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Experi nental Measurenent: Interpreting

Extrapol ati on and Prediction by Accel erated Agi ng
by E. STROFER- HUA

The present is the intersection of the past and the future. Correspondingly, the
past influences the future as one of several possible actions is selected to be
realized at present. The restorer preserves the witnesses of the past to becone
a source of innovation in the future.

Restoration itself, however, has its own past. The art of restoration of forner
times affects the future. In restoration decisions are made today that will be
of inportance when future generations of restorers handl e the objects restored.
New t echni ques are applied (or not applied) in restoration and we attenpt to
predict their useful ness using accel erated agi ng.

Pl ECES OF ART AS COVPLEX SYSTEMS

Berger & Zeliger! address restorers of oil paintings, but many points are of
interest to restorers in general. Berger & Zeliger consider an art masterpiece
to be a conplex entity. Correspondingly, they do not just exani ne the aging
behavi our of linen itself but also the agi ng behaviour of linen coated with
adhesive. They find that beeswax under aging conditions of 54°C for 1 year
protects the texture and that 94°C for 5 d destroys the texture. Coating the
linen with a high-nelt adhesive (Thernogrip) produces the opposite result:
protection at 94°C for 5 d and destruction at 54°C for 1 year. Baer et al.? have
done sinilar work on the system of paper and adhesive.

The agi ng behavi our of the conpl ex system of paper (or linen) and adhesi ve not
only depends on tenperature but also on the structure of the fabric, the
conposition of the surroundi ng at nosphere, the history of the system and so on
Appl i ed engineering in manufacturing industry exam nes such conpl ex coupl ed
systems by using statistical methods of planning and interpreting experinents
(factorial design). The precondition for applying statistics is the existence of
a quantitative neasure for each variable. This precondition has not been
fulfilled at present for exami nation of pieces of art. Correspondingly, Berger &
Zel i ger! question whether standardized industrial tests should be applied to
restoration research. Industrial tests try to simulate rapid changes, whereas
research in restoration examines extrenely slow processes. Tests for restoration
require high performance and resolution in a different range of measurenent than
i ndustrial tests.

Even the base materials thenselves, |inen or paper, have a conplex structure
characterized by a fractal geonetry® Besides cellul ose, paper contains sizing
agents, fillers, additives and inmpurities. The nmmin cause of destruction is

aci d-catal yzed hydrolysis of cellul ose. The acid originates from at nospheric

pol lution, the amount of alum and the deconposition products of lignin.

Oxi dative processes are inportant, too. The experinenter attenpts to observe the
changes in this conplex system conparable to a time-lapse canera in an oven at
el evated tenmperature. The results are then interpreted using a sinple nodel such
as the Arrhenius equation. By extrapol ation over several decimal powers of tine
the researcher tries to predict the state of the systemin the distant future.

LIM TS OF THE KI NETI C APPROACH" >

The kinetic nodel for describing the decay of paper

In general, the destruction of paper is described by a |aw of first-order
ki netics.
This description is a nodel of reality:



decay rate (cellulose/tine)=

constant (1/time) x content of cellul ose

or

1n (cellul ose/cellul ose)=-constant x t

where cellulose is the content of cellulose at tinme t of the experinent and
cellulose is the content, at the begi nning of the experinent (t=zero).

In (cellul osel/cellul osey) is set proportional to the logarithmof a
characteristic variable 1n (variable), which can be neasured quantitatively. The
variabl e can be tensile strength, stretch at break, tear resistance or any other
nmacr oscopi ¢ neasure of the nmechanical stability of the paper. The natura

| ogarithm of the measured values is plotted against tine (t) of the experiment.
If the nodel is valid, a straight line is achieved. The slope of the line is the
constant in the equation above.

The constant includes the influence of pollution, the history of the paper, the
wat er content of the atnosphere, tenperature etc.

According to Arrhenius, the constant is exponentially dependent on tenperature:

constant (1/tinme)=A(1l/tinme) x exp(-EA RxT)
or
1n (constant)=1n A-(EA/R XL/ T

If the Arrhenius nodel is valid, a straight line can again be obtained by
plotting the logarithm of the values of the constant, determ ned at different
tenmperatures, against the reciprocal of these tenperatures. In this case the
sl ope gives the energy of activation (EA) divided by the universal constant
R=8. 314 J/ Kxmol .

The pre-exponential factor A now contains the influence of pollution, the

hi story of the paper and the water content. The val ue of the energy of
activation determnes how much a change in tenperature influences the val ue of
the constant and thus the degradation of cellul ose. Energy of activation has the
units kJ/nmol. Tenperature is given as the unit Kelvin in the absolute
tenperature scale. By this the expression (-EAR x T) is dinensionless.

Arrhenius' |aw can be derived fromstatistical thernodynam cs for elementary
reaction only: two well defined nolecules collide and react. In other cases its
application is based on enpirical experience and practical success. Many conpl ex
systens do not strictly follow Arrhenius' |aw. Paper is one of these conplex
syst ens.

The foll owi ng assunptions have been nade for further interpreting the results of

measur enent :

e The kinetics of aging conforns to a first-order reaction nodel and Arrhenius
law is valid.

» The degradation of paper and of the cellul ose backbone can be described by an
easi |y neasured nmacroscopic variable. W even assune proportionality between
degradati on and the nmacroscopic vari abl e.

Critical review of the literature and experience

Browni ng & W nk® examined the aging of paper by observing changes in folding
endurance. For diverse papers they found an energy of activation between 112 and
138 kJ/ nmol. For most of the papers exam ned, plotting of the logarithm of

fol di ng endurance against time of aging generates a weakly or even strongly
convex line. The line is not straight. Neverthel ess, by using regression

anal ysis, Browning & Wnk derived the optinmal straight |line for each group of
neasuring points. Fromthe slope of the line they derived the val ues of the
constants and fromthese the value of Arrhenius energy of activation



Browni ng & Wnk have al so found skewed Arrhenius plots. They did not get a
straight line by plotting the logarithm of the constants against the reciproca
of tenperature. In these cases the sinple nodel of Arrhenius' |aw obviously does
not describe the dependence of aging on tenperature for this conplex system of
paper.

The energy of activation range found by Browning & Wnk is 125 +-13 kJ/ nol .
Extrapol ation then |l eads to strongly diverging results. At roomtenperature,
paper ages 43,000 tines faster at an energy of activation of 112 kJ/nol than at
138 kJ/nmol. At 60°C (333 K) and energy of activation of 112 kJ/nol, aging is
accel erated 12,000 times conpared with 138 kJ/nol. One, 12,000 or 43,000 years
makes a vast difference. Paper was invented just 2000 years ago!

The energy of activation has to be determ ned much nore precisely to predict the
agi ng behavi our of paper in a way that nmakes sense. Usually the restorer thinks
interms of centuries. For 100 years, 1 year of uncertainty in aging behavi our
is tolerable. This precision requires the energy of activation to be known
within 0.025 kJ/nol. By neasuring such nacroscopic variables as folding
endurance or tear resistance, one should have no problem neeting this

requi renent. Measuring the nmacroscopic variable tear resistance with a 2% nmargin
of error results in a range of energy of activation by Arrhenius' nodel of
approxi mately +0.010 kJ/ ol .

The techni ques of neasurenment allow the energy of activation to be quite

preci sely determ ned. Unfortunately, Arrhenius' nodel dose not describe papers
preci sely enough, and these assunptions are only approximative.

A general rule says that increasing tenperature by 10°C doubles the rate of a

gi ven aging process. This rule originates fromthe organic chenistry of
honogeneous | i qui d- phase reactions. In everyday use by restorers it has proved
useful for describing aging enpirically. It corresponds to an average energy of
activation of about 50 kJ/nol. This energy of activation is far fromthe margin
of error of 125 +-13 kJ/nol found by Browning & Wng6 for aging of solid paper

Finally, there are two possible pitfalls in interpreting agi ng neasurenents over
a large tenperature range.
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We have learnt to distrust absolute predictions of aging behaviour over time by
Arrheni us' npdel. Neverthel ess, even conclusions drawn fromrelative results



obt ai ned by conparing the aging of two papers have to be handled with care. Fig.
1 shows the Arrhenius plots of two papers (logarithmof the constants versus
reci procal of tenmperature). Papers | and Il have different energies of
activation for their aging processes, which results in different slopes for the
straight |ines. The preexponential factors are also different. At 80°C the

constant for paper | is larger than the constant for paper 11, which neans that
paper | ages faster than paper Il at 80°C. At 20°C it is just the opposite:
paper |l ages faster than paper |. A series of neasurenents that determ ne the

rel ative agi ng behavi our of the papers at 80°C says nothing about the relative
agi ng behavi our at 20°C.

Various authors warn that agi ng experinents should not be perforned at

t enper at ures above 55°C’. Calvani et al.® follow the reconmendati on of G am nsk
et al.% in their studies on the effectiveness of paper deacidification they
never exceeded 70°C. It is assuned that the nechani sns of degradation are

di fferent above and bel ow that tenperature. If the nechanisns are different,
different kinetic laws are valid and the energies of activation are al so

di fferent. The paper behaves, in fact, like two different papers | and Il (Fig.
1): the results of high-tenperature aging do not allow prediction of aging at

roomtenperature. Extrapolation is not allowed!
Table 1

Tear resistance (mN) in machine direction after accelerated aging of
Paper 0 days 3 days 6 days 12 days 24 days
1881 177 150 151 % 107
S26 341 327 346 292 278
831 468 433 410 368 331
571 371 334 311 278 244
1879 288 252 247 202 162
S67 458 419 394 350 307
568 436 410 403 364 315
573 433 334 208 245 172
1935 147 133 132 110 98
s28 242 228 240 216 190
538 221 221 211 202 177
544 230 222 207 185 176
867 458 419 394 350 307
568 436 410 403 364 315
572 253 230 233 210 171

Vovel | e et al.!® exam ned high-tenperature thermal degradation of cellul ose and

found energies of activation between 80 and 250 kJ/ nol. Degradation of cellul ose
and its derivatives!' discusses the different nechanisnms of degradation of

cellul ose. The origin of all this work is on industrial application. The authors
mainly intended to accelerate the degradati on of cellulose. This goal is exactly
contrary to that of restorers. Correspondingly, degradation was exam ned under
tenmperature conditions conpletely different fromthose of interest to the
restorers. Industrial and restoration tests have different goals.

FURTHER APPROACHES TO DETERM NI NG THE AG NG OF PAPER
Statistical planning of experinents!??3

In industry the properties of textiles and paper are determn ned by methods of
statistical factorial design. The influence of parameters such as tenperature
and humidity on a target variable (such as tear resistance) is exam ned. The
rel ati onships can be quite conplex. The nethod has the advantage that it can
reveal the interactions and correl ati ons between the different paraneters.
Finally, a mathematical relation is achieved between the target variable and
paranmeters that is not based on an underlying physical nodel and is therefore
not conprehensi bl e. Extrapol ati ons beyond the regi on exanined are not all owed
either. Further, this nethod has the disadvantage that it requires:
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e extensive conputer software to design the tests;

e a well-prepared, reproducible, quantitative analytical test method;

» substantial working capacity to execute tens or hundreds of tests, and
t her ef ore:

e a partially automated workpl ace;

e capacity for a |large nunmber of sanples; and

e extensive conputer software to interpret data and a broad know edge of
statistics and regression.

All this is not available in restoration |aboratories at present. It must al so
be enmphasi zed agai n that extrapol ati ons beyond the regi on exanined are not
permtted in this case either and that we still assune that the nol ecul ar
nmechani sm of the decay of paper can be conprehended by a nacroscopic variable
such as tear resistance or fol ding endurance.
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Conpari son of agi ng behavi our of historical and new papers

In the foll owi ng we exam ne the probl em of meaningful extrapolation froma

di fferent point of view Historical papers and conparabl e new papers are both
aged artificially under identical conditions and the agi ng behavi our of

hi stori cal and new papers is conpared.

Rasch & Scribner! did not exam ne historical papers but only papers stored
under natural conditions for four years. They conpared the fol ding endurance and
chem cal properties of these naturally aged papers with those of artificially



aged new ones. W/ son & Parks!® checked all literature up to 1980 and found
statistical correlations between paper aged naturally for 36 years and paper
aged artificially in 1937. Bansa & Hofer'® continued this work for historica
paper .
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In our test series, however, we aged artificially the new and the old papers
under identical conditions: 80°C and 65% relative hunidity (1SO Standard

5630/ 3). We had at our disposal three old papers from 1935 (68 g/ nt, 1879 (70-74
g/nt) and 1881 (77-80 g/nt). To each of those we selected a group of papers from
current production that had simlar weights per area and for which we expected
simlar aging behaviour. The agi ng behavi our of the new papers was estinated
froma |large number of tests according to DIN NPa21 Nr. 36-89.% W only

sel ected the new papers that showed a strong change in the tear resistance in
the direction of the machine after accelerated aging. This is not true in
general for all papers. Qther variables measured by DIN Npa2l Nr. 36-89' (such
as stretch at break or tensile strength) only display small changes after

accel erated aging. The selection criterion nentioned above | eads to the peculiar
result that only new papers of low quality were selected for comparison with the
hi stori cal ones. Neverthel ess, the accel erated agi ng experiments according to
DI N Npa-21 No. 36-89 17 lead to the even nore interesting result that the
stability of only one of these new |low quality papers decreased after 24 d of
accel erated aging below the stability of the original naturally aged historica
papers (S73 and 1879) (Table 1). This reflects the difficulty in bringing a new
paper into the state of a historical one by accel erated aging. Libraries and
archives have a |l ot of 100-year-old paper in a state so fragile that it cannot
be sinulated by accelerated aging in realistic periods of tine (3, 6, 24 or 30
d).

According to DIN Npa2l Nr. 36-89 we aged for 3, 6 12 and 24 d and neasured the
variable tear resistance in the direction of the machine. O her variables such
as stretch at break and tensile strength did not give interpretable results. The
experimental results are presented in Table 1. The new papers are characterized
by sanpl e nunmbers: S(anple) 26, 28, etc. The historical paper are characterized
by the year of nmanufacture: 1935, 1879 or 1881



Table 2. Regression lines In (value of tear resistance) =slope x (time f) + intercept

Paper Slope (days Intercept (no dimensions

1881 0.020 5.112

526 —0.009 5.837
531 0.014 6.115
S71 0.017 5.868
1879 ~0.023 5.630
S67 0.016 6.091
568 -0.013 6.069
873 0.038 5.092
1935 0.017 4.960
528 0.010 5.494
538 0.010 5.413
S44 -0.011 5.408

SH7 D.016 6.091
568 0.013 6.069
572 0.016 5.522

Interpreting these experinents was strai ghtforward according to first-order
kinetics: plots of the natural logarithmof the tear resistance against tine
(Figs. 2-4). Analogous to the results of Browning & Wnk® nost |ines show a
convex curving. As the accel erated agi ng process proceeds, aging is increasingly
i nhi bited, and the process of degradation slows down. This is an exanpl e of
negative feedback: the history of the paper results in slower decay in the
future.

The optimal straight line found by regression analysis results in the slopes and
intercepts given in Table 2. Regression analysis was perforned using a pocket
cal cul ator.

Wth one exception (S73), the values of the slopes for the historical papers are
| arger than those for the new papers. The historical papers (1881, 1879 and
1935) degrade faster by accelerated agi ng than the new ones, although the new
papers were selected for their low quality.

This leads to an inportant result. The history of the old papers influences
accel erated agi ng by accel erating the aging process. There is positive feedback
between the history of the historical papers and the accel erated agi ng process.
From a phil osophi cal point of view, the past influences the future. Each paper
has its individual history. Accordingly, the slopes of the regression |ines are
different for all historical papers.

Nevert hel ess, sonet hing can be concluded by conparing the papers 1935 and S67
and S72, which display simlar slopes. The difference of the intercepts nust
correspond to the 55 years of natural aging of paper 1935:

(6.091 - 4.96)/0.017
(5.522 - 4.96)/0.017

66 days
33 days

The 55 individual years of historical experience of paper 1935 correspond to 33-
66 d of accel erated agi ng under our aging conditions.

Simlarly, conparing the papers 1881 and S71 shows that the 109 years of paper
1881 correspond to 35-45 d of accel erated aging in our oven.

These findings do not contradict the results of Rasch & Scribner, Wlson &
Parks'® or Bansa & Hofer!®. Aging is not a determnistic process. Paper ages
faster in an oven at elevated tenperatures than in a natural environment; pH
val ue and humdity strongly influence aging, too. Nevertheless, deriving

uni versal quantitative rules from accel erated agi ng vi ol ates experi mental
results.



CONCLUSI ON

The influence of the past on the future is an everyday experience in human life.
Exanmples in science are hysteresis, material fatigue and evol uti on processes.
Correspondi ngly, each sheet of paper is characterized by individual history that
i nfluences its aging behaviour in the future. Macroscopic variabl es and

cl assi cal nethods of aging do not reveal this history and the resulting
possibilities of future behavi our

SUMVARI ES

Experi mental Measurenment: Interpreting Extrapol ation and Prediction by
Accel erat ed Agi ng

Accel erated agi ng (several days of storage in oven at el evated tenperature, used
in conservation research) is examned in the |ight of chem cal kinetics. The
result is quite sobering: the only effect of accelerated aging is an
acceleration, but its rate is not known. Even relative concl usions are not

al ways possible. Object A may age nore quickly than object B at higher
tenmperature, but nore slowmy at a |lower tenperature. In addition, the future of
any single object is influenced by its specific history. History can only
happen; it cannot be sinulated in advance.

Mesures Expérinentales et Interprétation des Résultats: Extrapol ation et
Prédiction par Vieillissement Accél éré

Une technique utilisée en recherche sur la conservation des objets d art, le
vieillissement accél éré par exposition de |'objet a tenperature él evée, est
exam née sous |'angle de cinétique chimque. Le résultat est décevant: |le seu
effet du vieillissenent accél éré est une accél ération, mais sa vitesse est

absol ument inconnue. On ne peut en tirer aucune conclusion, méne d' une facon
relative. Il peut arriver que |'objet A viellisse plus vite que |'objet B a une
tenpérature donnée, mamis plus lentenent a une autre tenpérature. De plus,

| " évol ution future de chaque objet est influencée d une facon spécifique par le
passé de cet objet. Ce passé ne peut étre sinulé a |'avance.

Messmet hoden, Messer gebni sse und ihre Intepretation: Extrapolation und
Vor her sagen an Hand kunstlicher Alterungsexperimente

Die in der restaurierungskundlichen Forschung ubliche Methode der beschl eunigten
Alterung im Ofen bei erhdhter Tenperatur wird einer kritischen Prifung imlLichte
der einschl agi gen Gesetze chem scher Kinetik unterworfen: mit demrecht

ernicht ernden Ergebnis, dass auler der Tatsache, dass die Alterung i m O en
schnel |l er abl &uft als in natirlicher Ungebung, aus entsprechenden Experinenten
ni chts Sicheres abgel esen werden kann. Nicht einmal rein relative Aussagen sind
zuver| dssig nbglich: es ist denkbar, dass bjekt A bei hoher Tenperatur
schneller altert als Cbjekt B, bei niedriger aber |angsaner. Und noch nehr: die
Zukunft eines jeden Objekts ist durch seine Geschichte bestimt; Geschichte kann

nur "geschehen"; |&asst sich in keiner Wise simulieren
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