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I INTRODUCTION
This lecture discusses how the chemical changes brought about
by bleaching influences yellowing or colour production in paper fibres.
This is an important topic for conservators to understand, not only
because of aesthetic considerations, but also because these phenomenaare
intimately related to deterioration and loss of permanence of the paper
support.
The main application of this topic is going to be to the
standard methods with which all of you are familiar. These include:
hypochlorite at various pH values
chloramine-T
chlorine dioxide - both immersion and gaseous
stabilized hydrogen peroxide
However,much of the information has equal application to photochemical
methods of bleaching and I shall be drawing some correlations as I go
alon~.
II

COLOUR
PRODUCTION
DURING
BLEACHING

The first type of yellowing to be discussed is an inmediate
production of colour during the actual bleaching process itself.
This is
a rather narrow category which really only applies to the use of chlorine
type bleaches with ligneous wood pulp paper. The cause is the formation
of stable chlorinated fibres which are yellow in colour.
There are three examples which fall into this group. The first
is acidic hypochlorite. In this case, yellowing is a particular problem
when very short bleaching times must be used. A second example is
chlorine dioxide. Most conmonly, colour production, which can range from
a definite pink to yellow brown, is seen with the gaseous method although
it may also be observed with immersion methods as well. For inmersion
methods, colour production can occur if the bath is used after it begins
to be exhausted. Experimentally, I have found that the brightening is
very fast when the bath is fresh, but that it decays rapidly until a
point around 0.5 hr when actual yellowing of the ligneous paper may
result.
A third example where yellowing has been observed as a direct
and inmediate result of the treatment is chloramine-T. This is probably
a concentration effect or perhaps is due to a particularly stable
chlorine intermediate.
III

COLOUR
PRODUCTION
AFTERBLEACHING

The second type of yellowing I would like to discuss is that
which occurs during storage of experimental samples or artifacts.
It may
be accelerated by exposure to light, but more specifically it is the
result of degradation and chlorination of the paper fibres during the
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bleaching process. Of course, the extent varies with the type of paper
under investigation as well as the particular bleaching conditions of the
treatment selected.
In reference to degradation, the yellowing is directly related
to the oxidation occurring during bleaching. In particular, the
production of carbonyl functional groups such as aldehyde, ketone and
carboxylic acid have been credited with leading to coloured fibres. It
must also be noted that these same oxidation products have been shown to
also be caused by photochemical exposure.
The second cause of yellowing, that is, chlorine residues, can
only apply when a chlorine-containing bleach is used. In order of
importance, in terms of extent of chlorination possible, there is the
acidic pH 4.5 hypochlorite bleach, followed by neutral hypochlorite and
finally an alkaline pH 9 bath. Considerably less chlorine remains in the
fibres with the chlorine dioxide methods.
I would like to go into this subject in a little more depth
now, and relate it specifically to the actual structures found in paper.
I shall consider mainly the lignin and cellulose fractions here, but most
of you are aware of the fact that paper may also contain a certain amount
of natural wood extractives and hemi-cellulose as well. However, these
latter components tend to be removed in all but the least extensive of
the pulping processes. Any residues will participate in reactions
similiar to that observed for lignin and cellulose.
The lignin fraction is made up of polymeric molecules which are
composedof phenylpropane building blocks (see below). The individual
units can be strung together in various ways and the phenyl group will
usually contain hydroxyl -OHand methoxy -OCH3substituents.

c-c-c

Figure l:

Structure of lignin
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Cellulose, on the other hand, is a more uniform polymer made up of
glucose units attached through a B-1-4 linkage (shown below).
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Figure 2:

Structure of cellulose

Both compoundsare subject to oxidation and chlorination with a resulting
general degradation and colour formation. However, the lignin is much
less stable than the cellulose and makes a lllJChgreater conbribution to
fibre deterioration.
This generalization may be extended to include their individual
response to the degradative effects of sunlight. Lignin is readily
transformed at the wavelengths found in natural light, but very pure
cellulose absorbs only weakly. However, even slight oxidation will
increase its sensitivity to photo-degradation. The presence of lignin,
metal salts and other impurities will have a similar efect. It should
be noted that these conments also apply to possible degradation from
conventional oxidizing agent bleaches like hypochlorite, peroxide and so
on.
The next two figures show some of the important chemical transformations
responsible for degradation and colour formation. Figure 3 illustrates a
lignin monomerin its unoxidized hydroquinone form. It is shownbeing
oxidized to the quinone grouping which reacts further to form coloured
condensation products. The application of alkali will have a similar
result.
In Figure 4, the hydroxyl -OHgroups on the glucose monomersare
shown as they are being oxidized to various carbonyl groups such as the
aldehyde -CHO,ketone C=O, and acid groups, -COOH.
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Two important causes of this oxidation are air oxidation and
chemical bleaches. The air oxidation increases in importance when the
fibres have become destabilized by some initial degradation. The
oxidative reactions tend to be progressive, with identifiable
intermediates. For example, the hydroxyl group in cellulose will
progress from its initial alcohol oxidation state to first an aldehyde
and then a carboxylic acid.

H1
H
OH
I
I
R-C-OH --.. R-C=O --.. R-C=O
I
H

oxidation

Alcohol

Figure 5:
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__.. Carboxylic
Acid

Progressive oxidation of cellulose

All of this information concerning the chemistry of oxidation
is meanin9ful only when it can be related to the extent of degradation
and ultimately to some sort of sensible approach to conservation
treatments. Theref ore, I wish to briefly discuss how the various _
bleaches compare in terms of oxidation, so that we can gain a better
appreciation of the relative risks of different treatments.
The relative order of five different bleaches in terms of
increasing oxidation of the cellulose fibre is:
stabilized hydrogen peroxide
chlorine dioxide
pH 9.0 hypochlorite
pH 4.5 hypochlorite
pH 7.0 hypochlorite
The rate of oxidation may be immediately correlated to rate of fibre
degradation which, in turn, is reflected in the rate of yellowing or
colour reversion.
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The direct relationship between the extent of colour reversion
and rate of degradation is made clear by comparing the relative orders of
increasing rates of colour reversion with increasing fibre degradation
for linen ra~ fibres (Table I).
Table I:

Relationship between reversion and
de~radation of linen rag paper fibres

Increasing Reversion

Increasing Fibre Degradation

stabilized hydrogen peroxide
chlorine dioxide
pH 9.0 hypochlorite
pH 4.5 hypochlorite
pH 7.0 hypochlorite

stablized hydrogen peroxide
chlorine dioxide
pH 9.0 hypochlorite
pH 4.5 hypochlorite
pH 7.0 hypochlorite

The order is the same in both cases.
Whenone is considering pure linen fibres such as in this
situation, chlorination is not as important as a cause of yellowing.
Instead, everything we have been discussing can be related to a quantity
knownas the oxidation potential of the system. The higher the oxidation
potential, the more likely it is that oxidation will take place. The
potential is affected by such things as concentration, temperature and
pH. In particular, the acidity may affect oxidation since it may
influence the chemical reactions which make up the oxidation reactions.
A good example of this is the chemical system based on
hypochlorite bleach. The oxidation potential varies incredibly with pH,
with the maximumpotential coming around neutrality (pH 7). With this
information at our disposal, it is predictable that the rate or extent of
degradation of cellulosic fibres bleached by hypochlorite at various pH
values is going to closely follow the oxidation potential data. The
literature shows this to be correct with maximumdegradation and
oxidation to be at around pH 7. Since oxidation leads to yellowing or
colour reversion, the observation that most rapid reversion is also at pH
7 is not surprising.
The next question which one may ask is whether the reactions at
the various pH levels differ only in their rate or are there actually
different chemical mechanismsat work, with different intermediates and
different end-products. The answer is that in this case at least, pH has
a profound effect not only on the rate of oxidation, but al so on the type
of oxidation taking place.
Twoof the most important functional groups produced by
oxidation are the aldehyde carbonyl and the carboxylic acid species. It
has been verified experimentally that their relative quantities do vary
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with pH: the aldehyde is formed preferentially at low pH while the
carboxylate is formed at alkaline pH values. It is clear that the
chemistry of oxidation at various pH's must be very different.
These differences are especially important when one considers
the rate of yellowing of papers which contain various types of oxidation
products. The general scientific opinion right now is that they all
contribute to yellowing, but perhaps not to the same extent. For
example, carboxylate groups have generally been shown to cause less
reversion than the carbonyl aldehyde and ketone groups. If these
aldehyde and keto groups are reduced back to the hydroxyl, as in
treatment with borohydrides, yellowing will be greatly diminished. It
has been experimentally shownthat yellowing will increase as the
carbonyl content of the fibres goes up. It will, however, be lower at
al 1 carbonyl concentrations when the fibres have been subjected to a
borohydride reduction.
Relating colour production in fibres to oxidation really works
best when pure cellulosics such as linen or cotton are being discussed.
Whenthe paper is a wood pulp type, the lignin componentmakes
chlorination of the fibres very important. Chlorintion refers to a
process in which a chlorine-containing bleach will react with a fibre to
form a chlorine-containing complex which can then break downto yield an
oxidized fibre. However, not all of these chlorine complexes break down
during bleaching. Instead, they remain part of the fibre and lead to
greatly increased colour reversion.
The rate of chlorination can also be affected by pH. For
example, the most effective chlorinating hypochlorite is the acid system,
followed by the neutral bleach and then the alkaline hypochlorite. In
terms of its chemistry, the chlorine, Cl2 form predominates at low pH,
the hypochlorous H0Cl at neutral pH and the hypochlorite oc1-at
alkaline values. The chemical reagent changes with pH and hence, so does
the mechanismof reaction as well as the rate of chlorination. The
following table summarizes how the type of bleach used on a mixed fibre
woodpulp and linen paper may influence chlorination:
Table II:

Colour reversion of wood pulp and linen paper.

Increasing Reversion

Increasing Fibre Chlorination

stablized hydrogen peroxide
chlorine dioxide
pH 9.0 hypochlorite
pH 7.0 hypochlorite
pH 4.5 hypochlorite

stablized hydrogen peroxide
chlorine dioxide
pH 9.0 hypochlorite
pH 7.0 hypochlorite
pH 4.5 hypochlorite
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In conclusion, I would just like to emphasize that the rate of
colour production in paper is going to depend enormously on the chemical
changes which the conservator introduces into the fibres. The initial
artifact condition and fibre content is going to increase these
differences rather than diminish them. However, by gaining an
understanding of what the various bleaching systems do to the fibre and,
as importantly, how the detrimental effects may be minimized, will go a
long way to helping the conservator make the necessary decisions.
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