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Abstract

Paper degradation is an unavoidable series of pseseand the most important
factors causing paper degradation in long-term i@athstorage are temperature,
relative humidity, pollutants and the paper prapsttmainly acidity. To study these
effects, experiments were performed to determingradtation rates on sacrificial

historic papers, with a reference to Nationaal Aetirhe Netherlands).

Handling and display lifetimes were defined anccekted for each paper type and
shown to differ significantly according to papempé¢yand purpose of use. The
lifetimes were significantly affected by concenwas of NQ resembling actual

concentrations in archival repositories, whereasefifiect of AcCOH was limited.

A new approach to defining pollutant doses wasoduced, which also takes into
account degradation resulting frolmand RH. At realistic pollutant concentratioils,

and RH, and paper properties contribute signifigatd the overall degradation
process during long-term storage, and should tberdie included in a comparative

assessment of preservation options.

A new concept of pollutant thresholds was alsooshiiced. Using this concept, the
determined thresholds are in the concentrationedognd in an archival repository

or above for N@ but depend significantly on paper type for ACOH.

A method for estimating paper lifetime was proposksl both handling and display
lifetimes of the most sensitive parts of a typicallection were predicted to be less
than 500 years, preservation measures to achieveattyet were investigated using

the method of lifetime prediction.

Air filtration would prolong the lifetime of the nsb sensitive acidic paper by
approximately 150 years. The same effect could, dvew be achieved by other
preservation measures, such as decreasing theraomeeby 4 °C.

Outcomes of the research presented here couldmntioe decision-making process
in planning long-term preservation measures byidmg a quantitative comparison

of different options and the required research &avig.
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Glossary

Acidic paper — Paper produced in the late™and 28' century, which is prone to
degradation. Its acidity is the result of acidsadticed during paper production (e.qg.
rosin sizing) or a consequence of the degradatiooess.

Alkaline paper — Contemporary paper with alkaline fillers, which iimh the

degradation process.

Arrhenius study — Study carried out at different temperatures, ireotd determine
the activation energy and pre-exponential factohjctv enable extrapolation of
reaction rates to different temperatures.

Display lifetime — Time needed for paper to reach a valueABf, which is

perceived unacceptabl&Eq= 15.

Groundwood paper — Paper for which a significant amount of the pwps
obtained by grinding wood. Lignin is not removedridg this process and is

therefore present in this paper type.

Handling lifetime — Time needed for the papPP to decrease to the safe handling
thresholdDP = 300.

Hydrolysis — Reaction involving the breaking of a chemical dam a molecule by

the addition of water.

Interventive conservation— Actions, which intervene directly with the mastror

object, such as repair or deacidification (of paper

Lignin-containing paper — Paper containing a significant amount of lignin,
originating from the plant material. Lignin is arromatic polymer, which

impregnates the cellulose in plant cells.

Oxidation — Reaction in which the oxidation state of an atommolecule is

increased, i.e. loss of electrons.

Passive sampling- Type of sampling where the chemicals are alloveediffuse
(e.g. from the atmosphere) onto an adsorbent witth@uuse of a pump.
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Polysaccharide— Carbohydrate molecules composed of a chain ofoseccharides,

liked together by glycosidic bonds.

Preventive conservation— Actions taken to decelerate or prevent the digien

process.
Rag paper— High quality paper made of cotton rags, usugdiiatine sized.
Repository — Location where the collection is stored (e.ghasal repository).

Whatman paper — Paper made of pure cellulose linters, commosgduas a model

paper in degradation experiments.
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Abbreviations, symbols, and formulas

Al — acidic paper 1

A2 — acidic paper 2

A — pre-exponential factor in the Arrhenius equation
AcOH — acetic acid, CRCOOH

B — alkaline paper

C— concentration

C1— carbon atom on position 1 in a glucose molecule
C,— carbon atom on position 4 in a glucose molecule

', — chair conformation the glucose molecules adopieres G is above and £

below the reference plane of the chair
Ca - calcium
CED - cupriethylenediamine solution, used in viscomatgasurements

CIE L*a*b* — colour space, where* ranges from 0 to 100 (black to whitey
represents red (positive) and green (negativepandpresents yellow (positive) and

blue (negative)

CIEDE2000- method of calculating colour differenaeE)

DP — degree of polymerisation

AEqo — colour change, calculated according to the CIEIID formula
Ea.— activation energy

Fe—iron

HCHO - formaldehyde
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HCOOH - formic acid

HNO, — nitrous acid

HNO; — nitric acid

H.S — hydrogen sulfide

H,SO, — sulfuric acid

H3O" — hydronium ion

k — reaction (degradation) rate

L — lignin-containing paper

L.O.D. — limit of detection

LOAED - lowest observed adverse effect dose
LOAEL - lowest observed adverse effect level
LODP - levelling-off degree of polymerisation
m — factor describing the degradation rate dependengmllutant concentration
M — molecular weight

Mn — manganese

NO — nitrogen oxide

NO, — nitrogen dioxide

NOy — nitrogen oxides

NOAEL - no observed adverse effect level

Oz —ozone

P — permanence
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PAH — poly-aromatic hydrocarbons

pH — negative logarithm of hydrogen ion activity, coomty simplified to negative

logarithm of BO" concentration

pKa — negative logarithm of the acid dissociation cansK,
PM, s — particulate matter less than 2.5 um in diameter
PMjo— particulate matter less than 10 pm in diameter
ppb — parts per billion

R —rag paper

R — gas constant, 8.314 J/mol K

RH — relative humidity

S — sulfur

SEC - size-exclusion chromatography

SO, - sulfur dioxide

t—time

T — temperature

TS - tensile strength

VOC - volatile organic compounds

W — Whatman paper

L — wavelength
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1. Introduction

1.1. Scope of work

Despite the current digital age, paper still redaits role as the main information
carrier, especially when historic information isnsaered. Throughout history,
records of important events, newly obtained knogtednd even everyday life have
been written down, in the past millennium mostly maper. This has resulted in
archival collections, composed of hundreds of kidmas of materials, which should

be preserved for future generations.

Although that sounds like a simple task, this may always be the case. Paper
degradation is an inevitable series of processesyever by increasing the
understanding of these processes, efforts can lue nta decrease their rate and

preserve paper-based collections for longer.

It is estimated that 70-80% of documents in a @fpWWestern repository are acidic
and therefore even more prone to degradation, whielns they might not last
longer than a couple of centuries [1]. These papers produced in the late i @nd
early 2¢" century, when the paper production increased fignitly due to a rapid
increase in demand, which resulted in a significdedrease in paper quality. The
paper produced before that, on the other hand,troigitive them by centuries, if not
millennia. The reason lies in the raw material,duse paper manufacturing, which
changed from high-quality fibres, obtained fromtaotor linen rags, to lower-quality
wood fibres [1]. In the early ZDcentury the recycled cotton and linen were no
longer a sufficient source of cellulose fibres teanthe increasing demand and paper
production was forced to move to other sources.r@@8o of cellulose, used for
making paper, is nowadays derived from wood, amdrést originates from other

plant material and to a lesser degree rags [2].

Different approaches to paper preservation camkentto try to prolong the lifetime
of documents. Interventive conservation is onehef aptions [3], although it might
not meet the requirements, based on the scaleasbe. Preventive conservation in
terms of environmental control might therefore e preferred option, as the storage

environment affects the whole collection simultamnsyp.
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Many different factors affect paper degradatiorghsas heat (the measure of which
Is temperature), humidity, radiation, pollution geetper composition [4]. This thesis,
however, is focused on archival storage, wherettiections are mainly kept in the
dark. The focus is therefore on environmental patars which can be controlled in
order to achieve better preservation of the cabectThose are temperaturé)
humidity (RH) and pollution.

The research was carried out in collaboration vitie Nationaal Archief (the
National Archives of the Netherlands), which holmger 100 km of paper-based
objects. Temperature and relative humidity in thanchival repositories are
controlled and air filtration is employed to minsei concentrations of traffic-
generated pollutants in order to preserve the ciidle for posterity. All these
measures, however, have not yet been quantitatagdgssed in combination and in

terms of the effect of realistic conditions on rnpaper.

The main aim of this research was to assess angarendifferent environmental
effects on the lifetimes of paper [5] and using tleadetermine, which preservation
measures would be most beneficial for the collecaad would ensure the longest
lifetimes. As some of the most accurate analytioa&thods for following paper
degradation are destructive, this was done threusgries of accelerated degradation
experiments on sacrificial materials. These wera rastoric papers, selected to
represent different types of paper in an archivdilary collection. The aim was
also to generalise the findings to a typical arahoollection and provide a method
of assessing the combined effects of the envirohms&hich could be used by
institutions to assess the future behaviour ofrtlwevn collections. This thesis
represents research, investigating the combinedtsfbf exogenous and endogenous
factors on chemical degradation of real paper,ssidg the results predicting paper
lifetimes under different environmental conditiomghich had not been carried out

previously.
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1.2. Thesis outline

This thesis is divided into ten chapters. The figlines the topic of the research and
its justification and gives a brief structure oétthesis itself. The literature review is
given in Chapters 2 and 3. Chapter 2 describesstitueture of paper, its change
during the degradation process and how this is uredausing analytical techniques.
The mechanisms of paper degradation and the ddgrmadénetics are presented, as
well as how lifetime and permanence have been e@fin the literature. Different
effects on paper degradation are described in @h&jtsuch as biodeterioration,
pollution, radiation, temperature and relative hditgi fluctuations and paper
composition including acidity. Among these, thosesmimportant for long-term

archival storage are identified.

The research questions in relation to the preservaif collections at Nationaal
Archief are presented in Chapter 4. The building #me collection are described
briefly and environmental monitoring, whefileé RH and pollutant concentrations

were measured over the course of one year, ismezsand discussed.

Methodology is presented in Chapter 5. The samples described and the
experimental setup and analytical methods, usexli¢iinout this research to follow
paper degradation, are discussed as well. Steaty-ahd dynamic experiments are
presented and calculations used to analyse reswdtshown as well. Uncertainty
analysis is discussed and definitions of handling display lifetimes, used in this

work, are given.

Chapter 6 describes the steady-state experimehis.fifst set of experiments was
carried out under stationary conditions under tissumption that intermittent
introduction of polluted and humidified air intorsple reactors was sufficient to
ensure a constant environment. Preliminary expearisnand their conclusions are
presented. Assumptions made about the pollutanditons in this experimental
setup turned out to be false, these difficultiesdiscussed.

Chapter 7 starts with a description of why the expental setup and design were

adapted. Another set of preliminary experimentfhie changed setup is presented,

followed by the Arrhenius study at three tempemdurThe Arrhenius study at

different temperatures enabled degradation ratagodtations to lower temperatures,
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according to the Arrhenius equation, commonly usedccelerated degradation

studies. Chain scission, colour change and pH measants for individual paper

types are shown and the degradation rates aresdesdu This is followed by the

Arrhenius regressions and determination of activagnergies and degradation rate
uncertainties. Extrapolations of degradation ratesroom conditions are also

presented here.

The overall results are discussed in Chapter 8,ravliemaining lifetimes are
calculated for individual paper types. The conagppollutant doses and thresholds
is also discussed and applied to the experimeetallts. The effects of different
environmental options on the predicted lifetimes imdiividual paper types are
calculated and compared. The chapter is concludéd avproposed method for

assessing environmental effects on paper-basesttiols.

The discussion continues with recommendations fohigal storage in Chapter 9.
The method, proposed in Chapter 8, is applied tgpecal archival collection and
used to assess possible preservation measuresatarel donditions. The same is also

done for the collection, held in the Nationaal Aeth

Chapter 10 summarizes the conclusions, derived thosnresearch. Further work on
this subject is also suggested.
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2. Paper degradation

As paper is still the most widespread and generallylable carrier of information,
its degradation is unwanted, but unfortunately als@voidable. Understanding

degradation and what affects it may, however, delgrease the rate of the process.

2.1. Paper, its structure and its change during ageing

2.1.1. Structure of paper

The main structural component of paper is cellul@3alulose fibres in paper form
interlocking networks, which are ordered in an appnately layered structure,
usually between 30 and 300 um thick. An individfiate is approximately 10 to
50 um wide, which means a sheet of paper of 100gupproximately 5 to 10
cellulose fibres in thickness [2].

The main structural component in paper is celluloSellulose exists in four
polymorphic forms, generally known as cellulosd,lJIl and IV. Cellulose | is the
only form occurring naturally, despite the factttlias not the most stable one. It is a
natural polymer of cellobiose, which consists ofotwlucose molecules (D-
glucopyranose), joined by:€&, glycosidic oxygen linkage. The second glucose unit
is inverted relative to the first, but both adopsttable'C, chair conformation (Figure
2.1). One glucose unit is treated as a monomerchwhilll be used further on in

calculations, although the repeating unit IS one medi

OH OH )
HO o
o OH
HO OH

Figure 2.1: Cellulose dimer, the repeating unit ira cellulose chain, composed of two
glucose units.

Linear arrangement of the polymer chain is maimdiby hydrogen (H-) bonding.
H-bonds are formed between oxygen and hydrogensatonmydroxyl groups and

also the oxygen atom in the glucose ring. Celluliitsls are formed by hydrogen
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bonds within and between chains, which hold the/pel flat and therefore enable
the cellulose ribbons to stack (Figure 2.2) [6].
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Figure 2.2: H-bonds between cellulose chains [7].

Cellulose is never found in a completely crystalform, it always partly consists of
an amorphous phase. The degree of crystallinitiesaretween 50 and 90% and
depends on the cellulose source, as cotton ceflutgls to be highly crystalline and
wood cellulose generally less so (upper and lowaat pf the crystallinity range,

respectively) [2].

Besides cellulose, which is the main structurayypatcharide, wood-fibre paper can
also consist of other components, such as lignioh le@micelluloses. Lignin is a

complex aromatic polymer, which impregnates thdutmde in plant cells and is

found in secondary cell walls of plants, and itsoant increases with the age of the
plant. It is composed of up to three phenyl propar@omers: coniferyl alcohol,

coumaryl alcohol and sinapyl alcohol, which canbemded in different patterns,

depending on plant species (Figure 2.3) [2,8].
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Figure 2.3: Hardwood lignin structure [9].

Hemicelluloses are non-structural polysaccharidé® & much lower molecular
weight compared to cellulose, however they are lmosynthetic precursors of
cellulose, as the name might suggest. Besides ggucmnomers, hemicelluloses can
also include xylose, mannose, galactose and otlgars, depending on the source.
Hemicellulose polymers are much shorter comparextiialose and unlike cellulose
are also branched (Figure 2.4) [2,10].

CH OH

[8] ]
T 0 N\ ey o7

OH o] OH
H
HOH,C Hemicellulose

OH

T

Figure 2.4: The structure of hemicelluloses .

Lignin and hemicelluloses are not only typical obod, but can also be found in

other plant material, such as grasses [11].

Cellulose degradation occurs by breakage of covdlends within and between
monomer units in the chain and loss of inter- arichichain hydrogen bonds [6,12].
It is speculated that random chain scission, whihconsidered the standard
degradation reaction, is preceded by a rapid @actvhere so called ‘weak links’ in

the chains are broken [6].
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2.1.2. Change due to ageing and analytical techniques taetect it

As the main use of paper, at least in the heritagarchival context, is to transmit
information, its most important properties are natbal strength, closely related to
safe handling of documents, and its visual appeararelated to text readability or
image contrast. This dictates the choice of arnaytiechniques to measure changes

in paper properties.

The scission of intramolecular (inter-monomer) borsthortens the long cellulose
chains and therefore leads to a decrease in thrage/enolecular weight of cellulose.
In linear homopolymers the molecular weight of gaymer equals the molecular
weight of a monomer, multiplied by the number ofnromer units. The average
molecular weight therefore represents the numbemohomers in a cellulose
polymer (i.e.DP — degree of polymerisation). It can be measureseweral ways,
most commonly used are viscometry to obtain theowietric averag®P and the
more instrumentally demanding size-exclusion chitography (SEC) to obtain a
distribution of molar masses, number-average anssraserage molar mass [13,14].
The latter can also be used to follow changeserdibtribution of molecular weight,

which can be useful for studying degradation kicee[6].

Mechanical properties of paper are assessed byunegdensile strength and zero-
span tensile strength, tearing resistance, burstirength, and folding endurance.
Tensile strength is the maximum tensile force peit width that paper will
withstand before breaking and is measured usirgstng instrument, that holds a
piece of paper in two clamps and pulls it apar].[E6r zero-span tensile strength the
two clamps are positioned right next to each otBeth zero-span tensile strength
and tensile strength are highly dependent on tire 8trength, while tensile strength
is also influenced by interfibre bonding [2,16].afi@g resistance is assessed by
determining the mean force required to continuetélaging started by an initial cut
in a single sheet of paper and it is measured byleendorf-type tear tester [17]. It
not only depends on the fibre strength, but als@loe length and interfibre bonding
[16]. Bursting strength is the maximum pressureettgped by a hydraulic system
forcing an elastic diaphragm through a circularaacé paper when pressure is
applied [18]. Folding endurance is the decadic fitiga of the number of double
folds required to cause rupture to a test piecenwtested under standard stress
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conditions and it is measured by a fold tester.[3 mentioned earlier, all these
properties are manifestations of fibre and inteefilbonding. Another process,
affected by intermolecular bonding is creep of papéiich occurs when paper is

under stress and deforms with time [20].

The relationship between zero-span tensile streagth degree of polymerisation,
determined by Zou et gl21], shows that the average chain length of tedkiis one
of the key factors for its mechanical propertieswidver, mechanical properties of
paper depend both on cellulose macromolecular deagth and intermolecular and
interfibre bonding [14]. It should also be notedttthe work of Zou et a[21] was
carried out on pulp sheets without fillers or sigimhich would also have an effect

on the strength of real paper.

Since a correlation between mechanical propertiestiae degree of polymerisation
has been established [21], determination of cedkilmolecular weight is often used
to understand the deterioration of mechanical ptegse However since not only
intramolecular, but also intermolecular bondingeef§ mechanical properties, the
relationship between the two may be different fofedent pulps and papers [22].
Determination oDP instead of a physical property is also more faable from the

viewpoint of sample consumption (only approximatymg of paper is needed for
DP determination [13]) and from the viewpoint of mbueg, as the smaller

uncertainty oDP determinations increases the quality of any exietmn [14].

Beside the mechanical properties, the appearanceapkr is also of great
importance, as changes in the colour of paper nsayle®e undesired. Paper colour is
a consequence of interactions of light with the emat, especially light
absorption/reflection, and fluorescence. Durindubese degradation all can change
simultaneously [14]. To determine the colour of grathe CIEL*a*b* system is
mostly used, which takes into account the “standawthan eye response”. The
values forL* range from 0 to 100 (black to white), whera&sandb* have no limits.
a* represents red (positive) and green (negatlve)epresents yellow (positive) and

blue (negative).

As yellowing often accompanies paper ageliygjs often used to evaluate changes
in colour (yellowness). For overall colour change, which can be calculated from
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L*, a* andb*, is used. Different ways of calculatidg= have been proposed in the
past 4 decades [23], the latest one being CIEDEZA&Y,), which represents the

colour space most realistically.

2.2. Degradation mechanisms and kinetics

2.2.1. Degradation mechanisms

The major cause of loss of paper strength is aaidigsed hydrolysis of the
glycosidic bonds between glucose monomers (Figulg and molecular mass
distribution studies have shown, that the chaissson occurs at random positions
[21,24]. Other mechanisms may take place as wath ®s oxidation, cross-linking
and thermolysis [4,21,25], depending on the expemta conditions and the pH of

paper.

Zou et al. [21] showed that filter paper with acigH does not degrade substantially
in dry air and high temperature (90 °C), whereas titesence of moisture
significantly accelerates degradation. Experimerdgied out in an oxygen free
environment also suggested that oxidation was mam@ortant factor and that acid-
catalysed hydrolysis was the predominant mechaf24n22]. However it should be
pointed out that all of Zou’s experiments were iegrrout on acidic paper samples,
with pH ranging from 4 to 6.5, so the conclusiontha effect of oxygen was not
surprising, as acid-catalysed hydrolysis is theva@ent degradation mechanism
leading toDP decrease in acidic samples and its relative inapod decreases as the
pH of paper is increased [26,27]. Oxidation is midkely to occur at the ends of
cellulose chains, contributing to the formation lofv-molecular weight organic
acids. Studies by Baifiaki [25] suggest that the effect of oxygen shoutd he
entirely neglected, as differencesDI® after accelerated ageing in argon or air were
observed even for acidic papers. Similarly, anox&s recently shown to have a
positive effect even on the stability of acidic pep [28]. Experiments on acidic
softwood cellulose have shown that degradatioretitilose (in terms oDP loss) is
more advanced in the presence of oxygen, theraefosbould be regarded as a
complex process, in which hydrolysis is not theyoplossible mechanism of

degradation [29], but possibly the main mechanesadling to chain scission.
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Zou et al.[22] suggested a mechanism, which consists of tlsteges: rapid
protonation of the glycosidic oxygen atom, slownsfer of the positive charge tq C
(the carbon atom, also forming the glycosidic bowith consequent formation of
carbonium ion and fission of the glycosidic bondydathe reformation of
hydroxonium. They also found a linear relationshgtween the degradation rate
constant and hydrogen ion concentration in celkilds fact the effects of moisture
and acidity are coupled, so when the moisture congehigh, the effect of acidity is

magnified.

Acid hydrolysis of cellulose has been studied fecatles, and a concept, involving
different reaction stages of the degradation pdesad already been applied in the
late 1950s [30]. It was generally assumed thatndutihe early stages of hydrolysis,
removal of the non-crystalline or water-sensitivatenial takes place simultaneously
with chain scission and crystallisation of celldogurther hydrolysis under milder
conditions leads to a decrease of degree of polgaten in all types of cellulosic

materials [30].

As mentioned earlier, the fact that cellulose dégtian depends on moisture does
not prove that acid-catalysed hydrolysis is theyatdgradation mechanism, taking
place in paper, although it may be the predomimard, since other mechanisms
might be humidity-dependent as well. It has beeawshthat the rate of bond
scission during oxidation of alkaline samples iases as the relative humidity
increases from 20% to 65%, and decreases agairedRblvof 65%. A possible
explanation for the latter may be that a completefgrated cellulose fibre is less
susceptible to oxidation simply due to the fact tha& solubility of oxygen in water
is low [26,27].

Oxidation is not thought to be negligible espegidtir neutral and alkaline papers.
Pure cellulose paper is less susceptible to oxidatinan paper containing lignin,
hemicelluloses or various additives [4].

During accelerated degradation, oxidation is causgdxygen, acting as a non-
specific oxidising agent. The autoxidation schesm@wn in Figure 2.2, is thought to
adequately describe the process of oxidation ofarmog polymers, including

cellulose. A direct reaction between cellulose anadxygen molecule in unlikely, as
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it is a spin-forbiddeh process. The more reactive oxygen species arercstige
anion (Q"), hydroperoxyl radical (HOY, hydrogen peroxide (#D,) and hydroxyl
radical (HO), but their direct reactions with cellulose may he thermodynamically
favourable due to high reduction potentials, exdepthydroxyl radicals. The most
reactive part of a cellulose macromolecule is tlielayde group at the end of the
chain, and it was shown that the content of peesidvhich influence the rate of
degradation, after a pre-oxidation treatment depead the initial content of
aldehyde groups [26,31].

PH ®
PO+ HO' P’ RO
1 POOH PH

Heat, light, /
transition

metal¢

Figure 2.5: The Bolland-Gee autoxidation scheme, velne the native cellulose polymer is
denoted as PH [26].

Transition metal ions can reduce oxygen to supdmand produce radicals via the
Fenton reaction, therefore contributing to the akmh process. Lignin and
hemicelluloses may initiate the production of reecbxygen species and peroxides
as well [4].

Cross-linking of cellulose can also occur duringederated degradation at elevated
temperatures, resulting in increased wet-strengéisiricted swelling by water
sorption and increased brittleness of paper. Arease in wet-strength was observed
over a wide range of elevated temperatures (70-350[32]. Cross-linking is

speculated to also occur during natural ageingtasdbeen shown to occur during

! Spin forbidden processes are those, where elécti@msition would occur within a set of p or d
orbitals.
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photodegradation [33]. Similar to hydrolysis, thi®cess is catalysed by acidity and
metal ions with a high redox potential. Cross-lntkiand chain scission are
competing processes and cross-linking can causeegase in tensile strength in the
early stage of thermal ageing, which is then fobdwby a decline due to chain

scission [4].

A phenomenon, which is supposed to be common ftr bpdrolytic and oxidative
degradation of cellulose, is rapid degradation oieg at the start of the experiment,
before linearity is established [6]. This two stdgeetics theory is supported by

several authors [34-38].

2.2.2. Degradation kinetics

The most commonly used approach to studying caéulghain scission was
established by Ekenstam in 1936 [39], when he stuthe behaviour of cellulose in
mineral acids. Although the reaction medium is \éifferent to realistic conditions,
the glycosidic bond breakage, responsible for tmdki chain scission, follows
similar kinetic principles, which makes this apprioa suitable approximation.

Ekenstam defined the number of inter-monomer baetitlpresent at timé as:
(P-—y—-1), (1)

whereP is the number of breakable bonds at the beginairtge experiment and is

defined a®? = 2, ()
m

where M is the average molecular weight of cellulose a beginning of the
experiment, andn is the average molecular weight of cellulose & #nd of
degradationy is the number of broken bonds after tit@and is defined as:

y=7-1 3

X

In this equationx is the average molecular weight of cellulose aftere t. The

number of broken bonds in a unit of time is:

Y=k(P-y-10=k(z-%) (@)

dt x
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wherek is a constant. By deriving Equation 3 we obtain:

dy M dx

& T T ©)
so Equation 4 becomes:

Mdx _ . (M_ M ax _ _ k2
T xZat k (m x) and it m (x max). (6)

By integration, Ekenstam obtained the equatiagnin( the above equations is

substituted foM;, molecular weight at tims:

k=1 (-&) @)

(1-37)
which, when developed into a Taylor series, yields:

1 m(M—- M) 1m?(M% — M%)
t MM t  2M2Mm}?

k =

+ .. (8)
Since all the terms from the second one onwardsemesmall compared to the first
one, they can be neglected, which gives:

m(M— Mt)
MMy

kt = [39] ()]

By substituting % with DP and % with DPy, the very well-known Ekenstam

equation is obtained:
kt=——- — (10)

whereDP represents the number of monomers in a chaimettiand DP, at the

beginning of the experiment.

This approach can only be used if the polymer ciglmear and of high molecular
weight, the polymer is monodisperse and the pradaottscission are long chains
themselves, there is a low degree of chain endgihgpand there is no loss of
monomer units during scission. Although this ideadi approach does not fully
apply to cellulose, it is used extensively as agpggnool for kinetic analysis and was

shown to be applicable to a wide range of expertaiatata [6].
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The Ekenstam equation is a derivation of the i@atedf chemical reaction kinetics:

, d
reactionrate = d—i = —kc", (11)

wherec is normally reactant concentratiamjs reaction ordet, is time andk is the
rate constant. In paper ageing kineticgan be replaced by paper properties, like
tensile strength, brightness, fold endurance [22flecular weight distributions
show that the depolymerisation of cellulose proseed a random fashion and
follows first order reaction kinetics [21]. In thearly stages, however, it can be

approximated (simplified) to a pseudo zero ordactien [4].

The temperature dependence of degradation ratetarssis described by the

Arrhenius equation:

Eq
k = Aewr, (12)

whereA is the frequency factoE, is activation energyR is the gas constant aids
absolute temperature [22,40]. The activation enedgpends mainly on the
mechanism of the reaction and represents a meakaansitivity of the degradation
rate of the studied property to temperature charfthes higher theE, the more
temperature-dependent the reaction). The fa&togpresents all other experimental
parameters, such as humidity, pollutants and lmid paper properties, such as
acidity, fibre source and morphology, additivespeaper etc. [40,41]. It should be
noted, however, that the pre-exponential factarasnecessarily a constant and can

depend on a number of environmental parametersnaterial properties.

The Arrhenius equation was developed to describglesichemical reaction systems
and for a valid Arrhenius model a straight line adbtained when plotting the
logarithm of the reaction rate against reciprocalugs of temperatures. Reaction
rates at different temperatures are therefore wbdaifrom the line slope and
intercept, and this approach is commonly used &ulipt degradation rates at e.g.
room temperature. However, paper degradation casiviea multiple reactions [40],
which raised doubts about the applicability of dggiation. Nevertheless, Zou et al.
[22] demonstrated that paper degradation follows #rrhenius law even if

activation energies of individual reactions are siderably different. To do so one
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should applyA; andE, as the frequency factor and apparent activatiarggnof a

multiple reaction system, respectively.

According to Baraski et al. [25,42] the multiple reaction systemnaixed-control
mechanism should be solved with two Arrhenius plassthere are two separate rate
constants i, — hydrolysis andk,x — oxidation). Ekenstam equation should be
replaced by a ‘mixed-control’ equation, however éggiation itself has not yet been
suggested. The experiments by Baia et al. [42] were carried out in closed vessels,
so the oxygen consumption during the experimentweagaken into account, which

might have a significant effect on the results.

Beside the usual extrapolation approach, based oteleaated degradation
experiments at a number of temperatures using tikeAius equation, the time-
temperature superposition method was also appligghper permanence prediction
[43]. It was claimed to give better correlation hvdigeing under ambient conditions
and it has been assessed quantitatively agaiesdtlire data. It does however have a
drawback, which is that it has only been develdjpedhermal degradation. As such

it does not take into account the effects of reéatiumidity, acidity etc. [43].

As mentioned earlier, the degree of polymerisat{@P) is one of the most
widespread properties used to follow paper degraaalhe number-averadeP is

the ratio between the number of monom&d3 &énd the number of macromolecules

(m):
M
DPy = m’ (13)
and each scissioip) decreases the amount of inter-monomer bondsrameases the

number of chains [44]:

M
DP = ok (14)

As the number-averadeP cannot be determined in a simple way, it is regdaloy
the viscosity-averagbP, calculated from the viscosity of the celluloséuson. Due

to a simple mathematical relation between the nunobeellulose chain scissions
and the degree of polymerisationR) the latter became the most commonly used
parameter to assess the rate of paper degradétisinould not, however, be used
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without caution [41,44]. When employing viscomef@P determination it has to be
considered that during the dissolution of a sample the alkaline
cupriethylenediamine solvent, chain scission wdke place at a certain rate
wherever an oxidised group has been introducedantmnomer. The measurbd
(and therefore the number of scissions, obtaineBPyis therefore the sum of both
the actual (hydrolytic and oxidative) and potentadidative) degradation [41,45].

The number of scissions is not a measurable pngpénit found useful in

determining degradation kinetics. It is generallyeg by:

whereDPy is the initial degree of polymerisation . Since #guation consists of two
reciprocal values oDP, the experimental uncertainties of the acDRl values are
propagated in the uncertainty of determinatiorhefiumber of scissions.

Assuming that paper degradation is a pseudo-zel@r oeaction, Equation 15 equals

Equation 10, i.e. the Ekenstam equation:

S==-2 =kt, (16)

wherek is rate constant antdis time [21,22,25,39,46]. However there are some
strong arguments against the pseudo-zero ordemasisun, particularly the non-
linear multi-stage degradation model, consistingtdeast two consecutive stages of
degradation: a faster one and a slower one. Thes dot necessarily mean that the
Ekenstam equation cannot be applied; it does howmaan that two or more
different rates ) might be needed to describe the different stagedtegradation.
There are different theories about the stages; saggest the weaker links being
attacked in the faster stage, and the reactiomsgadtace in the amorphous region in
the slower stage, and others suggest fast acitifsathhydrolysis in the amorphous
phase and slower hydrolysis in the crystalline pt{84-38,41]. The suggested ‘weak
links’ occur approximately every 500 monomer uritsel may be created by chain
ends acting as stress raisers in adjacent chajn&\f®ther hypothesis is that the
initial faster stage actually represents the tirmeded for the material to reach steady
state reaction conditions at the beginning of arelecated ageing experiment. In all
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historic paper some degradation already occurréorden accelerated experiment
starts, so the papers already contain some paétyaded material (glucose in
cellulose), which is more quickly consumed as #ragerature is initially increased.
This is in agreement with the fact that the addited glucose to paper accelerates
degradation considerably [26]. This initial stagefore the pro-degrading effect of
the accumulated degraded material is over, anthtterial reaches a steady state at

a higher temperature, could therefore also repteséast initial degradation stage.

Calvini and Gorassini [41] suggest includingODP (levelling-off degree of

polymerisation) rather than glucose as the asynagiotit in kinetic equations:

DPy . _ (DPo _ ke
DP 1_(LODP 1)(1 e, (17)

and always performing accelerated ageing expersnanmtleast untilLODP is
reached [41]. This approach might not be practioalhistoric documents, as the
LODP is lower than th®P value of paper at which it can still be safelydjagsually
assumed to be 200-300 (400 for ink lines) unit$4&38,47].

Ding and Wang [38] however argue that the chaissson humber (CSN) concept,
introduced by Calvini and Gorassini [41,44] is oslyitable when the initial degree
of polymerisation of all cellulose samples studiedhe same. It is unsuitable for
characterising the frequency of cellulose chairsson, since the number of
scissions at a higbP is greater than that at a |dP of cellulose, while the chain

scission activity of cellulose remains the samg.[38

To avoid using the number of scissions as a paemé&ing and Wang [38]
introduced a new continuous scalar variabbnd defined it as ‘percentage retention
of DP’:

DP
5= (18)
They also defined the degradation variable of tasler
wDP=1_6=1_§_:(;’ (19)
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where wpp is the accumulatedP loss of cellulose.wpp = 0 corresponds to
undamaged cellulose, whereasp = 1 represents total failure of cellulose. &sp
physically represents the extent of progressiomediulose degradation towards a
maximum value before losing all its mechanicalrggth, the authors believe it to be
more mathematically convenient and also accurase thsing the number of

scissions [38].

As mentioned earlier, Ding and Wang [38] introdueedumber of scissile bonds,

available for degradation, when degradation timeaéxjzero, described as:

o= kNy = N), (20)

where N(t = 0) = 0 andNy is the number of scissile bonds. The term can be

normalised:
n() = X8 (21)
Nf
whereNg is chain scission concentration in polymers atgbmt of failure and is

approximately a constant. Introducing this into phevious equation yields:

Z =k —n), (22)

wheren(t = 0) = 0 andn* represents the ‘capacity of the chain scissigemneir’.

For a constant reaction rdtethe equation is:
n=n*(1- e k), (23)

As the two degradation state variables,at a molecular level andupp at a
macroscopic level (concerning cellulose, composkdwnerous molecules), are

very similar in their nature, the authors assuneesidime equations can be applied to

wpp as well:
dw
dfp = kpp(wpp — wpp) , (24)

wherewpp (t = 0) = 0. For a constant reaction rate the egndecomes:

DP . _
wpp = 1- DPy wpp(1 — e~FoPt) (25)

43



which was claimed to be a new degradation evoluéiquation for cellulose, with
wpp representing the ‘capacity of ti¥P degradation reservoir’ [38]. According to
the authors cellulose degradation is best desciiyedegree of polymerisation and

tensile strength loss, so they applied the samatems to tensile strengti'§ loss

as well:

wrs = 1- ;_;0 , (26)
and

wrs = 1- % = wrs(1— ety (27)

wherekrs is the TS degradation rate constant aad+s is the ‘capacity of th@S
degradation reservoirw* s can be determined by introducing the conditiamg(t =

t)) = 1, t; being the time to failure, where time to failuepresents the time before
cellulose loses all its mechanical strength ard = 1 [38]. It has to be noted here
that degree of polymerisation and tensile strelagéhnot entirely comparable, as the
latter also depends on intermolecular, as well rasamolecular bonding, so the
application of this equation might be questionable.

2.2.3. Accelerated degradation experiments

In practice the Arrhenius principle is used in deded degradation experiments,
which are used for the purpose of studying chenubahges in paper during ageing,
based on the assumption that the rate of most ca¢m@actions increases when the
temperature is increased [22]. An assumption isenthdt no change in mechanism
of the degradation reactions takes place betweeneiperimental and ambient
temperature. More reliable extrapolation is therefabtained at smaller temperature
extrapolation intervals, so some authors sugge$bnpeng accelerated degradation
experiments at temperatures as close to room tetyperas possible [25,48].

According to some researchers [41,48] Arrheniusagqa should not be used to
state exactly the rate of paper degradation at rtemmperature and therefore to
predict life expectancy, as the plot might not holdside the range of temperatures,
for which it was obtained. Such extrapolation asssirthe activation enerdy, is

independent of temperature, which is not always dase, especially if a phase
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change takes place in the interval of extrapolgé@). This could simply be avoided
by performing accelerated degradation experimerdgkowh the glass transition
temperature. The glass transition of cellulose, dvar, is very poorly defined [26]
and might stretch over a large interval around 100(some suggest temperatures
over 200 °C for dry samples [49], which is decrelasg water absorption [50]). If
experiments are therefore preformed at temperaforesr than 100 °C, the glass

transition temperature might not have any effect.

There have been other objections to acceleratedhdaipn experiments at elevated
temperatures due to the complexity of paper as sfuelied material and the
degradation process, which can involve multipletieas. Generally the question is
whether accelerated degradation produces the sHiewtseas natural ageing (only at
a faster rate), or if it perhaps promotes chemieakttions which would not occur
during the natural process [4,40,48]. Extrapolatbam however be very useful to
identify the factors that increase the pre-expaaémactor A (such as acidity and
RH) and decrease activation enekgy and by doing so, promote paper degradation
[40,41].

To provide an experimental proof of the assumedetatton between accelerated
degradation and natural ageing, Zou et al. [46] uesd DP, a-cellulose (pure
cellulose with a high degree of polymerisation) tem and cold extraction pH of
bleached Kraft pulps (all samples were acidic)uraly aged for 22 years, and
compared them to predictions, obtained from a presly constructed model. When
extrapolating results obtained from acceleratedrategion to natural ageing
conditions, statistical errors associated with ioafydata are inevitably high. It is
therefore important to examine the statistical reofoprediction. Similar to previous
accelerated ageing studies the authors found ti@tdegradation rate strongly
depends on sample acidity, B values decreased much more significantly for
samples with a lower pH. UnlikBP, a-cellulose content did not change much.
Bansa and Hofer [51] on the other hand found neoetation between natural and
accelerated ageing and claim that the chemicalese®s are temperature specific.
Experimental results should therefore only be usedrelative way (e.g. to compare
paper types), not to draw absolute conclusions.yTdgried out experiments on

naturally aged commercially produced paper rathan tmodel paper and measured
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DP and tearing resistance during dry or moist dedraala They concluded that

paper composition (i.e. type) plays a very impdrtemle in how representative

accelerated ageing is as well. If accelerated diagien must be employed after all
(e.g. to determine whether a change in the papelygtion process or a conservation
treatment has a positive or negative effect ondibgradation of a specific paper),
they suggested experiments at 80 °C and 65% RH.

Another factor to be taken into account is the waywhich paper is exposed to
accelerated degradation and there is some evidbatelegradation in sealed tubes
resembles natural ageing most [4]. The reason biiagthey maintain a steady
moisture content of paper and retain degradatie@dymts, which could further

promote the degradation process.

Although planning accelerated degradation experisjevhich would provide useful
results, indicative of processes taking place dunatural ageing, might not be very
straight-forward and a general consensus on thdicappity of the Arrhenius
principle has not been reached yet, this modéillsise best available temperature-

dependent function, describing cellulose chainssas

2.3. Lifetime and permanence

The remaining lifetime of paper is difficult to jpliet because it involves the decision
as to when paper reaches the end of useful lifetifhe relative lifetime was first
defined by Shahani et al. [52] as time requiredféddl endurance to decrease to an
eighth of the initial value. Another possibilitygmosed was to calculate the ‘time to
50% property loss’ (Pdgy) [40], which unfortunately gives little idea ofelactual
lifetime. Lifetime could, however, be calculatedrr the Ekenstam equation as the
time needed for th®P to decrease to some value, regarded as the lomirdf
usability (typically 200-300) [6,14,47].

Lifetime of paper, used for insulation in transfems, was defined using the
Ekenstam equation:

1 1

- = k (life). (28)

DPfinai DPinitiail
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DPsina Was set at 200 arldP;niia at 1000. Degradation rate was calculated using the
Arrhenius equation and experimentally determine@-gponential factor and

activation energy [6].

This was also defined for ink lines [53], where tirae needed for an ink line to
become fragile under conditions, similar to storageditions until the present time,
can be calculated. The point of risk of failure fok lines was determined as
DP; = 400, where the index i indicates tBd of paper with an ink line. The

Ekenstam equation, used in this example, is:

1 1

tyo0 = kll (m - ﬁ)- (29)

A very well received attempt to describe the reatiseful life expectancy of paper-
based collections in relative terms was introdubgdsebera [54]. As a part of his
preservation strategy Sebera proposed isopermsyaarditative tool for predicting
the ‘preservation outcome’ [54,55]. The method ewpl relative rather than
absolute lifetimes and substitutes rates of detsian with relative permanence,

which is the inverse of the deterioration rateoati

= (30)

1

k
P. X2 k
1 Ky 2

whereP represents permanence &neterioration rate [54].

The isoperm method quantifies in relative termdafnee to paper permanence at
20°C, 50% RH) the effect of temperature and relativenidity upon the anticipated

useful life expectancy of paper-based collectid&#yg.[

Sebera described the effect of RH as follows: theatgr the % RH of the
environment, the greater the moisture content gfepathe higher the moisture
content of paper, the greater the hydrolysis datation rate of paper, the faster the
paper deterioration, the shorter the life expegtgpermanence) of the paper, which
can be summarized as:

ko _ ¢(Hz0); _ RH; _ P
k4 ¢(H20)1 RH; P,

(31)
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where RH and RH are percent relative humidity in the environmenequilibrium
with the paper and(H,O); andc(H.O), are moisture contents of the paper [54]. It
was therefore assumed that the rate of degradaitinearly proportional to RH,
which does not necessarily hold for all paper typEsere is some indication that the
proportionality is exponential for model acidic pap and hyperbolic for model
alkaline papers with a maximum rate at about 60% [RF, indicating that RH
dependence differs according to paper type, edbepid. A power law relationship
between the degradation rate and RH was suggestedidhalski [56], when he
found fibre strength loss to be proportional to'RHGenerally an agreement on RH
dependence has not yet been reached, which inslicaiee research on the subject is

needed.

Sebera described the effect of temperature chasigg the Eyring equation [54]:

(32)

whereA*HC is the standard enthalpy of activation in J/nRlis the gas constant
8.314 J/molK and; andT, are temperatures in K. Sebera combined the tvewrisff
of Tand RH as:

AYHO (1 1
no_RL T (G or) (33)
T1 RH1 T1
Employing relative permanence the equation becomes:
AYHO (1 1
P _RE Ty S (o) (34)

Py RH; T,

The isoperm is constructed so that points, at wtliehpermanence of paper is equal,
are linked: if RH is increased, the temperatunediiced by exactly the right amount
to decrease the deterioration rate. A line of amspermanence (isopermanence)
was defined as the isoperm [54]. Different isoperamesent different deterioration
rate ratios and are calculated from the combinéeteEquation 33 (product dfand
RH). The isoperms were constructed to enable simpéessment of the impact of
storage conditions, and according to the author #ine not supposed to be applied to
extreme conditions, such as sub-zero temperat@&4s From the thermodynamic
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point of view there is no reason why they shoultdb®used, however, definition of
relative humidity at such temperatures is somewi@e complicated [57].

Isoperms were recently revised by Strang and Grdfia], arguing that it is the

concentration of water in the cell wall rather ththa concentration of water vapour
in the atmosphere (as expressed by the RH), wtashaldirect impact on the rate of
degradation of paper. Sebera’s assumption was ethimot to be consistent with the
moisture sorption isotherm for paper, because #ciilees a linear relationship
between RH and moisture content in paper, whefeagdlationship is actually a
sigmoidal curve, with only approximate linearity the middle of the moisture

sorption isotherms [55]. The authors argued thateths significant non-linearity at
the dry and damp ends, which is where the greaexection and deterioration
occur, which Sebera acknowledged by stating hihatkts to be used in the non-

extreme conditions, commonly encountered in prad©-65% RH) [54].

To account for the non-linear relationship betw&ghand moisture content, Strang
and Grattan used the Guggenheim-Anderson-deBoeatiequGAB) [55], initially
suggested by Parker et al. [58] after reviewinded#éint moisture sorption models,

which describes paper moisture sorption:

P GAB k
2 Lx 2 (35)
Py GAB, ks

whereGAB represents moisture content. It is given by thea&gn:

MoKCA,,

M = (1 - KAy)(1- KAy + CKAy,) ' (36)
andk is given by the Arrhenius equation:

_Ea
k = Ae &t (12)

where E; is the activation energy (J/mol} is the pre-exponential or frequency
factor, R is the gas constant (8.314 J/molK),is the equilibrium moisture content,
Mo is the mono-layer moisture conteit,is the difference in state between pure
liquid and upper layersC is the difference between the monolayer and thgeup
layers andd, is the water activity, which is temperature depand55].
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As Zou et al. described previously, it is the mas content, not relative humidity,
that is linearly related to a first order rate dans for the acid-catalysed hydrolysis
[22], and taking this into account the isopermsusthde, according to Strang and
Grattan [55], calculated as follows:

Mo1K1C1Aw1

P. (1 -K1Aw1)(1-K1Aw1 + C1K1Aw1) E“(l L
2 _ —Ki1dw)1 - K1dws 1%14w1 R T__T_)
- Mg2K2CrAw2 Xe 2 1, (37)

(1 - K2Aw2)(1 - K24w2 + C2K24y2)

Py

where subscript 1 represents initial or referentegesand subscript 2 represents a

proposed state for comparison [55].

However, other research shows an exponential orepa@pendence of the rate of
degradation on relative humidity, at least for mqukgpers at elevated temperatures
[27,56]. Additionally, there is indication that th#egradation of acidic papers
depends on RH differently to alkaline papers. i§tis so, then the isoperms are in
need of revision and need to reflect differencepaper composition. Alternatively,
comparisons using isoperms should only be madeirwitite same paper type or
group of papers with similar sensitivity or respens RH.

2.4. Conclusion

The main component of paper is cellulose, whichotnhately degrades during
ageing. The main degradation mechanism is acidysashydrolysis, although other
mechanisms might play a role as well, such as twidar cross-linking. Cellulose
degradation can be followed using different anehjtimethods, depending on the
purpose of the paper-based material in questionterbning degree of
polymerisation DP) and following colour change, however, are gemgraery
common approaches. If the degradation processniglified to a pseudo zero order
reaction, degradation rates can be calculated ubmdgkenstam equation. Different
ways of describing the remaining useful lifetimettb absolute and relative, have

been introduced so far, including the well-known ancepted isoperm approach.
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3. Agents of paper degradation

The degradation processes, described in the previchapter, are affected by
different factors. Among the many agents of dediada temperatureT) and
relative humidity (RH) [20,52,54,55,59-64], light9,65-69], pollution [59,69-74],
biogenic agents [71,75,76] and paper compositidn22,40,41,59,70,71,77,78] have
been researched the most. Whlleand RH have been discussed in the previous

chapter, only their fluctuations will be addressgethis section.

3.1. Biogenic agents

Biodegradation is caused by organisms which hagetility of using substrates to
sustain their growth and reproduction. Microbialtiaty affects not only the
appearance of objects, but often consists of nuwadiin of their chemical and
physical structure. Different types of paper sizivgre associated with very different
types of microbiologically induced stains and daenpp,76]. Biodegradation is also
the only degradation process that leads to chamgethe paper’'s elemental
composition, especially calcium content, whereasdrelements heavier than Ca are
not affected [71]. A decrease in Ca concentrat®mue toC. cellulolyticum an
anaerobic bacterium which produces enzymes, whioth 6a. However, microbial
activity on paper is only possible in the preseatenbound water in the substrate
which is available for mould growth. This requiramhés especially easily fulfilled at
RH levels higher than 65% and temperatures aboV&2When moisture content of
paper reaches 8-10% [75]. Another form of biodegtiad is degradation by fungi.
The organic components of paper can be decompagsedgvotrophic fungi [75,79].
Formation of calcium oxalates during fungal grovéta well known phenomenon on
marbles and other inorganic materials, but it hesnlbshown recently that inorganic
components in paper can also be subjected to hiadaton [80]. Pinzari et al. [80]
studied biogenic formation of calcium oxalate cajston paper samples and found
that papers containing carbonates (such as contanypalkaline, where carbonates
can be used as alkaline reserve) were significaafigcted by the growth oA.
terreus,while acidic papers, containing clay and alum,aemad unaffected. Calcium
Is often present in modern and ancient paper asgdfimaterial and can play an
important role in substrate exploitation by thedus. Some bacteria are capable of

degrading plant material using cellulose and stanadrolysing enzymes, and could
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therefore cause damage to materials containingilos8. It was also shown that
airborne bacteria, which could also be harmful &per-based objects, are more
abundant in the summer than in winter [81]. Luckibwever most mould and fungal
degradation can be avoided by RH and temperatuné&ratp by maintaining RH
below 65% and below 20 °C.

3.2. Pollution

Another factor affecting paper degradation is galy, generated both outdoors and
indoors. Outdoor pollutants mostly originate fromaffic and industry and enter
repositories through windows or ventilation, wher@adoor generated ones are
emitted by building and furnishing materials ansbgbaper-based objects themselves
[72,73]. The most common outdoor pollutants areogién dioxide (N@), sulfur
dioxide (SQ), ozone (@), hydrogen sulfide (b8) and particulate matter (PM) and
they all have negative effects on degradation pepf72-74].

Typical pollutant concentrations, summarized in ][#dhd [73], are listed in
Table 3.1.

Table 3.1: Typical outdoor and indoor concentratiors, summarized by Blades and
Tétreault.

Blades et al. [72] Tétreault [73]
outdoor
(UK urban) indoor outdoor indoor
/ppb /ppb /ppb
pOIIutant / ppb except particles except particles except particles except particles
NO, 10 - 40 1-20* 1-52 1-47
SO, 3-20 0-15* 0-39 0-19
Os 5-25 0-10* 1-200 0.1-50
H.S 0.1-0.8 0-0.5 0-7 0-29
PM, : - 1-50pg/m® | 1-30ug/m’
PMc 20 - 30ug/m® | 0-100pug/m® | 2-70pg/m® | 1-100ug/m?
CH3;COOH negligible <30 0.1-12 16 - 40
HCOOH negligible <30 0.1-10 0.1-16
HCHO negligible <30 0.4-25 8 - 58

*is < 1 with chemical filtration.

The concentration of Sthas decreased significantly in thé"agentury, initially due
to dilution as cities expanded and then due to gésinn legislation, which led to

somewhat ‘cleaner’ industry. In parallel the deeliwas partly caused by the
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reduction in coal consumption due to the wide uselectricity in households [82].
The 2d" century was marked by increasing emissions obgémn oxides and volatile
organic compounds (VOC), which resulted in the ettoh of photochemically
polluted urban air. In such conditions secondafjupnts are produced by reactions
in the atmosphere. An example of this isi@urban air, and unlike NDwhich has
stabilised in terms of outdoor concentration, tbacentrations of @might slowly
increase in the future [83]. However it is likehat future urban atmosphere will be
dominated by organic pollutants, while the conaarmins of traditional pollutants,
such as S@and NQ, will continue to decrease [82-84].

Indoor generated pollutants are mainly organic cmmpgs, introduced into the
environment by emissions from building and furnighmaterials. In order to cause
damage to materials the pollutants have to deposd their surface, which means
they have to be quite polar, such as organic amidgher short-chain carbonyls, or
reactive with surfaces, such ag {85]. Indoor generated pollutants can also be
emitted from the collection itself, as was quastifiby Ramalho et al. [86]. After
artificially ageing pure cotton linters and grourab pulp paper they quantified the
emission rates of volatile compounds, emitted durdegradation. An extensive
study, where measurements of VOC concentrations warried out in several
archives and libraries in the UK and Ireland wasn#ly carried out by Gibson et al.
[87]. They compared acetic acid concentrationsacations, where paper-based
collections were stored, with reference concerdngtiin the same building, but in a
location where no paper-based material was kepeyTlound that acetic acid
(AcOH) concentrations were significantly higherregpositories, containing paper-
based materials, in all but one building. The cot@ions were mainly between 50
and 100 ppb, but ranged from 20 to 150 ppb. Sitgilsigh concentrations in low air
exchange locations (such as boxes) were reporte®yy-Svendsen [88]. Even
higher concentrations, up to 170 ppb were measuartde Library of Geneva [89].

Besides VOCs, emitted from paper, other pollutarats also have indoor sources,
such as N@ produced during the decomposition of pyroxylinkaok bindings,
formaldehyde and other potentially corrosive vdgatifrom building and insulation

materials, and volatiles and particulates from {3§80].
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Atmospheric aerosols consist of many different gamic and organic compounds
such as sea salt, nitrates, sulfates, soil dust, gsimary and secondary organic
compounds, heavy metals and polyaromatic hydrocarfBAH) [91]. Particulate
matter is another potentially harmful pollutant,pasticles might create deposits on
surfaces and promote corrosion processes dueitdgggoscopic nature [73] and in
some cases surface affinity to gaseous polluté@fts Different types of particles
have different effects on objects. Organic partictause deterioration in visual
properties by soiling the surface and can alsceame S@absorption and sulfur (S)
-rich particles, such as sulfates, can cause digcation, which can be catalysed by
iron (Fe) -rich particles [81]. Damage can be cdusben chemical reactions occur
with the gases or other harmful compounds, whialiccbe present in the deposited
particles. This can happen especially when thegestbecome ‘wetted’ and a liquid
phase with possibly high compound concentratiorierimed. An example of such a
reaction is Fe- and Mn-catalysed oxidation of S{¢@mpounds by oxygen to
sulfates or sulfuric acid, which damages paper.[98g presence of polar functional
groups, particularly carboxyl and dicarboxyl, orgamic particles can increase the
solubility of many organic compounds, present inogsel, and so allows them to
participate in chemical reactions [92]. Organicric® and Fe-rich particles are
therefore considered the most harmful in view afissyvation [93]. In a study of a
museum environment, carried out by Brimblecombale{81], the most common
particles smaller than 8 um were S-rich particl@ganic particles were abundant in
all particle sizes investigated (<20 um) and alwmsilicates were present in particles
larger than 2 pum. Alumosilicates originate from tbatatural and anthropogenic
sources, such as soil dust and fly ash aerosaf§ictragriculture, deforestation etc.
[91]. It was also found that organic particle camcation was generally higher
indoors than outdoors, which suggests an indoorcsouSimilar was found by
Gysels et al. [93], Godoi et al. [92] and Kontoz&eutsch et al. [91]. Particles are
usually classified and analyzed according to thieie, for example 0.5, 1, 2, 4, 8 and
20 um [81,93]. The coarse fraction of particles (> gb) is mostly soil dust, which
is related to human activity in the building, asitars are an important source of dust
particles, which are continuously resuspended [B13maller aerosol particles are
not as affected by human activity inside a buildiogt are more weather-dependent,
as for example their concentration decreases wherrains [93]. Indoor

concentrations of particles, determined by Gyse#.en the Royal Museum of Fine
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Arts in Antwerp, Belgium [93] ranged from 1:910° to 1.6- 1 particles/m, of
which fine particulate (<2.hpm) concentration was highly variable between 0102 a
5 pg/nt (different units due to different analytical metlsy. Similar to already
mentioned inorganic pollutants the concentrationcoarse particulates can be
reduced by air-conditioning (as opposed to natueatilation) and filtration, which
was shown by Godoi et al. [92], so the main con@mthe fine organic particles,

which might have an indoor source.

Air filtration can effectively reduce the concentbas of outdoor-generated
pollutants, while there is little data available as efficiency regarding indoor-
generated pollutants. Measurements, carried ouhetSwiss National Library,
showed that AcOH concentration can be reduced B3020 if a chemical filtration
unit (activated carbon filter) is installed [94]utbno examples were found in the
literature. Sorbent properties were studied by {eessand Parmar [95], when they
compared removal rates of various pollutants, foumdhuseum display cases, by
activated carbon and Purafil (potassium permangaoatactivated alumina). They
found that activated carbon was much more efficiemémoving pollutants, but also
that aldehydes and chlorinated hydrocarbons (catizoacids were not included in
the study) were more difficult (or slower) to renecsompared to NQO

In a study, carried out in the Nationaal Archie®6][9 model (bleached sulfite
softwood cellulose, cotton linters cellulose andugrdwood containing paper) and
original paper materials were stored in one repogiwvith and one without air
filtration for eight years. A measurable positiféeet of air purification was noticed,
as the materials, exposed to higher pollutant aanagons in the repository without
air filtration, became more acidic and discoloucethpared to the ones stored in the

filtered environment [96].

In studies of the effects of pollutants on papestmesearch is carried out with very
high pollutant concentrations, usually around 1@Gnppvhich is about a thousand
times higher than the typical concentrations indd@0,97,98,99,100]. It is argued
that the concentrations should be significantlywa&ied from realistic conditions in
order to obtain measurable results in a practicaeftame, even though the
extrapolation to lower concentrations might be tjoeable. This concern was

already expressed by Wiliams and Grosjean [10Xfuiag that at high
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concentrations SOmight form sulfuric acid aerosol at ambient huryidiso the
observed damage might be the result gb®; uptake rather than SOSome doubts
on the validity of high concentration experimentsrgvalso expressed by Adelstein
et al. [99], when they concluded that their obskovs, obtained in 50 ppm NO
reflect changes at much lower concentrations, tait they have not found whether
the concentration multiplied by exposure time hasrstant effect .

Generally, absorption of SGand NQ causes acidification of paper, especially of
paper types without an alkaline reserve, and, MOalso an oxidant. Acidification
subsequently leads to loss in mechanical propertigsresented by the loss of
celluloseDP [97,99,102]. Alkaline reserve is common in contenapy paper and is
created by adding bicarbonates to wood pulp dutfiregproduction process. After
drying this results in residual carbonates in papdnich protect it from both
endogenous and exogenous acids, therefore propntie paper’s lifetime.
Although such paper is relatively resistant towaadsl-catalysed hydrolysis, it can

still be affected by oxidants.

Lignin-containing papers are thought to be moreesptble to pollutant absorption,
and consequently damage, especially in terms dbwelg [97,99,102]. NQ is
thought to react with both lignin, causing yelloginand cellulose, causing
depolymerisation and the higher Saptake can probably be attributed to sulfonation
of lignin [103,104]. Zou [104], however, suggestedt lignin might provide some
protection to cellulose by preferentially reactingh NO. NO, would therefore be
consumed for the yellowing of lignin instead oflgkise chain scission, at least in

the initial stage.

Lately, indoor-generated pollutants have attraciedreased interest, as the
concentrations of volatile organic acids and aldieglsywere found to be significant
[72-74,87,105] and can exceed the concentratidnaffic generated pollutants by a
factor of 10 and more [105]. VOCs cannot be remdvexh the atmosphere as easily
as previously mentioned pollutants, as their sauroeclude the paper-based
collection itself, so air filtration has little &fft on their concentrations. They can,
however, also have a deteriorating effect on papestudy was carried out using
different types of paper (different composition grtd) and different VOCs, which

were shown to have a negative effect on paper dagjom during accelerated
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degradation experiments [106]. Papers were plactwd glass vials together with
VOCs and in some cases pollutant scavengers. Seellsdwere then exposed to
50 °C for one year. After the experimerd? and molecular weight of the samples
were determined. It was shown that volatile ac@asehthe most pronounced negative
effect on paper degradation, although similar teswere obtained for aldehydes as
well. The effects of added VOCs differ dependingpaper type, with neutral and
alkaline papers being more affected than acidic lemih-containing papers, as the
latter are net emitters of VOCs. This has been shava study where different paper
types were degraded together in the same vialuvestigate the effect they had on
each other [107]. A pronounced negative effect odugdwood paper on the
reference sheet was observed, indicating signifisddC emission. Rag paper, on
the other hand, had no or a slight positive effeatjgesting it behaved as an absorber
for VOCs, emitted from the reference sheet. It alas found that removal of VOCs
has a significant positive effect on paper stahilithereas removal of oxygen is also

beneficial, but to a smaller extent [106].

Another study on VOC-induced degradation was régararried out [100], where
Whatman paper was exposed to high concentratiofs—(B0 ppm) of volatile
compounds, commonly released by paper (carboxglitsacarbonyls and hydrogen
peroxide). Whatman No.1 and Whatman No0.40 (theddieing the more acidic of
the two) were exposed to pollutants and humidiipgisalt solutions in desiccators
at room temperature. After the exposure the sampére thermally aged as well.
The experiments showed that hydrogen peroxide anahi¢ acid were the most
harmful to both papers, whereas the effect of Aod$ small and aldehydes were
found to have no effect. A mixture of AcOH and NOriginating from the salt used
to generate the appropriate humidity, however didse significant degradation,
possibly due to NQ Although this study indicates a significant effexf some
VOCs, especially formic acid, it should be pointed that the concentrations used in
the experiments are several orders of magnitudeehithat what could realistically

be found in a repository.

The behaviour and consequently effect of pollutaats depend greatly on relative
humidity, more accurately on the moisture contenpaper. It is well known that
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some inorganic as well as organic pollutants hydel This process applies to
absorbed water in paper as well:

SO, + 2H,0 2 HSOy + HzO" PKa1 = 1.81
HSO; + HO 2 SO + HiO" PKa2 = 6.91

The shift of the above equilibria depends on theopHaper, as pH >ia? shifts the
equilibrium to the right and pH <Kg shifts it to the left (at pH = K, the
concentrations of the dissociated and undissociat®ad are equal). This means that
in all papers the first equilibrium will be strogghifted to the right, producing
hydronium ions (HO") causing cellulose hydrolysis. On the other hahd,second
equilibrium shifts to the left for acidic and toethight for alkaline papers, only
producing hydronium ions in alkaline papers andsgay no extra damage to the
acidic ones. In alkaline papers, especially thogh & substantial alkaline reserve,
this would not cause much direct damage, as hydnonons would be neutralised

by the alkaline reserve until it is consumed.

The two reactions, primarily considered for nitraxsdes, are [102]:
2 NOx(g) + HO(l) — HNOx(aq) + H + NOs’

NO(g) + NGy(g) + HO(l) — 2 HNOx(aq)

As the dissolution of NO and NOn water is very slow, these two reactions might
not play an important role in paper. The followirgaction takes place on the paper

surface and is probably of greater importance:
2 NOy(g) + HO(ads)— HNO, + HNO;
This is the main source of nitrous acid (Hy@doors [102].

Besides hydrolysing, pollutants can also react witlsh other, which affects their
indoor concentrations. Wheng@ present the risk increases for all papers, 8;H
can be oxidised to HSQ which has a significantly lowerkp value and therefore

dissociates much easier:

2 Negative logarithm of the acid dissociation conskg, the measure of acidity.
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HSG; + O3 — HSGy + O,

HSO, dissociates easily when pH of the medium is highan 2, a condition met in

all papers:

HSO, + H,0 2 SO + HO" Ko = 1.99
The amount of N@also depends on the presence gf O
NO+ QG2 NO + O,

A higher Q concentration shifts the equilibrium to the righthereas the reverse
reaction is driven by sunlight [81].The indoor pdnts acetic and formic acid also

dissociate in water:
CH;COOH + HO 2 CH;COO + H0" pKa=4.75
HCOOH + HO 2 HCOO + H;O" pKa=3.75

In very acidic papers (pH < 4.75) AcOH will not sliziate easily and therefore its
contribution to acidity will be small. The case oéutral or alkaline papers is
potentially different, as AcOH will dissociate (tleguilibrium shifts to the right),

producing hydronium ions and thus accelerating paegradation. The pH range,
where formic acid dissociates fairly easily, pradgcHs;O" ions, is somewhat

broader than for AcOH, as the equilibrium shiftghe right at pH > 3.75.

Some recommendations on the acceptable pollutarteotrations have been made
and are gathered in the publication by Blades.d73]. They range from 0 to 4 ppb
for SG, from 0 to 5 ppb for N@and from 0 to 13 ppb for £ Recommended
maximum exposure level for airborne particles N6 75 pug/m>; however no
suggestions have been made about volatile orgampaeunds in this publication.
The British Standard for storage and exhibitiommhival documents BS 5454:2000
[108], in use when the research described in tiesis started, is more rigid, as it
suggests the air in a repository should be ke tE air pollution, acidic and
oxidizing gases and dust. This is of course urst@lias it is impossible to achieve
complete absence of pollutants, especially the om#k indoor sources. The
suggestions were improved by the recently publisBpdcification for managing
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environmental conditions for cultural collection®&$ 198:2012 [5], stating that
pollution related damage is cumulative, therefooesafe pollutant concentrations
can be defined as they would depend on exposuee films concept was introduced
by Tétreault [73] when he suggested different pafitilevels for different exposure
times (1, 10 and 100 years). This uses the hypsthtb&tt the concentration
multiplied by exposure time has a constant effEot. example a 10-year exposure
allows a concentration 10 times greater than ayE20-exposure. Maximum levels
suggested for 1-year exposure time for paper abep#® (100Qug/m®) for AcOH,
0.71 ppb (Iug/m’) for hydrogen sulfite, 5.2 ppb (1@/m® for NO,, 5.0 ppb
(10 ug/m®) for Os;, 3.8 ppb (1Qug/m®) for SG and 10ug/m® for fine particles
(PMy.5).

Tétreault based his suggestions on two approatchesno and lowest observed
adverse effect levels (NOAEL and LOAEL) of an am® pollutant surrounding an
object, and the doses of a pollutant (concentratoitiplied by the length of time,
LOAEL - time = LOAED) [73]. He defined adverse effect &® ffirst visually
perceptible change; a specific chemical or physibalracteristic of the material (or
object) usually considered undesirable. NOAEL indel as the highest level of a
pollutant that does not produce any observable radveffect on a specific
characteristic of a material. As minor changeshim inaterials are often difficult to
monitor and the NOAEL concept is not applicable ssmame pollutant-material
systems, the lowest observable adverse effect @3AED) is sometimes used to
guantify the exposure-effect relationship. LOAEDthe cumulative dose, at which
the first adverse effects appear; estimation oktmequired to observe an adverse
effect on a material at different pollutant concatibns can be estimated due to
assumed linear reciprocity. However not all polhitenaterial systems follow the
linear reciprocity principle, as some deterioratigmocesses follow auto-retardant
patterns and others are autocatalytic, so the LOA&fzept might only be valid in a
certain concentration range and for certain patitstaaterial interactions [73]. In
auto-retardant processes deterioration is fasthat deginning and is reduced
progressively over time, whereas in autocatalytrocpsses formation of new
products accelerates the deterioration. An exaropla self destructive object is

acidic paper, since its main degradation mechanismhydrolysis, which is
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accelerated by the accumulation of the degradairoducts, VOCs emitted by the

paper itself.

For establishing the NOAEL and LOAED a rather coempiiegradation process (e.g.
paper degradation) is simplified to the most ababdar harmful) pollutant having

the most effect on the rate of degradation and dtieer parameters, such as
temperature and relative humidity, not contributisgnificantly to the overall

degradation process [73]. So in principle the ‘@mration multiplied by time equals
a constant effect’ concept should only be used iell-defined and stable

environmental conditions, where the most harmfulcpss of degradation, in this
case pollution-material interaction, can be prisedl over other degradation
processes. Equally lowest-effect pollutant doseSAED) should be determined
separately for each material (in this case papee)tyas the effect could be quite

different for papers of different compositions.

3.3. Light

Most polymers are sensitive to radiation at wavglles including natural radiation
(4 >280 nm). This is mainly due to the sensitivitywfsaturated groups (C=0O and
C=C) with absorption maxima between 200 and 400Pimotolysis is also enhanced
by additives and impurities, which may absorb liglien more efficiently than the

polymer itself [109].

Radiation-induced degradation can follow two patysyadirect photolysis and
photosensitised degradation. Light penetrating anslas filtered by glass windows,
so that wavelengths <340 nm are removed and diteatolysis in paper does not
occur. However, absorption of radiation witi>360 nm may induce homolytic
decomposition of hydroperoxides, producing reactmw@roxyl radicals, causing

subsequent photo-initiated decay of cellulose:
H>O, + hy — 2HO.

Photosensitised oxidation of cellulose is believedoroceed in a similar way to
oxidation, described in the previous Chapter (sec#.2.1., Figure 2.2). The initial

step is therefore:
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ROOH +hy —» RO + HO

The rate of oxidative degradation of polysaccharidaring thermally accelerated
degradation depends on the amount of carbonyl graugnsition metals and other
impurities in the starting material, and in theecas light-induced degradation the
most common oxidation initiators are ketones andrdyyeroxides [110]. Exposure to
radiation, filtered by glass windows €340 nm), promotes oxidation reactions even
in pure cellulose, but has a much greater effecgmundwood paper, affecting

lignin degradation [65].

The consequences of long term exposure to light m@eased acidity,
discolouration, enhanced production of carbonyld Ess of mechanical strength
[65,66]. These consequences can be observed bp & sheet from the surface of a
paper stack [66]. Minor or no changes in appearalcaot always imply that no
degradation occurred, as pronounced decreaB®ihas been observed in cellulose
samples (Whatman), which showed only a minor irsed brightness [110].

Paper can be affected by light even if immediatgtgr the exposure little or no
change in its visual and mechanical properties bhseoved. When previously
irradiated papers were subsequently thermally age®0 °C and the rates of
degradation during this thermal treatment were @meyg to those of papers not
previously exposed to light, the exposed paperevi@und to degrade up to 40%
faster in terms oDP loss [110]. This indicates that light-induced detation leads
to accumulation of degradation products, subsetyuaffecting paper degradation in
the dark. While light ageing could potentially egarded as a cumulative process, it

can trigger accelerated degradation processestbaabject is back in the dark.

The same authors have shown that relative humpdiitys an important role in light-
induced paper degradation [110] and similarly tostndegradation processes it is
thought that light-induced degradation increaseth wicreasing relative humidity
[111]. It is therefore important to design acceedaageing experiments with
controlled relative humidity in order to distinghibetween the effects and to be able

to compare results from different studies.

The effect of light is thought to be of lower impanice for paper degradation than
the effect of pollutants in an average archive mmrment [96] and most of its
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negative effects are avoided by storage in the, datgept for papers that have been
previously exhibited [65,110].

3.4. Temperature and relative humidity fluctuations

Storage conditions directly affect the moisture teah of paper [54,55]. High
moisture content in paper represents the reactiedium for hydrolysis and is also
an additional source of radicals (Q§b9], so the degradation is generally slower in
dry environments [26]. Unfortunately, low moistuoentent of paper leads to
decreased flexibility, which can lead to physicalmége during handling, as
brittleness is increased [60]. The reason is tretewforms intermolecular H-bonds
with cellulose and acts as a plasticizer, whichraases material flexibility [49].
Stiffening of the polymer structure due to dryingveater removal is referred to as
hornification [112]. Hornification has frequentleén associated with the formation
of irreversible intra-fibre hydrogen bonding [11Blt has recently been described as
only a particular case of lactone bridge formatiignocellulosic materials [112].
On the other hand, paper loses elasticity unden higmidity conditions (stiffness
index is inversely proportional to the moisture temn, reaching zero at around 20%
[114]), and a rule of thumb is that its strengtltrdases by 5-10% for each unit
percentage increase of the moisture content inrgafg].

Temperature has an effect on paper degradatiom fdifferent reason; it is often
simplified that chemical reactions related to pagegradation are accelerated by a
factor of two for each increase in temperature 6€956]. Temperature also affects
relative humidity and ‘incorrect’ temperatures fesa ‘incorrect’ humidity levels
[69]. In terms of environmental control, it is teére necessary to consider both RH

andT setpoints, allowable fluctuations and the seasonfl[61].

Standard recommendations from 2000 [108] suggest storage temperature for
frequently-handled materials should be held atxadfipoint between 16 °C and
19 °C with 1 °C tolerance on either side, but raggieither below the minimum nor
above the maximum. For infrequently handled matetize temperature should be
kept at a fixed point between 13 °C and 16 °C &ednbaterial should be allowed to
acclimatize before use. Relative humidity shouldbbeveen 45% and 60% with 5%

tolerance on either side for frequently used malgrand infrequently used materials
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may be kept below 40% RH but should be acclimatizefbre use. According to
BS 5454:2000 both temperature and relative humshiguld be kept as constant as
possible and rapid changes should be avoided [I0&].new recommendations in
PAS 198:2012 [5] are more lenient and allow mordati@an and seasonal drift.
According to PAS it is up to the institution (orgaation) to set the environmental

specifications in line with their collection ancetexpected collection lifetime.

Much research has been done and there is muchlapecun the literature on the
effects of fluctuations in temperature and relatinenidity on paper degradation.
Despite this, opinions on the subject are not unaos. A brief overview of the
research on fluctuating environmental conditiongiien in Table 3.2. The changes
in properties after exposure to cyclic (fluctuajirmpnditions are given relative to

changes after exposure to static median conditions.

Table 3.2: Overview of research on the effects diuttuating environmental conditions
on paper degradation, comparisons are made relativie median conditions (LS — loose
sheets, S — stacks, R - reflectance).

Comparison with

Experimental Measured
Reference N Samples ) the outcome at
conditions properties ) N
median conditions
Shahani et al.| 11 h at 40% RH, | Loose sheets or 100 brightness, +55% / +40%A R (LS)
(1989) [52] 1 hramp up, sheet piles of 3%/ +29%A R (S)
11 h at 60% RH, | bleached Kraft cold-extraction +57% / +100% pH
1 h ramp down, | wood pulp pH, (LS) +18% / -25%
H (S)
T=90"°C waterleaf (pH = 6.1 ?40%/_34% rel. life
and bleached Kraft | MIT fold (LS)
46 days paper (pH = 4.5) | endurance -18%/-5% rel. life (S)
Bigourdan 40% - 80% RH, Stacks of acid- folding up to -34% / -76% fold.
and Reilly one week at each| processed cotton, | endurance, end. retentiori*
(2002) [62] T=90°C acid-processed 20% ten. abs. energy*
groundwood and tensile strength,
60 °C - 80 °C, buffered +72% [ +100% b* **
one day at each, | groundwood brightness
RH = 50%

(sheet from the

up to a few years middle of stack)
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Bogaard and
Whitmore
(2002) [63]

25% - 75% RH,
2 h at each

Troom

52 weeks

Pure cellulose filter
paper (Whatman
No. 42) (pH = 4.9)

DP,
cold-extraction
pH, carbonyl
group
concentration,
brightness of
paper, zero-span

tensile strength

+127%A DP
-33%A pH

+797%A c(carbonyl
group)

+188%A R

+330%A z-s tens. str.

Sandy et al.

3.5 h at 30%,

Pure cellulose

tensile energy

+9% / -78% TEA*

(2010)[60,77] | 0.5 h ramp up, (Whatman No. 1 absorption,
3.5 h 80%, Chromatography
0.5 h ramp down, | paper), some crystallinity +75%A Cl (acid
T=80°C subjected to acid treated)
treatment (1M
9 or 20 days hydrochloric acid)
Panek etal. | 50% - 90% RH, | Commercial papers} creep +350%
(2004) [20] 7 h per cycle| kraftliner, testliner, | (creep stiffness) MSF(cyc) = 0.28
Troom corrugating medium MSF(const)
(virgin and
10 cycles recycled)
Alfthan 70% - 80% or Isotropic hand creep No comparison to
(2004) [64] sheets (unbleached median RH.
60% - 80% or softwood sulfate
pulp)
40% - 80%,
6 h per cycle,
T=20°C
4 cycles
DeMaio and | 1 h at 25%, Hand sheets, creep No comparison to
Patterson 5 min ramp up, prepared from median RH.
(2006) [116] | 1 h at 75%, softwood bleached
5 min ramp down,| kraft pulp
T=23°C
10 cycles
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Menartetal. | 84.2°C-95°C, | 3 standard papers | DP k(cyc.)= k(const.)
(2011) [117] | 64.8 h per cycle (Sa, C and

or 6.5 h per cycle,| Whatman) and 5

RH = 65% real samples

55% - 75%,
60 h per cycle o

(pH=4.5,pH =5,
pH=6.1,pH=7.1,
pH =9.2)

6 h per cycle,
T=90°C

4 slow cycles ang

40 fast cycles

*1 _ 50 days cyclic RH / 60 days cyclic T?*+ 80 days cyclic RH, *— 600 days cyclic RH
/ 300 days cyclic T (only the results, where the rsbeffect was observed, are shown in
the table), * — non-acid treated / acid treated (20 days).

One of the first studies on the effect of a fluting environment on paper
degradation was carried out by Shahani et al. [6@pse sheets or 100-sheet stacks
of bleached Kraft wood pulp waterleaf and bleacKeaft paper (Foldur Kraft) were
exposed to relative humidity, alternately set t&e4@nd 60% for 11 h (with 1 h in
between), and to constant relative humidities oP04050% and 60%. The
temperature was kept constant at 90 °C throughwaitekperiments. The samples
were selected as the first represented naturallos#f and the second resembled a
library book, as it was 15 years old and fairlydiazi To compare the samples after
the experiments the authors measured brightnessadaiaxtraction pH of paper and
determined MIT fold endurance. They showed thatr#ite of loss of fold endurance
increased with increasing relative humidity. Thigswexplained by samples having a
lower moisture content at lower RH, leading to Iss®lling, and therefore to lower
susceptibility to damage from acids and oxidantseifl results also showed that
paper within a book aged faster than a loose shd@th suggested that acidic
degradation products were trapped inside a bookrevlieey accumulated and
therefore created an increasingly acidic envirorinfg?]. The same effect has been
described in the literature elsewhere [25,42]. @abid build-up might be nullified by
introducing a sheet containing alkaline reservee Tecrease in fold endurance

generally proceeded in parallel to the declinekingmd loss in brightness [52].

The authors discovered that loose sheets degradéshst as fast if exposed to

fluctuating relative humidity as under a constagiaive humidity of 60%. This
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effect was not observed for stacks of sheets (nhock), as the rate of degradation
was between those at the median RH and at the Righ[52]. The same was
observed by Bigourdan and Reilly [62], who alsalstd stacks of paper, exposed to
fluctuating temperature or relative humidity, amgueed that the phenomenon could
easily be explained by current thermodynamic tlesorDuring cycling, time spent at
the worst conditions (higheF and RH) has a more substantial effect than the tim
spent at the best conditions (lowérand RH), so fluctuating conditions do not
provoke a new mechanism of degradation or accel@rainy more than it would be
expected [62]. Shahani et al. [52] however drew toaclusion that cellulose
exposed to cyclic conditions becomes more accessilchemical reactants and
therefore degrades faster, possibly because aofiwxater in and out of the fibres
facilitates hydrolysis of acids and increases theability, therefore increasing the
probability of their interaction with cellulose. fact, water transport through paper
is a complex process, especially under changingidityrtonditions, and therefore
very difficult to analyze. Moisture is transportiiough sheets by diffusion of water
vapour through pores (more pronounced at low mi@stontents) and in condensed
form through or along the fibre cell walls (impartaat moisture contents, higher
than 13% in the material, which corresponds to RFb%0) [118]. A flux of water as
assumed by Shahani et al., is feasible when tHereifce between equilibrium
moisture content and ambient humidity is large ke relative humidity is higher
than 75% [118]. Vittadini et a[49] suggest that at 1% moisture content only 3% of
water is in a liquid-like state, at 5% moisture t&m the percentage rises to 15% and
at moisture contents, higher than 12% only theididike state can be observed,
which is in relatively good agreement with the dosmns, made by Bandyopadhyay
[115,118]. As equilibration times, needed for pajeereach a steady-state moisture
content, are long (up to several hundred minutbs)flux must be slow, so it might
not have a significant impact on the mobility ofiso

In a study by Bogaard et al. [63] cotton filter pagWhatman No. 42) was exposed
to cycling relative humidity (RH was cycled betweghmand 75% every 2 h) at room
temperature for a maximum of 52 weeks, with samtd&en at different stages of
the experiment. To assess the condition of pageadithors determined the degree of
polymerization DP), cold-extraction pH, carbonyl group content, bhtigess and

zero-span tensile strength. In 10 weddB,values decreased by almost a third of the
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initial value, following which degradation contirdiat a slower rate until week 30,
whenDP approached the ‘levelling-off’ point that approxtaly represents the size
of cellulose crystals (between 250 and 280). Thamulte from zero-span tensile
strength measurements were similar. Consistent withDP change, carbonyl
content of cellulose increased, whereas the cathmtent showed no differences.
Very little or no change was also observed in pH lamghtness measurements. From
the approximately equal number of scissions andease in carbonyl groups, the
authors concluded that the degradation observegradominantly of hydrolytic
nature [63].

The authors argued that the suddenness of hunuabapge could cause very high
local stresses, as exterior portions of fibres tregickly to new conditions while
interiors are slower to respond. This was saidaigse high tensile forces as physical
loads become concentrated in small areas, weakeameagical bonds in cellulose
and potentially breaking them. The cellulose chaimost likely to break at the
weakest point, the carbon-oxygen bond connectirgy dlucose rings. In most
circumstances breaking this bond results in frekceds (an unpaired electron on

each carbon and oxygen atom), which can also t@itaidative reactions [63].

Bigourdan and Reilly [62] exposed stacks of thngees$ of papers (acid-processed
cotton, acid-processed groundwood and bufferedgheood) to fluctuating RH at a
constant temperature or fluctuating temperatura abnstant RH. For comparison
they also exposed paper to steady states, corrdisygowith the middle of the cycle
and the upper limit of the cycle. For analysesetsh&om the middle of stacks were
chosen, and folding endurance, tensile strengthbaigtitness were determined. RH
was cycled between 40 and 80% with one week at eawtition and temperature
was cycled between 60 and 80 °C daily. Differerdliog times forT and RH were

chosen since thermal equilibration is much fagtantmoisture equilibration [62].

It was found that the rate of paper degradationeurfliictuating conditions was
faster than the rate measured at the steady mgerahRH or temperature cycle and
slower than the rate measured at the steady uppierolf the cycle. This, however,
can be thermodynamically explained, as time spewbase conditions has a greater
impact on the state of paper than the time spehetér conditions. Therefore, the

authors concluded that no evidence was found thasitions from one temperature
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to another (or one RH to another) provoke new mmishas of degradation or
accelerate degradation more than it would be ergedhat matters in the case of

cycling is the amount of time spent at each cooditilong the way [62].

Recently, the effect of fluctuating relative huntydon tensile properties of paper
was also studied by Sandy et al. [60,77]. They sgdd/Nhatman No. 1 filter paper
(pure cellulose) to different RH conditions (at @D + 2 °C); some were previously
subjected to an acid treatment (1 M hydrochlorid)am simulate paper degraded by
acid hydrolysis. The accelerated ageing lasted® for 20 days at constant or cycled
relative humidity; constant RH was set to 65%, #mel cycled RH was operated
between 30% and 80% (3.5 h at each RH, 30 minrlireeap). After the experiment,
tensile strength and tensile energy absorption wezasured. They observed little
difference in the case of non-acid treated sam{@esilar results for constant and
cycled RH), however the treated ones behaved diitgr. The mean tensile energy
absorption for 20 day acid-treated, relative hutgidycled group was the lowest
recorded of any of the sample groups, suggestiegetsamples were the most brittle.
This shows that thermal ageing under cycling RHddmms appears to increase the
rate at which brittleness of paper increases [BB§ authors suggested the reason for
the observed behaviour could be changes in reldturaidity causing high local
stresses that can result in chemical bond breakegéjscussed by Bogaard et al.
[63]. Cycling RH could also promote the increaserystallinity and it is known that
brittleness of paper increases with increased loskucrystallinity [60]. To confirm
this hypothesis the authors carried out anothelystwhere they measured crystallite
size before and after degradation experiments drmey tdiscovered that the
crystallinity did in fact increase, especially lifet sample was first treated with acid
[77].

In previous work by Menart et al. [117] eight diéat paper samples were exposed
to RH cycles at a constant temperature @raycles at a constant relative humidity,
both at two different cycle frequencies. The terapge was cycled between 84.2 °C
and 95 °C at two different frequencies, while the Was kept constant at 65%. One
lower frequency cycle took 2.7 days (64.8 h), aodr fcycles were performed in
total. A sample was removed after each cycle, adwaty90 °C. Shorter cycles took

0.27 days (6.48 h), meaning the cycling was 10gifaster compared to the previous
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experiment. 40 cycles were performed, with a samgteoved after every ten cycles,
always at 90 °C. Similar to temperature the RH myaded between 55% and 75% at
two different frequencies at a constant temperadfii@ °C. The longer cycles took
2.5 days (60 h) and the shorter ones 0.25 day} @hld samples were removed after
one or ten cycles, respectively, always at 65% Ri€ same number of cycles was
performed as in the experiment with fluctuating pemature. Reference samples
were aged under stationary conditions, at 90 °C&4%d RH, which are the median

conditions.
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Figure 3.1: Degradation rates under fluctuating andstationary median conditions
[117]. (C, Sa and Wh are model papers, the rest areal paper samples)

No increase in degradation rates for papers, expusdluctuating conditions, as
opposed to those, exposed to mediaand RH, was observed (Figure 3.1).Aand

RH differences were relatively limited\T = 10 °C, ARH = 20%), no excessive
internal stress due to changing temperature ortoreicontent was assumed to be
caused, as excessive stress was generally repstadconsequence of sudden and

substantial changes in the environmental conditions

All the research, described above, was focused hmmical changes, potentially
affected by fluctuations in the environment. Howeubere is some disagreement

between the results, as Bogaard and Whitmore B&pdy et al. [60,77] and in the
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case of single sheets Shahani et al. [52] claimeduiations cause extra damage to
paper, whereas others, like Bigourdan and ReilB} fggued the phenomenon could

easily be explained by thermodynamics, similarlptiser chemical reactions.

Chemical changes, however, are not the only typehahge, occurring in paper.
Fluctuations in the environment could also affeleygical properties of paper, and
such changes would remain undetected using chemneditical methods, such as
viscometry. However, some research has been dom®wrphysical properties can

be affected, as well.

A phenomenon, which is assumed to be greatly &feby RH fluctuations, is the
creep of paper, observed when paper deforms uncksss[20,64,116,119]. It is
generally accepted that creep under cycling humniditaccelerated compared to
creep at constant humidity at any level, whichnewn as mechano-sorptive creep
[64]. There is some evidence that creep is moshquoced when the cycling
parameters are fitting for a particular paper, iabll increased creep rates are not
observed at cycle times much greater than sorgiioes (the sorption time is
characteristic for a given material, paper need3-3W min to reach equilibrium
after RH change from 15 to 90% [115]) [119]. Afeecertain period of time, creep
leads to strain at which the paper breaks [20,&}11B]. Mechano-sorptive creep
was suggested to be a consequence of nonlinegr ofeélee material in combination
with stresses, created during changes in moistumeent. The stresses are caused by
inhomogeneous hygroexpansion in the material, nahtbeterogeneities or both
[64,116]. However there have also been other thedd explain creep under various
humidity conditions, such as sorption-induced ptgisiageing [119]. Accelerated
creep of paper was also observed under variatromasgnbient temperature (between
25 °C and 50 °C) and a constant RH, but the magminf the effect was much
smaller than for fluctuating RH [120].

The creep of paper can be evaluated in differentswéor example using creep
curves (strain versus time at a given stress) [A),1creep compliance (strain
divided by stress) [20], isochronous stress-strirves (stress versus strain for a
particular time) [20], lifetime curves (time to lizie versus stress) [20], creep rate
(change in strain divided by the change in tim@)129], degree of accelerated creep

or accelerated creep ratio (creep rate in cyclimidity divided by the creep rate in
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the highest constant humidity) [20,119], or cregffness (stress divided by strain)
[20].

Panek et al. [20] described an interesting phenomaifter cycling relative humidity
between 50 and 90% (each cycle took 7 h, which asssimed to be enough for
paper to reach equilibrium moisture content), dbsdras release of internal stress.
When paper was exposed to cycling humidity its disn@ns changed, but the
magnitude of dimension change decreased with arasimg number of cycles, until
change could no longer be detected. When compdhiagstiffness of paper, they
determined that paper creeps about 3.5 times maaecyclic humidity environment
than at constant conditions at the highest RH [20].

Creep of paper can also be influenced by inteefibonding in the paper itself, as
fibore deformation controls paper deformation bebaki Intra-fibre bonding,
however, does not influence accelerated creep af gaper has a fully efficient
structure, meaning the load can be evenly disedbtihroughout the paper structure.
The mechanisms of constant humidity creep and eated creep are the same, but
the amount of strain is increased in accelerategbr Increased strain is the
consequence of uneven stress distribution, reguftimm moisture sorption. These
uneven stress distributions cause more creep thaf@m stress distribution of the

same average stress [116].

Cycling RH also has some effect on iron gall inkjtacauses iron(ll) ions to diffuse
out of ink regions, creating ink ‘bleeding’, as slmby Neevel [121,122]. While

testing different phytate conservation treatmergseiposed samples to relative
humidity, cycled between 35% and 80% (3 h at eddh R min ramp in between),

and observed migration of the ink on samples, dged8 days. This indicates that
cycling RH could increase the rate of migrationthaligh there is no direct

comparison with samples, exposed to median comditibowever no bleeding was
observed in samples exposed to 50% RH.

Temperature not only affects the RH of the envirentnbut also has a distinct effect
on the moisture content of paper materials stonstdé an enclosure, e.g. a box
[123]. It is well known that an increase in tempera causes absorbed water to be

desorbed from cellulose and that reducing the teatpe causes water vapour to be
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reabsorbed until equilibrium is reached. Initialtile absorption and desorption to
and from paper are fast and effective, but as teatpe cycling continues, the
amount of water that is absorbed and desorbeccigagng, so the two processes are
never fully reversible [123]. Similar happens wHgH is increased and decreased,
as the time required for desorption is always gre#tan the time for absorption,
which is likely to be connected to the irreversiilof the sorption process,
manifested as hysteresis [124,125]. Hysteresisdcoatur because the response of
the matrix is not instantaneous, which is due tptsan and desorption taking place
to and from a solid (a different physical statd).hbs also been attributed to
conformational changes in the cellulose surfaces thu OH groups in cellulose
interacting with water via H-bonds [126]. The extehhysteresis is likely to depend
on crystallinity of cellulose as higher levels ofsteresis have been observed in

cellulose with low levels of crystallinity [124].

A recent study into equilibration times of booksswearried out by Garside and
Knight [127], where they inserted RH sensors intmks and exposed them to
changing RH at a constant temperature. When chgrngenRH from 40% to 80% in
5 h, they found that the internal moisture contg#frea book responds very slowly to
changes in the environment, and the rate of chatfiffers depending on the
accessibility of a particular spot in the book. There accessible edges of a book
start responding with a roughly 2 h delay accordmgxternal changes, whereas for
the centre of the book and the spine the delayt isast 8 h. The edges reached
equilibrium after 10 days and the centre and spftex 20, however a very slow rise
was still observed after 30 days. During a sudd®p énd rise of external RH no
change was observed inside the book. This showsd#spite individual sheets of
paper responding rapidly to external changes, hoekgecially when stacked
together, respond very slowly to steadily chand®td)and are largely insensitive to
short-term fluctuations [127].

Although the opinions on how fluctuations in tengiare and relative humidity
affect paper degradation are different, it is wornbting that mild changes in
temperature and RH appear to be buffered by cefypas of storage enclosures and
by books being packed closely together [69,127]nfentioned earlier, paper has a
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relatively long equilibration time [115,118], sodslen changes in moisture content,
as a result of small RH changes, are unlikely [127]

Another observation is that most research has loeemed out employing broad
relative humidity ranges, and the ones demonsgdtie most harmful effects were
also the ones with the widest RH spaiR = 50%) [60,63,77]. It therefore has to
be considered how well these results represenistieatonditions, which paper-
based objects might be exposed to. Realisticafiyemperature fluctuations within a
repository do not exceed = 2 °C and humidity flattons are within £10%, as will

be shown in Chapter 4.

3.5. Paper composition and acidity

It has been shown that papers containing morenigmd ash are generally more
sensitive to oxidation, and possibly to the oved®bradation process, including
oxidation, hydrolysis and peeling [59]. It has als®en shown that lignin does not
have a negative effect on mechanical and chemroglepties of paper during ageing
if the paper is buffered with calcium carbonate][1®hich might confirm the
connection between high lignin content and accutimriaof paper acidity as a
consequence of lignin degradation. Knowledge on dffect of lignin on paper
degradation is, however, still insufficient and enaesearch is needed before a
general agreement can be achieved. Lignin andrasocelluloses may play a part
in the oxidation of cellulose by initiating the piction of reactive oxygen species
and peroxides [26]. Lignin was thought to contréusignificantly to paper
degradation, however it was shown that it exhiditsantioxidant effect and stabilises
cellulose against ageing [4]. On the other hamglwell known that lignin-containing
papers change colour from yellow to brown duringrthal ageing [4,16,68].
Exposure to radiation also causes change in ligoimaining papers as lignin is a
much better absorber in the 280-300 nm region coedpi@ cellulose and is thought
to be primarily responsible for photoyellowing. Thleree main pathways for
photoyellowing have been identified as: phenol paty phenacyl pathway and
ketyl pathway [128]. During the process lignin urgtees photochemical changes,
which result in different chromophores, one of thest important yellow coloured
products being-quinone [129].
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Crystallinity is also thought to be an importanoerty of paper, as it affects many
different paper properties. Some studies suggest higher crystallinity causes
higher resistance to depolymerisation [59], wheretd®rs show that increases in
crystallinity cause increased brittleness [60,78% mentioned in the previous
Chapter, the degree of crystallinity also dependghe cellulose source, as cellulose,
derived from cotton, usually has a higher proportd crystalline phase compared to

wood-derived cellulose [2].

As mentioned earlier paper degradation is affedigdacidity and exposure to
volatile acids, as acid-catalysed hydrolysis isutiid to be a major cause of loss of
paper strength [21,22]. Acidity is both the consame of accumulation of acids in
paper during degradation processes and the rebutids being introduced into
paper during production, and it is known that acipers are less stable compared
to neutral or alkaline ones [16,130]. Exposure tcOAM apparently causes little
immediate depolymerisation, but the paper havingnbexposed is more likely to
degrade at a higher rate in the future [70], altfiotinis has recently been disputed by
the same authors [131]. This, of course, dependh@moncentration of AcCOH, as
very low concentrations (3 mg#ndo not produce measurable depolymerisation,
whereas the effect is very obvious at 20 nig/as shown by Dupont and Tétreault
[70]. Exposure to acids, especially combined wittréased (or fluctuating) relative
humidity, can cause increased crystallinity, whigsults in inferior mechanical
properties [77]. Acidity is also linked to the ‘sking effect’, described in section 3.6
[132].

A very common source of acidity in paper is siziRgptassium aluminium sulfate
(alum) or zinc sulfate (white vitriol) were a commaddition to gelatine sizing, and
they both increase the paper’s acidity [1]. Siree 19" century the most established
(and therefore most common in archival papershgigystem involves wood resin
acids and aluminium sulfate (rosin and papermalatm) [2], which also decrease
the paper’s pH. Acidity is increased by metal idoeming hydrated complexes,

which can donate protons to water and thereforaseteak acids.

As paper degradation is highly pH-dependant, thpepa acidity and overall
composition should be taken into account when dasg the degradation process

using damage functions or predicting lifetimes alfections.
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3.6. Stack versus single sheet degradation

Another phenomenon, which should be taken into wticavhen discussing paper
degradation, is the 'stack versus single sheetadiegion’ [25,40,42,132], where the
rate of degradation of the pages in the middle sfagk of paper is greater than the
rate of degradation of the top and bottom sheeis Was shown by measuring
yellowing of paper, zero-span tensile strength @id extraction pH, which all point
towards more degraded paper (more yellow and gcsinaller tensile strength) in
the middle of a stack [132]. This could be expldin®y volatile acids migrating
through paper and accumulating in the middle of dtaek, as they are unable to
escape into the environment [52,132]. However songst an opposite effect is
observed, where the margins of a book are morecaaid therefore more degraded
compared to the middle. This could be due to pad#iugion exposure or lignin
oxidation, as the margins are more accessible Xogenous pollutants, light and
oxygen. The accumulation of degradation produaishsas acids, in the pores of
fibores and inter-fibore spaces has an autocatalgffect, resulting in enhanced
degradation [25,40,70,132]. The ‘stack versus sirgffleet’ phenomenon should be
taken into account when designing accelerated ggeiperiments, as results differ
significantly when comparing single sheets to stamkpaper [40]. A study, carried
out by Bégin and Kaminska [40], suggests that thestnaccurate simulation of
natural ageing would be between single sheets taukss as single sheets might
release too many volatile organic compounds (VO@&t would otherwise
accelerate the degradation of paper, whereas #o& stight trap too many VOCs,
which might extensively accelerate paper degradatim account for that, they
suggested degradation experiments in sealed gldsess,t as this approach was
thought to simulate the natural ageing of papet pE¥559]. However, sealed tubes
may not be the perfect representative of naturainageither, as oxygen in the tube
is being consumed during degradation reactionsghvimevitably leads to a decrease
in its concentration, so the conditions might na& $tationary throughout the

experiment.

3.7. Conclusion

Paper degradation can be affected by many diffdeators. Not all, however, are

equally important in an archival setting, where émgironment is usually controlled
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and the objects can be stored in the dark. Enviemtah parameters, which have the
most effect in an archival repository, are tempemgt relative humidity and

pollution.

Pollutants can be outdoor- or indoor-generatedy wie concentrations of the latter
exceeding the concentrations of the former by ugnterder of magnitude. The most
harmful and therefore important outdoor-generatetlfants are S NGO, and Q.
Indoor-generated pollutants are VOCs, emitted ftbenobjects themselves, and the
ones most dangerous to paper are organic acidaldaeddydes. AcOH has generally
become one of the main concerns in terms of paituteduced degradation, with
reported concentrations in archival repositorieagdroximately 100 ppb. Pollutants
can affect paper degradation in two ways, by lomgthe paper’s pH and therefore
promoting acid-catalysed hydrolysis (e.g. .S®IO, and organic acids) and by
reacting as oxidants (e.g. N@nd Q). Both processes are possibly related to RH,
especially the former, since pollutants require ewab dissociate and therefore
increase the paper’s acidity. Experiments investiggpollutant-induced degradation

should therefore be carried out at realistic RH:lsv

The effects of temperature and RH were discussedotighly in the previous
Chapter. The effect of temperature and RH fluctunstj however, is still a subject of
debate, although recent research shows that mildttuthtions, commonly
encountered in an archival repository, do not ¢bute significantly to degradation
rates. This has also been acknowledged in the mtumecommendations for
environmental control PAS 198:2012.

Another important effect, which cannot be contllexternally, is the paper
composition, especially acidity. Experiments orfedént paper types, especially real
papers, are therefore necessary to understand iffewedt paper compositions affect

degradation in real archival collections.

So far no function, linking the most important aigeof paper degradation, has been
derived. Experiments, described further on in ttiissis (Chapter 5, results is
Chapters 6 and 7), were therefore carried out tergit to quantify these different

effects and to help make decisions on how to piserthem.
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4. Environmental assessment of repositories in the Niahaal
Archief

As described in Chapter 1, the main aim of theqmtojvas to quantitatively compare
the effects of indoor- and outdoor-generated pafitda on paper degradation,
together with other environmental parameters. Ideorto develop knowledge,
relevant to real archival storage environmentsw#s necessary to assess the
conditions in different types of archival reposisr (e.g. with and without air
filtration) by monitoring temperature and relativieumidity, measuring the
concentration of total volatile organic compound¥QC), O; and NQ/SO,
concentrations and measuring the concentratiombffefent sizes of particles. This
provided the necessary baseline data against vinctlegradation experiments were

performed and results were interpreted.

4.1. Introduction

The collection of the National Archives of the Netlands (Nationaal Archief)
stretches over 130 km of shelf space, 120 km otlviig occupied by the paper-
based collection. Besides paper the collectionaonatl4 million photographs and
500,000 maps and drawings. The majority of the Ame$y however, is their paper
collection, 42% of which dates from before 1830. 82the collection is acid paper,
45% groundwood and 55% rag.

The latest environmental standard for archival emtibns, accepted in the
Netherlands, suggests maintaining the temperaturepositories at 18 °C (x 2 °C)
and relative humidity at 50% (£ 5%) and that theaditons should be as steady as
possible to avoid the presumed negative effeclustiations on paper based objects
[133], although they might not actually be as haim&s previously thought
(Chapter 3, section 3.4.). The previously widelyedisbut now outdated British
Standard 5454:2000 suggested very similar conditiartemperature between 16 °C
and 19 °C for frequently handled material and betwd3 °C and 16 °C for
infrequently handled material and relative humidgtween 45% and 60%. It also
strongly recommended avoiding rapid changes arctuftions in the environment
[134]. The recently published Specifications fornaging environmental conditions

for cultural collections (PAS 198:2012) are muchksleigid in terms off and RH
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control and allow institutions to set their own ®oamental specifications
depending on the use, significance, expected usifdtiene etc.T and RH should be
set to enable the expected collection lifetime &adchieved and their lower and
upper limits should not exceed conditions, whictuldocause irreversible chemical
or physical change [5]. Strictly speaking this sats unrealistic target, as paper
degradation occurs at all temperatures and RH dewebnly proceeds at different

rates. Unfortunately it is also irreversible.

The air conditioning system in the Nationaal Ar¢his set to maintain the
temperature at 18 °C (x 2 °C) and relative humidity50% (x 5%), according to
standards and legal requirements [133]. To achieate the outside air is first cooled
to extract the water (lower the humidity) and tihemted again, only then is moisture

added to meet the 50% set point. Each repositagngolled individually.

All the air in a repository is exchanged twice a,daven though the standard
suggests no more than one air exchange per daydar ¢o provide more stable
environmental conditions and avoid introducing éaamounts of traffic generated
pollutants [135]. The air inside most Nationaal #ef repositories consists of 10 —
15% outside air and 85 — 90% recirculated air. €lage however a few repositories,
in which the air is pumped directly into the reposi with no pre-mixing. For

comparison, BS 5454:2000 suggested an air infitinatate of one to two changes
per day and not less than 5% to 10% of purifiedHrair [136], so air exchange in

the Nationaal Archief (two per day) is consisteiththese recommendations.

Outside air, coming into the repositories, firssgas through EU 9 filters to remove
particles. EU 9 filters are fine particle filtersopuced from glass fibres and most
efficient for filtering particles larger than 0.1nmas well as microbes. For most
repositories it is then combined with the recirtedair and chemically purified
(filtered) before entering the repositories (‘rejpmses with air filtration’). As
mentioned before, in a few cases the air goes tiredo the repository without

being mixed or filtered beyond particle removaggositories without air filtration’).

Each of the nine floors has its own filtration uaitd the two underground floors
share a common one. The filtration unit consistthde different filters: electrostatic
for particles (each unit has two), chemisorbentadrbon filter (Figure 4.1).
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Chemisorbent filters work on the principle of chearption, which is a type of
adsorption, where a chemical reaction takes plate/den the adsorbate and the
substrate (pollutant and filtering material, regpety) and a bond is formed. Carbon
filters, if they do not carry a chemisorbent impragt, use physisorption to filter air.
Physisorption does not alter the chemical structdirne adsorbate or substrate; the

interactions between the two are weaker inter-mibéedorces.

Some filters are changed twice a year and othé&s the carbon filter) can last
several years — the state of the filters is asdesfter taking samples from the filters

and sending them to a contractor for analysis. ésiten whether to change the filter

iIs made according to the analysis results.

Figure 4.1: Filtration units in Nationaal Archief.

In 2012 a decision to change the filtration suppdied the current system was made
at the Archives. Whereas the previous contract iBpécthe type of filters and
filtration media used, the new one only specifies &ir quality and it is up to the

contractor to ensure the requirements are met. ddw filters are shown in
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Figure 4.2. The acceptable pollutant concentratibresholds, specified in the
contract, are 1.3 ppb for $3.7 ppb for N@Qand 0.3 ppb for ©

m

i
Figure 4.2: The filters inside a new filtration unt (both sides of one chamber).

The Dutch standard [137] includes limit concentmasi of most common outdoor
(traffic generated) pollutants, which are presurteetbe relatively safe for archival
materials. S@should be kept under 5.5 ppb, nitrogen oxides utfeppb and @
under 5 ppb (all values being annual average cdratems). To test whether the
conditions in the Nationaal Archief meet theseecid, the concentrations of these
pollutants were measured every 3-4 months, usingeék long passive sampling in
diffusion tubes. AcCOH concentration levels werebailseasured once, using 3-week
long passive sampling. Unlike for the other polhisa measured, the analytical
method for AcOH was semi-quantitative, which wike ldiscussed later in this

Chapter.

According to the standard the maximum concentratibparticles in air should not
exceed 75 pg/f[137]. However, the standard does not say anytlibgut the
particle size, so concentrations of different sizigarticles were measured.

Recommendations about air pollution in repositofeesd in the BS 5454:2000 are
much more rigid and even unrealistic, as it is ssted that the air should be kept
free of air pollution, acidic and oxidizing gaseslalust [134], which is, of course,

impossible. As mentioned in the previous Chaptect{sn 3.2.), this was improved
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to some extent by PAS 198:2012 [5], suggestingupentit related damage depends

on exposure time and concentration.

Besides measurements, taken in this project, themel Archief also have their
own monitoring system, consisting of temperaturé Bi sensor and an OnGuard®
unit. TheT and RH measurements are taken in the middle ofabmn, next to the
OnGuard® system (so all the measurements are tak#éme same environment).
OnGuard® is an ‘air quality monitor’ (Purafil, Datile, GA) and is widely used in
museums and archives. It provides real-time infoionaon the extent of corrosion
occurring due to gaseous pollutants, which is mealsas the amount of corrosion
forming on two metal sensors (one copper and ohersi The OnGuard®
monitoring was discontinued in 2012, as the datawsld very stable conditions,
which meant there was no need for constant mongorThe high financial input
(approximately 3000 € per year) of having OnGuadi®a loggers in all repositories
was therefore no longer justifiable.

Pollutant concentrations in the Nationaal Archighasitories were measured on the
following dates: 8 December 2009 ~BJanuary 2010,"8- 10" March 2010, 28 —
30" June 2010 and™8- 13" November 2010. AcOH sampling was carried ouf 18
December 2012 —"BJanuary 2013. Passive samplers were installecherdates

above and then collected 4 weeks later by a meoflibe Nationaal Archief staff.

4.2. Experimental

4.2.1. Locations

For monitoring two repositories were selected, woith (404) and one without air
filtration (40 A). Repository 40 A is used for teorpry storage of recently acquired,
but not yet catalogued objects. The monitoring \&b® carried out outside the
building, on the roof, to obtain pollutant concatittns near the air conditioning
inlets (3" floor, Figure 4.3). The monitoring in all locat®nwas carried out
simultaneously or within a couple of days, whendtaneous monitoring was not

possible due to instrumental limitations.

In both repositories measurements were taken igéineral environment and in the

boxes, where documents are stored (where possibletih open and closed boxes, to
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see whether VOC concentration is higher in an e with a low air exchange).
In the repository without air filtration some meesmuents were also taken next to a

ventilation exhaust.

ey f

=l

Figure 4.3: The roof terrace on the 9 floor with air coolers.

4.2.2. Measurements

Temperature and relative humidity were monitoredtiomously during a longer
period of time; @ and acid gas concentrations were measured intentijt 4 times

per year. The sampling fors@nd NQ/SO, was carried out using passive sampling
on diffusion tubes (Gradko Environmental, Winchestad took 4 weeks each time.
Of nitrogen oxides (NQ only NO, was selected for measurements as it is more
reactive and therefore harmful to paper comparedN@ As described in the
previous Chapter (Section 3.2.) it is generallyuassd that @ NO, and SQ are the

main outdoor-generated pollutants, causing (orlacatng) paper degradation.

Diffusion tubes work on the principle of moleculdiffusion, where compounds in
air move from areas of higher concentration (he. ¢nvironment) to areas of lower
concentration (i.e. inside of the tube). Inside thee the pollutants are absorbed,
which means the concentration in the tube doesnoogase, allowing diffusion to
continue. The average concentration of the poltutanthe environment is then

calculated from the mass of the absorbed pollutemigth of the tube, diffusion
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coefficient of the pollutant, cross-section areahd tube and exposure time using
Fick’s law of diffusion.

AcOH sampling was also carried out using passivaptiag on diffusion tubes

(Gradko Environmental, Winchester) and took 3 weeks

For temperature and relative humidity monitoringtaddoggers (HOBO U12
Temp/RH Data Logger, Onset, Cape Cod, MA) were uskd accuracy of the data
loggers is + 0.35 °C and + 2.5% RH. The measuresnstarted on '8 December
2009 at 12 pm (GMT). The data was collected evemyr rand downloaded every
three months. The Hobo data loggers and diffusidres were placed next to each

other to ensure similar conditions (Figure 4.4).

Figure 4.4: HOBO data logger (bottom) and four diflusion tubes in the repository
without air filtration (40A), in the general environment. The top left data logger is a
part of the regular monitoring, carried out at the Nationaal Archief.

Two sets of loggers and diffusion tubes were plaodtie repositories; one in boxes,
containing objects (each device/sampler was platedseparate box, meaning the
measurements were actually taken in five very sinbbxes — 1 with a data logger, 2
with diffusion tubes for NSO, and 2 with diffusion tubes for OFigure 4.5) and

outside the boxes in the general environment (eal.
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Figure 4.5: Five boxes, in which the measurementsane taking place, in the repository
without air filtration (40 A).

In addition to RH and temperature monitoring antiytant sampling using diffusion
tubes the concentrations of total VOCs (tVOC) aadigles of four different sizes
(>1 pm, >2.5 pm, >5 pum and >10 um, based on thieumsents available) were
measured. In one of the measuring campaigns snpallécles (>0.5 pm) were also

monitored. Monitoring, lasting several hours orglayas carried out when possible.

Particle concentration measurements were carrigdusing DC1100 air particle
monitors, calibrated for different sizes (>1 um aflum, >2.5 uym and >10 um,
>0.5 um and >2.5 um) (Gradko Environmental, WintdrysDC1100 monitors are
laser particle counters, which means laser lighiminates the particles as they pass
through the instrument, and the scattered lighlihé&n detected by a photodetector.
Particle sizes counted depend on the calibratioimefinstrument, performed by the
manufacturer. The results are given in particlentque. number of particles) per

volume of air.

tVOC concentrations were measured with the ppbRARO3instrument (RAE
Systems, San Jose, CA). The instrument has a jpnetation detector (PID) and
ionisation is achieved using a UV lamp. The insteains able to detect VOCs with
ionisation energies above 10.6 eV, which exclude®W and formaldehyde. The
measurement results are shown as tVOC in ppb otdhbration gas, which was

isobutylene (standard for this instrument).

The instrument was calibrated using isobutyleney{ader was provided with the

instrument) every couple of months, but zero catibn was performed before each
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measurement (i.e. before starting the monitoringaich location). Zero calibration is
performed by sampling air through a glass tubkdilvith a VOC adsorbent, which
means only clean air is supposed to reach the tdetékhis is then set as 0 ppb.
Accuracy of the instrument was checked againstcidration standard, although
unfortunately that was not possible after each ratibration was performed, as it
was not possible to travel to the Netherlands #ighcalibration gas cylinder.

Measurements were taken in several different lonatiinside the repositories,
externally, and also inside boxes, of which mostehhaoles enabling air exchange

with the rest of the repository atmosphere (Figuy.

Similar to the particle measurements, tVOC measanésnwere also carried out over

several hours (preferably 24 h) when possible.

Figure 4.6: Boxes in the repository without filtration.

Results were statistically evaluated using Minifdb software. Two-sample t-tests
were performed to compare two data series (e.g.mwaitoring locations or two

monitoring campaigns).
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4.3. Results and discussion

4.3.1. VOC measurements

Results of the tVOC measurements, taken in thergpositories and externally in

December 2009 are shown in Tables 4.1 and 4.2.

Table 4.1: Measurements, taken in the repository wh air filtration (404), N — number
of measurements.

location av. c /ppb st.dev. RSD % N
General environment 51 3 6 10
"Open" boxes (with a hole) 62 7 12 11
"Closed" boxes 75 8 10 10

Table 4.2: Measurements, taken in the repository whout filtration (40 A) and
externally (9th floor), N — number of measurements.

location av. c /ppb st.dev. RSD % N
General environment 68 4 5 8
"Open" boxes (with a hole) 76 6 8 8
Near ventilation exhaust 73 2 3 3
9" Floor - external 38 5 14 14

It was observed that the tVOC concentrations aeddtvest outside and the highest
in the closed boxes in the repository with airrdifion and open boxes in the
repository without. The concentrations are alsghsly higher in the repository
without air filtration. The differences between theeasurements in the general

environment, open and closed boxes are statistisghificant (95% confidence).

Results of VOC monitoring in March are not shows jtavas suspected there was a
problem with the ppbRAE 3000 instrument. Both daifgfiles consisted of a slight
decrease in the first measurements and then amemrpal increase until the value
became steadier. There was no decrease in VOC moattens, meaning that the
measured concentration at the end of the 24 h oramgt was considerably higher
(even more than 100 ppb) than at the beginningceSthe time of the day was
approximately the same at the start and end of unea®nts, the conditions should

be similar.
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Another attempt to monitor VOC concentrations wasdenduring the third visit in
June, but was unfortunately unsuccessful. The p@bRB00 instrument measured
zero concentrations regardless of the environmedtamly responded to very high
VOC concentrations (several hundred ppb), so algmobvith zero calibration was
assumed. The presumed O ppb was set too high, vdoghl happen if the zero
calibration was performed in a VOC-rich environmehd avoid this, all following

zero calibrations were carried out outside, whe@C\toncentrations are very low.

In the last measuring campaign in November simmg¢aults were obtained as in the
second one in March. The measurements in the teppsvith air filtration (404)
started at 40 ppb and slowly increased to almo6tdgb, where the concentration
settled and remained constant for the rest of tbeitoring time. After moving the
instrument to the other repository (it was switcloéfdn the mean time) the readings
started at approximately 40 ppb, but the valuetedaincreasing immediately,
reaching over 140 ppb in 2 h. The instrument wasfligrswitched off after 2 h and
when switched on again, the value dropped to ali@0t ppb, but started rising

immediately after. Results of the monitoring arewsh in Figure 4.7.
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Figure 4.7: 24-hour measurements in both repositoeis, November 2010.

Such a VOC concentration profile seems unrealigtspecially the rapid decrease
and increase when the instrument was switchedltoffas therefore assumed that
there was a problem with ppbRAE 3000 instrument #red measurement attempt

was unsuccessful.
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4.3.2. Particle measurements

Particle measurements, carried out in Decembestaren in Tables 4.3 and 4.4.

Table 4.3: Particle measurements in the repositorwith air filtration (404), N=5 (N —
number of measurements).

particle size average st.dev. RSD %
>1pum 1802500 | 554900 31
>2.5um 13400 6300 47
>5um 2800 3000 105
> 10 um 700 1600 224

Table 4.4: Particle measurements in the repositorwithout air filtration (40 A), N = 5.

particle size average st.dev. RSD %
>1um 652600 | 479800 74
>2.5um 89000 20300 23
>5pum 19100 6900 36
> 10 um 5700 4000 71

Particle monitors, used in this research, werer lpadicle counters, which meant the
results were number concentrations, not mass ctatens. Unfortunately
standards only provide mass concentration guidgliw@ich means the results could

not be directly compared to environmental standards

The average concentration of the smallest parti¢kels um) during the first
measuring campaign was higher in the repository it filtration, but the trend
changed with larger particle size. Uncertaintiesrewveelatively high in these
measurements, so individual measurements may pasent the overall conditions.
Since the values change with time and accordintegarticle monitor position, it is
advisable to perform long-term monitoring, e.g.lesst for a day, which enables
diurnal changes to be determined. The differenetwden the two repositories were
statistically significant for all particle sizesxaept for > 10 um, where the standard
deviations were substantial. No conclusion abowv fiiration affects the largest

particles could therefore be drawn with certaimont these measurements.

To account for the significant uncertainties ofemmittent measurements, the

measurements in March were carried out over thdewuttay. Ideally the monitoring
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would last for 24 h, but it was only possible tkganeasurements during the day, as
the power supply in the repositories is switcheddofing the night (on Mondays at

8 pm and on Tuesdays at 10 pm). On the roof theitororg was carried out for

several hours.

Particle monitoring results are shown in Figure® 4.9 and 4.10. The monitoring

was carried out on consecutive days, in similarthera
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Figure 4.8: Particle concentrations in the reposity without air filtration (in
logarithmic scale), March 2010.
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Figure 4.9: Particle concentrations in the repositty with air filtration (in logarithmic
scale), March 2010.
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Figure 4.10: Particle concentrations on the roof (i logarithmic scale), March 2010.

Concentrations of the largest particles were alnmesgfligible (below the detection
limit) in all three locations and therefore coulatnbe statistically evaluated.
Measurable concentrations of particles, larger thgom, could be found outside,
whereas the smaller particles (>2.5 um and >1 pou)dcbe measured in all three
locations. Overall the highest concentrations bfalticles could be found outside
and the lowest in the repository with air filtratigFigure 4.11). The differences
between the two repositories are statistically ificant with 95% confidence.

Indoor/outdoor ratio (I1/0O) for the non-filtered @ptory was 0.3 for the smallest
particles, 0.06 for Plk, 0.1 for PM and 0.04 for Ph. I/O values for the filtered

repository were lower; 0.06 for R and below 0.01 for the other three particle

sizes.
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Figure 4.11: Average concentrations of particles ifogarithmic scale, March 2010.

During the third visit the focus was on monitoripgrticle concentrations in the two
repositories. Particle sizes monitored were >0.5 pinum, >2.5 um, >5 um and
>10 um, where the largest and smallest particleeatnations were measured for a

day and the middle three ones were measured fodays.

Particle monitoring results are shown in Figurd24and 4.13.
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Figure 4.12: Particle concentrations in the reposdry without air filtration (in
logarithmic scale), June 2010.
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Figure 4.13: Particle concentrations in the reposdry with air filtration (in logarithmic
scale), June 2010.

Significant concentrations of the largest particlesre not observed in either
location. Significant concentrations of particlesger than 2.5 um, were only found
in the repository without air filtration, wheredsetsmallest particles (>0.5 um) were
the most abundant ones in both repositories.

The results of the two day monitoring in the repmgi without air filtration indicate
that the concentration of particles, larger thén|2m, is the lowest and quite steady
from about 5 pm until about 8 am, then starts gsand reaches its peak between 2
and 4 pm. These results showed that particle coratems are higher during
working hours, which is unsurprising. No daily pkefcould be observed for > 1 um
particles in the same repository, but similarlyte larger particles the particle count
was significantly increased after 8 am, probablye dw human activity. An
interesting daily profile for Jum particles could be seen in the repository with ai
filtration. The concentration reaches its peak leetwwmidnight and 4 am and then

decreases steadily, reaching the lowest valueoandr4 pm.

Average concentrations of particles are shownigare 4.14.
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Figure 4.14: Average concentrations of particles itogarithmic scale, June 2010.

The concentrations of particles of all sizes aghér in the repository without air
filtration, however the difference between the destlparticles in both locations is
not very large. Differences between the reposisosie statistically significant in the
case of the smaller particles (>0.5 um, >1 um &8 pm). The larger two however
cannot be statistically compared, as most values wero in both cases, with only a
few above zero in the non-filtered repository (statally both series are the same).
Those however contribute significantly to the agerawhich can be misleading
(Figure 4.14).

During the fourth research visit the two reposéerivere monitored for two days,
measuring particles of the following sizes: gh, >2.5pm, >5um and > 10um.
Results are shown in Figures 4.15 and 4.16.
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Figure 4.15: Particle concentrations in the reposdry without air filtration (in
logarithmic scale), November 2010.
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Figure 4.16: Particle concentrations in the reposdry with air filtration (in logarithmic
scale), November 2010.

Similar to the measurements, taken in June, partichcentrations were the highest
during the working hours. During this measuring paign the concentrations in the
repository without air filtration were unusuallyghi, as the contents of the repository
were being moved to a different location, whiclassumed to have resuspended a lot
of dust. No daily profile can be observed in theostory with air filtration, partly

due to the power being switched off during thet firght of monitoring, hence the
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missing data on both graphs. However it does sdmnhthe concentration of the
smallest particles is higher during the night tlanming working hours. Average

concentrations of particles are shown in Figur@ 4.1

I air filtration
no air filtration

1000000 +

100000

count/ m®

10000 +

1000

>1pum >2.5pum >5um >10 um
particle size

Figure 4.17: Average concentrations of particles itogarithmic scale, November 2010.

As mentioned earlier particle concentrations in rgository without air filtration
were relatively high during this measuring campaigtesults from the other
repository are similar to previous measuring cagmsaiwith the smallest particles as

the most abundant species and the larger parbelesv detection limit.

There is a slight difference between the first gerof monitoring, carried out in

December, and the other three, carried out in Malehe and November. In the first
monitoring a higher concentration of the smalleattiples was measured in the
repository with air filtration (404) compared toethepository without air filtration

(40 A), whereas in the second, third and fourth mooimg the repository 404 had the
lowest concentrations of particles of all sizesslHiould however be noted, that
continuous monitoring was not carried out during first measuring campaign,

which might be the reason behind the difference.

Average particle concentrations, calculated froimfalr measuring campaigns, are
shown in Figure 4.18.
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Figure 4.18: Overall average concentrations of paitles in logarithmic scale.

Differences between the concentrations of particfes| sizes in the two repositories
are statistically significant with 95% confidentg¢igher particle counts for particles
of all sizes were consistently observed in the sépoy without air filtration. The

differences between the repositories increased iwdteasing particle size, although

measurement uncertainties were significant as @aglshown in Figure 4.20.

As mentioned earlier the standards only providesn@scentration limits and the
Gradko instruments can only measure particle cousds a direct comparison
between the measured values and suggested limild not be made. Approximate
conversions between the two are possible if thegbasources are known, however
this was not of interest in this research, as teug was on the most abundant

outdoor- and indoor-generated pollutants.
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4.3.3. Acid gases and ozone

The concentrations of acid gases N&hd SQ) and Q in both repositories (404
with and 40A without air filtration) and outsideetfarchival building, determined in

all four monitoring campaigns, are shown in theléab5.

Table 4.5: NO,, SO, and O; concentrations, determined in four monitoring campigns.

position pollutant | Dec Mar Jun Nov

404 box NO,/ppb <L.O.D. < L.O.D. <L.O.D. 0.09
404 box NO,/ppb < L.0O.D. tube lost <L.O.D. 0.28
404 repository | NO,/ppb <L.O.D. < L.O.D. <L.O.D. 0.11
404 repository | NO,/ppb < L.O.D. 0.97 0.08 0.08
40 A box NO,/ppb 1.47 0.35 <L.O.D. 0.51
40 A box NO,/ppb 0.42 1.83 0.85 2.46
40 A repository | NO,/ppb 9.58 9.14 7.56 8.98
40 A repository | NO,/ppb 10.4 8.83 7.38 8.94
outside NO,/ppb 17.81 14.84 12.32 15.77
outside NO,/ppb 17.14 12.89 11.93 14.74
404 box SO, /ppb <L.O.D. <L.O.D. <L.O.D. <L.O.D.
404 box SO, /ppb < L.0O.D. tube lost <L.O.D. <L.0O.D.
404 repository | SO,/ppb <L.O.D. <L.O.D. <L.O.D. <L.O.D.
404 repository | SO,/ppb <L.O.D. 0.97 <L.O.D. <L.O.D.
40 A box SO, /ppb <L.0.D. <L.0.D. <L.O.D. <L.O.D.
40 A box SO, /ppb <L.0.D. <L.0.D. <L.0.D. 0.28
40 A repository | SO,/ppb <L.O.D. <L.O.D. <L.O.D. <L.O.D.
40 A repository | SO,/ppb <L.O.D. <L.O.D. 0.18 3.53
outside SO, /ppb <L.0.D. 0.65 0.85 0.27
outside SO, /ppb <L.0.D. 0.36 1.15 0.43
404 box Os/ppb <L.0.D. 1.30 1.43 3.31
404 box Os/ppb <L.0.D. 1.69 1.00 2.48
404 repository | Oz/ppb <L.O.D. 1.69 0.57 3.31
404 repository | Oz;/ppb <L.O.D. 0.91 <L.O.D. 1.24
40 A box Os/ppb < L.O.D. 2.08 <L.O.D. 1.25
40 A box Os/ppb < L.O.D. 2.08 <L.O.D. 4.57
40 A repository | Oz/ppb <L.O.D. 1.69 3.14 4.15
40 A repository | Oz/ppb < L.O.D. 1.69 2.71 0.42
outside Os/ppb 11.53 25.66 32.62 14.89
outside Os/ppb 9.2 25.28 36.47 14.48
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In the first monitoring campaign the concentratiohall three pollutants were below
the limits of detection (L.O.D.) in the repositasyth air filtration (both in boxes and
the general environment). Measurable (L.O.D. = g4t = 0.18 ppb), but still
very low concentrations of NQvere measured in boxes in the repository withaut a
filtration. The concentration of NOn the repository was roughly half of the outdoor
concentration. Significant concentrations af iere only found outside the archival
building (L.O.D. = 3.44 pg/h= 1.7 ppb), whereas the concentrations of &@re
below detection limits in all the measuring locago(L.O.D. = 1.14 ug/th=
0.44 ppb).

Unlike in the first monitoring, the concentratioofspollutants in most locations were
above limits of detection in the second one, whiodicates that pollutant
concentrations may be somewhat higher in the wammatths. The repository with
air filtration, presumably the ‘cleanest’, showed measurable concentrations of
pollutants in the first monitoring, whereas in gexond @ could even be measured
in the box. In the general environment measuraldecentrations of all three
pollutants were present, approximately 1 ppb edoterestingly even SOwas
present in the general environment of this repogiia the same concentration range
as outside (in all other locations $®as below the limit of detection). Statistically
there was no difference between the, $0Oncentration in 404 and on the roof. As
mentioned before, £xoncentrations were significantly higher in Maodmpared to
December; the outside concentration increased fono 25 ppb and the others from
below L.O.D. to 1 — 2 ppb. Concentrations of N@ere similar to the first
monitoring in December; statistically there was significant difference between

measurements in the same locations.

Results, obtained in June/July were very similathtose obtained in March. The
most obvious difference was the elevated externatddcentration (approximately
10 ppb higher than in March), which was not suipgsas the @ concentration
always rises in the summer. S€bncentration outside was approximately the same
as in March, but could also be determined in thmosdory without air filtration

besides externally.

In November most of the measurement results wanesmnilar to the ones obtained

in the previous measuring campaigns. .-N&hd Q could be measured in all
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measuring locations; unsurprisingly the Goncentration was significantly lower
than in the summer. S@oncentration could only be determined outside ianithe

repository without air filtration.

Average pollutant concentrations, calculated frdhnfioar measuring campaigns, are

shown in Figure 4.19.
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Figure 4.19: Overall average concentrations of paltants in all measuring locations,
N =4.

As can be seen from the graph, the differences dmtwmeasuring campaigns,
represented by error bars, are small (most standevéations are approximately
1 ppb), with the exception of outdoog.O

The measurements, taken during all four visits @dger 2009, March, June/July
and November 2010) are in agreement with the recemdiations, given in the Dutch
standard [133], only N©in the repository without air filtration (40 A) dose to the
recommended limit value of 10 ppbg Concentration was found to be higher than
the limit value, specified in the contract betwede Nationaal Archief and the
filtration supplier, in all measuring locations. Bl@nd SQ@ concentrations in the
repository with air filtration were in agreementthvithe contract, whereas the
repository without air filtration had higher contetions in the general environment,

but lower in the archival boxes.
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The difference between the two repositories is iBaggmt, especially in terms of
NO,, where the average concentrations in repositdfidsand 40 A were 0.3 and 8.9
ppb, respectively.

4.3.4. Acetic acid

AcOH concentrations were only measured once. AsHe©difficult to quantify
(especially without an on-site laboratory or accesson chromatography, usually
used for AcOH analysis [138]) a commercially avaldamethod offered by Gradko
was used. The method involves GC-MS analysis, wischot ideal for AcOH,

making the method semi-quantitative.

In July 2012 the ground floor of the archival bunlgl was reconstructed. As the
repository without air filtration (40 A) is locatdatiere, the measurements could no
longer be carried out in this location. The sangplimas therefore carried out in
another repository without air filtration (Centfalreau for Genealogy), but with a

different temperature set point, 20 °C instead®fQ.

The measurement results are shown in Figure 4.20.

¢ [ppb]

404 box 404 repository CBG box CBG repository

location

Figure 4.20: Average concentrations of AcOH in alineasuring locations.

The concentrations, obtained from semi-quantitativalysis, were much lower than

expected. Studies in other archives or librariegehghown considerably higher

concentrations [87,105], up to two orders of magitet higher compared to the

results shown here. Since the method was semi-itptaré and commercial, little is

known about its actual sensitivity, which might bBalkeen problematic. Another
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possible explanation for very low results is thatng of the analyte might have
escaped from the Chromosorb diffusion tubes, iy tivere not closed properly after
exposure. The time between exposure and analysigussibly too long as well, as
the tubes had to be sent back from The Netherlandsthen to Gradko. All this

might have contributed to unusually low AcOH cortcations.

No difference was observed between the box andyémeral environment in the
repository with air filtration (404), whereas thencentration is somewhat higher in
the box in the repository without air filtration.llAdetermined concentrations,

however, are very low, possibly due to an unknowpeemental error.

4.3.5. Temperature and relative humidity monitoring

Results of temperature and relative humidity momtp in a typical box in both

repositories are shown in Figures 4.21 and 4.22.

21.0

B

20.0

- W~ L
:: N" iJ w ‘M \" \:ﬂ :v W mﬂ/& .

17.54

T[T]

wot+—¥¥7r—7+7+—7

031299 12000 32080 g0 712080 0200 1412080

time

Figure 4.21: Temperature in an archival box in bothrepositories (404 - with air
filtration, 40 A - without air filtration), Decembe r 2009 — November 2010.
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Figure 4.22: Relative humidity in an archival box n both repositories (404 - with air
filtration, 40 A - without air filtration), Decembe r 2009 — November 2010.

Less variation can be observed in the repositotih wair filtration. The reasons for
this are likely to be more material stored in tl@pository, which would provide a
buffering effect, and no air recirculation in thenrdfiltered repository, which makes
T and RH control more difficultT is slightly higher and RH lower or higher,
depending on the season, in the repository withaut filtration. RH varies

significantly more in the repository without aiitfation, up to £10% RH from the

median value, whereas the difference in the tenperas less significant, £1.5 °C.

Conditions in individual repositories and outsitie Archives building (on the roof)

are shown in Figures 4.23 - 4.35.
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Figure 4.23:T and RH in a box and in the general environment ithe repository with
air filtration.
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Figure 4.24:T and RH in a box and in the general environment ithe repository
without air filtration.
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Figure 4.25:T and RH on the roof of the Nationaal Archief building.

Figures 4.23 and 4.24 show that environmental cbage always slower and less
pronounced in a box compared to the general enviemn. Interestingly RH is a bit
lower in the box, compared to the general envirammia the repository with air
filtration. On the other hand there is no obviouffedence in the average RH of the
box and the general environment of the repositorthout air filtration. The
maximum difference however, is only approximatedy. 2Jnlike RH, temperature is
slightly higher in the box in the first half of theonitoring and lower in the second

half, but always within a 1 °C interval.

RH varies significantly more in the repository vath air filtration, up to £ 10% in
the beginning, but generally up to +5%, whereasdifference in the temperature is
less obvious. A daily profile with a maximum in tearly afternoon (between 12 and
3 pm) can be observed for temperature fluctuatiom®th repositories, although the
changes are small (within a 1 °C interval). A daitpfile cannot be observed for RH
fluctuations, as the fluctuations usually last saldays and do not have a repeating

pattern.

T and RH averages, obtained from monitoring overcthese of one year, are shown
in Table 4.6.
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Table 4.6: AverageT and RH in a box and the general environment of béit monitored
repositories.

repository Ta /°C RH,, /% Ta box/°C  RH,, box /%
40 A (no air filtration) 19+04 517 19+0.5 52+6
404 (air filtration) 18+0.2 50+1 18+ 0.3 49+1

Temperature and RH values are always within thetdirapecified in the Dutch
environmental standard (18 °C (£ 2 °C) and 50% %))5[133] in the repository
with air filtration, while the variations are somieat larger in the other repository,
especially in the general environment, where RHieslare 50% (+10%). The effect
of boxes is very apparent here, as the box mostiyasis the RH just within the
limits. Average temperature and relative humiditg avell within recommended
limits. The filtered repository has averagjeand RH values almost exactly at the
recommended values, whereas the non-filtered ommtds slightly, although still
within the recommended limits. However as discussedhe previous Chapter
(Section 3.4.), small and RH fluctuations (5 °C, +10% RH) are probaty very
harmful to the collection, so slightly larger chasgin the repository without air
filtration compared to the filtered repository shkibnot be a reason for concern. The
annual average outside temperature, measured awdhef the Archives building,
was 11.6 °C.

4.4. Conclusion

Concentrations of traffic-generated pollutantstagher in the repository without air
filtration compared to the repository with air fdtion. Annual average
concentrations of N@in the general environment are 8.9 and 0.3 pplkHernon-
filtered and filtered repository respectively, wbas the differences between the,SO
and Q concentrations are not significant. The conceioinat of the latter two are
significantly lower as well, reaching only up to @pb. All the pollutant
concentrations are within the limits, recommendgdhe Dutch standard, even those

measured in the repository without air filtration.

Particle counts were significantly lower in the osjpory without air filtration as

well, although unfortunately a comparison with st@ndard cannot be made due to a

different measuring principle. Particles >5um wemnéy detected in this repository.
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Temperature and relative humidity are mostly witkine recommended limits as
well, although RH in the repository without airtfdtion deviates somewhat from the
recommendations. Spikes of high and low relativenility (+15%) can be observed
throughout the year, with lower RH in the colded dnigher RH in the warmer part
of the year. The average and RH, however, are well within the recommended

limits.

Environmental monitoring at the Nationaal Archigiowed that air filtration
significantly reduces the concentration of Ni@ a repository, but does not have a
significant effect on the concentrations of ;S&hd Q, which were much lower in
comparison. In order to assess the benefit ofilaation the effect of N@therefore
needs to be studied. Although determining the catnagon of AcCOH in repositories
was unsuccessful, it is known from the literaturatt VOCs, including short
carboxylic acids and carbonyls, are more abundaatdhival repositories compared
to outdoor-generated pollutants. Since they areegéed within the collection, air
filtration would have a much smaller effect on theoncentrations compared to
outdoor-generated pollutants. A quantitative assess of beneficial effects of air
filtration should therefore include both the mostenon VOCs and N
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5. Methodology

In this Chapter only experimental work on papei bé presented, as environmental

monitoring was already discussed in the previousp@dr.

5.1. Steady-state experiments

The main degradation factors, identified in Chatewere studied experimentally.
The emphasis was on the effect of the most abunmtahitants in a typical archival
repository, which were identified in the previousapter and from the literature.
Unlike most pollution research carried out so f@nere model papers were used for
experiments, the experiments presented here weamedcaout using sacrificial
materials, chosen from a historical reference ctl@ as the most representative

examples of what historic archives and librarieghhhave in storage today.
5.1.1. Samples

Six different paper types were used in the expartsetwo acidic (Al and A2, A2
being the less acidic sample), alkaline (B), padfcotton linters cellulose (Whatman
filter paper No. 1, Maidstone) (W), paper made attan rags (R, two different rag
samples were used in preliminary experiments amdthivrd in degradation rate
experiments) and lignin containing paper (L). Alitithe Whatman paper, which is a
model paper, are real historic papers taken frook&groduced in the #0century
(Table 5.1). Samples from the SurveNIR historic ggageference collection were
used [139]. Initial pH an®P values for each paper type were measured as bledcri
further in this Chapter (section 5.1.3.) and astel in Table 5.1, together with year
of production (in the case of rag paper exact y&s not known), fibre composition
and rosin content, which affects the paper pH el tberefore contribute to the

degradation process (section 3.5.).
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Table 5.1: Samples with their pH values, initial dgrees of polymerisation DP), year of

production, fibre composition and sizing informatia.

fibre composition*
year / wood
SurveNIR approx. | ground- pulp cotton rosin*
code | sample pH DPy time wood | cellulose | cellulose | /mglg
Al sur 648 5.3 560 1910 1 2.57
A2 sur 780 5.6 740 1936 0.1 0.8 2.338
B sur 2229 7.4/ 2260 1997 1 0
R 806 | JP 806 5.3 1350 g 1
R 807 | JP 807 52 1340 i@ 1
R | JP425 5.1/ 1430 fac 1
L sur 847 5.2 - 1939 0.9 0.1 1.16
w Whatman | 5.4| 2640 2008 1

* fibre compositions and rosin content obtained fron the SurveNIR database

The papers vary significantly in their initial degrof polymerisation and somewhat
in their pH, as most samples have pH values beteand 6. As discussed in the
previous chapters, paper acidity plays an impontala in the degradation process,
as papers with a lower pH degrade faster than ies aith higher pH values. The
initial DP value is an indication of how degraded the papeas wefore the
experimentDP, of both acidic papers (A1 and A2) was low to begith (560 and
740 respectively), which is not surprising consiigrthe dates of their production.
There are two reasons for that, the first is thathie first half of the 20 century
relatively acidic low-quality papers were producatd second that they are both
approximately 100 years old, so it can be assurmatsignificant degradation had
already taken place. The alkaline paper had a BiBh (2260), indicating good
mechanical properties, partly because the papeowgsapproximately 10 years old
when the experiments started. The inild of pure cellulose (Whatman paper) is
similar. Rag samples haveD#¥, of approximately 1300, which puts them between
the relatively undegraded alkaline and degradedi@apiapers. Paper sample L has a
high groundwood fibre content, which means it wasdenfrom pulp, obtained by
grinding wood. Lignin is not removed from the puljfuring this process,
groundwood paper therefore typically has a highifigcontent.DP measurements
cannot be carried out on lignin containing pap&cduse lignin is not soluble in
cupriethylenediamine, the solvent used in viscomddP measurements. There is

therefore no information oBPy, the paper is, however, quite acidic.
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All papers were cut into 2 cm x 2 cm squares. Sggratere cut from different pages,
avoiding the margins of the book, which could berenacidic and degraded due to
increased pollutant absorption and possible exgosgutight in the pasDP values
were similar throughout the book and the stariiiywas determined as an average
of five measurements on different pages. The papeilares were attached to a
stainless steel spiral (Figure 5.1).

In the first two rounds of preliminary experimetitgs was done by sewing the paper
squares on a thread and then wrapping the threachéia steel coil, and in the third
the samples were attached directly onto the spaihout the thread (Figure 5.1).
The same sample setup was used in degradatioexpéeiments as well. The metal
coil was assumed to have no effect on the degmuairocess due to relative

inertness of stainless steel.

Figure 5.1: Samples, attached directly to a staings steel spiral.

Two parallels for each paper type were used inirpneary experiments. In
degradation rate experiments the same set of samle used as in the preliminary
study, with the exception of the rag sample, whield to be changed. The reason
was that rag paper samples, large enough to usdl the experiments, were not
available.
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For each degradation rate determination (experiahetiésign explained in the
following section), six pieces of Al, A2, B, L amd and four pieces of R (due to
sample shortage) were attached to a stainlesssgtieal and inserted into a 1-L flask.
Individual paper samples were removed from thekflasd analysed in equal time
intervals. A decision to use six paper pieces parge was made in order to provide
enough data points to allow calculation of degratatates, which were assumed to
be linear, but at the same time to allow sampldyarsin the time available for
experiments. Only four pieces of rag paper werel ukee to the limited amount of

rag paper available.
5.1.2. Experimental setup

The samples, attached to the steel spiral, wemeg@lan 1-L flasks (GL 45, Schott
Duran®, Wertheim/Main), which were closed with pia<aps, fitted with an inlet
and outlet (GL14, Schott Duran®, Wertheim/Main).HETtubing (Bola, Griinsfeld)
was inserted into the inlet/outlet nozzles, whiamalded flushing (Figure 5.2).
Tubing porosity was assumed not to be problematiache material was chemically

resistant and the air flow was at least 100 mL/min.

Figure 5.2: Flask with the tubing, used for flushig the samples.
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5.1.2.1. Preliminary experiments
The aim of preliminary experiments was to invesggaow much effect the most
abundant pollutants in a typical archival repogitoave on paper degradation and if
the effects are comparable. It was found previodilsht nitrogen dioxide (N,
acetic acid (AcOH) and formaldehyde (HCHO) weresprg in repositories in the
highest concentrations [105], so they were the upatits, selected for the

experiments.

The experiments were set up to investigate theceffethe pollutants at a constant
temperature and relative humidity. To obtain deshremidity conditions, a humidity
generator was used (InstruQuest V-Gen™ Dew Pointifdderator model 1,
InstruQuest, Coconut Creek, FL). A pollutant getwravith pollutant permeation
devices (AcOH and formaldehyde permeation tubes M@d permeation wafer,
Vici, Poulsbo, WA) was used to obtain the desiredcentrations of the respective
pollutants (Vici Metronics Model 150 DynacalibragyrVici, Poulsbo, WA). The
outlet concentration of the pollutant was set bytagling the temperature of the
generator chamber, where the permeation deviceserted, which determines the
permeation rate, and the air flow through the chermidost research so far has been
carried out using saturated solutions to achiewe dlesired RH and pollutant
concentration, which might lead to additional deigitgon, caused by the salt [131].
Using a setup involving RH and pollutant generatavhich create humidified /

polluted air, therefore eliminated that risk.

The generators were connected to form a purposedetip, using PTFE tubing and
flow controllers (Aalborg mass flow controller GFG1Aalborg, Orangeburg, NY) to
obtain air with appropriate pollutant concentrasiorand relative humidity
(Figure 5.3). The air flow through the RH generat@s 300 mL/min and through
the pollutant generator 100 mL/min. The humidifi¢d and the polluted air were
joined using a tee joint and mixed in a mixing cdihe mixed (i.e. humidified and
polluted) air would then enter the reactor. All dennections were made inside the

oven to avoid condensation.
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Figure 5.3: Scheme of the setup, used for flushirthe samples (FC — flow controller).

Flasks with samples were constantly kept in thenate80 °C and flushed with air,
containing 1000 ppb of a respective pollutant af8@RH, every 2-3 days. After
flushing inlet and outlet tubing was closed usitgirdess steel caps (Swagelok,
Solon, OH). A set of control samples was also digptaat the same time, exposed
only to 60% RH and 80 °C, but without pollutanteTlushing setup was the same
for both the control and the other sample setshagollutant generator was still a
part of the setup, but did not contain a pollutpetmeation device during the

flushing.

Reactors, containing the samples, were flushedye2«& days as an assumption was
made that the absorption of pollutants into papas slow enough for the conditions
to remain constant (steady-state) between two ifigstampaigns. As there was 1 L
of humidified polluted air surrounding 14 piecespaiper with a combined surface
area of 112 cf(taking into account both sides of a sample) énsed reasonable
that not all of the pollutant would be absorbed egakt in the relatively short time

frame.

The preliminary experiments were carried out thnees in order to ensure that the

results were reproducible, since further experimeviduld be based on the findings.
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Another reason for repeating the experiment wasalter and improve the

experimental set-up.

In the first and second preliminary experimentsfihghing took 1 h, and in the third
5 min, which is 18 and 1.5 air exchanges, respelgtiAfter the second experiment
the flushing time was shortened significantly, ase condensation was observed in
the flasks. The reason for this were water dropletsning from the humidity
generator instead of humidified air (condensatiocuored somewhere in the tubing).
This resulted in droplets in the reactors, whiath miot evaporate at the same rate as
they were introduced, which means the humiditydeghe reactor is likely to have
been increasing throughout the experiment. Thegefomight have actually been
higher than 60%. Unfortunately no measuring eqeipinsuitable for logging the
conditions during the actual experiment, was ab#&laas most simple data loggers,
small enough to be inserted into reactors, canpetate at 80 °C and 60% RH. To
avoid too much water being introduced into thekflee flushing time was therefore
shortened to 5 min. In the first two experiments samples were exposed for 13 and
in the third for 9 days and flushed five or foumés during the experiment,

respectively.

5.1.2.2. Degradation rate experiments
Based on the results from preliminary experimews pollutants were chosen for
further experiments, AcOH and NOThe effect of the two pollutants at different
concentrations was planned to be studied togethikrtiae effects of temperature and
relative humidity at different levels, to investigapossible synergistic effects. In
order to achieve this, the experiment was desigstatistically. A face centred
central composite design (CCF), using four factmrsthree levels, was used. This
design yields 31 experiments, 9 at the highestlangst temperature and relative
humidity (80 °C and 50 °C, 60% and 20% RH) and fi3ha medianT and RH
(65 °C, 40% RH) [140].

A similar setup was used as in the preliminary expents, however some changes
were made. The same humidity and pollutant genesratere used, although the set-

up was slightly more complicated (Figure 5.4).
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As both pollutants had to be used simultaneousipther pollutant generator was
added to the setup. This increased the total @ollair flow, so the flow had to be
split after the two pollutants were mixed in orderobtain high enough humidity
levels. A trap for water droplets was also addedhat end, to avoid possible
condensation issues. The flows were also adjudieel, RH flow was set to
200 mL/min and the pollutant flow to 25 mL/min, &g the total air flow through
a reactor was 225 mL/min. The reason for the lmw$ was the humidity, as it was
not possible to reach high enough levels with lam@e flows through the V-Gen
instrument. The pollutant flow therefore had tonbkimised in order to reach 60%.
All sample reactors were flushed using the samasetnd air flow, with pollutant

permeation tubes removed for flushing the contedl s

The setup is shown in Figures 5.4 and 5.5.
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Figure 5.4: Scheme of the setup (FC — flow contrelr).
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Figure 5.5: The setup in the laboratory (RH generatr, 2 pollutant generators, and
oven).

The experiments were to be carried out in batchesemnding on the temperature
(1 batch = 1 oven). The experiments at 80 °C wanefirst and were carried out in a
similar way as the preliminary experiments. The @ias were flushed every 2-3
days, and the duration of flushing was 30 min. Mas decided based on the flow
(combined flow was 225 mL/min), so each flask wasHed at least six times during

the flushing period.

The sampling rate depended on the conditions taiwthie papers were exposed. An
assumption was made that the samples, exposed %o BH, would degrade
significantly faster than the ones exposed to lotwemidity levels. The samples,
exposed to the highest humidity were therefore $eangvery five days, with the last
samples being removed after one month. In the oasewer humidity levels the
sampling rate depended on the paper type. Thed&sse acidic samples (Al) were
removed from the flask every five days, the lagré¢fore being removed after one
month, and the rag samples (R) were removed ewrydays, with the last ones
removed after 1.5 months. The other paper typeg wssumed to be significantly
more stable, so the whole experiment lasted 2.5msprwith the samples being
removed every 12-13 days.

While the 80 °C experiment was running, the 50 XBeeiment was also started in
another oven. This experiment was expected toféasapproximately 1 year, with

samples removed monthly (acidic paper 1 and Whatsaanmples) or bimonthly (all
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other samples). The samples, exposed to 50 °C, fhesieed in the same way as
previously described, but less frequently. An agsiion was made that at 50 °C the
reactions inside the flasks were considerably sicivan at 80 °C (following the
Arrhenius principle), so the pollutants and the hdity would get absorbed and
would react more slowly and therefore the flushtngld be less frequent. Based on
this assumption the flasks were flushed weekly.

5.1.3. Sample analysis

The samples were analysed using viscometry to mater the degree of
polymerisation (BS I1SO 5351:2004) [13]. Intrinsicscosity was determined by
measuring the time a paper solution (in cupriethgtkamine, CED) needed to flow
through a glass capillary viscometer and compaitiraggainst the time required for

the solvent only, taking into account the weighthaf paper sample.

DP was then calculated from intrinsic viscosity, gsthe Mark-Houwink-Sakurada
equation [141]:

DP%85 = 1.1[n]. (38)

20 + 1 mg of paper sample was used for each maasuate The average uncertainty
of DP determination was assessed to £ 2%. The visconme¢tgsurement setup is

shown in Figure 5.6.
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Figure 5.6: Capillary viscometer (left and bottom ight), defibred paper sample in
water with copper wire, used to mechanically defibe the samples (top right) and a
cupriethylenediamine (CED) solution of paper (botton middle).

The second analytical method used was colorimetmguthe CIEDE2000 system
(AEoo) [23,142,143]. Although it is quite common to onhyeasure changes in
yellowness of paperbf component of the CIE*a*b* system), overall colour
change was chosen, & was not the only component changing during the
experiments I(* anda* changed significantly as well). Visible region §Yi400 —
700 nm) reflectance spectra were measured using XRite 530
SpectroDensitometer (X-Rite Inc., Grand Rapids, Mdure 5.7) and overall colour

change was calculated according to i, equation [23]:

B = G+ By + (P + Ry(ie) (o, (39)
where

AL =Ly — L (L' =LY, (40)
AC'=C'y— C4 (41)
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C'=+va?+ b? (42)

a=0+Ga" (43)
b = b*

G=05(1- ?7 ) (44)

Cos +257

AH' = 2,/CCysin =Y (45)
and

A = Ny — h'g (46)
h' = tan_lz—: (47)
Ry = —sin(2A0) R, (48)

o’ (h7—275%)1°

Re=2 |=7—; A0 = SOeXp{— [T] } (49)
and

0.015(L'—50)2

S.=1+ (50)
Se =1+0.045C (51)
Sy =1+ 0.015C'T, (52)
where

T =

1—10.17 cos(h’' — 30°) + 0.24 cos(2h") + 0.32 cos(3h" + 6°) — 0.20 cos(4h’ — 63°). (53)

Subscripts 0 and s refer to reference (before tiperenent) and sample (after the
experiment) and kK kc and kg all equal 1 [23].
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The measured area was 3 mm in diameter and angav&Eg, was calculated from
three measurements at different locations on thgka Typical uncertainty ohEq

determination was + 1.5%.

S

Figure 5.7: Colour measurement using the X-Rite 538pectroDensitometer.

CIEDE2000 was introduced as an improvement to thieLAB formula, as it
includes lightness, chroma and hue weighting fomstiand also an interactive term
between hue and chroma differences, which imprdhesperformance for blue
colours, and a scaling factor for the CIELAB component, which improves the
performance for gray colours [23]. It is said to hat entirely without its flaws
[142,143,144], however it is the most accurate oetvailable.

pH of paper was determined using the cold extractieethod. This is a micro-
destructive technique where 25 pL of deionised weteadded to a small paper
sample, extracted from a paper sample using a @d€adproximately 200 pg), and
left for 24 h. The pH of the solution is then measuusing a micro electrode,
making sure the paper sample is not touching thetrelde during the measurement.
The pH meter used was SevenGo Pro™ Portable piNiter SG8 (Mettler Toledo
International Inc.) and the electrode was InLab®ndipH combination electrode
(Mettler Toledo International Inc., Figure 5.8).
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Figure 5.8: pH measurement using the micro electrasl

5.1.4. Degradation rate calculation

Cellulose chain scission rates for individual papgres (all but paper sample L)

were calculated using the Ekenstam equation destiibprevious chapters:

kt=—— —, (12)

k being the degradation ratefime, DPy initial degree of polymerisation aridP

degree of polymerisation determined at time
Colour change rates were calculated in a similgr, waing the following equation:
kt = AEO(),

wherek is the colour change rateis time andAEy is the colour change, calculated

as described above.

Degradation rates were plotted aDR/— 1DPy vs. t, following the Ekenstam
equation, orAEq vs. t, but were not forced through the intercept. THiswes an
initial faster rate, i.e. a two step mechanism,cdbed by several authors [34-38].

Linear regressions were carried out using OrigirB26osoftware.
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5.1.5. GC-MS analysis

As discussed in the next Chapter, the degradattes rdid not show the expected
pollutant-dependence. It therefore seemed postibtehe environments in different
flasks were not as different as planned. Headspeadysis using GC-MS was
therefore performed in four flasks, where samplesewpreviously exposed to 50 °C
and 20% RH or 50 °C, 20% RH and 1000 ppb AcOH, J88®NQ, or 1000 ppb of
each for 50 days.

A solid phase micro-extraction fibore  (Supelco™  SPMEFiber
DVB/Carboxen™/PDMS StableFlex™ 50/30m with Supelco™ Fiber Holder,
Sigma Aldrich, St. Louis, MO) was used for headgpsampling in the four flasks at
20% RH to avoid excessive moisture interferencee $dmpling took 60 min, after
which the SPME fibre was inserted into the GC itgeat 270 °C and the absorbed
VOCs were analysed. The instrument was a GC CB0OOgPerkinElmer, Waltham,
MA), coupled with a Clarus 560 D mass spectrometequadrupole mass analyzer
that employs electron ionisation (El) mode to idgnthe sample. A Supelco
Vocol™ column 60 m x 0.25 mm x 1n (Sigma Aldrich, St. Louis, MO) was
used and the temperature program was: 5 min aC5€hen heating to 200 °C at the
rate of 10 °C/min, after which the temperature kegst constant for another 5 min.

5.2. Dynamic experiments

The main concern in the previous experiments @edil.) was that the pollutants
were being absorbed into paper relatively quickifhich meant that the paper
samples were not constantly exposed to the sametagdl concentration, as the
flasks were only flushed every 2-3 days at 80 °@ ance a week at 50 °C. To
overcome this, an experiment at the same concEmrabut with continuous

(dynamic) flushing, was designed. Along with counbtasly introducing polluted

humidified air into reactors, the experimental petwould constantly remove the
VOCs, produced during paper degradation. This mehast this setup was not
directly representative of the real ageing procéssyever this was not seen as

problematic as the most harmful and abundant VO&C(BH, which was one of the
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investigated pollutants. The effect of VOCs wasefae simplified to the effect of a
constant concentration of the most abundant indeoerated pollutant.

5.2.1. Samples

The same set of samples was used as in the expsidescribed in the previous
section, with the exception of rag paper. As ragnmas, available for the
experiments, were relatively small sheets, a dfieone had to be used for each set
of experiments. They were, however, all producethin19' century and came from
the same batch of rag papers from the Swedish YeshSince approximately a year
had passed sindeP, of all samples was first determined, the measun¢sneere
repeated. Th®P, values used in calculations, based on dynamicrenpats, are
shown in Table 5.2, together wihP, values determined a year earlier. The initial

L*a*b* values, representing the starting colour of samee shown as well.

Table 5.2:DP, values for all papers, used in the following exp@nents, together with
initial pH and L*a*b* values.

SurveNIR
code | sample pH DPg geady- state DPg L* a* b*
Al sur 648 53 560 560 85.58 3.59 17.54
A2 sur 780 5.6 740 680 91.40 0.6} 11.46
B sur 2229 7.4 2260 2330 94.97 2.09 -8.01
R JP 423 51 - 1570 88.65 0.48 11.69
R JP 427 5.4 - 1850 90.1 0.28 10.64
L sur 847 5.2 - - 85.32 2.82 15.49
W Whatman 5.4 2640 2530 96.38 -0.14 0.95

JP 427 was used in preliminary experiments and expenents at 80 °C and 70 °C and
JP 423 was in the 60 °C and low RH experiments.

For preliminary experiments three 2 cm x 2 cm Beoé each paper type were
attached onto a stainless steel spiral and insénteda flask; four flasks for four

different experiments were prepared.

In degradation rate experiments six paper piecesgqaple were used for all paper
types except for rag paper, where only four pieeeie used due to sample shortage.
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5.2.2. Experimental setup

There are obvious instrumental limitations to thgamic approach, where the
reactors need to be constantly connected to thergems. Since only three humidity
generators and two pollutant generators were alajlanly three flasks could be
flushed simultaneously (two with pollutants and owehout), i.e. only three

experiments could be run at the same time. Thisninat the original statistical

experimental design had to be abandoned. Accotditige central composite design
31 experiments would have to be carried out, 9 Dsiinultaneously at the same

temperature, which would only be possible if manyrengenerators were available.

5.2.2.1. Preliminary experiments
Another set of preliminary experiments was carmed similar to the steady-state
preliminary experiments, except that the samplegwew flushed with humidified
polluted air continuously. The aim of the prelimyatudy was to compare the
effects of the most common (e.g. in the Nationaethfef) repository pollutants
again in order to decide which pollutants to ustheafollowing experiments.

The pollutant selection and concentration were Ugithanged with respect to the
preliminary experiments described in section 511.Z’he setup consisted of a
pollutant and a humidity generator, similar to thié previous experiments, except
that the flow through the flasks was now continudos a week. The selected
conditions were 80 °C, 43% RH and 1000 ppb of dupmit. Relative humidity was
selected to be in a realistic range, but in ordemge commercially available and
RH sensors, small enough to fit inside the flaskdjad to be below 45% (the
operational range of the data logger was up to %@t 80 °C). Temperature and
relative humidity were monitored using Signatrol58IH data loggers (Signatrol

Ltd., Tewkesbury), which were inserted into theskis, containing the samples.

Because of the changes in the setup and thereddreeed number of experiments,
the experiment investigating the effect of AcOH, N&hd formaldehyde therefore
had to be carried out in two consecutive sets.

The first two sets of samples were exposed to Ac@td NQ, the third to

formaldehyde and the fourth was the control, whiets flushed in the same way but
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with no permeation tube in the pollutant generétioerefore only exposed to 80 °C
and 43% RH). All the samples were exposed for 1G&le week).

A humidity generator (Instruquest V-Gen™ Dew Pddht/generator model 1) and a
pollutant generator (Vici Metronics Model 150 Dyaélbrator®) were connected by
PTFE tubing. A flow controller (Aalborg mass flowrdroller GFC17) was used to
ensure the appropriate flow into the pollutant getoe to obtain the desired
concentration. After the mixing coil a trap for pidde water droplets was added to

avoid introducing liquid water into the flasks. Téetup is shown in Figure 5.9.

air

FH
generator

poll.

trap

reactor

oven

Figure 5.9: Scheme of the setup, used for flushirige samples (FC — flow controller).

To obtain 43% RH and 1000 ppb of each pollutantP¢ NO, and HCHO), the RH
generator flow was set to 200 mL/min and the patitigenerator to 100 mL/min.

5.2.2.2. Degradation rate experiments
Since the number of experiments was now limitegitoultaneously running two

that involve pollutants and a control (sainand RH, but no pollutants), the decision
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was made to run experiments at 1000 ppb of a réspegollutant, 43% RH and
three temperatures: 60 °C, 70 °C and 80 °C. Thislavallow for extrapolation of
degradation rates to lower temperatures. Pollutantentration was selected to be
no more than two orders of magnitude above realeginditions (10 ppb or 100 ppb

for NO, and AcOH, respectively).

Following the three-temperature experiment, an expnt would be carried out at a

lower relative humidity to explore the RH effectvasl|.

Because of previously described instrumental litinites only three experiments (two
pollutants and control) could be carried out simu#ously. Humidity and pollutant
generators were connected as shown in Figure 5.thanprevious section, for
exposure to both pollutants. When exposing sanplemly one pollutant, a single
pollutant generator was used instead of two. Th@robsamples, which were only

exposed td and RH, were flushed using the humidity generatdy.

Four sets of samples were exposed to 80 °C and RB%Pollutant exposures for
different sample sets were 1000 ppb AcOH, 1000 N@h, 1000 ppb AcOH +

1000 ppb N@and control, which was not exposed to pollutants.

At the lower two temperatures (70 °C and 60 °C)yothiree sample sets were
exposed, 1000 ppb AcOH, 1000 ppb Nod control.

To test the effect of RH on degradation rates,x@eement was carried out at a low
RH, 21%. Due to instrumental limitations and theklaf time a full Arrhenius study

was not carried out, only the control set was egdds 80 °C and 21% RH.
5.2.3. Sample analysis

The DP of all but the lignin-containing paper (L) was e@®@hined according to the
BS ISO 5351:2004 standard [13]. The VIS reflectaspgectra of all samples were
taken using an X-Rite 530 SpectroDensitometer dedcblour change calculated
according to the CIEDE2000 formula. Degradationesatvere calculated as
described in section 5.1.4.

After the degradation rate experiments the pH @epaamples was determined as

well, using the cold-extraction method, describedaction 5.1.3.
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5.2.4. Uncertainty analysis

In complex experiments, described in previous easti uncertainties can originate
from many different sources. Some of them are giitborward to assess, such as
errors in RH or temperature settings, whereas sther difficult to even detect, let
alone estimate. An example of such an error wowddpbtential small leaks in

connections between generators, which could lead koss in pollutant flow and

therefore a lower pollutant concentration. Unlike the steady-state preliminary
experiments described in section 5.1.2.1 and dsscug Chapter 6, no larger leaks
were observed in the experimental setup, so thessilge errors were neglected in

the overall estimation.

The first step in assessing prediction uncertanttas to determine the uncertainties
in degradation rates, used for further calculatioAs degradation rates were
determined for every paper type under different diions separately, the

uncertainties were as well. Degradation rate isnddf as the slope of the line,
obtained when plotting DP — 1DP, versud. The uncertainty of the slope is defined

as the combined uncertainty of Ay) and x Ax), which in this case is:

DP  DPg

%: \/(A(DP DPO))2+ ( )2 (54)

wherek is the degradation rate (i.e. the slope) ansl time. The uncertainties in
measuring time are much smaller compared to thertainties inDP, which depend
on a range of parameters. The second term, dasgribhe time uncertainty, was
therefore dismissed.

The first term depends on the accuracy of the éicalymethod used for determining
DP (or any other measured property), and also onnpetexrs affecting the

degradation process. These are temperature, Rhpa@hdant concentration, so the
uncertainties in determining these had to be asdeasd taken into account. The

equation therefore becomes [145]:

ﬂ _ DP DPo ADP. ARH , Ak
e T G G G

DP DPO

Ak,

o il G o (55)
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whereks is the temperature-dependent degradation rate&kaisdthe concentration-
dependent degradation rate (because these twaseffiecnot linear the uncertainties
in rates had to be taken into account). Two assomptare made to simplify
uncertainty determination, additivity of tempera&twand pollutant effects and their
independence. Although this might not necessainlyg Ifpollutant effects might be
temperature dependent as well), it was assumed todpod enough approximation
for the purpose of assessing uncertainties. TAand ¢ dependence are not as
straightforward as RH dependence (which was assumbd linear for the purpose
of determining uncertainties), the uncertaintiesdates had to be calculated, rather
than just taking into account the uncertaintie3 imndc measurements directly. For

T this means:

—Eq -Eq
Akt eRTmax — e RT
k - —Eq ’ (56)
T e RT

where T is the set temperature, used in calculations, Bpg is the maximum

deviation from that value. Actual errors in concahbn are not known, as the
concentration in sample flasks was not measureduicertainties were calculated
from permeation device and generator specificatibhe manufacturer provides the
permeation rate, together with the uncertainty, dach permeation device. These
were used as concentration uncertainties, as ctaten is linearly dependent on
the permeation rate. The concentration-dependetd tmcertainty was then

determined as:

Akc _ kmax c kc
i — (57)

where k. is the determined degradation rate at the set erdration, used in
calculations, andkmax ¢ IS the degradation rate, calculated at the conrateon,
obtained at the highest possible permeation ratiéahighest end of the uncertainty
interval). The maximum degradation rate at the ésgjltoncentration was calculated
using extrapolation, assuming a linear effect ef ¢tbncentration on the degradation
rate. Uncertainty calculation for chain scissioteraf acidic paper 1, exposed to
1000 ppb NQ@ at 80 °C is shown below (chain scission result$ @therwise be
discussed in Chapter 7).
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Ak gy ADP\?>  /ARH\? [Akp\?*  [Ak\?
- |Gp) + ) + (%) + (%)
kaq DP RH ky ke

—57800# —57800#
_ o022 4 3.43% N e R*3535K — e R*353.15K N 3.40 % 1075 —3.03 %105 5
B ' 43 ~57800-L 3.40 * 105
e R*353.15K
= 1/0.022 + 0.07982 + 0.01972 + 0.1202 = 0.147 (58)
AkAl = 014‘7 * kAl = 4‘4‘6 * 10_6day_1 (59)

As can be seen from the example above, the largastribution to the rate
uncertainty comes from uncertainty in concentratia from the uncertainty in the
permeation rate of the permeation device. The tmrtion of temperature is actually
the smallest, despite the rate’s exponential degrased onT, as the temperature of

the oven, where experiments took place, was cdatrolell.

The rate uncertainty, determined from linear regjms is of the same order of
magnitude, in this example larger by approximatalfactor of 2 (discussed in
Chapter 7). This shows that the contribution ofadstatter is comparable to the
uncertainty calculated above. In order not to uesi@mate the overall uncertainties
of degradation rate predictions, both determineckrtainties (i.e. the calculated one
and the one, determined from linear regression)ewembined (Equation 60),
although the data scatter partly arose as a coasequof the uncertainties in the
environmental test conditions, described above.s Timeans that the assessed
uncertainties are probably to an extent overeséthat

ﬂ _ Akcalculated+Akregression (60)

k k

Similar to the degradation rates, linear regressiooertainties and concentration
dependencies were different for different paperesyphe overall uncertainty was
calculated for each type and set of conditionsvididially. The actual uncertainties
therefore differ according to paper type, tempesmtiRH and pollutant conditions
(uncertainties in permeation rates were differemtXcOH and NQ and the control

samples were not affected by uncertainties in patiuconcentrations).

129



5.2.5. Extrapolation of degradation rates

In order for the degradation rates, obtained froenexperiments described in section
5.2.2.2, to be useful for assessing the behavibpaper in real archival conditions,
the rates had to be extrapolated to room conditioath in terms ofl and pollutant

concentrations.

5.2.5.1. Arrhenius study
Chain scission and colour change rates descrilbridresere used to calculate linear
regression according to the linearised form ofAmenius equation:

Ink=-214na (61)
RT

The uncertainties obtained, as described in theique section, were used as error
bars for data points in the linear regressionsh@Bgradation rate is one data point
and three data points, i.e. degradation rates redddaat 80, 70 and 60 °C, were used

for each regression) (Equation 62).

6z = 8(Iny) ~d(Iny) = ‘Sy—y (62)
therefore
6z = &, (63)

Which means the data points can be plottedlas kk/k.

Linear regression was carried out using OriginP® sbftware. Lines were drawn
using linear regression with errors as weightshwilirect weighting instead of
instrumental weighting. Instrumental weighting wibweight the points with smaller
errors more, which was undesirable, because ond thoints were used. Line slopes
and intercepts with standard errors were obtaimedused to calculate the activation

energy E, and the pre-exponential factéy, from the Arrhenius equation.

Arrhenius plots, described above, were used toigreldkgradation rates at lower

temperatures. As described in Chapter 4, the reemsed temperature for the

Nationaal Archief is 18 + 2 °C. Temperature monitgrshowed that the actual

temperature was within those limits, with 18 °Ctle repository with air filtration
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and 19 °C in the repository without air filtratiohverage temperature at The
National Archives (UK), measured in 2009, was samill9 + 0.4 °C [146].
Degradation rate extrapolations were thereforeezhiout to 18 °C. Predictions were

made for each paper type and pollution conditiqrasztely.

Arrhenius plot slope uncertainty intervals were duse calculate uncertainties in
degradation rates at lower temperatures. Obtaiegdadation rate uncertainties are
asymmetrical, which is a consequence of recalagatie symmetrical intervals of a
logarithmic quantity (k) into non-logarithmic values, following the Arrhas
equation. As asymmetrical uncertainty intervals d@iffcult to present, degradation
rate minima and maxima were calculated (see Appeldifor an example of

calculation).

5.2.5.2.  Realistic pollutant concentrations
The experiments presented here were carried aléwedted pollutant concentrations,
generally one or two orders of magnitude highen tiwaat would normally be found
in an archival repository. To predict degradation paper in realistic archival
conditions, extrapolations to lower pollutant camcations were carried out from the

degradation rates, obtained for 1000 ppb.

A linear dependence of the degradation rate onptbiitant concentration was
assumed and the degradation rate of the contrgbleaniexposed to the sareand
RH, but no pollutants) was taken as the referermet ({fi.e. ‘zero’). Assumptions
made here are different to the ones used for ialatipn, proposed by Tétreault [73]
when he introduced the dose concept in which cdretgon, multiplied by time, is a
constant. The main difference between the two agmbres is that Tétreault's uses no
degradation as the reference point, whereas theadiggon rate with no pollutants
was used as the reference point here. This takesattount the assumption that
paper will degrade even in the absence of pollstaDegradation rates at lower
concentrations were therefore calculated from theagon, describing the line,
connecting degradation rates of the control sangpld the sample exposed to
1000 ppb.

This interpolation is based on two assumptions fitlse being linear dependence of

the degradation rate on the pollutant concentratioth the second thdt and RH-
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induced degradation and pollutant-induced degradadre additive processes (the
overall degradation rate is the sum of the ratiectgd byT and RH, and the rate,
affected by pollutant exposure). This might not dagtirely correct, as pollutant
effects might depend oh and RH as well, e.g. pollutant absorption is terapge-
dependent and pollutant dissociation, leading toreiased acidity and possibly
damage, is RH-related. These relationships, howarer difficult to decouple and
therefore study, and much more research would bairesdl to understand them
better. Additivity of effects is therefore the begiproximation currently available

without additional research at different pollutaohcentrations and and RH levels.

Degradation rate minima and maxima, described enpifevious section, were used
to calculate uncertainty intervals of interpolatedes. Interpolations were made
across two orders of magnitude and rates were lesclifor pollutant concentrations

of 10 and 100 ppb (see Appendix B for an exampleatfulation).

5.3. Assessing the lifetime of paper

Degradation rates at realistic environmental comalit were obtained for five
representative historic papers and one model pasedescribed in the previous

section. They could then be used for predictinditeémes of paper.

Paper permanence has previously been evaluategrasented in different ways, all
in attempt to describe how different conditionsvigznmental or the paper type
itself) will affect its degradation. As describedl Chapter 2, different approaches
have been introduced so far, from loss of a meclaaproperty by a certain percent
[40,52], to very well received isoperms, introdutsgdSebera [54].

As these approaches give little idea of how lompeument can still be used, before
it becomes ‘too degraded’, a different approach talien here. Lifetimes of paper
were considered to be a better measure of compatifigrent environmental
conditions and paper compositions. Lifetimes arfendd in terms of the purpose, a
document is used for, and the property of papé&caing that particular purpose. For
example if a document is to be handled safelye@ds to be mechanically stable. On
the other hand its mechanical properties can benrpaorer if a document is only to

be displayed and handled infrequently and by tdiipeofessionals. For display
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purposes, however, the colour of the document cbaldery important. Lifetime is
therefore defined as the time needed until pape&isonger usable for particular

purpose, which could either be handling or display.

Handling lifetime is defined as the time neededtf@ papeDP to decrease to the
safe handling threshol@P = 300 [14,47]. With a known startigP and a chain
scission rate, extrapolated from the experimenidegsribed in the previous section

(5.2.5.), the lifetime can be calculated from theiistam equation:

1 1
kDPthandling =~ 300 DPy (64)

Handling lifetime is therefore defined similarly tioe lifetime of paper insulation in

transformers [6], although with a higher threshadtlie for safe handling.

Display lifetime is defined as the time needed gaper to reach a value aky,
which is perceived as unacceptable. The definitiotipduced by Ashley-Smith et
al. [147] for a museum environment, was used. Aowoldifference of 1.5
CIEDE2000 unitsAEq = 1.5) was selected as ‘perceptible change’ (P@)1® PCs
were suggested as a ‘life’ of an object. Displdgtime was therefore calculated,

using extrapolated colour change rates and thewolg equation:
kAEtdisplay = 15. (65)

When discussing display lifetimes it should be ddteat photo-induced degradation
was not included in the experiments, discussed. Wdtieough light is known to be
an important factor in paper degradation [4,65,68]1 it does not contribute
significantly to paper degradation in an archivavieonment, where documents are
stored in the dark, and investigating effects inamohival setting was the main
objective of this project. Display lifetimes areethfore calculated excluding photo-
induced degradation, which means the papers walidaxtually reach them if they
were mainly kept in the dark and only illuminatedrequently. Photo-induced
degradation could also lead to both bleaching atldwing, and only yellowing (or
darkening) was investigated here. The aim wasmg@rédict exact lifetimes, but to
quantitatively compare effects of pollutants onocol change in realistic archival

conditions.
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5.3.1. Uncertainties in lifetime assessment

Uncertainties, obtained from linear regression,cdbesed in section 5.2.5.1, were
used to calculate uncertainties in lifetime pradits. When the uncertainty intervals
for expected lifetimes are calculated in years, Umcertainty intervals are
asymmetrical, which results from asymmetrical ddgt@n rate uncertainty intervals
and is a consequence of recalculating the symmaétimtervals of a logarithmic
quantity into non-logarithmic values. An examplditdtime calculation is shown in

Appendix B.
5.3.2. Conclusion

Six paper types (five real historic papers and aeh@aper) were chosen for
experiments. Based on their properties they wdezissal to represent a real archival

collection.

Experiments were designed to investigate paperadatjon in the presence of the
most abundant pollutants in a typical archival ssooy. Originally, a statistical
experimental design was created to carry out stetatg experiments in closed

reactors with regular flushing of samples.

The experimental setup was then changed to a dgnsysiem, where the samples
were flushed continuously. Due to instrumental fations of a dynamic system the
original statistical design was abandoned and éxgerts were carried out as an

Arrhenius study.

The methods used to assess degradation rate unttestaand extrapolate (or
interpolate) them to room condition$ &nd pollutant concentration) are explained.

The method used to predict paper lifetime throughiois thesis is shown as well.
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6. Steady-state experiments

Experiments were carried out as described in tlewipus Chapter, starting with
preliminary experiments to determine to most hatnpfollutants in an archival
environment. These were followed by experimentssigied to determine

degradation rates at differeitRH and pollutant concentrations.

6.1. Preliminary study of the effects of pollutants on pper degradation

Results of preliminary experiments are presente@nms of the difference between
the DP before and after degradation rather than deg@uatite, as the papers were
only analysed after the experiment and comparedgapers, not subjected to
accelerated degradation. This also maREsresults more comparable to the colour
change results, as those are presentedEas values, calculated fronh*a*b*
measurements before and after accelerated degnadadither than colour change
rates, as well. The results of the first prelimynagxperiment are shown in
Figures 6.1 and 6.2. All paper samples were degradéhe same reactor, including
the L sample, not shown in Figure 6.1.

I control
I acetic acid
0.9 1 [ I nitrogen dioxide
1 [ ]formaldehyde
0.8 4
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Figure 6.1: First preliminary results, difference between theDP before and after
degradation, error bars represent the difference bisveen two duplicates. T = 80 °C,
RH = 60%, G,oi = 1000 ppb, 13 days.

The graph shows the loss DP during the experiment, represented Dy / DP,.

The error bars are based on two replicates, i.e.pgwces of paper exposed in the
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same reactor and analysed separately. Significagtadation occurred during the
13-day experiment, as th#P values decreased by at least 20% even for theatont
samples. The papers exposed to AcOH or, Megraded significantly more than
those exposed to formaldehyde and the control groke effects of AcOH and NO
are also comparable, whereas the effect of fornhgldie is significantly smaller. The
DP of the acidic and one of the rag samples decretsatiout half of its original
value when exposed to N@r AcOH, which suggests a very significant effetcthe
pollutants on these two paper types. Formaldehgdethe other hand, had hardly
any effect on acidic papers and some effect onwlerag samples and Whatman
paper, but less than N@r AcOH. The effects on alkaline paper are nos@néed as
the originally used sample was not suitable focemsetric analysis. The paper was
not dissolvable in cupriethylenediamine, solventedusfor carrying out the
measurements, probably due to the presence ohligmiis sample was discarded is
therefore not described in Table 5.1. As a resuthis, a new alkaline sample was

selected for future experiments (described in Taklen the previous Chapter).
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Figure 6.2: First preliminary results, colour change. Error bars represent standard
deviation based on three measurements. T = 80 °CHR= 60%, G,y = 1000 ppb,
13 days.

The graph shows colour change during the firstiprehry experiment, obtained by
comparing the samples before and after the expatin®ollutant effects on colour

change were similar to the effects b loss. AcOH and N@seem to promote

136



colour change considerably more than formaldehydech has a very small effect
and is comparable to the control. A significaneetfof formaldehyde could only be
observed for the alkaline and lignin-containing pem Colour change was the
largest for the alkaline sample, upA&q = 15 for NQ exposure. The acidic sample
1, one of the rag samples and the lignin-contaisiagple were more affected by
AcOH than NQ.

To ensure these results were repeatable, anotiperierent was carried out under

the same conditions. The results are shown in Egy6r3 and 6.4.
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Figure 6.3: Second preliminary results, differencdetween theDP before and after
degradation, error bars represent the difference bisveen two duplicates. T = 80 °C,
RH = 60%, G,oi = 1000 ppb, 13 days.

Again the graph show3P loss, represented [P / DP,. The results, obtained from
the second experiment, were very different compé&wdtie ones, obtained from the
first. No pollutant effect could be observed for sheamples, rag and Whatman
samples even seemed to have degraded the mostaomdil conditions. The flasks
seemed to be closed well, which means an air lea& mot the reason for this

unexpected behaviour.
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Figure 6.4: Second preliminary results, colour chage. Error bars represent standard
deviation based on three measurements. T = 80 °CHR= 60%, G,y = 1000 ppb,
13 days.

Similar toDP loss, colour change in the second experiment sg@wieto be affected

by pollutant exposureAEqy also reached higher values compared to the first
experiment for all samples, except the alkalineictvithanged colour significantly
less. No trend could be observed and similar toDReloss results, the control
conditions seemed to be the most harmful for séwamples (alkaline, both rag
samples and lignin-containing sample). As explaimedection 5.1.1.2. the control
samples were flushed in the same way as the dihee sample sets, which means
there was no additional VOC build-up, resultingnfrgpaper degradation (the air

exchange was the same in all sample sets).

There seemed to be no pollutant effects at alh looterms ofDP loss and colour
change. No trends could be observed and genefalyextent of degradation and
colour change under different conditions seemeteqandomly distributed. As this
was very unexpected and unusual, it raised susand a flaw somewhere in the
setup. A leak in the tubing, leading to the polhitgenerator, was indeed discovered,
which meant the air flow to (and consequently frdirg generator was much less
than expected. As this meant the results couldchbgibe discarded, a third set of

preliminary experiments was carried out.
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The setup and the conditions were mostly unchar(gedept for replacing the
leaking tubing), although the flushing time was réfiwed to 5 min to minimise
condensation and exposure time was shortened febrto ® days, due to lack of

time. The results are shown in Figures 6.5 and 6.6.
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Figure 6.5: Third preliminary results, difference between theDP before and after
degradation, error bars represent the difference bisveen two duplicates. T = 80 °C,
RH = 60%, Goi = 1000 ppb, 9 days.

The DP loss results appeared to be similar to the fes$ preliminary experiments.
The effect of NQ and AcOH on acidic papers was significant in congoa to
formaldehyde and control conditions. Hardly any rdegtion was observed for
alkaline paper regardless of pollutant exposurés Was expected, as alkaline paper
has some alkaline reserve, which makes it morsteedito hydrolytic degradation,
and a high initiaDP. Unexpectedly the two rag samples behaved diftlrewith
significant formaldehyde effect only observableome of them. The error bars for
rag samples, however, were significantly larger parad to the other samples. The
missing error bars for one of the rag samples (R &0e due to one of the control
samples being discarded as it was observed to &avater stain, which could bias
the results (paper degradation in direct contadh water may be different to
degradation at 60% RH). The reason there is na baofor the R 807 exposed to
NO; is that both parallels gave exactly the same tel$wan, however, be concluded

that at least N@at 1000 ppb had a significant effect on the degfrad process. All
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papers degraded to a lesser degree compared fosthset of experiments as this
experiment was shorter, but the degradation tremae similar (especially compared

to the second set).
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Figure 6.6: Third preliminary results, colour change. Error bars represent standard
deviation based on three measurements. T = 80 °CHR= 60%, G,oi = 1000 ppb, 9 days.

For most paper types the colour change was mostopred if the samples were
exposed to N@ AcOH also had a considerable effect on some payees,
especially lignin-containing paper. Overall the awol changes were smaller
compared to the first set of experiments, as weeedifferences between different
pollutant conditions. The reason for that is notyashorter experiment time but
possibly also shorter flushing time (only 5 min gared to 60 min), which meant
that less pollutant was actually introduced inte tlask. An assumption was made
that the conditions inside the flask were steadigeahe flushing was complete and
flask closed. The second assumption was that thehifig time was not that
important as long as all the air inside a flask wedaced during flushing (1.5 air
exchanges was thought to be enough to achieveahdtjhe third that there was no
cross-contamination of the samples, since thenaidé a reactor was replaced every
2-3 days. The assumptions later turned out to Ise favhich will be discussed in the

next chapter.
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However, even at shorter flushing times (and anravehorter experiment) the
degradation trends were similar in the first anddtet of preliminary experiments.
The effects of AcOH and NOwere not as obvious and significant as in the firs
experiment, but there was still indication thatséaéwo pollutants are more harmful
to paper than formaldehyde. Based on these refAdBH and NQ were selected

for further experiments.

6.2. Degradation rate experiments — effects of pollutas in steady-state

conditions

To observe the effect of pollution on paper degtiada experiments performed at
the same RH were compared first. Four experimemsflasks) were carried out at
60% RH and four at 20%. Out of the four, one iduyiaht-free (the samples were
only exposed to elevated and RH), and the other three contain 1000 ppb AcOH
1000 ppb N@and 1000 ppb of each pollutant, respectively.

Results for acidic paper 1 at 60% RH are showniguré 6.7. The graph shows the
degradation rate (chain scission rate), plotted &P — 1DPy) as the dependent and
time (in days) as the independent variable, follmyithe Ekenstam equation
(Equation 10). All of the following degradation eagraphs will be plotted in the

same manner.
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Figure 6.7: Chain scission rates of paper sample Adt four different conditions at
80 °C, 60% RH. The lines represent chain scissiomtes and were created using best-fit
linear regression.
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Interestingly, the degradation rate was the higl@sthe control sample, i.e. the
sample not exposed to any pollutants. There wasigroficant difference between
the other three conditions (each pollutant seplyrad@d both combined). The
degradation actually being the fastest in the patitifree flask indicated that the
pollutants did not have a negative effect on pajegradation under these conditions,
which was unexpected. A possible explanation f@ thight be that not enough of
the pollutant was introduced into the flask durihg flushing to actually ensure
different conditions in different flasks betweerotilushing campaigns or this might
be due to an unknown systematic error in the expetal setup. Results for all
paper types appeared very similar as the degradatias always the most
pronounced for the sample set, which was only eeghas T and RH (the control).
No trend concerning degradation rates under ther dtinee conditions was observed.
The rates were very similar within the same papyge,t but seemed randomly
distributed in terms of magnitude for different lptdnt conditions, again indicating
no pollutant effect. Linear fits for all real papsamples were relatively good
(R*>> 0.8, mostly above 0.9) and satisfactory for Wt paper (R> 0.7). The
linear regression data for all samples is showthenAppendix C.

At 20% RH the chain scission rates, obtained umliféerent pollutant conditions,
were quite similar, with some differences obsergabhly for acidic sample 1
(Figure 6.8).
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Figure 6.8: Chain scission rates of paper sample Adt four different conditions at
80 °C, 20% RH. The lines represent chain scissiomtes and were created using best-fit
linear regression.

The slope K, rate) appears larger for the samples, exposeti@g and both
pollutants combined, compared to the control andWic The scatter of data,
however, was quite significant especially for thantcol set, so it is difficult to
conclude the differences are due to anything othan experimental uncertainty.

The chain scission rates for the acidic sampleezhown in Figure 6.9.
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Figure 6.9: Chain scission rates of paper sample A& four different conditions at
80 °C, 20% RH. The lines represent chain scissiomtes and were created using best-fit
linear regression.
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All four degradation rates are comparable. Takmm iaccount the scatter of data
there was no significant difference between theptesn exposed to pollutants and
the control, or between different pollutants. Tkedwviour of alkaline and Whatman
paper was very similar (with the exception of sornatvlarger data scatter for
Whatman paper), with no significant differencesassn the degradation rates under
different conditions (see Appendix C for all regries data). Chain scission rates of

rag paper were somewhat different and are showigure 6.10.
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Figure 6.10: Chain scission rates of paper sample & four different conditions at
80 °C, 20% RH. The lines represent chain scissiomtes and were created using best-fit
linear regression.

Degradation rates of rag samples, exposed to th&ioation of both pollutants,
seems significantly higher compared to the othezetltonditions. The first two data
points (i.e. samples) under this condition, howeweere the lowest of the four
different conditions and generally all the data np®i seem very scattered.
Conclusions on significant pollutant effects caeréfore hardly be drawn from this

graph.

The graphs generally show that the samples, expospdllutants, did not degrade
any faster compared to the control samples, onhosad toT and RH. In fact, the
highest degradation rates were obtained at 60% &Hcl is unsurprising) and no

pollutants (which was surprising). This was theecfas all different paper types.
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Colour change of the acidic sample is shown in fedgull. The graph shows colour

change rates, plotted ady, against time (in days). All following graphs shogyi

the rate of colour change will be plotted the savag.
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Figure 6.11: Colour change rates of paper sample Adt four different conditions at
80 °C, 60% RH. The lines represent colour change tas and were created using best-fit
linear regression.

The largest colour change was observed for theraosample set, although the

differences between the four rates were small gdbfices between the control and

NO, and AcOH and both pollutants combined are insigaiit). These results

indicate no effect of pollutants at the experimegtanditions, and it seems likely

that the predominant effect was that of relativenitdity. Very similar results were

obtained for all paper types. The order of colobarge rates differs according to

paper type (similar to degradation rates descremtier), although the differences

are very small (see Appendix C). Slightly differdmthaviour was observed for

lignin-containing paper (Figure 6.12).
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Figure 6.12: Colour change rates of paper sample &t four different conditions at
80 °C, 60% RH. The lines represent olour change ras and were created using best-fit
linear regression.

The slope is the largest for the samples, expts@tD,. The actual colour change
(AEqo value), however, was the largest for the contamhgles, similar to the other
paper types. Considering this and the data scat@vuld be concluded, that the
difference between the control and N€ts is not significant. The same conclusion
can be made for the AcOH and both pollutants sasgtie

Colour change rates for acidic paper 1 at 20% R+shown in Figure 6.13.
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Figure 6.13: Colour change rates of paper sample Adt four different conditions at
80 °C, 20% RH. The lines represent colour change tas and were created using best-fit
linear regression.
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The results show clearly that pollutants, introdlirgo the flasks periodically during
short periods of flushing, did not have an effentamlour change. The effect of
elevated RH, shown in Figure 5.19, was confirmedthig low-RH experiment,
where the observed colour change was very snigho(< 3) under the same
pollutant conditions. Considering that measurenuggertainties can be in the same
order of magnitude (as shown in the results ofipiabry experiments) and that the
data points seem randomly distributed it can beclogied that no significant effect
was observed for acidic paper Z\Rilues are accordingly low as well. Larger colour

changes with less data scattering were obtainedcidic paper 2 (Figure 6.14).
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Figure 6.14: Colour change rates of paper sample A2 four different conditions at
80 °C, 20% RH. The lines represent colour change tas and were created using best-fit
linear regression.

Scatter of the data was less pronounced for thpempgype, however there was still
no significant effect of any of the pollutant cotmoins. There was no significant
difference between the four colour change ratessandar results were obtained for
alkaline and Whatman paper as well. The same laektend was observed for rag
and lignin-containing paper, although there seetoeble some difference between
the rates. Data scatter, however, was larger #ordalj and lignin-containing samples,

so the differences are hardly significant (see AplpeC for all regression data).

Similar to theDP change, the colour change seemed independent |nftgmd
presence, as the rate of change at 20% RH wasabgsibe same for all four

conditions and no repeated pattern of pollutant«ed degradation was observed.
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The colour change rates under the four differediufant conditions did not differ
significantly for any of the paper types. At 60% RH four rates were very similar

as well and no trend (in terms of pollutant effexiyld be observed.

At this point the experiment at 50 °C was alreadiyning. As an assumption was
made that some degradation would be observed imrahm(at least for the most
sensitive acidic paper 1), the first samples (AH &) were removed to check
whether a pollutant effect could be observed at&O0Since one data point is not
enough to calculate the degradation rate accurataly DP values before and after
36 days of degradation under different pollutarmditions were compare@P/DPy
for acidic paper 1 and Whatman paper at 60% RHHasva in Figure 6.15.
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1.05 - [ 1w
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0.80 -

control AcOH NO2 AcOH + NO2

Figure 6.15:DP/DP, after 36 days for paper samples A1 and W at 50 °@nd 60% RH.

Since the temperature was low, not much degradatamobserved in the relatively
short experiment time. Still it seems like the shapexposed to NOand the
combination of both pollutants, degraded slightigrenthan those exposed to AcOH
and no pollutants. To check, whether what was eesewas significant or not, the
results obtained at 20% RH were compared as wigju{€ 6.16).
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Figure 6.16:DP/DP, after 36 days for paper samples A and W at 50 °Cnal 20% RH.

Interestingly, the exact opposite was observedhat lower RH. The samples
degraded the least when exposed to,N@hich is the opposite of what would be
expected. Similar to the results, obtained at 80 th® most degradation was
observed for the control sample of Whatman papdrtha acidic sample behaved

similarly under the control conditions and when@sgd to AcOH.

Overall it can be concluded there was no signiti¢and repeatable) pollutant effect
at 50 °C, similar to the results obtained at 80 °C.

6.3. Problems and outcomes

Based on preliminary results and literature revi®hapter 3, section 3.2.) it seemed
unlikely that 1000 ppb of either pollutant would veano observable effect
whatsoever. Based on previous experiments [1484& known that VOC absorption
rate increases significantly when the temperatsii@dreased. This could mean that
the pollutants were quickly absorbed into papeasrdftishing the flasks and therefore
the concentration in the flask was no longer 1000, fout significantly less. If a
speculation was made, that all the pollutants vedasorbed into the paper samples
soon after flushing, it could be concluded, that ‘@gnvironment’ in all four flasks at
the same RH was roughly the same, which would @xptee same degradation rates

(within experimental uncertainties).
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As it seemed like there really was no differencevieen the conditions in the four
flasks at the same RH level (containing no polltgad000 ppb AcOH, 1000 ppb
NO, and with 1000 ppb of each), the atmosphere inkde flasks was analysed
using GC-MS.

There was no analytical technique available to mm@asuch a small amount of NO
as the most common techniques are diffusion tubes active-sampling

chemiluminometric analyzers, which both requirewimlarger quantity of air. Only
AcOH could therefore be determined and used as@ination of processes inside
the reactors. It is known that GC-MS is not théntegue of choice for quantitative
AcOH analysis, however it should be suitable fomisquantitative assessment.
From previous work on VOCs emitted from paper [149as known that a peak for
AcOH can be observed, so AcOH concentrations cbaldompared at least semi-

guantitatively between flasks.

As shown in Figure 6.17, some peaks were obsetwgdione of them belonged to
AcOH. This was the case in all four flasks, which gave almost identical
chromatograms. This means the conditions were thdeeghly the same in all of

them and that AcOH is most likely to have been dimibinto the paper.
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Figure 6.17: Chromatograms of all four 'environmens’, after exposure to 50 °C,
20% RH and pollutants for 50 days, the sampling wasarried out through a septum.
The chromatograms overlay almost perfectly, if AcOHwas present, a peak would be
present at cca. 10 min.

This confirmed the assumption that the flasks vgd@imples were not flushed often
enough to ensure steady-state conditions, so likety that the conditions in all
flasks were in fact very similar. This is why thegdadation rates under presumably
different pollutant conditions were not significegndlifferent and no pollutant effect

could be observed.
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6.4. Conclusion

Preliminary experiments showed that Né&nhd AcOH have more effect on paper
degradation than formaldehyde and were therefdeeteel for further experiments,
planned according to a statistical experimentalgiedn experiments, carried out
fully at 80 °C and only partly at 50 °C, no sigoént difference between different
pollutant conditions was observed, which was mi&styt due to pollutant absorption
into paper. This implied the assumptions, made wdemigning the experiment, were
incorrect, and the experimental design thereforkthabe discarded. This meant the
experimental setup and procedure were rethoughtreselsigned. The results did
show, however, that both chain scission and cotbiange are linear processes and

chain scission can be evaluated using the Ekenstgation.
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7. Dynamic experiments

Following the first set of steady-state experimemthich showed no increase in
degradation rates in the presence of pollutantOfA@and NQ) presumably due to
quick absorption, another set of experiments wasgded to further investigate the
possible effect pollutants might have on paper aégpion, as described in Chapter 5
(section 5.2).

7.1. Preliminary dynamic study

Preliminary experiments were carried out firstngdstigate the effects of the most
abundant pollutants in an archival environment,ilaimto the previous Chapter
(section 6.1)DP loss for all paper types after a week exposurdtéC, 43% RH
and 1000 ppb of a pollutant is shown in Figure 7.1.
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Figure 7.1: DP before and after degradation (expressed d3P/DP,) for all paper types
after one week exposure to 80 °C, 43% RH and diffent pollutants. Error bars
represent the standard error, based on three samplearallels.

All paper types have degraded the least when npbsed to pollutants. The
differences betweeP loss for the control samples and those, exposedlitotants,
were generally not within uncertainty intervals,igbhindicated a significant effect.

For all paper types the degradation was most proeeal for samples, exposed to
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NO,, with theDP loss significantly larger compared to the contidhatman paper,
exposed to N@ degraded significantly more compared to otherepajypes.
Alkaline paper (B) only degraded slightly when es@d to NG, however no
degradation was observed in any other conditiome@dly, exposure to AcOH
caused more degradation compared to exposure toafdehyde, however both
effects were of the same order of magnitude. Baidi@ papers and rag paper
behaved very similarly, being most affected by,Nfdd less affected by AcOH and
HCHO.

As degradation was more pronounced in the presehpellutants,DP loss results
were also compared relative to the control sam(flegire 7.2).
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Figure 7.2: DP before and after degradation, relative tadDP before and after
degradation of the control sample DPpiutan/ DPo) / (DPcontra/ DPo) for all paper types.
Error bars represent the standard error, based onliree sample parallels.

The horizontal gridline at DPpoiutan{ DPo) / (DPcono/DPg) = 1 represents no
pollutant effect, i.e. the sample in the presenfca pollutant would degrade to the
same extent as the control sample. This was the wéb acidic 2, alkaline and
Whatman paper exposed to formaldehyde and alkadaqer exposed to AcOH

(within uncertainty intervals).

NO, was the most harmful pollutant regardless of tygep composition. This is not
entirely surprising, as NOs a good oxidant (section 3.2.) and can alsot re&t
water, adsorbed in the paper fibres, which yielti®uns (HNQ) and nitric (HNQ)
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acid. K, of both acids are below the pH values of all pap&.4 and -1.4
respectively), which means they would dissociat@aper easily, producingz8",
which catalyse hydrolysis. AcOH had some effecalbsamples, except the alkaline
sample (B). Sample B presumably had enough alkaéserve, which reacts with
acids and therefore neutralises them, to not leett by 1000 ppb AcOH. Problems
with the alkaline paper may, however, occur afbeglterm exposure, if the alkaline
reserve was consumed by AcOH. Formaldehyde couldximésed by the oxygen,
present in the flasks, to form formic acid, whiabuld consequently hydrolyse and
therefore cause damage, however the exposure eefyed to affect acidic (A) and
rag (R) paper.

Pollutant exposure also had some effect on theucobd samples (Figure 7.3),
assessed according to CIEDE200&d).

B control
_ [ acetic acid
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g A
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Figure 7.3AEq for all paper types after one week exposure to 8, 43% RH and
different: pollutants.

Similar to chemical properties, optical propert@sthe papers, exposed to NO
generally deteriorated the most. The change wast mpmounced for lignin-
containing paper, which is unsurprising, as colthange is known to be particularly
pronounced in lignin-containing papers [40]. Thgngicant colour change of lignin-
containing samples, exposed to N@Was probably due to the presence of lignin

increasing the paper’s sensitivity to oxidation][58lkaline paper changed colour
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significantly due to N@ exposure as well. The effects of AcOH and formiaydie
were similar and unlike the chemical propertieg tolour seemed to be more
affected by the presence of formaldehyde, excepadéalic paper. The differences
between the two pollutants are, however, fairly Iknaad mostly within the
experimental uncertainties. The colour changesewée smallest for control
samples (for all real papers), indicating that yiaiht exposure in this concentration
range (1000 ppb) does have an effect on the coliopaper.

As could be observed from boP and colour measurements, N@enerally causes

the most damage to paper of several different caitipos. It is worth noting though

that AcOH concentrations in repositories and eslgciarchival boxes are

significantly higher than those of nitrous oxidesd formaldehyde concentrations
are the lowest of the three [105]. Although exttapon to room conditions is

necessary, there is therefore some indicationithat real repository the effects of
AcOH and NQ would be comparable and the effect of formaldehwarild be

minimal.

7.2. Effect of pollutants at different temperatures

As NO, and AcOH had the most effect bi® decrease and colour change, they were
selected for further experiments, similar to thes(iccessful) experiments, described
in the previous Chapter. The initial concentratioh each was 1000 ppb. The
experiments were performed at 80 °C, 70 °C andd@arid 43% RH. As mentioned
before, the RH level was selected to be in a fiealiange for Nationaal Archief (and
archives in Northern Europe and Northern Amerisajce the pollutant effect could
depend on humidity as well (e.g. hydrolysis notkded because of the absence of

water or pollutant effect overpowered by the eftgfica high RH).
7.2.1. Chain scission

Degradation rates were plotted aBR/— 1DP,, following the Ekenstam equation,
but were not forced through the intercept. Thisvadl an initial faster rate, i.e. a two
step mechanism, described by several authors [B4i38ear regressions were
carried out using OriginPro 8.6 software. Regrassiata (line slopes and intercepts

with respective standard errors) for cellulose glsgission are shown in Table 7.1.
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Table 7.1: Chain scission rates at 80, 70 and 60 %@th standard errors and R? values.

At 80 °C the experiment took 21 days, at 70 °C 6%gls and at 60 °C 135 days for the
control, 131 days for AcOH and 127 days for N@exposure. Sampling was done 6 times
in equal time intervals for samples Al, A2, B and Wand 4 times for sample R.

51
92
72
87

94
96
00
67

29
71
93
39

34
93
25
99

65
20
98
12

85
75
94

o7
68
94

95
76
84

97
75
85

89
56
85

intercept slope
pollutant T/I°C,
sample | conditions | RH /% value st. error value st. error] R?
Al control 80, 43 1.38E-04 8.55E-05 1.57E-05 6.30E-06 0
AcOH 80, 43 7.33E-06 5.24E-05 2.89E-05 3.82E-06 0
NO; 80, 43 2.50E-04 1.13E-04 3.03E-05 8.21E-06 0
AcOH + NG, 80, 43 8.38E-05 4.61E-05 1.99E-05 3.39E-06 0
A2 control 80, 43 5.74E-05 2.14E-05 1.46E-05 1.57E-06 0
AcOH 80, 43 6.51E-05 2.11E-05 1.69E-05 1.54E-06 0
NO; 80, 43 5.04E-05 1.54E-05 3.55E-05 1.12E-06 1
AcOH + NG, 80, 43 1.23E-05 6.58E-05 1.62E-05 4.84E-06 0
B control 80, 43 2.99E-06 5.47E-06 7.05E-07 4.03E-07 0
AcOH 80, 43 -4.99E-06 6.57E-06 1.73E-06 4.79E-07 0
NO; 80, 43 -1.70E-05 1.27E-05 7.47E-06 9.26E-07 0
AcOH + NG, 80, 43 -5.45E-06 3.09E-06 1.43E-06 2.28E-07 0
R control 80, 43 -4.90E-06 4.19E-05 1.25E-05 3.00E-06 0
AcOH 80, 43 3.24E-05 1.34E-05 6.06E-06 9.59E-07 0
NO; 80, 43 1.69E-04 8.83E-05 8.86E-06 6.29E-06 0
AcOH + NG, 80, 43 7.04E-06 9.16E-06 1.14E-05 6.55E-07 0
w control 80, 43 -6.45E-05 7.10E-05 1.68E-05 5.23E-06 0
AcOH 80, 43 6.83E-05 9.47E-05 1.04E-05 6.90E-06 0
NO; 80, 43 -7.08E-05 3.95E-05 4.17E-05 2.88E-06 0
ACOH + NG, 80, 43 5.83E-05 5.14E-05 4.95E-06 3.79E-06 0
Al control 70, 43 4.38E-06 8.93E-05 1.03E-05 1.92E-06 0
AcOH 70, 43 -5.93E-05 1.10E-04 9.63E-06 2.39E-06 0
NO; 70, 43 1.22E-04 1.23E-04 2.34E-05 2.67E-06 0
A2 control 70, 43 -3.88E-05 3.02E-05 7.63E-06 6.48E-07 0
AcOH 70, 43 6.02E-05 7.07E-05 5.29E-06 1.54E-06 0
NO; 70, 43 8.75E-07 9.30E-05 1.73E-05 2.02E-06 0
B control 70, 43 -1.34E-05 3.73E-06 8.16E-07 8.00E-08 0
AcOH 70, 43 -2.75E-06 6.12E-06 5.45E-07 1.33E-07 0
NO; 70, 43 5.32E-06 1.88E-05 2.17E-06 4.08E-07 0
R control 70, 43 6.88E-05 9.43E-06 1.83E-06 1.97E-07 0
AcOH 70, 43 5.51E-05 2.54E-05 1.67E-06 5.31E-07 0
NO; 70, 43 -1.81E-05 1.11E-04 9.99E-06 2.31E-06 0
w control 70, 43 -1.19E-04 6.53E-05 9.05E-06 1.40E-06 0
AcOH 70, 43 5.01E-05 7.68E-05 4.55E-06 1.67E-06 0
NO; 70, 43 1.55E-05 2.01E-04 2.36E-05 4.36E-06 0
Al control 60, 43 7.96E-05 6.69E-05 1.81E-06 7.71E-Q7 0
AcOH 60, 43 1.72E-04 4.11E-05 1.75E-06 4.84E-07 0
NO; 60, 43 2.65E-04 1.75E-04 9.35E-06 2.12E-06 0
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A2 control 60, 43 6.27E-05 3.87E-05 1.28E-06 4.46E-Q7 0J59
AcOH 60, 43 4.84E-05 3.01E-05 1.71E-06 3.55E-07 0J82
NO; 60, 43 1.01E-04 3.00E-05 6.02E-06 3.64E-07 0)98
B control 60, 43 -9.91E-06 5.92E-06 1.97E-07 6.82E-08 0J60
AcOH 60, 43 -2.73E-06 5.23E-06 1.19E-07 6.16E-08 0J35
NO, 60, 43 -2.99E-06 1.28E-05 8.84E-07 1.56E-0Q7 0)86
R control 60, 43 1.85E-05 2.06E-05 4.81E-07 2.19E-07 0J56
AcOH 60, 43 1.91E-05 7.44E-06 6.69E-07 8.31E-08 0J96
NO, 60, 43 2.24E-04 9.87E-05 3.12E-06 1.14E-06 0J69
W control 60, 43 -3.55E-05 4.53E-05 1.60E-06 5.22E-07 0J63
AcOH 60, 43 3.35E-05 5.61E-05 8.23E-07 6.61E-07 0J10
NO; 60, 43 8.38E-05 7.07E-05 7.92E-06 8.59E-07 0J94

Acidic paper 1 was expected to be the most seasdind prone to degradation of all
six paper types, with an initial degree of polymation DP) 560 and initial pH 5.3.
The paper consists of cellulose fibres and is resad, which is likely to be one of
the causes of its acidity (Chapter 3, section 3l&i)ial pH of acidic paper 2 was
somewhat higher, pH = 5.6. Its initl@P was higher as well, i.e. 680. However, this
is still considered a lowDP value (significantly lower compared to rag or
contemporary papers [1,53]). The fibre compositicas different to that of acidic
paper 1, as acidic paper 2 was made mainly of mottith about 10% of bleached
cellulose pulp. The rosin content was similar twigcpaper 1, which is reflected in

the paper’s pH as well.

Both acidic papers degraded the most in the presesfc NG at all three
temperatures. There were, however, some differencdbe effect of AcCOH. At
80 °C the chain scission rate of the A1 sample ezparable for AcOH and NO
exposure, although this trend was not repeatekealoiver two temperatures. Initial
degradation, however, was much more pronouncedhtoiNQ set, which can be
observed from the significantly larger intercepthieihn means overall more
degradation occurred in the samples, exposed ta NO70 °C the chain scission
rate of the A2 sample was significantly lower foetAcOH set compared to the
control set. Differences between AcOH and the obritr the rest of acidic papers

were within uncertainty intervals.

Interestingly the combined effect of AcOH and NOnly investigated at 80 °C, was

very small compared to individual effects of thetpollutants, with the degradation
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rate only somewhat higher in comparison to the cdtéhe control. However, as
investigating different combinations of pollutamtas out of the scope of this project
due to instrumental limitations, the combinatiorboth pollutants was abandoned in
the following experiments. No evidence of reactidmetween AcOH and Nfat

room conditions and realistic concentrations wasmtbin the literature.

The quality of regressions expressed withvlues was mostly satisfactory. The
highest data scatter was observed for the conawipte Al with an Rvalue of
approximately 0.5 at 80 and 60 °C, but the othéa dats gave bette?Ralues. The
data scatter was somewhat larger than expectedibposlue to inhomogeneity of

real historic papers.

Taking into account the somewhat lowenRlues for control and AcOH it could be
said that both acidic papers degraded at rougldysdime rate in the presence of
AcOH and absence of all pollutants. The degradgtracess was much faster in the
presence of N@and the difference increased with decreasing teatye. NQ is
known to contribute to paper degradation [4,40,09,117]. The increase in the rate
of degradation is due to two reasons, the firshdpehe increased acidity of paper
(adsorbed N@hydrolyses in water in paper, yielding nitrous amttic acid) and the
second is its oxidizing potential, although it isngrally believed that oxidation is
more significant for alkaline papers [26]. Gensrgiapers with lower pH values
degrade faster, so the additional decrease in pelta NQ, is bound to accelerate
the degradation rate. AcOH apparently does notriaé significantly to the
degradation rate of acidic paper. This is posshgause the paper was already
acidic before exposure to AcOH, which consequentlguld not dissociate
significantly. The predominant mechanism in theredgtion of both acidic papers is
acid-catalysed hydrolysis. NO contributes to acid-catalysed hydrolysis by
additionally lowering the pH of paper, whereas Ac@bks not seem to have that

much effect.

Alkaline paper, used in the experiments, had armalmpH of 7.4 and &P, of 2330,

which was significantly higher compared to the jpvasly described acidic papers.
Similar to acidic paper 1 the fibre compositioratikaline paper is pure cellulose. An
important difference is that it was not rosin sizedl contained an alkaline reserve.

Alkaline reserve is typically added to contemporpapers to reduce raw material
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costs [2], but it also inhibits the degradationgass. It was therefore expected that
the behaviour of this paper type would be some\wlfgrent.

The chain scission rates of alkaline paper werevdet one and two orders of
magnitude smaller compared to those of both a@dpmers. Hardly any degradation
occurred in the control, AcOH and both pollutanéenple sets at 80 °C, so the
regression lines were relatively horizontal (which actually not regression)
compared to the regression lines described abokigghwalso explains the poorer
linear fits. The control set stood out with 4=R0.3, which was the lowest for all the
rates obtained. This might make the control dedradaate unusable in further

calculations.

Very little degradation occurred in the control akelOH sets at 70 °C as well. This
could also be seen from the slopes being very ainl the ones obtained at 80 °C
despite a 10 °C difference, which would normallydna large effect. The qualities
of regression were, however, better (R 0.8) compared to the ones obtained at
80 °C. Similar to the higher two temperatures thairc scission of AcCOH exposure
and control sets was almost negligible at 60 °Galhe paper degraded the most in
the presence of NDthe differences in the rate being almost an ocoflenagnitude at

all three temperatures.

Although alkaline papers are known for their insegh stability compared to more
acidic ones, the degradation process is not suggdemader alkaline conditions. The
degradation mechanism, however, moves from ac@lys®d hydrolysis towards
autoxidation [4]. As N@is a good oxidising agent it contributes to thédaton
process, therefore accelerating the degradatiocepso It has been shown that the
presence of alkaline reserve, present in the algaper used for the experiments,
increases the absorption of N{®7], which offers additional explanation of the
increased degradation rate under ,N@posure. AcOH generally did not contribute
to the degradation process, as addition# Hons introduced into paper with AcOH

exposure were probably neutralised by the alkakserve.

Two different rag samples were used in the experimd he reason is that rag paper
was only available in relatively small sheets (appnately 10 by 15 cm), whereas
the rest of the samples were taken from sacrifio@ks, so sample consumption
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was not problematic. If the same rag paper waseouked in more than one
experiment, only four pieces of paper could be uged flask, which meant the
degradation rates were calculated using only faintp instead of six. Even with
sample consumption as low as possible, not all iaxygats could be performed on
the same sheet of rag paper. Two similar rag sawpdee therefore selected, one for
preliminary experiments and experiments at 80 °G &h°C and the other for the
experiment at 60 °C and the following experimentaalower RH, as described

further in this Chapter (section 7.3.).

Initial pH of the first rag paper was between tladues for acidic papers, 5.4. Initial
DP on the other hand was much higher, 1850. Thigpal for rag paper, which is
made of cotton (or sometimes linen or hemp), produdetter quality fibres
compared to wood-pulp [2]. Initial pH ar@P values of the second rag paper were
somewhat lower, but an assumption was made thawvth@apers are similar enough
to exhibit comparable degradation rates. What sesspaper type apart from the
others is that it was made of rags, and probablgtige sized (as it is common for
rag papers), which was assumed to influence itpgrties more that a small

difference in initial pH an®P.

Chain scission rates of rag paper were obtainedgusnly four points, which in
some cases also lead to poorer regressions. AC8B¢€ chain scission rates were in
the same value range as those of acidic paperstestingly, the rate for NO
exposure was actually lower compared to the continel regression coefficient for
the former, however, was very poor’(R 0.5) and the difference between the two
rates was within uncertainty intervals. Extensindial degradation, taking place
before the first sampling, was observed in the cd9dO, exposure, but not under
any other condition. Similar initial fast degradatiwas observed for NGexposure

at 60 °C, but not at 70 °C, however the uncertaintgetermining the intercept at
70 °C was significant.

The chain scission rate of samples, exposed to Ae©BO °C, was significantly
lower than the other three. At 70 °C the differebetéwveen AcOH and control rates
was within uncertainty intervals and at the loweshperature the AcOH rate was
higher compared to the control, which was in disagrent with the results, obtained
at 80 °C.
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Generally, the chain scission rates of rag papee Wever than the ones, obtained
for acidic papers, despite a similar initial pHs#nificant difference between them,
however, was their initidDP value, which was approximately 1000 units higtoer f
rag paper, although theoretically this should retehaffected the degradation rate.
Rag paper is known to be of better quality and pgsse to degradation compared to
other paper types, and the difference partly lieshie supramolecular structure
differences between cotton and wood cellulose T4k origin of cellulose and the
processing of the raw material differ for the twpds, and this affects the stability.
Better stability of cotton paper compared to aciplaper, but worse compared to
alkaline paper, which is ‘buffered’ by alkaline eege, is in agreement with the
findings by Adelstein et al. [99]. Based on the gitbapers used in the experiments,
the prevailing mechanism was probably acid-catalyisgdrolysis. The significant
effect of NQ, however, suggests oxidation might play a rolehe degradation

process as well.

Whatman filter paper is made of pure cellulose wibhadditives. This means that the
observed effects of pollutants can be attributedetctions between pollutants and
cellulose only, without any other influences. Itshalso been used extensively in
paper degradation studies as a model paper, whishy it was also included in this
study. Initial pH of the Whatman paper sample wds Which is similar to rag paper
and between the pH values for acidic papers. TitialiDP was 2530 which is much
higher compared to acidic papers (also due todbethat Whatman paper samples
were new and not previously naturally degraded the two acidic samples), and
more similar to modern alkaline paper. Whatman papes not contain any sizing,

fillers or other additives.

Despite the fact that Whatman paper was expectde tine most homogeneous of
all the samples used (being a new model papertakeh from a real book), which
meant the best and most repeatable results weeetex)) the quality of regressions
was the poorest and’Ralues the lowest. It was, however, still apparat the
degradation rate of the samples, exposed tg, M@s the highest, with the difference
of nearly a factor of 5 at 60 °C. Generally the ishscission rates for AcOH
exposure seem lower compared to the control, howexeen regression line
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intercepts are compared it can be observed thamdas extent of degradation
occurred in both sample sets at all three tempersitu

Based on the initial pH of Whatman paper it canabsumed that the predominant
mechanism in the degradation of Whatman paperigsaatalysed hydrolysis. Since
Whatman paper does not contain any alkaline resewauld be prone to changes in
acidity due to pollutant exposure. Bl@as expected to decrease the pH of paper,
which would be reflected in the increase in degtiadarate. Similar to previously
discussed paper types AcOH did not have the safeet efespite being a carboxylic
acid, most likely because of the difference K, palues of AcOH and dissociated
NO,, HNO; + HNGO,. As Whatman paper, both acidic samples and ragrpaere all
acidic (initial pH between 5.3 and 5.6), AcOHK(p= 4.75) would not dissociate
significantly, contributing little to lowering thpaper's pH and acceleration of the
degradation process. LoweKjpvalues of nitric and nitrous acids, likely resutifs
NO, absorption, would result in better dissociatiom @herefore more ¥0* ions

contributing to acid-catalysed hydrolysis.

DP values of lignin-containing paper cannot be measwising viscometry, as lignin
does not dissolve in cupriethylenediamine, the esdlvused for viscometry
measurements. This is why only optical propertied pH values were determined

for this set of samples.

Chain scission rates at three temperatures, relaivthe chain scission rate of the

control sample set, are shown in Figures 7.4-7.8.
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Figure 7.4: Chain scission rates of acidic paper relative to the control (k/Keony).
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Figure 7.5: Chain scission rates of acidic paper 2lative to the control (k/Keony).
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Figure 7.6: Chain scission rates of alkaline papeaelative to the control (k/Kgony)-
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Figure 7.7: Chain scission rates of rag paper relate to the control (k/Keony).
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Figure 7.8: Chain scission rates of Whatman paperelative to the control (k/keony).

In terms of NG-induced degradation the behaviour of both acidipegps and
Whatman paper is very similar. The relative effeft NO, increased as the
temperature decreased, with the rate increasirgppyoximately a factor of 5 when
the papers were exposed to 1000 ppb of BiGB0 °C. The most likely reason for the
observed temperature dependant increase is thaddheadation, promoted by
elevated temperature, was much slower at 60 °C aoedpto 80 °C, and was
therefore not masking the Ndhduced (or accelerated) degradation. If the value
one of the parameters, influencing the degradatroness (in this case temperature),

is decreased and the others remain unchangediygelatmidity and pollutant

165



concentration), the relative importance of theelais bound to increase, although
NO, absorption could be affected by temperature ak wel

Chain scission rate of acidic paper 1 was increageitie presence of AcCOH only at
80 °C, and at 80 °C and 60 °C for acidic papert# fleason for different results at
different temperatures is unknown, although therlyfaiarge uncertainties in

determining the degradation rates are likely toeheentributed to this observation.

No effect of AcOH was observed for Whatman paper.

Alkaline paper behaved quite differently to acidied Whatman paper, as the same
trend of NQ having more effect relative to the control at lowemperatures was not
observed. At 60 °C the rate of chain scission efsamples exposed to B@as 4-5
times higher compared to that of the control sas)phéhich is similar to the paper
types discussed above. The results at 80 °C, howewere very different. The
degradation rate of the NGample set was an order of magnitude higher than t
control and even the AcOH sample set had a sigmfig higher degradation rate
compared to the control set. As mentioned befooeigh, the degradation rates of
control and AcOH samples were very small as haadly degradation occurred at
all. This makes such comparisons, similar to thleeotpaper types, somewhat
misleading, as the control chain scission rate lsasand the data scatter significant.
In order to observe more degradation of alkalingepaéhe duration of the experiment

would need to be increased.

The behaviour of rag paper at 80 °C was differerdrty other paper type described
so far. It should be stressed, however, that despé degradation rate (i.e. the slope
of the line) being lower for NOthan for the control set, the samples did actually
degrade more during the experiment and the dattesegas significant. Significant
degradation took place before the first samplinigictvis apparent from the intercept
of the line rather than from the slope. The Ngffect at the lower two temperatures
was more similar to the other paper types and dreimsed with decreasing
temperature. The trend was a bit different to time @bserved for acidic and
Whatman papers, where the promotion of degradatimto NQ seemed almost
exponential. Relatively to the control experimeNQ, effect on rag paper did
increase with decreasing temperature, but not éosime degree. Some effect of
AcOH could only be observed at 60 °C. The reasayhtrbe that the effect at higher
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temperatures is masked by more extensive therngmhdation (if the processes are
simplified to being additive), however the effeasstill very small even at 60 °C.

7.2.2. Colour change

Linear regression was carried out in the same vgajorchain scission, assuming
linear colour change, which was established ingieious Chapter (section 6.2.)
and confirmed by the results presented here. Ties lwere not forced through the
intercept, allowing a fast initial colour changeedRession data for colour change is

shown in Table 7.2.

Table 7.2: Colour change rates at 80, 70 and 60 @th standard errors and R? values.
At 80 °C the experiment took 21 days, at 70 °C 6%gls and at 60 °C 135 days for the
control, 131 days for AcOH and 127 days for N@exposure. Sampling was done 6 times
in equal time intervals for samples Al, A2, B, L ad W and 4 times for sample R.

intercept slope
pollutant T /°C,
sample | conditions | RH /% value st. error value st. error| R?
Al control 80, 43 5.57E-01 2.34E-01 1.04E-01 1.73E-02 (.88
AcOH 80, 43 7.39E-01 2.99E-01 7.52E-02 2.18E-Q2 Q.69
NO; 80, 43 6.78E-01 2.05E-01 1.59E-01 1.50E-02 Q.96
AcOH + NG, 80, 43 4.08E-01 1.61E-01 9.81E-02 1.19E-02 Q.93
A2 control 80, 43 4.03E-01 1.50E-01 1.21E-01 1.10E-02 Q.96
AcOH 80, 43 8.29E-01 1.53E-01 8.46E-02 1.12E-02 Q.92
NO; 80, 43 1.19E+00 1.84E-01 1.28E-01 1.34E-02 Q.95
AcOH + NG, 80, 43 6.36E-01 2.92E-01 1.02E-01 2.15E-02 Q.81
B control 80, 43 1.38E+00 2.73E-01 6.39E-02 2.01E-02 Q.65
AcOH 80, 43 1.36E+00 2.12E-01 6.80E-02 1.55E-Q2 Q.79
NO; 80, 43 2.80E+00 1.69E+0(Q 3.41E-01 1.23E-01 Q.57
AcOH + NG, 80, 43 1.50E+00 1.16E-01 4.86E-02 8.57E-03 (.86
R control 80, 43 4.20E-01 4.62E-01 1.24E-01 3.30E-Q2 Q.81
AcOH 80, 43 6.79E-01 3.03E-02 6.80E-02 2.16E-Q3  1.00
NO; 80, 43 1.52E+00 1.18E+0(Q 1.48E-01 8.40E-02 (.41
ACOH + NG, 80, 43 2.52E-01 2.78E-01 1.06E-01 1.99E-02 Q.90
L control 80, 43 1.41E+00 2.72E-01 1.08E-01 2.00E-02 Q.85
AcOH 80, 43 2.02E+00 2.45E-01 6.51E-02 1.79e-02 Q.71
NO; 80, 43 3.18E+00 2.01E-01 2.55E-01 1.47E-Q2 Q.98
AcOH + NG, 80, 43 1.46E+00 1.93E-01 9.89E-02 1.42E-02 (.90
w control 80, 43 5.90E-01 1.88E-01 9.15E-02 1.38E-02 Q.90
AcOH 80, 43 8.43E-01 1.55E-01 6.06E-02 1.13E-02 Q.85
NO; 80, 43 7.43E-01 8.06E-01 2.33E-01 5.87E-Q2 Q.75
ACOH + NG, 80, 43 8.11E-01 8.13E-02 5.84E-02 5.99E-03 Q.95
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Al control 70, 43 3.78E-01 1.77E-01 3.67E-02 3.80E-03 Q.95
AcOH 70, 43 3.26E-01 4.13E-01 3.00E-02 8.98E-03 Q.67
NO; 70, 43 6.94E-01 4.88E-01 8.99E-02 1.06E-Q2 Q.93
A2 control 70, 43 5.33E-01 4.64E-01 3.69E-02 9.96E-03 Q.72
AcOH 70, 43 3.17E-01 1.72E-01 2.45E-02 3.73E-Q3 Q.89
NO, 70, 43 1.08E+00 3.74E-01 6.88E-02 8.13E-03 Q.93
B control 70, 43 5.21E-01 2.04E-01 4.61E-02 4.37E-Q03 Q.96
AcOH 70, 43 1.28E+00 1.34E-01 1.26E-02 2.90E-03 Q.78
NO, 70, 43 1.18E+00 1.15E+00Q 3.21E-01 2.51E-02 Q.97
R control 70, 43 1.05E-01 2.36E-01 3.67E-02 493E-03 Q.95
AcOH 70, 43 8.27E-01 3.70E-01 1.53E-02 7.74E-03 Q.49
NO, 70, 43 7.69E-02 1.46E+0Q 1.27E-01 3.06E-02 (.84
L control 70, 43 1.18E+00 1.63E-01 4.60E-02 3.49E-03 Q.97
AcOH 70, 43 9.92E-01 2.15E-01 4.84E-02 467E-Q3 Q.96
NO; 70, 43 3.85E+00 3.69E-01 1.27E-01 8.01E-03 Q.98
W control 70, 43 6.14E-01 3.42E-01 3.51E-02 7.34E-Q3 Q.81
AcOH 70, 43 3.81E-01 1.95E-01 3.60E-02 4.24E-03 Q.93
NO; 70, 43 1.08E+00 1.32E+00Q 1.24E-01 2.88E-02 Q.78
Al control 60, 43 1.34E-01 1.26E-01 7.04E-03 1.45E-Q3 Q.82
AcOH 60, 43 8.39E-01 3.35E-01 5.19E-03 3.95E-03 Q.13
NO, 60, 43 1.21E+00 2.94E-01 2.18E-02 3.58E-03 (.88
A2 control 60, 43 4.21E-01 1.31E-01 7.57E-03 1.51E-03 Q.83
AcOH 60, 43 2.53E-01 2.89E-01 7.95E-03 3.41E-Q3 Q.47
NO; 60, 43 1.47E+00 2.14E-01 2.45E-02 2.61E-03 Q.95
B control 60, 43 4.98E-01 1.07E-01 1.04E-02 1.23E-03 Q.93
AcOH 60, 43 4.49E-01 1.31E-01 1.17E-02 1.54E-03 Q.92
NO, 60, 43 1.42E+01 4.34E+00 5.11E-02 5.27E-020.01
R control 60, 43 5.84E-01 1.00E-01 4.27E-03 1.07E-Q3 Q.83
AcOH 60, 43 2.34E-01 4.56E-01 8.13E-03 5.10E-03 (.34
NO; 60, 43 3.65E+00 8.91E-01 2.15E-02 1.03E-02 Q.53
L control 60, 43 1.33E+00 2.95E-01 8.12E-03 3.40E-03 Q.49
AcOH 60, 43 1.30E+00 2.15E-01 1.23E-02 2.53E-03 (.82
NO, 60, 43 5.54E+00 5.59E-01 3.77E-02 6.79E-03 (.86
W control 60, 43 5.21E-01 2.22E-01 1.00E-02 2.56E-03 Q.74
AcOH 60, 43 7.24E-01 3.41E-01 8.80E-03 4.02E-03 Q.43
NO; 60, 43 2.16E+00 1.28E+0(Q 3.81E-02 1.56E-02 (.50

Similar to DP decrease, NOhad the most effect on colour change of both acidi
papers. The relative contribution of W@ the colour change rate was, however,
smaller compared to the relative contribution ® ¢hain scission rate. This indicates
that the mechanical properties of acidic papeluarfced and represented D, are

more sensitive to the oxidative and potentiallydaxci(if hydrolysed in water)
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properties of N@than its optical properties (i.e. chain scissismmiore affected by
NO, than colour change). AcOH and the combination athbpollutants did not
contribute to the colour change of either acidipgrzaThe rate of colour change for
AcOH exposure was in some cases even smaller tieanantrol rate, however the
differences were within uncertainty intervals. Resgion coefficients were mainly
satisfactory, except where the colour change wayg seall (<1.5AEqy units),

resulting in low colour change rates.

The effect of NQ on colour change of paper has been documented,§9P Non-

buffered papers are more sensitive to colour chageto NQ, which explains the

increased colour change rate of acidic papers, usddese experiments. Acidity
itself, however, has only a small effect on colaimange [99]. Since the chain
scission rate of acidic paper, exposed to,Ni@creased significantly, it can be
speculated that increased colour change is thét idsnore degradation taking place
in the NQ sample set. No additional colour change due to FAac&posure was

noticed, which is in agreement with the chain sorssesults.

Unlike chain scission, the colour change of all@ji@per was significant. If exposed
to NO,, alkaline paper exhibited pronounced yellowing #metefore overall colour
change. Despite the data scatter being largereRpacted (R= 0.57), the trend of
extensive colour change was apparent. For the ssmekposed to AcOH, or both
pollutants, and the control set, the colour chamge comparable to colour change of

acidic papers and the three colour change rates vegy similar at 80 °C.

At 70 °C the samples, exposed to AcOH, changeducdiss than the ones not
exposed to pollutants. However as this was not rebde at the other two
temperatures, the reason was probably experimantartainty. On the other hand
alkaline paper, exposed to M@t 70 °C, changed colour even significantly more
than at 80 °C, reachinEq values over 20.

Interestingly initial colour change for the samplegposed to N®at 60 °C, was
much larger than under any other conditions. Thiggssts a quick reaction in the
paper, producing coloured chromophores, but ndlyratecting the cellulose, since
no significant initialDP change was observed. Another explanation is thsepice
of an optical brightener, which could degrade ia gresence of NO However as

169



the same behaviour was not observed at higher tatoupes, this seems unlikely.
Rapid increase in yellowness of alkaline paper,oegd to N@ at 25 °C and
50% RH, has been reported by Adelstein et al. [#9ler the initial extensive
yellowness increase they noticed asymptotic belaviof Ab*, however the
maximum yellowness seemed to depend on the comatiemtiof NQ (concentrations

between 1 and 30 ppm were used).

If alkaline reserve increases the absorption of N3] it is not surprising that colour
change was much more pronounced for alkaline paperpared to acidic and
neutral paper. Generally alkaline fillers increassistance to pollution [97], which
explains the limited chemical degradation observe@, does, however, affect
optical properties to a greater extent [97], whishconsistent with the results,

obtained from the experiments described above.

Colour changes observed in rag paper were sinaléndse of the acidic papers and
considerably smaller when compared to the alkglisyger. The reasons are both the
absence of optical brighteners, sometimes foundoimemporary alkaline papers,
and a similar initial colour of the samples (4¢¢a*b* values in Table 5.2, section
5.2.1.). At 80 °C the colour change rate for Néxposure was not much higher
compared to the other conditions, however a somelanger initial colour change
did take place, which then lead to an overall largelour change. There was
significant scatter in the NOexposure data, with ‘R= 0.61. AcOH and the
combination of both pollutants had no effect onc¢biur change of rag paper, with
smaller rates in comparison to the control samptesvever if the intercepts are
taken into account as well it can be observed timatcolour change was actually
similar (and very small) in all three cases. Thieafof NG increased at the lower
two temperatures. At 60 °C the initial colour chamwgas significantly larger for the
sample set exposed to 1000 ppb JN@here was not much difference between
samples, exposed to AcOH and the control set. dlaicchange rates were in fact

very low, as hardly any colour change occurredlasianilar to the acidic papers.

The increase in the colour change rate due t@ BXposure was similar to the
increase in the chain scission rate, which mearedddional mechanism contributed
to colour change. The difference is most likelyb® due to additional cellulose

degradation in the presence of NO
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Lignin-containing paper is known to change cologn#icantly during ageing and
this was observed here as well. The colour chahgaraples, exposed to NQwvas
extensive, withAEy values only exceeded by alkaline paper. Bothahitiolour
change, represented by the intercept, and theofateange were significantly higher

compared to the other pollutant conditions atrakké temperatures.

The effect of AcOH was not repeatable and differesdults were obtained at
different temperatures. At 80 °C the rate was loviar the AcOH sample set
compared to the control, however the initial colohange was higher, which meant
the actualAEy, for the two sets were similar. There was no sigaift difference
between the intercepts at the lower temperaturdstlam rates at 70 °C. At 60 °C,
however, a small effect of AcOH can be observenildr to AcOH both pollutants
combined did not have an effect on colour changkgafn-containing paper. Since
this was observed in all paper types for both claission and colour change, which
were both generally significantly affected by N@ is possible that there was a

systematic error somewhere in the experiment, plysisi the set-up.

Fairly high initial colour change, generally obseahfor lignin paper, is in agreement
with the results presented by Adelstein et al. [#9%has been shown previously that
brightness of lignin-containing paper decreasetefa®mpared to lignin-free papers
during accelerated degradation in the dark [16]iarsdknown that lignin containing
papers are generally less stable in terms of dppeaperties [150]. Coloured
chromophores are formed during the process, fomela quinones, which are
thought to be responsible for the darkening ofihdd51]. Similar to alkaline fillers,
described earlier in the text, lignin is thoughtingrease N@ absorption [97]. As
NO; is already known to greatly affect the opticalpeudies of paper, the presence of
lignin would only enhance that effect, which wascatonfirmed by the experiments

presented here.

Exaggerated concentrations of AcOH might have seffext on the colour change
of lignin-containing paper, but this was only neticat the lowest temperature. NO
however, contributes more to the process of cobbiange. In part this is due to the
oxidative nature of N@ as pulps containing significant amounts of ligare known
to yellow due to thermal oxidation, which is likdly be increased in the presence of
NO, [97].
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The colour change of Whatman paper is interesbrgjudy because its initial colour
is white, similar to alkaline paper, but unlike neod alkaline paper it does not
contain an alkaline reserve or optical brightenetsch makes it more similar to the
other paper types studied. On the other hand & doé contain any other additives,
such as sizing, and has not been aged prior t@xperiments. These differences,
however, make the applicability of the results,ani¢d for Whatman paper, to real

papers debatable.

The colour change rate of Whatman samples, exposE@,, was higher compared
to the other three conditions at 80 °C or two ctods at the lower two
temperatures, which was in agreement with the offeger types. An unusual
curvature in the colour change rate, not obseraeother paper types, was noticed
for Whatman paper. The overall colour change wagetacompared to acidic papers
or rag paper, but not as large as the colour chahdjgnin or alkaline paper. This
was probably due to its initial white colour, comgzhto yellow-brown colours of
acidic and rag papers. Colour change rates of smmpikposed to AcOH or the
combination of both pollutants, were approximatély same and very similar to the

rate of the Whatman control sample set.

The colour change graph at 70 °C looks very sintitlathe one obtained fddP

change (Figures 7.9 and 7.10), indicating a stroogelation between chemical
degradation of cellulose and colour change in Whatpaper. This is in agreement
with the findings of Rosenau et al. [152], whereeythidentified primary

chromophores, which originate from cellulose degtimth. These were mainly
dihydroxybenzoquinones, polyphenols and hydroxygidetnones, i.e. conjugated
compounds, which explains their colouration. Théfedtnces between results,
obtained for Whatman paper, and those of real fistpapers could therefore

possibly be attributed to additives in real papers.
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Figure 7.9: Colour change rates of paper sample Wt ghree different conditions at
70 °C, 43% RH.
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Chain scission rates of paper sample \at three different conditions at

70 °C, 43% RH.

Data scatter for Whatman paper was unusually hi@®&C, especially for samples,
exposed to 1000 ppb NQR? = 0.50). The overall colour change was compartible
that of rag paper. Acidic papers changed colowr kesser degree, possibly due to a

different initial colour, whereas alkaline and ligitontaining papers are more prone

to colour change.

The increase in the rate of colour change due tg &posure was most likely the

result of additional cellulose degradation, causelO,. Since Whatman paper does
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not contain any optical brighteners, no reactionN©, other than with the cellulose
chains were expected. Similarly no increase irctien scission rate due to AcOH is

reflected in no increase in the rate of colour gean

Unlike for chain scission, all intercepts, obtainé@m colour change linear
regressions, were positive. They were mostly |y < 1), but were significantly
increased in samples, exposed to,NThis was observed in nearly all paper types at
all temperatures. This observation indicates thaibw change in accelerated
degradation experiments is a linear process onér #fie initial equilibration stage,
where fast changes in colour occur. This is mucherpoonounced in the presence of
NO..

Colour change rates at three temperatures, relaitbe colour change rate of the

control sample set, are shown in Figures 7.11.:7.16
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Figure 7.11: Colour change rates of acidic paper telative to the control (k/Kcon)-
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Figure 7.12: Colour change rates of acidic paper 2lative to the control (k/Kcony).
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Figure 7.13: Colour change rates of alkaline papetelative to the control (k/Keony)-
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Figure 7.14: Colour change rates of rag paper relate to the control (k/Keony).
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Figure 7.16: Colour change rates of Whatman paperalative to the control (k/keony).

Similar to chain scission rates the relative imgoce of pollutant effects on colour
change rates changed with temperature, at lediséicase of N@ The effect of N@
increased with decreasing temperature in an apmpeately linear fashion, whereas
the effect on chain scission rates seemed morenexpial (at least for samples Al,
A2 and W). Experiments at three temperatures, hewere not enough to make
solid conclusions on the linear / exponential b&hav of relative effects in
temperature dependence. At 80 °C the effect of W& much less obvious, possibly
due to more pronounced thermal degradation / catbange, which decreased at
lower temperatures. This assumption can be madeifeffect of pollutants is

assumed to be additive, which is a simplificatibthe actual process.
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As noted earlier, AcOH had no effect on colour geaonf most papers, the colour
change rates were even marginally smaller comptaréde control in some cases.
This, however, was also due to data scatter, aglifferences are mainly within

uncertainty intervals.

The linear trend of increasing N@ffect with decreasing temperature, seen in most
paper types, was not observed for alkaline pages.acceleration of degradation due
to NO, seemed independent of temperature, with the laeffest actually noticed at
70 °C. As mentioned earlier, it is possible that additive (possibly optical
brightener), used in this modern paper, reacted WNiD,, producing yellow-brown
chromophores. This would be in agreement with &y Vimited observed chemical
degradation (chain scission). These reactions db seem to be temperature
dependant, possibly because the reaction betweenaN@® the finite reservoir of

sensitive molecules (i.e. optical brightener) stfa
7.2.3. pH change

The pH of paper was expected to decrease duringabeadation process [29,153].
To investigate this, the pH of unaged (i.e. an@fly aged, to some degree all the
papers were degraded or ‘aged’ before the expetiinath started as real historic
papers were selected for the experiments) papeplesarwere compared to the pH

values after the experiments. The results for ag@dper 1 are shown in Figure 7.17.

[ TpH,
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Figure 7.17: Cold extraction pH of the paper samplé1 before and after the
experiments at all three temperatures.
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A significant decrease in the pH of paper, expdseD00 ppb N@ was observed at
all three temperatures. At the lower two tempeestuthe pH decreased by
approximately 2 units, representing an increagés@" concentration by two orders
of magnitude. With KO" playing an important part in acid-catalysed hygsis,
which is the predominant degradation mechanisncidi@paper, such an increase
significantly affects the degradation rate [22].isTIs in agreement with the results
discussed earlier, where degradation rates wersifisently increased in the
presence of N® The pH of control samples decreased as well, wiias expected,
as it is known that pH generally decreases durmgdegradation process. Unlike
NO,, AcOH did not contribute to the decrease in pHjcWwhcorresponds with a
minimal contribution of AcOH to the degradationeait is however somewhat
surprising, as the paper was directly exposed katil@acid. The difference between
pollutant-induced pH changes could be attributethéodifference in Ig, values. As
mentioned before, NOcan form nitrous (HNg and nitric (HNQ) acid with water

in paper, which both have loweKpvalues compared to AcOH (3.4, -1.4 and 4.75
respectively). This means they dissociate easienjributing more HO' to the
overall acidity. This suggests that introducing soadditional AcOH into already
acidic paper has a smaller effect on thgOH concentration compared to the
‘background’ degradation process, influencedTbgnd RH and represented here by

the control sample set.

Although the fibre composition of acidic paper 2giste different to that of acidic
paper 1 (acidic paper 2 was mainly made of cottts)nitial pH was only somewhat
higher in comparison, so a similar behaviour wagseeted. Based on the degradation
rate results it was expected that the pH would gadahe most for samples, exposed
to NO,. pH of acidic paper 2 before and after the degfiad experiments are shown
in Figure 7.18.
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Figure 7.18: Cold extraction pH of the paper samplé\2 before and after the
experiments at all three temperatures.

NO, had the most effect on the pH of paper, in sonses#he decrease due to NO
was even larger than for acidic paper 1. The effactifferent temperatures cannot
be compared, as pH is an absolute value, whichndispen the duration of the
experiment and the extent of degradation takinggpl&uch a comparison could only
be made if the time was taken into account, fomga by talking about rates. It is,
however, interesting that the change in pH wassthallest at 60°C, as this was not
the case for acidic paper 1. The effect of AcOHedéd according to temperature. It
ranged from a ‘positive’ (i.e. pH decreased lestepresence of AcOH than for the
control) to a significant negative effect, suggestihat the difference in pH between
AcOH and control samples is a consequence of aorandffect rather than a
repeatable result. Generally the acidity of contsaimples did not increase
significantly, except in the experiment at 80 °Chene the difference was
approximately 1 pH unit. In terms of pH changedaxpapers 1 and 2 behaved very
similarly, which was a consequence of their inifigd (below 7 for both) and the
absence of an alkaline reserve. Absence of AcOgtetiould partly be explained by
its volatility and relatively high Ig,, which meant it did not dissociate significanthy i
paper and could therefore desorb (evaporate) eatséievated temperatures.

A somewhat different behaviour was expected foralale paper due to a
significantly higher initial pH value. Results dfet pH measurements are shown in
Figure 7.19.
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Figure 7.19: Cold extraction pH of the paper sampld before and after the
experiments at all three temperatures.

The results at different temperatures differ sigaifitly. At 60 °C there was no
change in pH for any of the samples, even,N@d no effect. The situation was
different at the higher two temperatures, where ghieof paper exposed to NO
decreased by 1 — 2 units. At 80 °C the pH of thetrob sample decreased by the
same amount, indicating that the decrease waslgcha pollutant related, but a
product of theT- and RH-induced degradation process. The situatior0 °C was
again different, as the pH of the control did nlearge at all, whereas the pH of the
samples exposed to N@ecreased by 2 units, pointing towards the oppo3ihe
behaviour of samples, exposed to AcOH, was equabdradic. At 80 °C there was
no change in pH, despite the fact that the pH otrob samples did decrease. At 70
°C the opposite occurred, as there was no chantpeipH of the control sample, but
the pH of AcOH-exposed samples did decrease. Timexpected behaviour could
probably be attributed to the paper’s alkaline mesewhich might not react in a
uniform way or is not equally distributed in theppa (this would cause large
uncertainties in pH measurements). Its behavioughiieven be temperature
dependant as it seems to protect alkaline papear fid change at 60 °C, but not at
higher temperatures. The alkaline reserve wascoasumed entirely in all the
experiments (especially at 60 °C), which means tmy the slower part of the

degradation process is modelled here.
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Initial pH of rag paper was similar to that of acighapers. The degradation was,
however, considerably slower, which was expectedetoeflected in pH change as

well. Results of the measurements are shown inr€igL20.
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Figure 7.20: Cold extraction pH of the paper sampl& before and after the
experiments at all three temperatures (initial pH @ 60 °C is lower because a different
sheet of rag paper was used, see beginning of theapter).

The changes in pH were generally smaller compavetthé paper types described
previously, which is consistent with lower degraoiatrates. A trend of AcOH

having some effect on paper acidity could be okeseat 70 °C and 80 °C, but not at
60 °C. At 60 °C, the degradation process (regasdiéspollutant presence) did not
seem to have an effect on pH at all. The differengere probably due to random
errors and inhomogeneity of rag paper, which isegaly larger compared to the
industrially made papers used in the experimentseSthe AcOH effect could be

observed at two temperatures, it is possible thaias a real effect rather than just
the consequence of uncertainty. However the diffiege between control samples
and those exposed to AcOH were small and did rehde affect degradation rates
significantly, as no increase due to AcOH was olestrat the two temperatures in

question.

Initial pH of lignin-containing paper was 5.2, whievas similar to acidic paper 1.
Lignin-containing paper was also rosin-sized, comag approximately half as much
sizing as the acidic papers, described earlier. fEselts of pH determination are

shown in Figure 7.21.
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Figure 7.21: Cold extraction pH of the paper samplé. before and after the
experiments at all three temperatures.

No clear trend across all three temperatures doeilobserved. The pH of the control
did not change during accelerated ageing at ethehe three temperatures. This
means that pH change in the presence of a pollutantd solely be a result of
pollutant-related degradation. The changes obsemeed however not repeated at all
three temperatures, so solid conclusions are diffto make. NQ seemed to have
some effect on the pH of lignin-containing paperitee value decreased significantly
at both 70 °C and 60 °C (although no difference alaserved at 80 °C). AcOH had
a small effect at 80 °C and 70 °C, but not at 60 Génerally it seems like the
presence of pollutants did have a negative effacthe acidity of lignin-containing
paper, which might contribute to the degradatioocpss. However since the effects
of NO, and AcOH were not observed at all temperatureshdu experiments are

required to understand the significance of thefertf.

Whatman paper (pure cellulose) had an acidic Irptf which was similar to acidic
papers, and a high initi@P, similar to alkaline paper. However it did not tain
any additives or alkaline reserve, so it was exgetb be relatively responsive in

terms of pH change. The results are shown in Figl22.
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Figure 7.22: Cold extraction pH of the paper sampl&V before and after the
experiments at all three temperatures.

Again there were some differences in the behaviudifferent temperatures.
Generally the unperturbed degradation processesepted by the control, did not
seem to have much effect on the pH of Whatman papsmall change in pH was
only observed at 80 °C. At the highest temperafpife seemed independent of
pollutant presence, as the changes were very sifailall three conditions. This was
not the case at the lower two temperatures thowjlere a significant N@effect
was observed. No change in pH was observed fordhtol at 70 °C and 60 °C and
the case of AcOH was similar, with only a smalleetf observed at 70 °C. The
behaviour of Whatman paper was similar to that atlia papers. A difference,
however, was that very little change in the pHre tontrol was observed, whereas

small differences in pH were observed for the othver paper types.

Whatman paper has been used extensively to stymhr p@gradation [154]. As pure
cellulose it was assumed to reflect the degradateactions in all paper types,
mostly made of cellulose, and because it is comiagrcproduced and widely
available, experiments can be repeated and resyteduced. However, how well
the behaviour of Whatman paper actually mimicshtbleaviour of real historic paper
iIs up for discussion, as it is now known that add# can alter the degradation

behaviour of paper significantly.

A significant decrease in pH due to pl& 80 °C was only observed for both acidic

papers. At 70 °C the pH of all paper types exceptradg paper were affected by
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NO,, and at 60 °C both rag and alkaline paper remaimetianged. As noted earlier,
the results obtained at different temperatures atabe compared directly, as the
duration of the experiment might have an effecttepH decrease as well. This is
both because the same ‘extent’ of degradation dicbacur at all three temperatures
and because more pollutant could be absorbed amgef period of time. Pollutant

absorption could also be affected by temperature.

A limited effect of AcOH was observed, as most eli#éinces between the control
samples and AcOH were not significant and not rejgkaat more than one
temperature for most paper types. A significaneefbf AcOH at both 80 and 70 °C
was only observed for lignin-containing paper amd smaller extent rag paper.

7.3. Degradation rates at a lower RH

To test the effect of RH on degradation rates,x@eement was carried out at a low

RH, 21%. Chain scission rates of all paper typeshown in Table 7.3.

Table 7.3: Chain scission rates at 80 °C, 21% RH thi standards errors and R values.
The experiment took 21 days, sampling was done 4rtes in equal time intervals for
samples Al, A2, B and W and 3 times for sample R.

intercept slope
pollutant T /°C,
sample | conditions RH /% value st. error value st. errof  R?
Al control 80, 21 1.94E-04 2.03E-0% 1.20E-05 1.48E- 0.96
A2 control 80, 21 1.05E-04 1.94E-05% 5.19E-06 1.86E- 0.82
B control 80, 21 -8.16E-06  3.10E-06 1.58E-06 2.09E4{ 0.94
R control 80, 21 3.12E-05 1.01E-06 2.44E-06 6.78E-0 1.00
W control 80, 21 3.50E-05 4 55E-0% 2.08E-06 3.2BE-D -0.24

A chain scission rate can be calculated for ale fsamples, although very little
degradation occurred for Whatman and alkaline pépBrwas reduced by 11% and
5% respectively, which at least for sample W isnsigantly less compared to
previously discussed experiments). The uncertanitie the Whatman plot were
significant as well, possibly due to the same reagocomparison between chain
scission rates, obtained at 21% and 43% RH an€8B shown in Figure 7.23.
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Figure 7.23: Chain scission rates at 80 °C and 21%r 43% RH (error bars represent
regression uncertainties).

Chain scission rates for rag and alkaline papeewery low compared to the other
paper types or even negligible at 43% RH, discusselier, and at the lower RH the
rag, alkaline and Whatman samples did not degradesignificant degree. THaP

of alkaline paper decreased by only 5% and rag \Atman paper degraded
significantly less compared to the higher RH expent, the changes could therefore
mostly be attributed to measurement uncertaintidss is why the perceived
difference in the rates, obtained at different R&lues, is so large. Very little
difference in degradation rates of Whatman papapptoximately 40 and 20% RH
has also been found in the literature [26]. Rdaadly only the results obtained from
acidic and neutral paper showed differences, saamf enough to be taken into
account. Compared to the degradation rates at &héCl3% RH, the rates, obtained
at 80 °C and 21% RH, were lower by a factor ofdn8 2.8 for acidic papers 1 and
2, respectively. If the two factors are averagethchor of 2 is obtained, suggesting
an approximately linear effect of RH, which is greement with the results obtained
using Sebera’s isoperm [54]. Michalski [56], on titeer hand, suggested a power
law dependence of the degradation rate on the Répoptional to RH> The
average of factors for the two paper types, i.e.lthear dependence, was used in
further calculations. Further work studying theeeffof RH is needed, however, to

verify or improve these calculations.

Colour change rates of all paper types are showialte 7.4.
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Table 7.4: Colour change rates at 80 °C, 21% RH whtstandards errors and R2 values.
The experiment took 21 days, sampling was done 4rtes in equal time intervals for
samples Al, A2, B, L and W and 3 times for sample.R

intercept slope
pollutant T /°C,
sample | conditions RH /% value st. error value st. errof R?
Al control 80, 21 7.73E-01 3.33E-01  -9.35E-03 28mE| -0.39
A2 control 80, 21 3.79E-01 6.80E-02 2.12E-02 4.83E- 0.86
B control 80, 21 4.90E-01 1.79E-01 2.15E-02 1.22E-0 0.38
R control 80, 21 3.43E-01 6.73E-03 3.12E-02 4.542E-0 1.00
L control 80, 21 1.21E+00 8.61E-02 2.23E-02 6.08E-D 0.81
W control 80, 21 5.16E-01 1.76E-01 2.18E-02 1.28E-D 0.41

Colour change of all but the lignin-containing pap&as below 1AEy unit, which
means it was not very significant (the average dac#y, determined in the
preliminary experiment, was 0.AEq units). Because of this, data scatter was
significant, which is observed in fairly low”Ralues. This was quite different to the
results obtained at 43% RH, where significant colobiange was observed in all
paper types. This means that relative humidity dugse an effect on the colour
change of all paper types. A comparison betweerdl®ir change rates, obtained at
21% and 43% RH, both at 80 °C, is shown in Figugd.7
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Figure 7.24: Colour change rates at 80 °C and 21%@3% RH (error bars represent
regression uncertainties).
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The rates were lower compared to the ones obtametB% RH by on average
approximate factor of 4, making colour change nRH:-dependant than cellulose
chain scission. Based on this experiment the effeets quadratic, with a change in
RH of 10% decreasing the rate by approximatelycéofaof 2. Whether the effect of
RH is in fact quadratic or not, however, cannotcbacluded based only on this
experiment. Little information on the effect of R colour change was found in the
literature, although a dependence suggestion wae tma Michalski [56]. Similarly
to the results shown here, he suggested yellowonget more RH dependent than
mechanical strength, with a power of 1.7 (RHMore research, however, is needed
to understand the colour change and chain scisaterdependence on RH.

7.4. Summary of effects per paper type

Cellulose chain scission of both acidic paperdsgaiicantly affected by N@ NO,
also has an effect on the colour of acidic papewdver additional increase in the
degradation rate due to N@ smaller for colour change than for chain soissit
should, however, also be pointed out that bothi@a@dpers were considerably more
sensitive in terms of chain scission (or DP loss)ntcolour change. AcOH had no
significant effect on either of the processes. Batldic papers behaved similarly in
terms of pH change as well. pH of both decreasethglihe degradation process;
this was observed in the absence of pollutants e which means it was a
consequence of the degradation process, affectéddnd RH. In the presence of
NO, the pH decreased even more, which could be thdtres both additional
degradation due to NGand absorption of the pollutant. Similar to chsassion and

colour change AcOH had little effect on the pH oid&c paper.

The sensitivity of alkaline paper was oppositehtat of acidic paper, as it was much
more sensitive to colour change than chain scissidrain scission of the control
sample set and the one, exposed to AcOH, was alneggigible and measurable
degradation only occurred in samples, exposed ta N@an extent this can also be
observed in pH results, where pH is repeatedlyedesad only in the presence of
NO, (although only at two temperatures). The reasoihie paper’s stability is most
likely the alkaline reserve, which reacts with acigollutants and possible
degradation products. Alkaline reserve was prob#idyreason for unrepeatable pH

results as well, as it might not react in a unifosay. Colour change, on the other
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hand, was extensive in alkaline paper, which indgathat colour change and
cellulose chain scission are not necessarily rélatecesses in this paper type and
that colour change might be the result of reactionwarious additives. Colour

change was increased in the presence ob, Nrtly because alkaline reserve

increases the absorption of J@Wvhereas AcOH had little effect on the process.

Rag paper is less sensitive to chain scission dlcadic papers as well. The process
was accelerated by the presence of, Nhereas the effect of ACOH is unclear, as
the behaviour was different at different tempemdurLow chain scission rates, at
least compared to acidic paper, are consistent swtall changes in pH. Unusually
even the presence of N@id not have a significant repeatable effect o i of
rag paper, although NQlid increase the degradation rate. Partly thiddcalso be
attributed to inhomogeneity of rag paper and snsdmples, used for pH
measurements. A similar increase in the rate dud@g was observed for colour
change, AcOH on the other hand had little effectr@colour change of rag paper.
Overall colour change of rag paper was very simitarcolour change in acidic
papers, mainly due to similar fibore compositiontiah colour and lack of optical

brighteners.

Colour change of lignin-containing paper was extansspecially in the presence of
NO,. A small effect of AcOH on the colour change retelld only be observed at the
lowest temperature, however it was not reflected ohange in pH. Overall the pH
mainly decreased in the presence of,N@®hich is consistent with the other paper
types. Colour change was therefore mainly the resfuthromophores, related to

lignin, not cellulose degradation.

Similar to acidic papers Whatman paper was vergaesive to NQ, both in terms
of chain scission rate and pH decrease, whichlasely related. AcOH did not have
a significant effect on either, possibly becauseattan paper was acidic and AcOH
therefore did not dissociate significantly. Sincehdman paper is made of pure
cellulose, colour change results from reactionseifulose (or between cellulose and
a pollutant), and an observation can be made thlaticchange and chain scission
are related processes as well (Figures 7.9 and.Sifdilar to chain scission (and
similar to all other paper types) colour change wast pronounced in the presence

of NO,, indicating a direct reaction between N&hd cellulose.
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7.5. Uncertainty analysis

Uncertainty intervals were determined as descrihe@hapter 5, section 5.2.4. The
calculated degradation rate uncertainties ranged fl8 to 94% (the highest
uncertainty was obtained for Whatman paper), tlezage was 42% (Table 7.5).

Table 7.5: Overall chain scission rate uncertaintig, Ak/k.

sample 80°C | 70°C | 60°C
Al control 0.49 0.34 0.54
Al AcOH 0.25 0.43 0.42
Al NO, 0.42 0.31 0.44
A2 control 0.20 0.25 0.48
A2 AcOH 0.18 0.45 0.34

A2 NO, 0.20 0.32 0.28
B control 0.66 0.23 0.43
B AcOH 0.41 0.42 0.66
B NO, 0.37 0.41 0.40
R control 0.34 0.30 0.62
R AcOH 0.25 0.48 0.25
R NO, 0.79 0.48 0.59

W control 0.40 0.32 0.45
W AcOH 0.76 0.54 0.94
W NO, 0.24 0.40 0.33

Uncertainties for rates of colour change were deteed similarly to chain scission
rate uncertainties, the only difference was indbeuracy of the analytical method,
where determinindP was replaced with colorimetry. Accuracies of baththods
were determined using replicates of the same samplieh means they include the
uncertainties from material compositionP measurements were assessed to +2%
and colour measurements to *1.5%. Rate uncertainfiie temperature and

concentration dependence were calculated sepafatatglour change rates.

Overall colour change rate uncertainties were sdmag¢wmaller compared to chain
scission rate uncertainties and ranged from 121494 (the highest uncertainty was

obtained for alkaline paper). The average rate aicgy was 37% (Table 7.6).
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Table 7.6: Overall colour change rate uncertaintiesAk/k.

sample 80°C | 70°C | 60°C

Al control 0.26 0.28 0.35
Al AcOH 0.38 0.47 0.90
Al NO, 0.18 0.27 0.27

A2 control 0.18 0.45 0.34
A2 AcOH 0.22 0.32 0.55

A2 NO, 0.19 0.26 0.20
B control 0.40 0.24 0.22
B AcOH 0.31 0.38 0.23
B NO, 0.45 0.23 1.14
R control 0.37 0.33 0.42
R AcOH 0.12 0.66 0.74
R NO, 0.65 0.39 0.58
L control 0.28 0.25 0.55
L AcOH 0.36 0.24 0.30
L NO, 0.14 0.21 0.29

W control 0.24 0.37 0.37
W AcOH 0.27 0.27 0.56
W NO, 0.34 0.38 0.51

These uncertainties were applied to the Arrhenlatspwhich had been created to
extrapolate degradation rates from the elevatadctawdition temperatures to room

conditions, as described in section 5.2.5.1. artderfollowing section.

7.6. Arrhenius study
7.6.1. Chain scission

The use of the Arrhenius equation has been disdukseoughly in the literature, as
discussed in Chapter 2. The results, obtained ftenexperiments presented here,

were therefore expected to follow this principlenssl.

Arrhenius plots for chain scission rates of all g@&pare shown in Figure 7.25.
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Figure 7.25: Arrhenius plot for rates of chain scision for samples A1, A2, B, R and W.

Taking into account the uncertainty intervals, phas can be considered to be linear,
making extrapolation to lower temperatures possible two regressions that stand
out due to their poor linearity were obtained fthaline paper in the absence of
pollutants (B control) and rag paper, exposed te [FONG,).

For the alkaline paper the degradation rate alC7@és slightly higher than at 80 °C,
which seems counter-intuitive. This anomaly wasseduby very low (practically
insignificant) degradation rates under control a¢bods, which was especially
apparent at 80 °C. Data scatter for control samgl&® °C was also significant, with
R? = 0.3. WithDP loss under 3% throughout the experiment, thisctbel expected,
as such small differences are difficult, if not imsgible, to determine experimentally.
A slope (i.e. degradation rate), obtained undeh siomditions, would not adequately
describe the degradation process, as not enoughadigmpn occurred for the
obtained slope to be significant. The rate at 80wW&s therefore discarded from
further calculations. Another linear regression floe control set was carried out
using only degradation rates, obtained at 70 an80rhe difference between the
two lines, obtained for the control, is significaHbwever in relation to the other two
conditions the line obtained, using the lower tweonperatures only, is in better
agreement with the general degradation process ffadact that it is generally
temperature-dependent) and the results, obtainethé other samples. A steeper
slope was expected for the control and that iscdse if the data point, representing
the rate at 80 °C is omitted. The slope and intdroéthis line will therefore be used
in further calculations, although unfortunatelyesssnent of prediction uncertainties

will not be possible without the standard errors ¢aly two points were used,
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standard errors could not be calculated). Idedly amitted experiment would be
repeated on a longer time-scale to allow more digien to take place, however

time limitations prevented this from taking place.

The second case of poor linearity was rag papgrpsed to N@Q There is an
apparent similarity with the control experimenttdiar alkaline paper, however there
are important differences. Although the point at°8seems to be an outlier, it is
less questionable compared to the case discusse®.df of the linear regression
was similar to the previously discussed control sktalkaline paper samples
(R*=0.4), however lower Rvalues were expected for rag paper, as only four
instead of six data points were used to obtain atkgion rates, which inevitably
caused larger uncertainties. Another important edéifice is that significant
degradation occurred in this case, as i loss throughout the experiment was
35%. This means the degradation rate, obtainedrdgr paper at 80 °C, was
significant and therefore could not be discardexktaon the poor linear fit.

Line slopes and intercepts with respective standenats and Rvalues are shown in
Table 7.7.

Table 7.7: Chain scission slopes and intercepts Wistandard errors, obtained by linear
regression.

sample conditions slope st. error | intercept | st. error R?
Al control -12800 3900 30 11 0.85
Al 1000 ppb AcOH -16900 1900 40 6 0.97
Al 1000 ppb N@ -7000 1900 10 5 0.86
A2 control -15200 3400 30 10 0.91
A2 1000 ppb AcOH -13400 400 30 1 1.00
A2 1000 ppb N@ -10600 1100 20 3 0.98
Beo°c,70°c control -16200 - 30 - -

B 1000 ppb AcOH -15900 900 30 3 0.99
B 1000 ppb N@ -12500 1400 20 4 0.98
R control -18800 2000 40 6 0.98
R 1000 ppb AcOH -12900 1800 20 5 0.96
R 1000 ppb N@ -5900 3800 5 11 0.42
w control -14000 3200 30 9 0.90
w 1000 ppb AcOH -15000 2300 30 7 0.95
W 1000 ppb N@ -10000 1800 20 5 0.94
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All the linear regressions, besides the two disedishove, have very higHf Ralues,
mostly above 0.9. The slopes for samples, expas@tl}, are generally less steep
compared to AcOH and the control. No clear trengarding the latter two was

observed and most differences between the two wignén uncertainty intervals.
7.6.2. Colour change

DP loss (cellulose chain scission), described abovees expected to follow the
Arrhenius principle. On the other hand, there iscte@ar reason why colour change
would follow the Arrhenius principle, as it can llee result of many chemical
reactions taking place in paper and may involvéettht components of paper in
different paper types, such as lignin, optical bramers etc. It is therefore a much
more complex phenomenon. Nevertheless an attempt made to describe the

process of colour change using the linearised fwirthe Arrhenius equation.

Arrhenius plots for colour change rates of all page shown in Figure 7.26.
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Figure 7.26: Arrhenius plot for rates of colour change for samples Al, A2, B, R, L and
W.
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Linearity of the plots is comparable, if not better that ofDP loss Arrhenius plots.
This finding suggests that activation energiesctdour change can be calculated for
all paper types, discussed here, and that coloamgehat lower temperatures can be

predicted based on Arrhenius extrapolations ofuwottange rates.

Arrhenius plots for alkaline paper are not as gasdhose obtained for acidic papers
1 and 2, suggesting a more complex colour changshamessm or several different
mechanisms potentially involving different compotsenf paper, leading to colour
change. This was mentioned earlier in this Chagsection 7.2.2.), where an
observation was made that colour change and clwssien do not proceed at a
comparable rate in modern alkaline paper and thditiges in modern paper might
affect the colour change mechanism. However, unttkain scission rates, which
were very low and therefore one determination wiasadded, colour change was
significant. This means that although the Arrhenegressions are poorer compared
to other paper types and will result in significamédiction uncertainties, they will

be used for further calculations.

More data scatter was observed in rag paper in adegm to acidic papers,
especially in the case of NQexposure, which will result in larger prediction
uncertainties. The same was observed in Arrherlats for DP loss and can partly
be explained by the fact that chain scission (amldur change) rates of rag paper
were only determined from four data points insteddix, which meant they were

not as well defined as the others.

As DP measurements cannot be carried out on lignin-aanta paper, the
degradation of this paper type was only evaluatetgrims of colour and pH change.
Colour change results are therefore the only erparial result used for this paper

type to be modelled using the Arrhenius equation.

Significant data scatter was observed for bothrcisaission and colour change of
Whatman paper. It seems, however, that this wasnaegjuence of experimental
uncertainty, as Arrhenius plots display good liitgaregardless. In that sense
Whatman paper is similar to the other paper typssapproximately linear plots
(however some with larger uncertainties than ojheese obtained for botBP loss
and colour change of all samples.
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Line slopes and intercepts with respective standenats and Rvalues are shown in
Table 7.8.

Table 7.8: Colour change slopes and intercepts witstandard errors, obtained by linear
regression.

sample conditions slope st. error intercept | st. error R?

Al control -16000 1800 40 5 0.98
Al 1000 ppb AcOH -16300 2400 40 7 0.96
Al 1000 ppb N@ -12100 2800 30 8 0.90
A2 control -16600 1300 50 4 0.99
A2 1000 ppb AcOH -13700 600 40 2 1.00
A2 1000 ppb N@ -9800 1400 30 4 0.96
B control -10200 2500 30 10 0.79
B 1000 ppb AcOH -10800 2300 30 18 0.50
B 1000 ppb N@ -119 3900 30 11 0.81
R control -20000 2700 60 8 0.96
R 1000 ppb AcOH -10100 3400 30 10 0.79
R 1000 ppb N@ -11300 4500 30 13 0.72
L control -15600 2300 40 7 0.96
L 1000 ppb AcOH -9700 3100 30 9 0.81
L 1000 ppb N@ -11600 1600 30 5 0.96
w control -13200 800 40 2 0.99
W 1000 ppb AcOH -11800 2500 30 7 0.92
W 1000 ppb N@ -10900 1600 30 5 0.96

The regression coefficients are mainly above 0ifh & few exceptions, discussed
above (alkaline and rag paper). This means exta#paok to lower temperatures are
reliable and predictions at room conditions cannimde for all paper types, even

lignin-containing paper, which was not assessedrims of chain scission.

For most paper types the slopes, obtained for calbange, were steeper compared
to slopes, obtained for chain scission, indicatthgt colour change is more

temperature-dependent than chain scission. The iatlicates a different reaction

mechanism taking place along cellulose chain swmissihe only paper type where

chain scission slopes were significantly steepan tbolour change was alkaline

paper. Lack of temperature-dependence in coloungdaf contemporary alkaline

paper was already discussed earlier in this Chégdetion 7.2.2.).
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The slopes and their standard errors, describedveabeere used to calculate
activation energies, described in the followingtsec

7.7.Activation energies

Activation energy is the measure of temperatureeddpence of the reaction rate, the
higher thek,, the more temperature dependent the degradatiek.réhe activation
energy is affected by the mechanism of the reactidrereas the pre-exponential
factor of the Arrhenius equatiof is affected by humidity, pH and the physical
structure of cellulose. Both, andA also depend on the property, measured to follow
paper degradation (i.e. specific process whickeiadfollowed), paper composition
and the origin of cellulose [4].

According to the linearised form of the Arrheniwguation the line slope represents

activation energy, divided by the gas consi(8.314 J/mol K).

Ink=-214ma, (61)
RT

Activation energies and their uncertainty intervalsdifferent samples and pollutant
conditions were calculated from the slopes and tinecertainty intervals, shown in

the previous section. Values, obtained for chaissgan, are shown in Table 7.9.
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Table 7.9: Activation energies for chain scissiomgbtained from the Arrhenius study
(uncertainty interval for B control could not be determined as the Arrhenius slope was
based on two points only).

sample conditions E. /kd/mol chain scission
Al control 107 £ 31
Al 1000 ppb AcOH 140 + 16
Al 1000 ppb N@ 58 + 16
A2 control 126 + 28
A2 1000 ppb AcOH 111 +3
A2 1000 ppb N@ 88+9
B control 135

B 1000 ppb AcOH 1328
B 1000 ppb N@ 104 +12
R control 157 £ 17
R 1000 ppb AcOH 107 £ 15
R 1000 ppb N@ 49 + 31
\W control 116 + 27
w 1000 ppb AcOH 125+ 19
W 1000 ppb N@ 83 +15

If all results were combined regardless of the papge and experimental
conditions, the average activation energy would 18® kJ/mol, although the
uncertainty interval would be extensive. Activatiemergies have been determined in
several studies reported in the literature [4,8,22,155]. Experiments were carried
out on different paper types (although predomiyamtiodel papers) and under
different conditions, so results cannot be compane straightforward way. Emsley
and Stevens [6] reviewed the literature to findoarelation betweeP data and
degradation kinetics for experiments, carried ativeen 90 and 290 °C. Data was
obtained using Kraft paper (delignified wood pulgppr, consisting of almost pure
cellulose with a low lignin content), paper andtontin a variety of conditions (dry
insulating olil, oil with up to 4% kO, air or nitrogen). Data was plotted according to
the Arrhenius equation and overall activation epesgs determined to be 111 £ 6
kJ/mol (95% confidence). Although the experimemtdults, analysed by Emsley
and Stevens [6], were obtained at much higher teatyes compared to the
experiments described here, on different paper styped under different
environmental conditions, the agreement betweenattivation energies is very

good, with almost identical means. Activation emesgdetermined by Zou et al.
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[22], are in the same range, with 104 + 3 kJ/mdédeined for bleached bisulphite
pulp and 111 = 4 kJ/mol and 113 + 5 kJ/mol for thleached Kraft pulps. The
samples they used had somewhat lower pH values ar@thpo the ones used in the
experiments described above (pH4), but are comparable to the most acidic
samples (acidic paper 1 and Whatman paper). Thegeg, values, obtained for
these two types by averaging all different condisioare 102 and 108 respectively,
which again is in good agreement with the publiste=alilts. Kaminska and Shahani
[4] determined a broader range of activation emsigdepending on the property
used to determine degradation rates, paper congosihd the ageing experiment
itself. Activation energies of real papers were suead by Strli et al. [155]. They
determined thé&, of acidic paper to be between 90 and 100 kJ/mbkreas thé,

of contemporary alkaline was found to be higheprapimately 120 kJ/mol. The
trend (acidic papers having a lowEg than alkaline) is therefore similar to the

results, obtained in these experiments, althouglidétermined values were lower.

Significantly lower activation energies, determinial samples exposed to NO
suggest a difference in the degradation mecharakhgugh some authors argue that
a change in the degradation mechanism would rdsulbhon-linearity of the
degradation process [25], which was not observedhese experiments. The
significant difference ik, however, could be the result of oxidative degtiadadue

to NO,. Typically, lower activation energies are obserf@doxidation reactions and
higher for hydrolyses [156], which suggests a digant contribution of oxidation to
the degradation process. Oxidation is mainly thouglproceed at a significant rate
in neutral or alkaline papers [26], although thessre not the samples with the
largest decrease ik, This is because the process actually measurezham
scission, not oxidation. Oxidation is usually felled by rearrangement and
hydrolysis, which only then leads to chain scissibhe largest activation energy
decrease due to NQGexposure was observed in rag and acidic papémuwgh it
should be pointed out that uncertainty intervalseasgnificant for those two paper
types as well. Since degradation in the presend¢Gsfproceeded at a faster rate, it
Is possible to assume that the reaction involviii@ I the rate determining step in

the degradation process.
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The differences between activation energies detexthunder control conditions and
AcOH exposure are mostly insignificant when ungetjaintervals are taken into

account. The only significant difference can beeobesd for rag paper.

Activation energies so far have mostly been detaeechibased on mechanical
properties orDP measurements [4,6]. Since Arrhenius plots, deedrim the
previous section, were found to be linear for coleshange as well, activation

energies for colour change could be calculateduleare shown in Table 7.10.

Table 7.10: Activation energies for colour changegbtained from the Arrhenius study.

sample conditions E, /kJ/mol colour change
Al control 133+ 15
Al 1000 ppb AcOH 136 + 20
Al 1000 ppb N@ 101 £ 24
A2 control 138 +10
A2 1000 ppb AcOH 114 +5
A2 1000 ppb N@ 81+11
B control 85+ 29
B 1000 ppb AcOH 90 £ 52
B 1000 ppb N@ 99 + 32
R control 166 + 22
R 1000 ppb AcOH 84 + 28
R 1000 ppb N@ 94 + 38
L control 130+ 19
L 1000 ppb AcOH 81+ 26
L 1000 ppb N@ 96 + 13
\W control 109 + 7
w 1000 ppb AcOH 98 +21
W 1000 ppb N@ 90+ 14

If all paper types and different conditions are bomed, the average activation
energy yields 107 kJ/mol, however the uncertaintgrival is inevitably extensive.
An interesting finding is that there is no sigrgiit difference between the average
activation energies, determined f@P loss and colour change, which is in agreement
with results by Strti et al. [155], although theiE, values were lower, similar to
chain scission discussed above. This means thercohangeE,, determined here, is
also in good agreement with the values, reporteédariterature.
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Similar to the activation energies determined foalin scission, the ones determined
for colour change in the presence of N&e significantly lower compared to the
control conditions, although the difference is deraih colour chang&, compared
to chain scissiork, for most paper types. This suggests an additioeattion
mechanism responsible for colour change, possibityation of cellulose.
Considering thée, values for chain scission and colour change angdasi the two
processes could be related. This was observed Horpaper types except
contemporary alkaline paper, where activation g@esrgetermined under all three
conditions were within the same range (taking atoount calculation uncertainties).
A significant difference between activation enesgieletermined under control
conditions and exposure to AcOH, can be observednéutral, rag, lignin and

Whatman paper, wheig, under AcCOH exposure was consistently lower.

7.8. Extrapolation of degradation rates to room conditins
7.8.1. Room temperature

Arrhenius plots, described above, were used toigrddgradation rates at 18 °C, as
described in Chapter 5, section 5.2.5.1. Rate naramd maxima are shown due to
asymmetrical uncertainty intervals. Degradatioresan terms of chain scissiat
18 °C and 43% RH are shown in Table 7.11.

Table 7.11: Predicted chain scission rates at 18 ?€xtrapolated from Arrhenius plots.

sample conditions Kopmin /day™ Kppmax /day™ ko /day™
Al control 1.2E-09 5.4E-08 8.1E-09
Al 1000 ppb AcOH 4.8E-10 3.4E-09 1.3E-09
Al 1000 ppb N@ 1.9E-07 1.3E-06 4 9E-07
A2 control 3.8E-10 1.0E-08 2.0E-09
A2 1000 ppb AcOH 4.2E-09 6.2E-09 5.1E-09
A2 1000 ppb N@ 3.8E-08 1.1E-07 6.5E-08
B control 1.7E-10 1.7E-10 1.7E-10
B 1000 ppb AcOH 8.0E-11 2.0E-10 1.3E-10
B 1000 ppb N@ 1.8E-09 7.6E-09 3.7E-09
R control 4.8E-11 3.5E-10 1.3E-10
R 1000 ppb AcOH 8.8E-10 5.7E-09 2.2E-09
R 1000 ppb N@ 4.0E-08 2.1E-06 2.9E-07
W control 8.3E-10 2.2E-08 4.3E-09
W 1000 ppb AcOH 4.0E-10 4.3E-09 1.3E-09
W 1000 ppb N@ 4.6E-08 2.8E-07 1.1E-07
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Colour change rates, extrapolated to 18 °C are showable 7.12.

Table 7.12: Predicted colour change rates at 18 °@xtrapolated from Arrhenius plots.

sample conditions Kagmin /day™ Kagmax /day™ Kae /day™
Al control 3.0E-06 1.8E-05 7.4E-06
Al 1000 ppb AcOH 1.5E-06 1.5E-05 4.7E-06
Al 1000 ppb N@ 3.1E-05 5.5E-04 1.3E-04
A2 control 3.2E-06 1.1E-05 6.0E-06
A2 1000 ppb AcOH 1.5E-05 2.8E-05 2.0E-05
A2 1000 ppb N@ 1.9E-04 7.6E-04 3.8E-04
B control 2.4E-05 1.0E-03 1.6E-04
B 1000 ppb AcOH 2.7E-06 2.0E-03 7.3E-05
B 1000 ppb N@ 4.9E-05 2.1E-03 3.2E-04
R control 2.1E-07 3.3E-06 8.4E-07
R 1000 ppb AcOH 1.9E-05 5.1E-04 9.7E-05
R 1000 ppb N@ 1.9E-05 2.1E-03 2.0E-04
L control 3.1E-06 3.1E-05 9.9E-06
L 1000 ppb AcOH 4.2E-05 1.1E-03 2.1E-04
L 1000 ppb N@ 1.2E-04 5.8E-04 2.6E-04
w control 2.3E-05 5.3E-05 3.5E-05
w 1000 ppb AcOH 1.6E-05 1.9E-04 5.6E-05
W 1000 ppb N@ 1.6E-04 8.4E-04 3.7E-04

These degradation rates were used for further legions, described in the following

section.
7.8.2. Realistic pollutant concentrations

Degradation rate minima and maxima, described enpiievious section, were used
to calculate uncertainty intervals of interpolatedes. Interpolations were made
across two orders of magnitude and rates were lesclifor pollutant concentrations
of 10 and 100 ppb using the calculation, descrinedhapter 5, section 5.2.5.2he
rates, determined using the described method, itatke account both pollutant-
induced degradation and ‘background’ degradatiansed by temperature and RH.
Chain scission rates, interpolated to lower conme¢ions, are shown in Tables 7.13
and 7.14.
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Table 7.13: Chain scission rates at 100 ppb, /day

Sample k 100 AcOH k 100 AcOH min k 100 AcOH ma» k 100 NOZ k 100 NO2 mir k 100 NO2 ma:
Al 7.4E-09 1.1E-09 4.9E-08 5.7E-08 2.0E-08 1.8E-07
A2 2.3E-09 7.6E-10 9.9E-09 8.3E-09 4.1E-09 2.0E-08
B* 1.7E-10 1.6E-10 1.8E-10 5.3E-10 3.4E-10 9.1E-10
R 3.4E-10 1.3E-10 8.9E-10 2.9E-08 4.0E-09 2.1E-07
W 4.0E-09 7.8E-10 2.0E-08 1.5E-08 5.3E-09 4.8E-08

*control rate for B sample was calculated usingadetm 60 and 70 °C, see section 7.5.1.

Table 7.14: Chain scission rates at 10 ppb, /ddy
sample | Kioacon K i1oaconmin K 10 AcoH mas K 10 nOZ K 10n02mir K 10 NO2 ma
Al 8.0E-09 1.2E-09 5.3E-08 1.3E-08 3.1E-09 6.6E-08
A2 2.0E-09 4.2E-10 1.0E-08 2.6E-09 7.5E-10 1.1E-08
B* 1.7E-10 1.7E-10 1.7E-10 2.1E-10 1.9E-10 2.5E-10
R 1.5E-10 5.7E-11 4.1E-10 3.0E-09 4.5E-10 2.1E-08
W 4.3E-09 8.2E-10 2.2E-08 5.4E-09 1.3E-09 2.5E-08

*control rate for B sample was calculated usingadetm 60 and 70 °C, see section 7.5.1.

The same assumptions were made for colour changde irdgarpolations were
therefore made in the same way. Colour change ratespolated to lower

concentrations are shown in Tables 7.15 and 7.16.

Table 7.15: Colour change rates at 100 ppb, /ddy

sample Ki1o0acor  Kiooacormin K i100aconma | K100 no: K 100 o2 mir K 100 NO2 ma:
Al 7.1E-06 2.9E-06 1.8E-05 2.0E-05 5.8E-06 7.1E-05
A2 7.5E-06 4.4E-06 1.3E-05 4.3E-05 2.2E-05 8.7E-05
B 1.5E-04 2.2E-05 1.1E-03 1.7E-04 2.6E-05 1.1E-03
R 1.0E-05 2.0E-06 5.4E-05 2.0E-05 2.1E-06 2.1E-04
L 3.0E-05 7.0E-06 1.4E-04 3.5E-05 1.5E-05 8.6E-05
W 3.7E-05 2.2E-05 6.7E-05 6.8E-05 3.7E-05 1.3E-04
Table 7.16: Colour change rates at 10 ppb, /ddy
sample K 10 AcoH K 10 aconmin K 10 AcoH ma> K 10 noz K 10 NO2 mir K 10 NO2 may
Al 7.3E-06 3.0E-06 1.8E-05 8.6E-06 3.3E-06 2.3E-05
A2 6.2E-06 3.3E-06 1.1E-05 9.8E-06 5.1E-06 1.9E-05
B 1.6E-04 2.3E-05 1.0E-03 1.6E-04 2.4E-05 1.0E-03
R 1.8E-06 4.0E-07 8.3E-06 2.8E-06 4.0E-07 2.4E-05
L 1.2E-05 3.5E-06 4.2E-05 1.2E-05 4.3E-06 3.7E-05
w 3.5E-05 2.3E-05 5.5E-05 3.8E-05 2.4E-05 6.1E-05
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As the uncertainty intervals for degradation raised to interpolate degradation
rates were asymmetrical, the obtained rates hawmarastrical uncertainty intervals
as well. Chain scission and colour change ratesaaated to room temperature
and interpolated to realistic concentrations, wesed to estimate the remaining

useful lifetimes, described in the next Chapter.

7.9. Conclusion

Dynamic preliminary experiments gave similar result steady-state preliminary
experiments, N@and AcOH were therefore selected for further expents at three
temperatures. Degradation rates at 80, 70 and 6@r®oth chain scission and
colour change of all six paper types were deterthianad their uncertainty intervals
calculated. Degradation rates were significantghkr for samples, exposed to NO
but there was no significant difference betweernragation rates obtained for AcOH
and the control. This was the case for both chaiss®n and colour change.
Degradation rates differed significantly accordiogpaper type, e.g. chain scission
rates of acidic paper were significantly higher pamed to alkaline paper, whereas
the opposite was observed for colour change rdtes.rates and their uncertainty
intervals were then used to create Arrhenius @dots$ calculate activation energies.
Activation energies differed according to paperetygmd were significantly lower in
the presence of NO suggesting that oxidation plays a noticeable iolgpaper

degradation, in addition to acid-catalysed hydrglys

Arrhenius plots were used for degradation rateagadfations to room conditions and
interpolations to realistic pollutant concentraamere carried out. A new approach
was introduced for determining degradation rategalistic pollutant concentrations,
where the effects of and RH are additionally taken into account. Thisant that
degradation rates for five historic paper types @mel model paper (pure cellulose) at
realistic archival conditions were determined armlld be used for lifetime
predictions, described in the following Chapter.
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8. Discussion

Degradation rates at realistic environmental comait were obtained for five
representative historic papers and one model pdpey were used to predict the
degradation of different paper types under differemvironmental conditions
(differentT, RH or pollutant concentrations), which forms besis of the following

discussion.

8.1. Remaining lifetime of paper

Handling and display lifetimes were defined as dbsed in Chapter 5 (section 5.3.).
Handling and display lifetimes are likely to bersfgcantly different for some paper
types, e.g. contemporary alkaline paper contaimptical brighteners is prone to
colour change, however, it is known to be very lstaterms oDP loss [1]. On the

other hand, acidic paper is known to be sensitiveterms of its mechanical

properties, but might not be as sensitive in tesflour change.

Uncertainties, obtained from linear regression,cdesd in the Chapter 5 (section
5.2.5.1.), were used to calculate uncertaintidgatime predictions. To demonstrate
the magnitude of prediction uncertainties, handlemgd display lifetimes with

uncertainty intervals at 18 °C and 43% RH are shiowiables 8.1 and 8.2. Pollutant
concentrations in these predictions are 1000 pple, same as used in the

experiments.
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Table 8.1: Predicted handling lifetimes at 18 °C ah43% RH.

sample conditions t hand /YT t hand min /YT t hand max 1YY
Al control 520 78 3476
Al 1000 ppb AcOH 3283 1244 8662
Al 1000 ppb N@ 9 3 22
A2 control 2590 495 13563
A2 1000 ppb AcOH 1006 822 1231
A2 1000 ppb N@ 79 46 135
B control 45848 45848 45848
B 1000 ppb AcOH 62693 39680 99054
B 1000 ppb N@ 2145 1050 4381
R control 61759 22865 166816
R 1000 ppb AcOH 3589 1411 9132
R 1000 ppb N@ 28 4 201
W control 1785 344 9269
w 1000 ppb AcOH 5846 1772 19288
W 1000 ppb N@ 67 27 167
Table 8.2: Predicted display lifetimes at 18 °C and3% RH.
sample conditions t gisp /YT t gisp min /YT t gisp max /YT
Al control 5581 2284 13639
Al 1000 ppb AcOH 8646 2671 27992
Al 1000 ppb N@ 316 75 1328
A2 control 6808 3624 12792
A2 1000 ppb AcOH 2018 1486 2741
A2 1000 ppb N@ 108 54 217
B control 262 40 1733
B 1000 ppb AcOH 566 21 15404
B 1000 ppb N@ 128 20 834
R control 48878 12357 193346
R 1000 ppb AcOH 424 81 2215
R 1000 ppb N@ 209 20 2207
L control 4155 1313 13155
L 1000 ppb AcOH 193 38 989
L 1000 ppb N@ 156 71 343
w control 1181 772 1806
W 1000 ppb AcOH 732 215 2493
W 1000 ppb N@ 112 49 256

Although uncertainty intervals are significant, tiesults were not rounded up due to

the asymmetrical nature of the uncertainties, whishthe consequence of
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symmetrical regression uncertainties in the lobgarit degradation rate calculations.
The broad uncertainty intervals are not entirelypssing due to the number of steps
in the experimental procedure, where uncertaingies introduced. The Arrhenius
approach, used to predict the remaining lifetimiepaper, has been criticised in the
past, partly due to extensive prediction errors188]. One of the arguments was
that activation energies should be determined muaeeisely if they were to be used
for predictions. This, however, is not likely, agridenius studies are resource-
intensive and significant uncertainties are indl@aespecially when real historic
materials are used and predictions are made fahfad. Using the Arrhenius model
is also still the best available method for detaing low-T degradation rates.

As the pollutant concentrations in the two tablbeve are much higher than they
would be in realistic conditions, lifetime predats were made for lower
concentrations, using interpolated degradation sratRealistic concentrations,
100 ppb AcOH and 10 ppb NOwere used. Handling lifetimes are shown in
Table 8.3, uncertainty intervals for each prediditdime will be shown later in the

text.

Table 8.3: Predicted handling lifetimes at 18 °C ath43% RH. Lifetimes, predicted for
realistic pollutant concentrations and a pollutantfree environment and are shown in

bold.

thandiing /y€ar
sample | Cpoi = 1000 ppb | c,on = 100 ppb Cpon = 10 ppb Coon = O ppb

Al control - - - 520
Al AcOH 3283 568 525 -
Al NO, 9 74 325 -
A2 control - - - 2590
A2 AcOH 1006 2238 2550 -
A2 NO, 79 619 1965 -

B control - - - 45848
B AcOH 62693 47114 45972 -

B NO, 2145 15092 38086 -

R control - - - 61759
R AcOH 3589 23566 53146 -

R NO, 28 277 2660 -

W control - - - 1785
W AcOH 5846 1918 1797 -

W NO, 67 502 1422 -
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Predicted lifetimes are expected to increase dstpat concentrations are decreased.
For AcOH exposure, however, the opposite can beraed for acidic, alkaline and
Whatman paper. The reason for that is not an agiogitive effect of AcOH, but
prediction uncertainty due to the experimental uwageaties. In those three cases the
samples exposed to AcOH degraded somewhat lesghtbarontrol samples, which
resulted in lower degradation rates, although tfferdnces were very small and in
most cases hardly significant (as discussed irptegious Chapter, section 7.2.1.).
When interpolations to lower pollutant concentnasicare made, this results in a
negative factor in the concentration article of dgiation, resulting in a seemingly
‘positive’ effect of a higher concentration. Thefeet of AcOH at 1000 ppb is
significant in the case of acidic paper 2 and ragep, although when extrapolated to
realistic conditions (100 ppb) the effect becomesignificant at least for the A2
sample. The lifetime of rag paper would still beogéned by 100 ppb AcOH,
although the prediction is still several millennsg this is realistically of little

concern [158].

The effect of NQ is more extensive, although it decreases sigmfigawhen

extrapolated to lower concentrations. At 10 ppimaiBcant effect can only really be
observed for acidic paper 1 and rag paper, althabghpredicted lifetime of rag
paper is again several millennia. Significancehef differences in predicted lifetimes

will be discussed later in the text.

Display lifetimes are shown in Table 8.4.
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Table 8.4: Predicted display lifetimes at 18 °C and3% RH. Lifetimes, predicted for

realistic pollutant concentrations and a pollutantfree environment and are shown in

bold.
taispiay /y€Qr
sample | Cpon = 1000 ppb | cyon = 100 ppb Cool = 10 ppb Cooi = 0 ppb

Al control - - - 5581
Al AcOH 8646 5786 5601 -
Al NO, 316 2092 4783 -
A2 control - - - 6808
A2 AcOH 2018 5502 6650 -
A2 NO, 108 945 4202 -

B control - - - 262
B AcOH 566 277 264 -

B NO, 128 237 260 -

R control - - - 48878
R AcOH 424 3934 22814 -

R NO, 209 2009 14666 -

L control - - - 4155
L AcOH 193 1363 3449 -

L NO, 156 1167 3308 -
W control - - - 1181
W AcOH 732 1113 1174 ;
W NO, 112 605 1078 -

Display lifetimes in a pollutant-free environmemé &everal millennia for all, except
for the alkaline and Whatman paper. AcOH only hases effect on rag and lignin-
containing paper, although similar to handlingtiifee the display lifetime of rag
paper is several millennia even at 100 ppb AcOHnid-containing paper at the
same conditions would reach a lifetime of over 1Q@ars. Although it initially

seems like N@has a significant effect, the effect decreasdsvatr concentrations.

At 10 ppb very little effect can be observed, ettemeffect on alkaline paper, which
has the shortest predicted lifetime, is insignificaSome effect at 10 ppb can be
observed for most paper types, although their ptedi lifetimes are several

millennia even in the presence of NO

Handling and display lifetimes of all paper typeghwuncertainty intervals are

shown in Figures 8.1 — 8.6.
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Figure 8.1: Predicted lifetimes of acidic paper 118 °C and 43% RH.
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Figure 8.2: Predicted lifetimes of acidic paper 21al8 °C and 43% RH.
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Figure 8.3: Predicted lifetimes of alkaline paper 818 °C and 43% RH.
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Figure 8.5: Predicted display lifetimes of lignin-ontaining paper at 18 °C and 43%
RH.
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Figure 8.6: Predicted lifetimes of Whatman paper al8 °C and 43% RH.
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Predicted handling lifetimes of acidic paper 1 significantly shorter than predicted
display lifetimes, which was expected based theepapnitial pH andDP. It has
been shown previously, although in the case of@imtuced degradation, that little
change in colour does not necessarily mean signifidegradation did not take place
[110], and apparently this can be the case in acateld degradation in the dark as
well. The effect of NQ on the handling lifetime is significant at highnoentrations.
At a realistic concentration of 10 ppb a small effean still be observed, however it
no longer seems very significant as the prediciéetime is well within the
uncertainty interval of the lifetime, predicted @ndcontrol conditions (i.e. no
pollutants). A concentration of AcOH, typically fiodh in repositories (100 ppb), is
not reflected in a significant effect on the handliifetime either. A very similar
trend can be observed for display lifetimes, altfothey are significantly longer in
comparison, several millennia. The effect of theo twollutants at realistic
concentrations is not significant in the case eptdiy lifetimes either.

The difference between predicted handling and dispietimes of acidic paper 2 is
less apparent, indicating better mechanical stgtwfi acidic paper 2 compared to 1.
Display lifetimes are, however, still longer by eeal millennia, although the
handling lifetime, predicted for unpolluted condits, is approximately 2000 years.
The effect of both pollutants at the highest cotreion is significant (although
much less so for AcOH), although this changes wtherconcentration is decreased.
100 ppb of AcOH do not have an effect on eitherdhiag or display lifetime of
acidic paper 2. Although the mean predicted lifetifar a realistic concentration of
NO, is somewhat shorter both for handling and disglegbles 8.3 and 8.4), the
effect is not significant when the uncertainty mtds are taken into account. It
should also be noted that predicted lifetimes aex @000 years even in the presence

of pollutants at typical repository concentrations.

The opposite trend can be observed for alkalin@pas predicted display lifetimes
are much shorter compared to handling lifetimesnt@oporary alkaline paper is
very stable in terms of mechanical properties, Whig also due to its alkaline
reserve. Once the alkaline reserve is consumegahper degradation will probably
continue at a faster rate, as it will become acidg shown in the previous Chapter,

where pH measurements were discussed (section)7 B8 alkaline reserve was not
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consumed entirely in all the experiments (as ewaddrby pH measurements), which
means that only the slower part of the degradapimtess is modelled here. In
reality the lifetimes would therefore probably et quite as long (e.g. 40000 years).
However even in the presence of pollutants in sgalconcentrations, alkaline paper
would still reach handling lifetimes of several i@iinia (uncertainty intervals cannot
be seen on the graphs due to the scale). Displeynies of alkaline paper are
significantly shorter compared to the other pagees, as the predicted lifetime is
less than 500 years even in the absence of paltutdowever the lifetime would not

be significantly shortened by realistic concentnasi of AcCOH or NQ.

So far rag paper is the only paper type with similizplay and handling lifetimes,
which are also the longest of all the paper typssugsed here (several 10000 years
in the absence of pollutants). The effects of bmbHutants on predicted handling
lifetime are significant even at low concentratioakhough the effect of AcOH is
smaller. Similarly display lifetime is affected boby 100 ppb AcOH and 10 ppb
NO,. Although this is the only paper type where evan pollutant concentrations
have a significant effect, it is also clearly thesnstable one, both in terms of chain
scission and colour change. Lifetimes would salah several millennia regardless
of pollutant presence, which means that realidicabllutants are probably not a

significant threat to rag paper.

A significant effect of both pollutants on lignimiataining paper can be observed at
the highest concentration, 1000 ppb. Similar toctlier paper types the effects
become insignificant as the concentration is dea@aat 10 ppb the predicted
lifetimes are approximately the same as if the dasnpvere not exposed to
pollutants. A small effect of 100 ppb AcOH can bbserved, however, the
uncertainty interval of the prediction and the cohare overlapping. This means that
a negative effect of AcOH at realistic concentnagiocannot be predicted with

certainty from the results, presented here.

Predicted handling and display lifetimes of Whatnpaper are in the same range,
similar to rag paper. The lifetimes of this papgoe, however, are significantly
shorter. Aside from alkaline paper, Whatman is ¢iéy paper type with shorter
display lifetimes compared to handling lifetimesjigh might be due to the initial
white colour of both paper types. The effect of AtGs insignificant at all
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concentrations, whereas the effect of N©significant at 1000 ppb, but decreases as
the concentration is decreased. At 10 ppb,N® significant effect on either

handling or display lifetime of Whatman paper camobserved.

Handling and display lifetimes, predicted at rdadispollutant concentrations
(100 ppb AcOH and 10 ppb NY) are within prediction uncertainties of the cohtr
samples for all paper types, used in the expefisnedrediction uncertainties,
however, are significant, which is expected fordcgons, resulting from Arrhenius

studies.

8.2. Pollutant doses and thresholds

8.2.1. Concepts

The concept of doses will be defined on the bakigotlutant effect, as pollutant
effects are where doses are most commonly useld ilbealth and material studies.
The concept of dose will, however, be discussechame general terms later in this

section.

The results, described in the previous sectionicatd that in archival conditions
pollutants are not as much of a threat to papeedabjects as previously thought
[108]. This, however, does not mean that pollutahtsuld be discarded as a possible
threat in all situations, as some environments mioghsignificantly more polluted,
possibly with different pollutants to those studiedre, or some materials more
sensitive (e.g. acidic paper, affected by NQOhis highlights the need for pollutant

doses or safe thresholds to be defined.

The concept of doses was first introduced in stidieenvironmental pollution in
relation to health issues. Exposure and dose beeadedy used concepts and are
used to describe the impact of environmental poltubn biological and ecological
targets, both human and non-human [159]. In thé¢ gasades the concept was

extended to non-living targets, such as objectatitiral heritage significance [73].

Generically (and theoretically) exposure is thetaohof a target with a pollutant and
dose is the presence of a pollutant inside a tak@wever in order to define these
concepts precisely, other parameters need to bafisde such as time frame, the

target, the pollutant, the medium (i.e. the envinent of the target), the route, and
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the exposure boundary [159]. Depending on the tramae a distinction can be made
between instantaneous exposure, temporal exposwfdep peak exposure and

average exposure and consequently similar distinstcould be made for doses.

In environmental and health studies a target imddfas any biological or ecological
entity occupying space [159]. A target has an elesurface, which separates the
target from the environment, and the part of theéemmal surface, where the
penetration can occur, is defined as exposure layndPollutant concentration
should be homogeneous throughout the exposure boynotherwise the boundary
needs to be divided in smaller areas with unifoomcentrations. Considering this, a
target might have more than one exposure bounttagpplying these definitions to
material studies a target would be an object oraderal, in paper degradation
studies this could be a sheet of paper, a book staek of papers. The exposure
boundary would be the surface area in contact thighpollutant and one can easily
imagine more than one exposure boundary in a tieasiguation, where documents
are stored in an archival repository. For exampla target was a bundle of 100
documents, two separate exposure boundaries cauldefined. The first and last
page would represent the first boundary, as thewldvdbe exposed to VOCs,
migrating directly from the neighbouring sheets] éme top of the bundle would be
the second, as VOC concentrations here are likelype lower, however other

pollutants could also be present, e.g..NO

The pollutant and the medium need to be defineefaly too [159], although this is
perhaps less problematic in material or heritagdiss than it is in relation to health
issues (e.g. very different toxic properties ofachium(VI) and chromium(lll)). In
the case of paper degradation due to pollutionbedium would generally be air,
although it could also be the water, absorbed ipepainto which the pollutants
might dissolve and possibly hydrolyse. As discusisethe previous Chapters this
could be the case with N@nd AcOH, as N®hydrolyses to form nitrous and nitric
acid (and further to nitrate) and AcOH dissociatewater.

As mentioned earlier, ‘exposure’ is a concept magriphysical contact of the
pollutant with the target’ but it can be expresseddifferent ways. The most
commonly used approaches are average, integratkgeak exposure, where the

first two are relevant for chronic health effectslahe latter for acute toxic effects
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[159]. Integrated exposure is measured in ‘coneginti-time’ units (e.g. ppm-h) and
the other exposures are measured in the sameamitencentration. Parallels with
material degradation can be drawn here, as averagentegrated exposure affect
the overall rate of degradation [117], whereas peqlosure (especially at very high
pollutant concentrations) might result in differemtegradation mechanisms,
compared to those taking place at low concentratid®1]. In material studies,
integrated exposure could be applied in the comagoih range where the reciprocity
principle holds, i.e. where a certain extent ofytaint exposure causes a proportional
amount of damage. This would be the case for soaterral/pollutant interactions,
where T and RH do not play such an important role (suchsib&r tarnishing).
However, the applicability to paper degradatiomas as clear, as factors other than
pollutants are likely to contribute significantly paper degradation during long-term

storage.

The dose is generally defined as the presencepolldant inside the target, however
different types of doses are considered in healtminology. These are intake dose,
eliminated dose, net dose and accumulated dose. [IT%@ intake dose is the
penetration of the pollutant into a target via apasure boundary, and the total
guantity of the pollutant penetrated in a certaerigd of time is known as the
integrated intake dose (mass per unit time). Howewmeliving organisms the

pollutant might not stay absorbed in the targetapart from the pollutant reacting
and therefore causing damage some of it can betexicrmetabolised or neutralised
by repair mechanisms, therefore losing its damageffgcts. The net dose is
therefore the net quantity of a pollutant absorbeside the target and remaining
potent (i.e. it can react and therefore cause dajmding the defined time interval,

in other words the difference between the intakeedand the eliminated dose [159].

The amount of pollutant, eliminated from the systesnreferred to as eliminated
dose, integrated eliminated dose being the totalnty eliminated in a certain
period of time. Here difficulties with applying thapproach to materials and objects
are encountered, as they lack the biological agtiof living organisms. Materials
like paper cannot eliminate the pollutants fromirtHeystem’ by exhalation or
metabolism, so the eliminated dose can be zereadtbeen shown, however, that

some pollutants (VOCs in particular) are desorbedhfpaper and other materials
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[148], so some elimination could potentially happéout would be difficult to

quantify. This might be a drawback of applying tencept of pollutant doses to
material studies, as obviously many biological psses, which might be well
known for different organisms, do not have a palalprocess in material
degradation. On the other hand the concept couddiply be applied in a simplified
way, which would not require a quantitatively daetered eliminated dose.

If a simplification was made that materials do Bbminate pollutants, once they
were deposited, the net dose would equal the intidge. This might hold for
pollutants reacting with paper at high rates, €g. SO, or NO,. However it is
known that some pollutants, e.g. VOCs, are alsdtedhirom paper [78,86,148,149],
and emission consists of two different processe® © a chemical process, where
small molecules break away from long cellulose mailuring the degradation
process [86], and the other is a physical prooghsye pollutants adsorbed onto the
material are re-emitted [148]. This is known asmany and secondary source
behaviour and the distinction between the two mees is very difficult to make
experimentally [160]. In the biological meaning ah eliminated dose only the
physical process would have to be considered. Within mind it is very hard to
define eliminated doses for materials (paper irti@aar), unless the definition of
eliminated dose for materials included both primamg secondary source behaviour.
In that case eliminated dose would have to be ddfias the difference between

emitted and produced dose (Equation 66):
ED(to, t;) = EmD(to, t;) — PD(t, ty), (66)

where ED is eliminated doseEmD is emitted dose, resulting from the physical
process, andD is produced dose, resulting from a chemical pmckdshe object
produces more of the pollutant than is emitted d#hieninated dose would be

negative, meaning it would contribute to the taiaumulated dose.

Accumulated dose, besides the intake and elimindwsé, also considers the initial
accumulated dose, which is the amount of pollutagitle the target at the beginning

of the time period (Equation 67):
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AD (t;) = ADy(to) + ID(to, t1) — ED(to, t1) =
ADqy(ty) + ID(ty, t;) — EmD(to, t;) + PD(ty, t1), (67)

where AD is the accumulated dose, i.e. the amount of ollutavailable for
reactions (and therefore damagA], is the initial accumulated dos#) is the
intake dose an@D is the eliminated dose. As a theoretical concbks ¢tould be
applied (particularly as some of the terms mighnbgligible), however in practice
most of the terms, especialyp, andED, are difficult to determine, at least for some

material-pollutant systems.

The reason the concept of pollutant doses is usefillat pollutants cause damage.
The response to pollutant exposure by those atfethes might be the population
subjected to pollution or the person in charge deasitive collection) is often
emotional rather than rational, which can lead foiteary ‘rules of thumb’ that
function as simplified decision-making strategi@§1]. But as Paracelsus already
discovered nearly 500 years ago: “Poison is ingkarg, and nothing is without
poison. The dosage makes it either a poison omedg.” [162], which became a
foundation for modern toxicology. Generally the rhara toxic substance (e.g.
pollutant) causes, is a function of dose and tktiomship between exposure and the
effect, it has on the target’s health, is represgbibly a dose-response curve. In health
studies different shapes of dose-response cuneekranwn for different pollutant-
target systems: non-threshold dose response cuhreshold dose-response curves,
hormetic dose-response curves, concave dose respumges and convex dose

response curves (Figure 8.7) [161].
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Figure 8.7: Some typical dose response curves (vakion the axes selected arbitrarily).

Non-threshold, concave and convex dose-responsesall represent relationships,
where the effect (i.e. harm or damage) is direpthyportional to exposure, and even
‘small’ exposures have an effect, meaning theraaspollutant threshold, under
which exposure would be safe. When the relationghiigpresented by a threshold
dose-response curve, there is a safe exposure &ndtwhen it is represented by a
hormetic one, low exposure is even beneficial ® wellbeing of the target. It is

generally perceived in the toxicological commuriityat the linear threshold model
(top right) represents the risks of exposure to-cemecinogens and the linear non-
threshold model (top left) to carcinogens [163thaligh the hormetic model is

proving to be more and more important in the lastadle. Studies are showing it
may even outperform the two linear models, it mipave just been overlooked
because of its distinct features (initial benefieifect) appear in the low-dose range,
commonly omitted in experiments [164,165]. The aaflility of hormetic curves in

material studies is an interesting idea, as theghtrapply to metal corrosion, where
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for some metals a thin layer of a metal oxide mightseen as beneficial to a metal
object, as it provides protection from further csion (e.g. patina on copper objects)
[166].

Threshold dose-response relationships assume sifitgapt exposures (i.e. pollutant
exposures that do not cause a measurable negéfiaat),ewhich are common in
biological systems (organisms), as firstly they aomstantly being renewed and
repaired and secondly they have the ability to @gecand eliminate some pollutants
from their system (by metabolising) [167]. As mentd earlier, non-living
materials, such as paper, do not have the abdityé¢tabolise pollutants, which are
therefore absorbed in the material itself, nor tteey repair themselves. If there is
little or no elimination from the material it seemslikely that a safe threshold
concentration could be defined, as the pollutapbdi would increase (and continue
increasing) with time. However even if eliminatiam possible, it is difficult to
guantify and distinguish from emission, followindpetnical reactions within the
material. With that in mind it seems like non-threfsl, concave and convex dose-
response curves are most likely to describe relships between pollutants and
materials. On the other hand this only appliesnifassumption is made that any
changes, even very small, can be detected. Sinealéipends significantly on the
property measured and technique used, it could beesaid that thresholds or doses
depend on the limit of detection of the measuremeegthod. The shape of the curve
depends on the system in question, so careful mbstndies are needed in order to
obtain damage (dose-response) functions, whiclrithesthie relationship.

Threshold or threshold dose could however be regldasy ‘loss of fitness for
purpose’ dose as the ‘amount’ of pollution, thaide to material failure, rather than a
measurable change (as in the definition of a tluleésbose) in a material property
(e.g. cellulose polymerisation, Figure 8.8). Thiswd change the perception that a
safe dose leads to no change in the material;ithege would be accumulating until
the point of failure, which would be reached whbka tioss of fithess for purpose’
dose was achieved. However if this approach istoriplemented one has to make a
decision on what the point of material failure f@spective objects is, such as
DP = 300 for paper if it is to be handled safelyti€ purpose is handling). Different

doses could then be determined for different puep@nd purposes would need to be
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well defined, as a dose for an object to be disgmagafely (with no handling) could
be significantly larger than a dose for the samjeailio be handled safely. Similar
dose-response curves (linear plateau or ‘hockek:sturves) can be found in the

health literature, where the cut off point is whlee mortality rate reaches 1 [167].

'End of life' dose response

end of life

(DF =300)

Figure 8.8: ‘Fitness for purpose’ dose-response fation, where the point of loss of
‘fitness for purpose’ is material failure (values am the axes selected arbitrarily).

An important point is that this approach includes assumption, that pollutant
exposure is the main cause of degradation, as dbfithess for purpose’ is directly
related to pollutant dose. This, however, is natessarily the case in long-term
storage of archival documents, wh@rand RH have a significant effect as well, as

shown in the first section of this Chapter.

An alternative way of defining pollutant thresholdeuld be to define a threshold as
the concentration of a pollutant, at which the &ffef the pollutant becomes
significant, compared to the other effects, suchttasse of T and RH. The

contribution of the concentrations under the thoésho the overall degradation

process would therefore be statistically insigiifit

As indicated earlier, an important issue in apmyine concept of pollutant doses to
materials is how to determine the actual doses. A\\éhenaterial is exposed to a
certain concentration of a pollutant it needs todetermined how much of it is
actually deposited into the material itself as dieposition velocity might depend on
relative humidity (depending on the material’s rffy to water and the properties,
especially polarity, of the pollutant in questio®68,169]), temperature [170],

material properties etc. With living organisms k#adoses can be calculated using
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biological properties and models (e.g. using biegtlmates and rates of pollutant
uptake [171]), whereas for materials depositiomeies would have to be known or

estimated in order to determine doses.

In this sense it might be more practical to opevatd pollutant concentrations and
exposure times in relation to effect, eliminatingsarption from the equation.
Obviously, different doses for different material®uld have to be defined, as
absorption rates and material responses vary aogotd material, but it might be
worth simplifying absorption to a constant. Thisywa could be omitted, when
referring to the same material as the one usecttermine the threshold dose. The
danger of using doses, however, is that they mightused outside the linear
response range, which would lead to invalid resdlke response of the material to
the stressor could therefore be over- or undemeséid, depending on the shape of
the response curve. The problem with this is th#hout actually testing the exact
situation, it cannot be known whether the predictsponse is too high or too low.
High pollutant concentrations, for example, cowdd to both situations. Pollutants
could react with each other rather than only wité material, so assuming linearity
would be over-estimating the response. On the oth@nd high pollutant
concentrations could also lead to a change in nmesima possibly to a more
damaging one, for example at high concentrations &Qld hydrolyze and oxidise
to very acidic HSO,, which would then react with the material. In tlogse the

response could be under-estimated if linearity assuimed.

Another issue, as mentioned previously, is thatupets are not the only factor
determining the rate of paper degradation. Thisnadhaat defining a dose as a
constant product of concentration and time, whiab & constant effect, might lead to
significant errors in estimating the extent of detation, as the ‘background’
degradation (the effect af and RH, or the degradation taking place regardbéss
pollutant presence) would be neglected.

The practice in preventive toxicology has beendtedmine a critical level of dose or
a no-effect level, assuming the exposure was adelguang. Then a standard value
of dose or concentration would be obtained by dusing an additional ‘safety
factor’ (such as 1/10 — ten times less) [172]. Bupproach could easily be adopted in

preventive conservation, but only if the no-effemtel was replaced by no-failure
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level, meaning that degradation is actually talptage, but it has not accumulated to
the point of material failure or the point of lasfsfithess for purpose. Alternatively a
‘safe’ level (i.e. threshold or no-effect dose) kcbbe defined mathematically, by
determining a pollutant concentration, where itatdbution to the degradation rate

Is no longer statistically significant.

In toxicity studies effects are studied depending tbhe time frame of their
appearance, so one can distinguish between shori-tmedium-term (several
days/weeks) and long-term (several years) studi€®]] Mathematical equations
describing these various effects are different,ré@son being the different chemical
and toxicological properties of the chemicals iresfion. For a limited number of
compounds the toxic effect depends on the exteoraentration and the duration of

the exposure:
EO = CEt, (68)

where Ey is the constant measure of minimum exposure, reduio produce an
effect. This is known as Haber’'s Law. The more gainequation, which also takes

into account the variability of concentration im&, is:
t
EO = fO CE (t)dt (69)

Equations 68 and 69 describe the dependence oéfteet on the absorbed dose,
when the exposure is not long enough for the eltnm process to take place and
absorbed dose is proportional to external conceoirgl72]. In health studies this

means that exposure is too short for metabolicgg®es to be taken into account. If
transferred to material studies, this could repreaesituation, where exposure is too
short and reactions too fast for desorption to fz@lkee. However, whether or not this
is also applicable to long exposures (even if ieactates are significantly higher

than desorption rates) remains to be determinederah response could change
over time, e.g. once all the reactive sites areaested and the material is fatigued it
will respond differently than a new material whatkthe reactive sites are free.

A possible more important argument against thdiegdplity of this equation to
long-term exposure is that significant ‘backgrouddgradation, influenced By RH

and paper composition, will take place as well. Tifeerence between doses, used
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in the health literature, and those, that mighapplicable to heritage, is that health
literature describes effects (i.e. diseases), wiwahld not occur had the pollutant (or
stressor) not been present. Material (e.g. papsgjadiation on the other hand will
occur whether or not the material is exposed tdupaits. The main difference
therefore lies in the concept, as in health stuttiegyoal is to determine whether or
not a disease (parallel to degradation in matstialies) will appear, and in heritage
(or material) studies the existence of the degradaitrocess is not questionable. The
material will degrade during long-term storage rd@gss of pollutant presence,
although pollutants could accelerate the procestead of concentration and time
product resulting in a constant ‘amount’ of degtamg it would be more accurate if

the product of degradation rd¢end timet would be taken as a constant:
kt =D, (70)

whereD is a constant (certain ‘amount’ of degradation). @#pproximation can be
made that the degradation rate consists of tworiboions, one dependent on the
pollutant concentration and the other dependeratlasther factors:

kt = (kT,RH,pH + kpollutant)t = (kT,RH,pH + mT,RH,pHCpollutant)t =D, (71)

wherekr, ru, pniS the degradation rate of a specific paper typegiven temperature
and relative humidity anthr, ru, pniS a coefficient, describing the rate’s dependence
on pollutant concentration. Again this dependsToiRH and paper type. This was
the approach, used in the previous Chapter to paolate pollutant effects to
concentrations lower than the ones used in thereampets (section 7.7.2.).

In some cases effects develop slowly over time dadnot only depend on an
increase in concentration. In such cases it issseryg to model the accumulation of
micro damage until the change becomes significaatigh for a macro effect to be
observed [172]. As mentioned earlier in terms agéshold and loss of fithess for
purpose doses, a similar example in material ssudnght be found in paper
degradation. The paper's mechanical strength dsesealowly with decreasing
degree of polymerisatiorDP), until DP reaches a limiting valuebf = 300) when

mechanical strength is lost and the object canmohéndled safely anymore. It

should, however, be noted that a distinction cabeanade between the degradation,
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caused by pollutants, and the degradation, caugedl the other factors, mentioned

above.

An area of heritage and material studies, wheredneept of doses has been applied
widely, is light damage. A dose of light is definad light intensity, multiplied by
time, providing the law of reciprocity holds in thepecified range [173]. An
important use of the reciprocity principle is midealing tests. Although they were
originally designed as light-fastness tests, usedetate a material to a fading
reference material, they are now being interpreteredictive tests for changes,
caused by light exposure [174,175]. This is doneilloyninating (and therefore
causing damage to) a very small area of the acinjakct. However where accurate
predictions of fading rates are needed, reciprasityuld be checked, as it can fall
for more sensitive objects, such as photographintr{175] or at high light
intensities [176]. In order for predictions basedtbis approach to be accurate, light
should also be the main degradation factor, sicgmfily more important compared to
e.g. T or RH.

The dose concept can be a handy tool for assessengffects of stressors on
material degradation, as introduced by Tétreautha case of pollution [73]. This

concept however only takes into account the eftéca specific pollutant, which

might only be applicable to some specific matepi@lutant systems (such as silver
tarnishing mentioned earlier). All other effects long-term storage of objects are
neglected in this approach, therefore it could &gy wseful to extend the concept to
other environmental factors, such as temperatuwteRadh

In other fields different types of doses are alyeaduse, for example heat dose,
which has been defined in different ways, but galherby specifying the
temperature and time of heating [177]. Heat dose &lao been re-defined by
introducing energy dose (in relation to tumor degion) [178], which, if simplified,

is defined in a similar way to pollutant dose (Eiuas 68 and 69). Another possibly
useful concept, which might have parallels in lagt science, was developed to
assess the potential risks of thermal effects fafta ultrasound [179]. The thermal
dose index (TDI) is based on the thermal index, (@hich is well known in the field
of health studies, however it also takes into antdlie duration of the exposure to

the ultrasound. It is defined as:
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D1 = £, (72)

wheret is time andN is a normalizing factor, chosen so that examimatiovhen
TDI <1 (meaning examinations can be performed withthetmal risk) will not
cause adverse effects (in this chse 64 min). Another ultrasound-related study has
been carried out to compare two approaches fonginegl tissue damage in relation

to exposure time. The first is a thermal dose:
tyz = f()t RT(M~%3d, (73)

whereR is the number of minutes, needed to compensata fbrrC change either
above R = 0.5) or belowR = 0.25) the breakpoint, which in this case is @3tisis

a dose, representing the time it would take forsthime effect to be reached at 43 °C
[180,181]. Of course the reference temperaturetl@B values are arbitrary values,
chosen according to the type of damage and tigguehis might be a useful concept
in heritage. It would however be fairly complicateal implement, as a decision
would have to be made on the reference temperand® values would have to be
determined for specific materials or material gmujphe second approach is an

intensity-time product:
It™ =D, (74)

whereD is a tissue-dependent damage thresHaklthe average acoustic intensity,
is time andnis an exponent typically around 0.5, determinedifiexperimental data
(similar to the previous example) [181,182]. Thedstdetermined that in a practical
range of intensity values and times both approaghes comparable results [181].
From a material point of view this is interestingchuse the doses calculated using
Equations 73 and 74 are, in effect, doses of differstressors’ (temperature and
acoustic intensity), yet they describe the samegs® and give approximately the

same results.
Another interesting example is vibration dose vatiedined by the equation:

dose = Y;[a"*t;], (75)
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wherea is frequency weighted acceleration (measure foration magnitude) of the
vehiclei andt is exposure time [183]. The relative importanceaoteleration and

exposure depends on the valuerdfthey are equal whem = 1).

All these approaches to some extent use arbitraalues, determined from
experimental data, although what they have in commdhat the dose is generally
defined as the ‘magnitude/amplitude of stress’ iplidtd by exposure time, which

gives the dose of ‘stress’.

Most long-term degradation processes are complestterefore cannot be described
using only one ‘stressor’. It would therefore berenaccurate if other factors of
degradation were included as well, and therefoeeptioduct of degradation rate and
time would be seen as a constant instead of théuptaf concentration and time
(i.,e. if the ‘stress’ was actually degradation Yaté&nfortunately, however,
degradation rates are more complex and difficultdtermine than pollutant

concentrations.

An assumption, which could simplify lifetime estitiwas, is prioritisation of effects.
In some cases pollution is the most significant agimy factor (e.g. lead in the
presence of AcOH), whereas in others temperatwleaative humidity have much
more effect and pollution could be neglected. mteof doses (i.e. stress multiplied
by time) the effect of temperature could be desctias:

_Ea _La
tie RT1 =t,e RTz, (76)
wheret; andt; are times at temperaturésandT,, E, is the activation energy arRl
is the gas constant. This equation could be useektinate lifetimes of alkaline
paper, as it is fairly insensitive to changes ilatree humidity in terms oDP loss
[26]. For acidic papers, however, RH would haveddncluded into the equation. In
a relatively narrow RH range, typically found irclaival repositories, the RH effect
on chain scission is approximately linear and tthece of temperature and RH can
be described as:

Eq Eq

thHle—R_Tl = tzRHze_m. (77)

228



The equations, described above, could be usefub$sessing handling lifetimes.
Display lifetimes, on the other hand, are not Imheaependent on RH. There is
indication of a quadratic effect, so display lifeéis could be estimated using the
equation:

Eq Eq

tRH?e RT1 = t,RH?e Rz, (78)

As pointed out earlier in the text, careful matiesiaessor relationship studies would
be needed to determine dose-response functiorssceasain ‘dose of stress’, which
would not lead to the point of material failure dewi-life) for one object type, might

be ‘fatal’ to another.

For paper degradation, pollutant concentrationstiwls need to be determined in
order to prioritise effects. As mentioned earligis could be done mathematically
by determining at what concentration the contrimutiof pollutants becomes
insignificant. In Equation 71 the degradation niateimplified to having two separate
contributions, although realistically pollutant exdt is likely to beT and RH

dependent. As an approximation, however, the degiadrate can be written as:

k = kT,RH,pH + kpollutant = kT,RH,pH + M7 rHpHCpoliutant - (71)

If the second term is significantly smaller thae first one, it could be neglected
when determining the rate. Strictly mathematicalis would be the case if the
second term was two orders of magnitude smaller the first one, i.e. the threshold
would be 1%. Realistically, however, temperaturel aelative humidity are not
strictly controlled to the set value, so the uraiety in the first term - and RH-
dependant degradation rate) is larger than 1%. Mieians that the contribution of a
pollutant to the overall degradation rate wouldyohkecome significant if it was
larger than the uncertainty ihand RH control. Pollutant thresholds can therebme
calculated as the concentration, at which the patiucontribution becomes larger
than the uncertainty im and RH. The referencé and RH point for threshold
calculation was 18 °C and 43% RH and the uncerggntere 1 °C and 10% RH.
These values were determined in environmental rmong at the Nationaal Archief
and have been described in Chapter 4. Thresholds ecaéculated as:
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Mr RH,pHCpollutant = kT+AT,RH+ARH,pH - kT,RH,pH (79)

k k

199¢,53% RH ™

18 0C,43% RH (80)

MT,RH,pH

Cpollutant =

The m coefficients need to be determined experimentdllyis was done when
degradation rates were interpolated in the previohapter (section 7.7.2.), so the
coefficients are given for 18 °C and 43% RH. Theefioients and pollutant
thresholds, calculated according to Equation 80tl@& purpose of handling, are

shown in Table 8.5.

Table 8.5: Handling threshold concentrations of Ac® and NO, (where negative values
were obtained, they were replaced by no effect).

sample M acon /day™ppb™ Myop /day'ppb™ Cacon/Ppb  Cnoa/ppb
Al -6.78E-12 4.85E-10 no effect 7
A2 3.12E-12 6.30E-11 300 15
B -4.66E-14 3.53E-12 no effect 24
R 2.11E-12 2.89E-10 33 0
W -2.98E-12 1.10E-10 no effect 18

Calculated threshold concentrations for some pgypes are low, especially for rag
paper. This approach to calculating threshold cotmagons does not take into
account the length of predicted lifetimes, only thkative contribution of pollutant-
accelerated degradation. For rag paper this is apparent, as the contribution of
pollutants might be significant, however the prégtic lifetimes are still several
millennia, regardless of pollutant presence, asvshio the previous section. AcOH
has almost no effect, so threshold concentrati@amsanly be calculated for acidic
paper 2 and rag paper. The threshold, obtaineddidic paper 2, is above the range
of realistic concentrations, meaning that AcOH doesrepresent a significant risk
in an average archival environment. The threshfwdsNO, on the other hand are
much lower, in some cases below 10 ppb, which rieadistic concentration for an
archival repository. As explained this would notdyeblematic for rag paper, due to
very long predicted lifetimes. Similarly for alkaé, Whatman and acidic paper 2 this
level of NG is unlikely to be problematic. The only paper typdnere NQ might
realistically be problematic, is acidic paper 1, en the predicted lifetime is
approximately 500 years with no pollutants presétdwever as discussed in the
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previous section, the differences between the obrdnd very low pollutant
concentrations are too small to be predicted atelyraconsidering significant

prediction uncertainties.

Coefficients and pollutant thresholds obtainedtfe purpose of display are shown
in Table 8.6.

Table 8.6: Display threshold concentrations of AcOHand NO, (where negative values

were obtained, they were replaced by no effect).

sample M acon /day™ppb™ Mnog /day’ppb™ | € acon /ppb C no2/ppb
Al -2.61E-09 1.23E-07 no effect 50
A2 1.43E-08 3.74E-07 357 14
B -8.39E-08 1.65E-07 no effect 678
R 9.60E-08 1.96E-07 8 4

L 2.03E-07 2.53E-07 40 32
w 2.13E-08 3.32E-07 1262 81

Similar to the handling thresholds, the threshalotgined for the purpose of display
are the lowest for rag paper. Predicted lifetimésag paper were, however, the
longest of all paper types (several 10000 yearshen the presence of pollutants,
which means pollutants are not realistically a dhrto this paper type. AcOH

thresholds are in the realistic concentration ramgabove for alkaline and Whatman
paper and AcOH has no effect on the colour of agidiper. Even where a threshold
can be calculated (acidic paper 2, rag and ligomaining paper), predicted display
lifetimes were over 1000 years, which should bemakto account when discussing

safe pollutant levels.

8.2.2. Comparison of different dose approaches

It was argued above that assuming the product oteration and time is a
constant (and therefore causes a constant ‘exteft degradation) would
underestimate the overall observed degradatiomgasiace in long-term storage by
neglecting the degradation, caused by temperatuce ralative humidity. To
quantitatively compare both approaches, lifetimedpations, based on both, were

calculated.
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The ct=const approach does not usually include temperatureapalation, as
experiments are mostly performed at room temperadud accelerated degradation
is caused by increased pollutant concentrationgelable to compare this approach
with the one, used in this research, the degradattes, obtained at 1000 ppb of
each pollutant, were extrapolated to 18 °C. Intlepan to lower concentrations was
then done in two different ways (see Appendix Banrexample of calculation):

a) Usingc't = const where the degradation rate is interpolated batvieand
the rate at 1000 ppb,

b) Usingkt = (K 1rH,pH* K pollutant) - t = const where the degradation rate is
interpolated between the rate of the control {ing¢he absence of pollutants)
and the rate at 1000 ppb.

Average handling lifetimes (without uncertainty entals, which are shown in
Appendix D), predicted using both approaches, lhosva in Tables 8.7 and 8.8. The
figures are not rounded up due to asymmetrical i@iogy intervalsa andb in the

columns are corresponding with a) and b) above.

Table 8.7: Handling lifetimes, predicted at 18 °C43% and 100 & 10 ppb AcOH, using
both approaches.

a b a b
sample t 100 acon /YT t 100 Acon /YT t 10 acon /YT t 10 acon /YT
Al 32831 568 328315 525
A2 10056 2238 100563 2550
B 626933 47114 6269326 45972
R 35892 23566 358925 53146
w 58457 1918 584566 1797

Table 8.8: Handling lifetimes, predicted at 18 °C43% and 100 & 10 ppb NG, using
both approaches.

a b a b
sample t 100 nO2 /YT t 100 nO2 /YI t 1002 /Yr t 10 no2 /Yr
Al 85 74 851 325
A2 789 619 7887 1965
B 21445 15092 214453 38086
R 278 277 2778 2660
W 672 502 6721 1422
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Generally the lifetimes, shown mcolumns, appear significantly shorter. This shows
the ‘traditional’ dose approacla)(under-estimates the degradation at low pollutant
concentrations, where temperature and relative titynhave a significant effect.
Similar to the lifetimes described in the previgestion, the lifetimes discussed here
have extensive uncertainty intervals. The diffeemnbetween the two approaches,
however, are mainly outside prediction uncertagmtend therefore significant.

Uncertainty intervals for individual paper types ahown in Appendix D.

Handling lifetimes, predicted using method b, apasistently significantly lower.
The greatest agreement between the two methodbsesved for 100 ppb NO
where the predicted lifetimes are in the same omfemagnitude and within
prediction uncertainties. The reason is that thecefof NG is very significant at
high concentrations and therefore only a smallresronade if the other degradation
factors (such a3 and RH) are neglected. Once the rates are exatagoto lower
concentrations, however, the relative importance ‘leckground’ degradation
becomes significant and the under-estimation madedb taking this into account
increases. The only paper type, where there isivelpa good agreement between the
predictions at the lower NOconcentration, is rag paper, which demonstrates it
general stability toward3- and RH-induced degradation. Some overlap between
uncertainty intervals of both methods at 10 ppb;M@s also observed for the other
paper types (with the exception of alkaline papddwever the differences between

the approaches, are still relatively large.

In terms of AcCOH exposure the disagreement is Sagmt (by several orders of
magnitude). This is a consequence of AcOH causiegy Mittle additional
degradation compared and RH. This means that when the handling lifetisme
calculated from the-t=const formula, it is greatly over-estimated, as the dasp
exposed to AcOH actually degraded mainly fronand RH, i.e. the ‘background’
degradation, which is not taken into account.

Average display lifetimes (without uncertainty inials), predicted using both

approaches, are shown in Tables 8.9 and 8.10.
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Table 8.9: Display lifetimes, predicted at 18 °C,3P6 and 100 & 10 ppb AcOH, using

both approaches.

a b a b
sample t 100 Acon /YT t 100 Acon /YT t 10 acon /Yr t 10 acon /Yr
Al 86462 5786 864619 5601
A2 20183 5502 201827 6650
B 5655 277 56551 264
R 4241 3934 42411 22814
W 1933 1363 19332 3449
L 7322 1113 73223 1174

Table 8.10: Display lifetimes, predicted at 18 °C43% and 100 & 10 ppb NQ, using
both approaches.

a b a b
sample t 100 nO2 /YT t 100 nO2 /YT t 10 no2 /Yr t 10n02 /Yr
Al 3156 2092 31562 4783
A2 1080 945 10799 4202
B 1279 237 12789 260
R 2086 2009 20864 14666
w 1561 1167 15611 3308
L 1121 605 11210 1078

Similar to handling lifetimes the display lifetimgsedicted using both methods
appear significantly different. The differencesvibltn a and b increase as the
concentration decreases, which is unsurprisingyadisitant exposure might not be
the critical factor in degradation or colour charagelow pollutant concentrations.
Uncertainty intervals of both predictions for indival paper types are shown

Appendix D.

Similar to the handling lifetime the greatest agneat between approachasandb
was observed at 100 ppb NO'he difference between the approaches, howewer, i
larger than for the handling lifetime, as fairlyogbagreement was observed only for
acidic paper 2 and rag paper. Predictions diffestnior the alkaline, Whatman and
lignin-containing papers, which were the most priameolour change. This indicates
that the relative contribution of NQo colour change is even smaller thanDi®
loss. Similar to handling lifetimes the predictiodd€fer even more for AcOH

exposure, which did not contribute significantly ¢olour change of most paper
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types. The differences are larger at lower coneéiotis, where the relative
contribution of pollutant-induced change is smaltempared to other factors. The
difference between the two approaches is outsidertainty intervals, especially for
AcOH exposure. The exception is for 100 ppb,N®here the greatest agreement

was observed, and the overlap between uncertaitegvals is relatively small.

As discussed in the previous section, prioritisatad effects on the degradation
process could simplify lifetime estimations. Prization, however, is only possible
when one degradation factor is dominant, othersigeificant prediction errors can
be made. Lifetime predictions, discussed here, sthawva high concentration of a
very damaging pollutant, such as pj@ould be an example, where prioritisation is
possible. At 100 ppb N9 18 °C and 43% RH the effect of the pollutant twaio
scission is predominant, so only small errors wolokd made by not taking into
account the ‘backgroundT- and RH-induced degradation. As soon as the
concentration is decreased, the other degradatictors become significant and can
no longer be neglected without risking significaner-estimation of lifetimes. The
same would be true of a less damaging pollutarttigit concentrations, such as
AcOH. The ct=const approach can therefore only be used safely at high
concentrations of pollutants, which cause significaegradation. In a typical
archival environment, however, no pollutant is présin a high enough
concentration for this approach to be applicabdewas shown in Chapter 4 where

environmental monitoring at the Nationaal Archiefsadiscussed.

8.3. Environmental management options

Different preservation options for paper-basedemibns have been employed in the
past decades, from purely environmental strategjieb as cold-storage or extensive
filtration to interventive measures, such as defacadion. Assessing the benefits of
such measures in a quantitative way can providernmdtion about what measures
are the most effective and most beneficial to thikection.

Although assessing lifetimes in the way describedhe previous sections is only
possible for papers with a known init2P or colour and a well-defined degradation
rate, the results obtained in this study can bédieghm a wider sense. The samples,
selected for the experiments were selected to septdaypical documents, found in
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an archival or library collection. In most Westeepositories 70-80% of collections
are acidic [1], prone to degradation, which areesented here by two fairly acidic
samples (Al and A2) of different fibre compositiobhgnin-containing groundwood
paper is also very common and known to be fairlgtaile, especially in terms of
colour change, and this part of archival collectidras been represented by the
lignin-containing sample L. These three samplediale from the first half of 2b
century, which is when papers of the poorest quakiere produced, due to a
significant increase in demand. All archival coliens generally include significant
amounts of rag paper, which is known to be rel@itiggable in comparison [1]. To
test this stability a rag sample produced iff' t@ntury (R), was also used in the
experiments. Contemporary alkaline sample B, predun mid-1990’s, was used to
represent modern paper, containing alkaline reseméch improves the paper’'s
durability by reacting with acidic degradation pucts and pollutants. Lastly
Whatman filter paper was added as the only mod@emarepresenting pure
cellulose. Much previous paper degradation resedray been carried out on
Whatman paper, so inclusion of this sample meaesrésults are comparable.
Further reason to use Whatman paper was the repbildty of results. The samples
were selected to represent the most common papes tyn an archival collection,
allowing the results to be used to demonstrate adlzgion trends and general

behaviour of real paper-based collections.

8.3.1. Decreasing the temperature

According to the Arrhenius principle chemical reacs proceed at a slower rate at
lower temperatures. This of course means that papgradation is decelerated at
lower temperatures, making low temperatures arcefe preventive conservation

measure.

A decrease in temperature by 2 °C was selectedreasanable measure to prolong
the lifetime of the collection, so the degradatrates were extrapolated to 16 °C as
well. All lifetimes were calculated at 16 °C and®4&RH and the average predictions
at realistic pollutant concentrations (100 ppb Acénd 10 ppb Ng) at both 18 and
16 °C are shown in Table 8.11 (handling lifetimasyl Table 8.12 (display lifetimes)

to allow direct comparison.
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Table 8.11: Predicted handling lifetimes at 18 and6 °C and 43% RH. Predictions are
made for no pollutants and realistic concentration®f AcCOH and NO..

t handling /yeaf

18 °C 16 °C
sample 0 ppb 100 ppb AcOH 10 ppb N@Q 0 ppb 100 ppb AcOH 10 ppb N@
Al 520 568 325 706 772 417
A2 2590 2238 1965 3713 3178 2738
B 45848 47114 38086 | 67445 69262 55114
R 61759 23566 2660 96607 33543 3096
W 1785 1918 1422 2488 2676 1941

On average decreasing the temperature by 2 °C wwoldng the lifetime of paper
by approximately a factor of 1.4. There are, howegeme differences, especially
between different conditions, due to difference&inLifetimes of papers, exposed
to NO,, are therefore increased by a somewhat smalldorfaban the control

lifetimes, where activation energies are higherdéfncontrol conditions there are
also some differences between the paper typesprasxample rag paper is more

affected by temperature changes than acidic paper.

Table 8.12: Predicted display lifetimes at 18 and6L°C and 43% RH. Predictions are
made for no pollutants and realistic concentration®f AcCOH and NO..

t display /year
18 °C 16 °C

sample | o ppb 100 ppb AcOH 10 ppb N@ | 0 ppb 100 ppb AcOH 10 ppb N@
Al 5581 5786 4783 8165 8469 6895
A2 6808 5502 4202 10099 8009 5833

B 262 277 260 334 353 331

R 48878 3934 14666 | 78545 5073 20300
L 4155 1363 3308 6027 1786 4697
W 1181 1113 1078 1614 1513 1466

Similar to handling

lifetimes the display lifetimewould be extended by

approximately a factor of 1.4 if the temperatureswbecreased by 2 °C. As the
activation energies determined for handling angleiswere similar (section 7.6.),
this was expected. Again a somewhat smaller iner@gasifetimes can be observed
for samples, exposed to NOand some differences between paper types can be

appreciated (e.g. rag paper would be more affebtedemperature change than
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alkaline paper). Predictions for individual papgpds will be discussed in the

following paragraphs, calculations for acidic papere shown in Figure 8.9.
® displayt
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Figure 8.9: Predicted handling and display lifetims of acidic paper 1 with uncertainty
intervals at 18 and 16 °C and 43% RH. Predictionsr@ made for no pollutants and
realistic concentrations of AcOH and NQ.

Although average lifetime predictions seem to shdearly, that lifetimes are

extended, when temperature is decreased by 2 ECintimot quite as obvious when
uncertainty intervals are taken into account anel lifetimes are plotted on a
logarithmic scale. Unfortunately predictions, based Arrhenius studies at three
temperatures (and on real historic papers), gdgdrale large uncertainty intervals,
which means that all smaller effects are not goiagappear significant. The

predictions can, however, still be used to assessl$ and at least to indicate (if not

predict) the behaviour of paper under differentgerature and pollutant conditions.

Firstly it must be pointed out that all handlinéetimes are within the uncertainty
intervals of the control at 18 °C, as are the digpifetimes. The difference between
the temperatures, however, can be appreciated.eByedsing the temperature by
2 °C, the handling lifetime of acidic paper 1 undentrol conditions is extended to
approximately 700 years, which is a significant ioyement. The effect of the
temperature decrease on the sample, exposed tpHLONQ, is somewhat smaller
compared to completely removing the pollutant. igpthy lifetime is considered,
decreasing the temperature had a larger effect teaoval of pollutants, as the
predicted lifetime for acidic paper 1, exposed @oppb NQ at 16 °C is longer than

the lifetime under control conditions at 18 °C. A¢®@ad no effect on acidic paper,
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so a temperature decrease would, of course, be beneficial compared to AcOH

removal.

Acidic paper 2 benefits from reducing the temperatslightly more than acidic
paper 1, which is due to a higher activation enetdgyermined for this sample. Even
the samples, exposed to pollutants (both AcOH am})Nwould reach longer
handling lifetimes than the control, if the tempara was decreased by 2 °C. This is
not entirely the case with display lifetimes, as tiontrol lifetime at 18 °C is a bit
longer than the lifetime at 16 °C and 10 ppb,N&though the predictions are quite
similar. 100 ppb AcOH on the other hand has lekscebn the display lifetime than
a 2 °C temperature difference.

Activation energies, determined fDP loss of alkaline paper, were higher compared
to most other paper types, so a 2 °C temperattfiexehice would extend its handling
lifetime significantly and would have more effebab completely removing realistic
concentrations of pollutants. Although considerithg length of predicted handling
lifetimes, even pollutants are not a particulare#ttr Display lifetimes are very
different, reaching only approximately 250 years 18 °C. Decreasing the
temperature would improve that, extending theihfet by approximately 100 years
for all three conditions. Similar to the handlintetime, display lifetime is more
positively affected by a temperature decrease 6€C2than complete removal of
pollutants, as realistic pollutant concentratioisAcOH and NQ have very little

effect on contemporary alkaline paper.

The unusual results, obtained for rag paper, aee tdusignificant differences in
activation energies, obtained under different pgaliti conditions. While the
activation energies for botBP loss and colour change, determined under control
conditions, were the highest of all paper types7(abd 166 kJ/mol, respectively),
the E; values, obtained for samples exposed to,,Nere amongst the lowest
(49 and 94 kJ/mol). This means that although thgratkation rate is highly
temperature dependant at control conditions, a Befdperature decrease would not
make a significant difference if the paper was egaoto pollutants (AcOH or NQ@
This implies that removing pollutants is more bénaf to rag paper than decreasing
the temperature, although it should be noted tb#t bandling and display lifetimes,

predicted for rag paper, are several millennia lewgn in the presence of pollutants.
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Whether significant preservation measures are sacgdor rag paper is therefore
debatable.

Activation energies, determined for lignin-contaimi paper, differ according to
pollutant conditions as well, although in this cdke lowestE, was obtained for
samples, exposed to AcCOH. A decrease in temperawr2 °C would extend the
display lifetime of lignin-containing paper sligihtimore than if the paper was
completely protected from NOACOH in realistic conditions, on the other hand,
would still have more effect compared to the cdnab 18 °C. Even the worst
‘starting’ scenario (100 ppb AcOH at 18 °C and 4B%) would, however, lead to a
display lifetime of approximately 1500 years.

The differences between activation energies of Wihatpaper are not as significant
as for some other paper types, which means thdtaage in temperature has a
similar effect on samples under all three condgiddandling lifetime of Whatman
paper, exposed to 10 ppb M@t 16 °C, would be approximately the same as the
lifetime of the control at 18 °C, meaning that cdete removal of pollutants would
have the same effect as decreasing the temperayuge °C. In terms of display
lifetime a larger beneficial effect of a lower teengture can be observed, as
predicted lifetimes would be longer at 16 °C retgss of pollutant presence.

Lowering the temperature by 2 °C, although benaffici all cases, does not have the
same effect on all paper types. The magnitudeettfect depends on the activation
energy of the degradation reaction, as the lowerBh the less the process is
temperature dependent. In terms of handling lifetohecreasing the temperature by
2 °C generally has a similar effect as completeoreahof all pollutant§ which is
only theoretically possible. The effect of a loweis only smaller for acidic paper 1,
where the difference between a lower temperatugk ram pollutants would be
approximately 100 years. NOwould have a much larger effect on rag paper,
however predicted handling lifetimes would still beveral millennia. In terms of
display lifetimes decreasing the temperature hdarger positive effect on most
papers compared to complete removal of pollutaAtsdifferent trend can be
observed for acidic paper 2, where lifetime in b NGO, at 16 °C is somewhat
shorter compared to the control at 18 °C, and d&grpaper, where the difference is

® Pollutants investigated in this study, Nénd AcOH.
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much larger. However predicted display lifetimesboth are still several millennia

long.

8.3.2. Air filtration

Air filtration was introduced in several heritagesiitutions as a means of improving
the preservation of paper-based collections [72thddigh it was justified to
introduce air purification with the historicallydti levels of pollution in mid 2DC,
the benefits of this measure need to be assessmiidary to current pollutant
concentrations. To assess the effect of air fiimtpollution data collected at the
Nationaal Archief was used. N@oncentration was measured in two repositories,
one equipped with an air filtration unit and onethout it (see Chapter 4). The
average concentrations, obtained in both reposgpriwvere used in lifetime
predictions (section 4.3.3.). As semi-quantitateaealysis of AcCOH in the two
repositories gave results, incompatible with cotragions published in the literature
[87,105], they were not used for lifetime prediaso A rough estimation, based on
measurements, carried out at the Swiss Nationahtybis that AcOH concentration
is reduced by 20-30% if a new chemical filtratiomitus installed [94]. This was
used to assess the benefit of air filtration imi&of AcOH. The concentrations, used

for predictions, are shown in Table 8.13.

Table 8.13: Pollutant concentrations with and withait air filtration (AcOH
concentrations based on approximate estimations).

filtration C noz2 /ppb C acon /ppb
YES 70 0.3
NO 100 8.9

Similar to predictions, discussed in the previoestisn, all lifetimes under different

pollutant conditions are within uncertainty intesvaf the control and in most cases
prediction uncertainty intervals are actually mualger than differences between
pollutant conditions. The results could, howevéh, Ise useful to observe trends and

estimate the effects. Predicted lifetimes are shiowirables 8.14 and 8.15.
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Table 8.14: Handling lifetimes with and without air filtration.

t handling /yeaf

18°C, 43% RH 18°C, 43% RH, filtration
sample| Oppb 100 ppb AcOH 8.9 ppb NQ@ | 70 ppb AcOH 0.3 ppb NQ
Al 520 568 339 553 511
A2 2590 2238 2021 2333 2566
B 45848 47114 38843 46727 45569
R 61759 23566 2989 28934 37058
W 1785 1918 1456 1876 1771

Table 8.15: Display lifetimes with and without airfiltration.

t display /year
18°C, 43% RH 18°C, 43% RH, filtration
sample| Oppb 100 ppb AcOH 8.9 ppb N@ | 70 ppb AcOH 0.3 ppb NQ
Al 5581 5786 4863 5723 5553
A2 6808 5502 4395 5838 6684
B 262 277 260 273 262
R 48878 3934 15950 5432 45682
L 4155 1363 3387 1707 4124
W 1181 1113 1089 1132 1177

AcOH has no effect on either handling or displdgtime of acidic paper 1, air
filtration therefore has no positive effect in thespect. It does, however, have some
effect on the degradation, caused by,NBoth handling and display lifetimes would
be shorter in the repository without air filtratidn comparison to the repository with
air filtration, the handling lifetime would be sher by a third, approximately by 200
years. The display lifetime would also be decreased would still reach almost
5000 years. Whether a difference of several 10@syisasignificant, when even the
lifetime under the least favourable conditions evesal millennia, depends on the
stakeholders’ decision. There is no significantfedénce between the filtered
repository results for both AcOH and N@nd the control.

Similar to acidic paper 1 very little differencetlween the repositories with and
without air filtration can be observed for acidiaper 2, exposed to AcOH, both in
terms of handling and display lifetime. Some effeictir filtration can, however, be
seen for N@, as there is no difference between the filtergobosdory and the

control, but a shorter lifetime is predicted foe thon-filtered repository. This is the
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case for both handling and display lifetimes. Théecrence is approximately
300 years for handling lifetime, although even sherter predicted lifetime (at the
higher NQ concentration) is over 1500 years. The differeinche display lifetime

is larger, however the lifetimes are much longewal, with several millennia even

for the higher concentration of NO

Air filtration has no effect on alkaline paper irms of display lifetime, which is
much shorter for alkaline paper compared to theeroghaper types. Predicted
lifetimes under all four pollutant conditions arppaoximately the same as for the
control. A significant positive effect of air fiition can be observed for handling
lifetime, as NQ seems to have a significant effect even at venydoncentrations.
Even though the effect is significant, the predicidetime in the non-filtered
repository reaches several 10000 years. Realistiwélen predictions are this long a
20% difference in lifetimes when comparing a fiétgrand non-filtered environment
is probably not very important. Taking this intacaant, air filtration does not have a

significant positive effect on contemporary alkalipaper.

A positive effect of air filtration on handling artisplay lifetimes of rag paper can
be observed both in terms of M@nd AcOH accelerated degradation. Even in the
filtered repository the lifetimes would not readtat of the control, predicted in the
absence of pollutants. Although the benefits offiltnation seem significant in this
case, even the shortest of all predicted lifetifnesdling, when exposed to 8.9 ppb
NO,) is approximately 2000 years, which should be naketo account when
assessing the beneficial effects of air filtration.

For lignin-containing paper the effect of AcOH ader than the effect of NOso air
filtration might have some effect in reducing thecG¥ concentration. The
difference between the repositories with and withaiu filtration, however, is not
very significant compared to the difference betw#en filtered repository and the
control. At 100 ppb AcOH, assumed for a repositarthout air filtration, lignin-
containing paper would reach a display lifetimeoweér 1000 years. In terms of NO
accelerated degradation the filtered repositoryopers as well as the control. The
lifetime in the non-filtered repository is reducdéy approximately 700 years,
however still reaching over 3000 years.
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There seems to be no significant difference betwepasitories with and without air
filtration in terms of display lifetimes of Whatmgmaper. Some benefits of air
filtration can be observed in terms of the effectN®, on the handling lifetime, as
the predicted lifetime in the repository without filtration is a few centuries shorter.

It would, however, still be over a millennium lorag would all the display lifetimes.

It should be highlighted, that all the differencgiscussed above, are within the
prediction uncertainties of the control samples Itherefore difficult to say that the
predicted differences are significant, althoughoutinately that is usually the case
with Arrhenius studies on real historic materia8][ To assess, whether air filtration
contributes significantly to the preservation otallection, a decision should be
made on acceptable lifetimes a collection is exguetd achieve. If, for example, the
goal is a millennium, most paper types would achiévregardless of pollutant
presence, both in terms of handling and displaifife. The only exceptions are the
display lifetime of alkaline paper and handlingetime of acidic paper. Air filtration
has no effect on the display lifetime of alkalinappr, as predicted lifetimes are
roughly the same for all pollutant conditions ahd tontrol. The only case, where
air filtration could realistically have a beneficieffect (if all lifetimes over 1000
years are assumed to be acceptable), is the hgdifitime of acidic paper, which is
predicted to increase by approximately two censutie the repository with air
filtration, at 18 °C and 43% RH.

8.3.3. Decreasing the RH

Decreasing relative humidity as a preservation oreasvas already thoroughly
described by Sebera, when he introduced isopermE [3e assumed a linear
dependence of the degradation rate on the RH, wigichived some criticism and
revision [55]. Although this relationship might koin the approximately linear
middle part of the water sorption curve, this might be the case for all paper types.
Results from the experiment carried out at a low (Réttion 7.3.), show that chain
scission in acidic samples (both with pH betweean8 6) are affected by change in

RH, as the degradation rates at a lower RH werefgigntly decreased.

Decrease factors of 1.3 and 2.8 were obtainechiotwo acidic papers. To assess the

behaviour of a mildly acidic paper, the factors a8l 2.8 were averaged, which

244



gave a factor of 2. This is consistent with thetdgcobtained by assuming a linear
effect of RH on acidic papers (43% / 2¥R).

Since the lifetime of paper is linearly dependent the degradation rate, an
approximation can be made that it is also in lindggpendent on relative humidity,
providing the assumption on the rate being lineadpendent on RH is correct.
Handling lifetimes were therefore assessed usingiaimn 77, described in

section 8.2.1.

Lifetimes were calculated for acidic papers, rad &hatman, but not for alkaline
paper, as it is thought to be generally insensitiv&®H changes in the investigated
RH range. Rag and Whatman paper were assumeddimidarly RH-dependent to
acidic papers based on their similar pH, althougtfoiunately insufficient
degradation occurred in the experiment describedipusly (section 7.3.) to confirm
that.

A decrease in RH of 5% was selected as a reasopeddervation measure, which
could be possible to implement. The average hagdifatimes at 18 °C and 38%
RH, calculated at realistic pollutant condition®@Ippb AcOH and 10 ppb N{are

shown in Table 8.14, together with predicted lifegs at 18 °C and 43% RH to allow
direct comparison. The figures are not rounded wg t asymmetrical uncertainty
intervals. An assumption was made that pollutafgesdd degradation rates retain

the same linear dependence as the rates undeolcomditions.

Table 8.16: Predicted handling lifetimes at 18 °C43% RH and 18 °C, 38% RH.
Predictions are made for no pollutants and realisti concentrations of AcCOH and NQ.

t handling /yeaf
18 °C, 43% RH 18 °C, 38% RH
sample 0 ppb 100 ppb AcOH 10 ppb N@ 0 ppb 100 ppb AcOH 10 ppb N@
Al 520 568 325 589 643 368
A2 2590 2238 1965 2931 2532 2223
R 61759 23566 2660 69886 26667 3010
W 1785 1918 1422 2020 2171 1609

A 5% reduction in RH does not achieve much addiiqmeservation. Especially for
samples other than Al, which were already preditdduave lifetimes longer than a

245



millennium, such an increase seems insignificdttipagh the difference in lifetime
is the same for all paper types percent-wise. @enisig the significant prediction
uncertainties already discussed, such an increa$iteime seems insignificant. If
the beneficial effects of decreasing relative huiyidiere to be comparable to the
previously described temperature decrease, theggeharRH would have to be much
larger.

An average increase in predicted lifetime, if tamperature was decreased by 2 °C,
was by a factor of 1.4, as discussed in sectionl8Bor the same factor to be
achieved by decreasing RH, a decrease of 13% wmellcequired, taking the RH
level to approximately 30%.

As discussed in the previous Chapter (section),7c®lour change of all paper
samples was significantly affected by RH. Althoughiperimental data was
insufficient to find whether the relationship beeme RH andAEqy, is actually
quadratic, this relationship was assumed, as itals&sin relatively good agreement
with the relationship, suggested by Michalski [5&],« RH"’. Lifetimes were
therefore calculated using Equation 78, describeskction 8.2.1. These assumptions
are approximate and more experimental data is etdeither confirm or discard
them. As no other colour change rate dependencelative humidity was found in
the literature, this was used to make approximaegliptions. Average lifetimes,
corresponding to an RH decrease of 5% at reapstictant conditions, are shown in
Table 8.15. Predicted lifetimes at 18 °C and 43% &&l shown as well to allow

direct comparison.

Table 8.17: Predicted display lifetimes at 18 °C,3% RH and 18 °C, 38% RH.
Predictions are made for no pollutants and realistt concentrations of AcCOH and NQ.

t gispiay /y€Qr
18 °C, 43% RH 18 °C, 38% RH

sample 0 ppb 100 ppb AcOH 10 ppb NQ 0 ppb 100 ppb AcOH 10 ppb N@
Al 5581 5786 4783 7147 7409 6125
A2 6808 5502 4202 8718 7046 5380

B 262 277 260 336 355 332

R 48878 3934 14666 62587 5037 18780
L 4155 1363 3308 5321 1745 4236
W 1181 1113 1078 1512 1425 1380
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Based on the assumption, described above, disiédynles would be significantly

prolonged if the RH was decreased by 5%. Howeverniost paper types, the
realistic benefit of that is not as clear, as ifetimes were predicted to be over a
millennium even at the original RH level. A sigodint improvement can, however,
be appreciated for alkaline paper, where lifetimtethe lower RH are predicted to be
approximately 500 years, which is approximatelyeatary longer than at 43% RH.
The effect of a 5% RH decrease on display lifetilsesimilar to a 2 °C decrease for
most paper types, although it is somewhat smatieipéper types with the lowest
colour change rates (acidic papers and rag). Tieetedn the most sensitive alkaline

paper is comparable.

8.3.4. Comparing the effects of different measures

Of the three possible preservation measures, tescrabove, decreasing the
temperature seems to be the most effective. Ofseotlre effectiveness depends on
how much the temperature is decreased and how enggy (and resources) would
be required for such a decrease. A similar effeclcc be achieved by reducing the
RH, although the difference in RH would have torbech larger (this is due to a
linear versus exponential effect of RH ahdrespectively), at least in terms DP
loss, i.e. handling lifetimes. The effects on dagplifetimes are more comparable, as
the effect of RH is assumed to be approximatelydcptec (section 7.3.). To visually
compare all measures, graphs were created for paphr type separately. The
graphs show predicted lifetimes under control ctiowls (no pollutants) and when
exposed to realistic concentrations of AcOH and;Ntthere NQ concentration was
taken from the environmental monitoring resultsalded in Chapter 4. The starting
points are lifetimes, predicted at 18 °C, 43%, with air filtration, and different
environmental management options are comparedatopthint. As shown in the
previous sections, the effects of all preservatiseasures are likely to fall within
prediction uncertainties of the control samplesicWhs unavoidable when using the
Arrhenius approach. Therefore the plots below aradenwithout uncertainty

intervals.

Predicted handling lifetimes of acidic paper 1sttewn in Figure 8.10.
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Figure 8.10: Predicted handling lifetimes of acidigpaper 1 with different preservation
measures. The reference at 18 °C, 43% RH and notfétion is shown in black.

In terms of the control and the samples, exposekt@®@H, the most beneficial effect
can be observed for the decrease in temperatuigisThot surprising, as AcOH had
no effect on the degradation of acidic paper ared dbntrol was not exposed to
pollutants at all. More interesting is the casesamples at the NOconcentration,
measured in the repository without air filtratidaltration has the most effect as
nearly all NQ is removed (the concentration, measured in thesiggpy with air
filtration, was only 0.3 ppb). The preservationeetfis therefore larger compared to
the decrease in temperature by approximately 1@ésyén order for the same effect
to be achieved only by decreasing the temperathee difference in temperature
would have to be significantly larger, approximgatdl °C (T would have to be
decreased to 13 °C).

Predicted handling lifetimes of acidic paper 2 gttewn in Figure 8.11.
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Figure 8.11: Predicted handling lifetimes of acidigpaper 2 with different preservation
measures. The reference at 18 °C, 43% RH and notfétion is shown in black.

The effects of different measures are not entitiedysame for acidic papers 1 and 2.
Again a decrease in temperature seems most bedbcithe control and AcOH
exposure, however, in this case it would have tlestneffect on the lifetime,
predicted for N@ exposure as well. The effect is larger than coteptemoval of
pollutants, as acidic paper 2 was less affectedN@p than acidic paper 1.
Decreasing the RH has less effect than air fitrator NG, exposure, but would be
more beneficial in terms of AcOH exposure. AcOHwkuwer, is not very critical and
even with no additional preservation measures agdper 2 would reach a handling

lifetime of approximately 2000 years in the worase, shown in the graph.

Predicted handling lifetimes of alkaline paper sttewn in Figure 8.12.
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Figure 8.12: Predicted handling lifetimes of alkale paper with different preservation
measures. The reference at 18 °C, 43% RH and notfétion is shown in black.

It was assumed that a small RH change in the rdisgeissed has no effect on the
stability of alkaline paper, so no benefits of @éasing the RH are shown on the
graph. Filtration has a beneficial effect in terwfisNO, exposure, as predicted
lifetime with air filtration is the same as thattbe control. No effect of AcOH was
observed, so filtration would have no effect inttb@nse. Decreasing the temperature
has a much larger beneficial effect with lifetimasder all three conditions being
significantly increased. However even if no preaéon measure is taken, the
lifetime of alkaline paper would be several millengnso realistic benefits of the

preservation measures discussed are debatable.

Predicted handling lifetimes of rag paper are showfigure 8.13.
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Figure 8.13: Predicted handling lifetimes of rag pper with different preservation
measures. The reference at 18 °C, 43% RH and notfétion is shown in black.

Interestingly decreasing the temperature would heeey little effect as well,
especially in comparison with air filtration, whedO, induced degradation is
considered. A lower temperature has more effectpewed to air filtration in terms
of AcOH, but the difference is very small, and #fere insignificant. A similar
observation can be made for a lower RH at all tlwaaditions. It should, however,
be pointed out that rag paper would reach very lbagdling lifetimes (several
millennia) even without additional preservation sw@as, i.e. at 18 °C, 43% RH and

no air filtration.

Predicted handling lifetimes of Whatman paper ams in Figure 8.14.
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Figure 8.14: Predicted handling lifetimes of Whatma paper with different
preservation measures. The reference at 18 °C, 43RH and no filtration is shown in
black.

Different preservation measures would have a vienjlar effect on Whatman paper
as those on acidic paper 2. This means that decgetle temperature by 2 °C would
have more beneficial effect than air filtration.ltfation would, however, be
preferable to decreasing the RH by 5%, at leatdrims of NQ induced degradation.
No negative effect of AcOH was observed, so airdfiion would have no effect in
that sense. Even with no additional preservatiomsuees, Whatman paper has a

predicted handling lifetime of approximately 150£ays.

It was shown that for most papers decreasing thedeature by 2 °C would be more
beneficial than air filtration. Different observatis were only made for acidic and
rag paper, where rag paper would reach increddsg handling lifetimes regardless
of pollutant presence. All samples, but the acidiould reach lifetimes of over 1500
years, so realistically acidic paper is possibby ¢imly paper type, where preservation
measures are needed. Although decreasing the tatapewould have a significant
beneficial effect, it would have to be decreased 4oyC to reach the same

preservation effect as removing NO

Similar assumptions, used for predicting handlihetimes, were made for display
lifetimes. The comparative graphs are thereforétgudion the same way.

Predicted display lifetimes of acidic paper 1 dreven in Figure 8.15.
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Figure 8.15: Predicted display lifetimes of acidipaper 1 with different preservation
measures. The reference at 18 °C, 43% RH and notfétion is shown in black.

Display lifetimes of acidic paper 1 would be mossitively affected by decreasing
the temperature. Decreasing the RH would haverafisignt positive effect as well,
as would to some extent air filtration. Although &ltration would eliminate the
negative effect of Ng) it would not have as much effect as the other weasures,
which would increase the lifetimes beyond the pridi lifetime of the control. All

predicted display lifetimes, however, are severndemmia.

Predicted display lifetimes of acidic paper 2 dreven in Figure 8.16.
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Figure 8.16: Predicted display lifetimes of acidipaper 2 with different preservation
measures. The reference at 18 °C, 43% RH and notfétion is shown in black.

The predicted behaviour of acidic paper 2 is sigarftly different to acidic paper 1.
Air filtration seems to be the most effective prestion measure, especially when
NO, exposure is considered. As the negative effeétc@H is considerably smaller,
the benefits of air filtration are insignificant tarms of AcOH. Significant positive
effects of decreasing the temperature or RH cambigerved, although neither of the
two measures would have quite as much effect orrpaxposed to N£) as air
filtration. Similar to acidic paper 1 all predictedisplay lifetimes are several

millennia, even if no additional preservation meaga taken.

Predicted display lifetimes of alkaline paper dreven in Figure 8.17.
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Figure 8.17: Predicted display lifetimes of alkalie paper with different preservation
measures. The reference at 18 °C, 43% RH and notfétion is shown in black.

Predicted lifetimes of alkaline paper are signifitya shorter compared to the other
paper types. Air filtration would have a very smptisitive effect, increasing the
lifetime to the prediction made for the control sde The other two preservation
measures, however, would have a significantly labgmeficial effect. Both & and
RH decrease would extend the lifetime to approxatyab00 years. The effect offa
decrease is slightly greater, although when prexshaincertainties are considered the
difference between the two measures is insignificéfith alkaline paper being the
most sensitive one in terms of colour change,datreelike a 2 °A’ decrease or a 5%

RH decrease would be the most beneficial presemvaiption.

Predicted display lifetimes of rag paper are showfigure 8.18.
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Figure 8.18: Predicted display lifetimes of rag paer with different preservation
measures. The reference at 18 °C, 43% RH and notfétion is shown in black.

Similar to acidic paper 2 air filtration would hatlee most beneficial effect on rag
paper. For the paper, exposed to Ne benefits would be greater compared to
decreasingl or RH, which would have a relatively small effeximpared to the
other paper types. The effect of AcOH on the digdléetime of rag paper is
atypically large and would not be affected sigmifily by any preservation measure.
It should, however, be taken into account that etenshortest predicted display
lifetime (100 ppb AcOH at 18 °C, 43% RH) is approaiely 4000 years, which

means additional preservation measures are nossetdy needed.

Predicted display lifetimes of lignin-containinggea are shown in Figure 8.19.
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Figure 8.19: Predicted display lifetimes of lignineontaining paper with different
preservation measures. The reference at 18 °C, 43RH and no filtration is shown in
black.

Similar to rag paper a significant effect of AcOldncbe observed, however the
lifetimes, predicted for lignin-containing papeeaignificantly shorter. Boti and
RH decrease have a positive effect on the predldetiones, although the effect af

is slightly larger (when 2 °C and 5% are comparéd). filtration would have a
significant beneficial effect as well. The diffeces between the measures are well
within prediction uncertainties. Although displafetimes of lignin-containing paper

are amongst the shortest of all studied paper fypey still reach over 1000 years.

Predicted display lifetimes of Whatman paper amshin Figure 8.20.
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Figure 8.20: Predicted display lifetimes of Whatmarpaper with different preservation
measures. The reference at 18 °C, 43% RH and notfétion is shown in black.

The effects of preventive measures on Whatman pagesimilar to the predicted
effects on alkaline paper. Air filtration would leagome positive effect, increasing
the lifetime to the level of the control (i.e. elimating negative effects of NGand
decreasing negative effects of AcOH). Temperatuack ralative humidity decrease,
however, would have significantly more beneficiffeet, prolonging the predicted
lifetime by several centuries. The difference betwéhe hypothetical and RH

decrease is relatively small.

Similar to handling lifetimes the display lifetimegould, in most cases, be most
affected by a decrease in temperature by 2 °Cowdfn a decrease in RH by 5%
would give very similar results. Acidic paper 2 arad) paper, on the other hand,
would benefit most from air filtration, reducingetimegative effect of NO Predicted

lifetimes of the two, however, are several millenlang.

Overall the results for handling and display |fiegéis are not entirely the same, as the
most sensitive paper in terms of chain scissian écidic paper) would benefit most
from air filtration, and the most sensitive ondenms of colour change (i.e. alkaline

paper) would be more affected by a decreaeanRH.
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8.3.5. Assessment method for paper-based collections

Environmental conditions normally found in an awehirepository, are usually not
extreme enough for one degradation factor to hapeedominant affect on paper
degradation. Although this is fortunate in termscofiection preservation, it makes
assessing beneficial effects of different presématmeasures somewhat more

complicated.

An important degradation factor, which should beetainto account as well, is the
type of paper itself. Papers differ according tiiah pH and their composition and

that has an effect on how resistant to degradd#iotors the paper is. This could be
seen from the very different lifetime predictioms flifferent paper types, discussed

in the previous sections.

In order to propose a method for assessing thefibeé different measures, some
simplifications were made based on the resultsemtesl so far. Papers were divided
into classes based on their sensitivity and diffectasses are proposed for different
paper properties, as some paper types are moie gtalerms of chain scission, but
are sensitive in terms of colour change and vigeavée.g. alkaline and acidic paper,

respectively).

Average degradation activation energies were calledl for each class of papers,
which can then be used in approximate calculati®ssNG; is very likely to cause
degradation by a different mechanism (oxidation akhdition to acid-catalysed
hydrolysis) the activation energies for pl@xposure were calculated separately.
These should be used when the collection is expdasedsignificant NQ

concentrations.

In terms ofDP loss (cellulose chain scission) sensitivity thpgra were divided into
two classes based on their activation energieqjigiesl lifetimes under control
conditions, startingDP values and degradation rates. The more sensitass d
contains acidic papers (and Whatman paper, althdoglassessments in archival
collections this is not really relevant), which ladlve initial pH values between 5 and
6. The less sensitive class Il contains alkaline raig paper, which have significantly
different initial pH values, but are both quite ist@nt to degradation. Average

activation energy for class | is 121 kJ/mol, whaiould be used for calculations
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only if the collection is not exposed to a sigrafit concentration of NOA lower
activation energy was determined for degradatidfected by NQ, 73 kJ/mol.
Average activation energies, determined for cldsgere approximately 10 kJ/mol
higher, 133 kJ/mol in the absence of Nfdd 77 kJ/mol for N@exposure.

As activation energies and rates (and therefordigied lifetimes) differed even
more in terms of colour change, the papers werngelivinto three classes. The most
sensitive class | contains alkaline and Whatmarepaihe less sensitive class Il
contains both acidic papers and lignin-containirapgy and the least sensitive
class Ill contains only rag paper. The averagevatitin energies are 96 kJ/mol for
class I, 122 kJ/mol for class Il and 125 kJ/moldtass lll. Interestingly the classes
differ much less in terms of N(xposure, as the average activation energiedifor a

three are between 93 and 95 kJ/mol. The summayiyes in Table 8.16.

Table 8.18: Sensitivity classes with average actittan energies.

samples E./kJ/mol E. no2/kd/mol
class DP AEqyg DP AEqy DP AEqyg
I A N W B, W 121 96 73 95
Il B,R AN, L 133 122 77 93
Il R 125 94

As discussed previously, lifetime or effect asses#m if simplified, differs
according to environmental conditions the collatti® subjected to. If it is exposed
to high concentrations of very damaging pollutasisch as Ng@ a simple dose
approach, suggested by Tétreault [73] can be usigowt risking significant
prediction errors. This could be done both for hagdand display lifetimes for all
three classes of paper. It is, however, only sugdes do so in concentrations above
100 ppb, where the effect of the pollutant is mgodater compared to the effects of
T and RH. Such conditions, however, are not commdolynd in archival

repositories.

This approach cannot be used for pollutants, whanse significantly less damage
to paper, such as AcOH. In terms of handling ifetiAcOH effect can be neglected
in concentrations up to 300 ppb for all paper tymesept rag paper. 300 ppb was

calculated to be the significant effect threshadd &cidic paper 2 earlier in this
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Chapter (section 8.2.1.) and no effect was obseiwethe other paper types. AcOH
concentration, higher than 300 ppb, would not berconly encountered in archives

or libraries [87].

If the collection is exposed to NOconcentrations below 100 ppb or AcOH
concentrations above 100 ppb the following equatiam be used to assess handling
lifetimes at different pollutant concentrations:

kt = (kT,RH,pH + kpollutant)t = (kT,RH,pH + mT,RH,pHCpollutant)t = const. (71)

To simplify the calculations oneand onan value are given for each class of paper.
To avoid underestimation of effects the worst-casgaariok andm for each class
are used. The values at 18 °C and 43% RH for hagdifetimes are shown in

Table 8.17.

Table 8.19:k and m values for handling lifetimes for sensitivity clases | and II.

K 18oc, 43% RH M AcoH MNo2
class samples lyear” lyear'ppb™ lyear'ppb™
| A N, W 2.94E-06 1.14E-09 1.77E-07
I B,R 6.33E-08 7.71E-10 1.06E-07

This approach is applicable to concentrations of ; NS@mmonly found in
repositories. Once the pollutant concentration-ddpat lifetime (or degradation
rate) is calculated, it can be adjusted to diffetemperatures using Equation 76,
described in section 8.2.1. Approximate activagoergies for each sensitivity class,
shown in Table 8.16, can be used for calculatidms.include a change in RH,
Equation 77 can be used

Eq Eq

thHle—R_Tl = tzRHze_m. (77)

The assessment method for display lifetimes ish#ligdifferent due to different
pollutant thresholds, calculated in section 8.arld a different dependence of colour
change on relative humidity. Similar to handlinigtimes the simple dose approach
(ct = cons) can be used for high concentrations of pollutamthich have a

significant effect on colour change (such as;N®ove 100 ppb), although slightly

larger errors are expected compared to handliegries. The effect of AcCOH on the
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other hand is not as simple as for handling lifesmThe thresholds, determined in
section 8.2.1, differ significantly according tonsgivity class, as colour change of
the most sensitive papers is actually the leastHAc@pendent. For class | AcOH
can therefore be omitted when the concentratiomelw 100 ppb (similar to
handling lifetimes of all paper types) without sigrant prediction errors, however
for classes Il and lll it should be taken into aatbwhen assessing lifetimes. It is
therefore likely that both pollutants will needite taken into account when assessing
display lifetimes. In the absence of experimentatad the simplest mechanism
assuming additivity of both effects, is used. Nmeygistic effect of the two
pollutants was observed in the experiments at 80W@re samples were exposed to
a mixture of N@Q and AcOH (Chapter 7, sections 7.2.1. and 7.2s2.)a conclusion
was made that a mixture of both pollutants doescanose more degradation than the

sum of individual pollutants. The Equation 71 ttiere becomes:
kt = (kT,RH,pH + kpollutant 1+ kpollutant 2t =
= (kT,RH,pH + m1C1 + m2C2)t = const. (81)

The lifetimes can then be assessed using Equafioor 81 andk and m values,
shown in Table 8.18.

Table 8.20:k and m values for display lifetimes for sensitivity classs I, Il and III.

K 18oc, 439 RH M acoH M No2
class | samples lyear” lyear'ppb™ lyear'ppb™
| B, W 5.72E-02 7.78E-06 1.21E-04
I AN, L 3.61E-03 7.40E-05 1.37E-04
11 R 3.07E-04 3.51E-05 7.16E-05

Following that, the lifetimes can be assessed aougrio temperature and relative

humidity, using a quadratic dependence on the RE¢ribed in section 8.2.1:

Eq Eq

tRH?e RT1 = t,RH?e Rz, (78)

Although the approaches, described above, are iicagibns of actual behaviour of
papers, they could be useful in assessing the impladifferent environmental
conditions. They might seem somewhat more comgcéd implement, compared
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to established dose [73] or isoperm [54] approachewever they take into account
pollutants in a realistic concentration ran§ieRH and different stability of different
paper types, which could be useful when predicthey lifetime of a real archival

collection.

8.4. Conclusion

Handling and display lifetimes of all paper typesider different realistic
temperatures, relative humidity and pollutant ctods were calculated and
discussed. Lifetimes, predicted at realistic palhtconcentrations (100 ppb AcOH
and 10 ppb Ng), were found to be within prediction uncertaint@sthe control

samples for all paper types. Uncertainty intervatsyever, were significant, which
is common in Arrhenius studies. A clear trend of ,N€using more paper
degradation and reducing paper lifetime comparedA¢®H (both in realistic

concentrations) was nevertheless observed.

Lifetimes under different hypothetical environmdnteanagement options (or RH
decrease and air filtration) were discussed. Ofttinee options presented here, a
temperature decrease of 2 °C would be the mostfioehdor the majority of paper
types. However, this was not the case for acidjpepawhere the most beneficial
measure was found to be air filtration, which digantly decreases the
concentration of N@ The same effect could, however, be achieved bgrger

temperature decrease, for example using cool sorag

The concepts of pollutant dose and threshold weseudsed and a method of
calculating both proposed. Pollutant thresholdswhich the effect of pollutants
becomes significant compared to the uncertaintghen T and RH control, were
calculated. For most paper types the thresholde wbove concentrations typically
found in archival repositories. The two exceptiovere acidic paper 1 (in terms of
handling lifetime) and rag paper (in terms of bba#ndling and display lifetime).
However, rag paper would reach lifetimes of severidennia regardless of pollutant

presence.

Lifetimes were calculated using both the ‘tradiibrdose approachc¢=cons) and

the suggested approach. It was shown that usingtrtuitional pollutant dose
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approach could result in significant overestimadion lifetimes, as this method does
not take into account the degradation, caused &yd RH and should therefore only
be used if the pollutant effect can be prioritiseter the other effects on paper
degradation. Additionally a method for assessirigtilhes of a real archival or

library collection, based on different stabilitywards chain scission or colour
change, was proposed.
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9. Recommendations for archival storage

Based on the results and discussion, describdtkiprievious two Chapters 7 and 8,
recommendations can be made for the long-term getooh paper-based collections.
The assessment method, proposed in section 8vdlbbe used to compare and

optimise beneficial effects of different presergati measures on a ‘typical’

collection, found in an archival repository andtba collection, held in the Nationaal
Archief. Environmental conditions, typical for anchival repository, are used for

predictions, 18 °C and 50% RH ( [146], Chapter 4).

9.1. Different environmental conditions in a typical archival collection

A typical archival collection in a Western reposytois thought to contain
approximately 70% acidic paper [1], which is praaanore rapid degradation. The
remaining 30% are more resistant towards degradatmainly rag paper and
possibly contemporary alkaline paper) and therefosse fewer concerns.
Preservation measures are usually employed to molbe lifetimes of the most
sensitive part of the collection [5], which repnetsethe majority of the objects in an

archive.

9.1.1. Preservation measures

To investigate the benefit of different preservatineasures to a typical collection,
the assessment method, introduced in the previtvapt€r (section 8.3.5.), is used.
As the samples, used in the experiments, weretedléx be representative of typical
paper types in archival collections, generalizatbrihe results and the assessment
method is possible. In terms of handling, 70% ofypical collection could be

classified as class | (acidic paper) and 30% asdlarag and alkaline paper).

If AcOH is assumed to be present in concentratiopsto 100 ppb, which is
consistent with a recent survey of archives andiibs [87], the effect of AcOH can
be neglected in estimations of lifetimes, becagssh@wn in the previous chapters it
has a negligible effect. On the other hand, comagahs of NQ, usually
encountered in archival collections, have to benaikto account and the pollutant-
affected lifetime should be calculated accordingtmation 71, described in Chapter

8. A realistic concentration of 10 ppb has beerduse estimations. Acidic papers
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usually haveDP values between 500 and 1000 and the two reapapers, forming
class | in this study, had initi@Ps of 560 and 680 units. The worst case scenario,
DP =500, was used in the calculations below. Thedilife of class | papers was also
calculated as a range of values, usibigs of 500 and 1000 as limits. Pollutant-
dependant lifetime at 18 °C and 43% RH was theeetatculated as:

kt = (Kciass 1,18 °ca3% R T+ Kno2)t = (K7 rpH + M1 RHPpHCNO2)E =

(L_ L)
— 300 500

T 2.94x10~6 year—1+ 1.77+10~7year—1ppb—1+10ppb’

(82)

which gives a lifetime of 280 years. To estimate lifetime in the most common

archival conditions, however, the lifetime needbécadjusted to 50% RH, using:
t;RH, = t;RH, = 280yr * 43 =t * 50,
which gives a lifetime of 240 years.

If the two limit DP values for class | are used, lifetimes range bet&10 and 430
years. In a rather pessimistic estimation 70% @& tollection would ‘survive’
between 240 and 430 years if the temperature wa€ 1Blative humidity 50% and
no air filtration was installed. However, this esdition is based on experimental
results from only two acidic papers. In reality rdh@re always going to be some
objects, which are more prone to degradation aridtinarefore degrade faster and
some, that will degrade slower.

Depending on what the preservation goals of arntuisin are, or what the archival
regulations prescribe, a decision would be requied whether additional
preservation measures are needed. This woulddalsend on what is perceived as
acceptable, i.e. how fitness (‘end of life’) threkls are defined (he@P = 300 and

AEg = 15 were set as limits).

Using the same formula and appropriktandm values, the handling lifetime of a
class Il paper can be calculated. Class Il consistontemporary alkaline and rag
paper, which differ in their initiaDP values. Rag papers usually have lowéts,

typically between 1500 and 1800 [53], so a typre@ papeDP was selected as the

starting point to avoid over-estimation of lifetimielhis was also used because rag
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papers are typically much more abundant in archeedlections than contemporary
alkaline paper [184]. A lifetime range, usibiPs of 1500 and 1800 as limits, was
calculated at 18 °C, 50% RH and 10 ppb,NOfetimes between 2050 and 2150
were obtained, which means 30% of a typical calectvould therefore last for two

millennia with no additional preservation measures.

Display lifetimes are determined in a similar wasing representativen and k
values for each class. A very small percent of picgl archival collection is
composed of contemporary alkaline paper, whichhé most sensitive in terms of
colour change. A survey in the National ArchivesHailand [184] revealed only a
couple of percent of their collection was composédontemporary documents.
However for estimation purposes and not to undienest the detrimental effects on
the collections, a decision was made to estima®é b0 a typical collection to be
class | in terms of colour change sensitivity. 8iewen lignin-containing paper was
classified as class Il based on the experiments,réist of the collection can be

assumed to consist of class Il and Il papers.

For class | paper (10% of the collection) AcOH cbbk neglected, so the colour
change rate can be calculated for 10 ppl, M&posure only. For papers from the
other two classes both pollutants need to be taksnaccount and an assumption
was made that the effects are additive (Chaptese8tion 8.3.5.). The display

lifetime is therefore calculated from:

kt = (keiass 111,18 °c,a3% rer + Knoz + Kacon)t =
(k7,rHpH + MN02CN02 + MNo2Cacon)t = 15 (83)

Estimated lifetime of class | paper is 250 yeardd3% RH, which needs to be
adjusted to 50% RH using Equation 78 (within theasd):

tyRH? = t,RH2 = 250yr =432 =t * 502, (78)

which gives a display lifetime of 190 years. Th&timation excludes the effect of
light, so this lifetime could only be achieved hifet objects were mainly kept in the

dark, as is common for archival collections.
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Fortunately this is limited to approximately 10% dfe collection, although
unfortunately this is not the paper that is alsortiost sensitive in terms of handling.
Estimated lifetimes for classes Il and Il are apgmately 900 and 2500 years,
respectively. The majority of the collection (>90%duld therefore reach at least
900 years (in terms of acceptable colour changenoifadditional preservation

measures were taken.

With the reference lifetimes at 18 °C and 50% Rltuated, a decision has to be
made whether the predicted lifetimes are suffityetdng or not. However, since
both handling and display lifetimes of the mostsstare part of the collection are
bellow 500 years, some preservation measures psobabd to be taken to extend

the lifetimes.
Preservation measures can be investigated in tws:wa

a) by setting a target lifetime (e.g. 500 years [158f)d calculating what
environmental conditions are necessary to readhdhget
b) by deciding on a feasible preservation measure \(ghgt decrease ihor RH

is achievable) and calculating the resulting Iifei

A decision on which route to take is up to the staitders, as it would depend on a
number of factors beyond the scope of this work Bdth ways, however, are

presented here to demonstrate the approach.

9.1.1.1. Target lifetime

A target lifetime of 500 years for the most sensitpart of the collection (the rest of
the collection would reach lifetimes well beyonéthwas selected as an example.
Lifetimes can be prolonged by decreasiigor RH, or by reducing pollutant
concentration, if the effect of the pollutant igrgficant. The decrease ihor RH,
needed for extending the handling lifetime to 5@arg, can be calculated using
Equation 77 from the previous Chapter (sectionl8) andE, for class | paper. Here
the worst case scenario, using paper Wikh= 500, was calculated:

268



Eq Eq

thHle_R_Tl == tzRHze_m = (77)

3
10
77*mou]( _77+103J/molK

240yr x 50 x e R29115K = 500yr * RH, * e RT?

If the temperature was kept at 18 °C, the RH waddd to be decreased to 24% in
order for the most sensitive part of the collecttorreach 500 years. At the same
environmental conditions class Il (i.e. 30% of tlellection) would reach

approximately 4300 years.

If the lifetime was controlled by adjusting the teenature, the temperature would
need to be decreased to 11 °C (a decrease of amateky 7 °C). The rest of the
collection would reach a lifetime of approximateéht00 years under the same

conditions.

To see whether the target lifetime can be achidwe@mploying air filtration to
reduce pollutant levels, a theoretical lifetimeairpollutant-free environment can be
calculated from Equation 71, withnés = O ppb. The theoretical lifetime is
approximately 390 years, which means filtrationnalaould not ensure the most
sensitive papers would achieve a lifetime of 50G@rye Therefore additional
measures would have to be taken.

Using the equations above it is now possible toutate environmental conditions at
which the lifetime of class | objects would equdlO5years with air filtration
installed. The calculated conditions are 15 °C &8 RH, which means the
temperature would have to be decreased signifigaalthough by 4 °C less than
without air filtration. At the same conditions thest of the collection, classified as
class I, would reach a handling lifetime of appmately 30000 years. Similarly a
lifetime of 500 years would be achieved at a desgdd&H, 38%, and 18 °C.

If the target lifetime for class | objects was ®e1000 years, it could only be reached
by further decreasing or RH. Theoretically, providing the linear depence on RH

is still valid in that RH range, it could be acheeivby decreasing relative humidity to
12% and maintaining the temperature at 18 °C. beloto reach 1000 years by
lowering the temperature alone, it would need todeereased to 5 °C. Target
lifetimes could, of course, also be achieved usingpmbination of environmental

269



measures, most appropriate for the institutionuasion. Assuming 95% efficiency
of chemical air filtration for removing N£ which is realistic considering the
measurements in repositories with and withoutiliration, showed in Chapter 4, the
target of 1000 years could also be achieved usmfijteation and either decreasing
the RH to 19% or temperature to 9 °C. A summargassible measures is shown in
Table 9.1, although other combinations of environtake conditions can be

calculated using the same approach.

Table 9.1: Different preservation options for reaclng target handling lifetimes for the
most sensitive part of a typical collection.

target lifetime options
for class | 1 2 3 4
18°C, 24% RH, 1PC, 50%, 18C, 38% RH 1%C, 50% RH,
500 10 ppb NQ 10 ppb NQ 0.5 ppb NQ 0.5 ppb NQ
18°C, 12% RH, BC, 50%, 18C, 19% RH, @C, 50% RH,
1000 10 ppb NQ 10 ppb NQ 0.5 ppb NQ 0.5 ppb NQ

The same target lifetimes can be set for the perpddisplay. The most sensitive
part of the collection, estimated to represent ~1@%uld achieve a lifetime of 190
years at 18 °C, 50% RH, 10 ppb Nénd 100 ppb AcOH. The same target lifetimes
can be used, and the impact of preventive meastaes be calculated using
Equation 78, described in the previous Chapter:

Eq Eq

tRH?e RT1 = t,RH?e RT2 = (78)

103]

94+ _94*103]/molK

190yr * 50% * e FaoLisK = 500 RH,* xe RT?

Similar to handling lifetimes, a variety of combiias of measures could ensure the
target lifetime is achieved. Unlike for handlingetime, the concentration of AcOH
should be taken into account, at least for setsitslasses Il and Ill. However to
consider the worst case scenario and the maximéeuntedf all factors, the lifetime
of class | was calculated taking into account Ac@well, although the effect is
insignificant. 30% efficiency of chemical air féttion in removing AcOH was
assumed, as described in the previous Chapterr&elifierent preservation options

to achieve lifetimes of 500 and 1000 years are shiow able 9.2.
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Table 9.2: Different preservation options for reacing target display lifetimes for the
most sensitive part of a typical collection.

target lifetime options
for class | 1 2 3 4
18°C, 30% RH, 1PC, 50%, 18C, 31% RH, 1PC, 50% RH,
100 ppb AcOH, 100 ppb AcOH, 70 ppb AcOH, 70 ppb AcOH,
500 10 ppb NQ 10 ppb NQ 0.5 ppb NQ 0.5 ppb NQ
18°C, 22% RH, 6'C, 50%, 18C, 22% RH, 6'C, 50%,
100 ppb AcOH, 100 ppb AcOH, 70 ppb AcOH, 70 ppb AcOH,
1000 10 ppb NQ 10 ppb NQ 0.5 ppb NQ 0.5 ppb NQ

As seen from the Table 9.2 above, air filtratioon& cannot ensure the target display
lifetime will be reached. Filtration in fact hasrydittle effect on display lifetimes,
partly due to its inefficiency in removing AcOH. @ order to reach a lifetime of
500 years, temperature or relative humidity wowdéadto be significantly decreased
regardless of air filtration (the decrease woulthalty be approximately the same

with or without pollutants).

In terms of achieving a target lifetime of 500 y&eahe preservation measures for
handling and display, involvingir or RH decrease, are quite similar. If the
temperature or humidity was decreased enough torenthe majority of the
collection could be handled safely for 500 yeahg $mall part of the collection,
which is the most sensitive in terms of colour dgnwould have a long enough
display lifetime as well. The same, however, coualat be achieved using air
filtration alone. The majority of the collectionQ%) would reach display lifetimes of

over a millennium under each of the conditionscdbsd above.

Deciding on a target lifetime and calculating tleguired conditions could be a
useful tool for archival collection keepers, esphyiif they are required to follow
recommendations or regulations on how long theitectbon is expected to be

preserved into the future.

9.1.1.2. Different preservation measures

This approach might be more useful if an archivarather institution is expected to
sustain a collection for ‘as long as possible’ withat is available, e.g. if a certain

amount of energy can be consumed to control theamment or a certain amount of
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funding is available etc. By calculating lifetimegsulting from these different

measures, a decision can be made on the moskeffimne.

Unfortunately data on energy consumption of diffiengreventive measures was not
available. As it is also likely to differ accordirtg institution, only a theoretical

example will be discussed here. For future calcadat however, the theoretical
measures can be substituted for those perceiviee tile most energy efficient.

Similar to the previous Chapter, where differentvimnmental options were
compared for the six paper types (section 8.3u68d in the experiments, they are
compared for a typical collection according to sBng/ classes. An example for
each class is given to facilitate future calculasio

The following measures, chosen arbitrarily, will tmmpared: temperature decrease
of 5 °C, relative humidity decrease of 10% andféiiration with 95% efficiency
with respect to N©@ and 30% efficiency in terms of AcOH. NGand AcOH
concentrations without air filtration will be takexs 10 and 100 ppb, respectively,
and the startind and RH conditions are 18 °C and 50% RH, realistiarchival
repositories. A 5 °C decrease in temperature id,uss a simple estimation
suggested by Michalski [56], is that the lifetimeaocollection doubles for every
5 °C decrease. This uses an averagef 100 kJ/mol, which is slightly different to
the E; values used here, mainly because different agtivanergies have been used

for different sensitivity classes and pollutant dibions.

The same equations, as used in the previous seeienused here. For handling
lifetimes the following equations are used:

(29 %10 %yr~t + 1.8 10~7 yr~lppb~! x 10pph)t, = L1

300 500’

__ 73x103]/mol _ 73+103]/mol

—] * —] *
t; x50 x e #3Mmok?*'K = t,RH,e °3*mox*T2 (class 1)

And
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8.1 ~7 o=l -1 - _ 1
(63%107%yr~'+ 1.1+ 1077 yr~'ppb~'10ppb)ty = - — ——,

775103 ]/mol _ 775103 ]/mol

7 7
ty * 50 x e MV moR M = t,RH,e *3*molk’T? (class 1)

Display lifetimes for the three sensitivity classean be estimated using the

following equations:

(5.7 «1072yr 1 + 7.8 « 10~ yr~tppb~1 * 100ppb + 1.2 *
y yr “pp pp
10~* yr~1ppb~110ppb)t, = 15,

__95+103)/mol _95+103j/mol

T, T
t; * 50% x e ®3Mmok PN = t,RHF x e %3 *mok'T2 (class 1),

(3.6 107 3yr 1 + 7.4« 10 Syr~1ppb~! x 100ppb + 1.4 *
10~* yr~tppb~110ppb)t, = 15,

___93x103)/mol _93x103/mol

T .
ty * 50% x e P¥MmoR M = t,RHZ x e ®*"*mok'T2 (class II)

And

(3.1% 107 *yr =t + 3.5 10~ >yr 1ppbh~1 * 100ppb + 7.2 =
107° yr~tppb~110ppb)t, = 15,

__9ax103)/mol _ 94x103J/mol

—] * —] *
ty * 50% x e ®*mok?* = ¢, RHZ x e ®*'*molx’T2 (class IIl)

Lifetimes, estimated as shown above, are showrabiel9.3.
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Table 9.3: Handling and display lifetimes (/year) ba collection at different

preservation measures.

reference T decrease | RH decrease| filtration
18 °C, 50% RH,| 13 °C, 50% RH, 18 °C, 40% RH,| 18 °C, 50% RH,
o 100 ppb AcOH, | 100 ppb AcOH, | 100 ppb AcOH,| 70 ppb AcOH,
purpose | sensitivity 10 ppb NQ 10 ppb NQ 10 ppb NQ 0.5 ppb NQ
handling | class | 240 420 300 380
class I 2000 3800 2600 20000
display | class | 190 370 290 190
class Il 900 1700 2000 1300
class i 2400 5000 6200 4000

When comparing the beneficial effects of a prewentmeasure in terms of the
handling lifetime, the more sensitive class | repras 70% of a typical collection,
whereas in terms of display (i.e. colour changdy di0% is classified as the most
sensitive. As mentioned earlier, a 5 °C decreaseldvoot necessarily double the
lifetime, at least not in terms of handling. Thésdue to lower activation energies,
determined in the degradation experiments in Chapteompared to the value, used
by Michalski [56]. Display lifetimes, on the othéiand, would be approximately
doubled, as the colour chan@g values were just under 100 kJ/molK. For the
majority of the collection a temperature decreasans like the best option of the
three, shown in the table above (Table 9.3). Alirdiion would be efficient in terms
of handling lifetimes, but would have relativelytle effect on display lifetimes,
whereas a decrease in RH would be more benefititdrms of display (due to the
assumed quadratic versus linear effect of RH oowothange and chain scission,
respectively). Energy (and financial) input of theeasures would need to be
investigated in order to make a decision on thet@pgropriate option.

As 30% of the collection, classified as class tamms of handling sensitivity, would
reach lifetimes of several millennia regardlespi@servation measures, it might be
useful to split the collection into two parts. Ster environmental control or
additional preservation measures could therefollg ba used on one part of the
collection, which could reduce the overall energynsumption. Most of the
collection would achieve display lifetimes of ovarmillennium if no additional
preservation measures were taken, making colourgehkess of an issue in a typical

archival collection. However if display was the maurpose of an institution, light-
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induced colour change would have to be taken intmant as well, which has not
been undertaken as a part of the work presented her

9.1.2. Climate change

The same approach as used in the previous seetioere different preservation

measures were discussed, can be used to assaspduoe of changes in temperature
and relative humidity as a consequence of climai@nge. As the temperature is
expected to increase in the future, archives ahdrdteritage institutions might be

required to change temperature and humidity settiogvalues, closer to outdoor
conditions, as the energy required to keep thetheaturrent set points becomes too
high.

The temperature in Europe is expected to incregspproximately 3 °C on average
by the end of the century [185,186]. Predictionsyehdeen made for indoor
temperatures, for example an idealised unheatad ma@ historic house is expected
to experience an increase by approximately 3-4 °C [187]. Currently the anhua
average temperature is approximately 14 °C, sdbeyehd of the century this would
result in an average annual temperature of appmteiyn 18 °C. The temperatures in
the repositories of the Nationaal Archief are cotlsecontrolled at 18 °C, so it is
difficult to predict how an external increase woualfflect temperatures in archives.
However it is possible that the T set point woulén to be increased or, perhaps
preferably, that more season drift would be allow&dhypothetical increase if by

1 °C was used to calculate handling and displayitifes (Table 9.4).

Assuming no change in the other environmental patars, predicted handling and
display lifetimes of the most sensitive part of tbalection would decrease by
approximately 20-30 years. The rest of the collegthowever, would still ‘survive’

almost a millennium in terms of display and ovenidlennium in terms of handling.
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Table 9.4: Predicted handling and display lifetimest 19 °C and 50% RH.

19°C, 50% RH,

100 ppb AcOH, 10 ppb NO
purpose sensitivity t /year
handling class | 220

class Il 1800
display class | 160
class Il 790
class i 2100

A study of the storage facilities of The Nationakhives (UK), carried out recently
[146], showed that seasonal adjustmentToaind RH set points would have a
significant positive effect in terms of energy comgption, saving up to 43% of
energy used for environmental control. A positifiead on the collection, based on
the isoperm approach, was calculated as well. Stgdetemperature set points,
resulting from this study, were 16 °C in Februangrementing up to 20 °C in
September and then back down to 16 °C by Decenitaative humidity settings
would change from 35% in February to 55% in Sep&mamd then back to 35% by
December. Although modelling lifetimes at a chaggih and RH is not as
straightforward as the approaches described alaovattempt was made to compare
the lifetimes of a typical collection under thesanditions to the ones described
earlier. Handling and display lifetimes, calculated conditions, suggested by Hong
et al. [146], are shown in Table 9.5. Realisticlygaht concentrations (100 ppb
AcOH and 10 ppb Ng) are assumed.

Table 9.5: Handling and display lifetimes, calculatd for changingT and RH set points.

changing T & RH set pointg
purpose sensitivity t lyear
handling class | 290
class Il 2400
display class | 250
class Il 1200
class i 3300

Predicted lifetimes for the changing set pointslanger in comparison to the ones
obtained for 19 °C and 50% RH, which would be tbaditions at TNA without

changing the set points according to the seasoen EHve most sensitive part of a
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typical collection would be safe to handle for adh800 years, whereas the rest of
the collection would ‘survive’ under these condigofor over a millennium. The
display lifetime of the most sensitive theoretit@P6 of the collection is somewhat
longer, approximately a century compared to statipiconditions of 19 °C and 50%
RH. Considering the increased seasonal drift inirenmental conditions is also
likely to mean significantly reduced energy constiolp it seems like a good

solution.

Obviously energy consumption would depend signififaon the type of building,
HVAC system and outsid€ and RH conditions, which are beyond the scopdisf t
work. The example above, however, is used to detraias that changing
temperature and humidity settings according to@easuld not only be beneficial in
terms of energy consumption, but also in terms alfection preservation. When
energy consumption should be taken into accountdatiding on suitable
preservation measures, seasonal drift set poirasldghoe considered a valuable
option. In colder climates the differences in thater could possibly be even larger
(especially for infrequently accessed materialayjrey energy, used for heating, and

adding further to the preservation of the collactio

All the calculations above are made to represenypacal archival collection,
although the same approach could be used for diffgpaper-based collections, as
long what kind of paper the collection consistsi®fknown. Valuesk and m,
determined for a suitable sensitivity class of pagesven a specific paper type, can
be used for calculations in the same way as thailegions above were presented for
different parts of a typical collection. For exampf a specific collection was
composed mainly of rag paper or contemporary alkgbaper, th& andm values for
class Il (in terms of handling) would be used ahe tesults would show that the
collection would ‘survive’ several millennia regéss of the conditions. This should
be considered when planning preservation measasesergy or financial resources

might be better used elsewhere.

As discussed in the previous Chapter, all the iifiees between the preservation
measures or climate change effects are smallerghediction uncertainty intervals.
Strictly mathematically speaking, this would makesmof them insignificant. This,

however, cannot be avoided in studies of this eatwhere fairly complex
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experiments are carried out on real historic oBjeespecially if the experiments are
based on the Arrhenius equation. Although the uac#res of the predictions

discussed here are significant, they can still beduto demonstrate trends and
compare effects, even if the exact lifetime pradig are not very accurate, as

predictions with much smaller uncertainties arelikely to be available.

9.2. Different preservation measures in relation to thecollection of the

Nationaal Archief

Lifetime predictions, especially in terms of diféet preservation measures, can also
be applied to the collection, held in the Nationaadhief. The indoor environment in
the Nationaal Archief building is strictly contrell, using a separate temperature and
relative humidity unit for each repository and axteasive air filtration system.
Electrostatic filters are installed to remove pgarthte matter from outside air, most
of which is then passed through a chemical filbratsystem to remove outdoor
generated pollutants as well. The majority of répoes are therefore supplied with
chemically filtered air, although a few are supgpheth only electrostatically filtered
air (‘non-filtered’), as described in Chapter 4.eTéwverage temperature is 18 °C and
the average RH 50%.

The approach, described in the previous Chaptertlamdirst part of this Chapter,
can be used to quantitatively assess the effectimbite control and the extensive
filtration system, and to determine which preseoratmeasure might be most

beneficial or appropriate for this specific colieat

As described in Chapter 4, 42% of the collectiotesldrom before 1830 and the
collection consists of 8% acidic paper, 45% grounosvand 55% rag paper. This

makes roughly half of the collection very stable #ime other half quite unstable.

Predictions, made in the previous section for pidgl’ collection can be used here,
except that the ratio between more and less semgibjects is different, as 45% of
the collection could be classified as class | ad%h&s class Il in terms of handling.
In terms of display the collection consists of sks Il and Ill, with apparently
negligible amounts of modern materials. Class i & objects have predicted

lifetimes of at least approximately a millenniumden all conditions, described in
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section 9.1.1., when preservation measures wereustied, with ‘the worst’
conditions being 18 °C, 50% RH, 100 ppb AcOH angpb NQ.

The current measured conditions in the Archivesl&éC, 50% RH and 8.9 ppb or
0.3 ppb NQ@, depending on whether the repository is supplieth whemically
purified air or not. Under the conditions in th@aesitory without air filtration 45%
of the collection would remain safe to handle fo hext 250 years. In the repository
with air filtration the lifetime would be extended approximately 380 years. If the
temperature was reduced by 5 °C, the handlingrifet would be extended to 440
years without and 670 years with air filtration18% decrease in RH would prolong
the handling lifetimes to 320 and 480 years. Thiews that longer lifetimes could
be achieved even for the sensitive part of theecbttin, if the environmental
conditions were adjusted. Although air filtratiomesns like a very effective measure,
it should be stressed that similar beneficial effezan be achieved using different
preservation measures (for example a 5 °C declresssa greater effect).

Judging from the results, presented in the previdapters and sections above, the
part of the collection, consisting of rag papem ¢ expected to last very long
without much degradation occurring, as predictéetiines were several millennia
both in terms of handling and display. Howeverhbwd be pointed out here that
lifetimes were predicted for paper only, and raggva often contain iron-gall ink,
which also has a negative effect on paper deg@dalihe preservation measure,
determined to have the most effect on stabilityra§ paper, is air filtration.
Relatively low activation energies, determined fag paper, mean that decreasing
temperature would not have a significant effectrag paper, as the degradation

process is not very temperature dependant.

A significant effect of both AcOH and NQvas observed for rag paper, so removing
pollutants is bound to have a significant benefigtiect. Pollutant ‘significant-
effect’ thresholds, determined in the previous Gbgrare between 0 and 33 ppb for
both investigated pollutants, which theoreticalleans that rag paper will be
affected by pollutants in all concentration rangesmmonly encountered in
repositories. Only considering thresholds withoobking at predicted lifetimes
could, however, be misleading. Although low polhitéhresholds indicate that air

filtration is necessary, predicted handling angldig lifetimes are long even in the
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presence of pollutants in realistic concentratiosapproximately 8.9 ppb NO
which is the concentration measured in the repositathout air filtration, 100 ppb
AcOH and 18 °C, 50% RH, predicted handling lifetimerag paper would be
approximately 2300 years and the display lifetirrarty 2500 years. This means that
the paper itself might not be a particular conceven when exposed to moderate
concentrations of pollutants. However the effecirom-gall inks on the degradation

rate is unknown and was beyond the scope of toiggit

A decision on managing the environment could tleeeemostly be made based on
the 45% of the collection, classified as class 4, the other 55% is relatively

insensitive to degradation. In terms of slowing dotlie degradation process, air
filtration seems like an effective measure. The esaffect could be achieved by
decreasing the temperature by 4 °C, so the twounessvould need to be compared
in terms of the energy and financial input. Sirfee two parts of the collection seem
quite different in terms of stability, dividing tleollection into two may be a viable

solution.

Unfortunately data on energy consumption of diffiengreventive measures was not
available, therefore a quantitative comparisoreims of energy efficiency cannot be
made. The reason is that energy consumption atiatienaal Archief is not metered
separately fol and RH control or air filtration. Environmentalntool is made up of
a variety of steps, some of which use mutual enesgurces (e.g. cooling,
dehumidification and air filtration are all elecity powered and therefore cannot be
separated, heating is carried out using warm wiaten a waste incinerator and
humidifying uses gas as an energy source), whichod@llow simple estimations of
how much energy each separate measure would conguquantitative comparison

of preservation measures in terms of energy effayavas therefore not possible.

When planning preservation measures and enviroraheontrol of the repositories,
institutions and even standards [5] are moving aft@y very rigid guidelines used
in the past decades [108], recommending sfficind RH control with uniform

settings throughout the year and very small alldevfllbctuations. Different ways of
preserving collections, which would also be morstanable (or energy efficient)
are explored and new solutions are emerging. Adigsemperature and relative

humidity according to outdoor conditions was shdwibe a good alternative [146],
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both in terms of energy consumption and collectweservation, and there have
been ideas (or plans) to separate collections dirgprto paper type [188] (for

example in The Royal Library of Denmark in Copergigg Both of these solutions
seem like useful alternatives to current practioeshe collection of the Nationaal
Archief. Changingl and RH set points according to season is wortlsidenng, as

the more sensitive part of the collection would iniefly benefit from lower

temperatures. This would probably also be moregnefficient in the relatively

cold winters in The Hague (the average annual teatpe outside the Archives
building is 12 °C, Chapter 4). Similarly dividingd collection by paper type (which
could also be done by year of production, as tdergbart of the collection is made
of rag paper and the newer part is composed ofnghwaod paper), if at all possible,
would be a good solution. This might be a usefubsuee especially since a very
large part of the collection (55%) is quite stablbjch means environmental control
could be less strict for one half of the collecti@milarly air filtration would be

much less necessary for this part of the collectiod could possibly be omitted. If
energy and funds were saved on half of the cotiactthey could be used more
efficiently for the other half, significantly impving preservation of the most
sensitive part of the collection. As described ahohandling lifetimes of

approximately 500 years would be achieved if dirdfion remained in use in the
Nationaal Archief building. If filtration was disotinued, the same could still be

achieved by decreasing the temperature by 4 °C.

9.3. Conclusion

Using the assessment method, proposed in the pe@bapter, the lifetimes of a
typical archival collection, and the collection ¢heh the Nationaal Archief, were
calculated. Predictions under different environraknonditions were made in order
to demonstrate how to achieve target lifetimes mngare different environmental
effects.

The effect of a hypothetical temperature increasa oollection was calculated and a
possible energy-saving solution, found in the &tere [146], was investigated in
terms of handling and display lifetimes. This swatallows seasonal drift of and
RH and was found to be significantly beneficiathe collection as well.
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Generally air filtration seems to have a significieneficial effect in terms of
handling lifetimes of the most sensitive part a&f tollection. The same effect could,
however, be achieved by decreasing the temperbiuspproximately 4 °C, which
would be more beneficial for the most sensitive uoents in terms of colour
change. Because a lower temperature for the citeetould also mean a colder
working environment for the archive employees, tobmuld probably only be
employed for infrequently handled materials. Altgbuthe Dutch law does not
specify a minimum working temperature [189], it generally perceived that

workroom temperature should be at least 16 °C.
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10. Conclusions and further work

10.1. Background and research elements

Paper degradation is affected by many differentofa¢ the importance of which
depends greatly on the environment the paper iedtm. In this workT, RH,
pollutants and paper composition were considerdthi@snost important parameters
for long-term archival storage. In order to prolotige lifetime of paper-based
objects, archival institutions usually control eowvimental parameters, however,
guantitative assessment of the effect of those umeashas been scarce. To
investigate them, a collaborative project with thationaal Archief (the National
Archives of the Netherlands) was carried out, \lid aim to provide information on

how to optimise preventive measures in their repass.

To study the effect of polluted environments on gragegradation, six different
paper types (five real historic papers of differeomnpositions, initial properties and
age, and filter paper, made of pure cellulose fig)tevere selected for experiments.
This is the first study on the effects of pollution paper, using actual historic paper

instead of model samples.

Preliminary experiments where samples were exptusetevated concentrations of
the most abundant pollutants in an archival repogit(NO,, AcOH and
formaldehyde), showed that the most harmful patitdavere NQ and AcOH. The

two were therefore selected for the main experiment

An Arrhenius study was performed at three tempeeatu80 °C, 70 °C and 60 °C,
and 43% RH, which is in a realistic relative hurtydrange for an archival

repository, in order to extrapolate degradatiorsab lower temperatures. As the
plots were created using only three points (i.eteghtemperatures), slope
uncertainties were significant, which resulted igngicant uncertainties in the

predicted degradation rates at room temperatureveMer, this was expected as
Arrhenius studies are known for their extensiveautainties, especially if conducted
on real historic materials. Degradation rate inbéapons were also made to realistic

pollutant concentrations.
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To assess the degradation behaviour of differeqmempaypes under conditions
resembling those in an archival repository, hamdland display lifetimes were
proposed. Lifetimes at repository conditions (18 &ad 50% RH) and realistic
pollutant concentrations (100 ppb AcOH and 10 pgby)Nvere calculated for all
paper types.

10.2. Outcomes
10.2.1.Predicted lifetimes in archival conditions

Both handling and display lifetimes differ signdittly according to paper type.
Predictions for both range from a few centuriestf@ most sensitive paper types
(acidic in terms of handling and alkaline in terdisplay) to several millennia for the
most stable ones (e.g. rag paper). In some cdseqrédicted lifetimes are shorter
than 500 years, which has recently been proposedsastable long-term planning

horizon for collection management.

The differences between handling and display fifes are significant for some
paper types (especially acidic and alkaline papbich behave in the opposite way),
suggesting that chain scission and colour changeaaiteast partly, the results of two
different degradation processes. N@ad a negative effect on the lifetime of all paper
types, which means it cannot be neglected entidelgpite extensive prediction

uncertainties. A very limited effect of AcOH wassalved for most paper types.
10.2.2.Is the concept of dose generally applicable?

It was shown in this work that significant predictierrors can be made by using the
simple approach, where the concentration multipligdtime is considered to be
constant, while all other degradation parametessnat taken into account. This is
the case especially at low (and realistic) pollttamcentrations, which could lead to
significant underestimation of degradation. Therapph, used here, also takes into
account the degradation resulting frdhand RH (‘background’ degradation), which
contributes significantly to the overall degradatjgrocess during long-term storage
and when pollutant concentrations are low enoughhie effect of the pollutant not

to be predominant. This is a novel concept.
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This work also introduces a new concept of pollutdmesholds. Thresholds are
defined as concentrations of pollutants when treffects become significant
compared to uncertainty i and RH control. Determined thresholds are in the
concentration range found in an archival repositoryabove for N@ AcOH
thresholds on the other hand differ much more. Hawet should be noted, that
these thresholds do not take into account predidttanes, which are in some cases
several millennia even in the presence of poll@anaking threshold concentrations
as the only decision-making criterion, without takiinto account the overall

stability of paper, can therefore be misleading.

10.2.3.Classification of historic paper according to sensivity to storage

environments

The five real paper types used in the experimergsewlivided into sensitivity

classes based on their behaviour (predicted litgirand activation energies). A
novel method for estimating lifetimes of each sewigy class was proposed. The
method takes into account the temperature, reldmineidity, concentrations of the
most abundant pollutants (AcOH and NGand how prone the paper is to
degradation, which is a result of its initl@P, pH and composition and is reflected in
the sensitivity class of the paper type.

According to this method, the handling lifetime aftypical archival collection,
composed of approximately 70% sensitive acidic papel 30% more stable paper
(e.g. rag paper), ranges from approximately 250syéa the more sensitive papers
with a low startingDP (DP = 500) to over a millennium for the more stablpgra
Display lifetimes are in the same range, howevemwach smaller part of the
collection (only 10%) is estimated to reach the r@olifetimes compared to

handling, as most of the collection is relativeigide in terms of colour change.

Unlike the currently available methods for estimgtcollection lifetimes, such as the
isoperm approach or the Preservation Calculatahbymage Permanence Institute,
the method proposed here includes pollutants aadalitional degradation factor,

which in some environments makes a significanedéffice.

285



10.2.4.Comparative evaluation of preservation measures

As both handling and display lifetimes of the msshsitive parts of the collection

were predicted to be less than 500 years, presemvateasures to achieve that
theoretical target were investigated, using thehoubt developed in this research.
The handling lifetime of 500 years could be achielsg decreasing the RH to 24%
or decreasing the temperature to 11 °C or emplogih@gnical air filtration to reduce

the NG concentration to values below 1 ppb, combined wither reducing thé& to

15 °C or reducing the RH to 38%. The same prevenmtieasures would additionally
ensure that display lifetimes of class | objectsildaeach 500 years. Both handling
and display lifetimes of the rest of the collectairnthose conditions would be over a

millennium.
10.2.5 Filtration — yes or no?

Air filtration is very efficient in decreasing th®ncentration of Ng however the
beneficial effect differs according to paper typggcidic and rag paper, which
represent a significant part of the collection, eveErund to be most sensitive towards
pollutants and would therefore benefit from aitréition most. It should also be taken
into account that rag paper is significantly maahke compared to acidic paper, if
any additional degradation by iron gall inks isaged.

Current air filtration measures prolong the lifetirof the most sensitive acidic paper
by approximately 150 years. The same effect cdubsvever, be achieved by other
preservation measures, such as decreasing the ragomeeby 4 °C, decreasing the
RH by 14%, or a combination of both.

The available preservation measures should alsdidmissed in terms of energy
consumption and sustainability, in relation to thieenefits to the collection. A
possible energy saving solution might be dividilg tcollection into two parts,
where the environment in the less sensitive parfjposed of rag paper, would have
less need for air filtration, and the focus cowiérefore be on the more sensitive
part. Another interesting option is changing the s@nts according to the season,

similar to the study at The National Archives (UK).
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It has to be noted that these considerations seeamet for archives in environments
with low Os; concentrations. An important observation is thatemal NQ
concentrations in post-industrial environmentsdeereasing and are therefore likely
to be lower in the future. Data in this work canfbeher used to assess the effect of

pollutants in confined environments, where thefeefis more pronounced.

10.3. Further work

The biggest issue in the work presented here, hlreextensive lifetime prediction
uncertainties, arising from uncertainties in theh&nius regressions. The quality of
regressions could be improved by carrying out @mltil experiments at different
temperatures, which would ensure the Arrheniusspéoe created using more than
three points. Ideally more sampling points per ddgtion rate would be added as
well, to improve the accuracy of degradation ratgednination. Although the
samples used in this work were selected to be septative of a real collection,
more papers could be studied to improve the resutstest the classification and

lifetime assessment method, introduced in this work

The effect of changes in relative humidity was omyestigated briefly at one
temperature and more experiments are needed & eihfirm or disprove the linear
dependence of chain scission and the quadraticndepee of colour change. An
Arrhenius study at different humidity levels (bdtdwer and higher) would improve
the general understanding of its effects, as th&tive importance of RH might
change with temperature, similar to the effect oflytants. Similar to relative
humidity, pollutant effects were only investigatatl one concentration. A linear
dependence of the degradation rate on the pollgtamtentration was assumed, but
should be verified experimentally. Experiments@iaentrations below 1 ppm could
significantly improve the understanding of pollutaffects in realistic concentration

ranges.

The research presented in this thesis could be@atketo include different pollutants
that can be present in collection environmentswanidh might pose a threat, such as
Os; or particulate matter. These were measured atohi Archief, but not

prioritised due to low concentrations. Other degtih processes could also be of
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interest, such as degradation caused by corroskgeand light-induced degradation
for objects frequently on display.

Materials other than paper could be studied udmggapproach introduced in this
work, as this would provide the required evideraredifferent types of collections as
well. This would validate the approach suggeste@ laad make it more generally
applicable to different environments and collec$ioit could also help reassess
preventive conservation measures applied to calest which are thought to be

sensitive towards pollutant-induced damage.

If research was conducted on different materialfppaht systems, the pollutant
thresholds proposed in this work could be appledifferent collections, which in

turn could be used to reassess pollutant guidetindsstandards.

It should be stressed that the approach assumésntaterial composition of
collections is known (e.g. mixed collections whedifferent materials are
represented) and that the main purpose (handisgédi) has been assessed. For
informed decisions on whether air filtration is acassary prevention measure,
preliminary research is therefore needed to enaiilal prioritisation to take place.
Pollutant thresholds are significantly different fileterioration of different material
properties, and if the main purpose of a collecti@s display light exposure should
be taken into account. Long-term plans for coltawi should be investigated and
included in the decision-making process, as patlutaresholds differ significantly

according to the desired collection lifetime.

A key limitation of this work was the lack of engrgonsumption data, which would
allow quantitative comparison of preservation measun terms of the energy and
financial input as well. Different preservation reeges, compared here in terms of
their beneficial effects on the archival collectioould be compared in terms of their
costs and energy efficiency, which would differ @cting to institution. Energy
consumption for temperature and relative humiditytml could be compared to
energy consumption and financial input, requiradsio filtration. This would inform
quantitative cost-benefit analysis, to determindcivimeasure (or combination of
measures) would be most beneficial for the colbectand at the same time most
sustainable.
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(Liverpool 11-12 July 2011), Macro Group Young Resbers Meeting.(oral
presentation)

4 Menart, E., de Bruin, G., Stt/iM. The effect of indoor pollution on historic
paper. (London 17-20 June 2012), IAQ, Indoor Airaity in Heritage and
Historic Environments.(oral presentation)

5 Menart, E. Indoor pollution in archival colleat® (The Hague 4 October 2012),
Research seminar, Nationaal Archief.(oral presemtpat

6 Menart, E., de Bruin, G., SttliM. Pollution, temperature and humidity contro
paper preservation. (Glasgow 10-12 April 2013)nl&#-13, Institute of
Conservation. (oral presentation)

7 Menart, E., de Bruin, G., Stf}JiM. Historic paper and environment. (London 23
May 2013), Collections Demography Colloquium. (gedsentation)

303



Appendix B

1. Lifetime calculation: t, t min, t max
Sample Al, handling lifetime, 1000 ppb N@
Arrhenius slope: -6976 (S) Intercept: 9.44 (1)
Slope error: 1884 (kY Intercept error: 5.50 (Br
(rounded up figures in Table 7.7)

Degradation rate is calculated according to thedlirsed Arrhenius equation:

Ink=-22111h4
RT

S= —6976 L™K — _6976 K

mol |

!
= |
N—
I

InA =1=9.44
InA,;, =1— Er; =394
InApay =1+ Ery = 1494

Ink=—-%2111nA= —6976 K + —

+ 9.44 = —14.52
RT 291.15 K

1

+ 14.94 = —15.50
291.15 K

Inkpin = (— %)max% +1InAq = —8860 K *

1

+ 3.94 = —13.55
291.15 K

Inkpax = (— %)min% +InA,,;, = —5092 K *
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k= ek =493+ 1077 day™!
kppin = e™kmin = 1,86 * 1077 day?

kg = €™kmax = 1.30 x 107° day !

L1 11
DP DP 300

t — 0 — _300 563 — 9 yr
k=*365.25 4.93x 1077 day—1%365.25

1 1 1 1

_ DP DPo _ 300560 =22 yr

t =
max g o in*36525  1.86% 10~7 day~1#365.25

1 1 1 1

DP_DPg  _ 300 560 —
Umin = - —6 —1 =3 yr
Kmax*365.25 1.30% 10~6 day—1+365.25

Display lifetimes were calculated in a similar waynly the last was different.

Instead of the Ekenstam equation used above, lloevfog equation was used:

AEyo
k

t =

2. Pollutant effect extrapolation
Sample Al, handling lifetime, NQ
kcontror = 8.06 x 107° day !
k1000 ppb noz = 4.93 % 1077 day~!

(rounded up degradation rates in Table 7.11)

_ knoz2—kcont __ 4.93%1077 day~1-8.06x107% day~?!

m = = =
NO2 Cexp 1000 ppb

= 4.85 %107 1%ay tppb~t
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k100 ppp n02 = Kcont + Muo2 * 100 ppb =

= 8.06* 107° day ! + 4.85 10" %day 'ppb~1 x 100 ppb =
=5.65% 1078 day™!

k1o ppp no2 = Kcont + Myo2 * 10 ppb =

= 8.06* 107° day ! + 4.85 10" %ay ppb~1 * 10 ppb =

=1.29x 10 8day?

11 11
DP DPyg 300560
t = = =74 yr
100ppb NOZ ™ . 00 oo NO2*36525  5.65+ 1078 day~1+365.25 y
11 101
DP DPy 300_560
t = = = 325 yr
10Ppb NOZ ™ 0 ob NO2#365.25  1.29+ 10~8 day~1+365.25 y

3. Different dose approaches
Sample Al, handling lifetime, NQ
a) c xt = const
t1000 ppb No2 (18 °C) =85yr
(extrapolated td,,om @s shown in the first calculation example)
CONSt = Coyp * t = 1000 ppb * 8.5 yr = 8500 ppb yr

const __ 8500 ppb yr

t = = =85 yr

100 ppb NO2 100 ppb 100 ppb y
const 8500 ppb yr

t = = = 850 yr

10 ppb NO2 10 ppb 10 ppb y

b) calculation carried out at shown in the pollutextrapolation example above
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Appendix C

Degradation rate experiments — effects of pollutastin steady state conditions
(Chapter 6, section 6.2.)

Table 1: Chain scission rates for all paper typestdour different pollutant conditions,
80°C and 60 or 20% RH.

intercept slope
pollutant T /°C,
sample | conditions RH /% value st. error value st. erro 2R
A control 80, 60 -1.84E-04 2.70E-04 8.58E-05 1.45E-05 O.i?
AcOH 80, 60 3.00E-04 1.02E-04 3.08E-05 5.55E-06 0.86
NO, 80, 60 2.60E-04 6.47E-05 3.61E-05 3.51E-06 0.95
ACOH + NO, 80, 60 7.11E-05 1.84E-04 3.93E-05 9.94E-06 0.75
N control 80, 60 1.71E-04 3.88E-05 3.41E-05 2.09E-06 0.98
AcOH 80, 60 2.21E-04 4,93E-05 1.85E-05 2.67E-06 0.90
NO, 80, 60 1.01E-04 6.10E-05 2.66E-05 3.31E-06 0.93
ACOH + NO; 80, 60 1.67E-04 3.97E-05 2.37E-05 2.15E-06 0.96
B control 80, 60 -1.26E-05 1.33E-05 5.38E-06 7.15E-07 0.92
AcOH 80, 60 -1.33E-05 6.84E-06 3.30E-06 3.71E-07 0.94
NO, 80, 60 -2.92E-05 1.76E-05 4.93E-06 9.57E-07 0.84
ACOH + NGO, 80, 60 -3.09E-05 1.24E-05 4.37E-06 6.70E-07 0.$9
R control 80, 60 1.41E-04 1.70E-04 3.93E-05 9.31E-06 0.85
AcOH 80, 60 1.26E-04 1.32E-04 2.93E-05 7.28E-06 0.83
NO, 80, 60 1.11E-04 8.97E-05 2.83E-05 4,95E-06 0.91
ACOH + NO, 80, 60 1.23E-04 3.64E-05 2.42E-05 2.01E-06 0.98
W control 80, 60 2.77E-05 5.24E-05 1.50E-05 2.82E-06 0.85
AcOH 80, 60 1.46E-05 5.72E-05 1.34E-05 3.10E-06 0.78
NO, 80, 60 6.11E-05 4.,08E-05 7.87E-06 2.21E-06 0.70
ACOH + NO, 80, 60 2.22E-06 7.42E-05 1.30E-05 4,02E-06 0.65
A control 80, 20 1.61E-04 5.79E-05 1.08E-05 2.95E-06 0.71
AcOH 80, 20 1.11E-04 1.88E-05 8.27E-06 9.46E-07 0.94
NO, 80, 20 -5.37E-05 5.41E-05 2.02E-05 2.73E-06 0.91
ACOH + NO; 80, 20 -2.54E-05 3.52E-05 1.76E-05 1.77E-06 0.95
N control 80, 20 2.89E-04 3.20E-05 5.23E-06 7.13E-07 0.91
AcOH 80, 20 2.06E-04 1.80E-05 7.12E-06 3.99E-07 0.98
NO, 80, 20 2.11E-04 3.86E-05 7.30E-06 8.57E-07 0.93
ACOH + NGO, 80, 20 1.84E-04 5.37E-05 6.86E-06 1.19E-06 0.86
B control 80, 20 -7.49E-06 6.10E-06 2.94E-06 1.36E-07 0.99
AcOH 80, 20 8.73E-07 1.22E-05 2.83E-06 2.71E-07 0.96
NO, 80, 20 -5.33E-06 6.37E-06 2.67E-06 1.42E-07 0.99
ACOH + NO, 80, 20 -6.45E-06 8.14E-06 2.89E-06 1.81E-07 0.98
R control 80, 20 3.66E-05 7.81E-05 5.53E-06 2.72E-06 0.51
AcOH 80, 20 -2.06E-06 1.69E-05 4,99E-06 5.87E-07 0.96
NO, 80, 20 5.59E-05 7.57E-05 5.04E-06 2.62E-06 0.47
ACOH + NO, 80, 20 -9.83E-05 4,41E-05 8.73E-06 1.53E-06 0.91
W control 80, 20 5.00E-05 3.65E-05 5.37E-06 8.43E-07 0.81
AcOH 80, 20 1.49E-05 4.46E-05 6.63E-06 1.03E-06 0.82
NO, 80, 20 8.43E-06 4.60E-05 6.20E-06 1.06E-06 0.79
ACOH + NO; 80, 20 -2.10E-05 4,41E-05 7.12E-06 1.05E-06 0.83
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Table2: Colour change rates for all paper types dbur different pollutant conditions,

80°C and 60 or 20% RH.

intercept slope
pollutant T/°C,
sample | conditions RH /% value st. error value st. errof 2R
A control 80, 60 4.47 0.82 0.27 0.04 0.89
AcOH 80, 60 3.56 0.59 0.21 0.03 0.9(
NO, 80, 60 3.22 0.40 0.27 0.02 0.97
AcOH + NO, 80, 60 3.46 0.52 0.19 0.03 0.89
N control 80, 60 4.65 1.02 0.18 0.05 0.66
AcOH 80, 60 4.01 0.71 0.17 0.04 0.79
NO, 80, 60 3.57 0.94 0.20 0.05 0.74
AcOH + NGO, 80, 60 3.92 0.56 0.17 0.03 0.86
B control 80, 60 5.78 1.05 0.27 0.06 0.83
AcOH 80, 60 7.26 141 0.21 0.08 0.59
NO, 80, 60 5.50 1.55 0.24 0.08 0.59
AcOH + N, 80, 60 4.56 0.91 0.26 0.05 0.84
R control 80, 60 5.03 0.44 0.33 0.02 0.99
AcOH 80, 60 5.92 0.69 0.23 0.04 0.99
NO, 80, 60 4.85 0.17 0.31 0.01 1.04
AcOH + NO, 80, 60 4.21 1.42 0.33 0.08 0.84
L control 80, 60 3.90 0.36 0.19 0.02 0.9
AcOH 80, 60 3.45 0.63 0.11 0.03 0.64
NO, 80, 60 1.52 0.95 0.22 0.05 0.71
AcOH + NGO, 80, 60 3.16 0.38 0.13 0.02 0.89
w control 80, 60 2.75 0.37 0.10 0.02 0.8
AcOH 80, 60 2.51 0.52 0.13 0.03 0.83
NO, 80, 60 1.96 0.43 0.16 0.02 0.9(
AcOH + NGO, 80, 60 2.06 0.30 0.16 0.02 0.99
A control 80, 20 0.82 0.49 0.06 0.03 0.44
AcOH 80, 20 1.92 0.46 0.00 0.02 -0.2%
NO, 80, 20 0.41 0.63 0.08 0.03 0.59
AcOH + NGO, 80, 20 0.88 0.43 0.07 0.02 0.64
N control 80, 20 1.78 0.29 0.04 0.01 0.9(
AcOH 80, 20 1.70 0.40 0.04 0.01 0.81
NO, 80, 20 1.29 0.30 0.05 0.01 0.91
AcOH + NO, 80, 20 1.39 0.59 0.05 0.01 0.7(
B control 80, 20 1.78 0.54 0.04 0.01 0.67
AcOH 80, 20 2.00 0.49 0.03 0.01 0.63
NO, 80, 20 1.44 0.41 0.04 0.01 0.76
AcOH + NGO, 80, 20 1.36 0.40 0.04 0.01 0.81
R control 80, 20 1.06 0.78 0.02 0.03 -0.1
AcOH 80, 20 0.03 0.48 0.03 0.02 0.5]
NO, 80, 20 0.16 0.22 0.05 0.01 0.99
AcOH + NO, 80, 20 0.32 0.49 0.04 0.02 0.57
L control 80, 20 0.80 0.57 0.06 0.01 0.81
AcOH 80, 20 2.25 0.46 0.03 0.01 0.54
NO, 80, 20 1.25 0.60 0.05 0.01 0.71
AcOH + N, 80, 20 1.84 0.41 0.04 0.01 0.71
w control 80, 20 1.27 0.25 0.04 0.01 0.89
AcOH 80, 20 1.07 0.24 0.04 0.01 0.8
NO, 80, 20 1.07 0.15 0.04 0.00 0.9
AcOH + NG, 80, 20 1.05 0.20 0.04 0.00 0.89
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Appendix D

Comparison of different dose approaches (Chapter &ection 8.2.2.)
Handling lifetimes
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Figure 1: Handling lifetimes of acidic paper 1, prelicted at 18 °C, 43% and 100 &
10 ppb AcOH or NO2, using both approaches (a in btk, b in red).
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Figure 2: Handling lifetimes of acidic paper 2, prélicted at 18 °C, 43% and 100 &
10 ppb AcOH or NO2, using both approaches (a in bk, b in red).
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Figure 3: Handling lifetimes of alkaline paper, pralicted at 18 °C, 43% and 100 &
10 ppb AcOH or NO2, using both approaches (a in bk, b in red).
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Figure 4: Handling lifetimes of rag paper, predictal at 18 °C, 43% and 100 & 10 ppb
AcOH or NO2, using both approaches (a in black, mired).
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Figure 5: Handling lifetimes of Whatman paper, predcted at 18 °C, 43% and 100 &
10 ppb AcOH or NO2, using both approaches (a in bk, b in red).

Display lifetimes
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Figure 6: Display lifetimes of acidic paper 1, prettted at 18 °C, 43% and 100 & 10 ppb
AcOH or NO2, using both approaches (a in black, mired).
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Figure 7: Display lifetimes of acidic paper 2, preitted at 18 °C, 43% and 100 & 10 ppb
AcOH or NO2, using both approaches (a in black, nired).
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Figure 8: Display lifetimes of alkaline paper, predcted at 18 °C, 43% and 100 & 10 ppb
AcOH or NO2, using both approaches (a in black, nired).
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Figure 9: Display lifetimes of rag paper, predictecat 18 °C, 43% and 100 & 10 ppb
AcOH or NO2, using both approaches (a in black, nired).
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Figure 10: Display lifetimes of lignin-containing @per, predicted at 18 °C, 43% and
100 & 10 ppb AcOH or NO2, using both approaches (@ black, b in red).
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Figure 11: Display lifetimes of Whatman paper, preétted at 18 °C, 43% and 100 &
10 ppb AcOH or NO2, using both approaches (a in btk, b in red).
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