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Abstract
Background: The bleaching of paper is an important and controversial treatment
employed in the conservation of art. The use of a bleach may greatly enhance the
quality of an image but at a cost of lost structural integrity. In order to fully consider the
ramifications of bleaching a paper artifact, a historical study of early European paper and
its manufacture was conducted. The structure of paper was also studied in order to
understand the finer points of early European paper manufacture and to draw
conclusions from the bleaching comparison.
Results: A comparison of the commonly used ClO2 bleaching with a previously
proposed chlorous acid treatment was conducted. The two different bleaching
techniques were evaluated on their impact on the colour of artificially aged and unaged
Whatman chromatography 1 paper. The results of the bleaching were analyzed with a
colourimeter and it was determined that there was a significant change in colour as a
result of the bleaching. The ClO2 and chlorous acid bleaching treatments did not produce
results that were significantly different from one another, visually and statistically. The
bleaching treatments were also tested with the viscometry of the paper in cadoxen and it
was determined that ClO2 is a more degradative bleach than chlorous acid. The
research also demonstrated that bleaching has a greater degradative impact on
previously degraded samples. The quantitative results of the viscometry were
accompanied by a qualitative look at the paper samples with a scanning electron
microscope (SEM). In the SEM images there were slight visible differences in the
samples that could correlate to aging.
Conclusions: Chlorous acid is a gentle effective bleaching technique that was as
effective as ClO2 and less degrading to the paper samples. Bleaching has an increased
impact on previously degraded samples, and conservators should be wary of this.
Further research involving this bleaching technique is suggested. The use of an SEM in
imaging damage to paper is a viable option but more work is needed with this technique
to ensure conclusive results.
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Chapter 1
Introduction
Bleaching has long been used as a technique in the restoration and conservation
of paper. As early as the 18th century, people were bleaching paper artifacts to restore
and improve overall appearance. Bleaching continues to this day, although the status of
it as a conservator’s tool has changed since its inception. Advanced knowledge
concerning the chemistry of bleaching has led its use for restoring historical objects to be
approached far more cautiously. Bleaching is a cosmetic treatment now only used as a
last resort, when an object has been blemished to such an extent that it is no longer
readable or that its role as an art object has changed significantly as a result of
disfigurement. The capability of bleaching has generated volumes of research involving
bleaching in art conservation. The history of bleaching in print restoration has been
discussed by Mark Stevenson in his 1995 monograph covering the first uses of citric
acid to remove stains as well as the overall bleaching accomplished through sunlight
and later chlorine bleaching methods.1 Ďurovič and Zelinger give a comprehensive
overview of the chemical processes incorporated in the bleaching of paper artifacts
including chromophores caused by different types of damage and aging as well as the
result of bleaching these papers with different chemicals and techniques.2 Margaret Hey
discusses the different bleaching procedures used in paper conservation including some

1

Mark Stevenson “Print Restoration in Modern Europe: Development, Traditions, and Literature from the
Late Renaissance to the 1930s” Studies in the History of Art no. 51(1995)
2
Michal Ďurovič and Jiřί Zelinger, “Chemical Processes in the Bleaching of Paper in Library and Archival
Collections” Restaurator 14, no. 2 (1993) 91
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techniques not often used by conservators.3 In addition to paper conservation, the
bleaching of modern day wood pulp is very important for the industrial production of
newsprint and other commercial forms of paper.
There are three major categories of bleaching: Light bleaching, oxidizing
bleaching and reducing bleaching. Each technique has its own unique strengths and
limitations, allowing conservators a choice in the restoration of paper artifacts: light
bleaching, which was the first used historically; reducing bleaches, which chemically
alter the light-absorbing double bonds in an artifact; and the more powerful oxidizing
bleaches, which sever the double bonds altogether. It is this last option that is of
greatest interest or potential for art conservation. Oxidizing bleaches do give the best
result, but at the highest price. They can be degradative as well as difficult to control,
but are the only class of compounds that is able to remove certain types of stains. Not
only are these compounds dangerous to the integrity of the objects, but they may also
be dangerous to the conservator, who has to take special precautions with their
preparations and usage.
An overview of the chemistry of bleaching in paper conservation given by
Margaret Hey in 1977 included chlorous acid (chloric (III) acid, HClO2) as an oxidizing
bleach, as well as chlorine dioxide (ClO2) and hydrogen peroxide(H2O2).4 Chlorous acid
was explained as a gentler, slower-working oxidizing agent, which would provide a
number of advantages to the conservator. The chlorous acid solution is clear, unlike
chlorine dioxide, allowing for a better observation of when to stop the bleaching process;

3

Margaret Hey, “Paper Bleaching: Its Simple Chemistry and Working Procedures” The Paper Conservator
2 no. 1 (1977) 19
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it is much slower-working so there should be better control over the bleaching process;
and it is not nearly as hazardous as the more commonly used chlorine dioxide.5
Curiously, it has not often been considered as a bleaching agent for use in art
conservation since 1977, usually appearing as a method attached to industrial
applications. The most commonly used chlorine bleach is chlorine dioxide. Although
this compound is hazardous, both in gaseous and in aqueous forms it is an excellent
strong bleaching agent. Its preferential use over chlorous acid is likely because of its
synthesis and proven results. Chlorous acid only exists in solution in a small pH range,
where as ClO2 is easily maintained in solution where the pH is lower than 3. This ease
of use and positive identification of synthesis (ClO2 is yellow in solution) along with
proven results is what likely lead to chlorine dioxide's widespread use as a bleaching
agent in conservation science.
The history and chemistry of papermaking is important to the understanding of
how bleaches interact with paper artifacts. Chlorine-based bleaches are only
appropriate for use on non-lignin containing papers and are best used on paper that has
good structural integrity. The type of paper made in Europe between the 13th and 18th
centuries is ideal for chlorine bleaching should the artifacts require such a treatment. An
in-depth look at how paper made its way into Europe and the chemical and physical
processes through which this paper was made will help illuminate the modern bleaching
process and if bleaching is a desired treatment in a given circumstance. Early European
paper differs significantly from modern-day paper in its colour, texture, manufacture and
even in its purpose. A thorough knowledge of the paper in any specific case is required

5
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to make a proper judgment on whether or not to bleach an artifact and with which
available bleaching method. An understanding of early European paper can help
preserve and restore an artifact to its original colour while preserving other important
aspects such as texture and structural integrity. It can help in reversing the damage of
previous treatments and make a document appear as it did when it was first produced.
The hypothesis tested in this thesis is that there will be a reduced level of
degradation in paper treated with chlorous acid as opposed to the industry standard,
chlorine dioxide. If this proves true it will be beneficial both to conservators and art
historians alike. Aside from the health benefits it will allow art conservators more control
over the bleaching process through the more gentle and clear bleaching action of
chlorous acid. This could help to return an object closer to its original condition, giving
art historians a better concept of what it once may have looked like.

4

Chapter 2
The History and Chemistry of Early European Paper
The History of Paper
Paper is a writing and printing surface made from the fibres of plants. Under the
microscope paper looks like a matted felt, with cellulose fibres deposited at random on a
horizontal plane. These fibres are pressed together to form a sheet that has a
microscopic relief, a material that is good for writing and drawing on. Paper is the
answer for the need garnered from the invention of the printing press. Paper is the
replacement for papyrus and parchment; it came to Europe from the Far East and is still
in use today.
In order to understand the circumstances of paper’s presence in Europe it is
important to understand the history of its creation and manufacture. The history of
papermaking will also help to give insight to the material itself. Paper is a very loosely
defined term, basically denoting a flat sheet consisting of cellulose fibres. The first paper
that was created would be relatively unfamiliar by modern western standards.6 For
instance, the Chinese who invented paper needed a flat material for writing upon; this in
itself is not a foreign concept, as it is the same idea behind European paper. The
Chinese, however, did not use the same pen and ink methods as the Europeans, so
they did not require a paper that resisted the bleeding of ink; instead, they formed their

6

Dard Hunter, Papermaking, the History and Technique of an Ancient Craft (New York: Dover
Publications, 1978) 60
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characters with a brush.7 The first paper constructed in China was thin and absorbent,
not the sort of paper that would lend itself to writing with the pen, or manuscript
illumination. The manufacture of paper would evolve as it made its journey from the
orient to the occident, with each culture and location changing the manufacturing
process ever so slightly to suit its needs.8 This is another attractive reason to
manufacture paper; it can be made in different ways resulting in a product suited to
different uses. A brief history of papermaking illuminates these uses.
The history of paper has its origins in the Far East. The invention of paper is
generally attributed to a Chinese eunuch named Ts’ai Lun at a date of around 105 AD.9
This is the date that Ts’ai Lun officially reported his invention to the reigning emperor Ho
Ti. “Ts’ai Lun of Lei-yang conceived of making paper from the bark of trees, discarded
cloth and hemp well prepared…”10 It is now thought that paper was invented at an
earlier date than the often reported 105 AD based on the discovery of ancient paper
fragments in northern China that seem to date from several centuries earlier.11 This was
a material that was meant for use with Chinese brush work. It was thin, light and
absorbent. This thin paper was also resilient and would continue to have a major impact
on China’s society. At about 650 A.D. Chinese spirit paper was developed and about
100 years later China would adopt a paper currency.12 Chinese spirit paper was

7

Hunter 59-60
Marjorie B. Cohn, editor Old Master Prints and Drawings: A Guide to Preservation and Conservation
(Amsterdam: Amsterdam University Press, 1997)38
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ceremonial paper used to make offerings to the spirits.13 From the invention of paper it
would take 1000 years for the secrets of its production to make its way into Europe.
China would attempt to hold fast the method of paper manufacture, keeping it
secret from other nations for almost five hundred years before it spread to Korea and
then from Korea into Japan.14 There was good reason for the Chinese to maintain this
monopoly; paper was a resource that at the time only they could produce, but was
something that was in demand elsewhere. Paper then could become a major export to
the surrounding area, proof of which is furnished by the discovery of paper far beyond
China’s borders before other cultures had knowledge of its manufacture.15 Chinese
paper was found in Japan and Korea long before those areas had paper mills.16 This is
true of the Near East as well with distinctly Chinese paper being found far into Muslim
territory. It was not until 650 that the first paper was used by the Muslims in Samarkand
likely imported from Chinese Turkistan and over fifty years later, roughly 707 AD, paper
was imported into Mecca, the Muslim capital.17
Around 700 AD a few papers began to be sized, at first with gypsum and later
with gelatin and glue.18 One reason for sizing could be the exportation of paper into the
Muslim world. Since the Muslims would have valued paper that more closely resembled
papyrus or parchment, the sizing of the paper would have created a material similar to
this. Instead of the absorbent material aimed at Chinese or Japanese brush work this

13

Tsuen-hsuin Tsien 102
Hunter 468
15
Joel A. Munsell, Chronology of Paper-Making (Albany, New York: J. Munsell, 1870) 11-12 and Hunter
468-46
16
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18
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sized paper would be more applicable to the Muslim way of writing, in ink with a hard
reed pen. That paper was sized points to an active exportation of product into
neighboring countries with the intent of the creation of a good suited to those target
markets. The Chinese empire was profiting from their Muslim neighbors with the
creation of a product specifically targeted to their needs. China would maintain this
monopoly over the secrets of paper manufacture for another fifty years, exporting it to
the west to fill the niche left by the failing supplies of papyrus which had been used
extensively and almost exclusively until then. At this point in time the papyrus plant had
been harvested to the point of extinction in the Nile Delta. The worry over a dwindling
supply of papyrus led to trade embargos on its export to Europe which now, dependent
upon parchment, would have eagerly accepted papyrus from the south.19
In 751 the secret of paper manufacture was revealed to the Muslim world in
Samarkand by Chinese prisoners of war seized from Chinese Turkistan.20 After it was
discovered that some of the prisoners had intimate knowledge of the papermaking craft
they were put to work in Turkish paper mills and made to divulge their secrets. 793
marks the first instance of paper being made in Baghdad by Harun-al-Rashid who
learned the trade from Chinese workmen. Indicating a demand from the surrounding
areas, more paper mills were erected and supported by Muslim states.21 The first usage
of paper in Egypt dates to circa 800, likely imported from Baghdad or Samarkand.22 The
importance of paper in Egypt is noted in 885 where an Egyptian author closes with the
words “pardon the papyrus” indicating a preference for using either parchment or paper
19

Hunter 13
Samual, Adrian, Miles, Adshead, China in World History (New York: St Martin’s Press, 2000) 97
21
Hunter 60
22
Hunter 469
20

8

in a formal letter.23 Egypt would begin to manufacture its own paper circa 900 using the
methods that the Chinese employed. As paper was consistently created using the same
source materials, there had been little pressure to change the methods.
950 AD marks the first usage of true paper in Europe. Paper, being an invention
of the east, entered Europe through a Muslim port in Spain. It would be another 150
years before true paper would be used in any other European nation; in 1102 paper
appeared in Sicily.24 There is no doubt that the paper of 1102 is of Muslim origin and
1109 marks the first known European manuscript written on paper, a deed of King Roger
written in Arabic and Greek in Sicily.25 1150 marks the date of the first paper mill
documented in Europe.26 This mill was erected in Jativa in Spain, strategically placed
close to an area renowned for its crops of flax and hemp, key ingredients in the
manufacture of paper.
It was from this mill in Spain that the methods of paper manufacture would
pervade the rest of the European continent, with mills appearing in France, Italy and
Germany within the next 200 years. The spread of paper throughout Europe was a slow
process; initially there was no demand for the substance, especially when it was more
expensive than parchment and less reliable. It was widely known that paper was less
durable than its predecessor parchment and not only that, but it was brought to Europe
by Muslims and Jews who at this time were distrusted by the general Christian populace
comprising Europe, as noted by Peter the Venerable, abbot of Cluny.27 Without a

23

Hunter 470
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demand for the products that paper and parchment were used to craft, there was no
reason to manufacture a higher supply. This would change.
The European populace was gradually becoming more literate and increasingly
educated. The appearance of a merchant or bourgeois class was putting pressure on
the suppliers of parchment as the demand for books and art rose.28 More than just
nobles and royalty were able to enjoy luxuries like reading and possessing books. This
demand for books was something the supply of parchment could not meet. In order to
make a single copy of the Bible with illuminations it could take the skins of up to 300
sheep and could cost the average courtier an entire month’s salary.29 When paper
became a cheaper alternative, it became the best avenue to acquire these luxury items.
This need drove the papermaking industry to refine their procedures, in pulping,
molding, drying and sizing the paper. What European paper needed to do most, was
emulate parchment and this is what eventually happened. The European papermakers
gradually refined the process to produce a paper that had the basic elements of
parchment. These papers were durable, smooth and even had the creamy colour of
parchment. Paper before the 1600s is among the strongest ever made. This paper
needed to look like and feel like a substitute parchment. Not only was this important for
the eventual owners of the books, but it was important for the scribes and illuminators as
well. This way the producers of books and manuscripts did not need to worry about
changing their practices when working on paper. This paper was still expensive, but
now one could buy 6-12 sheets of paper for the price of an equivalent piece of
28

Lucien Febvre and Henri-Jean Martin, The Coming of the Book,: The Impact of Printing 1450-1800
(New York: Verso Publishing, 1997) 22-23
29
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Press Publications, 1997) 23
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parchment.30 Parchment was still produced for manuscripts but mainly for nobles as a
luxury item.
There were two other factors that would herald the eventual success of paper
over parchment: the first was the invention of the printing press and the second, the use
of plant-based fabrics. The early European paper mills used rags as their major source
material. Paper can only be made from cellulose fibres and it was important that the
rags being used were made from plants, like linen or hemp. Garments made from wool
or silk are not acceptable for papermaking because they are animal byproducts and
animals do not produce cellulose. Unlike some of the Islamic papermaking centres, the
mills in Spain and wider Europe seemed to require mainly rags as the source material
for paper.31 Although originally concentrated in an area known for its hemp and linen
production the paper industry would soon depend on rags as the main source material
rather than the unrefined hemp and linen used to make the clothes. It is not certain why
the European papermakers relied primarily on rags as up until the spread of paper to
Europe many eastern papermaking centers were still using raw materials in the
production of paper.32 It was reported, however, that the Bedouins and some others in
the Middle East were scouring the desert in search of mummies.33 When the tombs
were exposed they robbed them of the valuables and stripped the mummies of their
cloth. When this cloth was not good enough to wear it was sold to the papermakers as

30

Febvre, Martin 17-18
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32
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33
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raw materials.34 Perhaps the Muslims had brought this thinking to Spain where it may
have been both cheaper and easier to initially use discarded rags over the unrefined
hemp, linen and cotton.
As the demand for paper grew the demand for used rags grew as well and if
there had not been a switch from the popular woolen undergarments to linen
undergarments the demand for paper may not have been met by the supply of rags.35
1150 marks the date of the first mill in Spain, and by 1154 paper was being used
in Italy. By 1228 paper had made its way to Germany and in 1276 first mention was
made of the Fabriano paper mill in Italy.36 1348 is the date of the earliest paper mill in
France.37 Slowly paper was becoming accepted by the European masses and although
it was initially mistrusted by the church it would soon be put to their use. The resistance
to this newly imported technology would help to fuel its refinement. Paper at its
European inception was thought to be of inferior construction when compared to
parchment. Paper was not as durable, was not always universal in texture and had a
tendency to not be of uniform colour. To compete with parchment the process of paper
manufacture was continually refined and changed so that the final product would appear
as close as possible to its parchment standard. When this standard was finally met
paper’s popularity began to increase. This increase was also aided by a new trend,
undergarments made from plant material.38 With an increasing supply of the primary
resource used to manufacture the paper, the price of paper dropped as well. In 1454
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printing with movable type was invented, which would lead to demand for a massive
amount of material for the printing process, something that the parchment makers could
not hope to supply.39 The increased availability as well as the increased distribution of
paper would help to support its extensive use in the European world, not only as a
resource for printed books but as an art resource as well.

Paper and the Visual Arts
The production of art felt the impact of paper as a medium in several different
ways. Paper changed the way that art was produced as paper made different working
methods possible; paper was inexpensive enough to allow for a longer more extensive
working period; and finally paper was a completely new medium and with the popularity
of printed books, prints would become a new medium in their own right.
During the medieval period art was not only strictly controlled by the church but
was also strictly confined by the available media. There was only a small volume of art
produced during this period, all for discerning patrons, primarily the church or nobility.40
The church put a tight restriction on what were appropriate images to produce and there
was only a small body of secular art created.41
The main difference between the gothic and renaissance periods is not the
media in use, but rather the methodology and purposes behind art production. In both
periods manuscripts, paintings and sculpture were produced. The renaissance changed
the type of images, themes and subjects that were deemed acceptable. The
39
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renaissance also heralded some innovations such as oil painting and a renewed
interested in the Classical period, but there is another reason why the final artistic
productions between the periods are so different: the working process. There was a
significant change in the working method of artists who had previously relied on model
books and time tested patterns for their own works.42 The artists of this new period
began to produce works of an original kind, based on life study and imagination,
breaking the mould of the model book. Many changes did and had happened between
the 5th and 13th centuries, but none as drastic stylistically as what occurred between the
gothic and the renaissance. There are several social and cultural reasons for the
renaissance that have been studied exhaustively, such as the rise of the mercantile
class, the waning power of the church, and a change in the status of the nobility, but
there is another underlying cause that should be suggested, working procedure.
How is it that these artists of the renaissance produced some of the most
different, daring and recognized work of their time? Similar to the artists that came
before them, they worked with established ideas and built upon previous successful
works. However, artists of the renaissance period did something that few had done
before them; they experimented with new ideas, compositions and methodologies.
These artists followed a path of innovation afforded to them partly by the changing times
and partly by the changing materials.43 Previously the expense of parchment was so
restrictive that it was very difficult to justify wasting a sheet of it just to hatch out ideas,
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so the parchment and boards were given a special preparation to allow them multiple
uses. These prepared grounds would be written upon by a metal point. The marks could
not be erased and a new layer of ground would be added to allow the parchment to be
reused. The lines created through metal point are the result of the physical adhesion of
the silver molecules to the prepared ground. Only a ground that was significantly
abrasive would allow for the adhesion of the metal atoms.44 After a month’s time there
was a chemical change in the metal deposits where the metals were oxidized leaving a
dark brown line of silver sulfide.45 There was no way to form a catalogue of images
because the preparatory drawings were continually being drawn over in favour of
keeping the same parchment. When a master had completed a number of successful
commissions he would sometimes create a model book for his apprentices to practice
from and for reference. These books were often made using pen and ink on the off-cuts
of parchment. There are instances of model books being made on wood as well as
parchment and in the beginning of the 15th century some of them were even made on
paper.46 Furthermore, there are many instances of model books being passed through
generations of artists. Many of the designs in model books have also been copied from
earlier paintings as well as earlier model books, having little to do with the master who
made said model book.47 There was little in the way of innovation during this period and
a majority of extant works are copies of older works with only slight variation. There is
also little evidence suggesting the working methods of artists during this period because
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preliminary sketches and drawings were not collected and most often these drawings
were erased at the end of a long commission.48 There is almost no way to piece
together the thought process of these artists because the evolution of their ideas is not
available to us in the form of preparatory drawings. A sheet of parchment can only be so
large, therefore large wall and panel paintings had their composition designed on a piece
of prepared parchment and then this design was enlarged directly on to the surface.
The final design was worked out on the actual surface itself where the final changes
were made.
The introduction of paper would revolutionize the way artists worked and
conceived of their final product. Paper allowed for several different advantages over its
predecessors. Paper had already been proven to be adaptable and as such artists,
scribes and printers had a choice over which type of paper best suited their needs.
Paper was readily available by the middle of the fifteenth century and was available in a
large number of sizes, some of which were very large and would allow for the transfer of
large scale cartoons directly to a large painting surface (wall or panel). Most importantly
paper was relatively inexpensive, marking the first time in history that artists could really
afford to produce multiple sketches and to catalogue their work.
The revolution in being able to catalogue work is readily evident with artists such
as Leonardo who would carry some of his designs around with him for years before
finally putting them into finished paintings.49 Artists were given the raw material to
experiment with their compositions and those compositions that did not work out could
be kept on hand for further reference. The low cost of paper meant that it was not
48
49
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necessary to constantly recycle old sheets and that old preparatory sketches could be
retained to help with later works. The affordability of paper meant that artists could also
experiment with new techniques and that preparatory drawings could be sent to the
patron for approval.
Paper was available in different sizes, meaning that it could be fashioned into
codices, made suitable for presentation drawings and even made large enough to
transfer compositions directly from the paper to a large wall or panel in actual size. This
meant that artists could work out small details on the paper rather than the wall, which
was more convenient and much more manageable than drawing in situ on a ceiling.
There would also be less potential for error in the process of transferring the design.
Paper was often used as a medium for the transfer of cartoons to other media
(tapestries, wall paintings, prints). This was done through a variety of different methods,
the most popular of which was pouncing, in which holes were created in the paper that
followed the contour lines. After the holes had been applied to the contour lines the
piece of paper was held up to the new ground, be it board, canvas or wall and was
pounced with a bag of charcoal (carbon). The bag allowed a portion of the carbon to be
applied to the piece of paper and this fine carbon dust went through the holes in the
cartoon onto the new working surface creating a replica of the original contour lines.50
Before the invention of paper, this technique was unpopular due to the small size of
parchment, the cost of parchment and the unavailability of another suitable material.
Pouncing in the medieval period was usually used to transfer designs from one model
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book to another.51 Transfer through pouncing was used throughout the renaissance and
later to transfer the artist’s finished composition directly from the preparatory drawing to
the new surface. Some of the extant drawings from this period in collections today have
evidence of this working method.
Along with the ability to work through problems using many sheets of paper, the
ability to catalogue a collection of drawings from an earlier time and new ways to transfer
compositions, paper also unlocked another important aspect of renaissance art, new
techniques. The most recognized technique impacted by paper is a result of the printing
press as well, the production of prints (woodcuts, engravings, and etchings). Before the
invention of movable type and the printing press, artistic prints were few and far between
and were mainly wood blocks.52 The development of this new press would create the
atmosphere for the production of prints by great masters like Albrecht Dürer, Marc
Antonio Raimondi and Hans Baldung Grien. The printing press gave the ability to
disseminate pictures as well as knowledge and great prints were published in large
numbers and distributed across the western world. Not only were original prints
distributed but copies of famous and popular paintings and sculptures were also
reproduced in the print format, allowing artists from the north to look at compositions
from the south (and vice versa) without having to make the trip in person.53 Artists from
all over Europe now had access to some of the most provocative works of their
contemporaries and the masters of the past.
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The papermaking process also often included a watermark as a means of
identifying which mill the paper came from. These watermarks also denoted the quality
and size of the sheets of paper produced by individual mills.54 Consequently, these
watermarks allow for the placement of the paper to a specific paper mill and date of
production, allowing art historians to apply a relative timeline to the production of prints
and drawings. This chronology can help determine where in an artist’s oeuvre a work
belongs. This is especially important in terms of prints where impressions were made in
multiple runs in different years. As plates are often re-worked older impressions are
closer to the original design. These watermarks also help trace the path a print or
drawing may take in a collection or to authenticate a print or drawing as an original. This
is often the case with prints for example, Anthony van Dyck’s portrait of Lucas
Vosterman, a 1630’s etching which exists in multiple print runs.55 Schweidler compared
different watermarks found on this particular van Dyck to help expose a forgery.56

Defining Paper
In order to understand the advantages and disadvantages of using paper as an
artistic and printing material it is important to understand its underlying structure (figure:
1). The unique structure of paper gives it many important attributes that contributed
directly to its increased use and rise in popularity during the renaissance and later
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periods. Paper as a material has changed since the beginning of its manufacture, but
still follows the basic principles of the material originating in China.57
In the most basic terms, paper must be primarily made from plant material; other
fiber sources may be integrated as long as they are only added in small amounts. This
is because the main component of paper is cellulose, a long-chain carbohydrate made
by plants as part of their structural support.58 Paper, by definition, is a structure built
from cellulose. Roberts defines paper as, “a sheet material made up of a network of
natural cellulosic fibres which have been deposited from an aqueous suspension.”59 Any
material that looks like paper but is not made from cellulose must be considered
otherwise. Paper is made from plant fibres, plant fibres contain cellulose.
Cellulose is found in varying concentrations throughout the plant kingdom, and is
not manufactured by any known animal. Consequently, the definition of paper forgoes
anything made exclusively of animals, or parts thereof. Paper and parchment may look
similar to the naked eye but are very different materials. Parchment is composed of
collagen fibres whereas paper is made from plant sources and is composed of cellulose
(figure: 2).
Wherever plant life exists the raw material needed for paper construction is
available. Initially, the Chinese made paper directly from macerated plant material but
paper was eventually manufactured from processed clothing and finally wood. The
renaissance is renowned for using rag paper, a product that is fabricated from old cloth.
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Rag paper was made from cloth that was of plant origin like linen or hemp. It is
impossible to make paper using renaissance techniques from a material such as wool
which is animal based. It is now known that paper can be made from any plant material
if there is enough cellulose in its structure.60
In order to achieve a better understanding of how paper is made and what
endows it with its unique properties it is important to look at the structure of paper,
beginning on a molecular level and moving towards a macroscopic level. This will also
inform the processes that happen during the bleaching of paper by both oxidative and
reducing bleaches. Knowledge of paper’s molecular structure is integral in the
understanding of which treatments to use for different situations, and how bleaching can
negatively affect the underlying structure of paper while removing unwanted
discolourations.
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Figure 1: SEM image of Whatman chromatography paper 1 at 50× magnification (credit:
author)
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Fig. 2: SEM Image of parchment at 50× magnification (credit: author)

The Building Blocks of Cellulose

All paper is made primarily of cellulose, a long chain polymer of glucose units.
Glucose is a simple carbohydrate molecule called a monosaccharide, meaning “single
sugar”. Carbohydrates were named based on the early observations that recorded the
basic structure to be Cx(H2O)y. as these molecules first appeared to be hydrates of

23

carbon.61 Monosaccharide units are joined together by covalent bonds creating a much
larger molecule made of the repeat units. This type of molecule is known as a
polysaccharide.
Plants use cellulose as a structural molecule by taking advantage of the
behaviour glucose molecules demonstrate when bonded together. Glucose molecules
are connected via covalent bonding.

Covalent Bonding
An atom is the basic structural unit found in nature and all elements have their
own unique sub-atomic particle configuration. All atoms with the exception of hydrogen
consist of three basic units, protons, electrons and neutrons (figure:3). Protons and
neutrons are found within the nucleus, the central structure of the atom. Electrons circle
the atom in a predetermined path called an orbit. It is the electrons that endow the
different elements with different attributes such as the freezing/melting points and the
weight and behaviour of the element.
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Fig. 3: Bohr diagram of a carbon atom (Physics World, Hong Kong, 2003.
http://www.phy.cuhk.edu.hk/phyworld/articles/laser/c-atom_e.gif accessed Sept 25 2008)

Carbon for instance has six protons, six neutrons and six electrons while
Hydrogen has one proton and one electron. Protons have a positive charge, neutrons
no charge and electrons have a negative charge. Because the electrons are not a fixed
part of the nucleus, atoms may carry an overall charge of negative, positive, or neutral.
Relative to the protons and neutrons, electrons have a very small mass in the order of
9.1095* 10-31Kg (Periodic Table); an electron is 2000 times smaller than a proton or
neutron.
Bonding between atoms occurs when different atoms share electrons in order to
reach a stable state. This is caused by an element’s propensity to have its outer orbit
filled with electrons. Different atoms will share their electrons with one another in order
to reach a stable state. This is known as covalent bonding because it arises from
different atoms sharing their valence (outside) electrons. Examples of covalent bonding
in the cellulose molecules are denoted in the diagrams by thin black lines connecting the
25

different atoms. Most elements share electrons and form molecules; examples are
water (H2O), oxygen (O2) and once again complex molecules like cellulose and collagen.

Polymers and Polysaccharides
Carbohydrates may also form polymers, a long chain of molecules in which the
same molecules, called structural units, are bonded together in repeat units.62 Simple
sugars (monosaccharides), in chains greater than four units long (polysaccharides) can
also be referred to as polymers if they consist of repeated structural units. Polymers are
not limited to carbohydrates; this term can be applied to any large molecule composed of
repeating units. A monosaccharide is the most basic unit of a carbohydrate, containing
only one molecule of a sugar (figures 4 and 5). When monosaccharides are linked
together, they form a polysaccharide. In general, carbohydrates can have one molecule,
or unit (monosaccharide), two molecules/units (disaccharides), three molecules/units
(trisaccharides), two to ten molecules/units (oligosaccharides) and more than 10
molecules/units (cellulose polysaccharides can be up to 15,000 units long).63
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Glucose is the most common monosaccharide and is described as a hexose, a
simple sugar unit having six carbons.64 In nature glucose is most often found in its
pyranose configuration, rather than the open chain form. Glucopyranose consists of a
six carbon chain that forms a five carbon and one oxygen ring with the sixth carbon
being a side chain. It is the most abundant sugar in nature. Glucose can be covalently
bonded to itself to create polysaccharides such as starch and cellulose or it may be
bonded to other hexose sugars as in the disaccharide maltose where two glucose
molecules are bound together or sucrose seen in figure 6, which is composed of one
glucose unit covalently bonded to a single fructose unit.
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Fig. 6: Sucrose disaccharide (1 α-D-glucose bonded to 1 β-D-fructose)

When glucose molecules join together in long strands, they form a
polysaccharide, containing repeat units where every other glucose molecule has a 180
degree rotation.65 This pattern creates a polymer. That polymer is cellulose (figure 7), a
long chain of β-D-glucose (glucopyranose) (C6H10O5)n molecules configured by β(1→4)
glycosidic bonds (two monosaccharides bound together covalently through an oxygen

64
65

Solomons 1049
Nelson and Cox 306-307

27

intermediary). The units that repeat in a cellulose chain are a set of two glucose
molecules, where one glucose unit is rotated 180 degrees with regard to the preceding
molecule.66 This 180 degree configuration is a result of hydrogen bonding.
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The carbons (figure 8) are numbered from right to left because of the IUPAC
standard for naming molecules where the carbon nearest to the functional unit
(clockwise in the aromatics) is designated as the first. In glucose the functional unit is an
aldehyde.
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Alpha and Beta Configurations
Individual glucose molecules are water-soluble.67 Water-soluble molecules have
limited use in structural situations because of high percentage of water that comprises
living organisms. There are two common configurations of the glucose molecule: α-Dglucose (figure 9) and β-D-glucose (figure 10). In carbohydrate chemistry these
configurations, called anomers, are diastereoisomers, referring to the difference in the
configuration of carbon 1.68 When allowed to form a polysaccharide in solution (without
assistance) glucose naturally forms a combination of water-soluble α configuration and
water insoluble β configuration.69 Glucose can be made to assume other configurations
through biological or chemical pressures, for example, enzymes.70 When the glucose
molecules are bonded together in the β(1→4) configuration, however, these
carbohydrates become water-insoluble as a result of hydrogen bonding.71 The (1→4)
configuration refers to which carbons are bonded together, in this case the number 1
carbon of one glucose is bonded to the number 4 carbon on the next glucose through an
oxygen intermediary called a glycosidic bond.72 The β configuration refers to the
position of the hydroxyl (OH) group on carbon 1.73
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Fig. 9: α-D-glucose
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Fig. 10: β-D-glucose

In the β-D-glucose the hydroxyl group is above carbon 1, in the α-D-glucose the
hydroxyl group is below Carbon 1 (D is the handedness of the molecule, most organisms
use right handed glucose molecules denoted by D).74 Plants purposefully form these
chains of β-D-glucose for use as structural molecules, while they use glucose
polysaccharides bonded in the α configuration for food storage i.e. starch as shown in
figure 11. These long chains of glucose form the basic structure of both plants and
paper.
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In the α-D-glucose polysaccharide the molecules are bonded in the α
configuration, which is both linear and often branching. In the cellulose polysaccharide
multiple glucose units are joined together on the 1st and 4th carbons in the β
configuration. Two of these monosaccharides (a disaccharide) are covalently bonded
together become one repeat unit in the biopolymer of glucose. These glucose
molecules are repeated in tandem as many as fifteen thousand times in a single chain
forming the polysaccharide known as cellulose.75 Unlike the α configuration the β
configuration has each glucose molecule rotated 180 degrees to the adjacent molecules
(figure 12). Because of this two glucose molecules make up a single repeating unit
known as cellobiose, whereas in the alpha configuration only a single glucose comprises
a polymeric unit. This is a result of the position of the hydroxyl group on carbon 1 in the
β glucose molecule and an interaction known as hydrogen bonding.
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Hydrogen Bonding and the Dipole Moment
Cellulose forms a secondary structure with other cellulose chains that goes
beyond the molecular structure; this is one of the most important aspects of the
papermaking process.76 The long cellulose chains exhibit intermolecular interactions with
other cellulose molecules. One reason for this is that the cellulose chains have much of
their structure composed of hydrogen and oxygen molecules. This allows for an intermolecular phenomenon known as hydrogen bonding, where the polarity (charge) of
nearby hydrogen and oxygen molecules causes them to interact.
The interaction between hydrogen and oxygen molecules is a special case,
owing mostly to the great weight and charge difference of the oxygen molecule versus
the hydrogen. When aligned, these molecules experience interactions that are not
covalent bonds but are called hydrogen bonds, a very different strong force. These
bonds have a strength fluctuating between 4-60 kJ mol-1 making them weaker than a
covalent bond, but are often considered the “masterkey interaction in supramolecular
chemistry.”77 The electron orbitals, number of protons and relative weight of an oxygen
nucleus endow it with a negative charge as the bonded electrons from the hydrogen
molecules stay in closer proximity to the oxygen atom. This is a result of the oxygen
atom’s greater size of eight protons and eight neutrons vs. the hydrogen’s single proton
and the greater positive charge emitted by the oxygen nucleus, +8 vs. +1. The nuclei of
atoms can be thought of as very tiny planets with electron moons circling them. The
oxygen nuclei are much larger than the hydrogen nuclei. Because they are larger they
76
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have a stronger pull on the shared electrons. These oxygen nuclei pull the shared
electron in closer proximity to them, but because they have a charge of +8 and are
keeping nine or 10 electrons each with a -1 charge in close they are endowed with an
overall negative charge. Conversely the hydrogen molecules have a positive charge
because of the greater distance of the donated electrons from the protons in the
hydrogen nucleus. This phenomenon is a special case of force called the dipole
moment and functions basically as a grouping of tiny magnetic forces which can interact
on a supramolecular level.78

The Secondary Structure of Cellulose
Hydrogen bonding is responsible for the secondary structure of cellulose as well
as its other supramolecular structures. Cellulose fibres are composed of smaller
components, starting with the cellulose polysaccharide. Cellulose being a linear
molecule forms a secondary structure that tends to be a flattened ribbon-like shape.
Hydrogen bonding and Van der Waals forces cause a single cellulose polymer to
interact with neighboring polymers and in the right circumstances (enzymatically) these
forces result in the formation of a cellulose microfibril. A microfibril is a term used to
describe a structure consisting of individual cellulose chains held together along their
lengths primarily through hydrogen bonding (figure 14). On a microscopic level, these
microfibrils resemble tubes held together in a stable configuration by hydrogen bonding.
Microfibrils are generally very small structures ranging from 5nm to 30nm in width and
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5nm to 10nm in depth.79 However, in some material, such as cotton, these cellulose
microfibrils are organized on a greater scale to become part of a larger structure called a
cellulose fibril (figure 13) or macrofibril, where individual cellulose microfibrils are
packaged together to form part of a larger structure. These larger fibrillar structures are
what comprise the cellulose fibres used in the papermaking process.

Fig. 13: SEM image of paper showing a fibril (a group of microfibrils) at 5000 times
magnification (credit: author)
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Figure 14: Cellulose Polymers: the lines indicate covalent bonding and the triangles
indicate hydrogen bonding
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The Supramolecular Structures of Cellulose
Hydrogen bonds are thought to force the cellulose strands to form a rectangular
prism shape when enough of them are placed in parallel in the β configuration. These
long carbohydrate strands are not water soluble nor flexible; they form a mostly
crystalline structure (figure 15).80 This allows plants to use them for structural support.
Plants use more than just cellulose for support: other supports include pectin, lignins,
and proteins. Because of the relative size of the different cellulose chains and the
ordered structures of plant cell walls many plants have an element of flexibility. That
cellulose is not completely crystalline and does have amorphous regions is another
important attribute that helps keep both plants and paper flexible.81 The hydrogen and
oxygen interactions that form the basic microfibril structure can also be used to form
larger more complex structures. The magnetic forces of the dipole moment hold the
cellulose strands in place and these individual strand fibres are placed carefully
alongside one another to form the macrofibril. In many instances cells deposit the
cellulose strands in a laminated pattern where one layer of cellulose strands are
deposited atop another in an almost perpendicular orientation. This orientation
increases structural rigidity.
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Fig. 15: The Structure of Cellulose Fibres(Nutrition Resources, America, Jones and
Bartlett Publishers, 2012. http://nutrition.jbpub.com/resources/chemistryreview9.cfm
Accessed January 9th 2012)

The cellulose strands can be equated to a crystalline twine: on their own they
are strong, but when combined together they have greater strength. The microfibril can
be equated on a molecular level to be a natural string. In some plants like cotton, these
“strings” of cellulose strands are combined to become macrofibrils.82 The macrofibrils
could be compared to a rope created through the twisting together of the microfibril
strings that are made from the cellulose strand twine.
The cellulose molecules are very well organized in the plant cell walls, where
they are often laid down as microfibrils on top of one another transversely forming a
criss-cross pattern. As mentioned previously these microfibrils can also be made to form
macrofibrils and other highly organized support structures. The key point in the structure
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of natural celluloses is the highly organized nature in which they are deposited and
maintained by the plants. Plants produce cellulose strands for very specific purposes
and these strands are organized in the way that best suits the plant’s needs.83 On the
contrary, the cellulose fibres in paper are randomly distributed and instead of forming
stems are formed into sheets.
Through the process of degradation and maceration of the plant material and
plant byproducts (cloth) the highly organized cellulose super structures required by the
plants are broken down. These newly liberated cellulose fibres become the raw material
used for the production of paper. The strictly maintained cellulose fibres are liberated
through maceration, suspended in an aqueous solution and then deposited at random
on a mould where they will dry to become paper.
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Chapter 3
Making Early European Paper

There are four steps in the creation of paper in early European times. The first
step requires that the cellulose fibres be liberated from the organized structures found in
plants or in cloth in a process known as pulping. The second step has the separated
cellulose fibres suspended in solution and then raised and separated from the
suspension on a mould. The next step covers the pressing of the newly formed paper
sheets and the final step is the drying of the paper.

Pulping
The first process in the creation of paper is the maceration and disintegration of
the source materials. For the production of rag paper the cellulose fibres need to be
separated from their organized structure. Cellulose is first organized into long twisted
chains by the plant and used for structural support during its lifetime. These organized
cellulose strands from the plants make up the substance that was woven into cloth. It is
also possible to make paper directly from plant material; paper does not have to be
made from processed cloth and in modern times is made mainly from wood.84 The
fibrillation is done through a variety of methods, usually as a result of beating and tearing
the cloth. Early European paper was created mainly from rags, used clothing, sheets
and sails made from plant fibres, primarily linen and hemp and later cotton and some
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jute.85 The rags had to be made from plant material (cellulose) otherwise there would be
no adhesion of the molecules during the later stages of the process.
There is some debate as to whether European paper was first made from rags or
directly from plant fibres. The Muslims who brought the craft of paper making to Europe
used macerated plant fibres.86 In early European paper, however, rags were the most
commonly used fibre source. In the most common European process the rags were
dampened and left to putrefy.87 The different types of fabrics were separated from one
another prior to putrefaction. Depending on the type of fabric and the amount of wear on
that fabric a different amount of time was required for the putrefaction process.88 The
finer the weave and cleaner the fabric the longer it took to decompose. Once the rags
were separated they were bundled into balls and were continually dampened to make
the substrate suitable for colonization.89 The wet rags were colonized by
microorganisms and fungi and soon began to decompose. This was the first step in the
breakdown of the rags and fibrillation of the cellulose fibres.
The pulping of the rags began through biological activity as the damp rags began
to decay; this process was usually considered complete after the appearance of
mushrooms, the fruiting bodies of the fungi breaking down the rags. This process took
anywhere from six weeks to two months’ time depending on the fabric.90
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After the appearance of fungi, the pile of moldy rags was well rinsed in clean,
running water.91 Before the advancements and refinements made in the mills this task
was completed by hand and later through immersion in constant running water. The
rotting bundles of cloth were carefully and painstakingly cleaned by hand in a large tub.
The process was considered complete when the bundle of cloth had attained a cream
colour.92 A clean water source was another absolute necessity for the process of paper
making; otherwise the paper would take on an undesirable colour. European paper was
not bleached before or during the renaissance so the undesirable colour would remain
throughout the papermaking process.93 The process of putrefaction did help facilitate
the following step in the pulping process where the rags would be beaten mechanically.
Unfortunately, during the process of decay and as a direct result of the extensive
biological activity approximately 1/3 of the original weight of the rags was lost.94
The putrefaction process had another effect on the making of paper, the colour.
The biological activity left the rags the colour of the dregs of wine but with a thorough
washing these rags would produce paper that was a cream colour, similar to that of
parchment. This is one of the reasons fine European papers of the earliest era always
had this parchment like appearance.95
The next step was a mechanical separation of the fibres, originally accomplished
though a manual beating process but quickly improved through the invention of water-
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driven stamping-mills.96 An example of manual stampers is shown in figure 16. It was
important that the rags that had just been cleaned from the putrefaction process were
not mixed with one another during the stamping process. Fabrics of different weights
required different amounts of force and time to get to the pulping consistency required
for papermaking. If a fine fabric was placed under the stampers with a coarse fabric
most of the fine fabric would become unusable by the time the coarse fabric was
prepared. Once the rags were cleaned they were placed in a wood or stone trough and
were beaten by large mallets constructed especially for this purpose. Initially the rags
were placed in a solitary stone trough or bucket and beaten by a single man-driven or
water-driven mallet. The resulting mixture of pulp and water was carefully hand rinsed
and the pulp was then transferred to the vat for the sheet forming process.

96

Butler 21

42

Fig. 16: A print of hand driven stampers printed in 1578 97

Originally only a single type of stamper was used, but the process was eventually
refined to be more efficient and the multi-stamper process was created. As technology
progressed some mills had as many as three different sizes of mallets that were used
during different stages of the pulping process.98 The different mallet stations all had their
own troughs where the rags were placed to be macerated. The first type of mallet was
meant to work with the rags that had just been washed after the putrefaction process
and were equipped with iron spikes to help tear the rags. The majority of the rags were
still woven fabric at this point so the spike mallets helped to cut, tear and shear the fabric
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into smaller pieces. The next set of hammers would have been equipped with just iron
banding and the final set of stampers were considerably smaller and typically made
entirely of heavy oak.99 The iron-banding helped to further separate the fabric through
blunt force and the final hammers were wooden, softer and smaller so that the more
sensitive fibres were not totally destroyed. It is also possible that the wooden mallets
would have had a greater surface area given that wood is softer than iron so there would
be more contact with the smaller fibres. During the 17th century advancements in
technology led to a process where, in the first two stages of the stamping process, the
rags were constantly bathed in running water to help further clean and separate the
fibres.100 There was no rinsing during the last stage of mechanical maceration as the
fibres were now so thin that even a light stream of water could disperse them.101 During
later centuries the constant running water eliminated the need for the long hand washing
process previously used to clean the pulp.
In the 1600’s the rags in the troughs went through extensive mechanical
separation while continually being cleansed in running water. On either side of the
troughs there was horsehair netting (or other forms of screening) that prevented the
escape of fully macerated fibres while still allowing the water to run out via overflow or
through holes drilled in the troughs.102 One of the effects of the stamping process was to
fibrillate individual fibres resulting in the crushing, breaking and fraying of the larger
fibres. The fibrillation of these fibres would help during the sheet forming process by
increasing the overall surface area of the fibres and hence the area available for
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hydrogen bonding. When the rags had been suitably macerated and collected they were
washed a final time before they were transferred into pulping vats to be made into paper.
At this point the rags had become a damp slurry and were completely indistinguishable
from one another. The rags could then be mixed together in the vat for moulding
purposes. It is probable that some paper-mills maintained a separation of the fibres
during the moulding process as well and in this way produced papers of different
qualities. If the paper-makers are exerting this much control over the process during the
maceration phase then they are probably continuing in this vein through the later
phases. This would make sense as we do have evidence that pulp had been separated
on the basis of colour. Pulp that was discoloured had a bluing agent added to make the
paper appear whiter in some cases the pulp was dyed a colour (most often blue) and
made into blue paper.103 This was a preferred prepared paper used by many artists in
the renaissance period and later.104

Pulping: A Microscopic View
Moving to a microscopic point of view, the pulping process is one that destroys
the highly organized cellulose structures created by the plants. The organized structures
of the plant cell walls are both chemically and mechanically degraded. The rags have
their carefully spun threads degraded as well. The damp rags are seeded with fungi and
bacteria from the air and the water used to dampen the rags. Once the spores and
bacteria have found an appropriate substrate they multiply and begin to digest the rags,
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using the cellulose, ligands and hemicelluloses for energy. Once the organisms are
inside the mill they are better able to spread to other piles of rags in the same building.
The putrefaction process leads to a biological attack on the molecules surrounding the
cellulose fibrils as well as the fibrils themselves.105 In order for the rags to make an
appropriate substrate for the decomposers they must be kept damp. If the rags dry out
the decomposers will die. As the microorganisms and fungi colonize the bundle of wet
rags the rags begin to heat up as a result of the biological action. The organisms create
heat as they respire and this is noted by Hunter as he describes larger bundles heating
quicker and more thoroughly.106 The increased temperature in the bundles encourages
faster decomposition of the rags. As a rule cellulose is a difficult molecule to degrade
and this is why the decomposition of the rags through biological processes achieves
such desirable results.107 The decomposition of the rags leads to an easier physical
maceration process because the attacking organisms have already degraded a portion
of the substrate. The cellulose fibres are already damaged from the putrefaction stage
and the rinsing they endure is to remove the colour of rot as well as the dyes in the
fabric. As a result of the putrefaction processes the rags would have some of their
previous dye removed due to the degree of degradation. As the fibres are rinsed in the
water the offending microorganisms responsible for the colour are washed away from
the cellulose substrate. The plant fibres, being in such a degraded state, would be
partially washed away in the rinsing as well, especially the more degraded sections
which were liable to be more coloured by the putrefaction process. The putrefaction
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process randomly targets the cellulose molecules and the decomposition affects the
length of the cellulose molecules as well as supramolecular interactions that hold them
together (figure 17).108 The organisms cleaved the cellulose at random making some
strands shorter, resulting in the short strands being washed away by the flowing water.
This would change the degree of polymerization and as a result one-third of the rags
were lost to this costly process.109
Once the rinsing stage has been completed and the rags are of a light enough
colour to continue they are placed under the stampers. On a molecular level the
stampers are mechanically separating the cellulose fibres even further. The
decomposition process would not have degraded the rags uniformly and as a result
there were still many sections of the rags that were completely un-degraded. The rags
would only be degraded in places where the microorganisms and fungi had colonized.
The mechanical pounding of the stampers physically tears the cellulose fibres apart. In
this process as in the previous one the hydrogen bonds that hold the cellulose fibrils and
macrofibrils together are interrupted by the force of the stampers. These molecular
interactions that are so important to the supramolecular structures formed by cellulose
molecules are disturbed by both the mechanical and biological processes. As a result
the fibres that were once so attracted to one another are now liberated. To keep the
cellulose fibres from reconnecting to one another the rags are kept in a solution of water.
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Fig. 17: Cellulose chains showing H-Bonding

The cellulose polysaccharides themselves are not changed chemically by the
physical maceration of the fibres, so the potential for hydrogen bonding remains, which
is very important in the following stages of paper production. Given that the cellulose
strands are still subjected to the interactions of hydrogen bonding, the cellulose fibres
are kept separate from one another until the moulding process by being constantly
suspended in the strong polar solvent of water. Water has a very strong tendency to
form hydrogen bonds with itself as well as with other molecules. Water is able to
dissolve polar molecules like the salt, NaCl. Water is unable to dissolve cellulose,
however, like it can with the water soluble α-D-glucose anomer.110 Instead of water
dissolving the cellulose like it does with starch, it helps move and separate the cellulose
fibres from one another while temporarily fulfilling the hydrogen bonding needs of the
cellulose polysaccharides shown in figure 18. The woven fabric of the rags begins to
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swell in the presence of the water as the H2O molecules infiltrate the cellulose
macrofibrils and begin to pull these structures apart.
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Fig. 18: Hydrogen bonding between a cellulose chain and water molecules

During the mechanical separation the cellulose fibres are continually macerated
while being constantly separated from one another by the water. This mechanical
maceration of the rags also tears the cellulose chains lengthwise while separating them.
As a result of the different maceration techniques papers produced in different mills or at
different time periods have different physical properties. One benefit to the process of
putrefaction used in early paper production is that it made the cellulose in the rags much
easier to separate mechanically and as a result the need for mechanical maceration was
not as extreme as it was in later periods. Paper produced using this method generally
has very long cellulose fibres, a high degree of polymerization (a measure of the length
of a polymer) and has a much longer lifespan because of its physical integrity, when
compared to paper produced at a later time when putrefaction was no longer used.
Simply put, the longer the cellulose chains used in the paper-making the longer the
paper will last.
49

Some papermakers used lime or quicklime in their preparation of the rags for
paper-making. Lime that was prepared in a charcoal fire contained calcium, sodium,
potassium and magnesium, all of which can have caustic qualities.111 Lime or calcium
carbonate (CaCO3) is a chemical compound found in limestone and chalk. Quicklime or
calcium oxide (CaO) is a caustic, basic anhydride. CaO is used in modern papermaking
to help dissolve lignin in wood-pulp papers.112 It is also possible that quicklime was
responsible for a bleaching action in the preparation of rag pulp. Early papermakers
noted that quicklime did have caustic qualities and made the production of suitable pulp
faster and easier, but as a result of its caustic nature it produced paper of a lesser
quality. In the eighteenth century the use of lime in papermaking was strictly prohibited
by the French government because it produced a lesser quality paper.113 Arabic paper
was often produced with the use of quicklime to help macerate cellulose directly from
plant sources and would have produced a paper that was much whiter than the paper
produced during the 12th- 18th centuries in Europe.114 This may be one of the first
instances of bleaching in the creation of paper.

Forming the Paper: The Vat
After the rags had been sufficiently macerated into pulp they are ready to be put
in solution and then turned into paper. The pulp is suspended in water in a large vat that
is stirred to keep the fibres from settling on the bottom. The agitation of the vat was
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done originally by hand and then by water or wind-driven machinery.115 As time
progressed and advancements were made the majority of vats became heated as well
which would help to speed up the following steps of the papermaking process.116 The
paper maker, also known as the vatman would then dip in a mould and bring it upwards
to fill the mould with the pulp. The mould is the papermaker’s most basic tool. The
European apparatus consists of two parts, the wove or chain mould (figure 19) and the
deckle (figure 20). In the orient moulds were originally woven from hair or assembled
from plant materials such as bamboo splints.117 The Muslims used straw.118 In Europe
the common practice was to create moulds using first hammered wire and later drawn
wire.119 The mould is essentially a sieve used to separate the paper pulp from the water.
It was made from a rigid wooden frame and wires that were sewn together with very fine
wire threads. When the paper was formed on the mould it was engendered with the
marks of the wire, leading to this type of paper being referred to as laid paper. The pulp
was held in place during drainage by the deckle, a frame which fit on top of the mould to
prevent the pulp from running over the edges of the mould.
The creation of the wire mould is one of the great innovations that the Europeans
gave to papermaking. All early European paper prior to 1756 is endowed with the laid
and chain lines that are a result of the wire mould. There is no formula for the distance
between the wires found in the laid and chain mould, and the thickness and distribution
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of the wires was different from mill to mill.120 The deckle was made to fit two identical
moulds. This innovation allowed the vatman to be more efficient with the moulding
process. While the coucher was using the first mould to couch the paper, the vatman
could use the deckle with a second mould to form a new sheet of paper.

Fig. 19: A wire mould (credit: author)
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Fig. 20: A deckle (credit: author)

To make a sheet of paper the papermaker dipped the mould and deckle together
into the pulp-filled vat at an almost vertical angle.121 It was important that the deckle
form a tight seal with the mould to prevent the plant fibres from escaping in the space
between the two. Once the mould and deckle were fully submerged in the vat the
vatman would bring the mould parallel to the surface of the pulp. Once the mould is
parallel with the surface the vatman steadily raises it to the surface of the vat and then
above the water line.122 From this point the vatman would raise the mould-deckle
complex vertically out of the vat being careful not to change the mould’s horizontal
orientation. The height of the deckle would ultimately determine the thickness and
weight of the paper as the excess water and pulp mixture would flow over the top of the
deckle as it was raised to the surface.123 The papermaker would then gently but firmly
shake the mould front to back and side to side so that the fibres would be deposited in
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as random an orientation as possible.124 The mould was then set to allow the excess
water to flow through the mould and back into the vat. After this the deckle was
removed and the mould, along with the newly formed sheet of paper, was given to the
coucher while the same deckle was used by the vatman on top of a second mould and
the process was conducted again.125 Once the deckle was removed the coucher
allowed the mould and newly formed sheet of paper to drain the excess water back into
the vat. Initially this was done manually, but later with the innovation of the bridge the
mould was rested on the inclined bridge and allowed to drain with assistance. The bridge
is an inclined plank that spans the length of the vat giving the coucher a place to rest the
mould. During the seventeenth century use of charcoal heaters would help to keep the
vat warm, making the job of vatman more comfortable while increasing productivity
through evaporation.126 The coucher was responsible for the next stage of paper
production, the transfer of the wet sheet of fibres onto a sheet of felt and the preparation
of paper for pressing.
This process endowed the newly formed paper with the laid and chain lines
common to papers produced during this time period. These low relief lines in the paper
have been used to identify papers from different mills, but the most common way to
identify the origins of a piece of paper is through a watermark. Water marks were
produced by adding an image formed of wires to the mould’s surface, figures 21 and 22
are examples. These images were indicative of different mills, types of paper and of
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different dates. It was an early form of branding that was used for identification at the
time of manufacture as well as today.

Fig. 21: A watermark (credit: author)
55

Fig 22: Transmission image of a watermark showing the horizontal laid lines and the
vertical chain lines (credit: author)
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Watermarks are revealed when a paper sheet is put against the light. Because
the wires of the watermark are attached on top of the laid wire they leave an impression
in the paper. This impression is revealed in transmitted light because the paper is
thinner directly over the excess wire in the watermark.

The Vat: A Microscopic View
Returning to a microscopic view, in the second step the cellulose fibres are in
suspension in a container(figure 23).

Fig. 23: A 17th century vat showing the innovations of a bridge and a charcoal heater 127
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The fibres can only maintain this suspension under continuous agitation because
they cannot dissolve in water. A singular glucose molecule in the α configuration would
not need to be suspended in water via circulation as the solvent itself would be enough
to keep the molecule in solution.128 The case with water-insoluble cellulose molecules
and cellulose fibres is different; these molecules cannot be maintained in solution solely
through their interaction with water and cannot overcome the force of gravity. Cellulose
in water is referred to as a suspension rather than a solution because there is not
complete dissolution of the cellulose in water. Water does help to keep the cellulose
fibres from rejoining one another in the suspension by temporarily helping to fill the
polymer’s penchant to form hydrogen bonds. It also has a higher density than
atmospheric air and this increased viscosity helps to keep the fibrils from sinking too
rapidly to the bottom. Because there is no dissolution of the cellulose fibrils the effects
of gravity will eventually result in the cellulose fibres accumulating at the bottom of the
vat where they will be of little use to the vatman in his effort to make paper from the
heterogeneous water-cellulose solution.
When the vatman inserts the mould into the vat he does so at a vertical angle in
order to disturb the solution as little as possible. At this point he changes the orientation
of the mould so that when he brings it to the surface there will be an even distribution of
pulp across the area of the mould. The deckle is firmly attached to the mould at this
point to assist in the straining of the paper pulp from the suspension. At this point the
excess water rushes over the top of the deckle leaving the desired amount of pulp in the
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mould.129 The pulp suspension would be relatively thick in its cellulose content. When
the mould is brought through the pulp it acquires a significant amount of cellulose from
the solution and because the cellulose fibres are so long they are separated from the
water by the mould. The tightly woven mould leaves room for the water molecules to
escape but the cellulose fibres being much larger and tangled are trapped by the
interwoven wires.
At this point the deckle is still attached to the mould giving the paper defined
edges and confining it to a distinct shape. The water continues to drain through the
mould as a result of gravity and deposits the cellulose fibres on the mesh. The vatman
next gives the mould-deckle complex a series of lateral shakes to help the long fibres
intertwine and also to give the paper a uniform depth.130 Due to the length of the
cellulose fibres they become entangled with one another. It would have been easily
noticed that when the mould was agitated in such a manner that the paper produced
was superior to unshaken paper and thus a couple quick shakes produced much better
paper for a low manufacturing cost. The tangled cellulose fibres are allowed to drain of
water and the deckle is removed as the rigid mould is passed on to the coucher.

Couching
The coucher initially allows the newly formed sheet of paper to continue to drain
while the vatman goes on to make a second sheet of paper.131 After the coucher
removes the rigid mould from the bridge he begins the next step in the process, the
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couching and pressing of the paper. After the coucher receives the newly formed sheet
from the vatman he checks to see if the sheet is dry enough to couch. If the appearance
of the sheet has transformed from gloss to matte as the water runs through the paper it
is ready to be couched.132 Couching is the process of swiftly but carefully transferring
the new sheet of paper from the mould to a waiting piece of felt.133 All the felt pieces are
slightly larger than the sheets of paper to be pressed so that the sheets do not overlap
and adhere to one another. After the paper is transferred to the felt the coucher returns
the mould to the vatman for use with the original deckle to form another sheet of paper.
In return the coucher is given another newly formed sheet of paper on a second mould
to couch.134

Couching: A Microscopic View
During the couching stage there is an important interaction in the removal of the
water molecules from the cellulose fibrils. The cellulose fibres and their propensity for
hydrogen bonding have been attracted to the water, sharing hydrogen bonds with the
relatively tiny water molecules. The temporary hydrogen bonds formed between the
water molecules and the cellulose fibrils are not constant enough to entirely overcome
gravity and so many water molecules drain through the bottom of the newly formed
paper sheet. When these molecules drain through the paper hydrogen bonds
immediately begin to form between the fibrils. It is the next step in the process that fully
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solidifies these cellulose hydrogen bonds as the paper is pressed before it is allowed to
dry.
The sheets of paper are carefully stacked atop one another with a piece of felt
between each sheet. The felt is made from the hair and fur of animals and is composed
of collagen and keratin rather than cellulose. This keeps the sheets of paper from
bonding with the felt spacers. Another important aspect of the felts used to make paper
is their porosity. The spacers needed to be a porous material that allows the excess
water to drain through them without adhering to the newly formed pieces of paper. Once
enough sheets had been couched, typically around 144, the carefully arranged sheets of
paper and felt are called a post. 24 sheets of paper are referred to as a quire, six quires
together form a post.135 The post was then transferred to a press, a mechanical unit
developed to press the excess water out of the newly formed paper. These apparati
greatly enhanced the drying process and as a result more sheets of paper could be
made at a single mill per day.

Pressing the Paper
The most common press in Europe was a manual screw press that would later
be enhanced with the inclusion of a windlass.136 After some time and innovation waterpowered presses were also used to help speed the process. In 1800 the ancient screw
press was finally replaced with a hydraulic press designed in England.137 The post that
was put under the press was gently but firmly squeezed to rid the paper of excess water.
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The original screw press was a large apparatus requiring multiple workmen to help press
the paper. Once the paper was sufficiently pressed the post was removed and the
sheets were carefully stacked upon one another. The sheets of paper were relatively
dry by this point and would no longer adhere to one another from just the light pressure
of their own weight. The felt sheets were returned to the coucher so he could begin the
next stack. Next, some mills would take the stack of paper that had been created from
the pressed post and press it again in a different press, the paper being dry enough at
this point to press without the felt dividers.138 After this step the paper would be dry
enough that a workman would be able to peel the sheets of paper apart. The following
step may be either another press or the final stage in the process, the drying.

Pressing the Paper: A Microscopic View
Returning to a molecular level these last steps are of great importance. The
pressing of the paper helps to give material its physical attributes. This is where the
supramolecular hydrogen bonding is of the greatest importance. The wires of the mould
mechanically separate the pulp from the majority of the water molecules (think of it as a
giant paper-strainer). Gravity pulls the water molecules through the paper and deposits
them back into the vat for reuse. During this process hydrogen bonds are beginning to
form between the cellulose fibres. The shaking that the vatman engages in
mechanically intertwines the fibrils together, but there is still a lot of water left in the
paper at this point.
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Even after the water has drained enough to couch the new sheet of paper it is
still very wet and as a result of this high moisture content is also very fragile. In some
places (China) the paper is left to air dry at this point; many Eastern papers are dried
directly on the mould in the sun.139 European papers were almost always couched and
pressed to help increase the productivity of the mills.140 The pressing process helped to
relieve the paper of a lot of water and accelerated the process of the hydrogen bonding
between the cellulose fibres, the force that holds the sheets of paper together.
The felt used in this process is unlike contemporary felt; rather, it was a matted
substance that was essentially tangled into shape and then pressed into sheets. Each
size of paper had its own couching sheets that were marginally larger than the newly
formed paper.141 Rather than being held together by hydrogen bonding like paper the
felt was held together mostly through the mechanical tangling of the keratin and collagen
fibres. It was important that the felt couching not be held together by intermolecular
hydrogen bonds or the damp pieces of paper would also adhere to them through
hydrogen bonding making them impossible to separate cleanly after going through the
press.
After the damp paper was piled into a quire it was moved to the press for the
pressing of the paper. These large presses mechanically squeezed the water from the
paper and in doing so forced the cellulose fibrils to interact with one another. The water
molecules interfere with the cellulose fibrils’ ability to form hydrogen bonds with one
another. Water, being a strongly polar, yet relatively small molecule, interacts with the
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much larger cellulose chains forming temporary hydrogen bonds with the fibrils. These
bonds are strong enough to prevent the cellulose fibrils from forming hydrogen bonds
with one another. The water molecules are also large enough to force themselves
between the fibrils creating a physical interference as well. Water molecules also form
hydrogen bonds with other water molecules so as they are forming hydrogen bonds with
the cellulose fibrils they are also bonding with each other, creating an even larger
physical and electrochemical interference than they would if they only reacted with the
cellulose.142 This is the reason paper swells in water. The water molecules are able to
infiltrate the paper’s morphology and in doing so fill up the voids. Water molecules
hydrogen bond with one another and are pulled into the voids by the leading H2O
molecules via this hydrogen bonding interaction. These water molecules put pressure
on the cellulose fibrils slowly pushing them apart and reducing the strength of the
paper.143 Because of water’s tendency to hydrogen bond with other water molecules
there are always multiple molecules penetrating into the different layers of the matted
cellulose fibres.144 This is why dry paper swells when it becomes wet and is one of the
reasons paper is treated (either moistened or sized) when it is intended to be used for
painting or for ink.145 Unlike cellulose, water molecules are constantly moving (water is a
liquid at room temperature) and as a result only form short-term Hydrogen bonds, but
this is enough to disrupt the bonding process necessary for the solidification of the
paper.
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The reason for the short-term bonding interactions experienced between
molecules is their liquid state. Water at room temperature is a liquid and because of this
its molecules are in constant motion. This constant motion interrupts the hydrogen
bonding process, which is why water is the perfect medium to use for papermaking. 146
Not only is water abundant, but it does not have long term interactions with cellulose and
it does not dissolve nor degrade the long polymer chains.147 As a result of these
aforementioned processes, it is possible to suspend cellulose fibres in the solution
without them clumping together and these suspended particles can be made into paper.
The pressing of paper is one of the most important steps for the strength and
longevity of paper. The water molecules have been necessary to keep the fibrils in
suspension and to prevent the cellulose chains from bonding to one another. In order to
make a sheet of paper, however, these water molecules need to be removed so that the
cellulose fibres can form permanent hydrogen bonds with neighboring fibrils.148 Unlike
water molecules, cellulose polysaccharides are solid at room temperature, which allows
them to form the long-term hydrogen bonds needed for the individual fibres to be made
into a sheet of paper. Water can also form permanent hydrogen bonds with neighboring
molecules, but only if the water is frozen and is in a solid state.
In order to remove the H2O molecules, the paper is pressed between the
couching sheets. These sheets being comprised primarily from animal products are
made of proteins and as a result these molecules will not form strong Hydrogen bonds
with the cellulose. As the paper is mechanically pressed the water is squeezed out of
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the paper and through the felts. H2O is a very small molecule and this allows it to
penetrate through the felt pads and escape down the sides of the quires or into the felt
itself. Cellulose, being a comparatively large, solid molecule, cannot penetrate the felt
and is left behind, squeezed between the couching sheets. Part of the reason that
cellulose fibrils are unable to be squeezed through the felt has to do with their solid
state. The more mobile water molecules will naturally migrate out of the sheet if pressure
is applied because they naturally move to areas that are less densely populated by like
molecules. This is known as diffusion.
The more pressure that is applied to the post the more the water molecules will
diffuse from the paper. These molecules are basically being pushed out of the paper
because the interactions of hydrogen bonding in the paper are not enough to overcome
the pressure of the press. A sheet of paper is far from flat and because of this many
water molecules are able to remain sequestered within a sheet of paper even though it
has been pressed multiple times. Under high magnification paper looks something like
felt and the small H2O molecules are able to remain in the voids between the larger
fibres (figure 24). Even a relatively small amount of water amongst the paper fibres can
lower the paper’s resistance to tearing and folding stresses, and newly formed paper is
no exception.149
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Fig. 24: Whatman chromatography paper 1 at 100× magnification (credit: author)

Drying the Paper
The final step in the papermaking process has to do with drying the pressed
paper on a line or in a rack. This is to allow the remaining surplus moisture to fully
evaporate. The drying process is a simple one; the newly formed paper is bent in half,
with care given not to permanently crease the sheets. Multiple sheets are hung together
to help eliminate the tendency to crease. These sheets of paper are suspended on lines
and allowed to dry in the air, usually in the top of the mill. Care must be taken that the
67

new paper does not get coated in soot (from the pistolet) and because of this the drying
racks were placed very carefully in the paper mill.150 The use of warm water does help
to quicken this process as well as having the drying racks being placed over the pistolet.
The pistolet is the heating device used to keep the pulping solution in the vats warm. It
heated the water and was usually vented outside. After the sheets have been dried
completely they are removed and stacked and then further prepared for sale.
The same microscopic structure that allows water molecules to remain inside the
paper among the fibres also helps them to evaporate. The porous structure allows the
water molecules to escape via evaporation during the drying stage of the papermaking
process. Over time enough water diffused from the paper into the atmosphere until the
water in the paper equilibrates with the atmospheric water. At this point the paper is
complete, the hydrogen bonds have formed and because cellulose is a solid at room
temperature they are stable.

A Brief History of Chemical Bleaching in Conservation
The paper produced prior to wood pulp paper is a candidate for chlorine
bleaching as a conservation treatment. Paper has been bleached as a conservation
treatment since 1588 where the first bleaching treatments consisted of a mixture of salt
and citric acid. 151 In 1631 a book by Théodore Turquet de Mayerne first suggested
immersion bleaching with potash (potassium hydroxide or KOH), followed by aqueous
light bleaching to further whiten a print.152 For the following century sun bleaching

150

Hunter 186-187, Cohn 39-40
Stevenson 113
152
Stevenson 113-114
151

68

became the predominant method of lightening paper artifacts. During the nineteenth
century chlorine bleaching was developed allowing collectors the ability to further whiten
prints and drawings, though the often over-whitening of domestic restorers was at odds
with connoisseurs and collectors.153 More powerful bleaches are able to remove more
difficult stains but as a result are prone to bleaching an artifact past its original colour.
These bleaches in the right hands can become powerful tools in the restoration and
conservation of paper artifacts. Great care must be taken when bleaching any object as
the bleaching is as degradative to the paper support as it is to the offending stains. It
took until the middle of the nineteenth century for individuals with a scientific background
to become really involved in the process of paper restoration and it was not until the
early twentieth century when the first conservators began applying their scientific
knowledge as a dedicated vocation.154 From this point on the literature and
understanding of materials science has been steadily increasing and the involvement of
scientific examination has been thoroughly incorporated into art conservation practice.
This increased scientific knowledge base allows for more informed decisions in
conservation practice including the bleaching of paper. It also allows for the
development and investigation of new techniques, of which paper bleaching with
chlorous acid will be discussed in the following chapter.
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Chapter 4
Analysis of Bleaching with Chlorous Acid and Chlorine Dioxide
Introduction
There are several different methods of chlorine based bleaching, but the most
common is bleaching with chlorine dioxide. ClO2 is a powerful bleaching agent and has
an oxidation potential of +0.93E°/V.155 It is one of the strongest oxidizing bleaches
deemed permissible for use in conservation treatments.156 It is a rapid, fast-acting
bleach that is usually used in an aqueous solution but is viable in a gaseous state as
well. There are several reasons one might avoid bleaching with ClO2, the first being the
potential damage to the paper substrate. Chlorine dioxide is also a highly toxic
compound and should only be used under a fume hood for the safety of the
conservator.157 In aqueous solution ClO2 is a strong yellow colour; in some situations it
may be difficult for the conservator to tell if the bleaching reaction has reached its
conclusion. The longer the paper is bleached the more damage the bleaching does.
This is the case where the paper is lightly but thoroughly stained and the strong colour of
the aqueous ClO2 impairs the conservator’s vision of the reaction. ClO2 is also fastacting making it difficult to ascertain when exactly the bleach has finished working on the
stains.158 This may result in the over bleaching of the artifact, potentially whitening the
object past its original colour or further damaging the paper through excessive
bleaching.
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Chlorous acid (HClO2) is an alternative that addresses many of the concerns that
arise from bleaching paper using ClO2. Chlorous acid is a mild acting bleach and a
weak acid.159 Although chlorous acid bleaching is used in industrial applications,
Margaret Hey was the first and only one to suggest using this technique in a
conservation setting.160 Since the publication of her original article the use of chlorous
acid has not been further pursued in conservation research though it may be a valuable
conservation treatment. It is also a strong oxidizing agent and can be used in the
restoration of paper artifacts. Chlorous acid has several advantages over ClO2 when
used as a bleach for paper artifacts. Chlorous acid is clear in solution, making it easier
to see exactly when the bleaching has reached the desired level. This reduces the
amount of damage sustained to the paper ground by over-bleaching, which can occur
with a strongly coloured compound like ClO2. Chlorous acid is a slow-acting bleach and
this reduces the potential damage done through over-bleaching as it takes time to stop
the bleaching reaction. The combination of a clear solution and slow-acting bleaching
makes chlorous acid a suitable candidate for a conservation treatment, assuming the
process is not highly degradative. In order to test this hypothesis chlorous acid was
compared to aqueous ClO2 in the bleaching of aged and unaged paper. The bleaches
were compared in bleaching efficiency, measured by the colour change in aged and
unaged paper with a colourimeter. The different bleaching methods were also compared
in regards to the damage done to the paper via the different techniques. The damage to
the paper was tested with viscometry and the results were compared as the viscometry
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average degree of polymerization (DP). The result of the bleaching was observed
qualitatively through the use of scanning electron microscope (SEM) imaging.

How Bleaches Work
Bleaching is the process by which colour is removed from an object. This
process can be done through chemical means and by using visible and ultraviolet (UV)
light. Bleaches are used to remove stains in clothing, paper and other objects as well as
to increase the whiteness of an object. A bleach may remove colour from an object by
reducing a stain or by rendering the stain colourless. Bleaches interact with organic
colour-producing molecules referred to as chromophores.
The colour that an object appears is a direct result of its interaction with visible
light. The absorption and emission of electromagnetic radiation in the visible spectrum
creates a visible colour. There are several types of physical interactions that will give an
object colour, including structural colour and the ligand effect (found in transition metals)
but these are affected differently by bleaching, unlike the colour produced by organic
molecules. The colours produced by organic compounds are a result of light’s
interaction with chromophores. Retinal, also known as vitamin A is the chemical basis of
animal vision and is found in animal flesh or may be converted from carotinoides.161
Retinal is an example of a simple chromophore; it has a cyclic auxochrome followed by a
series of conjugate double bonds. The structure of this chromophore is shown in Fig.
25.
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Fig. 25: Retinal molecule: A simple chromophore where the auxochrome is in red and
conjugate double bonds in blue

Chromophores are responsible for the colour production of organic inks, stains,
aging and other discolourations that can affect objects like parchment or paper.
Chromophores are organic molecules that absorb ultraviolet/visible (UV/Vis) radiation.162
Chromophores produce colour by the absorption of UV/Vis radiation through the
interaction of extensive conjugated double bonds with incident light. Conjugated double
bonds are alternating single and double covalent bonds between the atoms in a
molecule. Chromophores may also contain an auxochrome. An auxochrome is a
functional group that interacts with chromophores to alter colour absorption.
Auxochromes change the spectral reflection and absorption of chromophores and
influence the intensity of the colour and hue produced by the chromophore.163
Chromophores can arise as a result of the aging process in paper, but they can also be
created during the mistreatment and mishandling of paper artifacts. Even bleaching may
create chromophores in paper depending on the type of paper and the type of bleaching
used, as can be the case with chlorine bleaches and their interaction with ketones and
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aldehydes. 164 Cellulose chromophores may be formed through the natural or chemical
degradation of the cellulose molecules.
Bleaches are able to interact with chromophores to render them colourless,
removing the appearance of blemishes on paper artifacts. There are several ways that a
bleaching agent can interact with a chromophore:
“Interruption of the conjugated connection between chromophores of the
chromogenic system, interruption of the connection between the auxochrome
and the chromophore, change in the chemical structure of the auxochrome,
elimination of the chromophorically active substituent and change in the chemical
structure of the chromophore to a structure that is chromophorically inefficient.”165
When an object is bleached there is a change in the colour of the object.
Bleaching an object does not necessarily or entirely remove the discolourations on said
object. The stains may be altered to become colourless while they remain on the paper
or they may be removed as the molecular structure is altered. As stated above there are
various ways that a bleach can lighten an object, but in order to affect the chromophores
these bleaches may be degradative. Any restorative bleaching procedure will affect the
cellulose of the paper as well as the chromophores because bleaches are non-specific
oxidizing or reducing agents. There are two main classes of bleach, the oxidizing
bleaches and the reducing bleaches. They interact with both the chromophores and
paper through different mechanisms. Reducing bleaches are generally considered nonharmful to cellulose as opposed to oxidizing bleaches.
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Oxidization and reduction reactions are classes of chemical reaction more
generally referred to as Redox reactions. Redox (reduction/oxidation) reactions
encompass all reactions in which there is a change in the oxidation state of the
participating chemicals. In regard to bleach this term refers to the donation or
acceptance of electrons by the bleach to or from the substrate, in this case the paper
and the discolourations. Oxidizing bleaches like ClO2 are able to accept electrons from
other molecules and in doing so reduce the number of electrons the other molecules
carry. In this way oxidizing bleaches are able to break covalent bonds. In order to be a
good oxidizing bleach a compound must have a strong affinity for electrons, stronger
than the substrate they are acting upon. Oxidizing bleaches are able to remove
electrons from other molecules and, in the case of paper conservation, these electrons
are removed from the discolourations as well as the paper ground. Examples of
oxidizing bleaching are given in figures 26, 27 and 28.
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Fig. 26: Retinal chromophores showing two different disruptions of the conjugate double
bonds due to oxidative bleaching
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Fig. 27: Retinal chromophores showing different dissociations of the auxochrome from
the chromophore which may result from bleaching with ClO2

When a chromophore is oxidized it may lose its colour-making properties as a
result of the cleaving of double bonds or the dissociation of the auxochrome from the
chromophore as seen in figures 26 and 27.166 Oxidizing bleaches interact with alkenes
and break double bonds, thereby removing the colour-producing properties of the
chromophore. Oxidizing bleaches are also capable of adding oxygen atoms to the
substrates they act upon as in figure 26. Oxygen being strongly electronegative is quick
to form bonds with the substrate, producing aldehydes or ketones that will also alter a
chromophore’s effect. These oxidizing bleaches are nonspecific and while they are able
to break the conjugate double bonds in the chromophore structures, they are also able
to break the covalent bonds in the cellulose, including the glycosidic bonds between
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glucose molecules shown in figure 28.167 When glycosidic bonds are broken they result
in shorter cellulose polymers and this is correlated to lowered structural integrity.
Depending upon the type of bleach used and the solvent the bleaching agent is
dissolved in, halogenation may occur. The halogenation of ligands in wood pulp papers
by chlorine radicals actually produces chromophores, turning recently bleached wood
pulp paper yellow.168 It is of the utmost importance to carefully observe what type of
paper is being treated or the results of the restoration process may worsen the paper’s
condition by discolouring it even further.
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Fig. 28: Cellulose oxidized by a chlorine bleach

The second major class of bleaches is the reducing bleaches. These bleaches
act through a different process than the oxidizing bleaches and have a different effect on
both the discolourations and the paper ground. Reducing bleaches are able to donate
electrons to both the substrate and the chromophores examples are given in figure 29.
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Fig. 29: Retinal chromophores reduced through bleaching

When a reducing bleach donates its electrons, it interrupts the system of
conjugate double bonds. The conjugate double bonds are integral to the system of light
absorption and colour production. In the case of reducing bleaches, the targets are the
double bonds.169 When the reducing agent donates its electrons, the double bond is
reduced to a single bond and the alternating double-single bond complex of the
chromophore is disturbed. The donation of electrons is often seen in the addition of
hydrogen molecules to the substrate shown in figure 29. The double bond is changed to
a single bond and the hydrogen fills the needs of the target atom’s valency. Reducing
bleaches are less likely to impact cellulose molecules because they are lacking in double
bonds. Reducing bleaches will interrupt the double bonds that can form in damaged
cellulosic chromophores. Unlike electron-accepting oxidizing bleaches the reducing
bleaches are unlikely to break the covalent bonds between the atoms in a cellulose
molecule.
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A third method of bleaching is the use of radiation, most often in the form of
UV/Vis light. This manner of bleaching works through the absorption of radiation by the
chromophore complex. Technically this is considered to be a form of oxidative bleaching
and functions in a similar fashion, but without the addition of chemical reagents. Instead
the absorption of radiation allows for reactions between the chromophores and the
surrounding environment. That is why light bleaching commonly used in paper
conservation is most often conducted in water or a buffer solution.
Oxidative bleaches are a more powerful alternative to reducing bleaches, but
cause more damage to the substrate. This means that many factors need to be carefully
weighed before a method is chosen.170 Oxidative bleaching can be very harsh on an
artifact and its use will degrade the paper ground. There are several methods used to
determine the strength of paper such as fold endurance testing, but it is also possible to
test the status of the cellulose polymers. The measurement used to denote the length of
the polymer chains is called the degree of polymerization and this average degree of
polymerization is an estimate of the level of degradation (strength) of paper artifacts.
The higher the degree of polymerization the more strength paper will have during
physical tests like bending and fold endurance. The degree of polymerization (DP) is a
useful measurement to track the damage done to a piece of paper on a molecular level.
The degree of polymerization can be affected by aging, bleaching, mechanical stresses
and biological activity.
In some cases, light bleaching and reducing bleaches are not enough to remove
stains on a badly disfigured work or will not remove stains of certain types (such as
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foxing).171 In order to remove the stains the conservator must resort to using an
oxidative bleach. Oxidative bleaching should only be used if the object is in relatively
good condition and if other methods of cleaning are deemed insufficient.172 The
reactions of these bleaches have an effect on the stability and longevity of paper and
should only be used in the worst-case scenario as the procedure can damage cellulose
fibres. In the case where a powerful bleach is a necessity, there are several choices of
bleach, hydrogen peroxide, chlorine dioxide, hypochlorites, potassium permanganate
and chlorous acid among others. There is a trade-off between the strength of the
bleaching agent and the resulting degradation of the substrate. H2O2 bleaching is
usually the preferred course of action as it is less degradative to the paper substrate and
is viable to use with proteinaceous materials.173 The chlorine bleaches are more
degradative to the paper substrate but as a result of their bleaching power can remove
stains that H2O2 cannot. This means that in some scenarios a chlorine bleach is the only
option for restorative work.

Experimental
Materials
Artificially Aging Paper
In order to compare the efficiency and degradation potential of the chlorous acid
and the ClO2 bleaching treatments in a conservation situation, paper was artificially aged
over a period of four weeks. Artificially aging paper is a standard procedure for testing
171
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the effect of bleaching treatments on paper in lieu of using actual aged paper, which is of
limited quantity.174 Whatman Chromatography 1 paper was chosen for its pure cellulose
content.175 This paper makes a good analog for the majority of paper produced in
Europe up until the early 1800s, when paper made from wood pulp gradually became
accepted.176
In the oven the high heat and high humidity leads to the damage and
discolouration observed in naturally aged paper. The heat and humidity stress the
cellulose fibres causing them to break at random and also to form different chemical
species. The yellowing is due to the presence of aldehyde and ketone groups that arise
from the degradation of the cellulose fibres.177

Method
Artificially Aging Paper
Several sheets of Whatman Chromatography 1 paper were cut into 40, 20 cm by
12 cm pieces. Each piece was aged for four weeks in an oven at 100 degrees Celsius
and 70% relative humidity (RH). The 40 samples were rotated on a weekly basis
because the oven was not equipped with a rotating carousel. These temperature and
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relative humidity values are based on previous research but adjusted slightly higher for a
greater aging effect during the 28-day period.178
The 40 samples of aged paper were put against a template and measured twice
using a Minolta CR-300 series colourimeter set to the L*a*b* (CIELAB D65) colour space
setting.

Bleaching
To test the hypothesis that chlorous acid is an effective bleach that is generally
less degradative than ClO2, 10 samples of aged and unaged paper were bleached in
each solution. The unaged (UA) samples were bleached as a control to determine if
there were any major colour changes to an already white paper. Ten samples of white
paper were chosen at random to receive bleaching from each treatment. The methods
for the preparation and activation of the bleaching solutions are discussed in Appendix 1.
Both solutions were prepared from sodium chlorite with the chlorine dioxide solution
using formaldehyde activation.179 For both the chlorous acid and chlorine dioxide baths
the samples were pre-soaked in distilled water to prevent spotting and to ensure there
was good overall bleaching of the paper. The samples were then bleached to what is
considered the effective maximum bleaching time for each bleach as determined by
conservation practices.180 Ten samples were immersed and bleached with a 2%
chlorine dioxide solution for 10 minutes each, the maximum amount of time before
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degradation exceeds lightening in this solution at this concentration.181 The samples
bleached with the chlorous acid solution remained in the bleach for 15 minutes, at which
point the bleach is not likely to further whiten the object.182
After the bleaching process the samples were rinsed in two distilled water baths
for 20 minutes each to slow the bleaching process. The paper was then deacidified with
0.2% Ca(OH)2 solution and air dried on drying racks. Once the paper was sufficiently
dry, after a period of seven days, the samples were once again tested under the
colourimeter to record any changes in colour as a result of the bleaching.
The samples were measured twice with the colourimeter and these
measurements were averaged to determine the L*a*b* colour space of each sample.
The L*a*b* colour space values were used to determine the bleaching efficiency and the
shift in colour measurements.183 The samples were bleached, deacidified and left to air
dry in the same manner as the aged samples. The unaged samples were air dried for a
period of seven days after which the samples were retested with the colourimeter.
The colour of the paper was recorded with a Minolta CR-300 series colourimeter
set to the L*a*b* (CIELAB D65) colour space setting. The CIE L* a* b* colour space is a
colour opponent space. In L*a*b* colour space L* is correlated to lightness, or the
whiteness of an object. The a* and b* values are opponent colour axes, where a
positive value for a* translates to the redness of an object and a negative value the
greenness. Similarly, for the b* value a positive number is indicative of the yellowness of
an object and the negative the blueness. The symptoms of aged paper show the
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yellowness (a positive b* value) of the object is the most important value, followed by the
value for lightness (L*) and finally the redness (a positive a* value). Aged paper should
appear more yellow, red and darker than unaged paper. The change in colour can be
calculated through a simple equation:
ΔE*ab =((L*2 - L*1)2 + (a*2 - a*1)2 + (b*2 - b*1)2)1/2
ΔE*ab = (ΔL*2 + Δa*2 + Δb*2)1/2
If ΔE*ab ≥ 1 there is a just noticeable difference (JND) when the objects are
compared side by side. The ΔL*, Δa* and Δb* values are indications of the difference in
their corresponding colour regions.
A Fourier transform infrared spectroscopy (FTIR) analysis was conducted (figure
34) comparing the untreated paper samples with the treated paper samples to ensure
the bleaching process did not account for an unexpected chemical change in the
structure of the paper. The spectra was produced using a Nicolet Avatar 320 FTIR with
a Golden Gate, single pass diamond Attenuated Total Reflectance (ATR) attachment,
operating with 32 scans and at a resolution of 4cm-1. The data from the samples was
examined in SPSS.

Results and Discussion
Average Aged Versus Unaged
The colour measurements and comparisons between aged and unaged paper
are shown below in figure 30.
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Paper Sample

L*

a*

b*

Unaged

97.565

-0.094

1.385

Aged

96.449

0.107

3.259

ΔL*
Aged vs. Unaged

Δa*
-1.116

Δb*
0.201

ΔE*ab
1.874

2.190

Fig 30: Comparison of the Average Aged vs. Unaged Paper Samples using the
Colourimeter (the b value for sample 36 is omitted due to it being an outlier)

Figure 30 demonstrates the effects of aging the paper. Compared to unaged
paper the aged paper is darker (L* value), tends slightly towards red (a* value) and is
significantly more yellow (b* value). There is a JND in the L* and b* regions of the paper
as well as an overall JND between the samples. The colour values were compared in a
Paired samples t-test (figure 31) to confirm that there was a statistically significant
difference between aged and unaged paper, demonstrating the effectiveness of
artificially aging paper at this duration, temperature and humidity.
Paired Samples Test
Paired Dif f erences

St d. Dev iation

St d. Error
Mean

1.109500

.066509

.014872

1.078373

1.140627

74.604

19

.000

-.199750

.019020

.004253

-.208652

-.190848

-46.966

19

.000

-1.862500

.113491

.025377

-1.915616

-1.809384

-73.392

19

.000

Mean
Pair
1
Pair
2
Pair
3

L* Bef ore Aging
- L* Af ter Aging
a* Bef ore Aging
- a* Af ter Aging
b* Bef ore Aging
- b* Af ter Aging

95% Conf idence
Interv al of the
Dif f erence
Lower
Upper

t

df

Sig. (2-tailed)

Fig. 31: Paired samples t-test for the L*a*b* values before and after aging

The oven was not equipped with a moving carousel. In order to prevent the paper
from receiving more damage at the edges than near the centre, the sheets were rotated
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on a weekly basis. The result of this is an overall small degree of variation in colour
across all 40 aged samples denoted by a small period of standard deviation seen in
figure 32. This will correlate to a similar DP across all the samples as well. There was a
single outlier, sample 36, that appears to have been stained during the aging process.
As a result the b* value is significantly larger indicating a more yellow colour (visible to
the eye) compared the rest of the samples. The other values were unaffected.
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Statistic
First Sample L*

Mean

96.47600

95% Confidence

Lower Bound

Interval for Mean

Upper Bound

96.49952
96.47944

Median

96.50000
.005

Std. Deviation

.073547

Minimum

96.230

Maximum

96.620

Range

.390

Interquartile Range

.103

Skewness
Kurtosis
Second Sample L*

.011629

96.45248

5% Trimmed Mean

Variance

Std. Error

Mean
95% Confidence

Lower Bound

Interval for Mean

Upper Bound

-1.042

.374

2.069

.733

96.42150

.010162

96.40094
96.44206

5% Trimmed Mean

96.42611

Median

96.43000

Variance

.004

Std. Deviation

.064273

Minimum

96.200

Maximum

96.540

Range

.340

Interquartile Range

.075

Skewness
Kurtosis

-1.305

.374

2.949

.733

Fig. 32: The descriptive statistics for the L* variable comparing the precision of the
colourimeter between its two samples

To test the repeatability of the colorimeter sample 9 was chosen at random and
tested 10 times to determine the value of difference produced by the equipment in order
to test the equipment for precision. Figure 33 demonstrates that there are no outliers
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and no variance lending support to the precision of the colourimeter. This also adds
evidence that there should be no detrimental effect to averaging the measurements from
the other samples for increased statistical power.

Statistic
Sample 9 L*

Mean

96.45700

95% Confidence

Lower Bound

Interval for Mean

Upper Bound

.002603

96.45111
96.46289

5% Trimmed Mean

96.45722

Median

96.46000

Variance

Std. Error

.000

Std. Deviation

.008233

Minimum

96.440

Maximum

96.470

Range

.030

Interquartile Range

.010

Skewness

-.806

.687

Kurtosis

1.237

1.334

Fig 33: The descriptive statistics for the 10 measurements of the Sample 9 L* value

When compared to unaged paper, the aged paper did show a difference in colour
according to the colourimeter, being darker and more yellow. The colour change was
also visible to the naked eye. Samples of both aged and unaged paper were
subsequently bleached with both chlorous acid and aqueous chlorine dioxide and their
colours also recorded.
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Bleaching
Upon reviewing the FTIR spectra, it appears as though no unexpected reaction had
taken place (figure 34). The bleaching techniques, when executed properly, leave no
unexpected chemical species in the paper ground.

Fig. 34: FTIR of treated and untreated paper

The 40 bleached samples were compared on the basis of colour. The samples
were compared before and after bleaching with both ClO2 and chlorous acid. The
sample treatments were also compared against one another. Unaged samples were
bleached as a control, and compared to their aged counterparts before and after
bleaching. Figure 35 highlights the changes in colour seen across the samples before
and after the different bleaching treatments. A value of greater than 1 for the ΔE*ab value
indicates a JND and a value of 0.5 in any of the ΔL*, Δa*, Δb* indicates an important
difference in any of the opponent colour axes.
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Unaged Samples

ΔL*

Δa*

Δb*

ΔE*ab

Before Bleaching vs.
Chlorous

0.053

-0.090

-0.018

0.106

Before Bleaching vs. ClO2

0.111

-0.026

-0.247

0.272

-0.001

0.072

-0.159

0.174

Chlorous vs. ClO2
Aged Samples

ΔL*

Δa*

Δb*

ΔE*ab

Before Bleaching vs.
Chlorous

0.934

-0.256

-1.479

1.768

Before Bleaching vs. ClO2

0.977

-0.242

-1.659

1.940

Chlorous vs. ClO2

0.072

0.013

-0.186

0.199

Fig. 35: ΔL*, Δa*, Δb* and ΔE*ab values across the different bleaching treatments

Unaged Samples
The results of the colourimetry for the unaged samples are as follows in figure 36
and 37. The L* a* b* values
Unaged Samples

L*

a*

b*

Chlorous Samples before Bleaching

97.435

-0.122

1.674

Chlorous after Bleaching

97.488

-0.212

1.656

ClO2 Samples before Bleaching

97.375

-0.113

1.745

ClO2 after Bleaching

97.486

-0.140

1.498

Fig. 36: The L*a*b* values for the unaged samples before and after bleaching
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Unaged Samples

ΔL*

Δa*

Δb*

ΔE*ab

Before Bleaching vs.
Chlorous

0.053

-0.090

-0.018

0.106

Before Bleaching vs. ClO2

0.111

-0.026

-0.247

0.272

-0.001

0.072

-0.159

0.174

Chlorous vs. ClO2

Fig. 37: The ΔL*, Δa*, Δb* and ΔE*ab values for the unaged samples

For both bleaches there was minimal change to the L* variable, or the overall
whiteness of the paper. There were however minute changes in the a* and b* variables
between the chlorous and ClO2 treatments. None of these values are large enough to
suggest that they would be visible to the naked eye given the small values in figure 37.
There was no extreme colour change in the unaged samples as a result of the bleaching
process.
Looking at figure 38, for chlorous acid treatment the L* a* b* values are almost
identical to the unbleached UA samples meaning that there is little difference in overall
lightness and no noticeable chromatic shift. In this case bleaching with chlorous acid
does move the paper more towards the green on a scale that is perceptible to the
colourimeter but on a level so small it is not noticeable to the naked eye.
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Unaged Samples

L*

a*

b*

Chlorous Samples Before
Bleaching

97.435

-0.122

1.674

Chlorous Acid Treatment

97.488

-0.212

1.656

ΔL*
Before Bleaching vs. Chlorous

Δa*
0.053

Δb*
-0.090

ΔE*ab
-0.018

0.106

Fig 38: L*a*b* for the unaged samples before and after the chlorous acid treatment

The changes in colour for the ClO2 bleaching treatment are different from that of
the chlorous acid treatment (figure 39). The Δ values are all below 0.5 indicating there is
no visible difference between the unaged, untreated paper and the paper bleaches with
ClO2. In practical terms bleaching untreated paper will make no difference in the paper's
colour.
On a smaller scale there are differences between the samples that are
perceptible to the colourimeter, the impact of these changes may not be significant to
undamaged paper but may be significant to badly discoloured paper. In the case of the
L* value, the ClO2 bleach has further lightened the paper. Once again the a* value
attests to the bleaching process moving the colour further towards green, but this time
the shift is less severe. The major change is seen in the b* value where the paper is
slightly less yellow after the bleaching treatment compared to before it. Initially these
values suggest that ClO2 is a slightly stronger bleach than chlorous acid and will further
whiten untreated Whatman chromatography paper. Referring to figure 37 the change in
the ΔE*ab value is more than twice that of the chlorous acid treatment, but again, the
scale of the change is so small it would not be perceptible to the human eye.
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L*

Unaged Samples

a*

b*

ClO2 Samples Before Bleaching

97.375

-0.113

1.745

ClO2

97.486

-0.14

1.498

ΔL*
Before Bleaching vs. ClO2

Δa*
0.111

Δb*
-0.026

ΔE*ab
-0.247

0.272

Fig. 39: L*a*b* for the unaged samples before and after the ClO2 treatment
A direct comparison reveals the difference between the bleaching methods.
Figure 40 compares the bleaching treatments to one another. The differences in colour
are minute and are well below the JND of the human eye.

Unaged Samples

L*

a*

b*

Chlorous

97.488

-0.212

1.656

ClO2

97.486

-0.14

1.498

ΔL*
Chlorous vs. ClO2

Δa*
-0.001

Δb*
0.072

ΔE*ab
-0.159

0.174

Fig. 40: L*a*b* for the unaged samples of the chlorous acid and ClO2 treatment

The L* values are almost identical between the chlorous acid and ClO2 values,
meaning the final value for lightening with bleach is almost the same. There are slight
differences in the a* and b* values that would be invisible to the human eye. The
chlorous acid has a stronger action in the red green colour space while the ClO2 has a
stronger effect on the yellow/blue colour space. The difference in the Δa* value is
minute and even to the colourimeter there is no significant difference. The impact of
bleaching in the b* colour space is greater, but again falls short of the needed 0.5 value
for a JND in an individual colour space. The colours of the two samples are so close to
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one another that there is no practical difference between them, but a difference in effect
may be noticed when bleaching a paper that is strongly discoloured.
Figure 41 shows a comparison of the impact on the samples from each bleaching
treatment. The comparison is constructed from the average L*a*b* values from the
bleached samples subtracted from the average of their corresponding untreated
samples. The larger the bar the larger the impact the treatment had on the samples.
The ClO2 treatment had a greater impact on the L* and b* values while the chlorous
treatment had a greater impact on the a* colour axis. It is important to note the scale of
the graph, while there are differences in the bleaching treatments they are invisible to
the human eye.
Comparison of UA Chlorous vs. UA ClO2
0.3
0.25

Δ Colour Value

0.2
0.15
0.1
0.05
0
-0.05

L*

a*

b*

-0.1
-0.15
Colour Space
UA Chlorous

UA ClO2

Fig. 41: A bar graph comparing the difference in the L*a*b* values between the treated
and untreated, unaged samples of chlorous acid and ClO2
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Aged Samples
The aged samples were prepared and bleached in an identical manner as the
unaged samples. The colour change for both treatments was more noticeable and was
observable with the human eye as seen in figure 43 where the ΔE*ab values are above
the JND value of 1. The artificial aging of the paper darkened and yellowed the paper.
Bleaching the paper moved the samples towards their unaged unbleached colour values
as seen in figure 42.

L*

Aged Samples

a*

b*

Chlorous Samples Before Bleaching

96.4235

0.109

3.278

Chlorous After Bleaching

97.3575

-0.1465

1.799

ClO2 Samples Before Bleaching

96.452

0.1075

3.272

ClO2 After Bleaching

97.429

-0.134

1.6135

Fig 42: The L*a*b* values for the aged samples before and after bleaching

Aged Samples

ΔL*

Δa*

Δb*

ΔE*ab

Before Bleaching vs.
Chlorous

0.934

-0.256

-1.479

1.768

Before Bleaching vs. ClO2

0.977

-0.242

-1.659

1.940

Chlorous vs. ClO2

0.072

0.013

-0.186

0.199

Fig. 43: The ΔL*, Δa*, Δb* and ΔE*ab values for the aged samples

In Figure 46 the difference in colour for the aged (A) paper samples is observed
to be different from the UA samples and the bleaching of the aged samples had a more
dramatic effect.
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In figure 44 a comparison of the colours reveals that bleaching the aged samples
with chlorous acid lightened the paper as well as moving the a* value towards green and
the b* value towards the blue. The significant differences are seen in the L* and b*
values having a Δ value greater than 0.5. The a* value is under the 0.5 limit and would
be invisible to the human eye and insignificant visually when considering chlorous acid
as a restoration treatment.

Aged Samples

L*

a*

b*

Before Bleaching

96.4235

0.109

3.278

Chlorous

97.3575

-0.1465

1.799

ΔL*
Before Bleaching vs. Chlorous

Δa*
0.934

Δb*
-0.256

ΔE*ab
-1.479

1.768

Fig. 44: L*a*b* for the aged samples before and after the chlorous acid treatment

A paired samples t-test (figure 45) comparing the before and after bleaching with
chlorous acid to determine that if the colour difference was statistically significant. The
colour of the aged paper was significantly lightened as well as becoming less red and
less yellow, both of which are symptoms of aged paper. Unlike the UA chlorous
treatment there was a significant change in the b* value where it was previously
unaffected. The strength of the chlorous acid bleach was enough to reduce the
yellowing of the aged paper but not enough to affect the unaged paper. The chlorous
bleach was effective at reversing the discolouration caused by aging. There was a
visual difference in the aged paper as well indicated by the larger ΔE*ab value compared
to the minute difference seen in the unaged comparison.
96

Paired Samples Test
Paired Dif f erences

St d. Dev iation

St d. Error
Mean

-.934000

.140115

.044308

-1.034232

-.833768

-21.080

9

.000

.255500

.066519

.021035

.207915

.303085

12.146

9

.000

1.479000

.149421

.047251

1.372111

1.585889

31.301

9

.000

Mean
Pair
1
Pair
2
Pair
3

A Unbleached
Chlorous L* - A
Bleached Chlorous L*
A Unbleached
Chlorous a* - A
Bleached Chlorous a*
A Unbleached
Chlorous b* - A
Bleached Chlorous b*

95% Conf idence
Interv al of the
Dif f erence
Lower
Upper

t

df

Sig. (2-tailed)

Fig. 45: The paired samples t-test output for the aged chlorous acid treatment before
and after bleaching

The ClO2 bleaching treatment also lightened the aged paper and reduced the
effect of aging in the a* and b* colour spaces as seen in figure 46. The ClO2 bleaching
treatment had a significant visual impact on the L* and b* values with Δs over 0.5. The
ΔE*ab is above the JND of 1 indicating an overall visually apparent change in colour

Aged Samples

L*

a*

b*

Before Bleaching

96.452

0.1075

3.272

Aged ClO2

97.429

-0.134

1.6135

ΔL*
Before Bleaching vs. ClO2

Δa*
0.977

Δb*
-0.242

ΔE*ab
-1.659

1.94

Fig. 46: L*a*b* for the aged samples before and after the ClO2 treatment

Coinciding with the ΔE*ab values the paired samples t-test in figure 47 comparing
the aged sample before and after bleaching, bleaching with ClO2 is shown to have a
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significant effect on the colour of the paper across all three variables. The paper
showed an increase in lightness denoted by the L* value as well as a reduced a* and b*
values showing a reduction of the level of red and yellow in the aged samples. The
strong difference in the yellow region is symptomatic of aged paper and bleaching with
aqueous ClO2 for 10 minutes will significantly reduce the yellow of aged paper.
Paired Samples Test
Paired Dif f erences

Mean
Pair
1
Pair
2
Pair
3

A Unbleaced ClO2 L* -.977000
A Bleached ClO2 L*
A Unbleached ClO2 a*
.241500
- A Bleached ClO2 a*
A Unbleached ClO2 b*
1.6585000
- A Bleached ClO2 b*

95% Conf idence
Interv al of the
Dif f erence
Lower
Upper

St d. Dev iation

St d. Error
Mean

.082165

.025983

-1.035777

-.918223

-37.602

9

.000

.013754

.004349

.231661

.251339

55.526

9

.000

.1176400

.0372010

1.5743454

1.7426546

44.582

9

.000

t

df

Sig. (2-tailed)

Fig. 47: The paired samples t-test output for the unaged ClO2 treatment before and after
bleaching

Comparing the aged results of bleaching with chlorous and ClO2 (figure 48) the
differences in the final colour are less extreme. Following the differences (Δs) between
the bleached samples there is no significant visual difference between the two
treatments. There would be no noticeable difference in colour between the two
techniques. If bleaching with chlorous acid is less degradative than ClO2 but functions
as effectively this makes a strong case for the consideration of this treatment
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Aged Samples

L*

a*

b*

Chlorous

97.358

-0.147

1.799

Aged ClO2

97.429

-0.134

1.614

ΔL*
Chlorous vs. ClO2

Δa*
0.072

Δb*
0.013

ΔE*ab
-0.186

0.199

Fig. 48: L*a*b* for the aged samples of the chlorous acid and ClO2 treatment

Figure 49 is a comparison of the impact on the samples from each bleaching
treatment. The comparison is constructed from the average L*a*b* values from the aged
bleached samples subtracted from the average of their corresponding aged untreated
samples. This graph demonstrates how close in colour the treatments are to one
another. There is hardly a difference between the techniques when bleaching Whatman
chromatography paper 1 aged to this colour. There may be a more significant difference
on badly discoloured paper, but bleaching paper of this colour produce no significant
visual difference.
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Comparison of A Chlorous vs. A ClO2
2

Δ Colour Value

1.5
1
0.5
0
-0.5

L*

a*

b*

-1
-1.5
Colour Space
A Chlorous

A ClO2

Fig. 49: A bar graph comparing the difference in the L*a*b* values between the treated
and untreated, aged samples of chlorous acid and ClO2

The means of the aged Chlorous to aged ClO2 are compared using an
independent samples t-test (figures 50 and 51). From this test we can see that there
was no statistical significant difference in the means for the L* value. The whitening
power of the chlorous acid treatment is equal to that of the ClO2 treatment. For the a*
value there was a rejection of the null hypothesis of assumed equal means according to
Levene’s test for equality of variances.184 The t-test statistic was then determined by
Welch’s test and shows a significant difference in the means for the a* colour space.185
Once again there is no significant difference between the chlorous acid treatment and

184

George Waddel Snedecor and William Gemmell Cochran, Statistical Methods (Iowa: Blackwell
Publishing Professional, 1989)251-253
185
David Clark-Carter, Doing Quantitative Psychological Research: From Design to Report (Sussex:
Psychology Press Publishers, 1997)218

100

the ClO2 treatment in the a* colour space. The only statistically significant difference
between the treatments was in the b* region, but according to figure 52 it is not visible to
the human eye. This difference in the b* region may be a result of ClO2 bleaching being
a stronger treatment. This was not a significant difference for this experiment, but once
again ClO2 may have a stronger effect on badly yellowed paper.
Group Statisti cs

A Bleached L*
A Bleached a*
A Bleached b*

Chlorous/ ClO2
1
2
1
2
1
2

N
10
10
10
10
10
10

Mean
97.35750
97.42900
-.14650
-.13400
1.79900
1.61350

St d. Dev iation
.080113
.058916
.056669
.008097
.081948
.073826

St d. Error
Mean
.025334
.018631
.017920
.002560
.025914
.023346

Fig. 50: The group statistics comparing the L*a*b* values of the aged chlorous acid and
ClO2 bleaching treatments

Independent Samples Test
Lev ene's Test f or
Equality of Variances

F
A Bleached L*

A Bleached a*

A Bleached b*

Equal v ariances
assumed
Equal v ariances
not assumed
Equal v ariances
assumed
Equal v ariances
not assumed
Equal v ariances
assumed
Equal v ariances
not assumed

Sig.

1.325

8.313

.410

.265

.010

.530

t-t est f or Equality of Means

t

df

Sig. (2-tailed)

Mean
Dif f erence

St d. Error
Dif f erence

95% Conf idence
Interv al of the
Dif f erence
Lower
Upper

-2.274

18

.035

-.071500

.031447

-.137568

-.005432

-2.274

16.532

.037

-.071500

.031447

-.137991

-.005009

-.691

18

.499

-.012500

.018102

-.050532

.025532

-.691

9.367

.507

-.012500

.018102

-.053207

.028207

5.318

18

.000

.185500

.034880

.112221

.258779

5.318

17.807

.000

.185500

.034880

.112164

.258836

Fig. 51: The independent samples t-test comparing the L*a*b* values of the aged
chlorous acid and ClO2 bleaching treatments
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Aged Bleached versus Unaged Unbleached
The effect of the chlorous acid treatment is compared against the unaged,
untreated paper and the unaged chlorous treatment to ascertain the strength of the
bleaching treatment. As seen in figure 52 the ΔE*ab values are once again very small
denoting that there would be no JND in the colour of the paper samples to the naked
eye. Bleaching paper aged paper with the chlorous acid treatment returned the paper to
its original colour. The colour differences between the treatments are too small to be
seen with the naked eye. Chlorous acid is an effective method of bleaching paper and
at a maximum exposure time did not bleach the paper beyond its original colour.
Sample

L*

a*

b*

UA Untreated

97.435

-0.122

1.674

UA Chlorous

97.488

-0.212

1.656

Aged Chlorous

97.358

-0.147

1.799

ΔL*

Δa*

Δb*

ΔE*ab

Aged Chlorous vs. UA
Untreated

-0.077

-0.025

0.125

0.149

-0.130

0.065

0.143

0.204

Aged Chlorous vs. UA
Chlorous

Fig. 52: The L*a*b* for unaged untreated and both chlorous acid treatments
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Comparison of A Chlorous against UA Untreated and UA Chlorous
0.150

Δ Colour Value

0.100
0.050
0.000
-0.050

L*

a*

b*

-0.100
-0.150
-0.200
Colour Space
UA Untreated

UA Chlorous

Fig. 53: A comparison of the difference in the L*a*b* values between the chlorous acid
treatments and the unaged untreated control

Comparing the UA untreated and UA ClO2 samples to the A ClO2 the difference
in bleaching power for the ClO2 bleaching treatment becomes apparent (figures 54 and
55). Once again the small ΔE*ab values denote that there are no visually significant
changes in colour between the samples. Compared to the UA untreated samples the A
ClO2 samples are different at all three colour variables but the differences are small
enough that they are practically insignificant. The L* and a* values are closer in colour a
result also observed in the UA ClO2 treatment. There was a further reduction in the b*
value that is beyond what was observed for the UA untreated samples. When the A
ClO2 treatment is compared to the UA ClO2 treatment the results are different. The A
ClO2 treatment was unable to move any of the L*a*b* values past what was observed for
the UA ClO2 treatment. The UA ClO2 samples are lighter, more green and less yellow
than the A ClO2 treatment showing that the UA ClO2 samples were bleached further than
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the A ClO2 treatment. The A ClO2 did bleach the aged samples beyond what was
observed for the unaged, untreated control indicating that this bleaching procedure
would have to be stopped early in order to prevent over-bleaching if a paper was badly
discoloured or if the desired colour was something not stark white. The ClO2 bleaching
treatment was effective in the case of the aged paper

L*

Sample

a*

b*

UA Untreated

97.375

-0.113

1.745

UA ClO2

97.486

-0.140

1.498

Aged ClO2

97.429

-0.134

1.614

ΔL*
Aged ClO2 vs. UA Untreated
Aged ClO2 vs. UA ClO2

Δa*

Δb*

ΔE*ab

0.054

-0.021

-0.131

0.143

-0.057

0.006

0.116

0.129

Fig. 54: The L*a*b* for unaged untreated and both ClO2 treatments

Comparison of A ClO2 against UA Untreated and UA ClO2
0.150

Δ Colour Value

0.100
0.050
0.000
L*

a*

b*

-0.050
-0.100
-0.150
Colour Space
UA Untreated

UA ClO2

Fig. 55: A comparison of the difference in the L*a*b* values between the ClO2 treatments
and the unaged untreated control
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Conclusion
Aqueous ClO2 is a stronger bleaching treatment than chlorous acid. It was able
to reduce the colour of aged paper beyond what was possible with the chlorous acid
treatment even with a shorter exposure period. Although ClO2 is a stronger bleach, in
this experiment there was no visual difference that could be detected between the
treatments with the naked eye. According to the human eye the chlorous acid treatment
is as effective as the ClO2 treatment. There may be a noticeable difference in
effectiveness on more heavily stained or discoloured paper, but on for these samples
chlorous acid worked as well as ClO2.
ClO2 is a more effective bleach as well with an increased ability to remove colour
in the yellow region where the chlorous acid treatment had limited effectiveness. The
inability to shift colour in the b* axis could be useful for restoring older papers with a
prominent yellow or cream colour tint. The chlorous acid treatment is slower to overwhiten the yellow of the paper chromophores. The chlorous acid treatment had a
stronger effect on the b* variable and was able to further reduce the red in the samples
moving the colour further towards the green. This may or may not be a desirable effect
depending on the situation. Both bleaches had this effect on the b* variable and could
indicate residual chlorine left on the paper after the bleaching and deacidification
treatments. The chlorous acid appears to have a greater impact than the chlorine
dioxide in that regard. This is a reason to avoid bleaching lignin-containing paper with
the chlorous acid treatment, as excess chlorine deposited on the paper will form
chromophores with lignin molecules.186 ClO2 being a stronger bleach is more likely to

186

Ďurovič and Zelinger 91
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over bleach an object so extra care must be taken in its use, especially given the strong
yellow colour of its solution. More precise results can be expected of chlorous acid
bleaching given its slower action and clear solution.
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Chapter 5
Analysis of Degradation
Introduction
Viscometry Analysis
In order to establish which bleaching method is less damaging a measurement of
degradation is needed. In this case the method used to measure the degradation of the
paper was the degree of polymerization or (DP). For this experiment viscometry was
used to estimate the molar mass of the samples. The molar mass is then used to
extrapolate the degree of polymerization of the different samples. The degree of
polymerization can be measured through size exclusion chromatography, gel
permeation chromatography and viscometry.187 Viscometry is a convenient way to
estimate the degree of polymerization of the cellulose fibres that make up paper.188
Viscometry gives an estimation of the molar mass (Mr) that is used to determine the
average degree of polymerization (DPv). A viscometer measures the viscosity of a
solution, in this case a dissolved polymer, and this viscosity is used to estimate the DPv.
Cellulose is a difficult molecule to work with in an aqueous state because there
are few solvents that are able to dissolve cellulose without damaging the long fragile
polymers. For this experiment cadoxen was used as the solvent. Cadoxen is an
aqueous solution of cadmium tri-ethylenediamine hydroxide and was produced
according to the procedure used by Dupont.189 For details on the procedure see
appendix 2. Cadoxen is a clear viscous liquid that is able to dissolve paper with minimal
187
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damage to the cellulose polymers.190 The viscometry of cellulose in cadoxen has the
benefit of being minimally toxic, relatively quick and is a proven method for estimating
the DP of cellulose. Other methods such as the size exclusion chromatography (SEC)
of cellulose tricarbanilates require both the use of a SEC column as well as a lengthy
and dangerous derivatization reaction to make the cellulose soluble in tetrahyrdofuran
(THF).191 Cellulose can also be dissolved in N,N-dimethylacetamide-lithium chloride
(DMAc/LiCl) without the derivatization process, but this technique requires a GPC
column set up for DMAc/LiCl as the solvent instead of the more commonly used THF
and was unavailable for this experiment.192 The downside of using viscometry is that the
extrapolation of molar mass and consequently the DP are not as accurate as the SEC
techniques as far as total degradation of the cellulose is concerned. For comparative
purposes, however, the use of viscometry is an adequate technique to give a general
trend in degradation.
Typically, a longer elution time corresponds to a higher viscosity and a higher
degree of polymerization. This is because larger molecules experience more friction as
they pass through the 100μm restriction than smaller molecules. The dissolved cellulose
polymers experience friction from one another as well as from the viscometer itself. The
smaller molecules are able to pass through the restriction more quickly. They also
experience less friction and have a correspondingly quicker elution time. The smaller
the molecules, the shorter the cellulose chain length as is indicated by the lower degree
of polymerization. Longer chain lengths have a correspondingly longer elution time and
190
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a higher DP. A higher DP value is associated with longer cellulose chains which is
indicative of less degradation in the paper samples.

Scanning Electron Microscope Imaging
To accompany the quantitative measure of degradation supplied by the
viscometry images of the paper samples were recorded with an scanning electron
microscope (SEM). This is a relatively unused technique in the investigation of paper
artifacts. Conventional SEM imaging is destructive to the samples owing to the
electroconductive coating needed to for the SEM imaging process. Newer
environmental SEM (ESEM) imaging techniques are being used on smaller samples and
are non-destructive. Normally only a very small sample of paper from an original
document is available to the conservation scientist due to ethical concerns. In this
experiment the samples were produced specifically to be tested and a loss of the
material was expected.
The few available resources conducted with an SEM to investigate the
degradation of paper demonstrate that there are visual signs of degradation. More work
in this area in the future may produce more conclusive results.

Experimental
Materials
Whatman chromatography 1 paper was used for the viscometry. The viscometry
was carried out using the bleached and unbleached, aged an unaged samples
discussed in Chapter 3. The paper samples were dissolved in cadoxen.
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The SEM images were carried out using Whatman chromatography 1 paper in
the same permutations as in chapter 3, bleached, unbleached, aged and unaged.

Method
After the confirmation of proper synthesis, the paper samples were weighed, cut
into 2mm x 2mm pieces and then dissolved in the cadoxen, after which the samples
were placed in a centrifuge and the resulting liquid was used for the viscometry. The
viscometry was done using a Cannon-Fenske capillary glass viscometer with a 100μm
restriction and timed with a stop watch. The viscometer and cadoxen solution were kept
at 25 Celsius through the use of a heated water bath. The viscosity of the solution is
calculated from the elution time of the solution as it moves from two predetermined
points. The cadoxen solution (without the dissolved paper) had the same viscosity that
was given for pure cadoxen at 25°C.193 The elution time is then cross-referenced with
the weight of dissolved paper and from this the viscosity of the solution is extrapolated.
The experimental process is available in full in appendix 2.
As a quality control, an FTIR was conducted on a Nicolet Avatar 320 FTIR with
a Golden Gate, single pass diamond Attenuated Total Reflectance (ATR) attachment,
operating with 32 scans and at a resolution of 4cm-1.
The XRF data was collected with a handheld, Innov-X systems XT-440L and
accompanying Innov-X PC 1.53 software. The XRF was conducted with the cadoxen
liquid suspended held on a cellulose acetate film.
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To accompany the quantitative measurements in the viscometry analysis, a
qualitative analysis via a scanning electron microscope (SEM) was also performed.
Samples of Whatman chromatography 1 paper treated with each bleach as well as
controls were selected at random for use in the SEM. The samples were gold-coated in
a vacuum and then scanned using a Hitachi Scanning Electron Microscope (SEM). The
images were later enhanced with Adobe Photoshop.
SEM images were compared to see if there was any visual difference in the
paper given their varying degrees of degradation. The images of each sample were
taken at magnifications of 50, 100, 250, 500, 1000 and 5000 over a single session. The
contrast and lightness values of the images were further adjusted in Adobe Photoshop
for greater clarity. The samples were then compared to one another to see if there were
any obvious differences between them given their varying degrees of polymerization.

Results and Discussion
FTIR and XRF
Prior to the dissolution of the cellulose, the cadoxen was first tested through
Fourier transform infrared spectroscopy (FTIR) as well as X-ray fluorescence (XRF) to
ensure the synthesis procedure was done properly (figures 56 and 57). The FTIR
detects functional groups and the XRF is used for elemental analysis.
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Fig. 56: FTIR of the cadoxen solution
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Fig. 57: XRF of the cadoxen solution
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The results of the FTIR show no unforeseen peaks as a result of the synthesis
indicating that the reaction proceeded normally. The XRF indicated that chelated
cadmium was present in the otherwise clear solution.

Viscometry
Viscometry is a simple method to discover the DP of a polymer, but is not the
most accurate. In this experiment three different samples from each category were
dissolved and evaluated with the viscometer. The results were averaged and used to
get a result for the DP. Three measurements are not enough to form a statistically
significant result in this comparison so the averaged DP is presented below as six
measurements (figure 58). In the future and SEC would provided more conclusive
results and give more weight to the findings in this experiment.
The results of the viscometry follow the expected results for the experiment and
coincide with the results from the bleaching analysis. The expected results were that
chlorine dioxide, being a stronger bleach, would have a stronger degradative effect on
the paper when compared to the degradative effects of the chlorous acid treatment
(figure 59). The results of the viscometry indicate there is a direct correlation between
bleaching power and potential for degradation.

Sample

UA

UA

Groups

Control

Chlorous

A
UA ClO2

A Control

Chlorous

A ClO2

Degree of
Polymerization

3179.66

2821.39

2687.90

2532.39

1974.17

1313.70

Fig. 58: The degree of polymerization of the bleached, unbleached and control samples
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Comparison of DP between Aged and Unaged Samples
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Fig.59: Visual representation of the DP of the various samples

The results of the viscometry indicate that the chlorine dioxide treatment is more
degradative than the chlorous acid treatment. Aging the paper did degrade the paper
samples as noted by the decrease in DP between aged and unaged samples. This is
true in the control groups and is also true across the bleaching treatments. The
viscometry also shows that the bleaching treatments have a greater impact on the DP if
the samples are already degraded. This is likely because of the increased surface area
of damaged paper provides more opportunity for the bleaching treatment to interact with
the cellulose fibrils. Burgess and Hanlan show that there is a correlation between the
DP of paper and accelerated aging as well.194 In their experiment, the samples were
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bleached first and then aged. The aged samples have a lower DP showing that
accelerated aging has a greater impact on paper with a lower DP.
The artificial aging procedure did degrade all the samples. Figure 60
demonstrates the change in DP between the aged and unaged samples. The greatest
difference was observed in the ClO2 treatments, followed by the chlorous treatment and
lastly by the control group. The ClO2 treatment appears to have had a greater impact on
the DP than the chlorous treatment between the aged and unaged samples. This is
partly due to ClO2 being a stronger bleach and bleaching having a stronger effect on
already degraded paper.
Comparison of the DP between Aged and Unaged Samples
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∆ DP of Samples

800
600
400
200
0
ClO2

Chlorous

Control

Sample Type

Fig. 60: A comparison of the change in DP between the aged and unaged samples for
each treatment

Figure 61 shows the difference in the DP between the bleaching treatments and
their corresponding control groups. In both the aged and unaged samples, the ClO2
treatment was more degradative than the chlorous acid treatment. In both cases there
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was a greater impact on the DP on the aged samples, indicating that the lower the DP of
paper the more damage is done through bleaching.

Comparison of the DP between the Bleaching Treatments and their
Controls
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Fig. 61: A visual comparison of the change in DP between the treatments and their
corresponding controls

There is a greater effect on the paper substrate because the bleach will have
more areas to attack on smaller cellulose chains. This is an expected result on the
paper given the decrease in DP. The aged ClO2 showed significantly greater damage to
the paper sample compared to the aged chlorous treatment. ClO2 had a greater impact
on the DP of the samples and this corresponds directly to its greater strength as a
bleaching agent. The increased degradation may also be partly a result of the lower pH
solution the reaction is carried out in, where the greater acidity could impact the DP of
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the samples.195 Conversely, the milder chlorous treatment saw a reduced effect on the
degradation of the samples. As expected there was a greater impact on the DP of the
aged sample compared to the unaged sample. The reduction in damage on the aged
sample compared to the ClO2 treatment is significant. The milder bleach coupled with
the milder bleaching conditions is in contrast to the length of time bleached. Although
the chlorous acid treatment was less degradative compared to the ClO2 treatment,
damage still occurred and there was still a reduction in DP of both samples. Chlorous
acid also had a weaker bleaching effect on the samples and even at an exposure time of
15 minutes was not able to move the b* value beyond what was observed in the unaged
control. This could be a reason to use it in a conservation setting where the yellow of
the paper is an important part of an object’s history. ClO2 is a stronger bleaching method
but caution must be urged when using this technique to bleach badly degraded paper,
as the effects of degradation are significantly higher based on the degradation of the
paper. Chlorous acid, although a weaker bleaching method, had a significantly milder
effect on the overall degradation of the paper sample, but may be unable to achieve
desired results depending upon the situation.

Imaging the Paper
There were some noticeable changes in some of the samples but not to the
extent that the viscometry measure of DP would suggest. The images are in strong
focus up to 5000× magnification where it became more difficult to focus to a higher
resolution. At the 5000× the images are significantly blurrier, with a reduction in image
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quality that made it impractical to go beyond this level of magnification. For the
purposes of comparing the samples, the 250 and 1000 times magnifications were the
most insightful. The 250× magnification gives a good overview of the state of the
macrofibrils while at 1000× times the magnification is high enough to explore the
condition of the cellulose fibrils. Cellulose fibrils are only 10-30nm across, so they are
only distinctly visible at 1000× and higher magnifications. They are easily visible at the
5000× magnification but the 5000× images suffer from lack of quality.
At a magnification of 50× all the samples look similar. The major cellulose
structures in the paper are plainly visible, most noticeably the macrofibrils. Whatman
chromatography paper 1 was used for this experiment. Because it is made from 100%
cotton linters, the paper contains macrofibrils. Macrofibrils are present in most higher
plants, but may not be present in all paper.196 The major structures are more easily seen
at 1000× magnification and are shown below in figure 62.
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Fig. 62: Paper at 1000× magnification showing the signs of degradation (credit: author)

At first glance there is very little difference between the UA control sample and
the A chlorous sample, figures 63 and 64 respectively, which should show a strong
contrast in appearance according to the viscometry results. The main difference in
appearance at 50× magnification is the overall flatness of the samples. The more
degraded samples appeared to be flatter overall, and at higher magnifications the
macrofibrils of the degraded samples actually appear to be flattened. In figure 65 the
flattened areas present on the A ClO2 sample are highlighted for clarity. On the contrary,
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the less degraded samples show macrofibrils that are more cylindrical in appearance.
This is more easily viewed at the higher magnifications. Magnifications of 500× and
1000× give insight into the damage at the fibril level, which is evident in the tearing of
some fibrils, as well as the absence of extra fibrils from on top or underneath macrofibril
structures. Likely the excess fibrils were washed away during the bleaching treatments
as they would have only a tentative attachment to the major cellulose structures. Some
macrofibrils appear cracked and broken, another sign of degradation.197 Torn fibrils and
flatten macrofibrils are highlighted in figure 62.
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Fig. 63: Unaged control 50× magnification (credit: author)

The 5000× magnification gives more insight into the state of cellulose fibrils and
macrofibrils but does little to gauge the difference in degradation, partly because of the
lower image quality and partly because of the small sample area. Examples are seen in
Appendix 3 figures 73, 79, 85, 91, 97 and 103. The same structures are viewable at
1000× times magnification with greater clarity as shown in figure 67.
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Fig. 64: Aged ClO2 at 50× magnification

122

Fig. 65: Aged ClO2 at 50× magnification with flattened regions highlighted
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Fig. 66: Aged ClO2 at 50× magnification vs. Unaged control at 50× magnification

Fig. 67: Aged ClO2 at 1000× magnification vs. Unaged control at 1000× magnification

The greatest difference is visible in the comparison of the aged ClO2 and the
unaged control treatment. There is a clear difference in the overall flatness of the
samples, with fewer macrofibrils visible in the A ClO2. The A ClO2 sample appears to
have more flattened areas where the macrofibrils have become unraveled and blend into
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one another. This is also a sign of degradation that is more evident in the bleached
samples compared to the control samples.198 The bleaching procedure does break
some of the cellulose chains and as the bleach is rinsed from the paper it takes the
dissociated cellulose along with it.199 The remaining cellulosic material must form new
hydrogen bonds. The flattened areas are evidence of the new hydrogen bonds forming,
Zhao et al. referred to this process as agglomeration. These flattened areas are more
prominent in the bleached samples.200 The bleaching also impacts the shape of the
fibrils, which as mentioned above begin to look like collapsed tubes instead of the
natural cylinders seen in the less degraded samples. This evidence is better seen at a
higher magnification. The 1000× magnification also shows damage to the exterior
sheaths of the macrofibrils evidenced by the loss of smoothness and higher relief seen
in the more damaged aged ClO2 sample. This is probably the most reliable feature
denoting the degradation of the paper samples and is a result of the loss of amorphous
cellulose from the macrofibrillar sheath.201
From a complete visual analysis of the paper samples they can roughly be
grouped by their appearance. A group of five individuals were asked to rank the level of
degradation in the samples from the images alone without prior knowledge of the
treatments. They were asked to look for the signs of degradation mentioned previously
and given a folder containing all images at all magnifications and two screens with which
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to compare them. The images were organized both by sample and by magnification so
direct comparisons could be made.
The results of the rankings roughly coincide with the degree of polymerization
found in the viscometry method of analysis. In all five cases, sample 3 (figures 68-73),
the aged ClO2 sample, was always ranked as the most degraded and sample 4 (figures
74-79), the aged chlorous treatment, was ranked as second most degraded. The
unaged control sample 29 (figures 98-103) was always ranked in the top two as least
degraded but the order from there was slightly more random, alternating between
sample 34 (figures 92-97), the unaged chlorous treatment, and the aged control which
was sample 6 (figures 80-85). Sample 11 (Figures 86-91), unaged ClO2,was
consistently ranked lower than the aged control but given their very slight difference in
DP this is not unreasonable. The ClO2 treatment may have had a stronger impact on the
visibility of minor fibrils at higher magnifications, where the treatment may have washed
away more stray fibrils compared to just aging the paper.
Aged ClO2: Figures 68-73
The aged ClO2 sample showed the highest visual degree of degradation. All the
signs of degradation were present in this sample. Overall this was the flattest of the six
samples in appearance. Many of the macrofibrils had collapsed and at higher
magnifications the damage to the macrofibrillar sheaths are clearly visible. As well
evidence of torn fibrils are seen throughout the sample.
Aged Chlorous: Figures 74-79
The aged chlorous sample also had many flattened areas pointing to the
agglomeration of the cellulose fibrils. At higher magnifications the damage to the outer
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sheaths and increased flatness of the cellulose fibrils is clearly visible. The damage
done to this sample appears to be similar in severity to that seen in the AClO2 sample.
Aged Control: Figures 80-85
The aged control also has symptoms of damage but not as severe as seen in the
aged, bleached samples. At the lower magnifications there are still flattened areas but
the paper itself appears to have a higher relief. Some of the exterior macrofibrils in this
sample still retain their original cylindrical shape and stretch across the entire image. At
higher magnifications the images show the ordered structure of the cellulose macrofibrils
pointing to a reduced level of damage to the fibrillar sheath. The amorphous cellulose
that composes the sheath is intact and does not appear to have undergone the
hydrolysis seen in the bleached samples.
Unaged ClO2: Figures 86-91
The unaged ClO2 sample has many flattened areas visible at lower
magnifications. Even at a magnification of 50× the macrofibrils appear to be shorter in
length. The many flattened areas are symptoms of hydrolysis where the structure of the
macrofibrils has become so degraded they seem to meld into one another. At higher
magnifications the damage to the exterior sheaths is visible as the amorphous cellulose
has been removed and the underlying fibrillar structure is clearly visible. The damage
visible in this image appears to be on the scale of the aged bleached samples.
Unaged Chlorous: 92-97
The unaged chlorous sample does appear similar to the unaged ClO2 sample.
There are flattened areas visible across the image at lower magnifications, although not
as many or as severe as in the previous sample. This sample appears to have a higher
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relief compare to the other bleached samples, but flattened macrofibrils are still present.
At higher magnifications there is still damage to the outer sheaths of the macrofibrils but
not on the scale seen in the other bleached samples. There are some areas of the
paper that exhibit signs of hydrolysis on the exterior of the macrofibrillar sheaths and
some areas where there this is absent. At 1000× magnification the damage to the
macrofibrils is clearly visible in the center or the image, while the macrofibrils at the
margins appear to be largely unaffected. This is evidence that there is a greater impact
of bleaching on previously degraded areas.
Unaged Control: Figures 98-103
This sample is obviously in the best condition of the 6 samples. At lower
magnifications the control sample has a much higher relief compared to all the other
samples. This sample has the most cylindrical, intact macrofibrils as well and has fewer
flattened areas across the image. At higher magnifications many of the exterior
macrofibrillar sheaths remain intact. As well as the macrofibrils being intact there appear
to be many smaller cellulose structures still attached to the macrofibrils, these structures
are not as noticeable in the other samples and may have been hydrolyzed and removed
as a result of the bleaching process.

Conclusions
The results of the qualitative analysis do seem to follow the results of the
viscometry, with less accuracy in the degree of fiber degradation. This may be due to a
smaller sample region, for example the entire sample not available for exploration as it
was under the SEM or that it is just too difficult to tell minor differences in the
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degradation of the paper via SEM alone. The complete set of SEM images is available,
enhanced with Adobe Photoshop, in appendix 3.
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Chapter 6
Conclusions


Chlorous acid is a mild, slow acting bleach that is effective in improving the colour of
paper and removing some stains while not being aggressively degradative.



This bleaching treatment should be considered for the general whitening of lignin
free and protein free paper where concerns of over bleaching are paramount for the
conservator.



There was no overall visual difference between the bleaching methods using aged
paper of this colour



Chlorous acid does not over bleach paper in the yellow region of the colour space
and is not as degradative as the more commonly used ClO2 treatment.



The clear solution of chlorous acid makes the bleaching reaction easier to watch and
control, and it is also less degrading to already damaged or aged papers.



The disadvantage of this treatment is that it lacks the bleaching strength of the ClO2
treatment so some stains may not be sufficiently reduced. If a paper was originally
very white the chlorous acid treatment may not be strong enough to return the
artifact to its original colour.



The ClO2 bleaching procedure, while stronger is more degradative and should be
used with caution on older degraded papers.



The strong yellow of the bleaching solution necessitates a watchful eye and constant
vigilance during treatment to ensure the artifact does not become over bleached.



Only artifacts in very good structural condition should be considered for this
treatment, due to the degradative quality of the ClO2 bleaching process.
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The colourless solution of chlorous acid is superior to that of the ClO2 treatment
when precision bleaching is required. This is compounded by its slower action
allowing the conservator more time to halt the bleaching action when necessary.

131

References

Adshead Samual ,Adrian, Miles, China in World History, St. Martin’s Press, New York,
2000
Alves, Lourdes A.; Almeida e Silva, João, B.; Giulietti, Marco, “Solubility of D-Glucose in
Water and Ethanol Mixtures” Journal of Chemical and Engineering Data, Vol. 56 No. 4
(2007) pp. 2166-2167

Avrin, Leila, Scribes, Script and Books: The Book Arts from Antiquity to the Renaissance
American Library Association, Chicago, 1991

Besson, Jacques, Theatrum Intrumentorum et Machinarum (1578) Plate 25

Blum, André, On the Origin of Paper, Bowker Company, New York, 1934
Brown, W., “The Cellulose Solvent Cadoxen” Svenks Papperstidning arg. Vol. 70 No. 15
(1967) 458-459
Burgess, Helen D., “Practical Considerations for Conservation Bleaching”, Journal of
the IIC-Canadian Group 13, 1988, pp 11-26.

Burgess, Helen D.; Hanlan, James F., "Degradation of cellulose in conservation
bleaching treatments" Journal of the International Institute for Conservation - Canadian
Group Vol.4 No.2 (1979) Pp.15-22

Burns, Marna, The Complete Book of Handcrafted Paper, Dover Publications, Inc., New
York, 1980

132

Butler, J., W., The Story of Paper-Making: An Account of Paper-Making from its Earliest
Known Record to Present Time, J.W. Paper Company, Chicago, 1901

Cohn, Marjorie B. (editor), Old Master Prints and Drawings: A Guide to Preservation and
Conservation, Amsterdam University Press, Amsterdam, 1997

Church, Arthur, Herbert, The Chemistry of Paints and Paintings, Seeley and Co. Limited,
London UK, 1890
Dupont, Anne-Laurence, “Gelatine sizing of paper and its impact on the degradation of
cellulose during aging”, University of Amsterdam Thesis, Amsterdam, 2003
Ďurovič, Michal and Zelinger, Jiřί “Chemical Processes in the Bleaching of Paper in
Library and Archival Collections”, Restaurator Vol.14 No. 2 (1993) pp 79-101

Fang, Irving, E., A History of Mass Communication, Six Information Revolutions, Focal
Press Publications, Burliginton MA, 1997

Febvre, Lucien and Martin, Henri-Jean, The Coming of the Book,: The Impact of Printing
1450-1800, Verso Publishing, New York, 1997

Füssel, Stephan, Gutenberg and the Impact of Printing, Ashgate Publishing Company,
Burlington Vermont, 2003

Ghosh, Premamoy, Fibre Science and Technology, Tata McGraw-Hill, New Delhi, 2004

Hamad, Wadood, Cellulosic Materials: Fibers, Networks and Composites, Kluwer
Academic Publishers, Boston, 2002
Hey, Margaret, “Paper Bleaching: Its Simple Chemistry and Working Procedures”, The
Paper Conservator 2, 1977, pp 10-23.
133

Hunter, Dard, Papermaking, the History and Technique of an Ancient Craft, Dover
Publications, New York, 1978
Ipert, S.; Dupont, A.-L.; Lavédrine, B.; Bègin, P.; Rousset, E.; Cheradame, H., “Mass
deacidification of papers and books. IV – A study of papers treated with
aminoalkylalkoxysilanes and their resistance to aging” Polymer Degradation and
Stability, Vol. 91 (2006) pp 3448-3455
Kasaai, Mohammad, R., “Comparison of Various Solvents for Determination of Intrinsic
Viscosity and Viscometric Constants for Cellulose” Journal of Applied Polymer Science
Vol. 86 No.9 (2002) pp 2189-2193

Kessler, Herbert, L., Seeing Medieval Art, Broadview Press, Peterborough Ontario, 2004
Levey, Martin, “Medieval Arabic Bookmaking and Its Relation to Early Chemistry and
Pharmacology” Transactions of the American Philosophical Society Vol. 52 No. 4, (1962)
pp 1-79

Loeber, E., G., Paper Mould and Mouldmaker, The Paper Publications Society, Labarre
Foundation, Amsterdam, 1983

Linehan, Peter and Nelson, Janet, L., The Medieval World, Routledge, New York, 2003
Michaels, Jan and Boyd, John, “Damage and Conservation: A Book Conservator
Borrows an SEM”, The Paper Conservator, Vol. 10 (1986) pp 73-80

Munsell, Joel A., Chronology of Paper-Making, J. Munsell, New York, 1870

Nelson, David, L., and Cox, Michael, M., Lehninger Principles of Biochemistry, Worth
Publishers, New York, 2000

134

Ramanathan, E., AIEEE Chemistry, AIEEE Chemistry, Chennai, 2005

Roberts, John, Christopher (editor), Paper Chemistry, Academic & Professional, New
York, 1996

Roberts, John, Christopher, The Chemistry of Paper, The Royal Society of Chemistry,
Cambridge UK, 1996

Rouessac, Francis and Rouessac, Annick, Chemical Analysis: Modern Instrumentation
and Techniques, John Wiley & Sons, Mississauga, 2007

Scheller, Robert, Walter, Hans, Peter, and Hoyle, Michael, Exemplum: Model-Book
Drawings and the Practice of Artistic Transmission in the Middle Ages (ca. 900-ca.
1470), Amsterdam University Press, Amsterdam, 1995

Schweidler, Max and Perkinson, Roy, L., The Restoration of Engravings, Drawings,
Books and Other Works on Paper, Getty Publications, Los Angeles, 2006

Snyder, James, Northern Renaissance Art: Painting, Sculpture, the Graphic Arts from
1350-1575, Harry N. Abrams, Inc., New York, 1984

Solomons, T. W., Graham, Organic Chemistry, John Wiley & Sons, Inc, Toronto, 1996

Steed, Jonathan, W. and Atwood, Jerry, L., Supramolecular Chemistry, John Wiley and
Sons, Ltd., West Sussex, 2009
Stevenson, Mark, “Print Restoration in Modern Europe: Development, Traditions, and
Literature from the Late Renaissance to the 1930s” Studies in the History of Art Vol.
51(1995) pp 111-127

Suess, Ulrich, Pulp Bleaching Today, Walter de Gruyter GmbH & Co., New York, 2010
135

Sumbali, Geeta, The Fungi, Alpha Science International Ltd., Middlesex, 2005

Tsuen-hsuin, Tsien, Science & Civilization in China, Cambridge University Press,
Cambridge UK, 2001
Van Cleave, Claire, Master Drawings of the Italian Renaissance, The British Museum
Press, London, 2007

Ward, Gerald, W. R. (editor), The Grove Encyclopedia of Materials and Techniques in
Art, Oxford University Press, Toronto, 2008

Wertz, Jean-Luc; Bédué, Olivier; Mercier, Jean, P., Cellulose Science and Technology,
EPF: Press, Florida, 2010

Wiglesworth, Jeffery, R., Science and Technology in Medieval European Life,
Greenwood Publishing, Westport CT, 2006

Young, Raymond, A., and Rowell, Roger, M., Cellulose Structure, Modification and
Hydrolysis, John Wiley and Sons, Toronto, 1986

Zhao, Haibo; Kwak, Ja, Hun; Zhang, Z., Conrad; Brown, Heather, M.; Arey, Bruce, W.;
Holladay, Johnathan, E., “Studying cellulose fiber structure by SEM, XRD, NMR and
acid hydrolysis” Carbohydrate Polymers Vol. 68 (2007) pp 235-241

Zöllner, Frank, Leonardo da Vinci, 1452-1519, Taschen, Cologne, 2000

*All images are credited to the author unless listed otherwise
*Molecular diagrams were illustrated in Chemsketch and Adobe Photoshop CS5

136

Appendix 1: Bleaching Procedures and Reagents

Preparing the Chlorine Dioxide Solution
The ClO2 bleaching solution was prepared from sodium chlorite with a
formaldehyde activation. The solution was prepared in a fume hood at room
temperature a pH meter was used to ensure the proper conditions for the reaction.
2% sodium chlorite is mixed into distilled water. For this experiment 1L of
distilled water was used necessitating 20g of sodium chlorite. The sodium chlorite is
added to the distilled water under constant stirring. Once the dissolution is complete the
solution is activated with a solution of 40% aqueous formaldehyde (CH2O). For the 1
litre of dissolved sodium chlorite 25ml of the formaldehyde solution is used for activation.
Once the solution is activated, after a period of 5 minutes, it becomes an intense
yellow colour. This indicates that the aqueous ClO2 is ready for bleaching.
The samples are then immersed in distilled water in preparation for the bleaching
procedure. The samples were bleached 1 at a time in 2 different bleaching baths for a
period of 10 minutes each. It is important to immerse the samples quickly into the
bleach to ensure the homogeneity of the bleaching process.
Each sample was bleached for 10 minutes in the ClO2 bath. After the 10 minutes
the samples were immediately moved to a 500mL distilled water bath to dilute the
bleaching solution. The samples spent 15 minutes in the distilled water bath before
being moved to a second fresh distilled water bath for another 15 minutes. After the
distilled water bath the samples were deacidfied with a 0.2% Ca(OH)2 solution diluted
1:1 with distilled water for 20 minutes.
137

The waste ClO2 solution was deactivated with sodium thiosulphate.

Preparing the Chlorous Acid Solution
The solution for the chlorous acid treatment is prepared starting with 2% sodium
chlorite in water. 20g of sodium chlorite was dissolved into 1L of distilled water. A glacial
acetic acid (CH3COOH) dilution is prepared in the amount of 5 ml diluted with 25 ml with
water. The diluted acetic acid is slowly added to the sodium chlorite solution to lower the
pH to 3.6. The pH is monitored to prevent different chemical species from forming. If
the pH drops too low ClO2 will form, negating the chlorous bleaching experiment.
The paper was thoroughly wetted with distilled water as per the ClO2 treatment.
After the samples are thoroughly wetted they were bleached in the chlorous acid
treatment for 15 minutes. The time for 15 minutes was chosen because after a 15
minute exposure any further lightening is unlikely to take place.202
After the 15 minutes the samples are washed in two 15 minute distilled water
baths as per the ClO2 treatment. After this the paper was deacidified in a 0.2% Ca(OH)2
solution for 20 minutes and left to dry for 7 days.

202

Queen’s Conservation notes, Personal Communication
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Appendix 2: Viscometry Method of Analysis
This procedure is based on the work done by A.-L. Dupont in her, PhD thesis for the
University of Amsterdam, Amsterdam, 2003.203

Viscometry in Cadoxen
The required cellulose concentration is around 1.5 g/L (g L-1) for unaged paper
and 2.1 g L-1 for the aged paper. The sample weight for aged paper needs to be 6.2×10-2
g. The sample weight for unaged paper should be around 8.8*10-2 g. Three different
solutions of each paper are prepared and there are three measurement repeats per
solution.

Cadoxen Synthesis
1) A new bottle of ethylenediamine was used specifically for this experiment
2) A solution of 6.5 M ethylenediamine is made by mixing 466.5 mL with 1080 mL of
water in a 2L-Erlenmeyer flask.
3) The solution sits overnight in the refrigerator @ 4°C.
4) The solution is placed in an ice and NaCl bath and chilled to between -8°C and -16°C
under constant agitation.
5) 135g of cadmium oxide is added slowly in small increments over a period of 3 hours
under constant stirring.
6) The solution is stirred an additional hour, then placed @ 4°C for 48 hours to allow for
the excess CdO to settle to the bottom of the flask.

203

Dupont 215-220
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7) The clear solution is separated from the precipitate by centrifugation @ 1500 rpm for
a period of 15 min.
8) An aqueous solution of NaOH (2.26 M) is prepared by dissolving 21g of NaOH in
232.5 mL of water.
9) This NaOH solution is mixed with 90.3 mL ethylenediamine.
10) This solution is cooled to 4°C and mixed with the CdO/ethylenediamine solution that
was separated from the centrifuge.
11) The Cadoxen stock solution is left over night at room temperature before use to
increase the reaction time for the dissolution of the paper.
12) A solution of 50% Cadoxen is prepared by diluting the Cadoxen with distilled water
(1869.3 mL) in a 1:1 ratio to be used as the viscosity effluent.
13) Total volume of solution is 1869.3 mL before dilution and 3738.6 mL after the
dilution.

Sample Pre-treatment
1) The paper is immersed in a solution of sodium borohydride (NaBH4) 0.5 M in ethanol
with a 1/0.1 wt/v ratio for 16 hours. 1 L is enough to treat the 30 samples.
2) The paper is air dried for five days at room temperature.
3) The moisture content of the paper is determined through TAPPI T 412 om-6
procedure where the paper is baked in an oven for 1 hour and the dry weight is
compared to the room temperature/humidity weight of a sample paper.204

204

TAPPI Website for TAPPI T 412 om-6: http://www.tappi.org/Bookstore/Standards-TIPs/Standards/Paper-and-Paperboard/Moisture-in-Pulp-Paper-and-Paperboard-Test-Method-T-412-om06.aspx
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Dissolution
1) The paper is cut in pieces 2 mm x 2 mm, weighed, and placed in a 20 mL
Erlenmeyer flask.
2) 20 mL of Cadoxen stock solution is added.
3) The suspension of paper in Cadoxen is left dissolving under magnetic stirring for 90
minutes at room temperature.
4) 20 mL of distilled water is added to obtain the sample stock solution.
5) This solution is centrifuged for 15 minutes at 3000 rpm, and the supernatant used for
the dilutions.

Sample Solutions
Three solutions of cellulose at different concentrations are required for the
viscometry measurement in order to extrapolate the value of the intrinsic viscosity
([η]).205 Two more solutions in addition to the stock solution are prepared by diluting the
sample stock solution with Cadoxen 50% in 1:1 and 2:1 ratio. 40mL sample solution
was prepared for each set of runs (20 mL Cadoxen 50% stock, 20mL water and
dissolved paper).
The 7 mL aliquots are analyzed in the 100μm Cannon Fenske capillary viscometer.
1) 2.33 mL sample solution and 4.67 Cadoxen 50% stock mixed from 5 mL sample
solution, 10 mL Cadoxen 50% stock, leaving 8 mL of the dilution to rinse the viscometer
with.

205

Dupont 216
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2) 3.5 mL of sample solution, 3.5 mL diluted with Cadoxen 50% stock, 5 mL of sample, 5
mL stock.
3) 7 mL of sample solution, undiluted using 10 mL of sample.
4) After each sample is run the viscometer is thoroughly flushed with cadoxen 50% to
prepare it for the next set of dilutions.

Calculating the Degree of Polymerization
In order to calculate the average degree of polymerization the intrinsic viscosity [η] must
be calculated. The formula for calculating the [η] of cellulose is obtained from the MarkHouwink-Sakurada (MHS) equation as follows:206

[η] = K’ Mva

Where K’ and a are constants for a given polymer-solvent solution at a known
temperature and molar mass range.

The DPv of cellulose is obtained through the relationship of Mv with molecular mass of a
glucose unit. The molar mass of glucose is 162g mol-1 and the DPv is calculated from
this equation:

DPv = Mv/162

206

Dupont 217-218
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Solving for Mv yields:

Mv = 162(DPv)

Substituting this into the MHS yields:

[η] = K’ (162 DPv) a

Solving for DPv:

DPv = ([η]/(K’ (162) a)) 1/a

Substituting K’ and a are for cellulose in Cadoxen at 25°C (K’ = 3.15×10-5 and a =
0.93)207:

DPv = ([η]/3.57×10-3) 1.075

The intrinsic viscosity is the relationship of the reduced viscosity (ηspc) to concentration.
To solve for this equation the value of [η] must be obtained through experimental means.
To solve for [η] the specific viscosity (ηsp) must be obtained through the measurements
of the viscometer where:

207

Kasaai 2191

143

ηsp = tcell – tsolv /tsolv

Where tcell is the efflux time of the Cadoxen/Cellulose solution in seconds and tsolv is the
efflux time of the Cadoxen alone in seconds. From the ηsp the ηspc is calculated by
comparing the ηsp with the concentration of the polymer solute:

ηspc = ηsp/c

The concentration (c) is the concentration of dry cellulose in the Cadoxen solution. The
concentration of the cellulose in solution is given in the units (g dL-1). This is calculated
using the mass of dry paper following Dupont’s thesis as (mdry) and is defined by:

mdry = m(1- MC/100)

The dry mass of paper (mdry) in (g) is calculated from the weighed mass of the initial
paper (m) contrasted with the moisture content (MC) in (%). This is done in order to
procure the concentration of the stock solution (cstock):

cstock = 2.5 × mdry
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Where the 2.5 multiplier brings the concentration to the proper units (g dL-1) as a volume
of 40 mL was used in the preparation of the Cadoxen 50% stock solution.
[η] is then extrapolated from the linear regression of ηspc = f(c) when concentration
equals 0.
These calculations are then applied to all the measurements from the viscometry to
determine the DP of the paper samples for direct comparison.
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Appendix 3: SEM Images of Paper Samples
All SEM images taken by the author.

Fig. 68: Aged ClO2 50×
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Fig. 69: Aged ClO2 100×
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Fig. 70: Aged ClO2 250×
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Fig. 71: Aged ClO2 500×
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Fig. 72: Aged ClO2 1000×
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Fig. 73: Aged ClO2 5000×
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Fig. 74: Aged Chlorous Acid 50×
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Fig. 75: Aged Chlorous Acid 100×
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Fig. 76: Aged Chlorous Acid 250×
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Fig. 77: Aged Chlorous Acid 500×
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Fig. 78: Aged Chlorous Acid 1000×
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Fig. 79: Aged Chlorous Acid 5000×
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Fig. 80: Aged Control 50×
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Fig. 81: Aged Control 100×
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Fig. 82: Aged Control 250×
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Fig. 83: Aged Control 500×
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Fig. 84: Aged Control 1000×
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Fig. 85: Aged Control 5000×
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Fig. 86: Unaged ClO2 50×
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Fig. 87: Unaged ClO2 100×
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Fig. 88: Unaged ClO2 250×
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Fig. 89: Unaged ClO2 500×
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Fig. 90: Unaged ClO2 1000×
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Fig. 91: Unaged ClO2 5000×
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Fig. 92: Unaged Chlorous Acid 50×
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Fig. 93: Unaged Chlorous Acid 100×
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Fig. 94: Unaged Chlorous Acid 250×
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Fig. 95: Unaged Chlorous Acid 500×

173

Fig. 96: Unaged Chlorous Acid 1000×
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Fig. 97: Unaged Chlorous Acid 5000×
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Fig. 98: Unaged Control 50×
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Fig. 99: Unaged Control 100×
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Fig. 100: Unaged Control 250×
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Fig. 101: Unaged Control 500×
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Fig. 102: Unaged Control 1000×
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Fig. 103: Unaged Control 5000×
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