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ABSTRACT
Since 1998, in, the paper conservation department of the Instituto
Portugues de Conserva~ao e Restauro, we have been documenting works
on paper which present partial or total discolouration and which do not fit
the general pattern. The discolouration does not seem to be caused by
light or water but by prolonged contact with air. Visually this type of
discolouration turns the paper more opaque and is not reversed by the
usual treatments. In the research literature there is reference to photo-
oxidation, foxing, 'tidelines' and other discolouration related to iron gall
ink corrosion or from contact migration of unstable volatile organic
materials, normally related to local high humidity absorption. Work on
visual characterization, photographic documentation (UV and trans-
mitted light) and simple analytical testing was carried out in order to
support the empirical observation that the agent that caused the oxidation
was air - the humidified and polluted air found inside a building.
Parallel to this, tests were made with different oxidizing and reducing
agents to reverse the opacity. The paper also discusses the reason why the
discolouration is accompanied by a loss of transparency.

INTRODUCTION
Air pollution and its effect on paper have been amply studied by
numerous authors [1-4]. Havermans [1] states that in the absence
of other pollutants sulphur dioxide (S02) does not react with pure
cellulose. No reaction is found even at concentrations up to
0.5 ppm at 85% RH; however, at high relative humidities there is
a strong synergistic effect between S02 and nitrogen dioxide
(N02). In Portugal the air inside buildings is generally neither
filtered nor climatized and a high RH is often found indoors
during rainy days. Johansson [3] explains that the presence of
N02 promotes the formation of gypsum and thus allows a greater
pick-up rate of S02 on the paper. Dimitroff has noted that the rate
of penetration of S02 into machine-made paper by diffusion is far
greater in the parallel direction [5], about five times greater
compared to the perpendicular direction. These studies have
focused on the chemical degradation and ageing stability of
paper. Begin [4] points out that in terms of optical properties, all
samples affected by air pollution, whether lignin-containing or
lignin-free, show a significant brightness drop with accelerated
ageing.

The paper conservation department of the Instituto Portugues
de Conserva~ao e Restauro (IPCR) works for museums where
works of art on paper are nowadays normally kept in drawers.
Since 1998, we have been studying papers which present partial
or total discolouration which does not fit into the usual cate-
gories: browning resulting from the ageing of oxidized cellulose
at the wet-dry interface [6-9], yellowing from lignin-containing
cellulose, and migration from acidic material. This particular
form of discolouration seems to have been caused by prolonged
contact with air in the absence of protective glazing, during a
previous exhibition policy in the museums concerned.

In this paper we wish to present the visual characterization,
photographic documentation and simple analytical tests, as well
as to propose a reversion procedure for air-induced opacity and
discolouration. We hope to stimulate further investigation of this
topic.

SOME DOCUMENTED EXAMPLES
1 A framed nineteenth-century print on filled, rag wove paper

mounted on a wooden strainer with a glazed frame covering
the front and no protection from air diffusion through the
open space at the inside back of the strainer. Looking at the
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Fig. 1 Transmitted light with a strip of board placed under both dis-
coloured and non-discoloured paper.

print from the front it has developed an intense brown tone in
all the areas unprotected by the strainer. The wooden strainer
must have been well seasoned because it did not affect the
back of the paper although directly in contact with it, and
functioned as a physical barrier to the air diffusion and sub-
sequent oxidation, thus maintaining the original white colour
and translucency of the paper (Fig. 1).

2 A nineteenth-century print that presented discolouration on
its right margin which differed from the discolouration on the
left margin. They were both brown, but one was opaque and
had a diffuse borderline and the other was translucent with
characteristic 'tidelines'. The appearance of the left side was
apparently an alteration produced by some sort of liquid,
most probably water, while the right side seemed to result
from a broken and missing glazing.

3 Two folios from the same antique book, stored for 10 years in
different environments. One of the folios was left inside a
drawer while the other was used for short-term exhibition as
an example of a worm-eaten folio. After exhibition it was left
hanging loose with no contact pressure against a white
painted board and with no covering to protect it from the air,
in a dark corridor, for at least 10 years. This rag laid paper
has became brown and more opaque while the one inside the
drawer has retained its ivory colour and translucency (Fig. 2).

4 Prints which present discoloured grey opaque margins. These
margins must have remained in contact with air while
wrapped around the well-seasoned wooden backboard of a
frame (no staining from the wood is visible). Print B,
described in the next section, is an example.

In all these examples, it appeared that light did not play the
initiating role. White rag paper is not sensitive to light indoors
when protected by glazed windows [l0, 11]. In example 1 the
framed print margins, which were protected from contact with air
by the presence of the wooden strainer, remained white even
though they were also exposed to light. In example 3 the folio
that turned brown was left hanging in a dark corridor.

Nevertheless it is possible that light might contribute to the
continuation of an initiated oxidation process. When air diffusion
has penetrated the entire exposed paper in depth, initiating a
degradation process whereby photosensitive chromophoric



-Fig. 2 Oxidized and non-oxidized folios.

groups are formed [12], the affected areas might turn brown in
time, much in the same way as tidelines, foxing, and localized
wet and dry episodes. At low RH, aldehyde groups on the carbon
atoms C2 and C3 do not cause colour changes but at higher RH
they cause yellowing [13].

As to the loss of translucency, cellulose fibres are themselves
transparent and each fibre is surrounded by air, therefore light
falling on a sheet of paper is scattered [14]. In nineteenth-century
printing papers, fillers were often added to provide whiteness and
adequate absorbing capacity, as well as opacity. In parchment
manufacture lime is added to prevent the sticking of layers upon
drying and thus prevent subsequent translucency [15]. Taking
these facts into consideration, the loss of transparency could be
attributed to the formation of gypsum in the presence of N02 [3],
which would have the effect of a filler. Another possible cause
could be chain-scission by hydrolytic degradation and its subse-
quent surrounding air. However, this would be characteristic of
all ageing discolouration, and that does not seem to be the case.

CHARACTERIZA TION OF TWO PRINTS AND TWO BOOK
FOLIOS
Print A (example 2 above) is a nineteenth-century lithograph on a
medium thick, white rag wove paper containing filler, mounted
in a frame with modern glass. It has air-induced browning on its
right margin and water-induced browning on its left margin. It
must originally have been mounted in a glazed frame with ade-
quate back protection but somewhere along its history the glass
must have been broken and the right portion lost, leaving the
right margin exposed to air for a long time.

Print B is an eighteenth-century intaglio print on a cream rag
laid paper. Its four margins were folded back, with double folds
in the comers, and it was mounted in a frame having only thin
pieces of wood securing the print in place and no other protection
at the back. It stood in a dark library for many years on a wooden
shelf, with a space behind it, allowing airflow from the reverse.
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Folios 1 and 2 (example 3 above) are eighteenth-century cream
rag laid papers. Folio 1, which hung in the corridor, is oxidized.
Folio 2, which was kept in a drawer, is non-oxidized.

The prints and folios were examined by the following means.

Visual characterization in normal and transmitted light
Visual observation of air-induced discolouration suggests that it
can present a grey to brown tone. There is no precise delimitation
of its borders when compared with liquid or fat stains and its
intensity is very uniform over its entire area. Looking at the paper
in transmitted light there is a striking loss of transparency when
compared with water-induced discolouration of the same brown
intensity. The opacity also appears very uniform under trans-
mitted light. No fungal spots are normally associated with this
air-induced discolouration.

In water-induced browning there are areas of greater and less
intensity due to the deformations to which wetted paper is sub-
jected and therefore different drying rates. There is often a pre-
cise delimiting tideline of more intense browning. Looking at
paper in transmitted light there is no sense of uniform opacity.
Fungal spots might be present.

In Print A the water-induced browning in the left margin pre-
sents heterogeneous discolouration and tidelines, while the air-
induced browning in the right margin presents a homogeneous
discolouration and a diffuse but angular delimitation. In normal
light the colour intensity of both discolourations is similar except
for the tidelines and 'puddles', which are darker. In transmitted
light the air-induced discolouration and the water-induced
browning correspond to the descriptions already presented
above. Except for the discolouration in the two affected margins
there is no additional discolouration on the reverse of the paper.

In Print B the less discoloured areas correspond to the folded
margins and double folded corners. The oxidized rag paper has
an overall browning. These brown discolourations are opaque
and diffuse, coinciding with the previous descriptions of air-
induced discolouration. Laid paper is less homogeneous in trans-
mitted light in comparison to wove paper.

Folio 1 has become dark brown homogeneously and is more
opaque when compared with folio 2.

Ultraviolet characterization
The air-induced browning in the two prints and the folios did
not fluoresce and was very uniform, while the water-induced
browning in print A exhibited an irregular, yellow-greenish
fluorescence where more intense browning is present.

Instrumental characterization
1 Fibre content. The fibres were defibrillated in a drop of

distilled water under magnification and left to dry. They were
then coloured with a few drops of Hertzberg solution and
examined under a microscope. By their morphology (at 100-
400 x) and colouration (at 40 x), they all were identified as
rag.

2 Identification of fillers. Although identification of the fillers
was not possible in our laboratory, we suspect that print A
has filling material, which is suggested by its white colour,
greater opacity, and manufacturing date.

3 Sizing. Samples were taken and examined by Fourier trans-
form infrared spectroscopy (FTIR) and microanalysis using
the biuret test. They were all found to contain gelatine.

4 Surface pH measurement. The surface pH measurement was
taken just before washing so that local humidification stain-
ing would not dry in, presenting reversion problems. Our
intention was to establish comparisons for each paper and its



Table I pH readings.

Print A 4.68 in air-induced browning
5.66 in water-induced browning
5.69 in non-discoloured paper

discolourations. A measuring time of two minutes was used
for all determinations. In print A the air-induced browning
was one pH unit below the other two values; the values on
print B and folio 2 were only slightly different from the non-
discoloured zones (Table 1).

TREATMENT PROCEDURE
Only two main procedures will be presented: washing and
bleaching. By washing, the intention was first to remove water-
soluble degradation products and, according to Smith [16],
increase extensibility values in the papers, making them more
elastic. Smith considers this a probable result of the relaxation of
'frozen-in' strains within the sheets when in contact with liquid
water, and also a possible reduction in the proportion of fibre
bonding areas [16]. Before bleaching it is important to convert
iron(II) into iron (III) ions.

The following bleaching processes were used:

Sun bleaching in a pH9 waterbath with calcium hydroxide
and UV protection using a 75Mm Melinex Type 0 film.

2 A freshly mixed solution of 3% hydrogen peroxide, adjusted
to pH 9 with calcium hydroxide, in deionized water, applied
locally.

3 Sodium borohydride in a 1% solution in deionized water
applied locally over a sloped standing glass.

4 The chelating agent disodium salt of ethy lenediamine-
tetraacetic acid (Na2EDTA) (37.2g of Na2EDTA per litre of
final solution) was also used in conjunction with 2% sodium
dithionite at pH 7-8 as Burgess recommends [17]. This
solution will be referred to as 'EDT Ndithionite' .

Section III - EDTA / dithionite

Section II - no application

Section I - Hydrogen peroxide

FURTHER STUDIES
From our experience, air-induced discolouration seems to
respond better to reducing agents. Nevertheless we wished to
establish which bleaching treatment was best suited for which
type of discolouration. Further studies were done with the dis-
coloured folio that could be discarded, in order to establish a
better comparison between the effectiveness of each treatment.
Not having to be artificially aged is an important factor, as there
is doubt as to its being comparable to natural ageing [26, 27].

The hue of the oxidized and non-oxidized folios was measured
colourimetrically. The oxidized folio was divided into 12 equal
sections and treated according to the procedures described earlier
(Table 2).

Colour reversion measured with the CIE colourimetric values
of L * from the most similar to the least, in comparison to the non-
oxidized and oxidized values, are: 9, 10/8, 7, 6, 11,4, 12, 3, 2. In
terms of opacity reversion, visual examination on a light table
rearranges the order as follows: 9, 10, 8, 11/12, 5, 6/7, 4, 3, 2/1.
Visually, samples 9 and 10 are the ones most similar to the non-
oxidized folio, both in colour and in opacity (Fig. 4).

CONSIDERATION OF EDTA/DITHIONITE
Sodium dithionite is a reducing agent which is not often men-
tioned in the conservation literature on paper bleaching [19-21].
Durovic states that dithionites are mainly used as antichlor agents
in oxidizing bleaching in conservation practice [13]. EDTA was
reported to degrade seventeenth-century rag paper [22]; however,
Lehtaru and Ilomets [23] pointed out its effectiveness as a com-
plement to the reducing agent sodium thiosulphate and proposed
the addition of calcium and magnesium ions to improve the
ageing behaviour of the treated paper. They warned nevertheless
of the problem that it might encourage ink corrosion, concluding
that it is not appropriate for all types of work. More recently
Kolar [24, 25], in her study on the ageing stability of cellulose,
mentions the possibility of adding antioxidants as stabilizers of
cellulose towards ageing. Despite the recorded adverse effect of
EDT A [22], it would be interesting to repeat this study with the
addition of calcium and magnesium ions as has been suggested.

(I, II, III) for the brush application of hydrogen peroxide on
section I, no treatment on section II, and EDT Ndithionite on
section III. A photograph taken using transmitted light shows
clearly the reversion of the opacity in section III. Although the
suggested use of EDT Ndithionite solution is as a chelating agent
for copper and iron ions, it seems to be the only process that
reverses the opacity (Fig. 3).

Fig. 3 Composite photograph in transmitted light with the margin
before and after treatment, mounted side by side to better
exemplify the results.

4.57 in air-induced browning
4.77 in non-discoloured paper

4.64 in non-discoloured paper

4.58 in air-induced browning

Print A was first immersed in a bath of calcium hydroxide (pH
8) and then print B was blotter-washed in a humidification
chamber. Prior to their use in the blotter-washing process, the
blotting papers were immersed in a solution of calcium
hydroxide (pH 9) for 20 minutes; after draining, these blotting
papers were pH 8. This composite then continued with the
normal procedure of blotter exchanges and standing overnight on
top of the last exchanged blotter, in a covered but slightly ven-
tilated environment. The blotters produced a greater extraction of
oxidized soluble products in the more discoloured areas, but with
no difference between the water- and the air-induced dis-
colouration.

Prints A and B were then sun bleached. After one hour the
water-induced browning discolouration had greatly reduced in
intensity while the air-induced browning had undergone no
apparent alteration.

Hydrogen peroxide was used on both types of discolouration
on print A by soaking a blotter and placing it under the print. The
print margins were brushed and covered with a Melinex film to
reduce the evaporation rate and allow the passage of a roller to
remove possible gas formation [18]. The water discolouration
was completely removed while the air-induced browning was
only slightly reduced in intensity. The opacity remained.

Print B was treated differently. After the light-bleaching
procedure, one of the margins was divided into three sections

Folio 1

PrintB

Folio 2
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*Iron(lII) ions form the most stable complexes with EDT A at pH values from 4-7
and copper ions around pH 8-11 [23].

': CIE-LAB - L* values

40

20

o
10 11 12

Table 2 Treatments conducted on oxidized folio samples.

EDTA/ EDTA/
Water Sun Hydrogen Sodium dithionite dithionite

Sample washing bleaching peroxide borohydride pH6* pH8

1
2 .I
3 .I .I
4 .I
5 .I .I
6 .I .I
7 .I .I
8 .I .I .I
9 .I .I .I

10 .I .I
11 .I
12 .I
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Fig. 4 Comparison of treatment results.

CONCLUSION
Visual characterization of air-induced browning is possible,
eliminating treatment procedures which are not effective on their
own. Sun bleaching does not seem to be effective for air-induced
discolouration whereas it is effective for most water-induced
browning and foxing. Reducing bleaches seem to work better
than oxidizing bleaches on air-induced discolourations: sodium
borohydride followed by EDT A1dithionite produces similar
results to sun bleaching followed by hydrogen peroxide and then
treating with EDT A1dithionite. However, it must be taken into
consideration that sodium borohydride has a slightly detrimental
effect on printing ink.

The additional treatment with EDT A1dithionite after a first
bleaching procedure is important both for colour and opacity
reversion. It might be that its chelating property eliminates any
gypsum that has formed in the paper through the effect of
pollutant gases [3], and this favours our theory that the opacity is
caused by the presence of gypsum which acts like a filler.

This project will continue to be studied at our Institute.
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