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Introduction.

Cellulose is the principal constituent and the source of
strength of articles made from wood, paper, cotton, linen and
other vegetable fibres. The deterioration of the cellulose becomes
apparent as a progressive loss of strength and elasticity, some-
times but not always accompanied by discolouration. This
deterioration is caused by subtle chemical changes which affect
not only the physical properties of the object but also the rate
and course of subsequent ageing processes.

Purified cellulose is much more stable than the impure or
chemically altered material of its various commercial forms.
The chemistry of cellulose degradation is therefore inseparable
from the chemistry of its impurities. The number of substances
that are commonly found in association with cellulose is very
large and the nature of most of them is obscure. Many may
have little effect on its permanence but some accelerate and
others may inhibit decay. In no case has the detailed course
of the reaction been elucidated.
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I have not tried to collect all the dala available ; there
is too much and it has been reviewed already (3,67). My aims
are to describe the causes of deterioration likely to affect
museum objects, to give an idea of the magnitudes of their
effects, to explain the current theories of their mechanisms,
and to suggest what further information is needed and what
processes or materials show promise of slowing the rate of
deterioration.

Only inanimate agents of decay are described, a restriction
which is extended to exclude the effects not only of micro-
organisms but also of conservation methods.

High energy radiation.

Cellulose is seriously damaged by doses of about 106 rad (*)
of ionizing radiation of almost any kind (11, 12, 17, 18, 59, 68,
75). The dose from background radiation seldom exceeds (.12
rad per year (20, 47, 50). High energy radiation is therefore not
yet a serious danger to cellulose.

Far ultraviolet radiation

(of wavelength less than about 3400 A).

Far ultraviolet radiation causes degradation of cellulose
by direct breaking of chemical bonds. The photolysis of cellu-
lose, as this phenomenon is called, has been thoroughly studied
but such radiation is not, or need not be present in museums.
Its only interest to comservation scientists is that photolysis
commonly interferes with the interpretation of the results of
experiments on the photosensitized degradation of cellulose in
which mercury vapour lamps have been used (37, 43). The
photolysis of cellulose has been reviewed recently (60).

Near ultra-violet and visible radiation 3 400 - 7 000 A.

At wavelengths greater than 3400 A photolysis does not
occur but degradation of cellulose continues through photo-
sensitized reactions whose proposed mechanisms will be des-

(*) Rad : The quantity of radiation which deposits 100 ergs of energy per
gram of material. I have assumed that cellulose has an absorbing power
approximately equal to that of animal tissue.
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cribed later. The result is loss of strength, chemical changes of
great variety and, in some circumstances, discolouration.

The rate of deterioration depends on numerous factors but
it is, in normal museum conditions, fast enough to deserve
detailed investigation.

Experimental conditions vary greatly so I have derived
rough estimates of the rate from several publications.

The most commonly used light sources for experiments are
the carbon arc, the mercury vapour lamp and daylight. At
first sight it might seem that the first two sources would be best
for measuring the rate of reaction. But their spectral energy
distribution is very different from that of daylight or any com-
monly used artificial light and it varies with the operating condi-
tions and design of the lamp. The spectral sensitivity of cellu-
lose is unknown (see below) and so daylight is the only source
which allows even an appropriate calculation of the rate of
deterioration of cellulose in a museum.,

Egerton (24) exposed 180 denier (*) cotton yarn to daylight,
behind glass. At 100 % relative humidity the yarn lost 17 % of
its original strength, and in complete dryness 10 %, during an
exposure of 4 000 microwatt hours per square centimetre per
10 A at 4600 A. From this one can estimate a strength loss of
14 % during an exposure of about three million lux hours
(Mixh) at 60 % RH.

This is the fastest rate of deterioration that I have found
in the literature. The data of Little (49) suggest a loss of strength
of 14 % during about 50 Mlxh. From Jones (35) one can estimate
that the cotton yarn lost 50 % of its original strength in 68 Mlxh.
The cotton cloth exposed by Goldthwait & Robinson (32) lost
47 % of its tensile strength after an exposure of roughly 180
Mixh. Richter (66) found that paper made from purified wood
fibre lost about 30 % of its resistance to repeated folding during
100 hours of exposure (each side) behind glass to sunlight. This
corresponds to about 10 Mlxh. The fold endurance of paper is
acknowledged to deteriorate faster than other physical proper-
ties. Feller (29) has derived figures of similar magnitude for the
rate of deterioration.

(*) Denier = the weight in grams of 9000 metres of yarn.
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These figures are based on rough estimates of the exposure
conditions and on the interconversion of physical units which
have no fixed relationship (*). They must therefore be taken as
only a very approximate guide to the rate of deterioration of
cellulose and are presented here because much of the subse-
quent information on rates of deterioration in different cir-
cumstances is comparative.

Let us take 50 Mlxh of daylight as a light dose likely to
cause serious physical deterioration of cellulosic materials and
assume that the reciprocity principle (see below) is valid in
this case,

Objects on permanent display in museums are seldom
illuminated with less than 300 lux for about ten hours a day.
A dose of 50 Mlxh would accumulate in about fifty years.

Daylight is therefore an important cause of damage to
cellulose.

The effect of artificial light cannot yet be calculated but
some results on the effects of fluorescent lamp light have
recently been obtained by Leene (44).

The nature of the damage and the rates of the various
reactions which occur depend on a large number of factors
which themselves show an intricate interaction in their effects.
The influences which have so far been recognized as important
are these :

Light intensity.

Spectral energy distribution of the light.

Temperature.

Physical form of the material : thickness, density.

Composition of the surrounding atmosphere: concentrations of
oxygen, water vapour & pollutants,

The state of chemical degradation of the cellulose.

Natural impurities of cellulosic materials.

Artificial impurities : dyes, pigments, acids, alkalis and metal salts.

(*) The exposure has been given in a variety of units, most of which are
not interconvertible. The commonest are : sun-hours, exposure time, langleys
and lux-hours. I have taken the langley as equal to 1.2 kilolux-hours (klxh)
and the sunlight-hour as equivalent to 70 langleys. Exposures given in weeks
are not an adequate measure of the radiant energy received. The usual
measure of light energy in museums is the lux so I have converted all the
experimental data into this unit. For details see Appendix A.
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Light intensity.

It has been generally assumed in the conservation litera-
ture on fading and degradation of materials by light that the
reciprocity principle holds. The rate of reaction is assumed to
be proportional to the light intensity (other factors being equal).
By the same principle the total quantity of light energy rea-
ching the object, regardless of the rate at which it is received,
governs the amount of damage done.

At present we have no other way of relating the results of
experiment with the museum environment. There is no proof
that reciprocity holds over the great differences of light inten-
sity between the apparatus of impatient scientists and the dim
galleries of a museum. There is certainly no theoretical justi-
fication for assuming it since the details of the reactions through
which cellulose decays in light are almost completely unknown.

A small amount of experimental work provides circums-
tantial evidence for the reciprocity of cellulose photo-degrada-
tion over a narrow range of light intensities.

Aston (6) showed the relationship between the fraction of
the original tensile strength retained by linen fabric (coated
with cellulose acetate) and the energy of the daylight incident
upon it throughout the year (fig. 1).
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Fig. 1. — Relation between intensity of solar radiation and deterioration

of linen cloth (coated with cellulose acetate). Exposed in the
open. Each strength measurement was plotted at the middle of
the three month exposure period to which the sample was subjected.
From Aston (6).
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The temperature and relative humidity of the air and the
spectral energy distribution of daylight change with the seasons
so no significance can be attached to the slightly greater degra-
dation per unit light energy observed in winter.

Launer & Wilson (42) irradiated newsprint with carbon arc
light at various intensities for various times. Their results are
shown graphically in figure 2. It is not possible to decide, from
the information given, if the divergence of the tracks on the
graph has any significance.

In the same article there
are examples of two other
ways in which the reciprocity
law may apparently fail even
when the individual reactions
obey it :

B
1

Irradiated paper yellowed
faster in the dark than paper
which had not been exposed
to light. It is quite possible
therefore that in a dim light
paper may yellow by a reac-
tion independent of light faster
than it is bleached by photo-
chemical reaction. The net
result would be a progressive
yellowing rather than the blea-
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Fig. 2. — The rate of deteriora-

tion of newsprint irradia-
ted for a constant time at

various light intensities :
O and at constant light
intensity for various {ti-
mes: @ From data of
Launer & Wilson (42).

ching predicted by accelerated
testing.

Samples of paper exposed
to the carbon arc light without

strict temperature control yel-
lowed but when the paper temperature was held at 30° C.
bleaching occured. Many experiments in which bright light
sources have been used have allowed the samples under test
to heat far above room temperature and the results cannot be
extrapolated to predict the effect of dim light at normal tem-
perature (fig. 19).

The high temperature generated at the face of the specimen
by absorption of light reduces the relative humidity of the air
surrounding the fibres. The photochemical deterioration of
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cellulose has a temperature coefficient and is also dependent
on the moisture content of the fibres.

The interplay of all these factors makes the evaluation of
accelerated ageing tests difficult and it would be unwise to
place too much reliance on the reciprocity principle in discus-
sing the rate of decay of paper and cloth in museum conditions.

The spectral energy distribution of the light.

It is evident from the results of numerous experiments that
cellulose is more rapidly damaged by u.v. and blue radiation
than by light of equal energy but longer wavelength. The wave-
length dependence has not been accurately measured. No source
has been available with sufficient intensity to provide enough
light in a narrow waveband. The mercury spectrum has been
used but its action has usually been hastened by using low
grade paper or by immersing the cellulose in a solution of an
oxidising agent. Filtered daylight has also been used but it has
a fluctuating spectral energy distribution and bandpass filters of
sharp cut-off, high transmittance and permanence have only
recently become available.

Aston (5) exposed linen threads in a row parallel to the
lines of a mercury spectrum, each of which covered about 6
threads. The exposure lasted four weeks. The threads were
removed and the number that broke at the irradiated part
gave a rough measure of the damage done. The mercury lines

Effect of weathering on doped linen fabric under coloured glasses.
April 1919 - Nov. 1921

Approximate short Relative Log

wave limit Colour (Initial strength/final strength)

of transmission s
of filter (A) (100 for exposure in the open)

3350 clear 73
3350 blue 83
3450 violet 66
3450 purple 56
3650 blue-green 23
4900 green 7
5100 orange red 5
5650 red 4
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from 2570 to 3660 A caused considerable damage but the visi-
ble spectral lines caused no damage. The statistical uncertainty
was very large so no quantitative results could be deduced. A
similar experiment using the spectrum of sunlight failed to
work. In a later experiment (1, 62) coloured glasses were used
over doped linen fabric exposed to daylight.

The lack of detailed spectral transmission data for the
filters prevents accurate evaluation of the results.

A very similar experiment was made more recently by
Fynn and co-workers (31). They also were hampered by poor
filters. Their blue filter for example transmitted shorter wave-
lengths than the u.v. filter. The Degradative Index given by the
authors is not very helpful as it compares the action of equal
amounts of radiation of very different bandwidths. -

It is possible to deduce from their data that about four-
fifths of the loss of strength of cotton cloth irradiated by day-
light through glass is caused by wavelengths between 3 000 and
4000 A (*). The authors also found considerable degradation in
red and yellow light, which is not in agreement with the results
of others.

Kohler (40) exposed papers of various constitutions to day-
light filtered through coloured glasses. He measured the loss of
resistance to folding and the copper number of the papers. He
also gave the spectral transmission of the filters. Only two filters
had sufficiently sharp cut-offs to give meaningful results :

(*) The rate of deterioration is first order. I have multiplied the gradient
of the plot of deterioration against log (time) for each filter by a small factor
to account for the differences in peak transmission of the filters.

Filter Corrected rate constant
Corex (clear) 50
u.v. 41
blue 39
yellow 21
red 21

Both the blue and the corex filter transmit more u.v. than the u.v. filter.
The fact that the blue filter causes about as much degradation as the u.v.
suggests that it is the region between 3000 and 4000 A which is causing
most of the damage. The combined transmission of u.v. and red filters is very
much exceeded by that of the clear glass in all spectral regions so the high
rate reported for long wavelength light is difficult to understand.
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Copper number & % fold retention
After 62 days exposure to daylight

Clear glass 7.11 6
Antikglas (transmits wavelengths

> 5000 A) 2.17 74
Unexposed 1.56 100

Whittaker (83) exposed viscose rayon to daylight under
coloured filters and obtained results qualitatively similar to
those of Aston. His experimental data was much more meagre
and the results will not be given here.

Lanigan (41) in an ingenious experiment exposed moist
cellophane film to the mercury spectrum and revealed the for-
mation of oxycellulose at the irradiated points through its
power of reducing silver in complex solution to the metal, which
stained the cellophane. A graph of the optical density of the
film against the wavelength of the irradiating light showed no
detectable damage in the visible region but appreciable blacke-
ning in the u.v. spectral region. The strong mercury line at
365 my caused considerable damage. The information is quali-
tative but impressively presented (fig. 3).
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Wavelength in mp (principal mercury lines marked)
Fig. 3. — Optical density of viscose sheet and viscose dyed with
Cibanone yellow R-------. irradiated with mercury spectrum in

moist air & developed by reduction cf complex silver ion. From

Lanigan (41).

Little (49) gives a table of the effect of radiation of varying
minimum wavelength on the fluidity of cotton. The great poten-
cy of u.v. radiation is made clear,

Cotton exposed to daylight under high humidity
Screened by Short wave cut-off (mp) Fluidity increase
Quartz 280 14.8
Glass 310 5.9
0Y 18 430 0.3
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All the experimenters who used coloured filters observed
greater degradation in blue than in white light (which included
all the radiation passed by the blue filter). The phenomenon
remains unexplained. It may possibly be due to the smaller
heating effect of blue light and the consequent higher relative
humidity at the surface of the cellulose,

The data given so far refer to fairly pure cellulose. The
presence of other materials very much alters the effect of
different spectral regions.

The spectral sensitivity to discolouration of ground wood
pulp (57) closely follows the ultra violet absorption of lignin.
The paper is sensitive mainly to ultra violet radiation : in light
of wavelength greater than about 480 mp it bleaches slightly.

The bleaching effect of light of long wavelength is probably
attributable to the bleaching of the coloured degradation pro-
ducts of cellulose rather than to any chemical change in the
cellulose molecules.

The spectral sensitivity of low grade paper was given by
Judd (33, 34, 36, 78, 79). There is no experimental detail, and no
indication of what criterion of damage was used. In view of the
work mentioned above which
suggests that the behaviour
of mechanical wood pulp is
largely conditioned by the pre-
7 sence of lignin (which occurs
in no other commonly used
cellulosic material except Ju-
4 te), too much reliance should
not be placed on the calcula-
tions based on these figures
4 (fig. 4).

- Dyeing and pigmenting of
cellulose materials may great-
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120

1 1 1 1

1

400

Wavelength, mp

Fig. 4. — Dependence of damage to
low grade paper on the
wavelength of the incident
light. From NBS (78).
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clearly in the case of certain vat dyes. The dyed cellophane
showed reducing properties where it had been irradiated with
lines of the mercury spectrum in the visible region (fig. 3).
The damaging wavelengths depend on the individual dye and
not on the cellulose.

Estimation of the damage done to cellulose by museum
lighting demands a knowledge of the spectral energy distribu-
tion of the source used for the experiment, the s.e.d. of the
museum light source, and the spectral sensitivity of the cellulo-
sic material. The reciprocity principle, or some other relation-
ship between light intensity and reaction rate, must be assu-
med. Such a calculation was published by L. S. Harrison (33).
It is valid for estimating an unspecified sort of damage to low
grade paper by the fluorescent lamps tested. Though obviously
qualitatively correct it must not be allowed to obscure the fact
that the spectral sensitivity of cellulose is unknown and is worth
finding out.

Temperature.

The temperature coefficient of photochemical reactions is
difficult to measure because the light energy is mostly turned
to heat at the surface of the sample and so a thermocouple must
be embedded in the sample, or alternatively the sample must
be very well ventilated with a rapid stream of air at constant
temperature. Another complication is that unless precautions
are taken a rise in sample temperature above the ambient
conditions will cause a drop in the relative humidity around
the fibres of the sample. This generally causes a fall in the rate
of reaction which masks the acceleration of the reaction by
heat. At the high temperature unavoidable in accelerated ageing
apparatus the nature of the deterioration may change if the
cellulose when damaged by light becomes susceptible to ther-
mally controlled reactions. In any case it becomes difficult
to distinguish between the temperature dependence of the
photochemical reaction and thermal acceleration of non-photo-
chemical reactions.

Probably because of these experimental difficulties there
is not much information on the temperature coefficient of cellu-
lose degradation by light.
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Egerton & Shah (27) irradiated viscose with a high pressure
mercury vapour lamp (maximum intensity at about 365 mp)
and showed that at normal temperatures the reaction has a small
positive temperature coeffi-
cient (fig. 5). The graph also
shows that the decomposition
of viscose sensitized by tita-
nium dioxide has a very
large temperature coefficient.

-l
N

-

Some vat dyes show the
same behaviour. Here again
we see how the degradation
of cellulose is conditioned by
the nature of its impurities.

5

% loss of tensile strenght

el o o o
Bright & dull viscose 0% RY

1

10 30 50 70 90 _

Temperature, °C The yellowing of ground
Fig. 5. — Viscose yarn, with & wit- Wf’Od pulp in light increases
hout TiO. delustrant, exposed with temperature much more
for 95 hours to a high pressure {L1an can be accounted for by
mercury vapour lamp. From . N
Egerton & Shah (27). the non-photo-chemical dar-
kening process (80, 84). All
other papers bleach in light so this is probably a reaction of
the lignin-cellulose mixture and not characteristic of other

cellulosic materials.

The physical form of the material.

The light flux reaching the inside of a piece of cloth or
paper is less than that at the surface because of reflection from
the fibre surfaces. In fact the fibres at the very back of the paper
will receive a light flux equal to the transmittance of the paper.
For a thick paper this may be less than 5% of the incident
light. The rate of deterioration therefore is probably propor-
tionately lower. In the case of dyed or delustred (pigmented)
fibres the light flux on the shaded side may be much lower,
This has two effects : firstly it means that a thick cloth or
paper will retain a greater percentage of its original strength
on exposure than a thin cloth, and secondly, it means that tests
for degradation that involve taking an average over the whole
test piece may give misleading results.
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In fact all tests except reflectance and fibre strength take
an average over many fibres of which a large number have not
received the same light dose as the light measuring instrument

(if used).

A theoretical treatment of the effect of this on the evalua-
tion of DP is given by Flynn
(30).

Cunliffe & Midgley (19)
found that the average
strength (per unit cross sec-
tional area) of the fibres of
an exposed colton yarn was
about the same as that of
the yarn itself but the
strength of the fibres expo-
sed singly was about half
this value. 510 1L

Little (49) showed an Count
interesting graph (fig. 6) of Fig. 6. — The effect of density &

the effect of yarn thickness thickness on the rate of degra-
dation of grey cotton yarn ex-

a_nd twist on photodegrada- posed to daylight for 4 months.
tion. From Little (49).
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Kleinert and Méssmer (39) showed the relationship bet-
ween % fall in tensile strength and yarn thickness of viscose :

Denier % fall in strength
1.5 37.4
2.7 27.5
3.75 21.7
4.5 141

The two graphs (fig. 7) taken from Barr & Hadfield (8)
show clearly the different effects of tests which measure total
damage (tensile strength) and those which average the damage
through the thickness of the specimen (fluidity). The rate of
loss of strength is about the same for both coarse and fine
fabrics. The loss of strength calculated as a percentage of the
original strength is very different.
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