17), obtaining the results in 

Figure 6.8 and Table 6.5. 
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Figure 6.8    𝐷𝑃𝑛 vs. DS of models fitted on all 𝑛 = 17 data points, and the data. 

 

Table 6.5   Fitted parameters. 

Parameter H0  H1 

𝐶𝑆𝑅𝑅 1* 171.28 

𝐹 2.98 56.2 

*Specified as a constant; not a fitted parameter. 

 

Figure 6.9 shows the simulated 𝐷𝑃𝑛 vs. time for the two models. In Figure 6.10, 

chain end concentration and cellulose AGU mole fraction are plotted against time. 

The cellulose AGU mole fraction is the same for both models. The simulations of DS 

and pH vs. time are the same for both models (Figure 6.11), as they have identical 

deacetylation models.   
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Figure 6.9   Simulated degree of polymerisation vs. time. 

 

 

Figure 6.10   Simulated chain end concentration and cellulose AGU mole fraction vs. time. The 
cellulose AGU mole fractions (orange line) for H0 and H1 coincide as they have the same 

deacetylation model. 



142 
 

 

Figure 6.11   Simulated degree of substitution and pH vs. time. 

 

In Figure 6.9, H0 predicts a consistent, continual decline in 𝐷𝑃𝑛, while H1 predicts 

that 𝐷𝑃𝑛 appears stable for a prolonged period (about 32 years, in this example) 

before declining rapidly over a relatively short period (about a decade). Thus, by 

H1, most of the degradation occurs in a timespan that is short relative to the 

lifetime of the material.  

Chain ends are the products of chain scission.  Chain end concentration 

corresponds to the yield of the chain scission reaction, and the gradient with 

respect to time of chain end concentration is proportional to the rate of chain 

scission. In Figure 6.10, the chain end concentration of H0 appears more linear 

throughout than H1. The reason it is not perfectly linear is because 𝑘𝑐𝑐
∗  is not quite 

constant in H0, it varies with the pH. As pH decreases over time, 𝑘𝑐𝑐
∗  increases 

slightly. The rate of chain scission in H1 increases following the rise in cellulose 

AGU mole fraction, as cellulose-cellulose bonds are more susceptible to chain 

scission in this model.  
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Based on the trained parameters, H0 and H1 have different implications for how the 

model of the rate of chain scission in paper cellulose compares to the model of the 

rate of chain scission in CA. H0 finds that 𝑘𝑐𝑐 is an underestimate; 𝐹 = 2.98 > 1. So, 

the rate of chain scission in H0, which is the same for all types of chain bonds, is 

predicted to be about three times as much as initially estimated using 

Equation 6.21. In H1, 𝐹 = 56.2 > 1 also says that Equation 6.21 significantly 

underestimates the rate of chain scission in cellulose-cellulose bonds in CA. 

However, 𝑘𝑥𝑥
∗ /𝑘𝑐𝑐 = 𝐹/𝐶𝑆𝑅𝑅 = 56.2/171.28 = 0.33 < 1. Therefore, H1 predicts 

that Equation 6.21 overestimates the rate of chain scission between non-

(cellulose-cellulose) bonds, while for H0, Equation 6.21 underestimates it. These 

findings show that the direction (overestimate or underestimate) of the error of 

approximation, which is what Equation 6.21 is, depends on the assumptions of the 

model.  

The result in H1 that 𝐶𝑆𝑅𝑅 ≫ 1 is consistent with the original hypothesis that 

cellulose-cellulose bonds are more susceptible to chain scission than non-

(cellulose-cellulose) bonds, i.e., the rate of chain scission of non-(cellulose-

cellulose) bonds is less than the rate of chain scission of cellulose-cellulose bonds. 

The concept of 𝐶𝑆𝑅𝑅 is novel, with nothing analogous found in the literature 

review. It is therefore not possible to compare the result in Table 6.5 with any 

reference values, as there appear to be no precedents. Clearly from Figure 6.8, 

𝐶𝑆𝑅𝑅 = 171.28 produces a noticeably different relationship between 𝐷𝑃𝑛 and DS, 

from 𝐶𝑆𝑅𝑅 = 1. From a qualitative perspective, H1 appears to be better at 

simulating the sharp downtrend in 𝐷𝑃𝑛 that occurs below DS = 1. H0 is not able to 

simulate this behaviour. Furthermore, this difference is explainable in terms of the 

theory and assumptions underlying the models.  

6.4.2 Validation 

To evaluate the models’ performance, one needs the out-of-sample (OOS) error 

when the model makes a prediction on samples not used to train the model. In 

Chapter 4, this was the model’s error on the test dataset. Because the data for the 

models in this chapter are limited, it was not possible to have a test dataset. 

However, it is possible to obtain the cross-validation (CV) errors by splitting the 

training dataset and comparing the CV errors of H0 and H1. To generate the CV 
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folds, the Leave One Out procedure was used. Each of the 17 CV datasets consisted 

of the original data but omitting one of the datapoints. For each CV fold, the models 

were trained on only 16 datapoints. The models then make a prediction for the 

datapoint omitted in the training. The root square error (RSE) of this prediction is 

the CV fold error. Figure 6.12 shows the results of this.  

 

Figure 6.12   Out-of-sample errors of each model on each data point that was left out of the (𝑛 =
16) training. The RSE has the same units as 𝐷𝑃𝑛 , as it is the error on the 𝐷𝑃𝑛 prediction. The errors 

are plotted against the DS of the data point on which the OOS prediction was made. 

 

Table 6.6   Results of Leave-One-Out cross-validation. 

Statistics H0 H1 

Mean OOS RSE 43.2 31.9 

Std. OOS RSE 37.9 27.1 

% max OOS RSE 47.1 29.4 

Mean 𝐶𝑆𝑅𝑅 1* 158.4 

Std. 𝐶𝑆𝑅𝑅 0* 55.9 

Mean 𝐹 2.34 62.5 

Std. 𝐹 0.73 10.5 

*Specified as a constant; not a fitted parameter. 
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Due to the uncertainty in the GCI data, it was feasible to obtain RSE = 0 on these 

datapoints. In these cases, the errors for both models coincide, and only one 

marker may appear in Figure 6.12. Table 6.6 compares the distributions of the 

errors of the models, as well as statistics for 𝐶𝑆𝑅𝑅 and 𝐹. The % max OOS RSE is 

the percent of CV folds in which each model had the highest OOS RSE. Because 

sometimes both models had RSE = 0, the values in this column add up to less than 

unity. Excluding the CV folds where the models had the same RSE, the revised 

% max OOS RSE is 61.6 and 38.4, for H0 and H1 respectively. Based on H0 achieving 

higher mean OOS RSE than H1 (43.2 vs. 31.9) and having a higher RSE than H1 for a 

larger proportion of folds (47.1% vs. 29.4% over all folds, 61.6% vs. 38.4% 

excluding cases where the models were tied), the quantitative results suggest that 

H1 may be a better fit for modelling this data than H0.  

6.5 CONCLUSIONS 

To investigate the hypothesis that deacetylation leads to chain scission by 

increasing the prevalence of cellulose-cellulose bonds (which are believed to be 

more susceptible to chain scission), a novel mathematical framework was 

developed. The framework uses the outputs of the deacetylation models of 

Chapters 4-5, which provides the concentration of cellulose AGUs. A probabilistic 

model estimates the expected frequency of cellulose-cellulose bonds based on the 

concentration of cellulose AGUs. The parameter 𝐶𝑆𝑅𝑅 (chain scission rate ratio) 

quantifies how much more susceptible the cellulose-cellulose bonds are to chain 

scission than non-(cellulose-cellulose) bonds. By either setting 𝐶𝑆𝑅𝑅 = 1 or 

allowing it to vary (by fitting to data), the mathematical framework can express 

two models, a benchmark H0 (cellulose-cellulose bonds are same as other bonds) 

and the proposed H1 (cellulose-cellulose bonds could have different susceptibility 

to chain scission than other bonds). When the models were trained on cross-

sectional 𝐷𝑃𝑛 vs. DS data from samples of naturally aged historical CA objects, H1 

obtained the result 𝐶𝑆𝑅𝑅 = 171.28, showing that according to this model, 

cellulose-cellulose bonds could have chain scission rate constants 171.28 times 

bigger than the chain scission rate constants of non-(cellulose-cellulose) bonds. 

From a qualitative perspective, H1 is better at simulating the plateau behaviour at 

higher DS with sharp reduction in 𝐷𝑃𝑛 at lower DS. H0 cannot simulate this sharp 
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decline. Cross-validation indicated that H1 outperforms H0 on predictions made on 

unseen data, suggesting that this new model could be more representative of 

reality than the old benchmark.  

In general, coupling depolymerisation to deacetylation by a dependence on AGU 

composition appears to be a promising direction, based on these simulations. The 

interpretation and significance of the modelling research in the context of heritage 

conservation is the topic of the following chapter.    
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7 IMPLICATIONS FOR HERITAGE CONSERVATION 

This chapter is written for heritage scientists and conservation professionals 

interested in understanding the implications of the modelling research for heritage 

conservation. It discusses: 

• innovative features of the models, in non-technical terms 

• predictions of cellulose triacetate film permanence 

• practical aspects of developing models of cultural heritage artefacts 

• how biases in data could affect modelling research 

• whether models can be expected to have significant implications for 

heritage conservation. 

The chapter includes materials from a paper I authored and published (178), 

which is the same paper referred to at the start of Chapter 4. 

7.1 INTRODUCTION 

“All models are wrong, but some are useful.”  (227) 

 

In the last three chapters, the technical details of models of cellulose acetate (CA) 

polymer degradation were developed in great depth and detail. The performances 

of the models were tested using objective methods to assess accuracy, or it was 

demonstrated in principle how one might do so were more data to become 

available. This chapter aims to address the more subjective aspects of the models: 

Are these models useful? How? What (if any) consequences do they have for 

decision-making in museums and archives?  The chapter also discusses some of the 

challenges of developing “useful” models for heritage conservation, and the risks 

and limitations of modelling itself to the heritage field.  

A high-level summary of the models and their key innovations benefits the 

discussion. The research focused on modelling chemical reactions which alter 

(degrade) the CA polymer molecule, deacetylation, and chain scission. 

Deacetylation, associated with the vinegar syndrome, is (under certain 

circumstances) a self-accelerating process due to the production of acetic acid, 
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which may increase the rate of degradation when it stays in the object. This is 

known as autocatalysis and is represented as a positive feedback loop in the 

mathematics of the models (see Figure 7.1). As deacetylation advances, CA 

monomers are transformed into cellulose monomers. Chain scission, associated 

with brittleness and mechanical damage, tends to follow deacetylation. Empirical 

evidence as well as hypotheses proposed by other researchers suggest that this 

could be due to changes in monomer composition caused by deacetylation, leading 

to more susceptible links between the monomers (100,101,104). Links between 

cellulose monomers may be more susceptible to chain scission than links between 

CA monomers (108). When chain bonds between monomers break, the bonds are 

converted to chain ends, and the average size of the polymer molecules decreases 

as bigger molecules split into smaller ones. The relationship between the outputs 

of deacetylation to the inputs of chain scission characterises a cascade process (see 

Figure 7.1). 

The models represent causal relationships between these processes which take 

place inside the object. This is a departure from earlier modes of analysis in 

heritage science, which focus on the effects of the external environment e.g., 

temperature and relative humidity (Figure 7.2). 

 

  

Figure 7.1   Model representing internal structure of the system. Deacetylation involves a positive 
feedback loop, due to the effect of acetic acid autocatalysis. Outputs from deacetylation are inputs 

to chain scission, illustrating the causal link between the processes. 
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Figure 7.2   Model representing effects of external factors on the system. The internal structure of 
the system itself is a “black-box”. 

 

The impact of exogenous factors on deterioration has obvious relevance for 

decision-making in preventive conservation, as these are independent variables 

which could be controlled by a conservator to reduce the rate of degradation in 

objects in a collection. Why study the internal workings of the system?  

One independent variable which is implicit in both the representations in 

Figures 7.1-2 is time. Outer-focused models have tended to assume that the extent 

of degradation is approximately proportional to time elapsed, all other factors 

(e.g., temperature and relative humidity) being constant. This property is known 

as linearity. It means the rate of degradation is constant. In a non-linear system, 

the rate of degradation could vary over time, even when temperature and relative 

humidity are the same. The inner-focused models developed in this thesis can 

model non-linear degradation. More importantly, unlike a “black-box” 

representation of non-linearity, these models provide physical insight and 

knowledge required to alter the relationship between input and output. While this 

may sound theoretical, the application of these concepts has profound implications 

for practical assessment of collection risk.  

7.2 CELLULOSE TRIACETATE FILM PERMANENCE 

Guidelines for cellulose triacetate (CTA) cinematographic film conservation 

provide estimates for film permanence in terms of the number of years for fresh 
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film to reach a free acidity of 0.5, when stored under specified temperature and RH 

(14). These are intended as “worst-case scenario” estimates, where it is assumed 

that the maximum amount of acetic acid is retained in the film base, as these were 

the conditions from which the guidelines extrapolated. However, the guidelines 

assumed a constant rate of reaction during the induction phase and did not take 

into account catalysis by newly generated acetic acid. The assumption of maximum 

acid retention is necessary for the guidelines because it permits the free acidity to 

be used as a direct measure of the extent of the reaction, not because the effect of 

acid on the reaction rate is modelled. The data used for training the autocatalytic 

model (Chapter 4) are from the same experiments on which the guidelines are 

based, therefore any differences between the model’s predictions and the 

guidelines are due to the theory that was applied in each. The values for the film 

permanence predicted by using the autocatalytic model and by the guidelines as a 

function of temperature are shown in Figure 7.3, with initial moisture-conditioning 

at 20, 40 and 60% RH. No equation is provided by the guidelines, so the tabulated 

point values are plotted instead. 

 

Figure 7.3   Model and guideline predictions of CTA film permanence. 
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The model predicts that the film permanence is less than what is stated by the 

guidelines at every RH and temperature, with the magnitude of the gap increasing 

at lower temperatures. For example, at 40% RH and 21 °C the guidelines say the 

film permanence is 50 years and the model predicts 12.1 years (37.9 years 

difference, or 75.8% less), but at 40% RH and 4 °C, the guidelines say the film 

permanence is 450 years and the model predicts 71.2 years (378.8 years 

difference, or 84.2% less). 

Most likely, the reason that the model and the guidelines do not agree is that the 

model accounts for the effect of autocatalysis, while the guidelines do not. Other 

possible differences between the model and the guidelines, for example in the 

assumptions about moisture content, cannot explain the discrepancy between the 

two sets of predictions. Because the guidelines are based on the extrapolation of 

data of film conditioned at 21 °C and the specified RH prior to sealing in an air-

tight enclosure, it was assumed that the initial moisture content in the model 

corresponds to that at 21 °C, rather than the equilibrium moisture content at the 

storage temperature (14). This is the “best-case scenario” with respect to 

moisture, as moisture content increases with lower temperature (121). Moreover, 

if the moisture content was maintained at constant levels while somehow ensuring 

maximum acid-trapping, this would result in higher moisture content throughout, 

as it would counter the depletion of water that otherwise occurs in the closed 

system. Either of these assumptions—moisture-conditioning at the storage 

temperature, or constant moisture levels—increases the reaction rate, reducing 

the predicted film permanence further. 

Another important difference between the model and the guidelines, which is a 

consequence of accounting for autocatalysis vs. not doing so, is that the model and 

the guidelines have different sensitivity to temperature. The apparent activation 

energy 𝐸𝑎 is a parameter that determines how degradation rate (and so film 

permanence) varies with temperature. With the autocatalysis model, the activation 

energy is 70.7 ± 10.1 kJ mol-1. The activation energies for the guidelines are 87.9-

92.0 kJ mol-1. The larger activation energy is why the guidelines predict that 

temperature reduction has a greater effect on film permanence than the 

autocatalytic model does—the guidelines have higher temperature sensitivity.  
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Several factors are believed to influence the rate of CTA film degradation. These 

were already discussed in Chapter 2 and are summarised in Table 7.1 for 

convenience. It is not well-established how much these factors contribute to 

degradation relative to temperature and RH, nor are the complex interactions 

between different factors well-characterised. 

 

Table 7.1   Factors that affect CTA film degradation (deacetylation). Exogenous factors refer to 
external or environmental causes, such as those that may be implemented by conservation 

professionals. Endogenous factors refer to attributes of the material/object. 

Factors Examples of effects 

Exogenous factors  

Temperature Increasing the temperature increases the 
deacetylation rate constant. 

Relative humidity Water is a reactant in the hydrolysis of CTA. 

Enclosure design Tightly sealed storage containers have been found to 
prevent acetic acid from escaping from the film, 
increasing the potential for autocatalysis (12,93); 
ventilated containers facilitate the escape of acetic acid 
(129). 

Enclosure material Iron cans accelerate the degradation rate compared 
with other materials, for example glass (26). 

Reel winding tension In ventilated or open enclosure designs, which permit 
acetic acid to escape, the acid is able to diffuse faster 
out of the film if the reel is wound less tightly (31). 

Acid-neutralising inserts These contain a base such as calcium carbonate which 
reacts with acetic acid to neutralise it (31). 

Acid or moisture adsorbents Molecular sieves can aid in the removal of acid from 
the film, or protect it from RH fluctuations (31,129). 

Endogenous factors  

Residual process reagents Impurities which come from processing reagents may 
help to catalyse the reaction (13). 

Residual manufacturing 
impurities 

For example, sulphuric acid (13). 

Emulsion layer Based on gelatine, the emulsion layer may act as an 
acid-scavenger (26). 
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It is widely recommended that cold storage is the best option to prolong the life of 

film, which implies that temperature has the greatest impact relative to other 

(exogenous) factors, or that it is the most cost-effective  (10,120,133). This may be 

true, and the model does not necessarily dispute this. Controlling the 

macroenvironment is often the cheapest option, next to doing nothing (70,228). In 

many cases, this will make it the only option that conservators can realistically 

pursue. However, the model suggests that the impact of cold storage (and low RH) 

on prolonging the life of film is less than what is set out by the guidelines. This 

should be of critical interest to CTA film archivists who are using these guidelines 

to inform the preservation strategy for their collections.  

Bearing in mind the model errors and the variability in real collections compared 

with the idealised model system, the magnitudes of the predicted film lifetimes are 

notable, compared to the guidelines, for three reasons. First, cellulose acetate has 

only existed for about 150 years (33). It is therefore impossible to validate the 

accuracy of any predictions which exceed this timeframe. The model predictions 

are within a timeframe that make it possible to test against real collections. Second, 

based on the model, there are archives which are already or very soon will be past 

the point of vinegar syndrome, much earlier than expected even with cold storage. 

This risk should be addressed immediately. Third, the timescales of the model 

predictions are within the scale of the human lifetime, the age of an institutional 

archive, and even the duration of employment for a film conservator. This compels 

the responsibility of present-day custodians of film collections to initiate 

alternative long-term strategies, for example digitisation, as it may not be an 

option to leave this to their successors.  

7.3 WHAT IS IMPORTANT TO MODEL ABOUT CULTURAL HERITAGE 

ARTEFACTS? 

The threshold of 0.5 free acidity is somewhat arbitrary as it is underpinned by the 

notion that deacetylation is autocatalytic before this point, a notion that the model 

proposed in this thesis rejects.  However, the threshold facilitates comparison 

between the relative rates of degradation predicted by the model and the 

guidelines. It may be worth establishing other criteria or values-based functions to 
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evaluate film fitness-for-use, or even a range of options of such, since there are 

several types of damage that could render film “unfit”, and they may occur at 

different rates depending on the film characteristics and storage environment. For 

example, the models in this thesis have been combined with a model of plasticiser 

loss from CA developed by COMPLEX researcher Argyro Gili, to predict 

deacetylation and plasticiser loss simultaneously. I recommend the development 

of values-based functions and/or fitness-for-use thresholds which are independent 

from the assumptions of the degradation model. This modular approach would 

make it easier to change the degradation model (for example, by accounting for 

autocatalysis throughout) without it affecting the validity of the fitness-for-use 

threshold (for example, the relevance of free acidity = 0.5 as a critical point). This 

could also benefit the study of the effects of environmental factors when these are 

specified in the degradation model assumptions. For example, the 0.5 free acidity 

cut-off is only meaningful for a closed storage container where all the acetic acid is 

retained in the object. 

While the autocatalytic model is conceptually general, the parameters were fitted 

on CTA film data, and it may not be reliable for predicting deacetylation in objects 

made from thicker films or CA sheets, such as sculptures or fashion accessories. 

Such objects tend to be made of lower-DS CA such as cellulose diacetate (CDA) and 

may have different plasticisers or additives. The model may be less accurate for 

predicting CDA permanence. In terms of the deacetylation model, which includes 

autocatalysis (Chapter 4) and AGU composition (Chapter 5), while in theory it is 

applicable to modelling any kind of CA artefacts, in practice, the parameters of the 

model should be fitted to data collected from samples that are most like the types 

of objects one wishes to make predictions about. This may include training the 

model separately on CTA and CDA photographic film data. It would probably also 

make sense to train the model separately for non-film CDA objects and CDA 

photographic films.   

There are several other differences between modelling degradation in CA films and 

non-film artefacts which affect the practical application of modelling methods. 

Besides objective differences in physical and chemical characteristics, there are 

differences in what qualities are subjectively valued in films and non-film artefacts. 
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Films are typically valued for their information-storing qualities. There is the 

option of transferring the information to another medium (such as digital) if not 

the same medium (a fresh CA film base), although this is typically cost-prohibitive 

in the short- to medium-term. Films have a certain fungibility. On the other hand, 

mitigating image deterioration is very important, as this would prohibit the 

original information from being preserved via duplication. Most of the forms of 

damage that are relevant to non-film objects—yellowing, warping, cracking, 

blooming—would also likely harm the image-storing performance of films, but 

non-film objects do not need to store images. Here, physical change due to 

chemical deterioration also precludes faithful duplication of films. However, non-

film objects are valued for other properties, which may also vary widely between 

different objects. So, not only would it possibly be harder to train a CA degradation 

model to create a dose-response function for non-film CA artefacts, due to larger 

variation in objective physical qualities, but it would also likely be complicated to 

develop values-based functions for these objects, due to the variety in subjective 

qualities of value.   

Films and non-film artefacts are stored and accessed in different ways. The 

microenvironment and the physical shape of CA artefacts can impact mass 

transport processes such as diffusion, evaporation, and absorption. To model the 

objects as having uniform composition, assumptions were made about the 

microenvironment and the shape of the objects, such as the use of sealed 

enclosures with negligible air volume inside the enclosure (the object volume is 

large relative to the total volume inside the enclosure). These assumptions are 

probably most consistent with cinematographic film reels stored inside cans. The 

reaction terms of the models may still be used in mass balances account for mass 

transport processes, among other things, although this adds complexity.  

7.4 LIMITATIONS OF DATA 

I have presented evidence to argue that the non-linear models I developed fit the 

data better than simpler linear models. However, it is possible that features of the 

data are caused not by some underlying phenomenon, but by other factors that 

bias the shape of the data considered for study. This is particularly true for non-
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empirical data such as the cross-sectional studies included in Chapter 6. One aspect 

of the data in Figure 6.6 that is not explained/simulated by this model is the 

plateau around DP = 70, which appears to be reached by around DS = 0.4.  

In a condition survey of archival paper, DP < 300 was identified as the 

approximate limit below which the materials become “unfit for use” (155). What 

such a limit would mean in the context of CA artefacts is unclear—as discussed in 

Section 7.3, this depends not only on the material properties but also the desired 

use of the object. For CA these uses are diverse—CA artefacts include archival 

records such as photographic film, (formerly) functional objects such as combs and 

cutlery, and objects of artistic value such as sculptures. If there exist objective 

physical criteria (i.e., critical DP threshold) which define the state at which an 

artefact is considered subjectively “unfit for use”, these are likely to vary 

considerably between the many types of objects which are made of cellulose 

acetate. Regardless, there likely exists a limiting DP below which an object is too 

damaged to remain part of a collection or is otherwise excluded from sampling. An 

interesting possibility is that if this is the case, then there may be few or no 

empirical observations of degraded CA artefacts with DP below this threshold, as it 

may no longer be feasible to make measurements or gather data on these samples.   

DP as low as 31 has been measured for cellulose acetate degraded in solution of 

acetic anhydride, but as the polymer was already dissolved, it was not a selection 

criterion that the polymer with this DP possessed mechanical integrity or a “fitness 

for use” beyond fitness for the measurement method (viscometry) (180). This 

reasoning could explain the apparent plateau in DP around this level in surveys of 

naturally aged objects. This kind of “survivorship bias” should be considered when 

evaluating the data obtained by condition surveys, particularly when analysing 

patterns at the extreme end of degradation. More generally, data obtained by non-

empirical means, such as cross-sectional studies, are susceptible to selection bias. 

However, similar issues may still arise when models are based on empirical data, 

for example samples may be rejected for measurement. Individuals interested in 

interpreting model predictions should be alert to overfitting patterns in data that 

may have been caused by selection bias, rather than some underlying degradation 

process. 
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7.5 MARGINAL UTILITY OF MODELLING 

As the previous example shows, there is a risk of overfitting when non-linear 

behaviour is attributed to non-linear dynamics, rather than to outside forces that 

could bias the data. If this is a case of “false positive” (non-linearity) error, the 

“false negative” error is another risk. This means modelling as linear dynamics 

when non-linearity is observed, and (mis)attributing endogenous non-linearity to 

exogenous factors. For example, the artist Naum Gabo blamed the unexpected 

rapid deterioration of his sculpture Construction in Space: Two Cones  (1927) on 

the Philadelphia Museum of Art, where the artwork had been stored (18). Yet the 

replica he made, which is kept at Tate today, also suffered from severe 

deterioration (19). Based on what is known about CA degradation today, it is far 

more likely that the instability of Gabo’s artworks was due to the inherent 

instability of the materials, not the perceived lack of care from conservators.  

Steps to avoid both types of errors include having awareness of the errors and 

what causes them; understanding of where the data came from and how it was 

collected; having a scientific hypothesis (prior belief) about cause and effect that 

can be updated with more data; and applying sensible statistical modelling 

practices such as estimating test errors on a test dataset separate from the training 

dataset. 

As the CTA film permanence predictions demonstrate, accounting for non-linearity 

can also change the predicted effects of exogenous factors. For example, cold 

storage is not predicted to prolong film life as much as the guidelines would 

suggest. This is mainly because the autocatalytic model found a reduced 

temperature sensitivity, compared with the linear model (guidelines). Thus, the 

inner-focused modelling perspective (Figure 7.1) has implications for the outer-

focused perspective (Figure 7.2). 

Assuming the models are not overfit, are more complex models always better? Are 

they more useful?  More complex models tend to involve a greater cost than 

simpler ones, in terms of resources required to develop them. They may also 

require more resources to be used, for example knowledge of more inputs. There is 

a trade-off between accuracy and effort.  
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One might therefore ask, what is the marginal utility (where utility may be defined 

subjectively) gained from more complex models? If a simple model and a complex 

model make similar predictions of permanence, then it is more economical to use 

the simple model, as the additional resources required to use the complex model 

do not yield additional utility. If they differ, then the direction in which a simple 

and a complex model’s predictions of risk differ also matters. In the case of CTA 

film permanence, the autocatalytic model predicted increased risk compared to the 

benchmark model (guidelines). Underestimation of risk is usually a more 

concerning issue than overestimation of risk in heritage conservation. 

For chain scission (Chapter 6), although the benchmark and the proposed model 

make discernible predictions on the training dataset, it is not possible at this stage 

to make any recommendations based on this. First, without a values-based 

function or fitness-for-use definition, it is not possible to interpret the two models 

as making different predictions for permanence even on the training datasets. 

While there is, broadly speaking, agreement that more degradation is correlated 

with diminishing value, the nature of the values-based function and fitness 

definition depending on DP (and/or DS) does not yet exist for CA artefacts. The 

models make similar predictions down to a DS of about 0.9, where the curves 

intersect, before diverging. The condition survey which was carried out on the 

samples included in the training data does not clearly suggest a threshold DP or DS 

(or combination thereof) that could be used to define permanence (222).  So, 

although the models clearly represent different degradation rates, particularly in 

later stages of degradation, it is not possible to say from the training data alone 

whether they might predict different lifetimes. Secondly, without reliable data at 

different (known) temperatures, it is not possible to fit the activation energies for 

each model, which gives the temperature sensitivity. As was seen with the vinegar 

syndrome model, the difference between the non-linear model and the linear 

benchmark may be magnified when the models are extrapolated to lower 

temperatures, due to the difference in the temperature sensitivity implied by each.  
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7.6 CONCLUSIONS 

Models of CA polymer degradation which focus on endogenous factors are 

innovative in heritage science, but their utility for practical applications is not 

guaranteed. In the case of the autocatalytic deacetylation model, the existence of a 

well-established benchmark (IPI guidelines) to compare against makes it possible 

to conclude that the autocatalytic model has marginal utility, because it implies, to 

a significant degree, that current policies (i.e., cold storage) are not as effective at 

reducing risk as was previously believed.  The main issues limiting application of 

the chain scission model are lack of experimental data, values-based functions, and 

fitness-for-use definitions. There are numerous challenges in collecting data on 

deterioration in CA cultural heritage artefacts, which will be necessary to further 

develop the chain scission model and any future models of CA degradation. 

However, complex models risk overfitting training data. Even if this is avoided, 

improvements in collections care may not necessarily be achieved by increasing 

the accuracy of model predictions, as the information provided by the models may 

not make any practical difference when it comes to selecting between policies of 

action. Such models could enhance scientific understanding of degradation 

phenomena, but heritage scientists and conservation professionals interested in 

using models to influence decision-making in museums and archives should 

manage their expectations and prioritise the allocation of resources accordingly.  
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8 CONCLUSIONS 

This research project set out to mathematically model the dynamics of 

deacetylation and chain scission in cellulose acetate (CA) artefacts. Based on 

empirical evidence and hypotheses put forth by earlier researchers in the field, 

autocatalysis in deacetylation and increased susceptibility of deacetylated 

anhydroglucose units (AGUs) to chain scission were identified as underlying 

phenomena which could lead to non-linear degradation dynamics. The 

mathematical models proposed in this thesis succeed as representations of 

existing knowledge about how CA polymer degradation works. In this sense, these 

models on their own do not tell us anything fundamentally new from a scientific 

perspective. However, the models facilitate the generation of hypotheses which 

may be tested against experimental data, including that not yet available, as was 

demonstrated at various points. Furthermore, predictions based on the models 

may be used to inform decisions made by conservation professionals. 

 The focus on modelling relationships between degradation processes, rather than 

the effect of the environment on degradation, is a novel mode of analysis in the 

context of heritage conservation. While acid-catalysed models of deacetylation 

have been proposed previously, this is the first time that an autocatalytic model of 

deacetylation was trained, tested, and used to make predictions for CTA film 

lifetimes. These predictions suggest that the current guidelines significantly 

underestimate the risk to archival film collections. The principles of the AGU 

composition-deacetylation model are not new, but the use of this type of model to 

connect deacetylation to chain scission is original. Furthermore, the chain scission 

model is the first model of deacetylation-dependent chain scission that can predict 

degree of polymerisation over time.  

While it was not possible (due to lack of data) to apply the AGU composition-

deacetylation model to samples or conditions more similar to those found in 

museums, the application of the AGU composition-deacetylation model to 

published lab data nevertheless had some interesting outputs. First, lower DS does 

not appear to (consistently) increase the propensity for remaining acetyl groups 

on an AGU to react. This casts doubt over the role of steric hindrance in 
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deacetylation, or at least, demands a more nuanced explanation. Second, the 

results disagree with the original interpretation by the authors of the study where 

the data came from, which attributed the apparent order of reactions to the order 

of electron density of the hydroxyl groups of cellulose. The mathematical model 

showed that under closer examination this order of preference for reacting at 

certain positions was not conserved; therefore, another explanation is required.  

The role of substitutions on depolymerisation of cellulose derivatives is a broad 

topic with extensive applications ranging from medicine to green plastics. In 

Chapter 6, this thesis proposes the first ever mathematical model to couple two 

degradation processes in a cellulose derivative, the substitution reaction, and the 

chain scission reaction, modelling the kinetics of both simultaneously. The model 

has already obtained promising results by outperforming the benchmark (which 

does not couple these two reactions) on cross-sectional data of naturally aged 

historical CA objects. 

While effects of environmental conditions on CA degradation was not the focus of 

the research, the models made some connections to these. First, the models 

assumed that all acetic acid was retained in the object, which requires a closed 

storage enclosure. This was an essential assumption to study the kinetics of 

autocatalysis. Therefore, the predictions only apply to systems in which this 

environmental condition is met. Second, the autocatalytic model of deacetylation 

found a reduced temperature sensitivity in terms of lower activation energy 𝐸𝑎, 

compared with the non-autocatalytic model as implied by the Image Permanence 

Institute guidelines. This showed that modelling interactions between the internal 

structure of the system (see Figure 7.1) has consequences for predicting the effects 

of external factors (see Figure 7.2).  

As discussed in Chapter 7, the potential benefits of these models to heritage 

conservation are complicated. The discovery that risk to CTA film may be 

underestimated is an important result of the autocatalytic model of deacetylation, 

with urgent consequences for film conservation. Modelling of AGU composition 

and chain scission were comparatively limited due to lack of experimental data 

(and could thus be benefitted by more data), but the effects of these types of 

degradation on value is less quantified. As we have seen, the use of the threshold 
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“free acidity = 0.5” for evaluating the impact on value due to deacetylation is 

somewhat arbitrary under the assumption that autocatalysis is present before and 

after the threshold. It would be more useful to define fitness-for-use thresholds 

independently from the assumptions of the degradation model. Although there is 

ample evidence that deacetylation and chain scission are associated with tangible 

damage, diminishing the perceived value of CA artefacts, a more quantitative 

analysis of the relationship between CA degradation and damage, for example 

values-based functions and fitness-for-use thresholds, would increase the potential 

utility of degradation models for conservation of CA cultural heritage conservation.  
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APPENDIX 

A. ANALYTICAL SOLUTION OF EQUATION 4.11 

The equation to be integrated is: 

∫
1

(𝑎 − 𝑥)(𝑏 − 𝑥)𝑥
 𝑑𝑥

[𝐻𝑂𝐴𝑐]

[𝐻𝑂𝐴𝑐]0

= ∫ 𝑘 𝑑𝜏

𝑡

0

 

(A.1) 

  

The term to be integrated on the left-hand side can be simplified by separating the 

factors in the denominator, introducing 𝛼, 𝛽 and 𝛾 as constants in the numerators. 

1

(𝑎 − 𝑥)(𝑏 − 𝑥)𝑥
≡

𝛼

𝑥 − 𝑎
+

𝛽

𝑥 − 𝑏
+

𝛾

𝑥
 

(A.2) 

  

𝛼(𝑥2 − 𝑏𝑥) + 𝛽(𝑥2 − 𝑎𝑥) + 𝛾(𝑥2 − (𝑎 + 𝑏)𝑥 + 𝑎𝑏) = 1 (A.3) 

  

Equation A.3 must be true for all values of 0 < 𝑥 < 𝑎, 𝑏. Write the following 

balance for terms that are multiples of 𝑥2: 

𝛼 + 𝛽 + 𝛾 = 0 (A.4) 

  

For terms that are multiples of 𝑥 (but not 𝑥2): 

−𝛼𝑏 − 𝛽𝑎 − 𝛾(𝑎 + 𝑏) = 0 (A.5) 

  

For terms that are not multiples of 𝑥: 

𝛾𝑎𝑏 = 1 (A.6) 

  

Equation A.4-A.6 define a system of three equations for three unknowns 𝛼, 𝛽 and 𝛾. 

The solution to this system is: 

𝛼 =
1

𝑎(𝑏 − 𝑎)
 

(A.7) 
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𝛽 =
1

𝑏(𝑏 − 𝑎)
 

(A.8) 

  

𝛾 =
1

𝑎𝑏
 

(A.9) 

  

With these solutions for the constants in Equation A.2, make a substitution in 

Equation A.1 to solve the integration problem: 

∫ (
𝛼

𝑥 − 𝑎
+

𝛽

𝑥 − 𝑏
+

𝛾

𝑥
) 𝑑𝑥

[𝐻𝑂𝐴𝑐]

[𝐻𝑂𝐴𝑐]0

= ∫ 𝑘 𝑑𝜏

𝑡

0

 

(A.10) 

  

[𝛼 ln(𝑥 − 𝑎) + 𝛽 ln(𝑥 − 𝑏) + 𝛾 ln 𝑥][𝐻𝑂𝐴𝑐]0

[𝐻𝑂𝐴𝑐]
= 𝑘𝑡 (A.11) 

  

𝛼 ln (
[𝐻𝑂𝐴𝑐] − 𝑎

[𝐻𝑂𝐴𝑐]0 − 𝑎
) + 𝛽 ln (

[𝐻𝑂𝐴𝑐] − 𝑏

[𝐻𝑂𝐴𝑐]0 − 𝑏
) + 𝛾 ln (

[𝐻𝑂𝐴𝑐]

[𝐻𝑂𝐴𝑐]0
) = 𝑘𝑡 

(A.12) 

  

B. CONVERTING BETWEEN FREE ACIDITY AND CONCENTRATION 

Free acidity is measured by the millilitres of 0.1 M NaOH required to neutralise 1 g 

of cellulose triacetate film base. Acid is extracted from 1 g of sample using the 

water-leaching method (76). This method is assumed to give an accurate 

measurement of how much acetic acid is present in the sample, when used with 

the appropriate indicator for this acid (metacresol purple) (76). A free acidity of 1 

corresponds to 0.001 L × 0.1 M NaOH = 0.0001 mol NaOH, which can neutralise 

0.0001 mol of acetic acid. The density of cellulose triacetate is 1.3 g cm-3, so the 

concentration of acetic acid is 0.0001 mol g-1 × 1.3 × 106 g m-3 = 130 mol m-3 (36). 

Hence free acidity is converted to acetic acid concentration in mol m-3 by 

multiplying by 130.  
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C. PROCESSING OF LITERATURE DATA USED IN CHAPTER 5 

AGU composition was calculated from the Integral values (Ii) in the carbonyl 

carbon resonances of progressively deacetylated cellulose acetate, HCA 1-3 (65). 

Assignment of the carbonyl carbons are labelled as ij, where i is the position of the 

substituted acetyl group (i = 2, 3, or 6), and subscript j is the AGU.  For j, I use the 

AGU notation defined in chapter 6, Table 6.3. For example, 6206 indicates the 

carbonyl carbon resonance of the 6-position of the 2,6-diacetate AGU. Tables C.1-2 

show the original data. The composition of the starting cellulose triacetate was 

based on an earlier study (220) by the same authors. The DS of each sample was 

also provided. Although the paper (65) states that the sum of I1-I12 was set to 1, 

this appears to be an error, as the sum is approximately the DS. This is shown in 

Table C.3. 

Table C.1   Original data from (65). 

Sample Line number 

Assignment 

1 

6206 

2 

6236 

3 

6006 

4 

6036 

5 

3030 

6 

3036 

CTA  0 0.915 0 0 0 0 

HCA 1  0.12 0.51 0.07 0.09 0.1 0.09 

HCA 2  0.07 0.22 0.4 0.06 0.08 0.08 

HCA 3  0.06 0.06 0.45 0.09 0.07 0.09 

 

Table C.2   Original data from (65). 

Sample Line number 

Assignment 

7 

3236 

8 

3230 

9 

2230 

10 

2236 

11 

2206 

12 

2200 

CTA  0.915 0.085 0.085 0.915 0 0 

HCA 1  0.49 0.1 0.1 0.49 0.12 0.02 

HCA 2  0.22 0.17 0.19 0.22 0.05 0.05 

HCA 3  0.06 0.12 0.12 0.06 0.05 0.04 
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Table C.3   Nominal DS of CA samples and sum of carbonyl carbon resonances. 

Sample Nominal DS ∑ 𝐼𝑖  

CTA 2.92 2.915 

HCA 1 2.31 2.30 

HCA 2 1.81 1.81 

HCA 3 1.28 1.27 

 

It was assumed that the sum of I1-I12 should equal exactly the DS, the error is a 

typo, and the numerical discrepancy is a rounding error. In Tables C.4-5, the data 

in Table C.1 were normalised so that the sum of I1-I12 add up to the DS. 

 

Table C.4   Processed data following normalisation. 

Sample Line number 

Assignment 

1 

6206 

2 

6236 

3 

6006 

4 

6036 

5 

3030 

6 

3036 

CTA  0 0.91657 0 0 0 0 

HCA 1  0.12052 0.51222 0.0703 0.09039 0.10043 0.09039 

HCA 2  0.07 0.22 0.4 0.06 0.08 0.08 

HCA 3  0.06047 0.06047 0.45354 0.09071 0.07055 0.09071 

 

Table C.5   Processed data following normalisation. 

Sample Line number 

Assignment 

7 

3236 

8 

3230 

9 

2230 

10 

2236 

11 

2206 

12 

2200 

CTA  0.91657 0.08515 0.08515 0.91657 0 0 

HCA 1  0.49213 0.10043 0.10043 0.49213 0.12052 0.02009 

HCA 2  0.22 0.17 0.19 0.22 0.05 0.05 

HCA 3  0.06047 0.12094 0.12094 0.06047 0.05039 0.04031 

 

The following equations were used to obtain the mole fractions 𝜒 of the eight 

AGUs, and are based on Equations 1-8 in (65): 

𝜒200 = 𝐼12 (C.1) 
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𝜒030 = 𝐼5 (C.2) 

  

𝜒006 = 𝐼3 (C.3) 

  

𝜒230 = (𝐼8 + 𝐼9)/2 (C.4) 

  

𝜒206 = (𝐼1 + 𝐼11)/2 (C.5) 

  

𝜒036 = (𝐼4 + 𝐼6)/2 (C.6) 

  

𝜒236 = (𝐼2 + 𝐼7 + 𝐼10)/3 (C.7) 

  

𝜒000 = 1 − (𝜒200 + 𝜒030 + 𝜒006 + 𝜒230 + 𝜒206 + 𝜒036 + 𝜒236) (C.8) 

  

Negative values of 𝜒000 were changed to 0 (Equation 5.17). The final outputs used 

to train the models are in Table C.6, including the reaction times corresponding to 

each sample. 

Table C.6   Data used for model training. 

Sample 
Time 
(min-1) 

𝜒200 𝜒030 𝜒006 𝜒230 𝜒206 𝜒036 𝜒236 𝜒000 

CTA 0 0 0 0 0.0852 0 0 0.9166 0 

HCA 1 10 0.0201 0.1004 0.0703 0.1004 0.1205 0.0904 0.4988 0 

HCA 2 40 0.05 0.08 0.4 0.18 0.06 0.07 0.22 0 

HCA 3 70 0.0403 0.0706 0.4535 0.1209 0.0554 0.0907 0.0605 0.1080 
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D. INTEGRATION OF EQUATIONS 5.1-7 

The equations to be integrated are 

𝑑[2,3,6 tri]

𝑑𝑡
= −(𝑘𝐼 + 𝑘𝐼𝐼 + 𝑘𝐼𝐼𝐼)[2,3,6 tri] 

(D.1) 

  

𝑑[3,6 di]

𝑑𝑡
= 𝑘𝐼[2,3,6 tri] − (𝑘𝐼𝑉 + 𝑘𝑉)[3,6 di] 

(D.2) 

  

𝑑[2,6 di]

𝑑𝑡
= 𝑘𝐼𝐼[2,3,6 tri] − (𝑘𝑉𝐼 + 𝑘𝑉𝐼𝐼)[2,6 di] 

(D.3) 

  

𝑑[2,3 di]

𝑑𝑡
= 𝑘𝐼𝐼𝐼[2,3,6 tri] − (𝑘𝑉𝐼𝐼𝐼 + 𝑘𝐼𝑋)[2,3 di] 

(D.4) 

  

𝑑[6 mono]

𝑑𝑡
= 𝑘𝐼𝑉[3,6 di] + 𝑘𝑉𝐼[2,6 di] − 𝑘𝑋[6 mono] 

(D.5) 

  

𝑑[2 mono]

𝑑𝑡
= 𝑘𝑉𝐼𝐼[2,6 di] + 𝑘𝑉𝐼𝐼𝐼[2,3 di] − 𝑘𝑋𝐼[2 mono] 

(D.6) 

  

𝑑[3 mono]

𝑑𝑡
= 𝑘𝑉[3,6 di] + 𝑘𝐼𝑋[2,3 di] − 𝑘𝑋𝐼𝐼[3 mono] 

(D.7) 

  

Integrating Equation D.1 is straightforward: 

∫
1

𝑥
 𝑑𝑥

[2,3,6 tri]

[2,3,6 tri]0

= − ∫(𝑘𝐼 + 𝑘𝐼𝐼 + 𝑘𝐼𝐼𝐼) 𝑑𝜏

𝑡

0

 

(D.8) 

  

ln (
[2,3,6 tri]

[2,3,6 tri]0
) = − (𝑘𝐼 + 𝑘𝐼𝐼 + 𝑘𝐼𝐼𝐼)𝑡 

(D.9) 

  

[2,3,6 tri] = [2,3,6 tri]0 exp(−(𝑘𝐼 + 𝑘𝐼𝐼 + 𝑘𝐼𝐼𝐼)𝑡) (D.10) 

  

Next, solve Equation D.2 substituting Equation D.10 for [2,3,6 tri]: 
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𝑑[3,6 di]

𝑑𝑡
= 𝑘𝐼[2,3,6 tri]0 exp(−(𝑘𝐼 + 𝑘𝐼𝐼 + 𝑘𝐼𝐼𝐼)𝑡) − (𝑘𝐼𝑉 + 𝑘𝑉)[3,6 di] 

(D.11) 

  

𝑑[3,6 di]

𝑑𝑡
+ (𝑘𝐼𝑉 + 𝑘𝑉)[3,6 di]

= 𝑘𝐼([2,3,6 tri]0 exp(−(𝑘𝐼 + 𝑘𝐼𝐼 + 𝑘𝐼𝐼𝐼)𝑡)) 

(D.12) 

  

Equation D.12 has the form 

𝑑𝑥

𝑑𝑡
+ 𝑝(𝑡)𝑥(𝑡) = 𝑞(𝑡) 

(D.13) 

  

where 𝑥 = [3,6 di]. This can be solved by multiplying by an integrating factor 𝜇(𝑡): 

𝜇(𝑡)
𝑑𝑥

𝑑𝑡
+ 𝜇(𝑡)𝑝(𝑡)𝑥(𝑡) = 𝜇(𝑡)𝑞(𝑡) 

(D.14) 

  

which satisfies  

𝜇(𝑡)𝑝(𝑡) =
𝑑𝜇

𝑑𝑡
 

(D.15) 

  

so that the left-hand side of Equation D.14 becomes 

𝑑

𝑑𝑡
(𝜇(𝑡)𝑥(𝑡)) = 𝜇(𝑡)𝑞(𝑡) 

(D.16) 

  

The integrating factor is 

𝜇(𝑡) = exp (∫ 𝑝(𝑡) 𝑑𝑡) 
(D.17) 

  

With reference to Equation D.12, the terms are 

𝑝(𝑡) = 𝑘𝐼𝑉 + 𝑘𝑉  (D.18) 

  

𝑞(𝑡) = 𝑘𝐼[2,3,6 tri]0 exp(−(𝑘𝐼 + 𝑘𝐼𝐼 + 𝑘𝐼𝐼𝐼)𝑡) (D.19) 
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𝜇(𝑡) = exp (∫ 𝑝(𝑡) 𝑑𝑡) = exp((𝑘𝐼𝑉 + 𝑘𝑉)𝑡) 
(D.20) 

  

Substitute the terms into Equation D.16 and integrate: 

𝑑

𝑑𝑡
(exp((𝑘𝐼𝑉 + 𝑘𝑉)𝑡) 𝑥(𝑡))

= exp((𝑘𝐼𝑉 + 𝑘𝑉)𝑡)

× 𝑘𝐼[2,3,6 tri]0 exp(−(𝑘𝐼 + 𝑘𝐼𝐼 + 𝑘𝐼𝐼𝐼)𝑡) 

(D.21) 

  

∫
𝑑

𝑑𝑡
(exp((𝑘𝐼𝑉 + 𝑘𝑉)𝑡) 𝑥(𝑡))  𝑑𝑡

= 𝑐

+ 𝑘𝐼[2,3,6 tri]0 ∫ exp ((𝑘𝐼𝑉 + 𝑘𝑉

− (𝑘𝐼 + 𝑘𝐼𝐼 + 𝑘𝐼𝐼𝐼))𝑡)  𝑑𝑡 

(D.22) 

  

exp((𝑘𝐼𝑉 + 𝑘𝑉)𝑡) 𝑥(𝑡)

= 𝑐

+
𝑘𝐼[2,3,6 tri]0

𝑘𝐼𝑉 + 𝑘𝑉 − (𝑘𝐼 + 𝑘𝐼𝐼 + 𝑘𝐼𝐼𝐼)
exp ((𝑘𝐼𝑉 + 𝑘𝑉

− (𝑘𝐼 + 𝑘𝐼𝐼 + 𝑘𝐼𝐼𝐼))𝑡) 

(D.23) 

  

where 𝑐 is a constant. 

𝑥(𝑡) = 𝑐 exp(−(𝑘𝐼𝑉 + 𝑘𝑉)𝑡)

+
𝑘𝐼[2,3,6 tri]0

𝑘𝐼𝑉 + 𝑘𝑉 − (𝑘𝐼 + 𝑘𝐼𝐼 + 𝑘𝐼𝐼𝐼)
exp(−(𝑘𝐼 + 𝑘𝐼𝐼 + 𝑘𝐼𝐼𝐼)𝑡) 

(D.24) 

  

Solve for 𝑐: 

𝑥(0) = [3,6 di]0 = 𝑐 +
𝑘𝐼[2,3,6 tri]0

𝑘𝐼𝑉 + 𝑘𝑉 − (𝑘𝐼 + 𝑘𝐼𝐼 + 𝑘𝐼𝐼𝐼)
 

(D.25) 

  

𝑐 = [3,6 di]0 −
𝑘𝐼[2,3,6 tri]0

𝑘𝐼𝑉 + 𝑘𝑉 − (𝑘𝐼 + 𝑘𝐼𝐼 + 𝑘𝐼𝐼𝐼)
 

(D.26) 



191 
 

  

Writing out the full solution for Equation D.2: 

[3,6 di] = ([3,6 di]0 −
𝑘𝐼[2,3,6 tri]0

𝑘𝐼𝑉 + 𝑘𝑉 − (𝑘𝐼 + 𝑘𝐼𝐼 + 𝑘𝐼𝐼𝐼)
) exp(−(𝑘𝐼𝑉 + 𝑘𝑉)𝑡)

+
𝑘𝐼[2,3,6 tri]0

𝑘𝐼𝑉 + 𝑘𝑉 − (𝑘𝐼 + 𝑘𝐼𝐼 + 𝑘𝐼𝐼𝐼)
exp(−(𝑘𝐼 + 𝑘𝐼𝐼 + 𝑘𝐼𝐼𝐼)𝑡) 

(D.27) 

  

The solutions for Equation D.3-4 ([2,6 di] and [2,3 di]) are obtained in a similar 

fashion: 

[2,6 di] = ([2,6 di]0

−
𝑘𝐼𝐼[2,3,6 tri]0

𝑘𝑉𝐼 + 𝑘𝑉𝐼𝐼 − (𝑘𝐼 + 𝑘𝐼𝐼 + 𝑘𝐼𝐼𝐼)
) exp(−(𝑘𝑉𝐼 + 𝑘𝑉𝐼𝐼)𝑡)

+
𝑘𝐼𝐼[2,3,6 tri]0

𝑘𝑉𝐼 + 𝑘𝑉𝐼𝐼 − (𝑘𝐼 + 𝑘𝐼𝐼 + 𝑘𝐼𝐼𝐼)
exp(−(𝑘𝐼 + 𝑘𝐼𝐼 + 𝑘𝐼𝐼𝐼)𝑡) 

(D.28) 

  

[2,3 di] = ([2,3 di]0

−
𝑘𝐼𝐼𝐼[2,3,6 tri]0

𝑘𝑉𝐼𝐼𝐼 + 𝑘𝐼𝑋 − (𝑘𝐼 + 𝑘𝐼𝐼 + 𝑘𝐼𝐼𝐼)
) exp(−(𝑘𝑉𝐼𝐼𝐼 + 𝑘𝐼𝑋)𝑡)

+
𝑘𝐼𝐼𝐼[2,3,6 tri]0

𝑘𝑉𝐼𝐼𝐼 + 𝑘𝐼𝑋 − (𝑘𝐼 + 𝑘𝐼𝐼 + 𝑘𝐼𝐼𝐼)
exp(−(𝑘𝐼 + 𝑘𝐼𝐼 + 𝑘𝐼𝐼𝐼)𝑡) 

(D.29) 

  

Notice that the form of solution for each diacetate 𝐷(𝑡) follows the format 

𝐷(𝑡) = (𝐷0 −
𝐶𝐷[2,3,6 tri]0

𝑃𝐷 − 𝑄
) exp(−𝑃𝐷𝑡) +

𝐶𝐷[2,3,6 tri]0

𝑃𝐷 − 𝑄
exp(−𝑄𝑡) 

(D.30) 

  

where subscript 𝐷 is used to distinguish between diacetates, 𝐶𝐷 is the rate 

constant for the reaction of 2,3,6-triacetate that yields 𝐷, 𝑃𝐷 is the sum of the rate 

constants for the deacetylation reactions that deplete 𝐷, and 𝑄 = 𝑘𝐼 + 𝑘𝐼𝐼 + 𝑘𝐼𝐼𝐼 . 

For example, when 𝐷 = [3,6 di], 𝐶𝐷 = 𝑘𝐼 and 𝑃𝐷 = 𝑘𝐼𝑉 + 𝑘𝑉. To solve Equations 

D.5-7, notice that these derivatives of the monoacetates 𝑀(𝑡) take the form 
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𝑑𝑀

𝑑𝑡
= 𝐴1𝐷1(𝑡) + 𝐴2𝐷2(𝑡) − 𝐵𝑀𝑀(𝑡) 

(D.31) 

  

where subscripts 1 and 2 denote the deacetylation reactions that produce 𝑀 from 

diacetates 𝐷1 and 𝐷2, respectively, 𝐴1 and 𝐴2 are the rate constants for those 

reactions, and 𝐵𝑀 is the rate constant for the deacetylation (depletion) of 𝑀. For 

example, when 𝑀(𝑡) = [6 mono], 𝐷1 = [3,6 di], 𝐷2 = [2,6 di], 𝐴1 = 𝑘𝐼𝑉, 𝐴2 = 𝑘𝑉𝐼 , 

and 𝐵𝑀 = 𝑘𝑋 . Equation D.31 rearranges to: 

𝑑𝑀

𝑑𝑡
+ 𝐵𝑀𝑀(𝑡) = 𝐴1𝐷1(𝑡) + 𝐴2𝐷2(𝑡) 

(D.32) 

  

which resembles the format of Equation D.13. Using the same approach as before 

(multiplying by an integrating factor), it can be shown that 

𝑀(𝑡) = exp(−𝐵𝑀𝑡) {∫ exp(𝐵𝑀𝑡)𝐴1𝐷1(𝑡) 𝑑𝑡 + ∫ exp(𝐵𝑀𝑡)𝐴2𝐷2(𝑡) 𝑑𝑡 + 𝑐} 
(D.33) 

  

where 𝑐 is a constant. Consider (either) one of the integral terms: 

∫ exp(𝐵𝑡)𝐴𝐷(𝑡) 𝑑𝑡

= ∫ exp(𝐵𝑡)𝐴 {(𝐷0 −
𝐶[2,3,6 tri]0

𝑃 − 𝑄
) exp(−𝑃𝑡)

+
𝐶[2,3,6 tri]0

𝑃 − 𝑄
exp(−𝑄𝑡)}  𝑑𝑡 

(D.34) 

  

=
𝐴𝐶[2,3,6 tri]0

𝑃 − 𝑄
∫ exp((𝐵 − 𝑄)𝑡)  𝑑𝑡

+ 𝐴 {𝐷0 −
𝐶[2,3,6 tri]0

𝑃 − 𝑄
} ∫ exp((𝐵 − 𝑃)𝑡)  𝑑𝑡 

(D.35) 

  

=
𝐴𝐶[2,3,6 tri]0 exp((𝐵 − 𝑄)𝑡)

(𝑃 − 𝑄)(𝐵 − 𝑄)
+  𝐴 {𝐷0 −

𝐶[2,3,6 tri]0

𝑃 − 𝑄
}

exp((𝐵 − 𝑃)𝑡)

𝐵 − 𝑃
 

(D.36) 

  

Substitute Equation D.36 into Equation D.33 and solve for 𝑐:  
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𝑀(0) = 𝑀0 = 𝑐

+ ∑ (
𝐴𝑛𝐶𝑛[2,3,6 tri]0

(𝑃𝑛 − 𝑄)(𝐵 − 𝑄)

2

𝑛=1

+  
𝐴𝑛

𝐵 − 𝑃𝑛
{𝐷𝑛(0) −

𝐶𝑛[2,3,6 tri]0

𝑃𝑛 − 𝑄
}) 

(D.37) 

  

𝑐 = 𝑀0 − ∑ (
𝐴𝑛𝐶𝑛[2,3,6 tri]0

(𝑃𝑛 − 𝑄)(𝐵 − 𝑄)
+  

𝐴𝑛

𝐵 − 𝑃𝑛
{𝐷𝑛(0) −

𝐶𝑛[2,3,6 tri]0

𝑃𝑛 − 𝑄
})

2

𝑛=1

 
(D.38) 

  

The full solutions for Equations D.5-7 are thus: 

[6 mono]

= [6 mono]0 exp(−𝑘𝑋𝑡)

+ {exp(−(𝑘𝐼 + 𝑘𝐼𝐼 + 𝑘𝐼𝐼𝐼)𝑡)

− exp(−𝑘𝑋𝑡)} {
𝑘𝐼𝑉𝑘𝐼[2,3,6 tri]0

(𝑘𝐼𝑉 + 𝑘𝑉 − 𝑘𝐼 − 𝑘𝐼𝐼 − 𝑘𝐼𝐼𝐼)(𝑘𝑋 − 𝑘𝐼 − 𝑘𝐼𝐼 − 𝑘𝐼𝐼𝐼)
} 

+ {exp(−(𝑘𝐼𝑉 + 𝑘𝑉)𝑡) − exp(−𝑘𝑋𝑡)} {
𝑘𝐼𝑉

𝑘𝑋 − 𝑘𝐼𝑉 − 𝑘𝑉
} {[3,6 di]0

−
𝑘𝐼[2,3,6 tri]0

(𝑘𝐼𝑉 + 𝑘𝑉 − 𝑘𝐼 − 𝑘𝐼𝐼 − 𝑘𝐼𝐼𝐼)
}

+ {exp(−(𝑘𝐼 + 𝑘𝐼𝐼 + 𝑘𝐼𝐼𝐼)𝑡)

− exp(−𝑘𝑋𝑡)} {
𝑘𝑉𝐼𝑘𝐼𝐼[2,3,6 tri]0

(𝑘𝑉𝐼 + 𝑘𝑉𝐼𝐼 − 𝑘𝐼 − 𝑘𝐼𝐼 − 𝑘𝐼𝐼𝐼)(𝑘𝑋 − 𝑘𝐼 − 𝑘𝐼𝐼 − 𝑘𝐼𝐼𝐼)
} 

+ {exp(−(𝑘𝑉𝐼 + 𝑘𝑉𝐼𝐼)𝑡) − exp(−𝑘𝑋𝑡)} {
𝑘𝑉𝐼

𝑘𝑋 − 𝑘𝑉𝐼 − 𝑘𝑉𝐼𝐼
} {[2,6 di]0

−
𝑘𝐼𝐼[2,3,6 tri]0

(𝑘𝑉𝐼 + 𝑘𝑉𝐼𝐼 − 𝑘𝐼 − 𝑘𝐼𝐼 − 𝑘𝐼𝐼𝐼)
} 

(D.39) 

  

[2 mono]

= [2 mono]0 exp(−𝑘𝑋𝐼𝑡)

+ {exp(−(𝑘𝐼 + 𝑘𝐼𝐼 + 𝑘𝐼𝐼𝐼)𝑡)

− exp(−𝑘𝑋𝐼𝑡)} {
𝑘𝑉𝐼𝐼𝑘𝐼𝐼[2,3,6 tri]0

(𝑘𝑉𝐼 + 𝑘𝑉𝐼𝐼 − 𝑘𝐼 − 𝑘𝐼𝐼 − 𝑘𝐼𝐼𝐼)(𝑘𝑋𝐼 − 𝑘𝐼 − 𝑘𝐼𝐼 − 𝑘𝐼𝐼𝐼)
} 

(D.40) 
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+ {exp(−(𝑘𝑉𝐼 + 𝑘𝑉𝐼𝐼)𝑡) − exp(−𝑘𝑋𝐼𝑡)} {
𝑘𝑉𝐼𝐼

𝑘𝑋𝐼 − 𝑘𝑉𝐼 − 𝑘𝑉𝐼𝐼
} {[2,6 di]0

−
𝑘𝐼𝐼[2,3,6 tri]0

(𝑘𝑉𝐼 + 𝑘𝑉𝐼𝐼 − 𝑘𝐼 − 𝑘𝐼𝐼 − 𝑘𝐼𝐼𝐼)
}

+ {exp(−(𝑘𝐼 + 𝑘𝐼𝐼 + 𝑘𝐼𝐼𝐼)𝑡)

− exp(−𝑘𝑋𝐼𝑡)} {
𝑘𝑉𝐼𝐼𝐼𝑘𝐼𝐼𝐼[2,3,6 tri]0

(𝑘𝑉𝐼𝐼𝐼 + 𝑘𝐼𝑋 − 𝑘𝐼 − 𝑘𝐼𝐼 − 𝑘𝐼𝐼𝐼)(𝑘𝑋𝐼 − 𝑘𝐼 − 𝑘𝐼𝐼 − 𝑘𝐼𝐼𝐼)
} 

+ {exp(−(𝑘𝑉𝐼𝐼𝐼 + 𝑘𝐼𝑋)𝑡) − exp(−𝑘𝑋𝐼𝑡)} {
𝑘𝑉𝐼𝐼𝐼

𝑘𝑋𝐼 − 𝑘𝑉𝐼𝐼𝐼 − 𝑘𝐼𝑋
} {[2,3 di]0

−
𝑘𝐼𝐼𝐼[2,3,6 tri]0

(𝑘𝑉𝐼𝐼𝐼 + 𝑘𝐼𝑋 − 𝑘𝐼 − 𝑘𝐼𝐼 − 𝑘𝐼𝐼𝐼)
} 

  

[3 mono]

= [3 mono]0 exp(−𝑘𝑋𝐼𝐼𝑡)

+ {exp(−(𝑘𝐼 + 𝑘𝐼𝐼 + 𝑘𝐼𝐼𝐼)𝑡)

− exp(−𝑘𝑋𝐼𝐼𝑡)} {
𝑘𝑉𝑘𝐼[2,3,6 tri]0

(𝑘𝐼𝑉 + 𝑘𝑉 − 𝑘𝐼 − 𝑘𝐼𝐼 − 𝑘𝐼𝐼𝐼)(𝑘𝑋𝐼𝐼 − 𝑘𝐼 − 𝑘𝐼𝐼 − 𝑘𝐼𝐼𝐼)
} 

+ {exp(−(𝑘𝐼𝑉 + 𝑘𝑉)𝑡) − exp(−𝑘𝑋𝐼𝐼𝑡)} {
𝑘𝑉

𝑘𝑋𝐼𝐼 − 𝑘𝑉𝐼 − 𝑘𝑉𝐼𝐼
} {[3,6 di]0

−
𝑘𝐼[2,3,6 tri]0

(𝑘𝐼𝑉 + 𝑘𝑉 − 𝑘𝐼 − 𝑘𝐼𝐼 − 𝑘𝐼𝐼𝐼)
}

+ {exp(−(𝑘𝐼 + 𝑘𝐼𝐼 + 𝑘𝐼𝐼𝐼)𝑡)

− exp(−𝑘𝑋𝐼𝐼𝑡)} {
𝑘𝐼𝑋𝑘𝐼𝐼𝐼[2,3,6 tri]0

(𝑘𝑉𝐼𝐼𝐼 + 𝑘𝐼𝑋 − 𝑘𝐼 − 𝑘𝐼𝐼 − 𝑘𝐼𝐼𝐼)(𝑘𝑋𝐼𝐼 − 𝑘𝐼 − 𝑘𝐼𝐼 − 𝑘𝐼𝐼𝐼)
}

+  {exp(−(𝑘𝑉𝐼𝐼𝐼 + 𝑘𝐼𝑋)𝑡) − exp(−𝑘𝑋𝐼𝐼𝑡)} {
𝑘𝐼𝑋

𝑘𝑋𝐼𝐼 − 𝑘𝑉𝐼𝐼𝐼 − 𝑘𝐼𝑋
} {[2,3 di]0

−
𝑘𝐼𝐼𝐼[2,3,6 tri]0

(𝑘𝑉𝐼𝐼𝐼 + 𝑘𝐼𝑋 − 𝑘𝐼 − 𝑘𝐼𝐼 − 𝑘𝐼𝐼𝐼)
} 

(D.41) 

 


