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Abstract 

To advance the development of tailored strategies for collection management in 

museums and archives, this research is grounded in integrated modelling for decision 

support, in which the knowledge of material behaviours and decision-making is 

combined. To gain insights into the development of the backbone of integrated models, 

this research explores dose-response modelling for the degradation of paper 

containing iron gall ink. Using historical samples, three experiments were designed to 

investigate the two degradation processes: the ink corrosion of paper and the 

discolouration of ink and paper. 

For ink corrosion, the accelerating effect of ink on the reduction of degree of 

polymerisation (DP) of paper was validated with natural degradation. Firstly, the use of 

near infrared spectroscopy coupled with multivariate analysis to predict DP was 

investigated as a non-destructive method for data acquisition. Due to the difficulty in 

establishing successful models for the DP of ink line, the second experiment was carried 

out, where data of age, DP, pH, and paper thickness were collected conventionally. The 

presence of ink was found to increase the degradation of paper by 55% – 95% in a 

natural environment, complying with the results obtained from accelerated 

degradation. 

For the discolouration of ink and paper, a 23 full factorial experiment was designed to 

investigate the effects of [O2], relative humidity (RH) and illuminance on spectroscopic 

and tristimulus colourimetric responses. The photodegradation of paper was found to 

be affected by the main effects, whereas [O2], RH, and their interaction were found to 

play significant roles in the photodegradation of ink. The presence of O2 was observed 

to decrease the lifetime expectancy of paper by 10 times but increase that of ink by 20 

times. This divergent effect of O2 required careful analysis of the contrast between 

paper and ink to assess the preservation risks of the entire objects. 
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Impact statement 

This research facilitates a fresh look at the degradation of historical paper containing 

iron gall ink and opens new horizons for integrated modelling in heritage science. One 

of the direct impacts of this research lies in a deeper understanding of the mechanical 

and photochemical degradation of paper and ink. The knowledge of mechanical 

degradation of paper induced by ink has been extended from accelerated degradation 

to natural degradation. The ambiguity of the photodegradation of ink under exposure 

to visible radiation has been clarified. This is the first time that both iron gall ink 

corrosion and discolouration are investigated systematically through predictive 

modelling. Such comprehensive investigations of the ink-paper materials system largely 

advanced the research in heritage materials. 

Another direct impact lies in the pioneering use of historical samples, which sets an 

example of dealing with data where uncertainties are large. Since there are many 

unknown variables in natural degradation and data collection from heritage materials 

is particularly challenging, the different statistical approaches to data analyses explored 

in this research provide inspiration for future research. In addition, the application of 

systematic design of experiments established a useful methodology for experimental 

design for dose-response modelling of other heritage materials. 

The dose-response models established by this research have potential to be integrated 

with decision considerations for integrated modelling. The integrated models will offer 

cultural institutions increased understanding of their own collections and aid in 

decision making for the development of tailored and responsive strategies in practice. 

Subsequently, these institutions will benefit from an increase of the value of their 

collections through better characterisation and improved accessibility to their 

collections. 
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Furthermore, an online platform can be developed to implement the integrated models. 

Collection based models and data for different heritage materials can be incorporated 

into this platform. Given that most of the scientific evidence that has been developed 

is for large collections of similar materials, such a platform will provide considerable 

support for the management of diverse collections. With the help of the internet, this 

platform can reach the collection managers who manage small and local collections as 

well as in less developed economies. Therefore, the development of such an online 

platform has a significant global impact on supporting collection management in all 

communities across the world. 

As a result, such an online platform can promote the interaction, communication, and 

exchange of knowledge and expertise between professionals in the field of cultural 

heritage globally. Collaborations will be further promoted, which will enable more 

efficient and effective use of infrastructure and collection resources. In addition, this 

platform can be exploited as an enterprise application software. Such commercial 

exploitation will strengthen the links between academics, cultural institutions, and the 

industry in the field of cultural heritage. 
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1 Introduction 

This thesis discusses the research that was carried out from 2015 to 2019 to explore 

the development of dose-response models for the degradation of historical paper 

containing iron gall ink. The research started with a broad vision of employing 

integrated assessment and modelling approaches for decision support in collection 

management in museums and archives. Damage functions were acknowledged as one 

type of the integrated models that have been studied and shown great potential in the 

field of heritage science. These integrated models are underpinned by two types of 

models: the high-quality dose-response models that describe the synergistic effect of 

factors on the response of the objects, and the decision functions that describe the 

decision considerations of the stakeholders.  

 

With constraints of time and resources available, this research focused on the 

development of the dose-response models. The whole process of experimental design, 

data acquisition, data analysis, and modelling was investigated, which required the 

most comprehensive understanding of various scientific methods. It is an important 

step towards enabling further research into integrated modelling for decision support 

in heritage science. Three research questions were considered key to successful dose-

response modelling for heritage materials and objects:  

▪ How can experiments be efficiently and effectively designed to quantify the 

degradation of historical samples? 

▪ Can non-destructive analytical methods be established to facilitate data 

acquisition from historical samples for dose-response modelling? 

▪ If accelerated degradation is necessary, can the results be validated and 

generalised to natural degradation with confidence? 
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To answer these research questions, the degradation of historical paper with iron gall 

ink was chosen for case studies. Being the ink of choice from the early Middle Ages until 

the beginning of the 20th century, iron gall ink was the most important ink used in 

western history. Unfortunately, its chemical instability leads to two types of 

degradation which have become major concerns in conservation: the well-known iron 

gall ink corrosion, where breakage along ink lines takes place at various stages of 

degradation and causes loss of material and information, and the discolouration of iron 

gall ink under exposure to light, which is a major concern particularly for the display of 

iron gall ink-containing objects. 

Three experiments were designed and carried out to address these two degradation 

issues. The first two experiments were designed as extensions to the MRes research 

that was carried out prior to the start of this PhD research (Liu, Kralj Cigić and Strlič, 

2017). In this MRes research, a set of accelerated degradation experiments at different 

combinations of temperature and relative humidity (RH) were conducted. The 

coefficient of proportionality between the degradation rate of historical paper with and 

without iron gall ink was determined. It was the first time that the accelerating effect 

of iron gall ink on paper degradation was quantified. 

To validate the results obtained from accelerated degradation to natural degradation, 

in this research, a non-destructive method was firstly attempted to facilitate data 

acquisition. Near-infrared spectroscopy coupled with multivariate analysis was the 

method of choice for its rapidity and flexibility. However, due to the difficulty in 

developing plausible models for paper with ink by this method, decision was made to 

acquire data by conventional chemistry methods from as many samples of historical 

paper with iron gall ink as possible. In this experiment, all the measurable properties of 

the samples were measured as they were after centuries of natural degradation. The 

natural degradation of paper with and without ink was examined comparatively 

through data analysis and statistical inference. It was the expectation that a dose-

response model for ink lines can be derived from the existing models for paper based 

on their correlation. 



 
 

29 
 

The third experiment was designed to model the photodegradation of paper and ink. 

Factorial experimentation was employed to quantify the effects of [O2], RH and 

illuminance. Wavelength sensitivity of the degradation processes were also 

investigated for further insights. The degradation defined in tristimulus discolouration 

was comparatively investigated with the degradation defined in spectroscopic 

response to justify the scientific validity of the use of tristimulus colourimetry in 

condition assessment in conservation practice. This ensures that the developed dose-

response models can be conveniently linked to decision considerations in the 

integrated models in the future.  

This thesis unfolds in seven chapters. Chapter 1 has introduced the narratives of the 

entire PhD research project. Chapter 2 reviews the literature on a broad vision of the 

integrated modelling for decision support in heritage science as well as the background 

for the three experiments on historical paper with iron gall ink. Chapter 3 includes the 

detailed descriptions of the materials, instrumentation, and the experimental and data 

processing procedures for each experiment. Chapter 4 discusses the data analyses and 

results of the experiment developing a near-infrared spectroscopic method to 

characterise historical paper with iron gall ink. Chapter 5 discusses the data analyses 

and results of the experiment validating accelerated degradation by natural 

degradation. Chapter 6 discusses the data analyses and results of the factorial 

experiment on the photodegradation of historical paper and iron gall ink. Chapter 7 

summarises the conclusions obtained for the entire PhD research. For each chapter, a 

brief introduction is included in the beginning. In addition to Chapter 7, the results for 

each experiment are summarised at the end of Chapters 4 – 6. 
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2 Literature review 

This chapter presents the background of this PhD research. Section 2.1 reviews the 

state of the art of developing and delivering the integrated models to support decision 

making in the field of heritage science. Three aspects, the development of high-quality 

dose-response models, stakeholder engagement, and uncertainty analyses are 

discussed. Section 2.2 justifies the use of historical paper containing iron gall ink as the 

materials for the case studies. Three experiments were designed to investigate the 

mechanical degradation and the photodegradation of the ink-paper material system. 

The backgrounds of these experiments are reviewed in Sections 2.2.1 – 2.2.3. 
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2.1 Modelling for decision support in heritage science  

2.1.1 Integrated modelling in environmental management of collections 

Preventive conservation has long been widely considered as the most effective way of 

long-term preservation of collections in heritage institutions (La Rocca and Nardi, 1994; 

Henderson, 2011; Lambert, 2014; Lambert et al., 2018). With the primary goal being to 

prevent, reduce and mitigate the effects of potential hazards to collections, 

environmental management lies at the central focus, given that about 80% of the 

identified agents of deterioration are environment related (Michalski, 1994; Rose and 

Hawks, 1995; Waller, 1995).  

For many years the environmental management of collections has been concentrated 

on the physical control of the environmental factors. However, it has been increasingly 

recognised that the environmental management of collections is complex and 

multifaceted (Bell, Cassar and Strlič, 2018). In addition to the common concerns for 

sustainability and energy economy, the dimensionality of the environmental 

management is contributed by the wide range of agents of deterioration, material 

sensitivity, and various values imbedded in their nature—economic, informational, 

cultural, emotional and existence, largely derived from the interactions between 

collections and stakeholders  (Ashley-smith, 1999, p. 84).  

To address the trend towards a multi-dimensional management of collections, the 

recently published environmental guidelines PAS 198 (BSI, 2012) sets a semi-structured 

context for strategic decision making. It formulates decisions as long-term planning 

within the ‘expected collection lifetime’ on the basis of local priorities (significance, 

intended use, and energy economy) and material sensitivity characterised by scientific 

evidence. Rather than fixed environmental set points, solutions to management issues 

are open and flexible, which allows institutions to develop individual environmental 

policies tailored to their collections and institutional priorities. 
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Within this semi-structured framework, an integration process of knowledge that 

addresses all the dimensions characterising the complexity of collection-environment 

and collection-human interactions is required for effective decision making. The 

significance of this knowledge integration for decision support has long been 

recognised in the greater context of environmental management of natural resources, 

where a holistic view of the directions and magnitudes of change in environmental 

systems in response to management interventions as well as controllable and 

uncontrollable factors is achieved (McIntosh et al., 2011).  

This integration has been extensively discussed within the frameworks of decision 

support system and integrated assessment and modelling for environmental 

management (Parker et al., 2002; McIntosh et al., 2011). With the major activity being 

the development and use of models for environmental and decision-making processes, 

the integrated modelling for decision support is an iterative and adaptive process that 

stretches in two dimensions: the integration of data as well as numerical and 

mathematical models for the environmental models which enhance the understanding 

of the complexity of the environmental system behaviours; and the integration of the 

decision models into the environmental models to link disciplinary scientific research 

with decision considerations. The former is signified by the characterisation and 

reduction of uncertainty in the modelling outcomes, while the latter requires an in-

depth understanding of the decision variables and is enriched by stakeholder 

involvement for successful implementation of the modelling outcomes (Díez and 

McIntosh, 2009; Quinn, 2010). 

In the context of heritage science, although modest in scale, significant advances in 

integrated modelling for decision support have been made. Most recently, Climate for 

Culture developed a decision support system to integrate the models and simulations 

that describe the behaviours of global climate, regional climate, historical building, 

indoor environment and individual cultural heritage items in a linear framework 

(Climate for Culture, 2014). Focusing on management of diverse and complex 

collections, a risk assessment provides a systematic overview of the risks that the 



 
 

33 
 

collections face, which enables collection managers to make informed decisions on 

allocating resources for preventive conservation (Ashley-smith, 1999, 2001; Baer, 2001; 

Waller, 2002; Bülow, 2010; Garside, Bradford and Hamlyn, 2018). A number of projects 

have explored the approaches towards integrated modelling and assessment in case 

studies of single type collections (Fenech, Strlič and Cassar, 2012; Strlič et al., 2015c). 

Details of these case studies will be addressed later in this chapter. 

2.1.2 Developing damage functions for decision support 

2.1.2.1 Change functions as core quantification models 

Scientific research has been carried out for decades to gain insights into the 

interactions between the observed change of heritage materials and the 

environmental factors. As simplified representations of reality, quantitative 

environmental models for heritage materials have been commonly developed to 

describe the relationships between model variables using mathematical equations with 

deterministic values. Physicochemical knowledge may be used as far as possible in the 

development processes. These models are commonly named ‘damage functions’ 

(Livingston, 1997; Sabbioni, Brimblecombe and Cassar, 2010; Ashley-Smith, 2013; 

Lankester, Brimblecombe and Thickett, 2013), but in essence they are ‘change 

functions’ (Strlič et al., 2013), since change does not necessarily lead to damage out of 

a social context.  

A change function can be expressed as K = fC (x1, x2, …, xn), where K often represents 

the rate of change and the variables x1, x2, …, xn represent measurable environmental 

factors and material properties (Livingston, 1997). The development of such change 

functions is usually purely science-driven which focuses on providing complex process 

descriptions of physical and chemical properties measured analytically.               

Livingston (1997) summarised four approaches to develop such change functions: 

physicochemical theory, laboratory tests, field studies and epidemiology. Laboratory 

experiments and first principles of physics and chemistry usually give mathematical 

descriptions of the rate of change under well controlled conditions, but in most cases, 

it is difficult to approximate the complexity of heritage materials and their degradation 
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behaviours in the real world with idealistic equations (Zinn et al., 1994). Field studies 

and epidemiology directly approach the problems in real world settings with all known 

and unknown variables acting simultaneously. However, these approaches tend to be 

time consuming and yield large uncertainties (Mirwald and Brüggerhoff, 1997) which 

may need to be carefully assessed for the outcomes to be of use.  

Ashley-Smith (2013) comprehensively reviewed the change functions that have been 

researched in heritage science and classified them based on material type and hazard. 

Typically, these functions provide quantification of the observed change of materials, 

explanations of the effects and interactions of the causal factors on the change, and 

predictions of the future change that may lead to damage. The quantitative, 

explanative and predictive properties of the change functions provide the backbone for 

the integrated modelling for decision support. Insufficiently defined and researched 

high-quality change functions may largely restrict the capability of providing accurate 

and reliable estimates for decision options, especially in cases where degradation is 

rate-dependent on synergistic factors related to material and environment. 

Dose-response relationships are the most commonly used expressions of change 

functions, where the environment-material interactions are quantified by seeing 

material change as a process that is dependent on the intensity and frequency of the 

presence of multiple causal factors, such as temperature, humidity, pollutants, and 

light (Ashley-Smith, 2013). Several concepts to support decision-making have been 

developed on the basis of dose-response relationships. Two of the well-known 

concepts are the Preservation Index (PI) (Reilly, Nishimura and Zinn, 1995) and the 

permanence (Sebera, 1994), both of which provide relative factors that indicate the 

combined effect of temperature and relative humidity (RH) on the degradation rate of 

materials compared to a ‘standard’—the degradation rate of cellulosic materials at 

20 °C and 50 % RH. However, the interpretation of the calculated values indicating PI 

and permanence may be ambiguous for decision makers since they may not be easily 

translated into decision makers’ languages. Therefore, a strong link between these 
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abstract numerical values and decision-making considerations is needed for successful 

implementation and adoption of these concepts in practice.  

The change functions may be directly used to support decision making in a number of 

fields, such as physics and chemistry (Yan, Noël and Shoesmith, 2011), ecosystems 

(Wouter Botzen and van den Bergh, 2012), biological systems (Gharabadiyan, Jamali 

and Komeili, 2013) and material and structure engineering (Belnoue and Korsunsky, 

2012; Mota et al., 2013), where change is arguably considered as damage in most cases. 

However, this may be too simplistic in heritage science, given the prevailing social 

context in which the discipline operates. For heritage materials and collections, the 

definition of damage largely depends on subjective responses to change (Ashley-smith, 

1999, pp. 81–98; Avrami, Mason and de la Torre, 2000; de la Torre and Mason, 2002). 

Therefore, the conventional decision implementation which is mainly based on the 

results of quantification modelling may not sufficiently address the decision-making 

issues associated with people’s perceptions shaped by social contexts. This implies that 

scientific information needs to be considered within the social contexts in which 

decisions take place, which can be achieved by taking an integrated modelling approach 

where change functions and decision functions are jointly considered.  

The integrated modelling can be achieved through the development of damage 

functions in heritage science. Comprehensive reviews of these different aspects of 

damage functions are provided by Strlič et al. (2013) and Ashley-Smith (2013). Driven 

by the thinking of decision-making processes and the multi-dimensional nature of 

heritage collections, Strlič et al. (2013) proposed a two-stage approach to achieve the 

integration of scientific quantifications and decision-making considerations in damage 

functions, where physical or chemical changes are suggested to be interpreted in the 

context of value evaluation provided by the stakeholders. Mathematically, such a 

damage function (fD) can be expressed as a change function (fC) of variables x1, x2, …, xn 

transformed by a value function (fV): fD = fV ∙ fC (x1, x2, …, xn), both fC and fV being able 

to be deduced independently.  



 
 

36 
 

In the integrated modelling approach proposed by Strlič et al. (2013), the decision 

function is conceptualised as a value function to capture the main aspects of the 

decision variables involved in the decision-making mechanisms in the field of heritage: 

the value context associated with the collection, the change of value over time, the 

threshold of damage associated with the identified value, and the lifetime expectancy 

for the collection. The first two variables define the transformation imposed on the 

change functions, while the latter two link damage functions to decision objectives. 

The value context has been explored in a number of projects by reducing competing 

criteria to a singular basis through prioritisation (Oriola et al., 2011; Fenech et al., 2013; 

Strlič et al., 2015a, 2015b, 2015c). In these projects, utility value was studied as the 

value of the most concern. It was assumed that utility value was monotonically 

dependent on time, and the transformation of the change function imposed by the 

value function was simplified as an identity transformation which led to no numerical 

difference between the change functions and the damage functions.  

Yet, little specific attention has been given to the quantification of change in a more 

sophisticated value context than an identity transformation based on a single type of 

value. Only theoretical graphical representations of different value transformations and 

their dependence on time have been explored by Ashley-Smith(1999, p. 88). One of the 

reasons for this limited progress may be the large uncertainty in the assessment of the 

value of heritage objects. It has been recognised that for heritage objects, the change 

of value may be location and time specific, with the transformation increasing and 

decreasing as the stakeholders’ expectations for collections change from time to time 

(Ashley-smith, 1999, pp. 81–98; Burman, 2001; Siu et al., 2001; de la Torre and Mason, 

2002). Therefore, challenges remain in integrating the value functions into the damage 

functions, especially when multiple values and their change over time are considered 

in a decision model. 

Another important decision variable, the damage threshold, has been used to define 

the moment in time when significant loss in value takes place. It is often quantified by 
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inferring a numerical value of the response variable in the change function which 

corresponds to the criteria of condition assessment. A parallel can be found in 

psychophysical studies, where thresholds can be objectively measured and are studied 

as the point of intensity at which the stimulus can be detected by human sensations 

(Gescheider, 1997).  

The threshold of critical utility value loss has been determined by using the degree of 

polymerisation (DP) for canvas (Oriola et al., 2011) and paper (Strlič et al., 2010, 2015c), 

the colour change for colour photographs (Fenech et al., 2013) and the material’s non-

recoverable deformation (yieldpoints) for wood and paints (Mecklenburg, Tumosa and 

Erhardt, 1998). However, it is worth pointing out that the quantification of a threshold 

can be extremely challenging for types of value that are heavily dependent on social 

context. The qualitative assessment of change in aesthetic value was attempted for 

masonry building facades (Andrew, 1992; Grossi and Brimblecombe, 2004) and 

paintings (Richardson and Saunders, 2007), however, quantification of the perceptible 

change in relation to aesthetic values needs to be further investigated (Ashley-Smith, J. 

Derbyshire and Pretzel, 2002; Pretzel, 2008).  

After defining the damage threshold, the calculated degradation rate obtained from 

the change function can be converted into the ‘expected collection lifetime’, which 

contributes to the overall objectives of decision-making in environmental management 

of collections. An example of such decision variables linking degradation rate to the 

decision objectives is the Time-Weighted Preservation Index (TWPI), which is an 

extension of PI that attempts to enable the prediction of life expectancy expressed in 

actual years (Nishimura, 2007). However, as the details of calculations are not fully 

published, it is difficult to gain insights into the integration of the decision concerns in 

these calculations. 

The formulation of damage functions proposed by Strlič et al. (2013) can be expanded 

to support the management of large diverse collections. According to the framework 

of a risk assessment, two additional variables, the probability of a specific risk and the 
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fraction of the collection that is susceptible to that risk can be integrated as multipliers 

to the damage function to obtain a better estimation of the magnitude of a risk for a 

specific collection (Waller, 1994, 2002; Ashley-smith, 1999, pp. 120–136). The 

expanded damage functions can be further integrated into the tree-structured model 

as proposed by Waller (2002) to support the optimisation of the distribution of 

resources for collection management in large institutions. Currently these two variables 

are considered as decision variables since the determination of the values largely 

depends on stakeholders’ beliefs in severity and frequency of the specified risks to 

collections. However, robust quantification methods can be developed for more 

accurate estimations as scientific knowledge accumulates and statistical methods 

develop. 

2.1.2.2 Involving stakeholders 

As discussed previously, the development of damage functions for decision support 

involves an element of subjectivity which shapes the modelling outcomes. The 

subjectivity is mainly brought by the decision functions, the development of which 

largely depends on the involvement of stakeholders. The significance of the efforts 

applied to understanding stakeholder perspectives for decision support has been 

increasingly stressed in the environmental modelling projects (Campo, Bousquet and 

Villanueva, 2010; Krueger et al., 2012; Carmona, Varela-Ortega and Bromley, 2013; 

Basco-Carrera et al., 2017). In these projects, stakeholders’ involvement not only 

contributed to the share of knowledge and the understanding of the dynamics of the 

system to be modelled, but also assisted with the identification and clarification of the 

impacts of solutions. Comprehensive reviews of various types of ‘stakeholder-based 

modelling’ approaches and the tools for incorporating stakeholders’ knowledge and 

values into decision making are provided by several researchers (Lynam et al., 2007; 

Renger, Kolfschoten and De Vreede, 2008; Voinov and Bousquet, 2010; Voinov et al., 

2016). Modelling with stakeholders has been found to be one of the most successful 

approaches to bridge the gaps between model design and adoption, research and 

practice. 
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In heritage science, little research has systematically explored the use of a stakeholder-

based modelling approach, where the participation of the stakeholders is essential to 

identify decision variables and develop decision functions. However, significant 

progress has been made to quantify the threshold of damage by engaging with the 

stakeholders. In Collections Demography (Strlič, 2015), researchers extensively 

explored the role of lay users as stakeholders in the decision-making processes for 

library and archival materials in the context of discolouration and mechanical 

degradation (Dillon et al., 2014; Strlič et al., 2015a, 2015b, 2015c). A large number of 

people were engaged through interviews, workshops and surveys for the definition of 

damage threshold in the context of reading and dark storage. The collective opinions 

from the stakeholders were incorporated into the dose-response model for the 

degradation of paper to support long-term collection management planning.  

Fenech et al. (2013) looked at the unacceptability of colour change in colour 

photographs using category scaling methodologies among conservators, scientists, 

collection managers, curators, and archival users. Little significant statistical difference 

was found between the lay users and the professional users for the determination of a 

damage threshold or a lifetime expectancy for the discolouration of colour 

photographs. However, it should be noted that in other cases the selection of 

stakeholders has been found to be critical (Voinov and Bousquet, 2010) and the lay 

users can only represent one interest group among a few. Therefore, the weight of lay 

users as stakeholders in decision support for collection management still needs to be 

determined. Although challenging, a scope to engage stakeholders with diverse 

interests for a holistic view of stakeholders’ requirements for decision support and their 

acceptance of the decision-making outcomes for collections needs to be established 

for future research. 

Furthermore, the involvement of stakeholders needs to go beyond the development of 

the decision functions. It has been recognised that understanding scientific uncertainty 

is best achieved through participation in modelling activities (Voinov and Bousquet, 

2010). Iterative interactions between stakeholders and researchers provides an 
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important component in the assessment and validation of the models for decision 

support. Ascertaining users’ needs plays a key role in the implementation of the 

modelling outcomes (Volk et al., 2010). Therefore, the way in which stakeholders’ 

participation is managed throughout a project is one of the most important aspects 

that affect the success of the decision support modelling (Castella, Trung and Boissau, 

2005; Voinov et al., 2016).  

2.1.2.3 Assessing uncertainties 

Uncertainties are generally acknowledged as inadequate knowledge in the 

environmental and socio-environmental systems (Refsgaard et al., 2007; Uusitalo et al., 

2015), as well as in the environment-collection systems (Leijonhufvud et al., 2012; 

Ashley-Smith, 2013). In the integrated models for decision support, a significant 

amount of uncertainty can be generated from data, model structure, and the inputs 

from stakeholders. As the complexity of the problems increases, model results can 

become even less certain. The incorporation of uncertainties in decision making can be 

of considerable added value for the decision makers to identify plausible alternatives 

with confidence (Maier et al., 2008).  

No agreement has been reached for the best presentation of the uncertainty in the 

models for robust decision making. Evidence has shown that decision makers may not 

be interested in the uncertainties per se (UNECE, 2002). It is the communication of 

uncertainties that plays a significant role, which engenders trust across science-

stakeholder boundaries and improves the credibility and reliability for model adoption 

in practice (Voinov and Bousquet, 2010; Amann et al., 2011). Therefore, central to the 

development of damage functions may be the need for improved techniques of 

uncertainty analysis to address the uncertainties in every step by means of reduction, 

quantification, and communication. 

However, little effort has been directed towards assessing the uncertainty of the 

integrated models for collection management. In a damage function, uncertainties 

from the change function and the decision function may be assessed separately. 
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Uncertainties brought by subjectivity may be inevitably involved in the decision 

functions, since they are usually built upon consensus among the stakeholders (Taylor 

and Stevenson, 1999). The mix of different epistemological references in these 

functions makes the uncertainty analysis of human inputs a difficult task (Becker, 

Niehaves and Klose, 2005). It should also be noted that there is always a risk that the 

model agreed within a group of stakeholders may be flawed. Model evaluation in the 

context of uncertainties needs to be carried out during the modelling process to 

minimise the deficiencies as much as possible (Refsgaard et al., 2007; Voinov and 

Bousquet, 2010).  

Given the heterogeneity in collections spatially and temporally, and given the 

multidimensional interactions between the environment and collections which can be 

physical, chemical and biological (Leijonhufvud et al., 2012), a large degree of 

uncertainty is associated with the change functions for heritage collections. These 

uncertainties may be evaluated using a range of methods for deterministic models, 

including expert judgement, model emulation, sensitivity analysis, temporal and spatial 

variability in the model outputs, and the use of multiple statistical approaches (Uusitalo 

et al., 2015). Given the limited amount of quantitative information available in heritage 

science, the assessment of uncertainties has largely been based on expert judgement 

(Ashley-Smith, 2000). Therefore, methods need to be developed for an improved 

understanding of uncertainties in the change functions, although the uncertainties may 

not be fully quantifiable (Leijonhufvud et al., 2012). 

To address the uncertainties associated with a population in the long term, substituting 

the deterministic relationships by probabilistic distributions can be useful 

(Leijonhufvud et al., 2012; Strlič et al., 2013). A probabilistic approach can be especially 

useful for less predictable collections made up of composite objects that react 

differently to diverse deteriorating factors (Bratasz et al., 2012; Možir et al., 2014). The 

probability of the failure of heritage collections over time can be described using the 

last two phases introduced by the concept of reliability: a constant random failure 

period, and a wear-out period in which failure rate increases (Gillen and Celina, 2001; 
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Klutke, Kiessler and Wortman, 2003; Fenech et al., 2013). Technically, sensitivity 

analysis may be a useful technique to assess the uncertainty of the outputs caused by 

the distributions of the inputs within certain model structures (Campolongo and Saltelli, 

1997; Pianosi et al., 2016). 

2.1.3 Delivering damage functions for decision support 

In the environmental management, computer aided tools are being developed to 

convert scientific models into practical applications for the use by decision makers (Diez 

and McIntosh, 2011; Romañach et al., 2014). With models incorporated in computer 

software, scenarios can be run more efficiently, in particular to assess management 

alternatives based on the multidimensional considerations of the environmental, 

economic and social outcomes. As one of the vital features of these decision support 

tools, visualisations are increasingly considered to provide powerful rendering of the 

science-social interface. The development of tailored visualisations requires a highly 

iterative and collaborative approach which is supported by a range of culturally and 

functionally appropriate visualisation techniques for non-scientific communities 

(Grainger, Mao and Buytaert, 2016). 

The development of decision support software tools is still at an early stage in the field 

of heritage science. Recently, several software platforms, including 

eClimateNotebook® (Image Permanence Institute, no date), Physics of Monuments 

(Smulders and Martens, no date), and Climate for Culture Decision Support System 

exDSS (Vyhlidal et al., 2017) have been available. These platforms not only enable 

efficient handling of large amount of environmental data, but also provide means to 

organise, display, and manipulate information from models and simulations which can 

be used to support decision making.  

In heritage science, information visualisation has been most commonly used to present 

the actual environmental monitoring data as time-dependent plots of environmental 

variables. The presentation of the relative impact of the environmental data on 

material and objects has been made available by using contour plots (Sebera, 1994; 
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Fenech, Strlič and Cassar, 2012). Recently, the visual incorporation of decision-making 

considerations, such as the expected collection lifetime, has been explored with several 

newly developed concepts, such as isochrones and demography curves, to facilitate 

communication between science and management (Strlič et al., 2015c; Duran et al., 

2017).  These tailored visualisations condense the large amounts of research data into 

interactive assessments of hypothetical conservation and management scenarios. 

It has been recognised that the adoption of the decision support tools and visualisations 

by the targeted users remains a challenge (McIntosh et al., 2011). To facilitate the 

uptake of the tools within environmental decision making, a participatory approach has 

been suggested to minimise the costly effort in promotion, demonstration and 

documentation (McIntosh, Seaton and Jeffrey, 2007; Lautenbach et al., 2009; Grainger, 

Mao and Buytaert, 2016). Successful user engagement throughout the development of 

the tools is considered essential to obtain a good understanding of how to best visualise 

the data, how to enhance users’ understanding, how to ensure ease of use, and how 

to achieve credibility, simplicity and flexibility, which lays the foundation for successful 

implementation in practice.
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2.2  Case studies using historical paper containing iron gall ink 

The case studies were designed to explore the development of dose-response models 

as the backbone of the damage functions for decision support in practice. The main 

considerations for the design of the case studies were: 

▪ The use of easily accessible historical samples as complex material systems to 

address the complexity of cultural heritage materials; 

▪ The response variable being measurable within the timeframe of the research 

which directly and strongly correlate with the condition assessment of objects 

and collections in practice; and 

▪ The explanatory variables being measurable material properties and 

controllable environmental factors of primary concern in collection 

management. 

Based on these considerations, historical paper with iron gall ink was chosen as the 

samples for the case studies. Between the Middle Ages and the early 20th Century, iron 

gall ink was the most commonly used medium for writing and drawing in the West. Two 

common problems are the major concerns for the collections of paper containing iron 

gall ink: the reduction of the mechanical strength of the paper support along the ink 

lines and the discolouration of the writing/drawing. Both issues are readily amenable 

to exploration in reproducible experiments to determine the protocols for storage and 

exhibition in collection management. 

Although it has been studied for two centuries, the kinetics of the degradation 

processes of iron gall ink and its effects on the paper support remain unclear. Despite 

the long research history, the large number of research publications on iron gall ink 

should not obscure the fact that there has not been a comprehensive and in-depth 

quantification of its own degradation and its effect on the paper support. The large 

variation in ink recipes and the numerous degradation products caused an extremely 

wide range of material properties, which subsequently leads to the large complexity 
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and uncertainty in the stability of the ink-paper material system today. Although many 

studies have focused on model samples to simplify the issue of inhomogeneity and 

reduce the uncertainty, there has always been a strong awareness that new insights 

can only be accomplished by drawing data from a broad range of naturally degraded 

historical materials and carefully designed experiments.  

The case studies were designed to attach balanced weight to the degradation 

behaviours of the ink-paper system initiated thermally and photochemically. However, 

different approaches were taken to maximise the amount of insights to be gained. For 

the reactions initiated thermally, the accelerating effect of iron gall ink on the 

mechanical strength of paper has been quantified by a series of accelerated 

degradation experiments (Yun Liu, Kralj Cigić and Strlič, 2017). The coefficient of 

proportionality between the degradation rate of ink-containing paper and blank paper 

was quantified. Built on the results, the current research focused on validating the 

established correlation using naturally degraded samples. For this purpose, near-

infrared (NIR) spectroscopy was developed as a non-destructive method to facilitate 

data acquisition from historical samples. The background for the use of NIR 

spectroscopy coupled with multivariate analysis is reviewed in Section 2.2.1. Given the 

challenge of developing non-destructive methods, an alternative experiment was 

carried out where data were collected from naturally degraded samples and a 

comparative approach was taken between paper with ink and paper without ink to 

elucidate the degradation behaviours of paper induced by the presence of iron gall ink. 

The background of this experiment is reviewed in Section 2.2.2. For the 

photodegradation of ink and paper, factorial experimentation was employed to model 

the effects of environmental factors that are of primary concern in practice: the 

concentration of oxygen ([O2]), relative humidity (RH) and illuminance (Ev). Both 

spectroscopic responses and tristimulus colourimetric responses of the samples were 

investigated. A review of the background of this experiment is presented in             

Section 2.2.3. 
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2.2.1 Near-infrared spectroscopic method for characterisation of historical paper with 

iron gall ink 

There is no doubt that non-destructive analytical techniques are beneficial in heritage 

science. Due to the diversity of the raw materials and the production methods used in 

the original manufacturing, as well as the degradation processes imposed by past 

treatments and environmental conditions, enormously diverse chemical and physical 

properties of the objects can be found in their current states. Therefore, a large number 

of samples are usually needed for analytical experiments to cover the wide range of 

material properties for the generalisation of the results. On the other hand, for cultural 

heritage, a significant amount of value, including aesthetic, scientific, social, and 

economic value for the past, present and future generations, is associated with the 

integrity of the objects. Substantial sampling required for destructive analytical 

methods is rarely an option, especially for highly valuable objects. 

Among various properties, DP is one of the most important molecular properties that 

correlate with the mechanical strength of cellulosic fibres (Zou, Uesaka and Gurnagul, 

1996a). It is of great significance in assessing the condition of cellulosic heritage 

materials. However, the determination of DP is challenging because it is hardly directly 

measurable. The techniques typically used in chemistry, such as membrane osmometry, 

gel permeation chromatography, viscosity determination and mass spectrometry, can 

be time consuming, inaccurate for the molecular weight ranges involved, or require 

specialised instrumentation and skills (Oberlerchner, Rosenau and Potthast, 2015). 

Therefore, they are impractical, especially for monitoring due to that extensive 

sampling is required.  

With the advances in instrumentation and statistics, NIR spectroscopy coupled with 

multivariate analysis has been increasingly researched as an alternative for the 

determination of DP and DP-related properties, such as molecular weight (Mw) and 

viscosity, for the advantages of speed, reliability, and minimal sample preparation 

(Trafela et al., 2007; Henniges, Schwanninger and Potthast, 2009; Strlič et al., 2010; 

Cséfalvayová, Strlič and Karjalainen, 2011). The NIR energy band is typically defined as 
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the electromagnetic energy of molecular vibration from 780 nm to 2500 nm. The 

overall energy at each wavelength usually represents overlapping overtones and 

combinations of fundamental vibrations. The NIR spectral responses obtained by a 

spectrophotometer are the result of the combination of the molecular vibration, the 

physical properties, and the interactions between the optical properties of the samples 

and the instrument, which further complicates the interpretation of the NIR spectra.  

The use of multivariate analysis provides a correlation-based quantitative 

interpretation of the NIR spectra. It models the spectral responses to chemical and 

physical properties of a sample set based on the measurement of small absorbance 

changes occurring at multiple wavelengths. Valid calibration models usually require an 

underlying cause-effect relationship between the spectral data and the material 

properties that are of interest. Such a cause-effect relationship not only ensures the 

true predictive validity of the analytical method, but also contributes to the 

generalisation of the calibration model to a wide range of the materials characterised 

by the same properties that can go beyond the reference samples.  

Among several linear regression methods for quantitative NIR analyses, partial least 

squares (PLS) regression is the most important method (Naes, Fearn and Davies, 2002). 

It not only accounts for the maximum total variation in the spectral data, but also 

estimates the variation in the reference data, which is usually effective in achieving high 

accuracy in predictions (Lu et al., 1998). Most successful models based on NIR 

spectroscopy coupled with PLS regression (NIR-PLS) in the literature has been 

developed for compositional analysis (Baptista et al., 2008; Balabin and Smirnov, 2011; 

Schwanninger et al., 2011a, 2011b). These models are mostly supported by the Beer-

Lambert Law, where changes in the spectral responses are proportional to changes in 

the concentration of chemical components. In contrast, DP is not a property that 

straightforwardly represents the concentration of vibrational bonds. This imposes an 

additional challenge to model DP by NIR-PLS, where a sufficient justification of the 

cause-effect relationship is needed for a scientific understanding of the foundation that 

supports the analytical validity and robustness. 
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A number of authors have evaluated the application of NIR-PLS to analyse DP, Mw and 

viscosity of polymers. The performances of the models are summarised in Table 2.2.1. 

In order to make the results comparable, root mean square error (RMSE) was 

normalised as: 

NRMSE = RMSE∙(ymax - ymin)-1,                                                                                             [2.2.1] 

where NRMSE is the normalised RMSE, ymax and ymin are the maximum and minimum 

reference values in the property of interest. As shown in Table 2.2.1, generally, NIR-PLS 

models perform better on synthetic and model materials where material complexity 

and variability are strictly controlled. In recent years, NIR-PLS has gained progress in 

the resolution of complex multicomponent mixtures, which is especially promising for 

heritage materials. However, difficulties in calibrating the NIR-PLS models using 

historical rag papers have been reported (Henniges, Schwanninger and Potthast, 2009) 

and there is still space for an improved understanding of the prediction errors. 
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Table 2.2.1 Summary of the reported data in the literature on the use of NIR spectroscopy to analyse 

DP, Mw, and viscosity of polymers by PLS regression. Root mean square error (RMSE) is represented 

using root mean square error of prediction (RMSEP) where available, otherwise using root mean square 

error of calibration (RMSEC). R2 represents the coefficient of determination of the regression used to 

obtain the RMSE. 

Sample 
type 

Authors Property (y) RMSE NRMSE R2 

Historical/ 

natural 

Brown et al. (2017) 
DP of historical 

paper 
690 0.17 0.52 

Mahgoub et al. 
(2016) 

DP of historical 
paper 

177 0.11 0.78 

Oriola et al. (2014) 
DP of historical 

canvas 
275 0.14 0.77 

Strlič et al. (2010) 

DP of historical 
paper 

119 0.03 0.92 

Mw of historical 
paper with iron 

gall ink 

49 
mol∙g-1 

0.05 0.95 

Pasquini et al. (2005) 
Viscosity of 

natural rubber 
3.9 0.19 0.40 

Model/ 

synthetic 

Bergmann et al. 
(2013) 

Mw of 
polyethylene 
terephthalate 

612.43 
mol∙g-1 

0.05 0.97 

Dong et al. (2010) 
Mw of hyaluronic 

acid 
88.32 

mol∙g-1 
0.04 0.96 

Henniges et al. 
(2009) 

Mw of model 
paper 

23 
mol∙g-1 

0.06 0.86 

Cherfi et al. (2002) 
Mw of methyl 
methacrylate 

77 
mol∙g-1 

0.05 0.95 

Fardim et al. (2002) DP of model pulp 96.32 0.11 NA 

Trygg and Wold 
(1998) 

Viscosity of 
cellulose 

derivative 
96 0.05 0.97 

Wold et al. (1998) 
Viscosity of model 

paper 
78.43 0.08 0.86 

Errors in the spectral and the reference data as well as the bias of the statistical model 

affect the accuracy and precision of the predictions by the NIR-PLS method, which is 

reflected in the calculated value of RMSE (Lu et al., 1998). Among various sources of 

noise, water content may be one of the most important uncertainty in practice. With 

O-H bonds of water being particularly active and intense due the large mass difference 
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between the atoms, the variability of DP can be overwhelmed by the variability of water 

content. Therefore, from the viewpoint of practicality, it is worth investigating whether 

the application outside a controlled laboratory environment compromises the quality 

of predictions by the NIR-PLS models. 

Regarding the application of the NIR-PLS models, the research reported in the literature 

focuses mainly on the qualitative use of the predictions. One of the most important 

applications of the predicted DP is for the condition assessment of the objects. An 

example has been presented by Oriola et al. (2014), in which case a correlation 

between DP of canvas and the condition category assessed by experts was established 

for DP 300 – 1400. Each category spanned a range of approximately DP 400 and the 

uncertainty of the assessment could be as much as two categories. Therefore, the 

RMSE obtained in this research (DP 275) could be useful to provide evidence to support 

condition assessment of canvas objects.  

Lack of available research, it is still difficult to define the level of accuracy and precision 

that is required for quantitative use of the predictions, such as further statistical 

modelling of the degradation processes. However, it is generally expected that the 

quantitative use of the predictions requires further insights into the model 

performance. To understand the model performance better, an experiment was 

designed not only to develop plausible NIR-PLS models for the determination of DP, but 

also to gain insights into the sources of the prediction errors and the fundamental 

cause-effect relationship between spectral responses and DP. Taking a comparative 

approach between model and historical paper samples, the derivation of the expected 

generalisation error of prediction was explored. The methodology and results of this 

experiment are discussed in Section 3.1 and Chapter 4 respectively. 

2.2.2 Modelling effect of iron gall ink on natural degradation of historical paper 

Iron gall ink was the most important ink in Western history, most popularly used from 

the early Middle Ages until the beginning of the 20th Century. A large proportion of 

historic manuscripts contains iron gall ink, which accelerates the cellulose chain scission 
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of the paper support and leads to loss of mechanical strength over time. This damaging 

effect of iron gall ink has been a major threat to library and archive collections and has 

encouraged extensive research attention into the mechanisms of degradation (Neevel, 

1995; Kanngießer et al., 2004; Remazeilles, Rouchon-Quillet and Bernard, 2004; 

Henniges et al., 2008; Rouchon et al., 2011).  

However, the debate over the roles of metal-catalysed oxidation and acid-catalysed 

hydrolysis is still going on among scholars. Most studies have focused on the chemical 

reactions that take place in a modelled ink-paper system (Rouchon et al., 2011), which 

may only explain the reactions at the interface of ink and paper at the time of ink 

applications. In fact, such reactions have been found to slow down dramatically to an 

equilibrium in ~100 days (Rouchon et al., 2011). Given that most of paper collections 

containing iron gall ink are hundreds of years old, the relevance of such results to guide 

the preservation of these collections may be very low.  

In a recent study carried out by Liu, Kralj Cigić and Strlič (2017), using historical samples, 

evidence was found to support acid-catalysed hydrolysis as the dominant mechanism 

of ink-induced degradation of paper in a real ink-paper system. Furthermore, a linear 

correlation of the rate constant of reduction in DP between paper with ink and paper 

without ink under various experimental conditions was established. The coefficient of 

proportionality was found to be 1.59, indicating that the presence of iron gall ink 

induced approximately 60% faster degradation of paper. This suggests that the 

accelerated damaging effect of iron gall ink on the mechanical strength of paper 

support can be quantitatively described by a general model, even though the 

thousands of historical ink recipes can hardly be fully analysed and understood.  

In the research carried out by Liu, Kralj Cigić and Strlič (2017), DP was used as a measure 

of mechanical strength of paper. DP is a polymer property that is directly correlated 

with the rate of degradation through the Ekenstam equation (Ekenstam, 1936) and has 

been verified to correlate well with bursting strength of ink lines on paper (Kolar and 

Strlič, 2004). Of more importance, DP has been used as an important decision variable 
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to define the damage threshold of historical paper with iron gall ink (Strlič et al., 2010). 

This signifies the potential of the direct use of DP in a decision support system to assist 

collection management in the future. 

Although historical samples were used in the research by Liu, Kralj Cigić and Strlič 

(2017), the results obtained from accelerated degradation experiments still need to be 

validated in the context of natural degradation to be of use with sufficient confidence 

in practice. Due to the difficulty in detecting physicochemical change in the ink-paper 

system during a reasonably short period of time under natural conditions, natural 

degradation experiments have rarely been carried out. Subsequently, there is limited 

data available on the natural degradation of paper either with or without iron gall ink. 

However, three modelling approaches have been attempted to provide insights into 

the natural degradation rate and the factors that affect it. Reduction in DP was used as 

a measure of degradation in all these studies. 

The pioneer attempt was carried out by Zou, Uesaka and Gurnagul (1996a), in which a 

model of the rate of degradation of paper was established based on the kinetic analysis 

of artificially degraded bleached softwood bisulphite and Kraft pulps. The model was 

developed based on the first order rate law, the Ekenstam equation (Ekenstam, 1936), 

and the Arrhenius relationship. The structure of the model followed the Arrhenius 

relationship. The pre-exponential factor was determined in a way that it described the 

dependence of the rate of degradation on moisture content, hydrogen ion 

concentration, and their interaction. Data were obtained from accelerated degradation 

experiments for the determination of the coefficients. The model was applied to the 

data collected from bleach Kraft pulps and handsheets naturally degraded in the dark 

room conditions for 22 years (Zou, Uesaka and Gurnagul, 1996b). A good statistical 

consistency was found between the measured rate and the modelled rate. 

Strlič et al. (2015c) carried out another modelling approach to describe the degradation 

rate of paper. Similar to the model developed by Zou, Uesaka and Gurnagul (1996a), 

this model was constructed based on the Ekenstam equation (Ekenstam, 1936), the 
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Arrhenius relationship, the linear correlation between the rate of degradation in DP 

reduction and the moisture content, as well as the linear correlation between the rate 

of degradation and the hydrogen ion concentration. However, these variables were 

structured additively rather than multiplicatively as in the model developed by Zou, 

Uesaka and Gurnagul (1996a). The coefficients were determined using all the available 

observations of paper degradation in literature, including data collected by Zou, Uesaka 

and Gurnagul (1996a, 1996b). Although this model was fitted with a relatively large 

number of data set, it is worth noting that most of the data were collected from 

accelerated degradation experiments or model samples. The data from naturally 

degraded historical samples were still very limited.  

The third modelling attempt is the only published research so far that has specifically 

looked at the natural degradation of paper with iron gall ink using historical samples 

(Kolar et al., 2006). It focused on the factors that affect the degradation behaviour of 

paper containing iron gall inks: pH, width of ink lines, thickness of paper, water 

absorptivity, and total iron content. Using multiple linear regression analysis, it was 

found that the extent of degradation, defined as colour change on the verso of the 

inked areas on paper, was correlated with the acidity of the inked areas, paper 

grammage, and the width of ink lines. Total iron content was also found to contribute 

significantly to the degradation, but beyond 100 µmol·g-1, as most historical samples 

do, its effect levelled off so that the effect could be described using a constant. 

However, it is worth pointing out that due to the limitation of the use of colourimetry 

as a response variable, the re-interpretation of the results may be considered. Without 

a solid correlation established between the degradation rate and the colour change on 

the verso of the inked areas, the results may only be interpreted as that pH, width of 

ink lines, and thickness of paper have significant impact on a complex function of the 

reduction of mechanical strength, the colour of ink, and the penetration of ink and 

degradation products. Even with this caveat, the results are still important since they 

show that the degradation behaviour of paper in the presence of iron gall ink can 

potentially be generalised regardless of the uncontrollable variation of historical iron 
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gall ink and the possible effect of the accumulated degradation products over time 

(Sistach and Espadaler, 1993; Stijnman, 2006). Further research is needed for the 

development of a dose-response function to describe the general degradation 

behaviour of paper induced by iron gall ink under the environmental impact and the 

factors discussed above. 

Based on the above discussion, the main objectives of this experiment is: to explore 

whether natural degradation rate can be derived from measurable properties of 

historical paper with iron gall ink; whether the proportionality constant of the 

degradation rates of paper with and without ink established from accelerated 

degradation experiments can be validated in the context of natural degradation; and 

whether a general dose-response model can be developed to quantify the synergistic 

effect of the material properties and environmental impacts. Exploratory statistics 

were carried out for the variables that have been identified to be related to the rate of 

degradation, the applicability of the available models was evaluated, and a new 

modelling approach was proposed to provide insights into natural degradation. The 

methodology and results of this experiment are included in Section 3.2 and Chapter 5 

respectively. 

2.2.3 Factorial experimentation on photodegradation of historical paper containing 

iron gall ink 

A thorough understanding of the degradation behaviour of the materials is essential to 

manage their rate of degradation, hence optimise their lifetime. When it comes to the 

discolouration of iron gall ink, it is often assumed that photochemical reactions are the 

dominant causal mechanism (Reißland and Cowan, 2002; Ford, 2014). The 

susceptibility of iron gall ink to discolouration has long been stressed among 

professionals of cultural heritage and in the lighting guidelines for museums, galleries 

and archives (BSI, 2012). However, only sparse observations of ink undergoing optical 

changes ranging from shifts in hue and extreme fading have been informally reported. 

Hardly can any scientific evidence based on systematically designed experiments be 

found to support such statements.  
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Only a limited number of attempts have been made to study the discolouration of iron 

gall ink. These studies are mainly based on conventional light ageing experiments 

(Reißland and Cowan, 2002) and microfading tests (Tse et al., 2010; Ford, 2014) using 

filtered and unfiltered visible radiation generated by a xenon arc lamp. Based on CIE 

(Commission Internationale d’Eclairage) L*a*b* and Blue Wool (BW) Scale (BSI, 2014) 

to assess the degradation of iron gall ink, all of these studies are in agreement that iron 

gall ink is indeed highly sensitive to visible light with the fading rate being equivalent to 

between BW1 and BW3. Ford (2014) further looked at the effect of environmental 

factors on the photodegradation processes indicated by CIE ΔE00 (CIE, 2001; Sharma, 

Wu and Dalal, 2005) and observed that water vapour had no effect on the rate of 

change whereas the absence of O2 was likely to moderately accelerate the 

discolouration of historical iron gall ink on paper. 

To understand these observations better in order to take the results further for 

practical applications, it is necessary to pay attention to the assumptions in these 

studies. The first underlying assumption is that all the observations represent the 

behaviours of iron gall ink independent of its support. Although surface techniques are 

usually used to take the measurements, it has been largely overlooked that samples 

being investigated are typically composite material systems composed of ink and its 

support, being either paper, parchment or papyrus. Although only the ink layer is of 

main interest, the support underneath may be inevitably involved in data acquisition, 

which imposes complexity to the interpretation of the results. 

In fact, the physicochemical interactions that occur between iron containing colourants 

and their substrates have been observed to have critical contributions to the 

photodegradation behaviours of the colourants. Gallotannin dyestuff with iron 

mordants was observed to be less sensitive to light exposure if not applied on paper 

(Hofenk de Graaff, Roelofs and van Bommel, 2004). The photoreduction behaviour of 

Prussian blue (iron(III) hexacyanoferrate(II)) has been found to be dependent on the 

composition, structure, and photosensitivity of the substrate supporting the pigments 

(Gervais et al., 2013, 2014, 2015, 2016; Koestler et al., 2018).  
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There are two possible causes that contribute to these observations of dependence on 

the substrate. First, either the radiation that induces the photodegradation of the 

material systems or that is used to analyse the changes may penetrate through the 

surface layer of iron containing colourants. Although the energy level of visible light is 

relatively low, it has been found that the energy possessed by photons of wavelengths 

from 400 nm to 700 nm is sufficient to penetrate through watercolour paint layers and 

act evenly throughout the bulk of rag paper (Thomas et al., 2010). This suggests that it 

is possible that not only the substrate may also degrade independently from the layer 

of colourants, but also the measurements may be mixtures of signals from both the 

colourants on the surface and the substrate underneath. 

Although little research has specifically explored the dependence of iron gall ink fading 

on paper, it is plausible to assume that the application of iron gall ink on paper creates 

a dynamic system in which material compositions change constantly due to the 

independent photodegradation of paper and ink, and the interactions between them. 

Physical and chemical changes may take place in the interface of ink and paper, leading 

to support-dependent degradation behaviours of ink. Therefore, without verification, 

the acquired data may not permit direct and explicit interpretation and conclusion to 

be drawn on the behaviour of ink. It is critical to clarify whether a single material or a 

material system is involved in the investigations and interpret the results accordingly.  

The second assumption is associated with the assessment of the photodegradation 

behaviour in terms of ‘discolouration’. At the current state of the art, tristimulus 

colourimetry is often used to address discolouration under the assumption that it is 

adequate and equivalent to an assessment of the fundamental physicochemical 

changes in the samples due to photodegradation. However, although colourimetry is 

an established analytical method to investigate chemical reactions, there is a difference 

between the two approaches of colourimetry — spectroscopic colourimetry and 

tristimulus colourimetry.  
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Spectroscopic colourimetry is commonly used in research on reaction kinetics, 

especially when compounds with strong absorption of radiation are involved (Cave and 

Hume, 1952; Dische, 1953; Hone, Haines and Russell, 2003; Beneto and Siva, 2017). It 

is based on the characteristic interactions between photons and electrons at the 

molecular level as well as the relationship between radiation absorption and chemical 

concentrations defined by the Beer-Lambert law (Skoog et al., 2012). Absorption of 

radiation by certain chemical compounds at characteristic wavelengths is usually 

correlated with the concentration of the reactants to gain insights into the reaction 

kinetics. 

Tristimulus colourimetry provides a simple and straightforward way to assess the 

change in materials caused by chemical reactions (Saunders and Kirby, 1994). It is based 

on the tristimulus parameters that CIE mathematically formulated to describe the 

trischromatic nature of human vision perceiving reflected radiation in the visible region 

of the electromagnetic spectrum (400 – 700 nm) (CIE, 2001; Sharma, Wu and Dalal, 

2005). In scientific research, CIELAB is the most widely used colour space to assess 

lightness (L*) and chromaticity in red-green (a*) and yellow-blue (b*), as well as the 

total colour difference (ΔE) (Saunders and Kirby, 1994; Korifi et al., 2013; Brigham et al., 

2018).  

Given the subjectivity brought by the involvement of human perception, the use of 

tristimulus colourimetry as an analytical method needs to be validated by establishing 

correlations between the tristimulus parameters and the analytes of interest. Based on 

these correlations, change in chemical reactions can be quantified (Gray and Wright, 

1964; Rosu, Rosu and Cascaval, 2009). However, such correlations are still absent for 

the ink-paper system. Only direct comparisons between CIE L*a*b* and ΔE have been 

applied to assess the degradation of the ink-paper system (Reißland and Groot, 1999; 

Reißland and Cowan, 2002; Tse et al., 2010; Ford, 2014). Therefore, these results may 

only be interpreted as human visual judgements on the material conditions and their 

correlations with chemical processes of the degradation need to be further verified.  
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The third assumption that has often been taken for granted is that the 

photodegradation of iron gall ink is dominated by illuminance, which is the factor that 

has generally been given the most attention in collection management. In practice, lux 

hours, i.e. illuminance multiplied by time, is commonly used as a measure to control 

the degradation of light sensitive materials (Blades et al., 2017). The exclusive emphasis 

on illuminance may lead to neglect of the effects of other external and internal factors, 

such as temperature, oxygen, humidity, the wavelength of the radiation, the presence 

of photosensitisers, and the material compositions, which are generally identified as 

the most important driving forces in photochemical reactions (Hon, 1975a, 1975b, 

1975c, 1975e, 1975f, 1975g, 1975d, 1976a). 

As one of the most commonly used iron gall ink supporting materials, paper has 

received tremendous interests in photochemistry since the late 19th Century. The 

wavelength of radiation, particularly in the ultraviolet (UV) range, has been found to 

play a decisive role in the degradation reaction kinetics (Stillings and Van Nostrand, 

1944; Launer and Wilson, 1949; Kujirai, 1965; Hon, 1975a). Far and middle UV (λ < 300 

nm) was found to initiate direct photolysis whereas near UV (λ = 388 nm) mainly caused 

photo-oxidation, which can be explained by the higher energy of the photons in far and 

middle UV (95 kcal∙mol-1 at 300 nm) than the energy required for the scission of C-C 

and C-O bonds (80 – 90 kcal∙mol-1) (Phillips, 1963). 

Different kinetics were observed for the effects of moisture content and oxygen 

concentration on the photodegradation of paper (Kujirai, 1965; Hon, 1975b, 1975f, 

1976b). Using UV radiation at 254 nm, where direct photolysis was the main reaction 

mechanism, oxygen played a small role whereas moisture strongly inhibited the 

degradation of cellulose, as indicated by reflectance, viscometric DP, and alpha 

cellulose content (Launer and Wilson, 1943). In contrast, when UV radiation at 388 nm 

and heterogeneous UV radiation were used, the rate of degradation was found to 

increase with increasing oxygen content, as indicated by decreasing DP and increasing 

gaseous degradation products (Stillings and Van Nostrand, 1944).  
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A limited number of investigations into the photochemical degradation of cellulose has 

been carried out under visible radiation. For research on the ink-paper systems, 

heterogeneous radiation in the visible range is of the most interest, not only because 

this is the light source that is commonly used for exhibitions in museums and galleries, 

but also because a number of colourants have been observed to be mainly susceptible 

to visible radiation (McLaren, 1956; Whitmore, Pan and Bailie, 1999). Although further 

confirmation is needed, kinetically, photo-oxidation may be mainly expected for 

reactions under exposure to visible radiation since photons in the visible range carry 

less energy than what is required for the photolysis of most chemical bonds in cellulose. 

Single electron transfer was found to be the major process that most reactions followed 

in cases of photo-oxidation (Bou-Hamdan and Seeberger, 2012; Xiao et al., 2018).  

Although not entirely transferrable from UV to visible radiation, the results carried out 

using UV radiation clearly indicated the significance of the effects of multiple factors. 

Investigating various factors simultaneously imposes great challenges to experimental 

design and data interpretation. In statistics, factorial experimentation provides an 

efficient way to examine the main effects and the interactions between the factors on 

measurable responses of the materials. A full factorial experiment design consists of 

multiple factors, each taking possible values at different levels, and the experimental 

runs taking on all possible combinations of these levels across all factors (Grove and 

Davis, 1992).  

Based on the above discussion, as a contribution to the understanding of the 

photodegradation behaviour of paper containing iron gall ink, this experiment aims to 

investigate the effects of three environmental factors that of primary concern – light, 

humidity and oxygen on the photodegradation behaviour of the ink-paper system. 

Using historical samples, a factorial experiment was designed to gain insights into the 

degradation kinetics and to model the photodegradation behaviour of the ink-paper 

system, in order to generalise the observations for a broad range of material 

compositions in the same category for implementation in conservation practice. 
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2.3 Hypothesis 

Based on the review of the state-of-the-art of the integrated modelling approaches for 

decision support in collection management and the three experiments investigating 

the mechanical degradation and photodegradation of historical paper containing iron 

gall ink, this PhD research is working on testing the following hypothesis:  

In heritage science, the development of dose-response functions is key to support 

decision making for collection management. The results are best achieved using 

historical samples to address the large uncertainty in material properties. Results 

obtained from accelerated degradation experiments can be validated with data 

obtained from naturally degraded historical samples. Factorial experimentation can 

serve as an effective modelling approach for the exploration of the effects of multiple 

factors on the degradation behaviour of cultural heritage materials. 
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3 Methodology 

This chapter describes in detail the methods that were used for the three experiments 

on dose-response modelling of the degradation of historical paper containing iron gall 

ink. For all the experiments, samples, experimental design, instrumentation, data 

collection, and data processing are presented. No physical separation of paper and iron 

gall ink was carried out. For simplicity, ‘paper’ is used to refer to the non-inked areas 

on paper and ‘ink’ is used to refer to the inked areas on paper. 

Three sections are included in this chapter: 

▪ Section 3.1 describes the experimental details for the near-infrared 

spectroscopic method for the characterisation of historical paper containing 

iron gall ink. The results are discussed in Chapter 4. 

▪ Section 3.2 describes the experimental details for modelling the effect of iron 

gall ink on natural degradation of historical paper. The results are discussed in 

Chapter 5. 

▪ Section 3.3 describes the experimental details for the factorial 

experimentation on photodegradation of historical paper containing iron gall 

ink. The results are discussed in Chapter 6. 
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3.1 Near-infrared spectroscopic method for characterisation of historical 

paper with iron gall ink 

This experiment investigates the use of near-infrared (NIR) spectroscopy coupled with 

multivariate analysis for the prediction of DP of paper and ink. Section 3.1.1 describes 

the establishment of the sets of samples and reference DP values used in this 

experiment. A model sample set composed of pure cellulose was used to explore the 

best modelling approach for DP, which was applied to the sample sets of historical 

paper and ink. Section 3.1.2 describes the instrumentation and the collection of the NIR 

spectra from the samples. Section 3.1.3 explains the statistical methods for data 

analyses, including pre-processing of the spectra, partial least squares (PLS) regression, 

and model evaluation. 

3.1.1 Sample sets and reference degree of polymerisation 

The sample sets used for the multivariate modelling of DP using NIR spectroscopy are 

summarised in Table 3.1.1. A sample set of Whatman filter paper No. 1 was prepared 

for a controlled feasibility study. For the preparation of this sample set, samples from 

the same paper sheet of Whatman filter paper No. 1 (viscometric DP (DPv) 2405) were 

degraded in a VWR VENTI-Line® oven (Radnor, US) at 90 °C for up to 5 months. Intrinsic 

viscosity ([η]) of each sample was determined based on BS ISO 5351 (2004) to calculate 

DPv using the Mark-Houwink-Sakurada equation (Evans and Wallis, 1987):  

DP0.85 = 1.1[η],                                                                                                                   [3.1.1] 

where [η] is the intrinsic viscosity value in ml∙g-1. Given the homogeneity of the samples, 

a single determination of DPv was carried out. The uncertainty of DPv determination 

was assessed using the square root of the pooled variance of five random duplicates, 

which gives DPv 55. The uncertainty is also expressed as the coefficient of variation 

(CoV), which gave 1.41% estimated by the average of the CoV of five random samples. 
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Table 3.1.1 Summary of samples used for the calibration and evaluation of the multivariate analysis. 

Samples 
Number of 

samples 
Response 
variable 

Maximum 
value 

Minimum 
value 

CoV 

Model paper 68 DPv 2405.2 468.2 1.41% 

Historical paper 127 DPv 4071.3 424.6 2.33% 

Historical paper 
with iron gall ink 

(EVA) 
44 

DPv 
(converted 
from Mw) 

1445.9 444.3 NA 

Historical paper 
with iron gall ink 

(YL) 
6 DPv 744 438 8.03% 

The same method of DPv determination was used for the sample set of historical paper, 

which contained mostly European rag papers from various sources, spanning from the 

14th to 20th century. Each sample was measured twice, in adjacent areas. The 

uncertainty of the mean of two DPv determinations was assessed using the pooled 

standard deviation of all samples divided by 21/2, which gave DPv 29. The average CoV 

was found to be 2.33%.  

For historical paper samples with iron gall ink (EVA), constrained by limited sample 

availability, molar masses of inked areas were determined using size exclusion 

chromatography (SEC) of carbanilated cellulose instead of using the standard 

viscometric method (Stol et al., 2002). For the SEC analysis, approximately 200 μg 

samples of ink lines were used to determine relative average molar masses using the 

universal calibration approach. The weight-average molar masses (Mw) of carbanilates 

relative to polystyrene standards were converted to absolute Mw using an established 

calibration (Balažic et al., 2008). The absolute Mw was obtained in collaboration with 

University of Ljubljana (Ljubljana, Slovenia). The absolute Mw were then recalculated 

to DPv using the correlation established by Kolar et al. (2012) with a corrected intercept 

(the intercept for weight-average DP (DPw) with iron gall ink was corrected as                                   

y = 90 ± 25 + (1.41 ± 0.04)∙x, R = 0.985 in Fig. 3). 
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3.1.2 VIS-NIR spectroscopy 

VIS-NIR spectral response was collected from the samples in all the sample sets using a 

portable UV-VIS-NIR LabSpec 5000 Spectrometer (Analytical Spectral Device, USA). The 

spectrometer is equipped with three separate detectors: a 512-element silicon photo-

diode array detector for the spectral region 350-1000 nm (the spectral resolution is       

3 nm) and two TE-cooled extended range InGaAs photo-diodes for spectral regions 

1000-1830 nm and 1830-2500 nm (the spectral resolution is 10 nm).  

The spectrometer was operated in a diffuse reflection mode, and a FlorilonTM Standard 

(EFWS-99-02c, Avian Technologies LLC, US) was used for instrument calibration before 

each time a set of measurements were taken. Before taking measurements from the 

samples, the spectrometer was calibrated against Spectralon® Calibrated Multi-

Component Wavelength Calibration Standard (WCS-MC-010, Labsphere, US). The 

spectra were taken in areas of diameter 1 mm using a fibre-optic probe in close contact 

with the surface of the standard at 0° angle.  The result is shown in Figure 3.1.1. This 

figure clearly shows that the spectrometer was able to capture all the characteristic 

peaks at their accurate locations across 350—2500 nm. The difference in absolute 

reflectance values may be due to different setups used for data collection. 

 

Figure 3.1.1 The reflectance spectrum over 350—2500 nm collected by ASD Labspec 5000 compared to 

the reference reflectance spectrum of Spectralon® Calibrated Multi-Component Wavelength Calibration 

Standard (black) provided by the manufacturer.  



 
 

65 
 

Using a FlorilonTM Standard as the sample background during spectra acquisition, 

spectral measurements of the samples were taken in circular areas of 1 mm in diameter 

using a fibre-optic probe in close contact with the samples at 0° angle. Full range 

spectra of 200 scans were obtained from three random spots on a single sheet of each 

sample and the averages were stored and used for further analyses.  

Figure 3.1.2 shows the VIS-NIR spectra of model paper samples (Figure 3.1.2 (a)) and 

historical paper samples (Figure 3.1.2 (b)). It is worth noting that although the 

spectrometer was used in a diffuse reflectance mode, the spectra collected were 

considered to represent both the surface properties and the bulk properties due to the 

penetration of the light. Since a fluorilon was used as the background, it was assumed 

that little transmission occurred during spectra collection. Therefore, the value at each 

wavelength (λ) was considered as (1-absorbance) rather than reflectance. The VIS-NIR 

spectroscopy was performed in a well-controlled laboratory environment (23 ± 0.5 °C 

and 50 ± 5% RH). 
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(b) 

Figure 3.1.2 Reflectance spectra of (a) model paper samples and (b) historical paper samples collected 

by UV-VIS-NIR LabSpec 5000 Spectrometer. 

3.1.3 Multivariate data analysis 

Given that NIR was of the main interest, only spectral range 1000 nm – 2500 nm was 

used for statistical analysis. 2400 nm – 2500 nm were further removed due to low signal 

to noise ratios. After the truncations, the spectra were treated by 1st derivative 

algorithms developed by Savitzky-Golay (SG) (Savitzky and Golay, 1964) to detect 

outliers. Spectra which showed distinct features after  the derivative pre-treatments 

were identified as outliers and were removed before further analyses. None from the 

model sample set and nine samples from the historical paper set were identified as 

outliers in this way and excluded from further analyses. Each sample set was then 

randomly split into two subsets: 2/3 for training and 1/3 for independent test.  
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(a) 

(b) 

Figure 3.1.3 Reflectance spectra of (a) model paper samples and (b) historical paper samples pre-

processed by 2nd order SG derivation with a window width of 49 and 51 respectively and SNV. 

For the training sets, the spectra were pre-treated using SG derivation and standard 

normal variate (SNV) (Barnes, Dhanoa and Lister, 1989) in sequence before partial least 

squares (PLS) regression was carried out to model the relationship between diffuse 

reflectance in NIR and DPv. Figure 3.1.3 presents the reflectance spectra of model paper 

samples (Figure 3.1.3 (a)) and historical paper samples (Figure 3.1.3 (b)) over 1000 nm 

– 2400 nm pre-processed by 2nd order SG derivation with a window width of 49 and 51 

respectively and SNV. The PLS regression models were developed, optimised, and 

selected based on ten-fold cross-validation on the training sets. The number of PLS 
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factors was determined by choosing the number that gave the first local minimum of 

the root mean square error of cross-validation (RMSECV). The models were optimised 

by iteratively selecting ranges of λs that led to the best performance in cross-validation. 

The same treatments and coefficients were applied to the test sets. The performance 

of the models was evaluated by the root mean square error of prediction (RMSEP) of 

the test sets, which was taken as the expected generalisation error in this research. For 

comparison with the data reported in literature (Table 2.2.1), normalised root mean 

square error of prediction (NRMSEP) was calculated based on Equation 2.2.1.  

In cases where transformation was applied to the response variable (DPv), the RMSECV 

and the CoV of cross-validation (RCV
2) were calculated and evaluated in the transformed 

scale whereas the RMSEP and Rp
2 were in the original scale. In this case, the CoV was 

assessed as (eRMSE – 1)▪100%, where RMSE is RMSECV or RMSEP on logarithmic scale 

with a natural base. All the analysis was carried out in MATLAB® 2017a; code can be 

shared upon request.
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3.2 Modelling effect of iron gall ink on natural degradation of historical 

paper 

This experiment is designed to investigate the effect of iron gall ink on paper using data 

collected from naturally degraded historical samples. The goal was to infer the 

relationship between the rate of degradation of paper and ink using the measurable 

known variables. Section 3.2.1 describes the samples used for this experiment. Section 

3.2.2 describes the processes of the determination of DPv of paper and ink, which was 

used as an indication of degradation. Section 3.2.3 – 3.2.5 describe the measurements 

of three variables that were thought to be relevant to reduction of DPv: pH, thickness, 

and width of ink lines, in addition to the age of the samples. 

3.2.1 Samples 

Historical paper documents dating from the 18th to the 20th century, of low historic 

value, were purchased. Among the selected samples were 59 containing single-side 

writing in iron gall ink. Although it is not a large collection of samples, it was considered 

that these samples represented a good variety of historical paper and ink properties 

and should lead to statistically representative observations. Approximately 80% of the 

samples were hand-made paper based on the presence of chain and laid lines. The 

composition of the ink and the degradation stage of the samples varied by visual 

assessment. It was noted that the ink might not have been ‘pure’ iron gall but further 

validation was not carried out. These samples were not the same samples used for the 

NIR spectroscopic study as discussed in Section 3.1. 

3.2.2 Degree of polymerisation 

Paper and ink were sampled from each document for the determination of DPv. Paper 

samples were prepared from areas without apparent discolouration or staining. Ink 

lines were cut out with a scalpel for the preparation of ink samples. Several lines of 

writing were sampled from each document.  
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The intrinsic viscosity η of the samples was determined viscometrically based on BS ISO 

5351 (2004). Due to limited sample availability, especially the ink samples, the standard 

method was optimised by reducing sample weight to ~15 mg and dissolved in 5 mL 

deionised MilliQ water mixed with 5 mL cupri-ethylenediamine solution (1 mol·L-1, 

Merck). A modified apparatus (Figure 3.2.1) was used to enable the performance of at 

least three repeated viscometric measurements in such small quantities, the overall 

uncertainty of which had been tested to be comparable with the standard method 

which is <1% (Liu, Kralj Cigić and Strlič, 2017). No pre-treatment of the samples or 

correction of the measured data was applied for the potential effect of β-elimination 

reactions (Strlič et al., 1998).  

 (a)  (b) 

Figure 3.2.1 The apparatus used for (a) the standard viscometric determination of DPv and (b) the 

modified determination of DPv to suit the reduced amount of sample and reagents. 

DPv was calculated using the Mark-Houwink-Sakurada equation (Equation 3.1.1). A 

single determination of DPv was carried out for each sample. The uncertainty of the 

measurements was considered to be similar with the samples measured in the same 

conditions previously (Liu, Kralj Cigić and Strlič, 2017), where for hand-made historical 

paper, either with or without ink, had an uncertainty of 8% of the DPv determination, 

whereas for machine-made historical paper, paper with ink and without ink, had an 

uncertainty of 7% and 2% respectively. The calculated DPv of paper with ink was 
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corrected for systematic variation in efflux time and the overestimation of cellulose 

content due to the presence of ink by a factor of 1.113 as specified by Liu, Kralj Cigić 

and Strlič (2017). 

3.2.3 pH 

Cold extraction method TAPPI T509 om-02 (2011) was used for pH determination for 

both paper and ink. Inked areas were separated in the same way as for the sample 

preparation for DPv determination. The standard method was optimised for minimal 

sample consumption (Strlič et al., 2004), where 1.0 ± 0.1 mg sample was extracted in 

0.1 mL deionised MilliQ water (Millipore, Molsheim).  A Mettler Toledo SevenGo pro™ 

pH meter and an inLab® 413 SG (PN 51340288) electrode were used to take 

measurements. The typical uncertainty of the pH determination was 0.2 pH unit and a 

single determination was carried out for most cases due to sample and time constraints.  

3.2.4 Thickness 

Paper thickness (resolution 0.001 mm) was determined using a calliper. Results 

represent the averages of three measurements in areas without apparent 

discolouration, damage, staining, or manufacturing variations.  

3.2.5 Width of ink lines 

The width of ink lines was not measured because DP measurements covered a few lines 

of writing in various widths, the average of which was difficult to determine.
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3.3 Factorial experimentation on photodegradation of historical paper 

containing iron gall ink 

This experiment is to investigate the effect of oxygen concentration ([O2]), relative 

humidity (RH), and illuminance (Ev) on the photodegradation of historical paper and ink. 

The preparation of the samples and the setup of the reaction chamber are presented 

in Section 3.3.1. The reaction chamber was built for the control of [O2], RH, and Ev for 

the degradation under both broadband and narrowband radiation. A 23 factorial 

experiment was designed to carry out the accelerated photodegradation. The 

specifications of the levels, the combinations of the levels, and the experimental run 

number are explained in Section 3.3.2. Spectroscopic responses of the samples before 

and during the degradation were collected using a hyperspectral imaging (HSI) system. 

The instrumentation and the procedure of data acquisition are described in            

Section 3.3.3. Section 3.3.4 explains how the hyperspectral images were processed to 

obtain the change in diffuse reflectance of paper and ink for further analyses. Given the 

large amount of data generated in this experiment, the organisation of the data is 

presented in Section 3.3.5. 

3.3.1 Samples and experimental setup 

3.3.1.1 Photodegradation under broadband radiation 

Twenty-three sacrificial historical samples of iron gall ink containing rag paper (18th—

20th century) were collected for this experiment, covering a wide range of ink and paper 

variations in composition and application across history. Each sample was divided into 

eight 1.0 cm x 1.5 cm rectangle subsamples, each for one factorial experimental run. It 

was ensured that each subsample contained similar amounts of ink lines. Stains and 

exceptionally degraded areas were avoided for minimal variations between the 

subsamples in their initial state.  
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Figure 3.3.1 Diagram showing the setup of the reaction chamber for the accelerated photodegradation 

experimental runs. 

The experimental setup is illustrated in Figure 3.3.1. A reaction chamber was built for 

the control of [O2], RH, and Ev at desired levels (Table 3.3.1 and 3.3.2). [O2] (v/v %) was 

regulated by Aalborg GFC aluminium body mass flow controller (Caché Instrumentation, 

UK). V-GenTM Dew Point/RH Generator (InstruQuest Inc., US) was used to regulate the 

RH in the chamber. The desired atmospheres were continuously circulated at 200 

ml∙min-1 through the systems 24 h before and during the irradiation. The temperature 

(T) was kept at 21 °C to limit as much as possible the interference of thermal 

degradation during the experiments. A Light-emitting diode (LED) light bulb (240 V, 13 

W, 1521 lm, Philips, Netherlands) was installed in the reaction chamber. The spectral 

power distribution (SPD) of the LED light source is presented in Figure 3.3.2, which was 

measured using GL SPECTIS 1.0 spectrometer (GL Optic, Poland-Germany). For each 

experimental run, 23 subsamples were attached to a ring of Whatman filter paper        

No. 1 and hung in the ageing chamber supported by the sample holder. The 

environmental conditions inside the chamber were monitored using HOBO Data 

Loggers (U12-012, Tempcon Instrumentation, UK).  
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Figure 3.3.2 SPD of the LED light source used in all the experimental runs. Graph was measured at 

~20000 lx at the position of the high sample holder. 

3.3.1.2 Photodegradation under narrowband radiation 

Five samples were randomly selected for narrowband radiated degradation runs to get 

a further understanding of the wavelength sensitivity of the photochemical reactions 

of paper and ink. All of these experimental runs were carried out in the same reaction 

chamber with the same environmental control as shown in Figure 3.3.1 but with the 

LED radiation (18000 lx) being filtered by bandpass filters (bandwidth ≈ 55 nm) centred 

at 450 nm (XNiteBP450, LDP LLC, US), 525 nm (XNiteBP525, LDP LLC, US) and 625 nm 

(XNiteBP625, LDP LLC, US) (Figure 3.3.3) before it reached the samples. 
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Figure 3.3.3 The specification of the three bandpass filters that were used for the accelerated 

degradation experiments. 

3.3.2 23 Factorial experiment 

A 23 factorial experiment was designed to investigate the effect of [O2] (v/v %), RH 

(p/p %) and Ev (lx) on the photodegradation of iron gall ink-containing paper samples. 

Table 3.3.1 summarises the settings of the two levels for each factor and Table 3.3.2 

presents the combination of the three factors for each experimental run. The 

experimental runs were randomised, however, two runs where [O2] and RH were at the 

same levels were carried out at the same time to achieve the most efficiency in time 

and resource management. Due to time and resource constraints, not all experimental 

runs were carried out for the same length of time. The duration of degradation ranged 

from 12 to 31 days. The low and high [O2] were achieved with N2 and air supply 

respectively. The actual [O2] was not measured due to resource limits and was expected 

to be ~0% and ~20% for low and high levels. For each combination of conditions, the 

volumetric water vapour concentration in the reaction chamber was estimated using 

the formula given by Tetens (1930), which ranged from 0.5% to 1.7% (Table 3.3.1), the 

impact of which may affect an accurate estimate of [O2] but was not investigated 

further in this research.  
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Table 3.3.1 The two levels of the three factors: [O2], RH, and illuminance used in the 23 factorial design 

of experiments. The volumetric water vapor concentration for each condition set is presented in 

parentheses in the 3rd row. 

  Low (-1) High (1) 

[O2] 0% 20% 

RH 20% (0.49%) 70% (1.71%) 

Ev 5000 lx 20000 lx 

Table 3.3.2 The combinations of conditions used for each experiment in the factorial experiments. -1 

and +1 refer to the low and high conditions respectively specified in Table 2.3.2.1.  

Experimental run number [O2] RH Ev 

2 -1 -1 -1 

1 +1 -1 -1 

3 -1 +1 -1 

4 +1 +1 -1 

2 -1 -1 +1 

1 +1 -1 +1 

3 -1 +1 +1 

4 +1 +1 +1 

3.3.3 Hyperspectral imaging 

For the photodegradation under both broadband and narrowband radiation, 

spectroscopic responses in diffuse reflectance were measured for each sample before 

and during degradation at intervals of 1 – 5 days for each experimental run. 

Hyperspectral imaging (HSI) technique was chosen for the measurements of 

reflectance particularly for its high spatial resolution, which allowed precise data 

acquisition from very thin inked areas. The HSI system (Camlin, Lisburn, UK) used in this 

experiment was equipped with a VNIR camera (spectral range: 400 – 1000 nm, spectral 

resolution: 2 nm) coupled with XENOPLAN 2.8/50-0902 lens (Schneider-KREVZNACH, 

Germany) and a halogen light source (manufacturer unknown). Dark calibration was 

carried out with the lens capped, and white calibration was carried out using a 

FlorilonTM Standard (EFWS-99-02c, Avian Technologies LLC, US). Scanning speed (0.8 

mm∙s-1) was determined in relation to the exposure time (50 ms) and the aperture size 
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(f/5.6) of the camera to obtain square pixels. The spatial resolution of the images was 

625 ppi. 

There was a concern that the light exposure during data collection might cause 

degradation of the samples. To gain a better knowledge of the effect of the HSI system 

on sample degradation, T, RH, and Ev received by the samples during data collection at 

a scanning speed of 0.8 mm∙s-1 and a scanning distance of 125 mm were measured 

(Figure 3.3.4). To reduce the amount of light exposure during HSI scanning, the front 

and back parts of the scanner were shaded to restrict light in the area being imaged 

only. As shown in Figure 3.3.4, clearly the shades were effective in reducing Ev and T 

and maintaining RH. The total amount of light exposure a sample received during 

scanning with shades was 254 lx∙h, which is less than 0.3 % of the total light exposure 

a sample received during an interval of the accelerated degradation. Therefore, the 

degradation took place during data collection was considered insignificant. 

 

Figure 3.3.4 T, RH, and Ev a sample received during the scanning for hyperspectral images (scanning 

distance = 125 mm, scanning speed = 0.8 mm∙s-1). 

3.3.4 Pixel separation of paper and ink 

After data collection, the pixels of the hyperspectral images were first spatially 

separated for paper and ink using k-means clustering with cosine distance metric over 
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420 – 870 nm. Examples of the results of the pixel separation are shown in Figure 3.3.5. 

The arithmetic mean spectrum of each cluster was calculated to represent the 

reflectance spectrum of paper or ink for each sample, indexed by sample number and 

time of degradation. It should be stressed that after the pixel separation, the diffuse 

reflectance of ink represented that from the pixels of ink with paper as the substrate. 

No further separation of the reflectance signal from the stratified layers of paper and 

ink was carried out.  

(a) 

 (b) 

Figure 3.3.5 Comparison of (a) historical samples of different types of paper with iron gall ink and (b) 

the separation of pixels of ink from pixels of paper into binary images using k-means clustering over 

420—870 nm. 

An example of the reflectance spectra of paper and ink over time is presented in    

Figure 3.3.6. It is evident that the spectroscopic responses of paper and ink were 

observed in different ranges of wavelength. The change of reflectance of paper mainly 

took place in the visible range, i.e. 420 – 650 nm, whereas for ink little change was 

observed below 600 nm and most change took place in the NIR range. Therefore, the 

diffuse reflectance measured on ink pixels was likely to reflect the photodegradation 

behaviour of iron gall ink, with minimal contribution from the paper underneath. This 

observation provided evidence to support the validity of the approach to study the 

degradation behaviour of ink without removing the paper substrate. 
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(a) 

 

Figure 3.3.6 The diffuse reflectance of (a) paper and (b) ink on sample #109 measured using the HSI 

system over time during accelerated degradation. 

3.3.5 Data organisation 

The hierarchical structure of the processed hyperspectral imaging data is presented in 

Figure 3.3.7. These data were categorised by the type of radiation sources used during 

accelerated degradation, i.e., broadband radiation (400-700 nm, LED) and narrowband 

radiation centred at 450 nm, 525 nm, and 650 nm. Within each category, a data cube 

was constructed for each experimental condition as specified in Table 3.3.2, where the 

horizontal axis represented the λ range of interest (420 – 850 nm), the vertical axis 

represented the samples, and the depth axis represented the time of degradation. 
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Mean data cubes were constructed by averaging the reflectance across all samples for 

each experimental condition, where the first dimension was the experimental 

condition, the second dimension was the average reflectance over the full range of λ, 

and the third dimension was the time of degradation.  
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Figure 3.3.7 Hierarchical data structure of the processed hyperspectral images for analyses. Greyed blocks 

represent the data collected from sampled degraded by broadband radiation. 
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4 Near-infrared spectroscopic 
method for characterisation of 
historical paper with iron gall ink  

This chapter discusses the development of a non-destructive method using near-

infrared (NIR) spectroscopy coupled with multivariate analysis to characterise historical 

paper containing iron gall ink. Specifically, partial least squares (PLS) regression was 

used to predict one of the most important properties of paper as a condition indicator 

– degree of polymerisation (DP). The processes of the development of PLS models for 

predicting DP of paper are discussed in Section 4.1. In this section, the model 

performance is evaluated and the possible sources of error are discussed. Taking a 

similar approach as for paper, the development of models for the inked area on paper 

was attempted and is discussed in Section 4.2. A more in-depth investigation was 

restricted by the small size of the sample set. Section 4.3 presents a case study where 

the developed PLS model for paper was applied to conservation. Captain Cook 

documents from The National Archives (Kew, UK) were analysed to support their 

display, which provided an example of implementations of the developed method to 

support decision making in practice. 

For reference, the literature review and justification for this experiment are presented 

in Section 2.2.1. The methodology is described in Section 3.1.
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4.1 Development of PLS regression model to predict DP of paper—from 

pure cellulose to historical paper 

This section focuses on the development of the PLS regression models for the 

prediction of DP of paper. Based on theoretical justification, Section 4.1.1 explores the 

transformation the DP that leads to the best prediction of DP by PLS regression using 

model paper samples. Using the best transformation of DP, PLS models are developed 

for the sets of model paper and historical paper. Section 4.1.2 discusses the evaluation 

of these models using root mean square error (RMSE) and coefficient of determination 

(R2). To gain insights into the errors, sources that contributed to RMSE of prediction 

(RMSEP) are analysed in Section 4.1.3. In Section 4.1.4, the effect of moisture content 

of the samples on the performance of the PLS models is investigated. 

4.1.1 Transformation of DP as a response variable 

In principle, the cause-effect relationship ensures the true predictive validity of the 

quantitative NIR spectroscopy as an analytical method. For the quantification of 

analytes, this relationship is usually based on the Beer-Lambert Law: 

Absorbance = Ɛ∙l∙c,                                                                                                            [4.1.1]                                                                                                                                                         

where Ɛ is the molar absorptivity (L∙mol-1∙cm-1), l is the path length of the sample (cm) 

and c is the concentration of the analytes of interest (mol∙L-1). This relationship 

indicates that the relative absorbance of NIR radiation may be linearly dependent on 

the concentration of chemical bonds, which can be applied to justify an inference of a 

causal relationship for successful PLS models. However, due to the scattering of light 

and the deviations in absorptivity coefficients at high concentrations of analytes, the 

linearity expressed by the Beer-Lambert Law is limited in practice, especially when 

multiple analytes are present.   

Nevertheless, an insight into the relationship between DP and NIR spectroscopic 

response was attempted. First of all, the relationship between DP and chemical bonds 
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in cellulose was investigated, given that DP itself does not directly represent the 

concentration of chemical bonds. Under the assumption that the oxidised and 

transformed groups in the cellulose fragments are negligible, the amount of three 

characteristic bonds in cellulose in relation to DP can be estimated as the following:  

ng = N – N∙DP-1,                                                                                                                  [4.1.2] 

nr = N∙DP-1,                                                                                                                         [4.1.3] 

nh = 4N + 2N∙DP-1,                                                                                                                [4.1.4]       

where ng is the concentration of β-1,4 glycosidic bonds between the monomers    

(mol∙g-1), nr is the concentration of reducing end groups (mol∙g-1), nh is the 

concentration of -OH of cellulose (mol∙g-1), N is the concentration of monomers    

(mol∙g-1), and DP is the average number of monomers in a cellulose chain. In these 

relationships, the concentrations of the bonds are all reciprocally related to DP. If the 

Beer-Lambert law holds, the absorbance of NIR radiation will be linearly correlated to 

the concentrations of these three bonds in cellulose. Therefore, it was hypothesised 

that a linear relationship is more likely to be found between the reciprocal of DP and 

the measured spectroscopic response which is 1 minus relative absorbance as 

discussed in Section 3.1.2.  

This hypothesis that the reciprocal transformation leads to a good linearity was 

validated using real data. Viscometric DP (DPv) was measured to represent DP in the 

data sets. Using the model paper sample set (Whatman No. 1 filter paper), DPv, DPv
-1 

and ln(DPv) were used as the response variables to build different PLS calibration 

models. The results are presented in Table 4.1.1. PLS scores, which are linear 

combinations of the reflectance at each wavelength (λ) determined by the coefficients 

for each PLS factor, were calculated and investigated. In all the three cases, the scores 

of the first PLS factors explained the majority of the variance in the spectroscopic 

responses. The relationship between the scores of the first PLS factors and different 
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transformation of DPv was compared in Figure 4.1.1. The scores of the first PLS factors 

clearly showed a curved dependency on DPv (Figure 4.1.1 (a)). However, this curvature 

was straightened by a reciprocal transformation of DPv (Figure 4.1.1 (b)), which 

suggested that a reciprocally transformed fit better approximated the linear 

relationship between DPv and PLS factors. Given that DPv is likely to be linearly 

correlated with DP (Łojewski, Zieba and Łojewska, 2010) and the model paper samples 

conditioned at the same temperature (T) and RH are almost exempt from chemical 

compounds except cellulose, the model for DPv by NIR spectroscopy is likely to be 

related to the concentration of the β-1,4 glycosidic bonds, reducing end groups, and     

-OH of cellulose.  To some extent, this may reflect the linear relationship between the 

spectroscopic response and the concentration of these bonds of cellulose.  

Table 4.1.1 Comparison of RMSEP, RP
2, and RCV

2 for models using different transformations of the 

responsible variable DPv of the model paper set. For comparison, all the models were developed using 

the same spectral range 1050-2350 nm. RMSEs are all in the original scale. 

 DPv DPv
-1 ln(DPv) 

RMSE 351 288 200 

RP
2 0.55 0.96 0.86 

RCV
2 0.70 0.89 0.88 

% variance in the spectroscopic response 
explained by the 1st PLS factors 

75% 93% 84% 

Number of PLS factors 1 6 4 
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(a)

(b)
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(c) 

Figure 4.1.1 Comparison of the dependence of the scores of the first PLS factors on (a) DPv, (b) DPv
-1, 

and (c) ln(DPv) as response variables modelled by PLS regression using λ range of 1050 – 2350 nm. 

For comparison, RMSEs for all the models were converted to the original scale, i.e. DPv. 

As shown in Table 4.1.1, a logarithmic transformation of DPv decreased the RMSE by 

76% and 44% compared to DPv and DPv
-1, respectively. Given the Mark-Houwink-

Sakurada equation (Equation 3.1.1) and the equation to calculate limiting viscosity 

number [η]: [η] = h▪t/c, where h is the viscometer constant (s-1) obtained through 

calibration, t is the efflux time of the test solution (s), c is the concentration of the 

cellulose content of the paper sample in the cupri-ethalynediamine (CED) solution 

(g∙mL-1) (BS ISO, 2004), the errors from the direct measurements of the efflux time and 

the concentration are likely to be symmetrically distributed random errors on a 

logarithmic scale, which is appropriate for a linear least square fit. Therefore, ln(DPv
-1) 

was considered as the most appropriate transformation of DPv for model calibration, 

which was simplified as ln(DPv).  



 
 

88 
 

4.1.2 Model performance 

Using a logarithmic transformation of DPv, PLS regression analysis was carried out for 

the data sets of model and historical paper. Table 4.1.2 summarises the pre-processing 

algorithms (details explained in Chapter 2), the spectral range, the number of PLS 

factors, and the performances of the models that were found to have the best 

predictive capability for the model paper sample set and the historical paper sample 

set. No outliers were excluded during model calibration and validation. Wide window 

widths were used for the pre-processing by SG derivatives suggesting that the spectra 

might be noisy. RMSEs of cross validation (RMSECV) were reported in logarithmic scales 

whereas RMSEs of prediction (RMSEP) and normalised RMSEPs (NRMSEP) were 

reported in DPv for comparison. NRMSEPs of both models were below the average 

reported in literature (Table 2.2.1). 

Table 4.1.2 Summary of the parameters and the results of the PLS regression for DPv. RMSECVs were 

assessed on logarithmic scale whereas RMSEPs and NRMSEPs were calculated on logarithmic scale and 

converted to the original scale, i.e. DPv. The coefficient of variation for the training and test sets are 

presented in the parentheses. 

Data set Pre-
processing 
algorithms 

Spectral 
range 
(nm) 

Number 
of 

factors 

RMSECV RCV
2 RMSEP NRMSEP RP

2 

Model 
paper 

SNV, SG 
2nd 

derivatives 
(window 
width 49) 

1154 – 
1644 

4 0.08 
(8.81%) 

0.95 112 
(7.66%) 

0.06 0.96 

Historical 
paper 

SNV, SG 
2nd 

derivatives 
(window 
width 51) 

1315 – 
1745, 

1895 – 
1945, 

2125 – 
2185 

8 0.20 
(22.15%) 

0.82 185 
(18.38%) 

0.05 0.93 

The model paper sample set was used for a controlled study of the NIR spectroscopy 

as an analytical method for predicting DPv. Figure 4.1.2 presents the PLS regression 

results for the model paper samples. Although the model paper samples were 

chemically degraded, DPv was considered as the dominant varying property of these 

samples. The changes in the cellulose of these samples are likely to be mainly related 



 
 

89 
 

to the scission of cellulose chains with little effects originating from naturally occurring 

paper components and degradation products, which could potentially complicate the 

NIR modelling and increase the prediction errors. As shown in Figure 4.1.2, the good 

linearity between the reference values and the modelled values in both training and 

test sets of model paper demonstrated that a linear relationship between the 

spectroscopic response and DPv could be established by PLS regression. The RMSEP of 

DPv for model paper set was 112, ~8% across the DPv range 468 – 2462, which can be 

considered as a baseline of the expected generalisation error for DPv prediction of 

cellulosic materials.  

 

Figure 4.1.2 Correlations between the modelled DPv by PLS regression and reference DPv measured 

chemically for (a) training and (b) test data sets of model paper samples consist of Whatman filter paper 

No. 1. Parameters presented in Table 4.1.2 were used for the PLS regression analysis. Note that data of 

the training set are presented on logarithmic scale whereas data of the test set are presented in the 

original scales, i.e. DPv. 

Wavelength assignment of NIR spectra is rather complicated due to many broad and 

overlapping bands corresponding to overtones and combinations of fundamental 

vibrations in the mid- and far-IR region (Naes et al., 2002). Several types of molecular 

vibrations of cellulose active within the NIR region are provided by Workman and 

Weyer (2012). However, the PLS regression analysis for the sample set of model paper 

y = x y = x 

(a) (b) 
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gave an idea of the most critical spectral range for DPv prediction, which was roughly 

from 1150 nm to 1650 nm, including bands of the 1st overtone assigned to -OH 

stretching (1428 – 1591 nm) (Inagaki et al., 2010) and 3rd overtone assigned to aldehyde 

and ketone (1436 – 1478 nm) and conjugated aldehyde (1461 – 1495 nm) (Robert and 

Caserio, 1977). 

The historical paper set required more complicated calibration models with wider 

spectral range and more PLS factors than the model paper set (Table 4.1.2). The results 

of the PLS regression analysis for the historical paper samples are presented in Figure 

4.1.3. Good linearity was also obtained between the reference DPv and the modelled 

DPv, however, larger scatter of the data led to bigger errors. This is likely to be a 

reflection of the complexity of the historical paper regarding the inhomogeneity of 

physical and chemical properties, including surface texture, thickness, fibres, sizing, and 

filler materials as well as the degradation products. The coefficient of variation (CoV) 

of ~20% may be expected for historical sample set across the DPv range of 427 – 4071.  

 

Figure 4.1.3 Correlations between the modelled DPv and reference DPv measured chemically for (a) 

training and (b) test data sets of historical paper samples. Parameters presented in Table 4.1.2 were used 

for the PLS regression analysis. Note that data of the training set are presented in logarithmic scales 

whereas data of the test set are presented in the original scales, i.e. DPv. 

y = x y = x 

(a) (b) 
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4.1.3 Error evaluation 

To gain insights into the errors of DPv prediction by NIR spectroscopy coupled with PLS 

regression (NIR-PLS), RMSEP was used to represent the expected generalisation error. 

Mean square error of prediction (MSEP) was derived as: 

MSEP = σ2 + Bias2[f(x)] + Var[f(x)],                                                                                  [4.1.5] 

where MSEP is the square of RMSEP, σ2 is the sample variance in reference DPv, Bias[f(x)] 

is the deviation of the PLS regression model from the true model, and Var[f(x)] is the 

variance in the predicted DPv of the test data sets. The details of the derivation of the 

three sources of the expected generalisation error are presented in Appendix I.  

The pooled standard deviation of the reference DPv specified in Table 3.1.1 was used 

to represent the σ for model and historical paper samples. The variance of the 

predicted DPv was estimated as one third of the pooled variance of 20 duplicates 

randomly selected from the sample sets. Measurements were taken from two different 

spots which gave standard deviation of DPv 98 and DPv 129 for model paper samples 

and historical paper samples respectively. The bias of the PLS regression model from 

the true model was difficult to quantify directly. Therefore, the percentage contribution 

of bias2 was inferred by subtracting the contributions of the variance of reference DPv 

and predicted DPv using NIR spectroscopic data from 100%.  

Table 4.1.3 summarises the percentage contributions from the variance of reference 

DPv, the variance of the predicted DPv, and the bias of the model. Unexpectedly, the 

variance of reference DPv of the historical paper samples was evidently smaller 

compared to that of the model paper samples, which may be the result of 

underestimation of the variance due to adjacent sampling for DPv measurements. 

According to recent research, estimated by triple random sampling, the CoV of 

machine-made paper samples was found to be ~2% and the variance of historical rag 

paper samples may range from 8% to 9% estimated by triplicates. Given that 90% of 

the reference samples were historical rag paper, CoV of the historical paper sample set 
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was corrected by a factor of 4 and the corrected results are presented as Historical 

paper’ in Table 4.1.3.  

Table 4.1.3 Summary of the percentage contributions of the three sources to MSEP. Historical paper’ 

represent the results where the CoV of historic paper was corrected by a factor of 4 for the possible 

underestimation of variance in reference DPv. 

Samples 
Variance of reference 

DPv (σ2) 
Variance of predicted 

DPv (Var[f(x)]) 
Bias of model 

(Bias2[f(x)]) 

Model paper 12% 77% 11% 

Historical paper 2% 49% 49% 

Historical paper’ 40% 49% 11% 

For both model and historical paper samples, the variance of predicted DPv was found 

to contribute most to the total variance estimated by MSEP. Various sources can cause 

the variance in prediction, including the instrumentation and the chemical and physical 

inhomogeneity due to the sample properties and the measuring procedures. Given that 

the percentage contribution of Var[f(x)] of model paper samples (~77%) was found 

higher than historical paper samples (~49%), and model paper samples were inherently 

much more homogeneous in chemical and physical properties than the historical 

samples, it is likely that the measuring procedures and the instrumentation contributed 

the most to the variances. This is consistent with what Lu et al. (1998) reported that 

the performance of the models for natural materials were sensitive to random noise in 

the spectra. 

After correction, the variance of the reference DPv contributed ~40% of the total 

variance of historical paper samples whereas ~12% contribution was estimated for the 

model paper samples. This led to an estimation of ~90% of the total variance coming 

from the samples and ~10% from the bias of the PLS regression model from true model 

in a square term, for both cases of model and historical paper samples. This estimation 

provided supporting evidence that the PLS regression model is capable of quantifying 

the DPv of paper with high accuracy and precision, regardless of the variation and 

inhomogeneity in the chemical and physical properties of the samples.  
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Based on the above discussion, the precision of the prediction of DPv by NIR-PLS is likely 

to be mainly limited by the precision of the measurements from the samples, both for 

the reference values and the predicted values. Since it is difficult to improve the 

precision of the viscometric method, investigating the variance associated with the NIR 

spectroscopy is crucial to minimise RMSEP. The observed proportionality between 

Bias2[f(x)] and the total variance of prediction suggests that ~10% contribution from 

model bias can be generally expected from similar approaches, even with the presence 

of sources of variation in chemical and physical properties other than DPv.  

4.1.4 Effect of moisture content of samples 

It is well known in practice that NIR spectroscopy is sensitive to the moisture content 

of the samples because the O-H bond is particularly active and intense due to the large 

mass difference between the atoms. According to Workman and Weyer (2012), the NIR 

spectral range covers multiple O-H vibration of H2O including a strong absorption at 

1930 nm.  

However, the effect of moisture content of samples on quantitative NIR prediction of 

DPv has not been systematically studied. Since the chemical compositions of the 

samples are complex and the bond vibrations related to DPv may not be dominant 

compared to others, the sensitivity of predictions on changing moisture content may 

not be straightforwardly derived. Given that the quantitative NIR models are usually 

developed using samples conditioned in controlled environments, typically 23 ± 0.5 °C 

and 45% ± 5% RH in a laboratory (ISA, 2006), it is of importance to understand the effect 

of moisture content on the predicted DPv for robust applications in practice where the 

moisture content of the samples may vary greatly. 

Triplicate samples of Whatman filter paper No.1 and historical rag paper were 

conditioned at different moisture contents by equilibrating the samples at the same T 

(23 ± 0.5 °C) but varying RH (20% – 80%) in a climate chamber. NIR spectra of each 

sample were collected from three random spots at different moisture contents and the 

averages were used to calculate the predicted DPv using the PLS regression models 
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developed according to the parameters specified in Table 4.1.2. Samples were weighed 

before and after each set of NIR measurement was taken and the averages were used 

to calculate the mass change in the conditioned samples. Relative moisture contents 

were expressed as the percentage mass change in the samples compared to the sample 

mass weighed at 23 °C and 50% RH at which the NIR-PLS model was developed. 

Figure 4.1.4 presents the scatter plots of the predicted DPv in relation to the percentage 

mass change for Whatman filter paper No.1 (Figure 4.1.4 (a)) and historical paper 

(Figure 4.1.4 (b)). Substantial change in the predicted DPv of model paper was observed 

when the moisture content fluctuated between -3% and +5%. This observation 

suggested that the NIR-PLS model for DPv of Whatman filter paper No. 1 developed at 

a single moisture content was not robust to varying moisture contents, although the 

spectral range including the most intense -OH vibration of H2O was excluded from the 

model.  

However, the dependency of predicted DPv of model paper on the relative mass change 

due to the change in moisture content is likely to be approximated exponentially across 

the range investigated. Transformed on logarithmic scale with base 10, this 

dependency can be approximated with a good linear fit over the range ±3% (Residual 

Sum of Squares = 0.02, R2 = 0.99). Therefore, in the case of model paper, the NIR-PLS 

model developed at a single moisture content can be extrapolated for predictions at 

other moisture contents, which roughly corresponds to a conditioning environment of 

30% – 70% RH at 23 °C, estimated by the equation developed by PaltaKari and Karlsson 

(1996). 
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 (a) 

 (b) 

Figure 4.1.4 The dependency of DPv predicted by NIR spectroscopy on the moisture content of (a) model 

paper and (b) historical paper. The empty circle represents the reference DPv values measured by 

viscometry and the error bars represent the standard deviation of the triplicate DPv values predicted 

using the NIR-PLS model. For the model paper samples, the error bars are invisible compared to the 

magnitude of the change in DPv caused by the change of moisture content. 

In contrast, the variation of the predicted DPv of historical paper was observed to be 

within the range of the uncertainty of predictions when the moisture content of 

samples fluctuated within ±3%. This observation suggests that the NIR-PLS model for 

historical rag paper was likely to be reasonably robust to the change of moisture 

content in the samples, thus no correction may be necessary for the application of the 

NIR-PLS model to the samples with different moisture contents. This stability in 

prediction may be partially explained by the observation made by                                          
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Kato and Cameron (1999) that ageing changes the void structures in cellulose, which 

increases its structural resistance to the disruption caused by water absorption. It is 

worth noting that there was an increasing tendency of the uncertainty as the moisture 

content increased, which may be an indication of the inhomogeneity of the structural 

change caused by ageing and may limit the accuracy of the predictions at extreme 

moisture contents. 
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4.2 Development of PLS regression model for DPv of paper with iron gall 

ink 

As presented in Table 3.1.1, only 44 samples of historical paper with iron gall ink were 

available as a reference collection for the development of the NIR-PLS models. Based 

on the discussion on paper without ink in Section 4.1 and given the complexity that the 

presence of iron gall ink adds to the samples, it was very difficult to establish PLS 

regression models that gave satisfactory predictions with the small sample set. 

Acquiring a reference collection with a sufficient number of samples of paper with iron 

gall ink was considered as the first essential step for successful NIR-PLS modelling. 

However, it was extremely challenging to achieve this goal given the timeframe and the 

resources that were available for this experiment. 

Nevertheless, an alternative approach was attempted. A close look at the difference 

between the spectra from the inked and non-inked areas on the same paper sample 

revealed that iron gall ink was almost transparent to NIR radiation (Figure 4.2.1). Based 

on this observation, it was hypothesised that the information in the NIR spectra of 

paper with ink was mainly from cellulose. Based on this hypothesis, a preliminary test 

was carried out where the DPv values of the non-inked and inked areas on six historical 

samples (YL samples in Table 3.1.1) were predicted using the NIR-PLS model developed 

for historical paper (Table 4.1.2). The EVA samples in Table 3.1.1 were not used because 

they were analysed by size exclusion chromatography instead of viscometry. The 

conversion of DPv from Mw may bring unnecessary complication.  
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Figure 4.2.1 Comparison between the spectra collected from inked and non-inked areas in the same 

document (YL1). 

Figure 4.2.2 presents the relationship between the predicted DPv by the NIR-PLS model 

developed for historical paper and the measured DPv by the standard viscometric 

method. Data points from both paper with ink and paper without ink are presented. 

With the limited number of data points, a linear trend clearly emerged. Although the 

presence of ink was likely to cause more scatter to the correlation, this approach 

provided an alternative in modelling the DPv of inked paper which may be validated 

with more data points when they become available in the future. 

0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

300 500 700 900 1100 1300 1500 1700 1900 2100 2300 2500

R
ef

le
ct

an
ce

λ/nm

YL1 with ink

YL1 without ink



 
 

99 
 

 

Figure 4.2.2 Scatter plot showing the correlation between the modelled DPv using the PLS regression 

model developed for historical paper and the reference DPv obtained by the standard viscometric 

method. 
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4.3 Application of NIR spectroscopic methods in conservation 

The quantitative NIR spectroscopic analysis was applied to assess the condition of 

several Captain James Cook documents at The National Archives (TNA, Kew, UK) to 

make recommendations for treatments, handling, and environmental conditions for 

storage and display. The analysis focused on five documents that had been selected for 

exhibitions at the British Library and the National Archives of Australia in 2018:           

ADM 53/40, ADM 51/4547, ADM 55/107, ADM 51/4561, ADM 55/124, some of which 

contained multiple bindings. Pages for analysis were selected across each binding both 

randomly and based on the interest of the conservation group at TNA. Possible pre-

existing treatments were not analysed. 

NIR spectra of the selected pages in the five Cook documents were taken from paper 

and DPv was obtained using the NIR-PLS model as specified in Table 4.1.2. Only non-

inked areas were analysed. Table 4.3.1 summarises the results of the average DPv 

determinations for the five Cook documents. Both the average DPv of each page and 

the average DPv of each document are presented with the calculated standard 

deviations. Homogeneous results across the bindings were obtained for ADM 53/40, 

ADM 51/4547, ADM 55/107, ADM 55/124, suggesting every page in each of these 

documents was in a similar condition in terms of mechanical strength. Inhomogeneity 

in DPv was observed for ADM 51/4561, in which pages 147, 171, and 237 showed 

distinctly higher DPv than the rest of the pages. This is likely because ADM 51/4561 had 

several individual bindings with variations in the type of paper used for each binding. 

The past environment for each binding may have also contributed to the variations in 

their current conditions.  
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Table 4.3.1 Summary of the average DPv of paper determined using quantitative NIR spectroscopy for 

Cook documents at The National Archives. The average DPv of each page was calculated using 

measurements of three random spots. STDEV represents of the standard deviation of the predictions for 

each page/book. The values for which handling under supervision is recommended are highlighted in 

bold. 

File number 
Page 

number 
Page-average 

DPv 
STDEV 

Book-average 
DPv 

STDEV 

ADM 53/40 

19 569 60 

569 68 

49r 456 15 

73 609 107 

127r 578 101 

145 635 60 

ADM 
51/4547 

88 736 24 

872 97 

117 848 109 

199 1007 74 

208 790 155 

277 832 82 

298 950 126 

310 938 63 

ADM 55/107 

5 687 80 

836 146 
130 929 52 

137 733 118 

191 939 194 

ADM 
51/4561 

6 393 26 

1097 561 

46 905 104 

57 721 66 

89 938 57 

118 679 110 

147 1618 239 

171 1466 220 

237 2055 286 

ADM 55/124 

2v 784 100 

708 40 5v 800 20 

62 538 51 

 

The average DPv of all the analysed pages were above the threshold value for safe 

handling, which is DPv 300 suggested by Strlič et al. (2015b). According to Strlič et al. 

(2015b), for historic paper of European origin from mid-19th to mid-20th century, with 
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DPv between 300 and 800, the rate of accumulation of wear and tear depends on the 

number of instances of handling. Although the relevance of this result to historic paper 

as early as the Cook documents (18th century) may need further investigation, it can be 

used as a guidance for damage thresholds. Under this guidance, ADM 53/40 and ADM 

55/124 were found to have relatively low mechanical strength and handling under 

supervision was recommended. The first few pages of ADM 51/4561 were found to 

have degraded faster than the rest of the document, therefore, extra attention may be 

needed when handling these pages. The rest of the documents were generally in good 

condition for handling. With average DPv above 800, the accumulation of wear and tear 

of these documents may not be a significant concern of collection management at the 

moment.  



 
 

103 
 

4.4 Summary of results 

This section discussed the development, analyses, and applications of the NIR-PLS 

models to predict DP of paper. Using model paper as a controlled sample set, 

logarithmic transformation of DPv was proved to be the response variable that well 

captured the linearity with the spectroscopic responses from the samples. The error of 

the model was ~8% (DPv 112) for model paper and ~20% (DPv 185) for historical paper. 

In both cases, the deviation of the NIR-PLS model from the true model was found to 

contribute the least to the total error of DPv prediction among the sources of the error, 

whereas the variance of the predicted DPv was found to contribute the most. This 

suggests that NIR-PLS models can predict DP of paper with high performance, however, 

minimising the variance of predicted DPv, which may be associated with 

instrumentation and operational procedures, is essential to improve the model 

outcomes.  

 

The model for historical paper was found to be robust to changing moisture contents 

of the samples, therefore, this model can be directly applied to paper objects 

conditioned in various environments to obtain DPv. A case study was carried out to use 

this model to assess the conditions of Captain James Cook documents at TNA to support 

their storage and display. Pages whose predicted DPv was under 800 were 

recommended to be handled with extra attention and care. In addition, although 

difficulty was encountered to develop the NIR-PLS models for the inked areas on paper, 

applying the models for historical paper to the inked historical paper showed promising 

results. Future research will investigate this approach in more depth with larger data 

sets. 
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5 Modelling effect of iron gall ink on 
natural degradation of historical 
paper 

This chapter discusses modelling the increased degradation of historical paper in 

mechanical strength induced by the presence of iron gall ink. This modelling approach 

uses data directly acquired from naturally degraded samples as a validation of the 

results obtained from artificially degraded historical samples. Degree of polymerisation 

(DP) is used as an indication of the degradation state of the samples. Other factors, 

such as age, thickness, and pH are explored as possible explanatory variables.  

This chapter contains four sections. In Section 5.1, justification of the use of DP 

measured viscometrically (DPv) is first given to clear up any scepticism about the 

methodology. Section 5.2 explores the relationships between age, thickness, pH, and 

DPv for both paper with and without iron gall ink. Based on the exploratory analysis, 

Section 5.3 attempts to quantify the correlation between the rate of degradation of 

paper without ink (Kp) and the rate of degradation of paper with ink (Ki). Two dose-

response models available in the literature are examined and a new approach is 

proposed based on the rate law and the Ekenstam equation. A summary of the results 

is presented in Section 5.4.  

For reference, the literature review and the methodology for this experiment are 

discussed in Section 2.2.2 and Section 3.2 respectively. Without specific explanation, 

the rate of degradation refers to the rate of cellulose chain scission. 
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5.1 Use of viscometric DP 

There have been a number of discussions on whether viscometric DP (DPv) represents 

the true DP of cellulose, given possible additional chain scission caused by the alkaline 

cupriethylenediamine (CED) solution used for the measurements. Therefore, it is worth 

gaining insights into whether β-elimination, the reaction that leads to further chain 

scission of oxidised cellulose in CED solutions, invalidates the use of DPv obtained 

without pre-treatment or correction.  

Indeed, the formation of carbonyl moieties, reducing end groups, and oxidised carbonyl 

groups have been shown to occur at a faster rate in inked paper than non-inked paper 

(Potthast, Henniges and Banik, 2008). This in principle can lead to a larger amount of 

accumulated oxidised carbonyl groups. However, it should be noted that the same 

research also shows that the relative number of oxidised units compared to the 

reducing end groups in inked paper (~0.3-0.56) does not exceed non-inked paper 

(~0.81). This was observed even in the presence of copper, where high degree of 

oxidation of the inked paper was expected. Considering the uncertainty of the 

measurements and the variability of historical samples, these observations suggest that 

the degrading effect of CED due to β-elimination reactions on inked paper should be 

very similar to non-inked paper.  

This statement is supported by the results obtained by Kolar et al. (2012), Łojewski et 

al. (2010), and Kes and Christensen (2013). Using the same techniques for weight-

average DP (DPw) and the same Mark-Houwink coefficients (K = 1.87 cm3 ∙ g-1, α = 0.77) 

for DPv, Kolar et al. (2012) established DPw = 1.4 DPv for inked paper across DP 100-

1200, while for non-inked paper, Łojewski et al. (2010) obtained DPw = 0.66 DPv across 

DP 150-1000 and Kes and Christensen (2013) obtained DPw = 1.12 DPv. Given the 

sample variations and the inter-laboratory reproducibility of the measurements, the 

coefficients for DPw ~ DPv are in reasonably good agreement. This confirms that little 

difference may be detected in terms of alkaline chain scission of oxidised cellulose by 

CED between inked and non-inked paper. Therefore, although DPv may not be identical 
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to the true DP, it gives statistically valid values for a comparative study to quantify the 

correlation between the rate constants of historical paper with iron gall ink and 

historical paper without iron gall ink.  

Regarding possible pre-treatments and corrections, Strlič et al. (1998) investigated the 

effectiveness of pre-treatments in the presence of oxidised carbonyl groups in cellulose 

using DPv. Aqueous solutions of H2O2, NaClO and KIO4 were used as oxidants. It was 

shown that particularly for KIO4-oxidised cellulose with a high content of carbonyl 

groups, viscometry could significantly underestimate DP. However, since H2O2-induced 

oxidation proceeds via the same species that are found in the oxidation of cellulose, 

such as hydroxyl radical, superoxide and similar (Kolar, Strlič and Pihlar, 2001; Kočar et 

al., 2002), naturally oxidised cellulose is more akin to H2O2-oxidised cellulose. The 

benefit of a reduction pre-treatment by NaBH4 in this case did not exceed 0.2-4.3%, 

which does not provide a statistically significant benefit in relation to the uncertainty 

in DP due to inhomogeneous paper or ink composition, which is typically  >8% for 

historical papers (Liu, Kralj Cigić and Strlič, 2017).  
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5.2 Exploratory data analysis on degradation of paper with iron gall ink 

Although still a small sample set in the context of ‘big data’, the 59 dated historical 

paper samples with iron gall ink has been the largest data set so far to study the effect 

of iron gall ink on the natural chain scission of paper in heritage science studies. At the 

first stage of this investigation, age, DP, and pH of both inked and non-inked paper, as 

well as the thickness of paper were considered as important variables to explore their 

relationships with the rate of natural degradation. DP refers to the values measured 

viscometrically. 
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(e) (f) 

Figure 5.2.1 Frequency plots showing the distribution of the properties of the 59 samples that were 

studied in this research: (a) age of the documents, (b) thickness of paper, (c) DP of paper without ink, (d) 

DP of paper with ink, (e) pH of paper without ink, and (f) pH of paper with ink. 

Figure 5.2.1 presents the distributions of the properties of all the historical paper 

samples with and without iron gall ink. Although paper may have been used for writing 

some time after its production, the time difference was considered minimal compared 

to the age of the paper. Therefore, the inked and non-inked areas on paper of the same 

document were considered to have the same age, which ranged from one to five 

centuries with half of the samples being two to three centuries old (Figure 5.2.1 (a)). 

Not much difference was found in the thickness of the paper samples, which was 

mostly within 0.1 – 0.2 mm (Figure 5.2.1 (b)). 

The DP of paper without ink (DPp) ranged from DP 400 to DP 2600 and had a distribution 

that looked approximately normal (Figure 5.2.1 (c)). Evidently, there was a shift towards 

low DP values for paper with ink (DPi) resulting in a peak between DP 500 and DP 1000 

(Figure 5.2.1 (d)), indicating that iron gall ink indeed induced faster degradation of the 

paper support than when it was absent. Similarly, the presence of iron gall ink caused 

a slight acidic shift in pH, although the overall pH of paper without ink (pHp) and pH of 

paper with ink (pHi) remained similar (pH 4 – pH 7) and all the samples were acidic 

(Figure 5.2.1 (e) and (f)). 
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Figure 5.2.2 Scatter plots showing the correlations between DP-1 and age for both paper with and 

without iron gall ink. 

The correlation between DP and time of degradation is commonly expressed by the 

Ekenstam equation (Ekenstam, 1936): 

K∙t = 1/DPt – 1/DP0,                                                                                                           [5.2.1] 

where K is the rate of degradation in cellulose chain scission in mol∙g-1∙s-1, t is the time 

of degradation in s, DPt is the DP at time t, and DP0 is the initial DP at the time when 

degradation starts. Based on this equation, Figure 5.2.2 explores the relationship 

between DP-1 and t for the 59 historical paper samples with and without iron gall ink. 

Large scatter in both sets of data was observed, suggesting that there may be a large 

variation in DP0 of the samples. No clear relationship was observed between DPi
-1 and 

t while a linear correlation seemed to emerge between DPp
-1 and t. However, the 

regression coefficient of this linear relationship was unlikely to represent the 

degradation rate of paper (Kp). This is because in Figure 5.2.2, the trend of the data 

scatter suggested that the older paper samples had lower DPp
-1 therefore higher DPp. 

Since DPp is unlikely to increase over time, this observation was likely to reflect the 

change of paper production in history where DPp at the time of production decreased 

over time.  
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Figure 5.2.3 Scatter plots showing the relationship between DP-1 and pH. The data points in red were 

identified as outliers from the data set of paper without iron gall ink. 

The relationship between paper degradation and acidity has been discussed by a 

number of researchers (Zou, Uesaka and Gurnagul, 1996a, 1996b; Strlič et al., 2015c). 

Based on these studies, the relationship between pH and DP-1 was explored and the 

results are presented in Figure 5.2.3. As shown in this figure, a linear correlation 

between DPp
-1 and pHp was observed. Since DPp

-1 is correlated to Kp according to 

Equation 5.2.1, this correlation confirmed that Kp was affected by the acidity of paper. 

The more acidic a paper sample is (in which case the pHp is lower), the lower the current 

DPp is after years of natural degradation. 

Considering this relationship between DPp
-1 and pHp (Figure 5.2.3) and the emerging 

correlation between DPp
-1 and t (Figure 5.2.2), a multiple linear regression was carried 

out for DPp
-1 using pHp and t as explanatory variables. The results of the regression 

analysis are presented in Table 5.2.1. These results indicated that DPp
-1 depended on 

both age and the acidity of paper, where pHp showed a much larger impact on DPp
-1 

than t. Although there is still much unexplained variance in this regression, possibly due 

to the inhomogeneity in the initial DPp (DPp0), this linear dependence of DPp
-1 on pHp 

and t provided an easy statistical alternative to estimate DPp based on its pH and age, 

which is more accessible in practice than a conventional viscometric method.  
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Table 5.2.1 Summary of the estimated coefficients of the multiple linear regression model for DPp
-1. SE 

represents the standard error of the estimated coefficients, t-stat and p-value indicate the significance 

of the estimated coefficients, RMSE represents the root mean square error of the fitted models, and R2 

indicates the goodness-of-fit of the fitted models. 
 

Estimated coefficients SE t-stat p-value 

(Intercept) 3.07E-03 2.70E-04 11.37 6.04E-16 

t -7.62E-07 3.30E-07 -2.31 2.48E-02 

pHp 3.60E-04 4.90E-05 -7.32 1.23E-09 

Number of observations: 57, Error degrees of freedom: 54, 

RMSE: 0.000171, R2: 0.61, p-value = 1.2e-11. 

Figure 5.2.2 and Figure 5.2.3 also demonstrate that the presence of iron gall ink led to 

more data scatter which obscured the relationships between DPi and t and between 

DPi and pHi. No clear dependence of DPi on pHi or t was observed. However, a 

correlation between DPp and DPi was found, which could be most prominently shown 

on base-10 logarithmic scale (Figure 5.2.4). Given that DPp0 and DPi0 are unknown and 

may vary greatly, this correlation can hardly be explained at this stage with such a 

limited number of known parameters. However, this linear correlation implies that the 

degradation behaviour of paper and paper underneath ink lines are related. The slope 

of the observed relationship between log(DPi) and log(DPp) is less than 1.  Since DPp0 

and DPi0 were presumably identical, this implies that the inked paper degraded faster. 

Based on the regression coefficient, DPi can be statistically approximated as DPp
0.7. 

Considering that it is much more difficult to obtain DPi than DPp, both destructively and 

non-destructively as discussed in Chapter 4, this correlation provides a useful 

alternative for a general estimation of DPi for naturally degraded samples in practice. 
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Figure 5.2.4 Scatter plot showing the linear correlation between DPi and DPp on a logarithmic scale. 

Furthermore, it is worth mentioning that there seemed to be a systematic change in 

pHp over time, as shown in Figure 5.2.5 (a). Although not quantifiable, a trend of 

decreasing pHp as time progresses from the 16th to the 20th Century was observed. 

Older paper tends to be more neutral compared to the more recent paper, which tends 

to be acidic. This may be related to the change in paper making practices (Hunter, 1978). 

It should also be noted that pHp and pHi, as measured by the cold extraction method in 

this research, correlate well to each other (Figure 5.2.5 (b)). This was observed 

previously by the author and a hypothesis has been discussed by Liu, Kralj Cigić and 

Strlič (2017). No direct correlation was observed between thickness and age, DP, or pH 

for either paper with ink or without ink. 
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(a) 

(b) 

Figure 5.2.5 Scatter plots showing (a) the change in pHp over time and (b) the correlation between pHi 

and pHp measured using the cold extraction method. 
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5.3 Modelling degradation of historical paper with iron gall ink 

Since no direct relationship between Kp and Ki was established through exploratory data 

analyses, a modelling approach was taken for further investigation. Under the 

assumption of an average temperature of 20 °C and RH of 50% over time of natural 

degradation, the average Kp over time was estimated using two dose-response 

functions for paper developed by Zou et al. (1996a) and Strlic et al. (2015c) (Table 5.3.1). 

Both functions were developed based on the Arrhenius equation, the zero-order rate 

law of chemical reactions, and the linear relationship between Kp and the concentration 

of hydrogen ions ([H+]) and between Kp and the moisture content ([H2O]). These linear 

relationships were experimentally established by accelerated degradation experiments 

(Zou, Uesaka and Gurnagul, 1996a). Since Zou et al. (1996a) used different coefficients 

for the Mark-Houwink-Sakurada equation, the difference was corrected when Kp was 

calculated based on Zou’s model. 

Table 5.3.1 Summary of two dose-response functions describing the degradation rate of paper. 

Authors Dose-response function Parameters 

Zou et al. 
(1996a) 

Kp = (Aa0 + Aa2∙[H2O] + Aa5∙[H+]∙[H2O])exp(-Ea∙(R∙T)-1) 

Aa0 = 4.54 x 10-9 day-1, 

Aa2 = 2.83 x 1012 day-1, 

Aa5 = 9.85 x 1016 mol-1day-1, 

Ea = 109 KJ∙mol-1, 

R = 8.314 J∙mol-1, 

T is temperature in Kelvin, 

Kp is degradation rate in day-1. 

Strlic et al. 
(2015c) 

lnKp = A0 + A1∙[H2O] + A2∙ln[H+] – A3∙T-1 

A0 = 36.918 year-1, 

A1 = 36.720 year-1, 

A2 = 0.244 year-1, 

A3 = 14300 year-1, 

T is temperature in Kelvin, 

Kp is degradation rate in year-1. 

To apply these two functions to obtain Kp, [H+] was calculated by: 

[H+] = 10-pH,                                                                                                                         [5.3.1] 
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where pH is the acidity of the samples measured using the cold extraction method. 

[H2O] of the samples was approximated using the function developed by Paltakari and 

Karlsson (1996) for ‘fine paper’ as the following:  

[H2O] =  (
ln (1−RH)

1.67𝑇−285.655
)

1

2.491−0.012𝑇,                                                                               [5.3.2] 

                                   

where [H2O] is the moisture content of the samples, RH is the relative humidity of the 

environment in ratio and T is temperature of the environment in °C. The moisture 

content calculated based on this equation has been verified to correlate well with 

moisture content determined by infrared sensors (Strlič et al., 2015c).  

Subsequently, under the assumption that DPp0 and DPi0 were identical, Ki was obtained 

by solving the two equations for Kp and Ki based on the Ekenstam equation (Equation 

5.2.1) as the following:  

Ki = (DPit
-1 – DPpt

-1 + Kp∙t)∙t-1,                                                                                         [5.3.3] 

where DPit and DPpt are the present DP of paper with ink and without ink respectively, 

t is time of natural degradation estimated using the written age of the documents, Ki 

and Kp are the rate of degradation of paper with ink and without ink respectively.  

(a) (b) 

Figure 5.3.1 Scatter plots showing the relationship of Ki and Kp modelled based on the dose-response 

function developed by(a)  Strlič et al. (2015c) and (b) Zou et al. (1996a). 
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The relationship between the estimated Ki and Kp is presented in Figure 5.3.1. As shown 

in Figure 5.3.1 (a) for the data modelled using Strlič et al.’s model, Ki and Kp correlated 

well with each other. Ki was found to be ~1.15 times as much as Kp on average. The 

correlation was stronger if the calculations were carried out based on the model by Zou 

et al. (1996a) as shown in Figure 5.3.1 (b). In this case, the modelled Ki was ~0.64 times 

as much as Kp, suggesting that paper with ink degraded more slowly compared to paper 

without ink, which is not plausible given that DPit is generally smaller than DPpt (Figure 

5.2.1 (c) and (d)). A closer look at the details of the calculations revealed that although 

it was not necessary to specify the values of DPp0 according to Equation 5.3.3, both 

Strlič et al.’s and Zou et al.’s models gave unreasonable estimations of DPp0 (< DPpt) 

which suggests that the direct application of these two models to the data obtained 

from naturally degraded paper was not successful and needs further investigation. 

As Calvini and Gorassini (2006) pointed out, the rate constant calculated based on the 

Arrhenius equation is highly sensitive to the change in the pre-exponential factor (A) 

and the activation energy (Ea). Since there is a large uncertainty in the determination 

of A and Ea for hydrolytic reactions of cellulose (Emsley and Stevens, 1994; Bégin and 

Kaminska, 2002; Calvini and Gorassini, 2006), and the A and Ea used in Zou et al.’s and 

Strlič et al.’s models were mainly determined based on artificially degraded model 

paper, it is within expectation that the reaction rates estimated by these models may 

lead to results with large uncertainty, some of which may look unreasonable. Therefore, 

the forms of these models may remain valid but different values of A and Ea may need 

to be established for naturally degraded historical samples. 

The linear correlation between the Kp and [H+] observed by Zou et al. (1996a) in 

accelerated degradation experiments was reinvestigated, since this linearity was 

further confirmed by their natural degradation experiments (Figure 5.3.2) (Zou, Uesaka 

and Gurnagul, 1996b). Given this nearly perfect linearity, Kp can be expressed as: 

Kp = αp∙[H+]p,                                                                                                                         [5.3.4] 
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where αp is a coefficient, [H+]p is the concentration of hydrogen irons in paper without 

ink which can be determined by Equation 5.3.1. According to Figure 5.3.2, for Zou et 

al.’s samples, αp = 5.4.  

 

Figure 5.3.2 Reproduction of the data published by Zou et al. (1996b) showing the linear correlation 

between [H+] and Kp. 

In accelerated degradation experiments under various conditions, the average Kp was 

found to be ~0.02 year-1 (lnKp = -4) for model papers (Zou, Uesaka and Gurnagul, 1996a; 

Strlič et al., 2015c) and ~0.004 year-1 (lnKp = -2.4) for historical paper (Liu, Kralj Cigić and 

Strlič, 2017). This suggests that the degradation of historical paper is ~4 times slower 

than model paper. Assuming that the natural degradation of paper follows the same 

proportionality, αp in Equation 5.3.4 was chosen (αp = 1) so that Kp (Kp = 3.23 x 10-6) was 

approximately 1/5 of that of model paper degraded naturally in ambient environment 

for 22 years (Zou, Uesaka and Gurnagul, 1996b). Subsequently, Ki was obtained based 

on Equation 5.3.3. Nine out of the 59 samples were disregarded for the calculation of 

Ki since they showed unreasonable predictions of DPp0 (< DPpt) calculated using 

Equation 5.2.1. Figure 5.3.3 illustrates the correlation between Ki and Kp modelled this 

way. As shown in this figure, a good linear relationship between Ki and Kp was observed 

(R2 = 0.66). The regression coefficient was found to be ~1.5, suggesting the presence of 

iron gall ink induced approximately 50% faster degradation of paper underneath the 

ink.  
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Figure 5.3.3 Scatter plot showing the linear correlation between Ki and Kp modelled by Equation 5.2.1 

and Equation 5.3.4. The empty square was identified as an outlier. 

Given the uncertainty of the estimation of Kp, Kp in the range of ~2 x 10-6 to 5 x 10-6 was 

analysed in the same way to gain insights of how Ki/Kp varies in a range of αp. The 

coefficient of proportionality varied from 1.55 (αp = 1.5, N = 41, R2 = 0.68) to 1.95 (αp = 

0.5, N = 55, R2 = 0.56), which closely corresponded to what was observed in the 

accelerated degradation experiments where Ki/Kp = 1.59 with a 95% confidence interval 

of 1.22 – 2.06 (Liu, Kralj Cigić and Strlič, 2017). These results suggest that not only the 

accelerated degradation experiments were capable of providing good approximations 

of the effects of iron gall ink on the hydro-thermal degradation rate of paper beneath 

the ink, but also the overall effect of the possible initial fast degradation of paper 

induced by iron gall ink (Ki > 10Kp) (Rouchon et al., 2011), if it ever took place in reality, 

was likely to be very limited due to the limited depth of ink penetration. 

The correlation between Ki and Kp was further validated based on the rate law for acid 

catalysed hydrolysis of cellulose:  

Kt = k∙[H+]∙[H2O]∙(N – N∙DPt
-1),                                                                                         [5.3.5] 

where Kt is the reaction rate at time t, k is the rate constant, [H+] and [H2O] are the 

concentration of hydrogen irons and water molecules in the reaction system 
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respectively, N is the total number of monomers in cellulose, and DPt is the DP at time 

t. (N – N∙DPt
-1) represents the number of glyosidic bonds per monomer.  

Given that reactions belonging to the same class have similar kinetic behaviour, it is 

reasonable to assume that the degradation of paper underneath iron gall ink follows 

the same rate law as the hydrolytic degradation of paper and has a similar rate constant. 

Under the assumption that the presence of ink does not lead to measurable changes in 

[H2O] and N, based on Equation 5.3.5, the proportional relationship between Ki and Kp 

can be expressed as:  

Ki/Kp = ([H+]i/[H+]p)∙((1 – DPi
-1)/(1 – DPp

-1)).                                                                  [5.3.6] 

The relationship between (1-DPi
-1) and (1-DPp

-1) is explored in Figure 5.3.4. Good 

linearity in their correlation was observed (R2 = 0.67), where (1-DPi
-1) was found to be 

~1.1 times as much as (1-DPp
-1). Given that Ki is 1.55 – 1.95 times as much as Kp as 

discussed before, based on Equation 5.3.6, [H+]i is likely to be ~1.41 – 1.77 times as 

much as [H+]p, which is equivalent to 0.15 – 0.25 difference in pH unit. As measured by 

a pH meter using the cold extraction method, pHi of the 59 samples used in the current 

experiment was ~0.11 pH unit lower than pHp of paper, demonstrating a consistent 

result as predicted by Equation 5.3.6. However, it is worth pointing out that the 

uncertainty of the cold extraction method for pH measurement is 0.2 pH units, 

indicating the actual value of the pH difference measured for the samples may need to 

be further confirmed. 
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Figure 5.3.4 Scatter plot showing the linear correlation between (1-DPi
-1) and (1-DPp

-1). The empty 

squares were identified as outliers. 

Based on what has been discussed in this section, the quantitative effect of iron gall ink 

on Kp has been validated using the sample set of 59 naturally degraded papers 

containing iron gall ink. Kp and Ki may be best modelled using the rate law for the acid 

catalysed hydrolysis of cellulose. However, it is worth pointing out that the models were 

based on long-term averages of the degradation rates, which may have a large 

uncertainty due to the non-linearity in the rates caused by the variations in material 

properties and the changes in environmental conditions. It is challenging to gain further 

insights into the uncertainty of this modelling approach based on the small data set.  

Using the correlation Ki = [1.55, 1.95]∙Kp, Ki and Kp can be estimated for objects of iron 

gall ink containing paper based on Equation 5.3.3 if the current DPp and DPi as well as 

the age of the objects are known. DPp and DPi may be obtained non-destructively using 

NIR spectroscopy coupled with multivariate analysis as discussed in Chapter 4. 

Subsequently, the time it takes for the objects to reach an unacceptable stage of 

degradation under the same environmental conditions as the past can be calculated. 

This will provide useful information regarding the decisions on how to comparatively 

modify the environmental conditions for the future. 
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However, more informed decision making requires precise dose-response modelling of 

the synergistic effects of environmental conditions and material properties on Kp and 

Ki. For this purpose, the number of naturally degraded samples in the sample set needs 

to be increased and the rate of natural degradation needs to be measured from as 

many samples as possible. There may be great challenges to achieve this goal, 

especially due to the large number of unknown factors and the ethical issues associated 

with heritage materials.  
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5.4 Summary of results 

This chapter explored the validation of the effect of iron gall ink on paper degradation 

using data collected directly from naturally degraded samples. Exploratory data 

analysis suggested that pHp and the age of the samples are correlated with DPp and KP. 

No clear relationship was observed for DPi and Ki with pHi, age, or thickness of the paper. 

However, good linearity was observed between DPp and DPi on logarithmic scale, which 

may provide an alternative of estimating DPi based on DPp to overcome the challenge 

of obtaining DPi using the conventional viscometric method. 

Based on the Ekenstam equation, the linearity between K and [H+], and the rate law for 

acid catalysed hydrolysis of cellulose, the coefficient of proportionality between Ki and 

Kp was estimated to be in the range of 1.55 – 1.95. This gave a similar range as that of 

the coefficient of proportionality estimated by accelerated degradation experiments. 

This coefficient validated that on average, the presence of iron gall ink increased ~70% 

faster degradation of its paper substrate in a natural environment. However, due to the 

small sample size and the limited known factors, the modelling method investigated in 

this chapter took a comparative approach which did not quantify the effect of individual 

environmental factors on Ki or Kp. Precise dose-response models are needed for more 

informed decision support which needs to be further investigated. 
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6 Factorial experimentation on 
photodegradation of historical 
paper containing iron gall ink 

This chapter discusses the dose-response modelling of the dominant degradation of 

historical iron gall ink-containing paper that takes place in the scenario of display. 

Relative humidity (RH), the concentration of oxygen ([O2]) and illuminance (Ev) were 

chosen as the main factors that affect the degradation processes. The main effects of 

these factors and their interactions were investigated using a 23 full factorial 

experiment with 23 samples. Degradation of paper and ink was assessed in diffuse 

reflectance and tristimulus colourimetry. 

This chapter includes five sections. Section 6.1 discusses the calibration of the 

hyperspectral imaging system that was used for data collection throughout the 

experiment. Wavelength calibration, colourimetric calibration, and a repeatability test 

were carried out. The results were applied to correct the data for subsequent analyses. 

Section 6.2 focuses on the spectroscopic response of paper and ink under exposure to 

broadband radiation. Section 6.3 focuses on the wavelength sensitivity of the 

spectroscopic response of paper and ink during photodegradation. Section 6.4 

discusses the results in Section 6.2 and 6.3 in tristimulus colourimetric terms. In all 

these three sections—6.2, 6.3, and 6.4, rate constants of change in either spectroscopic 

or tristimulus colouriemtry were modelled and used as the response variables for the 

evaluation of the main effects and the interactions of the factors.   Based on the results 

from the previous sections, Section 6.5 discusses the regression analyses that were 

carried out to establish predictive dose-response models that can be applied for 

decision support in practice. 
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For simplification, in this chapter, ‘paper’ is used to refer to non-inked paper and 

subscripted with p; ‘ink’ is used to refer to inked paper and subscripted with i. 
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6.1 Instrument calibration 

6.1.1 Wavelength (λ) calibration 

Details of the instrumentation for this experiment is described in section 3.3. The 

wavelength calibration of the hyperspectral VNIR camera was carried out using 

Spectralon® Calibrated Multi-Component Wavelength Calibration Standard (WCS-MC-

010, Labsphere, US). Figure 6.1.1 shows the comparison of the reflectance spectra over 

300—1000 nm obtained using the VNIR camera and Labspec 5000 UV-VIS 

Spectrometer (ASD, US), which had been calibrated to show the characteristic peaks at 

the same wavelength as the reference spectrum provided by Labsphere (Figure 3.1.1). 

It is shown that the VNIR camera was able to measure valid reflectance between          

430 nm and 950 nm. Shifts of 2 – 10 nm of wavelength peaks were observed 

throughout the range. These were positive below 600 nm and negative above 600 nm. 

Before further analyses were carried out, these shifts were corrected using the 

correlations of the peaks measured by Labspec and VNIR as determined in Figure 6.1.2. 

After correction, 424 nm – 853 nm were selected for further analyses. 

 

Figure 6.1.1 Comparison of the reflectance spectra obtained using the hyperspectral VNIR camera and 

ASD Labspec 5000 UV-VIS Spectrometer from 300 nm to 1000 nm.  
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Figure 6.1.2 Correlations of the peaks measured by Labspec and VNIR. The algorithm was used to 

correct the shifts of the measurements by the hyperspectral VNIR camera. 

6.1.2 Colourimetric calibration 

Tristimulus colourimetric values of X-Rite colourchecker (X-Rite, US) were calculated 

based on CIE Standard Illuminant D65 (Appendix II) and CIE 1964 supplementary 

standard colorimetric observer (Appendix III) using reflectance spectra obtained by the 

VNIR camera and corrected by the correlation shown in Figure 6.1.2. The spectral 

power distribution (SPD) of CIE D65 and the CIE 1964 colour matching function are 

provided at 300—830 nm and 380—780 nm respectively, at 5-nm intervals. Therefore, 

430—780 nm was used for the calculations of CIE L*a*b* and RGB values. Given that 

the VNIR camera collected data at 1.4-nm intervals, the reflectance values matching 

the CIE functions were approximated using the values at the wavelengths rounded to 

the nearest wavelengths specified in the CIE functions.  
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Figure 6.1.3 compares the calculated tristimulus colourimetric values and the reference 

values provided by X-Rite (Appendix IV) in CIE L*a*b* (Figure 6.1.3 (a) – (c)) and RGB 

(Figure 6.1.3 (d) – (f)). Good linear correlations were established for all six parameters, 

suggesting the corrected reflectance data obtained by VNIR camera can be calculated 

to indicate standard tristimulus colourimetric values. Therefore, these correlations 

were applied to the CIE tristimulus calculations as discussed in the following sections. 

 (a) 

 (b) 

y = 0.9483x + 0.0963
R² = 0.9878

0

20

40

60

80

100

0 20 40 60 80 100

L*
V

N
IR

L*Reference

y = 0.8308x - 4.705
R² = 0.9402

-60

-40

-20

0

20

40

60

-60 -40 -20 0 20 40 60a*
V

N
IR

a*Reference



 
 

128 
 

 (c) 

 (d) 

 (e) 

y = 1.1138x + 4.9163
R² = 0.9306

-60

-40

-20

0

20

40

60

80

100

-60 -40 -20 0 20 40 60 80 100
b

*
V

N
IR

b*Reference

y = 1.0304x - 11.995
R² = 0.9559

0

50

100

150

200

250

300

0 50 100 150 200 250

R
V

N
IR

RReference

y = 0.9228x + 4.8619
R² = 0.9742

0

50

100

150

200

250

0 50 100 150 200 250

G
V

N
IR

GReference



 
 

129 
 

 (f) 

Figure 6.1.3 Scatter plots of tristimulus colourimetric values of X-Rite colourchecker showing the 

correlations between measurements taken by the hyperspectral VNIR camera (denoted by VNIR) and 

the standard values provided by the manufacturer (denoted by Reference) (Appendix IV). CIE L*a*b* 

values ((a) – (c) respectively) were calculated based on CIE Standard Illuminant D50 and 2 degree 

observer.  RGB values ((d) – (f) respectively) were calculated based on CIE Standard Illuminant D65 and 

10 degree observer. 

6.1.3 Repeatability test 

The repeatability of the hyperspectral imaging measurements can be affected by the 

instability of the hyperspectral imaging system as well as the samples. This was tested 

using one randomly selected piece of historical paper with iron gall ink (YL-IGI-35,             

1 cm x 1.5 cm). Over 32 days, this reference sample was measured each time before 

the hyperspectral imaging system was used to measure the diffuse reflectance of the 

samples during their degradation at 20% [O2] and 70% RH. A total of 14 images of the 

same sample (YL-IGI-35) were recorded and processed following the same procedure 

as for the degraded samples as described in section 3.3.4. Average diffuse reflectance 

was calculated for pixels of ink and pixels of paper for each image. Relative standard 

deviation (RSD) was calculated as the standard deviation divided by the mean of diffuse 

reflectance for the 14 images.  

Figure 6.1.4 illustrates the RSD across the wavelengths of 424—853 nm for pixels of ink 

(YL-IGI-35-ink) and pixels of paper (YL-IGI-35-paper). For both sets of data, the RSD was 

less than 8% across the λ range of interest. There was good consistency for pixels of 

paper, where the RSD of variation was generally below 1%. The variation of ink pixels 
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was larger than the paper pixels with an RSD about 8% < 450 nm that decreased to 

about 2% at ~500 nm. It remained below 2% from 500 nm onwards. The high RSD at 

the lower end of the spectrum may be partially due to the low illuminance level of the 

halogen light source used in the hyperspectral imaging system (dashed line in          

Figure 6.1.4) which led to a relatively low signal to noise ratio. The drop at λ < 436 nm 

may indicate difficulty of the system to obtain valid measurements at these 

wavelengths.  

This assessment provided important information for the evaluation of the statistical 

significance of the measured change in diffuse reflectance for the accelerated 

degradation experimental runs. Given that the average diffuse reflectance of ink was 

below 0.1 at λ < 500 nm, only change in reflectance (ΔR) larger than 0.008 at λ < 500 

nm and 0.002 at λ > 500 nm were considered measurable. 

 

 

Figure 6.1.4 Plots of the relative standard deviation (RSD) of pixels of ink and pixels of paper over the λ 

range of 424—853 nm. Historical paper sample with iron gall ink (YL-IGI-35) was used for the 

assessment. 
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6.2 Photodegradation of historical paper and iron gall ink under exposure 

to broadband radiation 

This section discusses the kinetics of the photodegradation of paper and ink under 

broadband radiation. Eight experimental runs were carried out under different 

combinations of [O2], RH, and Ev. For each run, the change in diffuse reflectance (ΔR) 

was monitored for paper and ink over 424 – 853 nm. Based on the monitored 

spectroscopic responses, rate constants (kΔR) of paper and ink were modelled at ten 

representative wavelengths (λ) and the relationships between kΔR and λ are 

investigated in Section 6.2.1. The main effects of [O2], RH, and Ev and their interactions 

on kΔR are evaluated by analysis of variance (ANOVA) for paper in Section 6.2.2 and ink 

in Section 6.2.3. 

6.2.1 Modelling rate constants of change in diffuse reflectance 

As discussed in section 3.3, diffuse reflectance was measured for each of the 23 

samples at certain intervals throughout the duration of each experimental run (Table 

3.3.1 and Table 3.3.2). The change in diffuse reflectance (ΔR, day-1) across full range of 

λ was calculated for each sample of paper and ink by subtracting the reflectance 

spectrum before degradation from the reflectance spectrum collected at each time 

interval as the following:  

ΔR = Rt – R0,                                                                                                                        [6.2.1] 

where Rt is the diffuse reflectance of a sample of paper or ink at time t during 

degradation and R0 is the diffuse reflectance of a sample before degradation. The 

spectra of ΔR were smoothed using Savitzky–Golay filtering (2nd order polynomial, 

window width 19) (Savitzky and Golay, 1964). An example of the smoothing effect is 

shown in Appendix V. ΔR was averaged over the 23 samples across 424 to 853 nm. In 

this range of λ, ten representative λs at ~50 nm intervals were selected for both paper 

and ink for further analyses of the rate of change. Because both paper and ink showed 
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smooth curves in diffuse reflectance in 424 – 853 nm, no spectral features were lost 

during this sampling (Figure 3.3.6). 

Figure 6.2.1 presents the scatter plots of ΔR of paper (ΔRp) over time for each 

experimental condition. These plots clearly show that the spectroscopic responses of 

paper began immediately upon exposure to the broadband radiation source; most of 

the change taking place within in the first 10 days of exposure. Furthermore, under all 

experimental conditions, ΔRp did not exceed 10% of the diffuse reflectance of paper at 

the corresponding λ. The change, mainly a positive displacement at λ < 600 nm, led to 

a visual bleaching of the paper. At λ > 600 nm, ΔRp was close to zero. Given that at λ > 

600 nm, Rp is above 0.7 (Figure 3.3.6 (a)) and the RSD of variability is close to 0.01 

(Figure 6.1.4), the uncertainty of the data became significantly high compared to ΔRp 

at long wavelengths. The observed ΔRp was not considered to be statistically different 

from zero, which will be discussed in detail in section 6.2.2. 

Similarly, the change in diffuse reflectance for ink (ΔRi) was analysed against time of 

degradation (Figure 6.2.2). No induction time was observed for the spectroscopic 

response of ink and most change also took place in the first 10 days for all experimental 

conditions. Contrary to the observation made for paper, absolute ΔRi increased as λ 

increases and most change took place in the near-infrared end of the investigated 

spectrum. Little change was observed at λ < 500 nm. Given the relatively high 

uncertainty at this end of the spectrum for ink samples (Figure 6.1.4), the observed ΔRi 

at this end was not considered to be statistically significant from zero. 

Although different photodegradation behaviours were observed, at each selected λ, 

ΔRp and ΔRi followed similar patterns in all experimental runs, which can be 

approximated using a logarithmic relationship: 

ΔR = 0, when t = 0, 

ΔR = A0 + kΔR∙ln(t), when t > 0,                                                                                      [6.2.2] 
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where ΔR is the change of diffuse reflectance of either paper or ink, A0 and kΔR are the 

regression coefficients, ln is the natural logarithm operation and t is the time of 

degradation in days. This logarithmic relationship between ΔR and t implies a very fast 

initial change in reflectance at all λs for either paper or ink. A0 represents the amount 

of change in reflectance that takes place in a day.  

Based on Equation 6.2.2, the rate of change in ΔR (KΔR) can be obtained as: 

KΔR = 0, when t = 0, 

KΔR = dΔR /dt = kΔR∙t-1, when t > 0                                                                                   [6.2.3] 

where KΔR is the rate of change in ΔR for either paper or ink, t is the time of degradation 

in days, kΔR is the rate constant during the degradation of either paper or ink. 

(a) 
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(f) 



 
 

136 
 

(g) 

 (h) 

Figure 6.2.1 Scatter plots showing the change of diffuse reflectance of historical paper (ΔRp) over time 

during the accelerated degradation under eight experimental conditions: (a) 0% [O2], 70% RH and 

20000 lx; (b) 0% [O2], 70% RH, 5000 lx; (c) 20% [O2], 70% RH, 20000 lx; (d) 20% [O2], 70% RH, 5000 lx; 

(e) 0% [O2], 20% RH, 20000 lx; (f) 0% [O2], 20% RH, 5000 lx; (g) 20% [O2], 20% RH, 20000 lx; and (h) 20% 

[O2], 20% RH, 5000 lx. The trends over the entire time span are approximated using a logarithmic 

relationship. 
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(g) 

 (h) 

Figure 6.2.2 Scatter plots showing the change of diffuse reflectance of iron gall ink on historical paper 

(ΔRi) over time during the accelerated degradation under eight experimental conditions: (a) 0% [O2], 

70% RH and 20000 lx; (b) 0% [O2], 70% RH, 5000 lx; (c) 20% [O2], 70% RH, 20000 lx; (d) 20% [O2], 70% 

RH, 5000 lx; (e) 0% [O2], 20% RH, 20000 lx; (f) 0% [O2], 20% RH, 5000 lx; (g) 20% [O2], 20% RH, 20000 lx; 

and (h) 20% [O2], 20% RH, 5000 lx. The trends over the entire time span are approximated using a 

logarithmic relationship. 

Based on Equations 6.2.2 and 6.2.3, kΔR was calculated for the diffuse reflectance of 

both paper (kΔR-p) and ink (kΔR-i) samples at the ten selected λs for each experimental 

condition. The results are summarised in Table 6.2.1 for paper and Table 6.2.2 for ink. 

Coefficient of determination (R2) was used to represent the goodness-of-fit of the fitted 

curves and is included in the tables.  
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Table 6.2.1 Summary of the rate constants of change in diffuse reflectance of historical paper (kΔR-p) at 

different wavelength during accelerated degradation under eight experimental conditions. kΔR is 

unitless. R2 represents the goodness-of-fit of the models based on Equations 6.2.2 and 6.2.3. 

λ/nm 0% [O2], 70% RH, 
20000 lx 

0% [O2], 70% RH, 
5000 lx 

20% [O2], 70% 
RH, 20000 lx 

20% [O2], 70% 
RH, 5000 lx 

kΔR-p R2 kΔR-p R2 kΔR-p R2 kΔR-p R2 

424 0.0160 0.91 0.0123 0.89 0.0193 0.94 0.0150 0.92 

444 0.0124 0.93 0.0093 0.94 0.0160 0.96 0.0120 0.94 

497 0.0081 0.90 0.0060 0.91 0.0105 0.95 0.0076 0.93 

549 0.0043 0.73 0.0031 0.69 0.0060 0.88 0.0040 0.81 

601 0.0014 0.19 0.0011 0.15 0.0025 0.56 0.0013 0.31 

654 -0.0006 0.03 -0.0003 0.01 0.0004 0.02 -0.0004 0.02 

706 -0.0018 0.22 -0.0012 0.13 -0.0007 0.07 -0.0012 0.19 

758 -0.0024 0.33 -0.0017 0.20 -0.0014 0.17 -0.0017 0.28 

811 -0.0024 0.30 -0.0017 0.17 -0.0012 0.13 -0.0017 0.24 

853 -0.0025 0.27 -0.0018 0.16 -0.0013 0.14 -0.0019 0.26 

 

λ/nm 0% [O2], 20% RH, 
20000 lx 

0% [O2], 20% RH, 
5000 lx 

20% [O2], 20% 
RH, 20000 lx 

20% [O2], 20% 
RH, 5000 lx 

kΔR-p R2 kΔR-p R2 kΔR-p R2 kΔR-p R2 

424 0.0076 0.89 0.0047 0.85 0.0111 0.87 0.0084 0.82 

444 0.0065 0.98 0.0045 0.95 0.0104 0.91 0.0085 0.94 

497 0.0042 0.96 0.0029 0.90 0.0073 0.89 0.0060 0.93 

549 0.0024 0.83 0.0017 0.74 0.0049 0.79 0.0043 0.81 

601 0.0010 0.34 0.0008 0.33 0.0021 0.60 0.0017 0.66 

654 0.0001 0.00 0.0002 0.03 0.0005 0.11 0.0003 0.06 

706 -0.0006 0.07 -0.0002 0.01 -0.0005 0.10 -0.0006 0.18 

758 -0.0010 0.12 -0.0004 0.04 -0.0011 0.37 -0.0012 0.44 

811 -0.0013 0.14 -0.0006 0.06 -0.0014 0.50 -0.0015 0.48 

853 -0.0014 0.14 -0.0007 0.06 -0.0015 0.52 -0.0016 0.47 
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Table 6.2.2 Summary of the rate constants of change in diffuse reflectance of iron gall ink on historical 

paper (kΔR-i) at different wavelength during accelerated degradation at eight experimental conditions. 

kΔR-i is unitless. R2 represents the goodness-of-fit of the models based on Equations 6.2.2 and 6.2.3. 

λ/nm 0% [O2], 70% RH, 
20000 lx 

0% [O2], 70% RH, 
5000 lx 

20% [O2], 70% 
RH, 20000 lx 

20% [O2], 70% 
RH, 5000 lx 

kΔR-i R2 kΔR-i R2 kΔR-i R2 kΔR-i R2 

424 -0.0009 0.38 0.0020 0.80 0.0008 0.45 0.0007 0.20 

444 -0.0010 0.31 0.0016 0.65 0.0023 0.72 0.0018 0.58 

497 -0.0034 0.78 -0.0017 0.72 0.0024 0.68 0.0012 0.76 

549 -0.0057 0.85 -0.0041 0.87 0.0015 0.37 -0.0001 0.03 

601 -0.0084 0.88 -0.0063 0.90 0.0003 0.01 -0.0016 0.69 

654 -0.0114 0.90 -0.0086 0.92 -0.0011 0.16 -0.0031 0.82 

706 -0.0142 0.91 -0.011 0.93 -0.0025 0.44 -0.0047 0.87 

758 -0.0167 0.92 -0.0128 0.94 -0.0039 0.59 -0.0063 0.88 

811 -0.0173 0.92 -0.0135 0.95 -0.0045 0.62 -0.0071 0.88 

853 -0.0177 0.91 -0.0139 0.95 -0.0051 0.65 -0.0077 0.88 

 

λ/nm 0% [O2], 20% RH, 
20000 lx 

0% [O2], 20% RH, 
5000 lx 

20% [O2], 20% 
RH, 20000 lx 

20% [O2], 20% 
RH, 5000 lx 

kΔR-i R2 kΔR-i R2 kΔR-i R2 kΔR-i R2 

424 0.0014 0.11 -0.0006 0.03 0.0004 0.01 -0.0012 0.02 

444 0.0021 0.57 0.0005 0.07 0.0017 0.44 0.0002 0.01 

497 0.0012 0.63 0.0002 0.06 0.0009 0.46 -0.0001 0.02 

549 0.0006 0.31 -0.0002 0.04 0.0003 0.13 -0.0006 0.24 

601 -0.0002 0.04 -0.0009 0.42 -0.0008 0.47 -0.0019 0.81 

654 -0.0013 0.50 -0.0017 0.69 -0.0017 0.74 -0.0027 0.86 

706 -0.0028 0.78 -0.0029 0.79 -0.0028 0.87 -0.0039 0.93 

758 -0.0045 0.87 -0.0042 0.85 -0.0041 0.90 -0.0051 0.94 

811 -0.0061 0.89 -0.0054 0.88 -0.0053 0.91 -0.0060 0.94 

853 -0.0071 0.90 -0.0062 0.88 -0.0061 0.92 -0.0064 0.93 

The correlation between kΔR and λ is plotted in Figure 6.2.3 for paper (Figure 6.2.3 (a)) 

and ink (Figure 6.2.3 (b)). As shown in Figure 6.2.3 (a), for all of the experimental 

conditions, paper showed positive change at λ < 600 nm. kΔR-p decreased as λ increases, 

having its maximum at 424 nm. This trend corresponds to what was observed for the 
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change of cellulose under exposure to near ultraviolet (UV) radiation, where ΔR 

decreased as λ increases from 350-500 nm (Launer and Wilson, 1949). This implies that 

the observed degradation behaviour of paper under visible radiation follows similar 

processes of photo-oxidation as under near UV. The slight tendency of kΔR-p to level off 

at λ < 450 nm for samples degraded at 20% RH is likely due to the relatively low signal 

to noise level at 424 nm (Figure 6.1.4). 
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(b) 

Figure 6.2.3 Scatter plots showing the dependence of kΔR on λ for (a) paper and (b) ink under different 

experimental conditions. 

Contrary to paper, Figure 6.2.3 (b) demonstrates that ink showed very little 

spectroscopic response in diffuse reflectance at the lower end of the λ range. For the 

majority of the experimental conditions, the spectroscopic change mainly took place 

negatively at λ > 600 nm. Absolute kΔR-i increased as λ increases, reaching the maximum 

at 853 nm. Gentle curvature in the data was observed in the NIR range for most 

experimental conditions, suggesting kΔR-i is likely to level off at longer λ beyond 853 nm. 

Based on Figure 6.2.3, the correlation between kΔR and λ can be approximated using 

linear models between 424 nm and 601 nm for paper and between 497 nm and 853 

nm for ink. The following model was used: 

kΔR = a0 + a1∙λ,                                                                                                                    [6.2.4] 

where kΔR is the rate constant of change in diffuse reflectance of either paper or ink, a0 

and a1 are regression coefficients, and λ is wavelength of the measured spectroscopic 

response. a0, a1 and R2 for kΔR-p and kΔR-i are summarised in Table 6.2.3 (a) and Table 
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6.2.3 (b) respectively. For both paper and ink, models with high correlation coefficients 

were achieved. Based on these linear models, kΔR can easily be transferred between 

different λs and the entire picture of kΔR across a range of λ can also be reconstructed 

with kΔR known at a single λ. Therefore, for either paper or ink, it is sufficient to study 

kΔR at a single λ within the measurable range for all the experimental conditions. 

Table 6.2.3 Summary of the regression coefficients (a0 and a1) and the coefficient of determination (R2) 

of the linear models for the correlation between (a) kΔR-p and λ, and (b) kΔR-i and λ. 

(a) 

Experimental condition a0 a1 R2 

0% [O2], 70% RH, 20000 lx -7.95 x 10-5 0.0484 0.97 

0% [O2], 70% RH, 5000 lx -6.08 x 10-5 0.0369 0.96 

20% [O2], 70% RH, 20000 lx -9.35 x 10-5 0.0579 0.98 

20% [O2], 70% RH, 5000 lx -7.57 x 10-5 0.0461 0.98 

0% [O2], 20% RH, 20000 lx -3.72 x 10-5 0.0231 0.99 

0% [O2], 20% RH, 5000 lx -2.31 x 10-5 0.0146 0.99 

20% [O2], 20% RH, 20000 lx -5.13 x 10-5 0.033 1.00 

20% [O2], 20% RH, 5000 lx -3.89 x 10-5 0.0254 0.98 

(b) 

Experimental condition a0 a1 R2 

0% [O2], 70% RH, 20000 lx -4.31 x 10-5 0.0174 0.97 

0% [O2], 70% RH, 5000 lx -3.58 x 10-5 0.0153 0.97 

20% [O2], 70% RH, 20000 lx -2.24 x 10-5 0.0136 0.99 

20% [O2], 70% RH, 5000 lx -2.62 x 10-5 0.0141 0.99 

0% [O2], 20% RH, 20000 lx -2.45 x 10-5 0.0141 0.98 

0% [O2], 20% RH, 5000 lx -1.89 x 10-5 0.0102 0.98 

20% [O2], 20% RH, 20000 lx -2.04 x 10-5 0.0114 0.99 

20% [O2], 20% RH, 5000 lx -1.90 x 10-5 0.0095 0.99 
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6.2.2 Effects of [O2], RH, and Ev on paper 

Figure 6.2.1 and Table 6.2.1 suggest that all three factors—[O2], RH, and Ev affect KΔR-p 

and kΔR-p. Degradation took place in the absence of O2, however, KΔR-p increased with 

increasing [O2] in the atmosphere. Samples degraded under the condition where all 

factors were at the highest levels (20% [O2], 70% RH, and 20000 lx) showed the largest 

kΔR-p whereas samples degraded by all factors at the lowest levels (0% [O2], 20% RH, 

and 5000 lx) showed the smallest kΔR-p. This implies that kΔR-p is likely to be positively 

correlated with either [O2], RH, or Ev. These observations are in strong contrast with 

the results obtained for cellulose using far UV at 254 nm but are in agreement with the 

results obtained at 388 nm and heterogeneous UV (Launer and Wilson, 1949), which 

again provides evidence to support the similarity in degradation mechanisms between 

irradiated by near/heterogeneous UV radiation and by visible radiation. 

Analysis of variance (ANOVA) was performed to analyse the effects of [O2], RH, Ev and 

their interactions on kΔR-p at 444 nm (kΔR-p-444). Since no replication of the experimental 

runs was carried out in this research, it was assumed that the three-factor interaction 

effect could be neglected to get an error estimation with one degree of freedom. 

Therefore, the following model was used for ANOVA: 

yijk = μ + αi + βj + γk + (αβ)ij + (αγ)ik + (βγ)jk  + εijk,                                                         [6.2.5] 

where yijk is an observation of the response variable kΔR-p, i represents level i of 

factor A,  j represents level j of factor B, k represents level k of factor C, μ is the overall 

mean, αi is the deviation of levels of factor A from the overall mean μ due to factor A, 

βj is the deviation of levels in factor B from the overall mean μ due to factor B, γk is the 

deviation of levels in factor C from the overall mean μ due to factor C, (αβ)ij is the 

interaction term between factors A and B, (αγ)ik is the interaction term between 

factors A and C, and (βγ)jk is the interaction term between factors B and C, εijk is the 

random error. 



 
 

146 
 

Table 6.2.4 summarises the results of the ANOVA for kΔR-p-444. The F-values indicated 

that the main effects of [O2], RH, and Ev were much stronger than their interactions. 

The p-values of [O2] and RH were found smaller than a typical p-value of 0.05 that is 

commonly used to indicate statistical significance, whereas the p-value of Ev was found 

slightly over 0.05. Given that the power of the F-test was low with only one degree of 

freedom in the error estimate, it may be reasonable to interpret the results as showing 

three main effects and no interaction.  

Table 6.2.4 Analysis of variance (ANOVA) for the effects of [O2], RH, Ev and their interactions on kΔR-p-444. 

Source Sum of squares Degree of freedom Mean square F-value p-value 

[O2] 2.52x10-5 1 2.52 x10-5 201.64 0.0448 

RH 4.90 x10-5 1 4.90 x10-5 392.04 0.0321 

Ev 1.51 x10-5 1 1.51 x10-5 121 0.0577 

[O2]*RH 3.20 x10-7 1 3.20 x10-7 2.56 0.3556 

[O2]*Ev 8.00 x10-8 1 8.00 x10-8 0.64 0.5704 

RH*Ev 1.28 x10-6 1 1.28 x10-6 10.24 0.1928 

Error 1.25 x10-7 1 1.25 x10-7 
  

Total 9.11 x10-5 7 
   

The plausibility of this interpretation was examined using a half-normal probability plot 

for kΔR-p-444 (Figure 6.2.4). The half-normal probability plots have been used to assess 

the statistical significance of effects in a factorial experiment without replications 

(Daniel, 1959). As shown in Figure 6.2.4, the data points representing three-factor and 

two-factor interactions were found to align on the straight line through the origin which 

defines null effects, whereas the data points representing main effects significantly 

deviate from this line. This analysis not only provided further evidence supporting the 

significance of the main effects, but also confirmed that it was reasonable to exclude 

the three-factor interaction term from the ANOVA. Therefore, it is plausible to model 

the effects of [O2], RH, and Ev on kΔR-p-444 using these three factors as explanatory 

variables.  
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Figure 6.2.4 Half normal plot for the effects of [O2], RH, Ev and their interactions on kΔR-p-444. 

The effects of RH, [O2] and Ev were also investigated using the interaction plots (Figure 

6.2.5). For all of the three factors, an increase in the levels led to an increase in the 

response of kΔR-p-444. Therefore, the three factors all had positive effects on kΔR-p-444. The 

nearly parallel lines also confirm that no strong interactions between any two factors 

was observed for the photodegradation behaviour of paper. 
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(b) 

(c) 

Figure 6.2.5 Interaction plots showing the effect of (a) RH, (b) [O2], and (c) Ev on kΔR-p-444. 

Given the range of each factor investigated in the experiment, RH showed the strongest 

effect while Ev showed the weakest. The stronger effect of RH may be partly due to the 

relatively larger range (20% – 70%) investigated compared to [O2] (0% – 20%). However, 

these ranges are realistic; indicating that the results represent what should be expected 

in reality. Since the range of Ev (5000 – 20000 lx) is largely exaggerated compared to a 

real Ev (50 – 200 lx) for display in museums, the effect of illuminance is likely to be even 

smaller in a real scenario. It is worth pointing out that the degree of freedom for error 

estimate was low. It will be ideal to carry out replications of any of the experimental 
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runs for more accurate estimation of the error and the effects. However, the 

significantly strong main effects are unlikely to be altered. 

Furthermore, to gain insights into the uncertainty of the effects of [O2], RH, and Ev on 

the full spectrum, ANOVA was carried out for kΔR-p at 424 nm, 497 nm, 549 nm, 601 nm, 

654 nm, 706 nm, 758 nm, 811 nm, and 853 nm. Consistent results as those for kΔR-p-444 

were obtained for λ < 549 nm. At 549 nm, although the main effects were still stronger 

than the effects of the interactions, the results started becoming ambiguous as all of 

the p-values were found above 0.05 and the data points representing the main effects 

aligned on the null-effect line in the half-normal probability plot (Table 6.2.5 and Figure 

6.2.6). This implies that at 549 nm, kΔR-p was likely to be interfered with noise under 

some of the experimental conditions.  

Completely random results were obtained beyond 601 nm, indicating that the noise 

level became significantly high for almost all experimental conditions at λ > 600 nm. In 

fact, ΔR dropped to the same level as the uncertainty of the measurements (1%, Figure 

6.1.4) from 550 – 600 nm (Figure 6.2.1). This indicates that beyond this range of λ,       

kΔR-p was likely to be unmeasurable by the instruments used in this research and the 

values of kΔR-p were not significantly deviate from zero. Therefore, in this research, it is 

plausible to conclude that O2, RH, and continuous polychromatic visible radiation only 

induced observable change in diffuse reflectance of historical paper below 600 nm.  

Table 6.2.5 ANOVA for the effects of [O2], RH, Ev and their interactions on kΔR-p at 549 nm. 

Source Sum of squares Degree of freedom Mean square F p-value 

[O2] 7.41x10-6 1 7.41 x10-6 73.2 0.0741 

RH 2.10 x10-6 1 2.10 x10-6 20.75 0.1376 

Ev 2.53 x10-6 1 2.53 x10-6 25 0.1257 

[O2]*RH 7.81 x10-7 1 7.81 x10-7 7.72 0.2200 

[O2]*Ev 6.13 x10-8 1 6.13 x10-8 0.6 0.5792 

RH*Ev 4.51 x10-7 1 4.51 x10-7 4.46 0.2816 

Error 1.01 x10-7 1 1.01 x10-7     

Total 1.34 x10-5 7       
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Figure 6.2.6 Half normal probability plots for the effects of [O2], RH, Ev and their interactions on kΔR-p at 

549 nm of historical paper. 

6.2.3 Effects of [O2], RH, and Ev on ink 

Based on Equation 6.2.5, ANOVA was carried out to investigate the effects of [O2], RH, 

Ev and their interactions on kΔR-i at 811 nm (kΔR-i-811) and the results are summarised in 

Table 6.2.6. Unlike the results on paper, where strong main effects were clearly shown, 

the significance of the effects was unclear for ink since no p-value of the effects was 

found smaller than the typical cut-off p-value of 0.05 (Table 6.2.6). This may be a result 

of the large variance among the ink samples due to ink compositions and the 

degradation products (Kolar et al., 2006). Clearer results may be obtained by carrying 

out replications of the experimental runs for more accurate estimates of the errors and 

the significance of the effects. Comprehensive characterisation of the ink samples may 

also be helpful for the interpretation of the results, although it can be extremely 

challenging since the original recipes and manufacturing processes are unknown.  
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Table 6.2.6 ANOVA for the effects of [O2], RH, Ev and their interactions on kΔR-i-811. 

Source 
Sum of 
squares 

Degree of 
freedom 

Mean square F p-value 

[O2] 0.00005 1 4.70 x10-5 15.05 0.1606 

RH 0.00005 1 4.80 x10-5 15.37 0.1590 

Ev 0.00000 1 1.80 x10-7 0.06 0.8500 

[O2]*RH 0.00005 1 4.51 x10-5 14.44 0.1638 

[O2]*Ev 0.00001 1 7.61 x10-6 2.43 0.3629 

RH*Ev 0.00000 1 1.80 x10-7 0.06 0.8500 

Error 0.00000 1 3.13 x10-6   

Total 0.00015 7    

However, the significance of the effects indicated by the F-values seem to cluster in 

two groups. [O2], RH, and [O2]*RH showed similar F-values that are evidently larger 

than the other effects, implying that [O2], RH, and [O2]*RH were likely to have 

distinctively stronger effects on kΔR-i-811. This observation is confirmed by the half-

normal probability plot (Figure 6.2.7). In Figure 6.2.7, the data points representing [O2], 

RH, and [O2]*RH are off the line of null effect, which is defined by the origin and the 

data points representing Ev, RH*Ev, and [O2]*Ev. Therefore, it is plausible to state that 

the effect of Ev and its interactions with the other factors were relatively weak and 

could be negligible, though the situation of ink is much less clear cut than that of paper. 

Consequently, for regression analysis of kΔR-i-811, [O2], RH, and their interaction are likely 

to be adequate as explanatory variables. 
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Figure 6.2.7 Half normal plot for the effects of [O2], RH, Ev and their interactions on the rate constant of 

change in reflectance at 811 nm of iron gall ink on paper. 

The interaction between [O2] and RH on kΔR-i-811 was further investigated in the 

interaction plot (Figure 6.2.8). As shown in Figure 6.2.8, at high Ev, the effect of [O2] 

was largely reinforced at high RH. At low Ev, the lines seem to cross, suggesting the 

effect of the interaction between [O2] and RH were particularly strong when the RH 

increased. However, considering kΔR-i-811 obtained at low Ev with 95% confidence limits 

(Table 6.2.7), the difference between high and low [O2] at low RH was insignificant. 

Therefore, at either level of Ev, the effect of [O2] was likely to be largely reinforced when 

RH increased. 
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Figure 6.2.8 An interaction plot showing the effect of the interaction between [O2] and RH on kΔR-i-811. 

Table 6.2.7 kΔR-i-811 with 95% confidence bounds for experimental runs carried out at 20% RH. 

Experimental condition 
kΔR 95% confidence bounds 

[O2] RH Ev (lx) 

0% 20% 20000 -0.0061 (-0.0081, -0.0041) 

20% 20% 20000 -0.0053 (-0.0065, -0.0041) 

0% 20% 5000 -0.0055 (-0.0075, -0.0036) 

20% 20% 5000 -0.0060 (-0.0072, -0.0047) 

6.2.4 Summary of results 

This section investigated the effects of [O2], RH, and Ev on the diffuse reflectance of 

paper and ink. The change in diffuse reflectance was observed to take place at λ < 600 

nm for paper and at λ > 600 nm for ink. However, for both paper and ink, the change 

followed similar patterns under all the experimental conditions, which was modelled 

by a logarithmic relationship with time of degradation. The rate constants were 

obtained at ten representative λs: 424 nm, 444 nm, 497 nm, 549 nm, 601 nm, 654 nm, 

706 nm, 758 nm, 811 nm, and 853 nm. Good linearity was established between 

detectable kΔR and λ, providing the basis of using kΔR at a single λ (kΔR-p-444 and kΔR-i-811) 

for further analyses. 
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The significance of [O2], RH, Ev, and their interactions on kΔR-p-444 and kΔR-i-811 was 

analysed by ANOVA and half normal probability plots. A clear picture was obtained for 

paper, where the main effects were found significantly stronger than the interactions. 

Although no clear-cut results were obtained for ink, [O2], RH, and [O2]*RH were shown 

to have stronger effects, which were considered to be adequate for further regression 

analysis. 
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6.3 Wavelength sensitivity of photodegradation of paper and iron gall ink 

This section discusses the wavelength sensitivity of the photodegradation of paper and 

ink measured in diffuse reflectance. Samples of paper and ink were degraded using 

narrowband radiation sources centred at 450 nm ([Λ450]), 525 nm ([Λ525]), and 625 nm 

([Λ625]) in environments of different [O2] and RH:  0% [O2] and 70% RH, 20% [O2] and 

70% RH, 0% [O2] and 20% RH, and 20% [O2] and 20% RH. Diffuse reflectance was 

measured for each sample before and during degradation at intervals of 1 – 5 days 

Details of the instrumentation and experimental procedure are presented in          

Section 3.3. 

Section 6.3.1 discusses the normalisation of the change of diffuse reflectance (ΔR), 

which was modelled over time for each [Λ]. A similar modelling approach as that 

discussed in Section 6.2.1 was taken and the rate constants of paper (kΔRN-p) and ink 

(kΔRN-i) were obtained for further analyses. Section 6.3.2 takes an in-depth look at paper, 

where the effects of Λ, [O2], and RH on kΔRN-p were analysed. Similar analyses were 

carried out for ink and are presented in Section 6.3.3. 

[Λ] is used to represent the narrowband radiation source centred at Λ. It is worth noting 

that Λ is used to indicate the wavelength of the radiation sources, which is different 

from λ, the wavelength at which the diffuse reflectance was measured.  

6.3.1 Modelling normalised rate constants of change in diffuse reflectance 

Given that [Λ450], [Λ525], and [Λ625] were generated using bandpass filters with a 

broadband LED radiation source, the SPD of which (Figure 3.3.2) was not uniform across 

Λ, normalisation was carried out for comparability prior to all the analyses. ΔR of every 

sample was normalised by the number of photons that reached to the samples emitted 

from each [Λ]. The number of photons (N, mol∙s-1∙m-2) was calculated based on the 

Planck-Einstein relation: 

N = Λ∙E∙(NA∙h∙c)-1,                                                                                                              [6.3.1] 
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where Λ is the wavelength of the radiation in nm, E is the total photon energy reached 

to the sample surface in J∙s-1∙m-2, NA is Avogadro’s constant in mol-1, h is Planck constant 

in J∙s and c is the speed of light in m∙s-1. E was measured using GL SPECTIS 1.0 (GL Optic, 

Poland-Germany) at the position of the samples. Under the assumption that the 

number of photons absorbed and led to investigated reactions in the samples were 

proportional to the number of photons irradiated at the samples, the normalised 

change in reflectance (ΔRN) for each [Λ] was calculated as: 

ΔRN = ΔR∙N-1,                                                                                                                        [6.3.2] 

where ΔR is the change in diffuse reflectance as measured by the hyperspectral imaging 

system at each time interval during degradation of paper and ink, N is the number of 

photons reached to the samples in mol∙s-1∙m-2 during degradation. Based on       

Equation 6.2.2 and Equation 6.2.3, the normalised rate constant of change in diffuse 

reflectance (kΔRN) was calculated over 424 – 853 nm at approximately 50 nm intervals 

for samples exposed to [Λ450] (kΔRN-B), [Λ525] (kΔRN-G) and [Λ625] (kΔRN-R). The results are 

summarised in Table 6.3.1 for paper and Table 6.3.2 for ink.  
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Table 6.3.1 Normalised rate constant of change in diffuse reflectance of historical paper at different λ 

during accelerated degradation in different conditions. The results for (a) [Λ450], (b) [Λ525], and (c) [Λ625] 

are presented in separate tables for comparison. kΔR is in mol-1. R2 represents the goodness-of-fit of the 

logarithmic models based on Equation 6.2.2 and Equation 6.2.3. 

(a) [Λ450] 

λ/nm 
0% [O2], 70%RH 20% [O2], 70%RH 0% [O2], 20%RH 20% [O2], 20%RH 

kΔRN-B-p R2 kΔRN-B-p R2 kΔRN-B-p R2 kΔRN-B-p R2 

424 6.11x10-7 0.91 6.23 x10-7 0.87 2.0 x10-7 0.62 3.22 x10-7 0.75 

444 4.32 x10-7 0.95 3.87 x10-7 0.93 1.34 x10-7 0.94 2.71 x10-7 0.95 

497 2.83 x10-7 0.89 2.00 x10-7 0.80 5.07 x10-8 0.68 1.43 x10-7 0.90 

549 1.70 x10-7 0.67 5.36 x10-8 0.20 0.00 0.00 6.85 x10-8 0.54 

601 1.19 x10-7 0.41 -2.98 x10-8 0.06 -1.79 x10-8 0.15 -5.96 x10-9 0.02 

654 9.54 x10-8 0.26 -6.85 x10-8 0.21 -2.68 x10-8 0.25 -3.58 x10-8 0.36 

706 7.75 x10-8 0.18 -8.94 x10-8 0.27 -3.87 x10-8 0.34 -5.66 x10-8 0.55 

758 5.96 x10-8 0.12 -9.54 x10-8 0.28 -4.77 x10-8 0.38 -7.15 x10-8 0.62 

811 5.66 x10-8 0.10 -9.54 x10-8 0.25 -5.66 x10-8 0.40 -8.05 x10-8 0.61 

853 5.07 x10-8 0.08 -9.84 x10-8 0.24 -5.96 x10-8 0.37 -8.64 x10-8 0.60 

(b) [Λ525] 

λ/nm 0% [O2], 70%RH 20% [O2], 70%RH 0% [O2], 20%RH 20% [O2], 20%RH 

kΔRN-G-p R2 kΔRN-G-p R2 kΔRN-G-p R2 kΔRN-G-p R2 

424 1.38 x 10-7 0.70 2.07 x10-7 0.83 1.29 x10-8 0.02 5.44 x10-8 0.42 

444 1.06 x 10-7 0.91 1.41 x10-7 0.94 2.72 x10-8 0.81 7.77 x10-8 0.92 

497 9.06 x 10-8 0.92 1.14 x10-7 0.96 2.72 x10-8 0.83 7.25 x10-8 0.95 

549 4.92 x 10-8 0.77 6.21 x10-8 0.85 7.77 x10-9 0.30 4.92 x10-8 0.79 

601 1.81 x 10-8 0.24 2.20 x10-8 0.36 -6.47 x10-9 0.19 3.88 x10-9 0.07 

654 0.00 0.00 2.59 x10-9 0.01 -1.16 x10-8 0.40 -1.29 x10-8 0.37 

706 -1.16 x 10-8 0.08 -7.77 x10-9  0.03 -1.55 x10-8 0.48 -2.20 x10-8 0.57 

758 -2.20 x 10-8 0.25 -1.29 x 10-8 0.08 -1.81 x10-8 0.51 -2.98 x10-8 0.62 

811 -2.72 x 10-8 0.30 -1.42 x 10-8 0.09 -2.07 x10-8 0.51 -3.24 x10-8 0.60 

853 -3.11 x 10-8 0.31 -1.68 x 10-8 0.11 -2.20 x10-8 0.50 -3.49 x10-8 0.57 
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(c) [Λ625] 

λ/nm 0% [O2], 70%RH 20% [O2], 70%RH 0% [O2], 20%RH 20% [O2], 20%RH 

kΔRN-R-p R2 kΔRN-R-p R2 kΔRN-R-p R2 kΔRN-R-p R2 

424 3.71 x10-8 0.51 6.61 x10-8 0.73 3.23 x10-9 0.03 2.31 x10-8 0.37 

444 3.44 x10-8 0.76 3.71 x10-8 0.92 8.60 x10-9 0.82 1.56 x10-8 0.66 

497 2.96 x10-8 0.73 2.96 x10-8 0.93 7.53 x10-9 0.64 1.56 x10-8 0.67 

549 2.31 x10-8 0.60 2.15 x10-8 0.87 7.53 x10-9 0.47 1.67 x10-8 0.68 

601 1.61 x10-8 0.40 1.24 x10-8 0.62 5.38x10-9 0.23 3.76 x10-9 0.09 

654 9.14 x10-9 0.17 5.92 x10-9 0.21 3.23 x10-9 0.06 -3.23 x10-9 0.06 

706 3.76 x10-9 0.03 1.61 x10-9 0.02 1.61 x10-9 0.01 -8.07 x10-9 0.29 

758 -5.38 x10-10 0.00 -1.08 x10-9 0.00 5.38 x10-10 0.00 -1.13 x10-8 0.42 

811 -2.15 x10-9 0.01 -1.08 x10-9 0.00 0.00 0.00 -1.29 x10-8 0.45 

853 -3.76 x10-9 0.02 -1.61 x10-9 0.01 0.00 0.00 -1.40 x10-8 0.45 

 

 

Table 6.3.2 Normalised rate constant of change in diffuse reflectance of iron gall ink at different λ 

during accelerated degradation in different conditions. The results for (a) [Λ450], (b) [Λ525], and (c) [Λ625] 

are presented in separate tables for comparison. kΔR is in mol-1. R2 represents the goodness-of-fit of the 

logarithmic models based on Equation 6.2.2 and Equation 6.2.3. 

(a) [Λ450] 

λ/nm 0% [O2], 70%RH 20% [O2], 70%RH 0% [O2], 20%RH 20% [O2], 20%RH 

kΔRN-B-i R2 kΔRN-B-i R2 kΔRN-B-i R2 kΔRN-B-i R2 

424 1.19 x 10-8 0.19 1.19 x 10-8 0.26 -1.5 x 10-7 0.40 -2.7 x 10-8 0.02 

444 2.09 x 10-8 0.12 6.26 x 10-8 0.54 1.19 x 10-8 0.03 -8.94 x 10-9 0.01 

497 -8.34 x 10-8 0.67 -2.98 x 10-9 0.01 0.00 0.00 -2.98 x 10-8 0.33 

549 -1.91 x 10-7 0.86 -6.56 x 10-8 0.71 -2.09 x 10-8 0.53 -5.66 x 10-8 0.6 

601 -2.98 x 10-7 0.89 -1.28 x 10-7 0.84 -4.17 x 10-8 0.79 -9.54 x 10-8 0.79 

654 -3.79 x 10-7 0.9 -1.85 x 10-7 0.87 -6.56 x 10-8 0.89 -1.19 x 10-7 0.85 

706 -4.53 x 10-7 0.92 -2.38 x 10-7 0.88 -1.01 x 10-7 0.94 -1.52 x 10-7 0.89 

758 -5.16 x 10-7 0.92 -2.80 x 10-7 0.87 -1.40 x 10-7 0.96 -1.88 x 10-7 0.92 

811 -5.42 x 10-7 0.93 -3.01 x 10-7 0.85 -1.73 x 10-7 0.96 -2.21 x 10-7 0.93 

853 -5.39 x 10-7 0.93 -3.10 x 10-7 0.83 -1.97 x 10-7 0.95 -2.38 x 10-7 0.93 
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(b) [Λ525] 

λ/nm 0% [O2], 70%RH 20% [O2], 70%RH 0% [O2], 20%RH 20% [O2], 20%RH 

kΔRN-G-i R2 kΔRN-G-i R2 kΔRN-G-i R2 kΔRN-G-i R2 

424 -1.42 x 10-8 0.75 3.88 x 10-9 0.14 -6.3 x 10-8 0.38 -4.8 x 10-8 0.39 

444 -2.85 x 10-8 0.68 2.46 x 10-8 0.37 -3.88 x 10-9 0.00 -2.20 x 10-8 0.19 

497 -3.88 x 10-8 0.81 9.06 x 10-9 0.25 -2.59 x 10-9 0.02 -9.06 x 10-9 0.22 

549 -5.95 x 10-8 0.83 -1.42 x 10-8 0.33 -1.29 x 10-8 0.22 -1.68 x 10-8 0.52 

601 -9.58 x 10-8 0.87 -4.14 x 10-8 0.63 -2.33 x 10-8 0.49 -4.53 x 10-8 0.87 

654 -1.18 x 10-7 0.88 -6.34 x 10-8 0.68 -3.24 x 10-8 0.63 -6.08 x 10-8 0.91 

706 -1.40 x 10-7 0.89 -8.41 x 10-8 0.70 -4.40 x 10-8 0.73 -7.77 x 10-8 0.92 

758 -1.60 x 10-7 0.90 -9.84 x 10-8 0.70 -5.57 x 10-8 0.8 -9.32 x 10-8 0.92 

811 -1.70 x 10-7 0.91 -1.04 x 10-7 0.70 -6.47 x 10-8 0.83 -1.02 x 10-7 0.92 

853 -1.89 x 10-7 0.93 -1.06 x 10-7 0.70 -7.12 x 10-8 0.84 -1.06 x 10-7 0.92 

(c) [Λ625] 

λ/nm 0% [O2], 70%RH 20% [O2], 70%RH 0% [O2], 20%RH 20% [O2], 20%RH 

kΔRN-R-i R2 kΔRN-R-i R2 kΔRN-R-i R2 kΔRN-R-i R2 

424 -5.38 x 10-9 0.79 1.08 x 10-9 0.04 -2.6 x 10-8 0.40 1.08 x 10-9 0.00 

444 -1.18 x 10-8 0.70 9.14 x 10-9 0.33 -1.61 x 10-9 0.02 -1.02 x 10-8 0.52 

497 -5.92 x 10-9 0.39 4.84 x 10-9 0.40 -5.38 x 10-10 0.02 -1.02 x 10-8 0.59 

549 -7.53 x 10-9 0.38 0.00 0.00 -1.08 x 10-9 0.04 -9.68 x 10-9 0.56 

601 -1.45 x 10-8 0.61 -5.92 x 10-9 0.25 -2.69 x 10-9 0.13 -1.67 x 10-8 0.67 

654 -2.26 x 10-8 0.70 -1.13 x 10-8 0.41 -4.84 x 10-9 0.23 -2.69 x 10-8 0.76 

706 -3.01 x 10-8 0.74 -1.61 x 10-8 0.49 -6.99 x 10-9 0.30 -2.69 x 10-8 0.76 

758 -3.76 x 10-8 0.79 -1.94 x 10-8 0.51 -8.60 x 10-9 0.30 -3.12 x 10-8 0.77 

811 -4.19 x 10-8 0.81 -1.99 x 10-8 0.48 -9.68 x 10-9 0.29 -3.39 x 10-8 0.77 

853 -4.89 x 10-8 0.85 -2.04 x 10-8 0.50 -1.02 x 10-8 0.24 -3.50 x 10-8 0.76 

6.3.2 Wavelength sensitivity of photodegradation of paper 

For each [Λ], the relationship between kΔRN-p and λ was investigated as shown in Figure 

6.3.1. No radiation showed strong selectivity over λ of 424 – 853 nm. Similar results as 

the effect of the broadband radiation were obtained, where kΔRN-p decreased as λ 

increased with positive maximum shown at the short end of the λ range. Small kΔRN-p 

was obtained at λ > 600 nm, where the data scatter was also large indicated by 

relatively smaller R2. This suggests that the signal to noise level at λ > 600 nm was likely 

to be so low that valid ΔR was unmeasurable by the instrument used in this research. 
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Curvature was observed in the relationship between kΔRN-p and λ, however, this 

curvature can be modelled thus the analyses on kΔRN-p at a single λ can be transferrable 

to other λs.  

 (a) 

 (b) 
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(c) 

Figure 6.3.1 Scatter plots showing the relationship between kΔR-R-p and λ for samples exposed to: (a) 

[Λ450], (b) [Λ525], and (c) [Λ625]. 

The effect of Λ on kΔRN-p over 424 – 853 nm is further explored in Figure 6.3.2. It clearly 

shows that under all the combinations of [O2] and RH, [Λ450] induced the fastest change 

across the range of λ whereas [Λ625] induced the slowest. This can be partially explained 

by the higher energy carried by the photons at 450 nm than the photons at 625 nm. 

The dependence of kΔRN-p on Λ-1 was not linear. The proportionality between kΔRN-B-p 

and kΔRN-R-p, as well as that between kΔRN-B-p and kΔRN-G-p, was found similar in different 

environmental conditions. On average, kΔRN-B-p was 12 times as much as kΔRN-R-p and 3 

times as much as kΔRN-G-p. Given that the photon energy of [Λ450] is approximately 1.5 

times and 1.2 times as much as that of [Λ625] and [Λ525] respectively, the difference in 

photon energy alone was insufficient to explain the observed difference in kΔRN-p. 

Quantum efficiency may be another factor that played a role, which was likely to be 

reversely related with Λ for paper. However, further experiments need to be designed 

to test this hypothesis for a comprehensive understanding of the observed dependence 

of kΔRN-p on Λ. 
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 (c) 

(d) 

Figure 6.3.2 Scatter plots showing the dependence of kΔRN-p on Λ in four experimental conditions: (a) 0% 

[O2] and 70%RH, (b) 20% [O2] and 70%RH, (c) 0% [O2] and 20%RH, and (d) 20% [O2] and 20%RH. 

A closer look at Figure 6.3.1 reveals that kΔRN-B-p, kΔRN-G-p, and kΔRN-R-p obtained at high 

RH were generally higher than those obtained at low RH, suggesting that RH was likely 

to play a positive role in driving the rate of degradation of paper. This observation was 

confirmed by ANOVA. Taking [O2], RH, and Λ as three factors, their effects and 

interactions on kΔRN-p at 444 nm (kΔRN-p-444) were analysed based on Equation 6.2.5 

under the assumption that the three-factor effect was negligible. The results are 

presented in Table 6.3.3. 
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Table 6.3.3 ANOVA for the effects of [O2], RH, Λ and their interactions on kΔRN-p-444. 

Factors Sum of squares Degree of freedom Mean square F-value p-value 

[O2] 2.92E-15 1 2.92E-15 1.18 0.3909 

RH 3.03E-14 1 3.03E-14 12.25 0.0728 

Λ 1.75E-13 2 8.75E-14 35.33 0.0275 

[O2]*RH 3.39E-15 1 3.39E-15 1.37 0.3623 

[O2]*Λ 1.05E-15 2 5.23E-16 0.21 0.8255 

RH*Λ 1.81E-14 2 9.06E-15 3.66 0.2147 

Error 4.95E-15 2 2.48E-15 
  

Total 2.36E-13 11 
   

Among all the factors, Λ was found to have the most significant effect on kΔRN-p-444. The 

effect of RH was also found strong among all the effects and interactions, 

corresponding to the observation made on Figure 6.3.1. Given the strong effects of Λ 

and RH, their interaction was considered to have a significant effect, although the           

F-value was not distinctively large and the p-value was larger than 0.05. The effect of 

[O2] and its interactions with other factors on kΔRN-p-444 was found insignificant. 

The effects of RH and Λ on kΔRN-p-444 were further analysed in an interaction plot (Figure 

6.3.3). Since the effect of [O2] was found insignificant, kΔRN-p-444 was averaged over high 

and low [O2] for each combination of RH and Λ. As shown in Figure 6.3.3, for each Λ, an 

increase in RH exerted a strong positive effect on kΔRN-p-444.  At each RH level, an increase 

in Λ led to a decrease in kΔRN-p-444. An interaction between RH and Λ was also observed, 

where the effect of Λ was reinforced with increasing RH. Based on the correlation 

shown in Figure 6.3.1, these results obtained for kΔRN-p-444 can be applied to kΔRN-p at 

other λs for a full picture of the photodegradation of paper. 
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Figure 6.3.3 Interaction plot illustrating the effects of RH, Λ, and their interaction on kΔRN-p-444. 

6.3.3 Wavelength sensitivity of photodegradation of ink 

Iron gall ink samples generally showed more data scatter compared to the paper 

samples, especially those ink samples that were exposed to [Λ625] during degradation. 

Based on the data presented in Table 6.3.2, the relationship between kΔRN-i and λ was 

plotted in Figure 6.3.4 for the ink samples exposed to [Λ450] (kΔRN-B-i, Figure 6.3.4 (a)), 

[Λ525] (kΔRN-G-i, Figure 6.3.4 (b)), and [Λ625] (kΔRN-R-i, Figure 6.3.4 (c)). These plots clearly 

demonstrate that each [Λ] led to faster spectroscopic response at long λs, mainly in the 

NIR range. kΔRN-i negatively increased as λ increased with the absolute maximum 

achieved at the long end of the λ range. These observations were consistent with those 

made with broadband LED radiation as discussed in Section 6.2.3. Curvature was 

observed at both ends of the spectral range in the relationship between kΔRN-i and λ. 

The curvature at the low end is likely due to the low signal to noise ratio whereas that 

at the high end may indicate the levelling off trend of kΔRN-i at longer λs beyond 850 nm.  
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(c) 

Figure 6.3.4 Scatter plots showing the relationship between kΔRN-R-i and λ for samples exposed to: (a) 

[Λ450], (b) [Λ525], and (c) [Λ625]. 

The dependence of kΔRN-i on Λ in different experimental conditions is further explored 

in Figure 6.3.5. Similar to what was observed for paper, it is clear that [Λ450] induced 

the fastest change in diffuse reflectance of ink across the full reflective spectra in all 

the conditions. As Λ increased, kΔRN-i decreased. The relationship between kΔRN-i and      

Λ-1 was clearly not linear. However, the relationships between kΔRN-B-i, kΔRN-G-i, and     

kΔRN-R-i were nearly linear for each environmental condition and the coefficients of 

proportionality between them were found similar for different conditions. On average, 

kΔRN-B-i was found to be 3 times and 10 times as much as kΔRN-G-i and kΔRN-R-i respectively. 

These coefficients of proportionality are similar to those found for paper, indicating 

that not only the photon energy played a role in affecting kΔRN-i, but also that other 

factors such as quantum efficiency needs to be considered for a causal explanation. 
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 (d) 

Figure 6.3.5 Scatter plots showing the dependence of kΔRN-i on Λ in four experimental conditions: (a) 0% 

[O2] and 70%RH, (b) 20% [O2] and 70%RH, (c) 0% [O2] and 20%RH, and (d) 20% [O2] and 20%RH. 

In addition to the effect of Λ, the effect of RH was also observed. As shown in Figure 

6.3.4, for samples exposed to each [Λ], the fastest and the slowest change in 

reflectance was achieved at 70% RH and 20% RH respectively, suggesting RH was likely 

to drive the rate of change in reflectance of ink. The higher the RH the stronger the 

effect. Furthermore, although the effect of [O2] was not evident, an interaction 

between RH and [O2] emerged. Figure 6.3.4 (a) clearly shows that when RH was high, 

kΔRN-i was inhibited by the presence of O2, whereas at low RH, kΔRN-i was promoted by 

O2. 

These observations of the effects of Λ, RH, and [O2] were validated by ANOVA. Under 

the assumption that the three-factor effect was negligible, ANOVA was carried out for 

kΔRN-i at 811 nm (kΔRN-i-811), given that the results obtained at 811 nm are linearly 

transferrable to most of the λ range investigated. The results of ANOVA are presented 

in Table 6.3.4. As expected, Λ showed the strongest effect on kΔRN-i-811 and RH showed 

the 2nd strongest effect, followed by the interaction between RH and [O2] and the 

interaction between RH and Λ. Although the p-values of the effects of RH, RH*[O2], and 

RH*Λ were larger than 0.05, these effects were still considered significant since their 
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F-values were evidently larger than the rest factors. A clear picture can be obtained 

with more precise estimation of the effects and increased confidence in the knowledge 

of the errors through conduction of replications of the experimental runs. 

Table 6.3.4 ANOVA for the effects of [O2], RH, Λ and their interactions on kΔRN-i-811. 

Factors Sum of squares Degree of freedom Mean square F-value p-value 

[O2] 4.01E-15 1 4.01E-15 1.00 0.4233 

RH 2.75E-14 1 2.75E-14 6.83 0.1205 

Λ 1.69E-13 2 8.45E-14 20.97 0.0455 

[O2]*RH 1.60E-14 1 1.60E-14 3.98 0.1843 

[O2]*Λ 5.51E-15 2 2.75E-15 0.68 0.5941 

RH*Λ 2.59E-14 2 1.29E-14 3.21 0.2376 

Error 8.06E-15 2 4.03E-15 
  

Total 2.56E-13 11 
   

The interactions between RH and [O2] and between RH and Λ are further explored in 

an interaction plot as shown in Figure 6.3.6. It clearly shows that as RH increased, the 

effect of Λ on kΔRN-i-811 was reinforced. At each level of Λ, strong interaction between 

RH and [O2] was observed, where high RH reversed the effects of [O2] at low RH.  This 

plot confirms that Λ, RH, RH*[O2], and RH*Λ had significant effects on kΔRN-i-811, which 

can be extrapolated to kΔRN-i at other λs. 
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Figure 6.3.6 Interaction plot investigating the effects of RH, [O2], and Λ on kΔRN-i-811. 

6.3.4 Summary of results 

This section investigated the effects of Λ, [O2], and RH on the rate of change in diffuse 

reflectance of paper and ink. Normalised rate constants, kΔRN in per mole of photons, 

were obtained for paper and ink. In both cases, Λ was observed to have the strongest 

effect on kΔRN, where kΔRN decreased as Λ increased. [Λ450] induced twice faster 

spectroscopic response than that induced by [Λ525] and more than 10 times faster 

response than that induced by [Λ625]. The proportionality may be explained by the 

higher photon energy carried by photons at 450 nm than 525 nm and 625 nm and the 

different quantum efficiency at different Λs.  

In addition to Λ, RH was also found to have significant effect on kΔRN for both paper and 

ink. ANOVA confirmed these observations and additionally suggested that the 

interaction between RH and Λ was likely to be significant to paper, and the interaction 

between RH and Λ and the interaction between RH and [O2] were likely to be significant 

to ink. For a clear-cut picture of the effects of these interactions, replications of the 

experimental runs can be taken for improved precision of the estimations of the effects 

and the errors. 
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6.4 Degradation behaviour in tristimulus colourimetry 

For colour management of illuminated display of historical paper with iron gall ink, it is 

essential to understand the relationship between the spectroscopic response in diffuse 

reflection and the physiological perception of colour by human vision. It is of great 

interest to answer these research questions:  

▪ Is tristimulus colourimetric assessment in agreement with the measurements 

of spectroscopic responses of paper and ink? 

▪ Is tristimulus colourimetry capable of sensing the chemical changes in the 

paper and ink samples during degradation? 

▪ How can tristimulus colourimetry be effectively used to assess the condition 

of historical paper with iron gall ink in practice? 

To gain insights into these research questions, this section discusses the investigation 

of the effects of [O2], RH, and Ev on the change of paper and ink in tristimulus 

colourimetric values – CIE L*a*b* and ΔE00. Firstly, Section 6.4.1 presents the 

calculation of L*, a*, b*, and ΔE00. The relationships between these tristimulus variables 

were investigated, where the contributions of L*, a*, and b* to ΔE00 of paper and ink 

were assessed, and the change of colour difference between paper and ink in ΔE00, L*, 

a*, and b* was explored. In Section 6.4.2, modelling ΔE00 over time for all the 

experimental conditions for both paper and ink is discussed. The rate constants (kΔE00) 

were obtained, based on which ANOVA was carried out to evaluate the significance of 

the main effects and the interactions of [O2], RH, and Ev on kΔE00. Section 6.4.3 discusses 

the wavelength sensitivity of ΔE00. Normalised ΔE00 (ΔE00N) was modelled over time and 

the rate constants were obtained for ANOVA. 

6.4.1 Total colour change and CIE L* a* b* 

To obtain the tristimulus colourimetric values, the reflectance spectra collected from 

the paper and ink samples (424 nm – 853 nm) were truncated to the visible range (424 

nm – 780 nm) and analysed in CIELAB colour space. This is the colour space created by 
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the International Commission on Illumination (Commission internationale de l'éclairage, 

abbreviated as CIE) in 1976 to approximate human vision for perceptually uniformity. 

In CIELAB colour space, each colour is defined by three values: L*, a*, and b*. L* 

represents lightness, a* represents green–red colour component, and b* represents 

blue–yellow colour component. Based on L*, a*, and b*, the total colour difference (ΔE) 

between two colours as perceived by human vision can be calculated. ΔE has been 

widely adopted in the studies of change in appearance of cultural heritage materials 

for colour management (Blades et al., 2017; Brigham et al., 2018). Just-noticeable 

difference (JND) has been researched and defined in ΔE as a guidance to assess material 

conditions and the threshold of damage (Mahy, Van Eycken and Oosterlinck, 1994; 

Johnston-Feller, 2001; Sharma, 2003; Brigham et al., 2018). 

L*, a*, b*, and ΔE were calculated to assess the degradation behaviours of both paper 

and ink under different environmental conditions. To obtain these values, the X, Y, Z 

values in CIE 1931 XYZ colour space were first calculated using the reflectance spectra 

collected from each sample using the following equations: 

X =  
1

𝑁
∫ x(𝜆)S(𝜆)I(𝜆)d𝜆,                                                                                              [6.4.1] 

Y =  
1

𝑁
∫ y(𝜆)S(𝜆)I(𝜆)d𝜆,                                                                                              [6.4.2] 

Z =  
1

𝑁
∫ z(𝜆)S(𝜆)I(𝜆)d𝜆,                                                                                               [6.4.3] 

𝑁 =  ∫ y(𝜆)I(𝜆)d𝜆,                                                                                                          [6.4.4] 

where x, y, and z are CIE 1964 standard 10 ° colourimetric observer functions which are 

plotted in Figure 6.4.1, S is the reflectance of the sample from 424 nm to 780 nm, I is 

the relative SPD of CIE standard illumination D65 (Figure 6.4.2), and N is a normalising 

constant. X, Y, and Z were then used to obtain L*, a*, and b* based on:  

L ∗ = {
116 (

Y

Yn
)1/3 − 16,

Y

Yn
> 0.008856

903.3 (
Y

Yn
),

Y

Yn
≤ 0.008856

,                                                                [6.4.5] 

a ∗ = 500 (f (
X

Xn
) − f (

Y

Yn
)),                                                                                          [6.4.6] 



 
 

174 
 

b ∗ = 200 (f (
Y

Yn
) − f (

Z

Zn
)),                                                                                          [6.4.7] 

where 𝑓(𝑘) = {
𝑘1/3, 𝑘 > 0.008856

7.787𝑘 + 16/116, 𝑘 ≤ 0.008856
, Xn, Yn and Zn are the tristimulus 

values of the reference white for CIE standard illuminant D50. Subsequently, the total 

colour changes of paper (ΔE00-p) and ink (ΔE00-i) over the duration of each experimental 

run was calculated based on the formula given by CIE (CIE, 2001; Sharma et al., 2005).  

 

Figure 6.4.1 The distribution of colour matching weighting factors for x, y and z used to calculate X, Y, 

and Z in equation 5.4.1. 
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Figure 6.4.2 The relative SPD of CIE Standard Illuminant D65. 

Since ΔE00 is always positive and may obscure the information about the directions of 

change in L* (ΔL*), a* (Δa*), and b* (Δb*), the correlations between ΔE00 and ΔL*, Δa*, 

and Δb* were investigated for paper (ΔE00-p, ΔLp*, Δap*, Δbp*) and ink (ΔE00-i, ΔLi*, Δai*, 

Δbi*). ΔE00, ΔL*, Δa*, and Δb* were averaged across all the samples at each time point 

and the averages were used for the analysis. The correlations are plotted in Figure 6.4.3, 

where linearity was generally observed for paper samples degraded under all the 

environmental conditions (Figure 6.4.3 (a)). ΔE00-p was found to be positively correlated 

with ΔLp* but negatively correlated with Δbp* and Δap*. As ΔE00p increased, ΔLp* 

increased whereas Δap* and Δbp* decreased, indicating that paper visually became 

lighter and bleached over time. 

Among ΔLp*, Δap*, and Δbp*, ΔE00-p was mainly driven by Δbp*. According to        

Equation 6.4.7, b* is a function of Y and Z which are defined by the colour matching 

functions that mainly cover the range of λ < 600 nm (Figure 6.4.1). This corresponds to 

what was observed in the diffuse reflectance of paper where the spectroscopic change 

decreased as λ increased and most change took place at λ < 600 nm (Figure 6.2.1). ΔLp* 

and Δap* contributed less to ΔE00-p, which corresponds to the small spectroscopic 

change of paper beyond 550 nm since ΔL* is defined by Y (Equation 6.4.5) and Δa* is 

defined by X and Y simultaneously (Equation 6.4.6) which cover little of λ < 500 nm.  
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(a7)  (b7) 

 

(a8)  

Figure 6.4.3 Scatter plots showing the correlations between ΔE00 and ΔL*, Δa*, and Δb* for paper ((a1) – 

(a8)) and ink ((b1) – (b8)) samples degraded under different environmental conditions.  

Similar observations were made for ink, although the data scatter was evidently larger 

(Figure 6.4.3 (b)). For the majority of the environmental conditions, Δbi* contributed 

the most to ΔE00i. However, the contribution of Δai* to ΔE00i increased compared to 

paper. This is likely because the colour matching function used to calculate Δai* have 

peaks between 550 nm and 600 nm where evident spectroscopic change of ink was 

measured (Figure 6.2.2). In most cases, ΔE00i was negatively correlated with ΔLi*, Δai*, 

and Δbi*. As ΔE00i increased, ΔLi*, Δai*, and Δbi* all tended to decrease, suggesting that 

visually ink became darker and bluer over time.  

The above analyses revealed that ΔLp* and ΔLi* changed in opposite directions whereas 
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historic objects, an interdependent assessment of their changes in colour can provide 

useful information for the assessment of the condition of the whole objects. With these 

considerations, the contrast between paper and ink was explored as one of the 

properties that can contribute to the assessment criteria. The average contrast 

between paper and ink was calculated in L* (ΔL(i-p)*), a* (Δa(i-p)*), b* (Δb(i-p)*), and ΔE00 

(ΔE00-(i-p)) using these equations: 

𝛥𝐿(𝑖−𝑘)
∗  =  

1

𝑁
∑ (Δ𝐿𝑖𝑘

∗ −  𝛥𝐿𝑝𝑘
∗ )𝑁

𝑘=1 ,                                                                               [6.4.8] 

𝛥𝑎(𝑖−𝑘)
∗  =  

1

𝑁
∑ (Δ𝑎𝑖𝑘

∗ −  𝛥𝑎𝑝𝑘
∗ )𝑁

𝑘=1 ,                                                                               [6.4.9] 

𝛥𝑏(𝑖−𝑘)
∗  =  

1

𝑁
∑ (Δ𝑏𝑖𝑘

∗ −  𝛥𝑏𝑝𝑘
∗ )𝑁

𝑘=1 ,                                                                               [6.4.10] 

𝛥𝐸00−(𝑖−𝑝) =  
1

𝑁
∑ (𝑓(𝛥𝐿𝐴𝐵𝑖𝑘, 𝛥𝐿𝐴𝐵𝑝𝑘))𝑁

𝑘=1 ,                                                           [6.4.11] 

where N is the total number of samples for each experimental run, f is the function 

used to calculate ΔE00 (CIE, 2001; Sharma et al., 2005), ΔLABi represents ΔLi*, Δai*, and 

Δbi*, and ΔLABp represents ΔLp*, Δap*, and Δbp* from the same document obtained at 

the same time point as those for ink. 

The change of the contrast between paper and ink over time is plotted in Figure 6.4.4. 

Due to time and resource constraints, not all the experimental runs were carried out 

for the same duration of time. However, ΔL(i-p)*, Δa(i-p)*, Δb(i-p)*, and ΔE00-(i-p)* reached 

equilibrium within the duration of most runs. In general, the largest contrast in the 

samples was observed in L* and b*. ΔL(i-p)* negatively increased over time, reflecting 

that ink became darker and paper became lighter over time. On the contrary, Δb(i-p)* 

positively increased over time, indicating that although blue shift in the hue of both ink 

and paper was observed as they degraded, this colour shift of paper was larger than 

that of ink. It is worth pointing out that the samples degraded at 0% [O2] and 70% RH 

showed the highest absolute values of ΔL(i-p)*, Δb(i-p)*, and ΔE00-(i-p), in which case       

ΔE00-(i-p) > 2.3 was achieved. Since ΔE00 of 2.3 represents an average of the range of JNDs 

that have been researched in literature for different materials and applications (Mahy, 

Van Eycken and Oosterlinck, 1994; Johnston-Feller, 2001; Sharma, 2003; Brigham et al., 
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2018), this suggests that under 0% [O2] and 70% RH, the change in contrast between 

paper and ink is likely to be detectable by unaided human vision.  
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 (c) 

(d) 

Figure 6.4.4 Scatter plots showing the change of the contrast between paper and ink over time in (a) L*, 

(b) a*, (c) b*, and (d) ΔE00. 

6.4.2 Effects of [O2], RH, and Ev on total colour change of paper and ink 

Having analysed the relationships between the tristimulus parameters, further 

investigations into ΔE00 were carried out. First of all, the change of ΔE00 over time is 

explored and shown in Figure 6.4.5 for both paper and ink degraded under the eight 

experimental conditions. As shown in this figure, paper generally underwent more 

change in colour than ink, except the samples degraded at 0% [O2] and 70% RH. Paper 

degraded at 20% [O2], 70% RH, and 20000 lx achieved the largest ΔE00-p (ΔE00-p > 3.5) 
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whereas paper degraded at 0% [O2], 20% RH, and 5000 lx showed the smallest          

(ΔE00-p < 1.0).  This suggests that O2, moisture, and visible radiation are all likely to 

promote the total colour change of paper.  

For iron gall ink, ΔE00-i generally remained below 2.3 for all the experimental conditions, 

suggesting that the total colour change of ink may not be detectable by the unaided 

human vision under most conditions. However, ink samples degraded at 0% [O2] and 

70% RH achieved the largest amount of total colour change (ΔE00-i > 4.0). Given that 

ΔE00-i showed smaller values at 20% RH regardless of [O2] or Ev, moisture is likely to 

strongly promote the total colour change of ink.  
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 (g) 

(h) 

Figure 6.4.5 Scatter plots showing the change of ΔE00-p and ΔE00-i over time for eight experimental 

conditions: (a) 0% [O2], 70% RH, and 20000 lx, (b) 0% [O2], 70% RH, and 5000 lx, (c) 20% [O2], 70% RH, 

and 20000 lx, (d) 20% [O2], 70% RH, and 5000 lx,(e)  0% [O2], 20% RH, and 20000 lx,(f)  0% [O2], 20% RH, 

and 5000 lx, (g) 20% [O2], 20% RH, and 20000 lx, and (h) 20% [O2], 20% RH, and 5000 lx. 

The change of ΔE00-p and ΔE00-i over time were approximated based on Equations 6.2.2 

and Equation 6.2.3 over the experimental range. ΔE00 and the rate of change in ΔE00 

(KΔE00) can be expressed as: 

ΔE00 = 0, when t = 0, 

ΔE00 = AΔE00 + kΔE00∙ln(t), when t > 0,                                                                            

[6.4.12] 
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KΔE00 = 0, when t =0,  

KΔE00 = kΔE00∙t-1, when t > 0,                                                                                    [6.4.13] 

where ΔE00 represents either ΔE00-p or ΔE00-i, t is the degradation time in days, AΔE00 is a 

constant representing the total colour change of the samples in one day’s time, KΔE00 is 

the rate of ΔE00 in day-1, kΔE00 is the rate constant which is unitless. Based on Equations 

6.4.12 and 6.4.13, AΔE00 and kΔE00 were calculated for paper (AΔE00-p, kΔE00-p) and ink 

(AΔE00-i, kΔE00-i) and the results are summarised in Table 6.4.1. The results indicate that 

ΔE00p and ΔE00i over time can be well approximated using a logarithmic relationship 

where ink showed slightly more data scatter. Faster change in ΔE00-i than ΔE00-p was 

observed at 0% [O2] and 70% RH, however, at the other conditions, faster change in 

ΔE00-p was always shown. When [O2], RH, and Ev were all at low levels, the slowest 

change of both ΔE00-p and ΔE00-i were obtained. The fastest change of ΔE00-p was 

achieved when [O2], RH, and Ev were all at high levels, whereas for ink, the fastest 

change of ΔE00i was reached at low [O2] and high RH and Ev. 

Table 6.4.1 Summary of AΔE00-p, kΔE00-p, AΔE00-i, and kΔE00-i under eight experimental conditions. Goodness-

of-fit of the models are indicated by R2. 

Experimental conditions Paper Iron gall ink 

[O2] RH Ev (lx) AΔE00-p kΔE00-p R2 AΔE00-i kΔE00-i R2 

0%  70% 20000 0.8521 0.5410 0.93 1.3296 0.8550 0.91 

0% 70% 5000 0.5995 0.3806 0.92 1.3803 0.7871 0.90 

20% 70% 20000 1.2606 0.6363 0.97 1.1816 0.3256 0.86 

20% 70% 5000 0.8452 0.4859 0.93 0.9421 0.3648 0.83 

0% 20% 20000 0.6866 0.2749 0.95 0.6571 0.1917 0.89 

0% 20% 5000 0.4050 0.1681 0.90 0.4233 0.0881 0.76 

20% 20% 20000 0.9981 0.4380 0.94 0.7641 0.1994 0.89 

20% 20% 5000 0.5113 0.3529 0.95 0.5206 0.1715 0.96 

Based on Equation 6.2.5, the significance of the effects of [O2], RH, Ev and their 

interactions on kΔE00-p and kΔE00-i was analysed using ANOVA and the results are 

presented in Table 6.4.2 (a) and Table 6.4.2 (b) respectively. For paper, [O2], RH, and Ev 
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showed much stronger main effects on kΔE00-p than any pairwise interactions between 

these factors. This is consistent with the results obtained for the effects of [O2], RH, and 

Ev on the rate constant of change in diffuse reflectance at 444 nm as discussed in 

Section 6.2.2. [O2]*RH and RH*Ev showed borderline p-values that are commonly 

acceptable for significance indication. However, since the main effects were evidently 

larger than these interactions and in the half-normal probability plot (Figure 6.4.6 (a)), 

the data points of the main effects deviated from the null-effect line going through the 

origin and the data points representing the interactions, it is plausible to consider the 

main effects only for further regression analysis on kΔE00-p. 

For ink, [O2], RH and their interaction showed evidently larger effects on kΔE00-i than the 

other factor and interactions. This shows consistency with the observations made for 

the effects of [O2], RH, and Ev on the rate constant of change of ink in diffuse reflectance 

at 811 nm as discussed in Section 6.2.3, where the effects of [O2], RH, and their 

interaction were significantly larger than the others. Among [O2], RH, and [O2]*RH, RH 

showed the strongest effect, which is partially due to the relatively wide range of RH 

that was investigated in the experiment. However, the experimental range was 

comparable to the RH range in a real scenario and the effect size of RH should be 

representative. The significance of the effects of [O2], RH, and [O2]*RH was further 

confirmed by the half-normal probability plot (Figure 6..4.6 (b)). Therefore, [O2], RH, 

and [O2]*RH were selected as explanatory variables for regression analysis on kΔE00-i. 
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Table 6.4.2 ANOVA for the effects of [O2], RH, Ev and their interactions on (a) kΔE00-p and (b) kΔE00-i. 

 (a) kΔE00-p 

Source Sum of 
squares 

Degree of freedom Mean square F-value p-value 

[O2] 0.03761 1 0.03761 2197.77 0.0136 

RH 0.08199 1 0.08199 4791.72 0.0092 

Ev 0.03159 1 0.03159 1846.06 0.0148 

[O2]*RH 0.00271 1 0.00271 158.50 0.0505 

[O2]*Ev 0.00013 1 0.00013 7.34 0.2251 

RH*Ev 0.00177 1 0.00177 103.27 0.0624 

Error 0.00002 1 0.00002 
  

Total 0.15581 7 
   

(b) kΔE00-i 

Source Sum of squares Degree of freedom Mean square F-value p-value 

[O2] 0.09258 1 0.09258 751.18 0.0232 

RH 0.35356 1 0.35356 2868.73 0.0119 

Ev 0.00321 1 0.00321 26.03 0.1232 

[O2]*RH 0.13593 1 0.13593 1102.92 0.0192 

[O2]*Ev 0.00418 1 0.00418 33.89 0.1083 

RH*Ev 0.00132 1 0.00132 10.72 0.1887 

Error 0.00012 1 0.00012 
  

Total 0.59089 7 
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 (a) 

 

(b) 

Figure 6.4.6 Half-normal probability plots for the effects of [O2], RH, Ev and their interactions on (a) 

kΔE00-p and (b) kΔE00-i. 

The main effects of [O2], RH, and Ev on kΔE00-p and the interaction between [O2] and RH 

on kΔE00-i are graphed in interaction plots shown in Figure 6.4.7 (a) and Figure 6.4.7 (b) 

respectively. For paper, it is clear that all the main effects on kΔE00-p were positive, 

where kΔE00-p increased as the levels of the factors increased. No interaction was 

observed as discussed before. For ink, kΔE00-i was averaged over Ev for the same 

combinations of [O2] and RH given that the effect of Ev was found insignificant. The 

effect of RH was strong when O2 was absent and it was weakened when [O2] increased. 

[O2]*RH*Ev

[O2]*Ev

RH*Ev
[O2]*RH

Ev
[O2]

RH

0.00

0.05

0.10

0.15

0.20

0.25

0.0 0.2 0.4 0.6 0.8 1.0 1.2 1.4 1.6 1.8 2.0

A
b

so
lu

te
 e

ff
ec

t 
va

lu
e

Half normal score

[O2]*RH*Ev
RH*Ev

Ev [O2]*Ev

[O2]

[O2]*RH

RH

0.00

0.05

0.10

0.15

0.20

0.25

0.30

0.35

0.40

0.45

0.0 0.2 0.4 0.6 0.8 1.0 1.2 1.4 1.6 1.8 2.0

A
b

so
lu

te
 e

ff
ec

t 
va

lu
e

Half normal score



 
 

190 
 

It is likely that O2 played an inhibitive role in inducing the total colour change of iron 

gall ink when RH was high whereas it modestly accelerated the discolouration of ink 

when RH was low. 

(a) 

  (b) 

Figure 6.4.7 Interaction plots exploring (a) the directions of the effects of [O2], RH, and Ev on kΔE00-p and 

(b) the interaction between [O2] and RH on kΔE00-i. 

Furthermore, the dependence of A0-p and A0-i on [O2], RH, Ev and their interactions was 

investigated. The significance of the effects of [O2], RH, Ev was analysed by ANOVA 

based on Equation 6.2.5. The results are summarised in Table 6.4.3 (a) for A0-p and  
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Table 6.4.3 (b) for A0-i. Consistent with the results for kΔE00-p, the main effects on A0-p 

were found to be evidently stronger than the interactions. For A0-i, however, RH was 

the only factor that had a significantly large effect. This is likely to due to the relatively 

slow penetration of O2, which needs further research to investigate. These 

observations for paper and ink were further confirmed by the half-normal probability 

plots (Figure 6.4.8). Therefore, [O2], RH, and Ev were selected as explanatory variables 

for the regression analysis on A0-p and RH was selected as the explanatory variable for 

the regression analysis on A0-i. 

Table 6.4.3 ANOVA for the effects of [O2], RH, Ev, and their interactions on (a) A0-p and (b) A0-i. 

(a) A0-p 

Source Sum of squares Degree of freedom Mean square F-value p-value 

[O2] 0.14365 1 0.14365 639.23 0.0252 

RH 0.11434 1 0.11434 508.80 0.0282 

Ev 0.25791 1 0.25791 1147.68 0.0188 

[O2]*RH 0.00699 1 0.00699 31.09 0.1130 

[O2]* Ev 0.01693 1 0.01693 75.33 0.0730 

RH* Ev 0.00126 1 0.00126 5.61 0.2544 

Error 0.00022 1 0.00022   

Total 0.54129 7    

(b) A0-i 

Source Sum of squares Degree of freedom Mean square F-value p-value 

[O2] 0.01823 1 0.01823 1.85 0.4033 

RH 0.76169 1 0.76169 77.45 0.072 

Ev 0.05546 1 0.05546 5.64 0.2537 

[O2]*RH 0.07811 1 0.07811 7.94 0.2171 

[O2]*Ev 0.01124 1 0.01124 1.14 0.4787 

RH*Ev 0.0104 1 0.0104 1.06 0.491 

Error 0.00984 1 0.00984 
  

Total 0.94497 7 
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 (a) 

(b) 

Figure 6.4.8 Half-normal probability plots exploring the effects of [O2], RH, Ev, and their interactions on 

(a) A0-p and (b) A0-i. 

6.4.3 Wavelength sensitivity of total colour change of paper and ink 

The wavelength sensitivity of ΔE00 was investigated by degrading paper and ink samples 

using narrowband radiation sources centred at 450 nm ([Λ450]), 525 nm ([Λ525]), and 

625 nm ([Λ625]) at different combinations of [O2] and RH. For comparison, ΔE00 of 

samples irradiated by different narrowband radiation was normalised as: 

ΔE00N = ΔE00∙N-1,                                                                                                              [6.4.14] 
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where ΔE00 is either ΔE00-p or ΔE00-i which is the total colour change of either paper or 

ink averaged over all the samples at each time point, ΔE00N is the normalised ΔE00 in 

mol-1, N is the number of photons in mol∙s-1∙m-2 calculated according to Equation 6.3.1. 

ΔE00N of paper (ΔE00N-p) and ink (ΔE00N-i) over time under different experimental 

conditions are plotted in Figure 6.4.9. It is evident that for all the experimental 

conditions, ~50% of the total colour change of paper and ink was completed in the first 

five days. When [O2] was as high as 20%, ΔE00N-p was larger than ΔE00N-i and the 

difference was most prominent in samples exposed to [Λ450]. However, in the absence 

of O2, ΔE00N-i showed competitive or even larger values than ΔE00N-p, corresponding to 

the observations discussed in Section 6.4.2 where O2 promoted ΔE00-p but inhibited 

ΔE00-i under broadband radiation. 

The effect of [Λ] on either ΔE00N-p or ΔE00N-i decreased as Λ increased. [Λ450] induced 

remarkably faster and larger change in ΔE00N-p and ΔE00N-i, which was generally ~10 

times as much as the effect of [Λ625]. This is likely to be associated with the higher 

photon energy at 450 nm than the photon energy at 625 nm. However, the difference 

in photon energy fails to provide a sufficient explanation to the observed magnitude of 

the difference in ΔE00N, in which case the quantum efficiency may also play a significant 

role.  
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(d) 

Figure 6.4.9 Scatter plots showing ΔE00N of samples exposed to different radiations ([Λ450], [Λ525]and 

[Λ625]) for paper (subscripted by ‘p’) and ink (subscripted by ‘i’) over time under different combinations 

of [O2] and RH: (a) 0% [O2] and 70% RH,(b) 20% [O2] and 70% RH,(c) 0% [O2] and 20% RH,  and (d) 20% 

[O2] and 20% RH. 

Similar to the ΔE00 observed under broadband radiation, ΔE00N obtained under [Λ450], 

[Λ525], and [Λ625] over time followed a logarithmic relationship. The rate of change in 

ΔE00N was modelled based on Equations 6.2.2 and 6.2.3 and the rate constants of paper 

(kΔE00N-p) and ink (kΔE00N-i) are summarised in Table 6.4.4.  
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Table 6.4.4 Summary of kΔE00N-p and kΔE00N-i obtained under different experimental conditions. Goodness-

of-fit of the models are indicated by R2. 

Experimental conditions Paper Iron gall ink 

[O2] RH [Λ] kΔE00N-p R2 kΔE00N-i R2 

0% 70% [Λ450] 1.83 x 10-5 0.93 1.91 x 10-5 0.79 

0% 70% [Λ525] 6.27 x 10-6 0.92 7.18 x 10-6 0.86 

0% 70% [Λ625] 1.58 x 10-6 0.82 2.71 x 10-6 0.83 

20% 70% [Λ450] 2.34 x 10-5 0.97 1.60 x 10-5 0.94 

20% 70% [Λ525] 8.26 x 10-6 0.95 4.63 x 10-6 0.80 

20% 70% [Λ625] 1.90 x 10-6 0.95 1.39 x 10-6 0.83 

0% 20% [Λ450] 8.14 x 10-6 0.96 4.09 x 10-6 0.81 

0% 20% [Λ525] 2.13 x 10-6 0.90 8.43 x 10-7 0.18 

0% 20% [Λ625] 2.89 x 10-7 0.48 2.60 x 10-7 0.41 

20% 20% [Λ450] 1.61 x 10-5 0.98 7.93 x 10-6 0.94 

20% 20% [Λ525] 5.58 x 10-6 0.96 3.74 x 10-6 0.92 

20% 20% [Λ625] 8.54 x 10-7 0.76 1.13 x 10-6 0.75 

The effects of [O2], RH, and Λ on kΔE00N-p and kΔE00N-i were analysed by ANOVA based on 

Equation 6.2.5 and the results are summarised in Table 6.4.5. No clear-cut picture was 

obtained for either paper or ink, which may be due to the imprecise estimation of the 

effects and the errors caused by relatively low signal to noise ratios. However, within 

the experimental range of the factors, Λ showed the strongest effect on both kΔE00N-p 

and kΔE00N-i. The dependence of kΔE00N-p and kΔE00N-i on Λ is illustrated in Figure 6.4.10, 

which clearly shows that the effect of [O2] and RH decreased as Λ increases. Curvature 

was observed in the dependence, which can be modelled if further research is carried 

out. 
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Table 6.4.5 ANOVA for the effects of [O2], RH, Λ, and their interactions on (a) kΔE00N-p and (b) kΔE00N-i. 

(a) kΔE00N-p 

Source Sum of squares Degree of freedom Mean square F-value p-value 

[O2] 6.03E-12 1 6.03E-12 0.03 0.8744 

RH 7.42E-12 1 7.42E-12 0.04 0.861 

Λ 1.31E-10 2 6.53E-11 0.35 0.7423 

[O2]*RH 1.56E-11 1 1.56E-11 0.08 0.8008 

[O2]*Λ 8.69E-11 2 4.35E-11 0.23 0.8124 

RH*Λ 1.74E-11 2 8.70E-12 0.05 0.9558 

Error 3.76E-10 2 1.88E-10 
  

Total 6.40E-10 11 
   

(b) kΔE00N-i 

Source Sum of squares Degree of freedom Mean square F-value p-value 

[O2] 2.71E-16 1 2.71E-16 0 0.9987 

RH 1.20E-11 1 1.20E-11 0.14 0.7414 

Λ 1.82E-10 2 9.09E-11 1.09 0.4783 

[O2]*RH 1.86E-11 1 1.86E-11 0.22 0.6835 

[O2]*Λ 1.74E-11 2 8.70E-12 0.1 0.9056 

RH*Λ 5.42E-12 2 2.71E-12 0.03 0.9685 

Error 1.67E-10 2 8.34E-11 
  

Total 4.02E-10 11 
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 (a)

 (b) 

Figure 6.4.10 Interaction plots exploring the effects Λ on (a) kΔE00N-p and (b) kΔE00N-i. 

6.4.4 Summary of results 

This section discussed the photodegradation behaviours of paper and ink interpreted 

in tristimulus colourimetric values. ΔE00 was used as the main parameter to assess the 

degradation, which was found to be mostly contributed to by Δb for both paper and 

ink. ΔE00-p and ΔE00-i over time were well approximated by a logarithmic relationship. 

Consistency between the effects of [O2], RH, and Ev on the rate constants in diffuse 

reflectance and ΔE00 was observed for paper and ink, indicating that ΔE00 can be used 

to assess the photodegradation of paper and ink. For paper, the main effects were 

found significant on kΔE00-p, whereas for ink, [O2], RH, and [O2]*RH were found to have 
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significant effects on kΔE00-i. These factors and interactions were selected for regression 

analysis on kΔE00-p and kΔE00-i which will be discussed in Section 6.5. Furthermore, the 

wavelength sensitivity of kΔE00-p and kΔE00-i was explored. The effect of [O2] and RH 

decreased as Λ increases and the dependency on Λ was not linear. This observed 

dependency may be due to quantum efficiency in absorption and the reciprocal 

relationship between photon energy and Λ. 
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6.5 Dose-response modelling of photodegradation of paper and ink 

Based on the results from Sections 6.1 – 6.4, this section discusses the processes of 

building the predictive models to describe the photodegradation of historical paper and 

iron gall ink. Firstly, in Section 6.5.1, modelling the rate constants kΔR and kΔE00 by 

regression analysis was discussed, using the effects that were found strong in ANOVA 

as explanatory variables. Building on to the models for kΔE00, Section 6.5.2 discusses 

modelling ΔE00 for paper and ink as well as the contrast between them at any given 

time. Section 6.5.3 investigates the implementation options of the predictive models 

for decision support for collection management. Sensitivity analysis (Section 6.5.3.1) 

and contour plots (Section 6.5.3.2) were explored as two powerful ways for effective 

visualisation and communication. After a summary of the results in Section 6.5.4, the 

assumptions, limitations, and future work directions for the factorial experimentation 

on the photodegradation of paper and ink are discussed in Section 6.5.5. 

6.5.1 Modelling kΔR and kΔE00 

Based on the analyses on the significance of the main effects and interactions of [O2], 

RH, and Ev on the rate constants of change in diffuse reflectance of paper (kΔR-p-444) and 

ink (kΔR-i-811) and the rate constants of total colour change of paper (kΔE00-p) and ink 

(kΔE00-i), regression analysis was carried out to quantify the effects that were found 

significant. As discussed in Sections 6.2 and 6.4, consistency was observed between kΔR 

and kΔE00. Both kΔR-p-444 and kΔE00-p were dominantly affected by the main effects of [O2], 

RH, and Ev, whereas kΔR-i-811 and kΔE00-i were mainly affected by [O2], RH, and their 

interaction. Under the assumption of linearity of the strong effects within the 

experimental ranges, when t > 0, the regression analyses were carried out using the 

following expressions: 

kΔR-p-444 = α0 + α1∙[O2] + α2∙RH + α3∙Ev,                                                                            [6.5.1] 

kΔR-i-811 = β0 + β1∙[O2] + β2∙RH + β3∙[O2]∙RH,                                                                   [6.5.2] 

kΔE00-p = γ0 + γ1∙[O2] + γ2∙RH + γ3∙Ev,                                                                                 [6.5.3] 

kΔE00-i = δ0 + δ1∙[O2] + δ2∙RH + δ3∙[O2]∙RH,                                                                      [6.5.4] 
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where kΔR-p-444 is the rate constant of the change in diffuse reflectance of paper at 444 

nm, kΔR-i-811 is the rate constant of the change in diffuse reflectance of ink at 811 nm, 

kΔE00-p is the rate constant of the total colour change of paper, kΔE00-i is the rate constant 

of the total colour change of ink, α, β, γ, and δ are the regression coefficients, [O2] is 

the concentration of O2 in the environment expressed in ratio, RH is the relative 

humidity of the environment expressed in ratio, and Ev is the illuminance of the 

radiation in lx. 

The regression coefficients are summarised in Table 6.5.1. All the regression models 

showed high R2 values, indicating the adequacy of the fitted models in describing the 

data variation. Except for kΔE00-i, the intercepts were found insignificant. For paper, the 

main effects were all positive on both kΔR-p-444 and kΔE00-p. In either case, RH showed the 

strongest effect which was followed by [O2]. The effect of Ev was found to be the 

weakest on kΔR-p-444 and kΔE00-p. For ink, [O2] and RH showed competitively negative 

effects whereas their interaction showed a positive effect on kΔR-i-811. The directions of 

the effects were reversed for kΔE00-i, which is likely due to the squaring of the decreasing 

reflectance in the calculation of ΔE00-i.  

Table 6.5.1 Summary of the estimated coefficients for the regression models based on Equations 6.5.1 – 

6.5.4. SE represents the standard error of the estimated coefficients, t-stat and p-value indicate the 

significance of the estimated coefficients, RMSE represents the root mean square error of the fitted 

models, and R2 indicates the goodness-of-fit of the fitted models. 

(a) kΔR-p-444 

Variables Estimated Coefficients (α) SE t-stat p-value 

(Intercept) 0.0014 0.0007 2.1239 0.1009 

[O2] 0.0178 0.0024 7.4737 0.0017 

RH 0.0099 0.0010 10.4210 0.0005 

Ev 1.8300 x 10-7 3.1700 x 10-8 5.7895 0.0044 

Number of observations: 8, Error degrees of freedom: 4, 

RMSE: 0.0007, R2 = 0.98, p-value = 0.0007. 
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(b) kΔR-i-811 

Variables Estimated Coefficients (β) SE t-stat p-value 

(Intercept) -0.0019 0.0017 -1.1025 0.3321 

[O2] -0.0185 0.0121 -1.5262 0.2017 

RH -0.0193 0.0033 -5.7955 0.0044 

[O2]*RH 0.0950 0.0235 4.0343 0.0157 

Number of observations: 8, Error degrees of freedom: 4, 

RMSE: 0.0017, R2 = 0.93, p-value = 0.0098. 

(c) kΔE00-p 

Variables Estimated Coefficients (γ) SE t-stat   p-value 

(Intercept) 0.0542 0.0340 1.5925 0.1865 

[O2] 0.6856      0.1202   5.7049 0.0047 

RH 0.4050    0.0481 8.4236 0.0011 

Ev 8.3783x 10-6     1.6024 x 10-6     5.2285      0.0064 

Number of observations: 8, Error degrees of freedom: 4, 

RMSE: -0.034, R2 = 0.97, p-value = 0.0016. 

(d) kΔE00-i 

Variables Estimated Coefficients (δ) SE t-stat p-value 

(Intercept) -0.1326 0.0484 -2.7405 0.0519 

[O2] 1.2706 0.3420 3.7147 0.0206 

RH 1.3623 0.0940 14.4981 0.0001 

[O2]*RH -5.2140 0.6644 -7.8474 0.0014 

Number of observations: 8, Error degrees of freedom: 4, 

RMSE: 0.0470, R2 = 0.99, p-value = 0.0004. 

The models for kΔR-p-444 and kΔR-i-811 give insights into the relationship between the 

environmental factors and the rate of change in diffuse reflectance. These models are 

of significant scientific value since they describe the spectroscopic response of paper 

and ink induced by the environmental factors, which is likely to be directly related to 

the net effect of the simultaneous reactions taking place in the samples. Based on the 

correlations established between kΔR and λ (Figure 6.2.3 and Table 6.2.3), kΔR-p-444 and 
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kΔR-i-811 can be used to infer the rate constants across the full range of λ for a 

comprehensive picture of the photodegradation behaviour of paper and ink.  

On the other hand, certain features of spectroscopic response of the samples may be 

distorted by the transformation to the CIE L*a*b* colour space (Schanda, 2007) thus 

kΔE00-p and kΔE00-i may not be comprehensive representations of the chemical reactions 

in the samples. However, the models for kΔE00-p and kΔE00-i are of more practical values, 

since they directly describe the relationship between the environmental factors and 

human perception of the total colour change of the samples induced by these factors. 

According to a small survey conducted among the professionals in the field of heritage 

science, human perception was most commonly used to define the damage indicators 

for heritage materials (Appendix V). Therefore, it is worth exploring these models 

further for their use in practice to facilitate decision making in collection management. 

6.5.2 Modelling ΔE00 

In collection management, direct assessment of ΔE00 is essential to support decision 

making, not only because that ΔE00 reveals the condition of the objects but also that 

the damage threshold is usually defined in ΔE00. Based on Equations 6.4.12, Equation 

6.5.3, Equation 6.5.4, and the regression coefficients presented in Table 6.5.1, the total 

colour changes of paper and ink were expressed as:  

ΔE00-p = AΔE00-p + (0.69∙[O2] + 0.41∙RH + 8.38∙Ev)∙ln(t),                                     [6.5.5] 

ΔE00-i = AΔE00-i + (-0.13 + 1.27∙[O2] + 1.36∙RH – 5.21∙[O2]∙RH)∙ln(t),          [6.5.6] 

where ΔE00-p and ΔE00-i are the total colour change of paper and ink respectively,       

AΔE00-p and AΔE00-i are the total colour change of paper and ink, respectively, that takes 

place in one day, [O2] is the concentration of O2 in the environment expressed in ratio, 

RH is the relative humidity of the environment expressed in ratio, and Ev is the 

illuminance of the radiation in Mlx, t is the time of degradation in day. 
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As discussed in Section 6.4.2, AΔE00-p was strongly affected by the main effects of [O2], 

RH, and Ev whereas AΔE00-i was strongly affected by RH only. Therefore, AΔE00-p and    

AΔE00-i were analysed using the following regression models:  

AΔE00-p = η0 + η1∙[O2] + η2∙RH + η3∙Ev,                                                                                 [6.5.7] 

AΔE00-i = θ0 + θ1∙RH,                                                                                                                 [6.5.8] 

where AΔE00-p and AΔE00-i are ΔE00-p and ΔE00-i respectively obtained in one day, ηs and θs 

are the regression coefficients, [O2] is the concentration of O2 in the environment 

expressed in ratio, RH is the relative humidity of the environment expressed in ratio, 

and Ev is the illuminance of the radiation in lx. The regression coefficients are 

summarised in Table 6.5.2 (a) for paper and Table 6.5.2 (b) for ink. 

Table 6.5.2 Summary of the estimated coefficients for the regression models based on Equations 6.5.7 

and Equation 6.5.8. SE represents the standard error of the estimated coefficients, t-stat and p-value 

indicate the significance of the estimated coefficients, RMSE represents the root mean square error of 

the fitted models, and R2 indicates the goodness-of-fit of the fitted models. 

(a) AΔE00-p 

Variables Estimated Coefficients (η) SE t-stat p-value 

(Intercept) 0.1214 0.0798 1.5213 0.2028 

[O2] 1.3400 0.2817 4.7564 0.0089 

RH 0.4782 0.1127 4.2435 0.0132 

Ev 2.3940 x 10-5 3.7564 x 10-6 6.3732 0.0031 

Number of observations: 8, Error degrees of freedom: 4, 

RMSE: 0.0797, R2 = 0.95, p-value = 0.0041. 

(b) AΔE00-i 

Variables Estimated Coefficients (θ) SE t-stat p-value 

(Intercept) 0.3444 0.1272 2.7069 0.0353 

RH 1.2343 0.2472 4.9934 0.0025 

Number of observations: 8, Error degrees of freedom: 6, 

RMSE: 0.175, R2 = 0.81, p-value = 0.0025. 
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As shown in Table 6.5.2, both models showed adequacy in describing the data 

variations. The intercept of the regression model for AΔE00-p was found insignificant. 

Therefore, by plugging the models for AΔE00-p and AΔE00-i into Equations 6.5.5 and 6.5.6, 

ΔE00-p and ΔE00-i can be expressed as functions of [O2], RH, Ev, and t as the following: 

ΔE00-p = 1.34∙[O2] + 0.48∙RH + 23.94∙Ev + (0.69∙[O2] + 0.41∙RH + 8.38∙Ev)∙ln(t), 

                                                                                                                                              [6.5.9] 

ΔE00-i = 0.34 + 1.23∙RH + (-0.13 + 1.27∙[O2] + 1.36∙RH – 5.21∙[O2]∙RH)∙ln(t), 

                                                                                                                                            [6.5.10] 

where ΔE00-p and ΔE00-i are the total colour change of paper and ink respectively, [O2] is 

the concentration of O2 in the environment expressed in ratio, RH is the relative 

humidity of the environment expressed in ratio, Ev is the illuminance in Mlx, t is the 

time of degradation in days. Subsequently, the colour difference between paper and 

ink as a function of [O2], RH, Ev, and t can be expressed as:  

ΔE00-i - ΔE00-p = 0.34 - 1.34∙[O2] + 0.76∙RH - 23.94∙Ev 

                          + (-0.13 + 0.59∙[O2] + 0.96∙RH - 8.38∙Ev - 5.21∙[O2]∙RH)∙ln(t). 

                                                                                                                                           [6.5.11] 

The functions of ΔE00-p and ΔE00-i reveal that there is no linearity between either ΔE00-p 

or ΔE00-i and lux-hours (Ev∙t), which is a commonly used measure to assess and control 

the total light exposure for storage and display of objects in museums, archives and 

galleries (Blades et al., 2017; Garside et al., 2017). This suggests that for the 

environmental management of the storage and display of historic paper objects 

containing iron gall ink, controlling the arbitrary combinations of Ev and t may not be 

an effective strategy to control the discolouration of the objects. Particularly, in the 

case of ink, the dependency of ΔE00-i on Ev was even not observed. Therefore, the use 

of lux-hours in practice needs to be re-examined and effective strategies for 

environmental management need to be established by taking all the environmental 

factors into account. 
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In addition, Equation 6.5.11 provides an idea of how the colour contrast between paper 

and ink may change over time as the colours of paper and ink change under the effects 

of [O2], RH, and Ev. It should be noted that the difference between ΔE00-p and ΔE00-i as 

expressed in this way may not give equivalent results as the contrast between paper 

and ink as expressed by Equation 6.4.11. Further research needs to be carried out to 

explore the most precise and useful definition of total colour contrast between paper 

and ink. 

6.5.3 Model analyses and implementations 

6.5.3.1 Sensitivity analysis 

Give their practical significance at the current stage of the research, the dose-response 

models expressed by Equations 6.5.3, 6.5.4, and 6.5.9 – 6.5.11 were investigated for 

model implementations. To gain insights into the effects of the factors when real 

combinations of factor ranges are encountered, sensitivity analysis was carried out for 

kΔE00-p and kΔE00-i.  kΔE00-p and kΔE00-i were simulated using Monte-Carlo simulation              

(n = 1000) with Latin Hypercube sampling of [O2], RH and Ev, where uniform 

distributions were assumed across the ranges of the conditions given. The sensitivity of 

kΔE00-p and kΔE00-i to the factors was assessed using Spearman’s rank correlation 

coefficients between each factor and the simulated kΔE00-p and kΔE00-i (Campolongo and 

Saltelli, 1997). 

The conditions investigated were: the experimental conditions used in this experiment 

(scenario 1); a common condition that is likely to be encountered in a loosely controlled 

environment (scenario 2); a hypothetical condition that is likely to be encountered in a 

tightly controlled display case for materials of high sensitivity to light exposure 

(scenario 3); a hypothetical condition that is likely to be encountered in a tightly 

controlled display case for materials of moderate sensitivity to light exposure    

(scenario 4); a hypothetical condition that is likely to be encountered in a tightly 

controlled display case for materials of low sensitivity to light exposure (scenario 5); 

and a hypothetical condition that is likely to be encountered in an anoxic display case 
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for materials of high sensitivity to light exposure (scenario 6). The specifications of 

these hypothetical conditions are summarised in Table 6.5.3. 

Table 6.5.3 Summary of the specifications of the conditions for the six scenarios for the sensitivity 

analysis for kΔE00-p and kΔE00-i. [O2] and RH are expressed in ratio. 

 
[O2] RH Ev (lx) 

min max min max min max 

Scenario 1 0.00 0.20 0.2 0.7 5000 20000 

Scenario 2 0.18 0.22 0.3 0.7 250 500 

Scenario 3 0.18 0.22 0.4 0.5 45 55 

Scenario 4 0.18 0.22 0.4 0.5 190 210 

Scenario 5 0.18 0.22 0.4 0.5 290 310 

Scenario 6 0.00 0.02 0.4 0.5 45 55 

Comparative results of the six scenarios are presented in Figure 6.5.1 for paper (a) and 

ink (b). As shown in Figure 6.5.1 (a), it is evident that the relative sensitivity of kΔE00-p to 

[O2], RH and Ev is not affected by their actual ranges of values. For all the scenarios, 

kΔE00-p showed the most sensitivity in the fluctuations in RH and the least sensitivity in 

the fluctuations in Ev. kΔE00-p’s sensitivity to the change in RH tended to increase in an 

environment where RH was loosely controlled or O2 was deprived. Due to the 

considerably wide range of Ev used in the factorial experiment, distinctively high 

sensitivity of kΔE00-p to the fluctuations in Ev was observed for the experimental 

conditions. However, in a more realistic scenario, the impact of change in Ev was likely 

to be less of a concern, though this result was obtained from an extrapolation of Ev 

beyond the lower boundary its experimental range. Therefore, focusing on controlling 

the ranges of RH and [O2] can be more effective in managing the rate of total colour 

change of paper. 
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  (a) 

(b) 

Figure 6.5.1 Comparison of the Spearman’s rho values for (a) kΔE00-p (b) kΔE00-i using sensitivity analysis 

for six hypothetical scenarios specified in Table 6.5.3. 

For ink, no dramatic difference in the impact of [O2] and RH on kΔE00-i between the 

experimental conditions and a loosely controlled condition was observed. In this case, 
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fluctuations in RH were found to have more approximately twice as much impact as 

[O2] on kΔE00-i. An increased impact of RH was observed for an anoxic environment, 

where the impact of RH on kΔE00-i reached almost ten times as much as the impact of 

[O2]. Therefore, in a situation where an anoxic encasement is used, controlling the 

fluctuations in RH is essential to control the discolouration of ink. In the situations 

where tightly controlled oxic environments were in use, the impact of RH and [O2] was 

found similarly high, suggesting managing the fluctuations in either of these factors can 

be useful to the management of the discolouration rate of iron gall ink. 

6.5.3.2 Contour plots 

Multiple factors are of concern in the environmental management of collections. For 

such multivariate management, contour plots have been demonstrated to be effective 

visualisation tools for comparable exploration of the synergistic effect of different 

factors on the response of the collections (Sebera, 1994; Fenech, Strlič and Cassar, 

2012; Strlič et al., 2015c). Decisions can be made by defining the thresholds of the 

damage indicators that are acceptable to the stakeholders. Based on Equations         

6.5.9 – 6.5.11, 2-dimensional contour plots of ΔE00-p and ΔE00-i can be plotted to 

visualise how ΔE00-p and ΔE00-i change as different pairwise combinations of [O2], RH, Ev, 

and t change. Figure 6.5.2 shows an example where the contour lines represent the 

same level of ΔE00-p (Figure 6.5.2 (a)), ΔE00-i (Figure 6.5.2 (b)), and (ΔE00-i – ΔE00-p) (Figure 

6.5.2 (c)) at intervals of ΔE00 of 0.1.  In these plots, RH and Ev were fixed at 50% and     

50 lx respectively, representing an environmental scenario where display of iron gall 

ink-containing paper objects typically takes place. 
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(a) 

(b) 
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(c) 

Figure 6.5.2 (a) Contour plot of colour change of historical paper exploring the effects of [O2] and display 

time (day) on ΔE00-p at 50% RH and 50 lx, each contour line represents a step of 0.1 ΔE00;  (b) contour 

plot of colour change of iron gall ink on paper exploring the effects of [O2] and display time (day) on 

ΔE00-i at 50% RH and 50 lx, each contour line represents a step of 0.1 ΔE00; (c) contour plot of the colour 

contrast between iron gall ink and historical paper exploring the effects of Ev and display time (day) on 

(ΔE00-i – ΔE00-p) at 50% RH and 50 lx, each contour line represents a step of 0.1 ΔE00. 

Figure 6.5.2 (a) suggests that at 50% RH and 50 lx, ΔE00-p is likely to remain below 3 for 

3000 display days, regardless of [O2] in the environment. For ink, however, as indicated 

in Figure 6.5.2 (b), ΔE00-i is likely to reach above 3 within a few days of display at 50% 

RH and 50 lx. Moreover, as discussed in Sections 6.2 and 6.4, [O2] played different roles 

in the photodegradation of paper and ink. For paper, O2 promoted the changes in 

diffuse reflectance and tristimulus colour values, whereas for ink, O2 inhibited these 

changes. These results are clearly illustrated in Figure 6.5.2 (a) and (b), which also 

demonstrate that paper can benefit more than ten times longer lifetime expectance 

from an anoxic environment, but such an environment can shorten the lifetime 

expectance of ink by ~20 times. 

The divergent effects of [O2] on paper and ink creates a dilemma when the condition 

of the entire object is of interest. In this case, instead of assessing them individually by 

a threshold, ΔE00-p and ΔE00-i need to be assessed simultaneously as a dynamic materials 

system. Figure 6.5.2 (c) explores one way to assess the dynamic colour change of the 

paper-ink system using (ΔE00-i – ΔE00-p). It clearly shows that the colour difference 

between paper and ink is predominantly affected by [O2], where an anoxic environment 
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promotes the colour difference to above ΔE00 of 4 and an oxic environment keeps it 

below ΔE00 of 1, regardless of the display time. Therefore, instead of using a single 

threshold value of ΔE00, the desired combinations of [O2] and display time may be 

decided based on a balance between the accepted ΔE00-p, ΔE00-i, and (ΔE00-i – ΔE00-p). 

To maximise the use of contour plots for decision support in collection management, a 

platform with a user-friendly interface can be established to automate the visualisation 

of the results. Figure 6.5.3 shows a diagram demonstrating the workflow of such a 

platform. In the first step, users need to define the materials and factors that are of 

interest for investigation and provide the values for the other known factors. Contours 

of ΔE00 will be plotted based on the users’ inputs. In the second step, users can supply 

their own data sets for the factors of interest defined in the first step and the calculated 

ΔE00 using the users’ data sets will be plotted against the contour plots created in step 

one. Depending on whether the users’ data sets are monitoring data for the past 

environment or hypothetical data for the future environment, comparative assessment 

of the condition of the collections on a timeline can be directly visualised. 

Sample programming in Python was carried out to explore the implementation of the 

models on such a platform for decision support (Appendix VI). For an improved 

workflow, systematically designed engagement activities with users and stakeholders 

need to be carried out to gain a better understanding of the inputs and outputs 

requirements in practice. These engagement activities will also help to gain insights into 

the definition of damage thresholds and other decision considerations, which will 

eventually facilitate transforming the dose-response models into integrated models as 

discussed in Section 2.1 for comprehensive decision support for collection 

management. 



 
 

213 
 

 

Figure 6.5.3 A diagram illustrating the workflow of the implementation of the dose-response models for 

the photodegradation of paper and ink on an online platform for decision support. 

6.5.4 Summary of results 

This section discussed the statistical analyses that were carried out for the dose-

response modelling of kΔR-p-444, kΔR-i-811, kΔE00-p, kΔE00-i, ΔE00-p, and ΔE00-i. The models for 

kΔR-p-444 and kΔR-i-811 can be extrapolated to the full range of λ for a comprehensive 

picture of the spectroscopic response to [O2], RH, and Ev. On the other hand, the 

models for kΔE00-p, kΔE00-i, ΔE00-p and ΔE00-i are of more practical value since human 

perception of colour change is a significant indicator of object conditions in collection 

management. In an anoxic environment, the lifetime expectancy of paper is likely to be 

extended by 10 times whereas that of ink can be decreased by 20 times. This divergent 

effects of [O2] on the colour change of paper and ink created a dilemma in assessing 

the condition of the entire object of paper with ink, in which case a compromise 

between ΔE00-p, ΔE00-i and (ΔE00-i – ΔE00-p) needs to be achieved. Sensitivity analysis and 

contour plots were shown to be effective visualisation options to implement the 

models for decision support for collection management. 

6.5.5 Limitations and future work 

Within the time frame of this experiment, only a 23 full factorial experiment without 

replications could be carried out. Although the models are plausible and adequate for 

use in practice, it is worth pointing out the two limitations of this approach. One 

limitation lies in the less accurate estimation of the errors which subsequently affects 

the estimation of the effects and their significance. The other limitation is associated 
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with the underlying assumption that the effects of factors on the response variables 

are linear through low to high levels. The possible curvature in the effects of the factors 

would have been largely simplified if this is the case.  

To validate the assumptions and improve the results, the current experiment can be 

extended to a face centred central composite design by adding two extra sets of 

experimental runs:  

▪ A set of centre points whose values are the medians of the values of each 

factor in the factorial experiment. These points are used for the estimation of 

the variance of the samples. This set of points may be replicated four times to 

improve the precision of the estimations; 

▪ A set of six star points allowing the estimation of the curvature in the 

correlation. These points are at the centre of each face of the factorial space. 

The experimental conditions for these added experimental runs are specified in       

Table 6.5.4. An illustration of the relationships between these added points to the full 

factorial points is presented in Figure 6.5.4. 

Table 6.5.4 The combinations of conditions for the two extra sets of experimental runs for a face 

centred central composite design. -1, 0 and +1 refer to the low, medium and high conditions 

respectively specified in Table 3.3.1. 

 [O2] RH Ev 

Centre points 

0 0 0 

0 0 0 

0 0 0 

0 0 0 

Star points 

-1 0 0 

+1 0 0 

0 -1 0 

0 +1 0 

0 0 -1 

0 0 +1 
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Figure 6.5.4 An illustration showing the relationships between the factorial points, star points and the 

centre points in a face centred central composite design. 

It should also be noted that this experiment mainly focused on the external causes of 

the spectroscopic and colour change of paper and ink. Such an approach is of more 

practical value especially in supporting decision making in environmental management 

for collections. Although remarkably strong effects were observed without significant 

effects of confounding internal factors, internal causes may explain some of the 

observed trends and variability in the sample behaviours and provide fundamental 

insights into the chemical reactions in the paper-ink materials system. Therefore, with 

adequate time and resources, monitoring the change in certain chemical and physical 

properties or paper and ink will be an essential step to gain insights into the internal 

causes.  

Regarding data analysis, it was assumed that the absorbed photon energy by the 

samples did not change during degradation. This was a simplification of the reality since 

the reflection of the samples changed over time, which subsequently affected the 

absorption of photon energy by the samples. However, the relatively change in the 

absorption of photon energy compared to the emitted energy from the radiation was 

very small. Therefore, at this stage of research, the assumption was considered to be 
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sufficient. This issue will need to be resolved if in-depth modelling of the quantum yield 

is investigated. 

Furthermore, post-irradiation effects have been observed for both paper and iron gall 

ink. Researchers have found that the degradation of cellulose induced by UV and visible 

radiation may continue in darkness, and the processes were observed to be dependent 

on both [O2] and temperature (Stillings and Van Nostrand, 1944; Malešič et al., 2005). 

Reverse of the total colour change of paper and iron gall ink has also been observed in 

darkness after exposure to visible light (Ford, 2014). Given that continuous lighting is 

rarely used for display of paper objects with iron gall ink in museums and archives, 

investigations into the post-irradiation effects can be very useful to get a complete 

picture of the behaviours of photodegradation of paper and ink and adjust the models 

accordingly. 

In addition, it should be stressed that the decision making in collection management is 

never exclusively based on the degradation behaviours of materials. Although studies 

of material degradation provide significant scientific evidence, further research needs 

to be carried out to identify the decision variables for collection management and the 

relationships between material behaviours and other societal and economic concerns 

in a larger context. An integrated modelling approach will be needed to successfully 

address this issue.  
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7 Conclusions 

This PhD research explored the development of dose-response models for historical 

paper containing iron gall ink. It was the first time that the typical degradation 

processes of paper and ink—mechanical degradation and photodegradation were 

systematically investigated to gain a comprehensive understanding of the kinetics 

within the paper-ink material system. Three experiments were designed and carried 

out: the NIR spectroscopic method for the prediction of DP, the quantification of ink 

induced effects in natural cellulose chain scission, and the factorial experimentation on 

the photodegradation of paper and ink under visible radiation. The conclusions for each 

of these experiments are summarised in Sections 7.1 – 7.3 and an outlook on future 

work is presented in Section 7.4. 

A key and unique design of this research was the use of historical samples. The large 

number of unknown factors and the large variation in natural degradation created an 

extra challenge, especially for the investigations of highly valuable cultural heritage 

materials, since a significant increase in the sample size to overcome the uncertainty 

was difficult. Although the samples used in this research hardly represented the entire 

history of paper- and ink-production, strong trends emerged in all the experiments, 

suggesting that results can be obtained from a population of historical samples and the 

results can be generalised with certain levels of statistical confidence. 

However, it was evident that the presence of iron gall ink indeed led to extra 

uncertainty to the ink-paper system, which obscured the clear patterns of degradation 

behaviour observed for the non-inked paper. This is likely to be due to the large 

variation in the historic ink recipes, the degradation products, and the interactions 

between ink and paper. An in-depth exploration of this complex issue is essential to 
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understand the internal drivers of the degradation behaviour of paper containing iron 

gall ink. However, it was beyond the scope of the current research and hopefully will 

be clarified in subsequent studies.  
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7.1 Near-infrared spectroscopic method for characterisation of historical 

paper with iron gall ink 

This experiment systematically examined the development of a NIR spectroscopic 

method coupled with multivariate analysis to non-destructively predict the DP of 

historical paper containing iron gall ink. Based on the assumption that the Beer-

Lambert Law holds for this experiment, the relationships between DP of paper and the 

concentration of the chemical bonds in cellulose, i.e. glycosidic bonds, reducing end 

groups, and hydroxyl groups, were established and log-transformed DP was proved to 

be the most suitable response variable for the PLS regression analysis. 

The feasibility of NIR spectroscopy coupled with PLS regression was investigated using 

model paper samples composed of almost pure cellulose. Satisfactory NIR-PLS models 

were established, where RMSEP was DP 112 (~8%) with R2 of 0.96, indicating that the 

NIR-PLS models were adequate for DP predictions. The same approach was taken for 

historical paper. More complex NIR-PLS models with more PLS factors and RMSEP of 

DP 185 (~20%) with R2 of 0.93 were obtained. This was probably a result of the 

inhomogeneity of the historical samples caused by their differing chemical and physical 

properties due to the original materials, manufacturing processes, and accumulation 

of degradation products over time.  

In both cases, RMSEP was taken as the expected generalisation error for the analysis of 

the sources of error. For both model and historical paper, the deviation of the NIR-PLS 

model from the true model was found to contribute the least to the total error of DP 

prediction (11%). The variance of the predicted DP contributed to more than 50% of 

the expected generalisation error, suggesting that the accuracy of the current NIR-PLS 

models was limited by the repeatability of the NIR measurements, which may be 

improved by upgraded instrumentation and operational procedures.  

To assess the practicality of the NIR-PLS models, the effect of moisture content of the 

samples on DP prediction was investigated. Substantial variations of the predicted DP 
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were observed for model paper when the moisture content fluctuated by ±5%, 

whereas for historical paper samples, the predicted DP was found robust to ±3% 

fluctuation in moisture content. Therefore, reasonably accurate predictions of DP can 

be obtained for historical paper stored at ~23 °C and 30% – 70% RH. Based on this 

finding, the developed NIR-PLS model was applied to Captain James Cook document at 

TNA to support decision-making for their storage and display. 

Given the extra uncertainty brought by the presence of iron gall ink, the reference 

collection of historical paper with iron gall ink that was available for this experiment 

needed to be expanded to develop successful NIR-PLS models. However, predicting the 

DP of ink lines by the model developed for paper showed promising results. These 

preliminary results revealed the possibility to develop a general model for both paper 

with and without iron gall ink, which needs to be explored further in future research. 
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7.2 Modelling effect of iron gall ink on natural degradation of historical 

paper 

This experiment explored the modelling approaches for the effect of iron gall ink on 

paper degradation using data acquired directly from naturally degraded historical 

paper containing iron gall ink. The reduction of DP was used as a measure of 

degradation. The relationships between: DP of paper (DPp) and its acidity (pHp); DPp 

and the age of paper; and DPp and DP of paper with ink (DPi) were established using 59 

historical samples. These relationships clearly indicated that DPp and DPi were 

correlated, and acidity was one significant factor that affected the natural degradation 

of paper. Due to the lack of known properties of the historical samples, it was difficult 

to formulate theoretical explanations for all these observations. However, the 

statistical relationships provided an alternative to estimate DPp and DPi based on pHp, 

which overcomes the challenge of measuring DPp and DPi using conventional 

destructive methods. 

Because of the sensitivity of the rate of degradation (K) to the pre-exponential factors 

and the activation energy in the Arrhenius equation, the attempts to model K of paper 

(Kp) and K of paper with ink (Ki) based on two dose-response models in literature were 

not successful. New sets of parameters based on natural ageing of paper may be 

needed to improve the applicability of these models to historical samples. An 

alternative modelling approach was taken based on the rate law for acid catalysed 

hydrolysis of cellulose and the linear correlation between K and acidity. This approach 

revealed that the coefficient of proportionality between Ki and Kp was in the range of 

1.55 – 1.95, which agreed with the observations made in the accelerated degradation 

experiments.  

Therefore, the correlation between Ki and Kp has been quantified using naturally 

degraded historical samples. The presence of iron gall ink has been confirmed to 

accelerate the degradation of paper underneath by ~70% on average. This coefficient 

of proportionality can be used to support collection management by projecting the 
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future condition of the collections comparatively between paper with ink and paper 

without ink. Furthermore, with more in-depth investigation of the natural degradation 

of paper, precise dose-response modelling of the effects of environmental factors on 

the degradation of historical paper containing iron gall ink can be achieved for more 

informed decision making for collections. 
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7.3 Factorial experimentation on photodegradation of historical paper 

containing iron gall ink 

This experiment provided scientific insights into the discolouration of iron gall ink on 

paper, which has long been debated among scholars. A 23 full factorial experiment was 

designed and carried out to investigate the effects of [O2], RH, and Ev of broadband 

visible radiation on the photodegradation of paper and ink. Spectroscopic and 

tristimulus colourimetric responses were measured to link the scientific evidence of the 

net outcome of the simultaneous reactions with condition assessment in conservation 

practice. Dose-response relationships were established for the synergistic effect of [O2], 

RH, Ev, and their interactions on the rate constants of the photodegradation of the ink-

paper materials system.  

A comprehensive understanding of the spectroscopic responses of paper and ink was 

achieved by monitoring the change in diffuse reflectance (ΔR) before and during 

degradation. Within the range of λ investigated in this experiment (424 – 853 nm), ΔR 

of paper mainly took place at λ < 600 nm whereas ΔR of ink was mainly observed 

beyond the visible range (λ > 600 nm). For paper and ink, ΔR decreased as λ increased, 

with the absolute maxima achieved at the short and long ends of the spectral range 

respectively. 

Consistent results between spectroscopic response and tristimulus colourimetry were 

obtained. ΔR and ΔE00 of both paper and ink followed logarithmic relationships with 

time, from which the rate constants (kΔR and kΔE00) were obtained for further analyses. 

Through ANOVA and regression analysis, kΔR and kΔE00 of paper were found to be 

affected by the main effects of [O2], RH, and Ev, all of which were positive with [O2] 

showing the largest regression coefficient. For ink, kΔR and kΔE00 were found to be mainly 

affected by [O2], RH, and their interaction, where the effects of [O2] and RH were 

competitively negative on kΔR and positive on kΔE00.  
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This divergence in the directions of the effects implied that the roles of [O2] and RH 

were likely to be different in the photodegradation of paper and ink. This creates a 

dilemma when the degradation of paper and ink in the same object needs to be 

assessed simultaneously to evaluate the preservation risks of the entire object. In this 

case, the contrast between paper and ink may need to be defined and investigated in 

addition to the individual change of paper and ink. 

The ANOVA and regression analysis also revealed that the role of Ev was not as 

significant as had been thought in collection management. Especially in real scenarios, 

the effect of Ev on either paper or ink was likely to be considerably weaker compared 

to [O2] and RH, suggesting more relaxed and flexible strategies for illuminance 

management may be adequate for the display of paper works with iron gall ink. 

Furthermore, no linear correlation was established between ΔE00 and lux-hour (Ev∙t). 

Instead, linearity was observed between ΔE00 and Ev∙ln(t), suggesting the use of lux-

hour as a measure to control light exposure, thus the photodegradation of historical 

paper containing iron gall ink, should be re-evaluated for effective collection 

management.  

In addition, the wavelength sensitivity of the photodegradation behaviours of paper 

and ink was explored using narrowband radiation centred at 450 nm, 525 nm, and 625 

nm. For both paper and ink, Λ was found to have the strongest effect on kΔR, which 

decreased as Λ increased. More than 10x faster degradation by [Λ450] than [Λ625] was 

observed, which was likely to be associated with photon energy and quantum efficiency 

in absorption at different λ. RH was also found to have significant effect on kΔR of paper 

and ink. ANOVA confirmed these observations and additionally suggested that the 

interaction between RH and Λ was likely to be significant to paper, and the interactions 

between RH and Λ and that between RH and [O2] were likely to be significant to ink. 

It is worth stressing that for all the analyses, the results obtained for paper were 

generally clearer than those for ink. This was likely due to the relatively low signal to 

noise ratio of the measurements caused by the complexity of the ink compositions. For 



 
 

225 
 

more clear-cut pictures of the effects and interactions, replication of the experimental 

runs can be taken for improved the precision of the estimation of effects and errors. 

Furthermore, the current 23 full factorial experiment can be extended to a face centred 

central composite design by adding four experimental runs for the centre point and six 

experimental runs for the star points to enable the estimation of the possible curvature 

in the effects and interactions. 



 
 

226 
 

7.4 Future work 

This PhD research explored the development of dose-response functions for historical 

paper containing iron gall ink using different statistical approaches. These functions will 

be used to serve the purpose of providing scientific evidence to support decision 

making in preventive conservation. Therefore, in these functions, the response 

variables were deliberately selected to be directly correlated with assessment criteria 

in collection management with the explanatory variables being measurable and 

controllable in practice. 

However, to establish a comprehensive decision support system, dose-response 

functions need to be integrated with decision functions in the framework of integrated 

modelling, which can be achieved through damage functions in heritage science. 

Within the timeframe of this research, little investigation was carried out for the 

establishment of decision functions. Such investigation requires intensive engagement 

with stakeholders to carefully identify the value context associated with the collections, 

quantify the change of value over time, establish the threshold of damage associated 

with the identified value, and determine the lifetime expectancy for the collection. 

Interdisciplinary collaborations will be essential for effective modelling of the decision 

considerations as well as the integration of decision functions with the dose-response 

functions. 

Model analyses and implementation can be further elaborated, especially for the 

integrated models. Different aspects, such as the assessment of uncertainties and the 

visualisation and delivery of the predictions were preliminarily investigated for 

successful implementation of the dose-response functions for decision support. Based 

on these concepts and explorations, further research can focus on creating compelling 

visualisation and interactive presentation for a decision support system. An online 

platform can be established to implement such a system, which will enable effective 

and informative interactions between users and data and subsequently lead to greater 

management efficiency for large and diverse collections. 
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Appendix I. Derivation of three sources of 
the expected generalisation error for 
partial least squares regression for 
quantitative NIR spectroscopy 

The root mean square error of prediction (RMSEP) is taken as the expected 

generalisation error for the quantitative NIR spectroscopy method for DP of paper 

prediction. The sources of the expected generalisation error are derived as the 

following. 

MSEP = RMSEP2, 

                                                                                                                                               

MSEP = Etest,y[(y - f(x))2]                                                                                                                                         

           = Etest,y[((y - ftrue(x)) + (ftrue(x) - f(x)))2] 

           = Etest,y[(y - ftrue(x))2] + 2Etest,y[(y - ftrue(x))(ftrue(x) - f(x))] + Etest,y[(ftrue(x) - f(x))2],  

 

where y is the values of DPv chemically measured for the test set of the reference 

samples, f is the fitted model developed based on the training set of the reference 

samples, ftrue is the true model that quantifies the true relationship between the NIR 

reflectance and the true value of DPv. Under the assumption that the error of y is 

random and the expectation is zero, the MSEP can be written as  

             

MSEP = Ey[(y - ftrue(x))2] + Etest[(ftrue(x) - f(x))2]  

           = σ2 + Etest[(ftrue(x) - f(x))2]                                                                                                                          

 

Where σ2 is the variance of DPv of the test set of the reference samples. 

Now we consider Etest[(ftrue(x) - f(x))2] which can be written as  
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Etest[(ftrue(x) - f(x))2] = Etest[((ftrue(x) – fmean(x)) + (fmean(x)- f(x)))2] 

                                  = Etest[(ftrue(x) – fmean(x))2] +2Etest[(ftrue(x) – fmean(x))(fmean(x)- f(x))]  

                                     + Etest[(fmean(x) - f(x))2] 

                                  = (ftrue(x) – fmean(x))2 +2(ftrue(x) – fmean(x))Etest[fmean(x)- f(x)]  

                                     + Etest[(fmean(x) - f(x))2] 

 

Where fmean(x) is the average of the DP modelled using all possible test data sets, 

therefore, 

  

Etest[(ftrue(x) - f(x))2] = (ftrue(x) – fmean(x))2 + Etest[(fmean(x) - f(x))2] 

                                   = Bias2[f(x)] + Var[f(x)],                                                                                                      

 

where Bias[f(x)] is the deviation of the model developed from all possible data sets from 

the true model, and Var[f(x)] is the variance of the predicted DP using NIR spectroscopy. 

Therefore, 

 

MSEP = σ2 + Bias2[f(x)] + Var[f(x)].                                                                                                                     
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Appendix II. Relative spectral power 
distribution of CIE Standard Illuminant 
D65 

λ (nm) Relative spectral power of standard illuminant D65 
300 0.034100 
305 1.664300 
310 3.294500 
315 11.765200 
320 20.236000 
325 28.644700 
330 37.053500 
335 38.501100 
340 39.948800 
345 42.430200 
350 44.911700 
355 45.775000 

360 46.638300 
365 49.363700 
370 52.089100 
375 51.032300 
380 49.975500 
385 52.311800 
390 54.648200 
395 68.701500 
400 82.754900 
405 87.120400 
410 91.486000 
415 92.458900 
420 93.431800 
425 90.057000 
430 86.682300 
435 95.773600 
440 104.865000 
445 110.936000 
450 117.008000 
455 117.410000 
460 117.812000 
465 116.336000 
470 114.861000 



 
 

230 
 

λ (nm) Relative spectral power of standard illuminant D65 
475 115.392000 
480 115.923000 
485 112.367000 
490 108.811000 
495 109.082000 
500 109.354000 
505 108.578000 
510 107.802000 
515 106.296000 
520 104.790000 
525 106.239000 
530 107.689000 
535 106.047000 
540 104.405000 
545 104.225000 
550 104.046000 
555 102.023000 
560 100.000000 
565 98.167100 
570 96.334200 
575 96.061100 
580 95.788000 

585 92.236800 
590 88.685600 
595 89.345900 
600 90.006200 
605 89.802600 
610 89.599100 
615 88.648900 
620 87.698700 
625 85.493600 
630 83.288600 
635 83.493900 
640 83.699200 
645 81.863000 
650 80.026800 
655 80.120700 
660 80.214600 
665 81.246200 
670 82.277800 
675 80.281000 
680 78.284200 
685 74.002700 
690 69.721300 
695 70.665200 
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λ (nm) Relative spectral power of standard illuminant D65 
700 71.609100 
705 72.979000 
710 74.349000 
715 67.976500 
720 61.604000 
725 65.744800 
730 69.885600 
735 72.486300 
740 75.087000 
745 69.339800 
750 63.592700 
755 55.005400 
760 46.418200 
765 56.611800 
770 66.805400 
775 65.094100 
780 63.382800 
785 63.843400 
790 64.304000 
795 61.877900 
800 59.451900 
805 55.705400 

810 51.959000 
815 54.699800 
820 57.440600 
825 58.876500 
830 60.312500 
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Appendix III. CIE 1964 supplementary 
standard colorimetric observer 

λ (nm) x10 y10 z10 
380 0.000160 0.000017 0.000705 
385 0.000662 0.000072 0.002928 
390 0.002362 0.000253 0.010482 
395 0.007242 0.000769 0.032344 
400 0.019110 0.002004 0.086011 
405 0.043400 0.004509 0.197120 
410 0.084736 0.008756 0.389366 
415 0.140638 0.014456 0.656760 
420 0.204492 0.021391 0.972542 
425 0.264737 0.029497 1.282500 
430 0.314679 0.038676 1.553480 
435 0.357719 0.049602 1.798500 
440 0.383734 0.062077 1.967280 
445 0.386726 0.074704 2.027300 
450 0.370702 0.089456 1.994800 
455 0.342957 0.106256 1.900700 
460 0.302273 0.128201 1.745370 
465 0.254085 0.152761 1.554900 
470 0.195618 0.185190 1.317560 
475 0.132349 0.219940 1.030200 
480 0.080507 0.253589 0.772125 
485 0.041072 0.297665 0.570060 
490 0.016172 0.339133 0.415254 
495 0.005132 0.395379 0.302356 
500 0.003816 0.460777 0.218502 
505 0.015444 0.531360 0.159249 
510 0.037465 0.606741 0.112044 
515 0.071358 0.685660 0.082248 
520 0.117749 0.761757 0.060709 
525 0.172953 0.823330 0.043050 
530 0.236491 0.875211 0.030451 
535 0.304213 0.923810 0.020584 
540 0.376772 0.961988 0.013676 
545 0.451584 0.982200 0.007918 
550 0.529826 0.991761 0.003988 
555 0.616053 0.999110 0.001091 
560 0.705224 0.997340 0.000000 
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λ (nm) x10 y10 z10 
565 0.793832 0.982380 0.000000 
570 0.878655 0.955552 0.000000 
575 0.951162 0.915175 0.000000 
580 1.014160 0.868934 0.000000 
585 1.074300 0.825623 0.000000 
590 1.118520 0.777405 0.000000 
595 1.134300 0.720353 0.000000 
600 1.123990 0.658341 0.000000 
605 1.089100 0.593878 0.000000 
610 1.030480 0.527963 0.000000 
615 0.950740 0.461834 0.000000 
620 0.856297 0.398057 0.000000 
625 0.754930 0.339554 0.000000 
630 0.647467 0.283493 0.000000 
635 0.535110 0.228254 0.000000 
640 0.431567 0.179828 0.000000 
645 0.343690 0.140211 0.000000 
650 0.268329 0.107633 0.000000 
655 0.204300 0.081187 0.000000 
660 0.152568 0.060281 0.000000 
665 0.112210 0.044096 0.000000 
670 0.081261 0.031800 0.000000 

675 0.057930 0.022602 0.000000 
680 0.040851 0.015905 0.000000 
685 0.028623 0.011130 0.000000 
690 0.019941 0.007749 0.000000 
695 0.013842 0.005375 0.000000 
700 0.009577 0.003718 0.000000 
705 0.006605 0.002565 0.000000 
710 0.004553 0.001768 0.000000 
715 0.003145 0.001222 0.000000 
720 0.002175 0.000846 0.000000 
725 0.001506 0.000586 0.000000 
730 0.001045 0.000407 0.000000 
735 0.000727 0.000284 0.000000 
740 0.000508 0.000199 0.000000 
745 0.000356 0.000140 0.000000 
750 0.000251 0.000098 0.000000 
755 0.000178 0.000070 0.000000 
760 0.000126 0.000050 0.000000 
765 0.000090 0.000036 0.000000 
770 0.000065 0.000025 0.000000 
775 0.000046 0.000018 0.000000 
780 0.000033 0.000013 0.000000 
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Appendix IV. Reference colourchecker 
charts 
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Appendix V. Pre-processing by Savitzky-
Golay filtering 

 

Figure 7.4.1 The average change in reflectance (ΔR) across 440-850 nm of all samples of historical 

paper degraded at 0% [O2], 70% RH and 20000 lx light exposure for 115 h. Red line and blue line 

represent the spectra before and after the processing by Savitzky-Golay filtering, respectively. 
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Appendix VI. Stakeholders’ perspectives 
of damage indicators and acceptable 
uncertainties for management of various 
cultural heritage materials 

Materials Damaging factors Damage indicators Acceptable uncertainties 

Metal Pollution Aesthetics 50% 

Metal RH Material loss 50% 

Paint Light Discolouration 50% 

Paint Users Aesthetics 50% 

Paper T, RH, Pollution Material loss 50% 

Plastic RH Aesthetics 50% 

Plastic Pollution, Light Discolouration 50% 

Plastic T, RH Discolouration 50% 

Stone Pollution Aesthetics 50% 

Textile Pests Material loss 50% 

Textile Temp Loss of function 200% 

Textile Pollution Discolouration 50% 

Wood RH Loss of function 100% 

Wood RH Material loss 50% 
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Appendix VII. Sample programming in 
Python for an online platform to 
implement dose-response models
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