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FOREWORD

ApvANCEs IN CHEMISTRY SERIES was founded in 1949 by the
American Chemical Society as an outlet for symposia and
collections of data in special areas of topical interest that could
not be accommodated in the Society’s journals. It provides a
medium for symposia that would otherwise be fragmented,
their papers distributed among several journals or not pub-
lished at all. Papers are reviewed critically according to ACS
editorial standards and receive the careful attention and proc-
essing characteristic of ACS publications. Volumes in the
Apvances 1N CHEMISTRY SERIES maintain the integrity of the
symposia on which they are based; however, verbatim repro-
ductions of previously published papers are not accepted.
Papers may include reports of research as well as reviews since
symposia may embrace both types of presentation.
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PREFACE

Conservators work in an interesting field of art and science interwoven,
repairing the havoc created in artifacts by time, by molds, by insects,
by polluted atmospheres, and by people. Some of their most difficult
problems are those that were created by conservators of earlier times who
used irreversible techniques, overly strong adhesives, and aggressive
bleaches.

Symposia, such as the one reported in this volume, give scientists
and conservators the opportunity to meet and communicate. Scientists
need to be educated in the problems facing conservators. Conservators
should learn where science can assist and where it cannot. The problems
of conservation can be quite difficult and may take years to solve or may
be unsolvable. The permanence of paper dropped abysmally, starting
around 1850. The reasons for this drop were researched for one hundred
years before the answers were found. Another several years passed before
it was demonstrated that sized permanent paper could indeed be made
on the paper machine. Permanent paper can actually be manufactured
more economically than the impermanent variety. There is less attack
on the machinery of the plant, and the plant effluent is cleaner. Yet
papermakers continue to produce the inferior product. Our libraries and
archives must still accept short-lived acid paper to add to their already
overflowing collections of brittle books.

The problem of mass vapor-phase methods for the deacidification of
books or textiles has received a great deal of attention in the last few
years. Such treatments are best applied to current books in which the
paper is still strong. Rebuilding strength into textiles or books by a
vapor-phase treatment is eminently desirable. Both problems are dis-
cussed in this volume. When solved, the processes will probably be
carried out in special plants by chemists rather than by conservators.

On the other hand, there are many operations in conservation, used
by conservators, that have been studied by chemists for years, such as
bleaching, washing, and adhering. The correct procedures should be
presented to conservators in relatively nontechnical language. There is a
need for a text written along these lines.

Conversely, conservators have information of value to scientists
working in the field of permanence. William Wilson, one of the con-
tributors to this volume, points out that:

ix
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Conservators have at their disposal a large body of practi-
cal information, some of which has been written down, but
is fragmented and not always easy to find.

If this information were written down by a committee in
the form of recommended procedures, under the umbrella of
ASTM, a giant step in effective communciation should occur.

Scientists who are working, or planning to work, on long-
term stability of materials should visit museums, archives and
libraries, and invite comments and observations of personnel
responsible for maintaining the viability of collections. This
represents a gold mine of information that has been largely
overlooked.

The desirable communication between conservators and scientists
has occurred in our two symposia and in the two volumes which have
resulted. Hopefully, the meetings and collaboration will continue.

My thanks to Mr. Norman Shaffer of the Preservation Office of the
Library of Congress for his encouragement and support of this project.

Joun C. WiLLiAMS
Library of Congress
Washington, DC
January, 1980.
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A National Preservation Effort

Hopes and Realities

NORMAN ]J. SHAFFER

Preservation Office, Library of Congress, 10 First Street, SE, TJB G-1008,
Washington, DC 20540

The size and complexity of preservation problems facing
research libraries call for institutional cooperation. In the
1960s, specific needs of a national preservation effort were
identified and these needs have remained the bases of dis-
cussions up to the present time. Initially, there was an
assumption that most of the identified needs would be met
and solved at the national level by a centralized agency—
most frequently mentioned was the Library of Congress.
What, in effect, has developed is a national preservation
effort on the part of the Library of Congress that provides
both direct and indirect services to the library, archive, and
preservation communities. Research and fabrication devel-
opments carried out at the Library have contributed to the
national effort and will continue to do so in the future, but
local and regional planning and cooperation are essential,
if a national program is to be realized.

Any discussion of a national preservation program for library materials
must review the documents, concepts, and events that mold our
present thinking. Such a program is nebulous in the broad sense, but
specific in its component parts. This is attributable partly to the relatively
short time the idea of a national preservation program has been a subject
of serious discussion and partly to the varied constituencies involved and
interested in the preservation of such materials. Librarians, scientists,
and conservators relate to such a program in different ways and tend
to consider most important those facets of the program most germane
to their interests and skills.

This chapter not subject to U.S. copyright.
Published 1981 American Chemical Society
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4 PRESERVATION OF PAPER AND TEXTILES II

While research libraries have a variety of formats and materials
requiring preservation, the major and immediate problem is the poor
quality of paper upon which much library material has been printed for
at least the last 125 years. My purpose is not to recount the successes of
paper technology that have brought us to our present plight, but to
consider what has been proposed and what is being done to save our
written records within a national framework. I shall examine: how this
concern came to national library attention; what configurations have been
suggested for a national preservation program; and what progress has
been made in realizing such an effort.

During the past 125 years, there has been no conspiracy of silence
on the poor quality of paper. Most of the protests and calls for change
have taken a prospective approach in that publishers, papermakers, and
even Congress have been called upon to improve the quality of paper
or, at the least, provide for special library editions of selected publications
that would be printed on high quality and long-lasting paper. Justin
Winsor, associated with the Boston Public Library during the 1860s and
1870s and Librarian of Harvard from 1877-1897, tried to persuade the
Boston newspaper publishers to print special editions of their papers on
long-lasting stock for library collections. He met with no success (I).
The Librarian of Congress, John Russell Young, in his “Annual Report”
of 1898 called to the attention of Congress the “questionable quality of
the paper upon which so much of the Library material is printed.” He
went on to note that collections of papers from earlier eras were in
excellent condition while modern papers, printed only a few years earlier,
already were beginning to show signs of deterioration. He recommended
that the copyright law be amended to require that items granted copy-
right protection be printed on paper of a fixed quality (2). Congress has
taken no action on that recommendation to date, although the use of the
copyright law to require that a limited number of copies of publications
be printed on long-lasting paper is still suggested from time to time.
Printing and publishing technology and economics argue against such a
solution.

While individuals able to attract national attention continued to
speak to the paper problem, a collective voice was still to be heard.
Seeking an improvement in newsprint, the American Library Association
(ALA) formed a Committee on the Deterioration of Newsprint Paper in
1911 (3). The committee worked with the American Newspaper Pub-
lishers’ Association in surveying publishers concerning the possibility of
special library editions. Some positive responses were received, but when
the ALA committee surveyed libraries, they found most were interested
only in permanent files of local papers. The committee concluded that
special newspaper editions were possible, if libraries were willing to pay
for such editions. Perhaps as a result of the consciousness raising of this
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committee, some all-rag editions did appear in later years. Notable
among these was the New York Times, which printed an edition of
150-200 copies on all-rag paper from 1927 to 1953; the Chicago Tribune
printed such an edition from 1928 to 1940; and the London Times was
available in a rag edition from 1917 until the beginning of World War II
While librarians had the physical evidence of paper deterioration
before them everyday, there was no lack of scientific study of the paper
problem. Verner Clapp points out that at least 479 investigative reports
and articles relating to paper deterioration were produced between 1885
and 1963 (4). If the evidence was available confirming that library
materials were deteriorating and would continue to do so at a rapid rate
until a better quality paper was used, why were there not more collective
protests and actions? Clapp concludes, correctly I believe, that it was
a combination of economics, chemical knowledge, and communication (4).
The link between the scientific investigation of paper deterioration
and the library community was forged in 1957 when the Council on
Library Resources began funding research at the William J. Barrow
Research Laboratory in Richmond, Virginia. Barrow’s revelations con-
cerning the relationship between paper acidity and paper deterioration
as well as the possibility of extending the life of acid paper by storing
it at cooler temperatures than are normally available in libraries were
responsible, at least in part, for the research library community’s first
substantial proposal for collective action to save deteriorating materials.
The Association of Research Libraries (ARL), which is the collective
voice of United States and Canadian research libraries, was alarmed by
the findings of the Barrow studies, which concluded that the majority of
books printed during the first half of the 20th century would be unusable
by the beginning of the next century. Stirred to action, the ARL formed
a Committee on the Preservation of Research Library Material in 1960.
Assisted by a grant from the Council on Library Resources in 1962, the
committee charged one of its members, Gordon Williams, with the task
of analyzing the situation and formulating possible solutions. The results
of Williams® effort, “The Preservation of Deteriorating Books; An Exami-
nation of the Problem with Recommendations for Solutions,” was com-
pleted in 1964 and adopted by the ARL in January 1965 (5). The report’s
boldness and simplicity have established it as a first source to consult
when seeking background on a national preservation program for library
materials. During the early deliberations of the committee, the general
feeling was that microreproduction was the only solution to preserving
the intellectual content of many deteriorating materials. Pointing out
that the physical book has many advantages over a microfilm copy and
drawing upon the data developed by Barrow concerning the extension
of a book’s life through cold storage, Gordon Williams dismisses the
production of a microform copy of all deteriorating materials as eco-
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nomically unfeasible. Williams calls for the creation of a federally
supported central agency that would insure the physical preservation of
one copy of every deteriorating book in research libraries for as long as
possible. Specifically, the central agency would:

1. undertake the centralized preservation of deteriorating
records deposited by libraries;

2. coordinate its own preservation program with local pro-
grams of individual libraries to assure that all significant
records are preserved while avoiding unwitting duplication;

3. assure the ready availability of microform or full size photo-
copies of deteriorating materials to all libraries;

4. itself preserve in the interest of textual preservation, econ-
omy, and the ready availability of copies, all microform
masters made at its expense or deposited by others, and
coordinate the preservation of microform masters made by
other agencies (5).

This report recognizes the fact that such a central agency would be
dependent upon donations from cooperating libraries and that most
libraries would not part with “rare books” or materials of great local
or institutional interest.

The rare books problem has been a red herring when evaluating the
feasibility of a national preservation collection. Because libraries provide
better care and protection for rare materials, these works are in less
danger of disappearing than the volumes in the general stack areas. The
ARL committee’s primary concern was and is with the great mass of
publications of the last and this century, not the exceptional volume that
has been elevated to the status of a “rare book.”

The Gordon Williams report led to a joint ARL-LC meeting in
December 1965, which resulted in a commitment on the part of the
Library of Congress to establish a national preservation program that
specifically would include a research laboratory. In 1967, the Library
began developing a comprehensive preservation program with the
appointment of Frazer G. Poole to head the effort.

It is doubtful that the concept of a “national preservation program”
had the same meaning for all parties present at that December 1965
meeting. Obviously, the Williams report brought library preservation
concerns to the national level and the report did provide a blueprint.
Because of past library community successes in receiving support from
the Federal government in coordinating and, more importantly, in fund-
ing identified national needs, there was some expectation that events
might develop rather rapidly along the lines of ARL report.

On the other hand, in 1967 the Library of Congress had neither a
unified nor broad-based preservation program and was in no position to
head a national program in either a direct or advisory capacity. The first
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order of business was to develop the Library’s program to care for and
conserve the national collections (i.e., the Library’s collections). Over
the next several years, considerable reorganization and staff growth took
place at the Library. True to its commitment, the Library established
a research and testing laboratory in 1971 with the assistance of a
$70,000 grant from the Council on Library Resources. In the following
year, the research program began exploring some of the long-standing
problems of paper and book preservation. During the early 1970s, the
Library’s preservation effort was organized into five offices working under
the direction of the Preservation Office. These offices responded to the
Library’s needs as follows:

1. the Binding Office managed and monitored the Library of
Congress commercial binding and rebinding program;

2. the Collections Maintenance Office shifted, moved, and
cleaned the collections as necessary;

3. the Preservation Microfilming Office identified and pre-
pared for microfilming those volumes in the general collec-
tions found to be deteriorated badly, but worth saving
primarily for their informational rather than bibliographical
or intrinsic value;

4. the Preservation Research and Testing Office carried out
research on long-standing preservation problems and con-
ducted the Library’s quality control program on materials
being ordered to house and treat the collections; and,

5. the Restoration Office conserved or restored those Library
materials warranting such treatment.

The present composition of the Preservation Office differs slightly from
the above description in that a recent Library reorganization transferred
the functions and personnel of the Collections Maintenance Office to
another division. In 1977, a National Preservation Program Office was
added to the Preservation Office organizational structure. In addition to
those functions directly under the control of the Preservation Office, the
Library, beginning in fiscal year 1968, presented a budget that grouped
items relating to preservation under a single heading.

With this growth and reorganization, had the Library developed a
national preservation program? Yes and no. Yes, in that the Library was
coping with the preservation problems of its own collections that belong
to the nation. The research and testing carried out in the Preservation
Research and Testing Office were accruing to the benefit of all libraries
and archives interested in the preservation of their collections. The
Library had not developed a national preservation program in the sense
that no plans were afoot for a great central repository to accept the last
copies of deteriorating titles held by the research library community.
The lack of progress in this area no doubt led to some disappointments.
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The recent library community experience with centralized cataloging
as carried out by the Library might have raised expectations as to what
could be done in a relatively short period of time. Centralized cataloging
is the concept that recognizes duplicate cataloging as wasteful and holds
that a book should be cataloged only once and the catalog data distributed
to those libraries acquiring the same book. The Library began meeting
this need in a modest way in the early 1900s with the sale of its printed
catalog cards. Centralized cataloging began to reach its potential in
1966 when Title II C of the Higher Education Act directed the Library
to acquire and catalog “all library materials currently published through-
out the world which are of value to scholarship” (6). Various surveys
conducted since that time find the Library is meeting about 80% of the
research library cataloging information needs.

There is an obvious parallel between cataloging a book once and
preserving a book once, but no enabling or directing legislation has yet
come about directing the Library to assemble, control bibliographically,
and service a national preservation collection. When the Williams report
was issued, it was contended generally that libraries would be unwilling
to surrender volumes to a national collection. This contention may have
been correct at that time, but the situation in the mid 1960s was quite
different from that of today. The 1960s and early 1970s were a time of
great library building activity and of growing budgets for library mate-
rials. The concept of “the bottomless pit” was still very much in vogue in
research libraries. The optimism of the 1960s has evaporated in the glare
of today’s tight budgets, soaring materials costs, and a substantial curtail-
ment of library building. Given these conditions, some collective preser-
vation storage of lesser used materials probably would be welcomed by
the research library community.

As the Library of Congress program developed, preservation activi-
ties in several research libraries began to grow. The continuing concern
of the research library community was evinced by a second ARL report
authored by Warren J. Haas in 1972. In “Preparation of Detailed Specifi-
cations for a National System for the Preservation of Library Materials,”
(7) Mr. Haas addressed the problem of library preservation from the
vantage point of a library administrator—he was the Director of Columbia
University Libraries at the time the report was prepared. Mr. Haas seeks
a synthesis of what we can do with what we now know. The state of
research and training are summarized briefly and practical recommenda-
tions are made concerning basic needs in these fields. Haas notes in the
report that an informal survey of research libraries revealed that fewer
than twenty libraries in this country were anxious for preservation actions
on a massive scale in the near future. Preservation obviously did not
have the same appeal as catalog copy. Differing somewhat from the
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earlier approach outlined by Gordon Williams, Haas calls for both more
preservation programs in individual liberties and collective action in the
form of a coordinated national preservation collection. The recommenda-
tion is made that those libraries most concerned with preservation
problems should form a “preservation consortium,” and attack those areas
of greatest concern. Haas feels that it is “unrealistic to assume that
a new and separate national collection devoted exclusively to preservation
purposes will be established in the near future. . . . This assumes an
institutional altruism that seems overly optimistic” (7). In the face of
this assumption, the report calls for a coordinated system of collections
that would be designated as parts of a national collection. Libraries
holding parts of this collection would agree to store the books under
certain minimal conditions and would control the use of these volumes—
they would not be available for interlibrary loan.

In December of 1976, the Library of Congress responded to growing
preservation concerns by convening a two-day meeting in Washington
to discuss a national program. Approximately fifty persons working in
the area of preservation or interested in the problem attended.

While the Washington conference broke little new ground, it did
serve as an occasion to review developments that had occurred over the
previous two decades and to focus on those accumulated preservation
needs requiring urgent attention (8). The first day began with a review
of the Library of Congress preservation program and then turned to
specific aspects of a national preservation program.

Appropriately, Gordon Williams, author of the previously mentioned
ARL report on the deterioration of research collections, was the first
speaker from outside the Library of Congress. Because of his long interest
in preservation and his position as director of the Center for Research
Libraries—a cooperative effort to store, acquire, and service lesser used
materials that is supported by libraries across the nation—his remarks
are of particular interest. Addressing the question as to why so little has
been done on a national scale in the light of the evidence developed by
the Barrow Laboratory that provided understandable data pointing to a
grim future for the majority of library collections, Williams surmised that
while research libraries hold thousands of deteriorating volumes, these
works fall in the little-used category and have not presented a major
inconvenience for patrons. Consequently, library administrators have not
been pressured to insure usability of such materials (8). Williams re-
viewed the economics of a national preservation collection and countered
the contention that libraries would be unwilling to give up their collec-
tions to a national center. He pointed out that the Center for Research
Libraries is a central depository for lesser used and esoteric research
materials that have been donated by research libraries.
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Other talks on the first day reviewed the state of micrographics
technology and how this technology might be applied to format conver-
sion in a national preservation collection. Papers followed on biblio-
graphic support for a national program, and the need for continuing
scientific research to solve short- and long-term problems. Dr. Robert
Feller, in his paper on the need for scientific support, made a point about
basic research and the time lag before results are realized, a time lag of
which those of us involved in developing solutions are only too aware.
He states, “We don’t always know how fast we're going, or even whether
were looking in the right places for the answers” (8). Because
library and archive preservation problems have been the subject of little
scientific research until recently, we have a great deal of ground cover to
develop even tentative answers to pressing preservation questions. Of
particular note in the remaining talks delivered on the first day was a
presentation by Mr. Paul Banks concerning the training of conservators.

The second day was given over to free-ranging discussions concern-
ing the points raised on the first day. In summary, the Washington
Conference identified as preservation needs of greatest priority the con-
cept of a national preservation collection, the continuing need for
scientific research, the training of conservators, and the education of
library administrators.

Not necessarily as a result of this conference, but following the event,
the Library of Congress appointed a National Preservation Program
Officer in July 1977. The function of this office is to work with the
various Preservation Office heads to develop the advisory and direct
services that the Preservation Office can provide. The office also repre-
sents the Preservation Office in cooperative preservation projects such as
the United States Newspaper Project and will explore theoretical and
practical long-term managerial approaches and solutions to national
library preservation problems.

Recently, the Library Journal began a series of articles on various
aspects of preservation that was prefaced with an introduction making
the point that what is evolving is a nationwide rather than a national
preservation program (9). Instead of a monolithic approach to solving
preservation problems in research libraries, institutional, regional, and
State programs are forming a mosaic of preservation efforts.

The Library of Congress national preservation program provides
both direct and indirect services to the library, archival, and preservation
community. Direct services are performed in that members of the
Preservation Office respond to invitations to speak on various aspects of
preservation, conduct workshops for outside groups, and participate in
formal academic conservation and preservation courses. In addition,
some limited collection survey work is done and consultations on library
and fire disasters are a frequent contribution. The Preservation Office
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gradually has become a national reference service on preservation prob-
lems and responds to all inquiries that are within the office’s area of
expertise.

The indirect services provided by the Preservation Office may be
the greater contribution in the long run. The research and testing
conducted by the Research Laboratory have contributed significantly to
preservation/conservation knowledge and techniques. After careful
materials testing and experimentation with design, some fabrications
developed in the Preservation Office have been made available by
commercial firms to the public at large.

In the near future, the Preservation Office will be issuing a news-
letter entitled, The National Preservation Report. The Preservation Office
does this in response to a long-felt need and will attempt to provide news
of preservation activities to the librarian, archivist, conservator, and
scientist.

Much remains to be done in addressing the large problem of saving
our research collections. At the Library of Congress, we will concentrate
on making better known those services and contributions that we can
provide. We cannot carry the responsibility of a national program on
our own; we must look to the archival and research library community
for commitments and support in realizing some of the long-standing goals
of a national program. The Library’s role will be to encourage, assist
when possible, and coordinate institutional, state, and regional efforts.
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Archival Methods of Treatment for Library

Documents

PETER WATERS
Preservation Office, Library of Congress, Washington, DC 20540

Preserving the great and growing collection of the Library
of Congress is a Herculean task. There are numerous tech-
niques available, including silking, lamination, encapsula-
tion, boxing, deacidification, and cold storage. Decisions
must be made, often in the face of incomplete evidence, on
which treatment(s) to use. What will most extend the life of
an artifact? What will the next conservator have to undo
that we have done? Every generation of restorers has left
problems and created damage that have plagued succeeding
generations. Our generation’s legacy to the future may be
better because of better training for conservators, and the
effective and growing collaboration between practicing con-
servators and conservation scientists. We advocate a con-
servative approach to conservation. Where we cannot re-
store completely, we often can stop degradation effectively,
hoping thereby to transmit the work to our successors unim-
paired and receptive to more advanced techniques that may
develop in the future.

2

a practicing conservator with over twenty-five years experience in

This chapter not subject to U.S. copyright.
Published 1981 American Chemical Society
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book and paper conservation, I view with approbation the increasing
number of young people who are choosing this profession. My colleagues
and I welcome the opportunity to train them in the important task of
preserving our artistic, literary, and scientific heritage. I find the work
and interest of conservation scientists extremely helpful.

At the Library of Congress the responsibility for making decisions
on the treatment of important, or not so important, documents is a
heavy one—decisions on when and how to treat, or when not to treat,
or on when to store and how to store. How are we best to use limited
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resources of trained personnel and often inadequate budgets? How do
we best establish priorities with the custodians of the collections? These
are decisions that all conservation staffs are facing.

At the Library of Congress current estimates indicate that for
materials presently identified as rare, with permanent research value,
complete conservation will require about twelve thousand five hundred
man years of work. Other parts of the collections are in equally serious
condition (I). However, archival conservation in a library setting
diminishes the role of restoration of individual artifacts in favor of
carefully selected actions more immediately directed toward the greatest
possible prolongation of useful life—hence our philosophy and practice
of “phased” preservation. In practice, useful life may be projected as a
thousand years or more for some items, or as little as fifty years for others.
Thus, in the broadest sense, conservation comprises methods of buying
time, of putting off that inevitable day when organic materials are
reduced to dust.

Environmental controls and stabilizing treatments can, of course,
slow down decay rates, but the rate will be dependent on the condition
of the untreated artifact as well as its original makeup and its inherent
ability to withstand use, abuse, and unfavorable environmental conditions.

All materials do not age at the same rate. This fact is important for
all of us to appreciate—our scientist colleagues, when designing mass
preservation treatments, and the conservators, who are charged with
responsibility for recommending and carrying out treatments and housing
procedures that need to be specific for each category of library and
archive material, in keeping with curatorial and/or institutional policy.
Any institution’s management policy toward preservation is perhaps the
most important element in any effort to arrest decay and preserve the
kinds of collections that future generations will wish to enjoy and use
for research. Without firm direction or a firm preservation philosophy,
precious resources may be wasted, as when too much effort is spent
on treating small numbers of individual items at the expense of important
large bodies of collections for which preservation measures need to
be devised.

In addition to a well defined philosophy, library and archive pres-
ervation requires very long range planning. What form might a library
or archive repository take in fifty to one hundred years time? Will those
patterns have to change? Will growth rates permit a rational, orderly
preservation effort, or will they be so large as to stultify efforts to produce
meaningful programs?

If we are to come to grips with our present preservation problems,
massive efforts must be made to reduce the size of collections on a
selective basis, to limit growth rates by stricter evaluations, and above all,
to define, plan for, and accept realistic lifespans of usefulness on materials
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to be retained in original format. Policies based on the assumption that
all materials must be retained indefinitely will ultimately result in sizable
parts of those collections becoming unsalvageable because preservation
resources have been spread too thin.

This problem of controlling future growth is one of the greatest
challenges in this field. Whether or not this generation is capable of
facing up to it remains to be seen. Either we face up to it now or convey
to the next generation an inheritance greatly diminished by our failure
to make the hard choices.

The state of the art for the conservation of large collections of items
can be expressed at the Library of Congress in two words: “phased
preservation.” This entails better housing for collections, better protection
for individual items by use of alkaline folders or mats and boxes, or
polyester film folders and encapsulations, and better surveying to estab-
lish needs for future treatment. Necessary treatments may then be given
orders of priority and scheduled for execution in phases over an appro-
priate period of time.

We must have an appreciation for the problems of our curator
colleagues and work in collaboration with them. We hope they in turn
will be concerned for and become knowledgeable in matters of preserva-
tion. It is not necessary for either curator or conservator to become a
scientist, but understanding the concepts, methods, and language of
science will help them both not only to work with scientists but also
to know how to ask the right kind of questions or define with precision
the particular problems they may wish them to investigate. The more
precise the definition of the problem, the more likelihood there is that
the questions will lead to answers that can be relevant to actual con-
servation practice.

The library and archive community has been awaiting anxiously the
development of viable systems of mass deacidification, hoping that they
could be a major breakthrough in conservation. Strengthening systems
also have great appeal to those who believe there may be a miracle
cure-all down the road. I am afraid, however, that a great number of
librarians may be in for a disappointment. Viable systems certainly are
needed and a few may be close to realization, especially for papers of
reasonable physical strength, but I am not convinced that brittle material
ever can be endowed with a long life expectancy. It is well known that
there are millions of items in this state now, let alone those that will be
reduced to brittleness if they remain in their present environment.

Since Washington summers are known for high temperature and
humidity levels, it might be said that the collections at the Library of
Congress have suffered from a natural accelerated aging process. The
majority of nineteenth and twentieth century books and unbound items
that are brittle in the Library of Congress, and no doubt other collections,
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became so prior to the gradual installation of general air conditioning,
completed in the late 1960s. Since then, the rate of deterioration of all
materials is believed to have been slowed.

Thus, the desire for mass deacidification treatment systems must be
coupled with the recognition that reduction of temperatures and humidity
levels is an equally important and perhaps more effective way of slowing
down the rate of deterioration for sensitive material. Just as we have
selected areas in libraries for rare book rooms and special storage areas,
a modern library should, in my opinion, plan to have large areas for cold
storage, not necessarily for general collections, but for collections that
are dormant, in low use, but valuable. Many far-sighted librarians,
especially Gordon Williams, have recommended such an approach, but
curiously little has been done to make it a reality (2). It would be
advantageous if library planners and architects could become more sensi-
tive to factors affecting preservation of collections.

Relationships of Historic Technology to Longevity of Paper

The early western papers produced by the scholar printers, such as
Jenson in Venice, in the late fifteenth and early sixteenth centuries in
many cases have survived in pristine condition. Some of the factors in
the longevity of these papers include the high crystallinity of the cellulose
molecules in the fibers produced from retted flax and the use of wooden
stampers for beating the fibers, which leads to great strength retention
and good fibrillation with maximum opacity and density. In the course
of their production, these papers apparently absorbed alkaline salts and
magnesium and calcium carbonates, probably from natural stream water
and the liming of pulps.

Some of these early papers were sized, at least one Italian paper
mill, in Pesche, being known to have used a size made from scrapings of
parchment skins (split skeepskins) called “feshings.” The adhesive action
of the gelatin would have caused a substantial amount of calcium
carbonate to be locked around the fibers. Other beneficial features of
the manufacture of these papers were that they had no fillers, were
sun-bleached, and had few metallic impurities to hasten serious oxidation.

After the invention of the Hollander beater in the late 1600s, metallic
impurities (copper and iron) got into the paper pulp by contact with the
metal rotary grinders. This type of beater is blamed also for the
accelerated decline of quality in papers because its particular beating
action shortened the fibers. Another production change reduced the
amounts of alkaline earth carbonates present: new forms of gelatin, made
from sinew and muscle, did not possess the natural alkalinity of the
byproduct of the parchment maker.
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One can see evidence throughout fifteenth and sixteenth centuries
works of the suspicion that binders had for the new material called paper.
Because binders were used to handling vellum-section books, it is perhaps
not surprising to see vellum guards used to support the sewing threads
in paper-sectioned books. Bookbinders who had produced what we
would now call a kind of archival binding, without adhesive in its
construction, began to use adhesives in response to increased demand
and production. The very strong structures comprising the spines of
books gradually began to be reinforced with whole wheat flour paste,
later to give way to bookbinding gelatin glues, which have had a disas-
trous effect on bindings and paper ever since. As reliance on these
adhesives grew, the strong sewing structures of earlier centuries unfor-
tunately were retired gradually.

Unbound Materials

As unbound paper materials became damaged and worn by use or
weakened by the deterioration resulting from “improved” methods of
manufacture, they have been given restorative treatments representing
the entire gamut of binder’s know-how. For two or three hundred years
now, water-soluble adhesives have been used throughout Europe and this
country in the strengthening, mending, lining, or mounting of manu-
scripts, maps and documents, and records of all sorts. Adhesives have
ranged over the years from the traditional parchment size to starch and
gelatin; gelatin, glycerin, and alum; or numerous variations of these,
right down to present-day synthetic formulations.

The water used in adhesives for restoration may have been impure.
Cooking pots may have been made of copper, as was the traditional
binder’s glue pot, or iron. The resulting presence of significant amounts
of metallic impurities has contributed to deterioration of the papers
through oxidation, in turn leading to high acidity levels and a breakdown
of the cellulose chains. The signs of contaminated pastes are usually
brown brush marks, overall browning, brittleness, and so-called foxing
marks. With these adhesives, restoration of manuscripts was carried out
with a selection of papers according to need: matching, if possible, for
inserts; thin and strong for edging; transparent for overlays. Goldbeater’s
skin was also used. Large maps long have been mounted on woven
fabrics of linen or cotton.

By the mid nineteenth century, as the weakened condition of the
collections of paper materials in major European and American libraries
and archives began to attract increased concern, new strengthening
methods were developed (3). The most significant of these was silking—
the application of a silk gauze to both sides of a document. The process
seems to have been adopted first at the National Archives of France,
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where it is said to have been in use as early as the 1860s (4). It sub-
sequently appeared almost simultaneously in the United States, where a
patent was granted in 1896 to Francis W. R. Emery of Taunton, Massa-
chusetts, for a special process using silk or paper and paraffin, and in
Italy where silking came into use first in the Vatican Library (5,6). The
famous St. Gall Conference convened in 1898 by Father Franz Ehrle,
Prefect of the Vatican Library, to consider manuscript restoration prob-
lems and announce the successful development there of a silking tech-
nique, was one of the most significant events in the history of archival
preservation in the western world (7). While no American is recorded
attending the meeting, its proceedings profoundly influenced the choice
of restoration techniques practiced in succeeding decades in such institu-
tions as the Library of Congress, whose William Berwick (d. 1920)
attained and taught a real mastery of the silking technique (8,9).

Silking has been used, with variations, in this country and in Europe
until recent times. However, it began to fall into disfavor in many sectors
in the 1930s as the research efforts of the National Bureau of Standards
and of William J. Barrow publicized the qualities of cellulose acetate as
the preferred material for the lamination of documents (10,11). Equip-
ment for cellulose acetate/tissue lamination according to the Barrow
system was installed in the Library of Congress Branch of the G.P.O. in
1947 and 1950, receiving heavy use until about 1971, but silking continued
to be carried out through the late 1960s.

It may be interesting to note that William Barrow, who opposed
silking because of its “limited life expectancy of twenty to thirty years”
found that lamination with cellulose acetate was not archival unless the
documents were first bathed in alkaline solutions, leaving an alkaline
reserve in the paper (12). Why, I wonder, did he not use the same
rationale for silking? It appears that all silking was applied without prior
deacidification or alkaline washing of manuscripts; that concept was a
product of our more scientific age. If those procedures had been carried
out, it is possible that the silking technique with high quality fabric
might have equalled or surpassed the quality of any current method of
lamination. Visually, it is superior to cellulose acetate lamination, and
its reversibility is far greater.

In the Library of Congress collections one can find good and bad
examples of the two systems, silking and cellulose acetate lamination.
One can only conclude, therefore, that in addition to adequate treatment
of the papers before lamination, the craftsman’s manipulative techniques
of application, (and, with silking, pressing and drying) are fundamental
to truly archival protection.

In 19783, the Library of Congress Preservation Office initiated the
use of polyester film encapsulation as a technique for the conservation of
maps, manuscripts, posters, and carefully selected works of art on paper.
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This procedure was intended particularly for those paper artifacts that
are fragile and brittle. The main reason for this development was the
growing body of evidence documenting the continuing (or even increased)
degradation associated with the use of adhesives and impregnants.
Library holdings of permanent archival or research value urgently needed
a type of physical protection that would not contribute to chemical
instability or permanently affect their visible appearance in any way and
that was instantly reversible. Since that time, polyester film encapsulation
now has replaced almost entirely lamination and other support techniques
relying on adhesives in this library (13).

The conservation profession (as differentiated from restoration) is
still relatively young, not more than about fifty years old. The four major
graduate programs in this country for conservation of art and historic
artifacts have had considerable success in training conservators to respond
to the needs of individual works of art, with paper and objects conserva-
tion recently moving up to a place of equal importance with paintings.
Even so, despite the learning opportunities of internships, there are still
not enough experienced practicing conservators who are able to deal with
the large issues in conservation. Furthermore, as long as available training
continues to be weighted toward the treatment of single rare artifacts,
I am afraid that not very many students will be interested enough to
specialize in the conservation of library and archival materials, for which
a different point of view is needed. It can be very satisfying, of course,
to pull out all the stops in treatment of a single item of great value.
Recognition by administrators of libraries and archives of the desperate
preservation needs of their collections may lead to more training programs
with this specialization. When that happens, and I hope it will, let us
not forget that a creative, imaginative approach to problems often
develops best when it follows on a mastery of craftsmanship obtainable
only by years of practical experience.

Conservation differs from restoration in its greater concern for the
structural and artistic integrity of both single items and large collections.
Throughout past centuries, restoration has often led to unnecessary and,
to later generations at least, undesirable alterations in the historic char-
acter of artifacts. Restoration of books and of unbound material was,
and often is, an almost totally subjective matter; valuable items have
been mistreated, deterioration accelerated, and historical documentation
on the original condition of an artifact neither recorded nor preserved.
This has been particularly apparent in restoration and rebinding in
Europe and America in the past two hundred years. In libraries and
archives, prints, drawings, and other works of art on paper, manuscripts
and cartographic material have been treated not by specialists with
respect for individual problems but by binders of varying degrees of
manual skill and often very little sensitivity. Only in the past thirty to
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forty years has this situation gradually improved. In the United States, a
greater sophistication reflects many factors: the leadership of the first
conservators and conservation scientists of the Fogg Museum of Harvard
University, beginning with George L. Stout and Rutherford J. Gettens; a
tremendous growth of interest in art history, in studio arts and crafts,
and the historic preservation movement; the dedication of the small band
of American art on paper conservators and their dissemination of knowl-
edge of oriental paper techniques; and by the international involvement
of binders, restorers, conservators, and scientists in the rescue operations
for thousands of rare books and documents damaged in the flood in
Florence in 1966.

It now can be said that the need for a more scientific approach by
conservators has been recognized and that the specialty of library and
archival conservation is perceived increasingly as being on the level of
painting and museum artifact conservation in value and complexity. The
goal that some of us have been striving for since the mid 1960s has
come within our reach.

Of course, a purely scientific approach to conservation problems can
be unbalanced too. A good conservator’s choice of a specific course of
treatment should take into account a variety of considerations based on a
very liberal background training. He should have considerable knowl-
edge of how previous treatments on related material have succeeded or
failed and of the art historical significance of items involved. In formulat-
ing decisions, the conservator should know how to extract relevant
information from such diverse sources as provenance data, testing pro-
cedures, and scientific literature. Last but not least, he should have
achieved an advanced level in master craftsmanship so that mind, eye,
hand, and heart can coordinate fully, each attribute informing the others
in proper balance. Such individuals are very scarce as yet, but treatment
decisions by persons with less extensive background can be inappropriate
and sometimes damaging.

Professional paper conservators, as a group, try to discourage all
“do-it-yourself” or universal treatments by amateurs. Such a position may
seem negative and unhelpful to private owners or to custodians respon-
sible for serving materials to readers. Nevertheless, we cannot condone,
for instance, the use of pressure-sensitive tapes for mending anything but
expendable material: few are safe for use on paper artifacts, without
potential for reaction of the adhesive with the chemical components of
the paper artifact, and most will skin the surface of the sheet if removed.
Since conservators often spend a high proportion of their time attempting
to correct previous restoration procedures or arrest the resulting degrada-
tion, they try to work closely with curators in sound planning and budget-
ing for professional treatment, especially for collections of permanent
research value.
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Temptation to do-it-yourself, however, is always present; library
materials needing repair grow more numerous every day, and at the
same time the market offers increasing numbers of tempting proprietary
products that are advertised as being of archival quality—as indeed some
are. The list includes dry mounting film and tissues, heatset tissues,
pressure-sensitive tapes, rag boards (which may be made from cotton
and/or wood fiber), storage containers, and nonaqueous deacidification
solutions.

Although mending materials are not among them, there are in fact
some good, useful products on the market. The intelligent collector or
custodian should shop around, ask hard questions, try to avoid being
misled, and insist on being supplied with data supporting advertising
claims of “archival quality.” When in doubt, one should check further
with conservation authorities, especially those with experience in inde-
pendent materials testing, to develop a sound basis on which to defend
particular choices.

A hypothetical case history may be useful at this point to demon-
strate how a paper conservator comes to a decision on a course of
treatment. Let us imagine a lithograph by an important twentieth
century artist, printed on poor paper that has become brittle. There are
a few stains, the nature of which may or may not be susceptible to
nondestructive identification. Analysis of the fiber is made by microscopy
and a surface pH reading taken, which confirms a high acidic level and
accounts for the embrittlement. The conservator is convinced that the
acidity should be neutralized and an alkaline reserve left in the paper
substrate to protect it and slow down its rate of deterioration. However,
he knows also that these treatments may change the character of both
paper support and medium. This is a typical dilemma. Usually, a con-
servator will decide that the artistic intention is the primary element to
conserve. In our hypothetical example, no deacidification is carried out.
Attempts may be made to remove or reduce the stains locally in non-
design areas. General use of a bleaching solution, a questionable
procedure under most circumstances because of the difficulty of its
complete removal from the paper, may be considered justifiable because
of special circumstances. On the other hand, the paper may be left as
it is or it may be washed in quality water to reduce acidity.

Such procedures would be considered to be appropriate, though not
necessarily adequate, by most professional conservators. They look
forward to a time when all aspects of the preservation needs of an item
can be satisfied by safe treatments. So far, conservation scientists have
not been able to help with answers for some very serious problems; no
research to date, for example, has provided guidelines as to how to
prevent slight color changes in paper or media resulting from the
application of alkaline solutions to arrest decay of the paper support.

In Preservation of Paper and Textiles of Historic and Artistic Valuell; Williams, J.;
Advances in Chemistry; American Chemical Society: Washington, DC, 1981.



Publication Date: December 1, 1981 | doi: 10.1021/ba-1981-0193.ch002

22 PRESERVATION OF PAPER AND TEXTILES II

As a consequence of the absence, to date, of scientific assistance with
this difficult question, many nineteenth and twentieth century works of
art on poor paper are not being deacidified.

Now let us consider the added problems in another hypothetical
case history of a color print produced over one hundred years ago. How
can the conservator know what changes may have occurred already in
the colored design layer? The term “original condition” is used often in
art conservation. Is this its condition as the conservator sees it now, as
he can prove it to have been earlier, or as he imagines it to have been
when first produced? Was any change the result of natural causes or of
some earlier treatment? If there is reasonable evidence that natural color
changes may have occurred, would treatment slow down these changes,
stabilize and return altered colors to original condition, or alter completely
their stability, causing dramatic changes in the future? Here again, the
conservator is not yet supported by sufficient scientific research. He needs
data to demonstrate how treatments designed to arrest degradation in
paper supports will affect ultimately any pH-sensitive pigments, dyes,
and inks that artists use, and what possible interactions between support
and media may be expected. Similar questions exist with regard to
unaltered retention of the image in manuscript materials.

Deacidification: How and When to Use It

Deacidification is one of the most controversial subjects presently
confronting paper and book conservators. Certain facts are well estab-
lished: much research into paper deterioration leaves no question of the
benefits of reducing or removing harmful acidity by the use of alkaline
earth carbonate solutions, particularly when treatment leaves at least one
percent alkaline salt in the paper. Paper permanence definitely is
improved by deacidification and this is not part of the controversy. What
is controversial is its use in the face of unpredictable reactions to alkaline
treatments. It is possible that pH-sensitive inks, dyes, and pigments
and/or paper characteristics may undergo change in visual effects, and
for this reason it can happen that, of two conservators consulted for the
same material, one might recommend for and one against such a treat-
ment. Furthermore, there might be enough rationale for each recom-
mendation that both might be considered valid. In the final analysis,
however, it must be the value of the treatment as conservation that
settles the question. Avoiding a treatment is not necessarily sound con-
servation sense. Using a treatment on the basis that it is the best we can
do in the light of current thinking can be equally unsound. We must
hope, therefore, that we can encourage conservation scientists to look
into the problem for us, but since it can be virtually impossible to limit
examples to a narrow field of testing, it will be a particularly difficult
undertaking.
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Regional Conservation

A New England Example

ANN RUSSELL

New England Document Conservation Center, Abbot Hall, School Street,
Andover, MA 01810

The New England Document Conservation Center was
founded in 1973, to serve as a shared conservation resource,
eliminating wasteful duplication of equipment and making
available on a regional basis the very scarce skills of pro-
fessionally trained paper conservators. Although the concept
of regional conservation centers has been recognized widely
as the most promising solution to the nation’s massive con-
servation problem, only a few centers have been established
successfully. Serious financial challenges are implied in the
mandate of a center to support itself by serving a relatively
impoverished clientele. This chapter outlines the problems
of running a conservation center including the pressures of
marketing, pricing, estimating, staffing, and the element of
unpredictability every time a book is disbound or a docu-
ment immersed in water. Using NEDCC’s experience, this
chapter assesses the conditions necessary for establishing a
conservation center.

One of the tribulations of the New England Document Conservation
Center is that very few people can remember our name. This was
driven home to us earlier this summer when a client sent us a number of
prints for treatment, and addressed her package: “Paper Conservation
Center, North Andover, Massachusetts.” We received a call from someone
at the town dump who said a package of prints, which appeared to be
for us, had been delivered to their paper recycling program. It was
fortunate that some employee noticed this was the first time they had
ever received trash by registered mail.
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History

The New England Document Conservation Center, or NEDCC, was
founded six years ago by the New England Library Board, with the help
of start-up funds from the Council on Library Resources. The purpose
was to provide paper conservation services to libraries, historical organi-
zations, and public records offices that could not afford in-house labora-
tories. The idea was that a shared resource could eliminate wasteful
duplication of equipment and make available on a regional basis the skills
of professional paper conservators. It was expected that after a start-up
period, the Center would be self-supporting through fees for its services.

Today our governing authority is the New England Library Board,
which is made up of the state libraries of the six New England states.
The Board still provides operating grants to the Center, amounting to
$30,000 or 10% of the annual budget. This subsidy helps to insure the
continuity of the Center and to underwrite educational services of benefit
to the nonprofit organizations we serve.

Activities

NEDCC is located in Abbot Hall on the campus of Phillips Academy
in Andover, Massachusetts. It is the only regional center in the country
specifically oriented to conservation of library and archival materials as
opposed to museum collections. Having begun life in the basement of
the Merrimack Valley Textile Museum, we are pleased that we now have
windows on all four sides. We have a large, spacious paper conservation
laboratory, and specialized equipment such as our Israeli-made leaf
caster. This is used to fill losses in book pages or documents and to
reinforce crumbled edges.

We have a bookbindery, in which we try, whenever possible, to
preserve the original bindings of books. Books that must be rebound
usually are done in leather. Our binders use methods of sewing that are
nondamaging to the book block, such as sewing on tapes or raised cords;
when possible, sewing is done through the original holes. Only perma-
nent, durable materials are employed. In general, strengthening the
books is more important than producing an exact facsimile.

Our newest facility is a preservation microfilm unit, which was
funded by a grant from the National Historical Publications and Records
Commission. We specialize in filming of hard-to-film materials, such as
manuscripts, glass plate negatives, and other materials that, because of
their fragile condition, are not suitable for high speed handling by
commercial service bureaus.

Our mobile vacuum fumigator can be used on the premises of an
institution that faces a mold or insect problem. It also can be pressed
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into service during a library disaster if wet books begin to develop mold
or mildew. The Center offers free disaster assistance to any library or
nonprofit institution in the region that suffers a fire or flood, and we can
rush a staff member to the scene to supervise recovery operations. Once
we were called about a disaster of a new and different kind. A public
library in southern Massachusetts had a skunk in its stacks. After trying
to lure it out with cat food, the Assistant Librarian pushed it down the
stairs with a broom, at which point the skunk sprayed the genealogy
section. In this case, no one from our staff offered to rush to the scene.

NEDCC also provides on-site consultation to individual institutions,
including surveys of storage facilities and collection evaluations. We
help institutions evaluate their conservation needs and establish long-
range conservation programs that can be carried out over a period of
years to stretch the available dollars. Helping libraries to select materials
for conservation on the basis of a rational plan is one of the most
important services we provide. In general, we recommend that an
institution invest first in improving environmental conditions and storing
materials in acid-free folders and boxes.

Professional conservation is labor intensive by nature. It requires
highly skilled staff and takes a lot of time. Thorough examination must
proceed treatment. Every step must be done by hand and should be
documented thoroughly. A photographic record must be kept. Even in
a nonprofit, regional center, conservation cannot be performed cheaply.
In general, our services are appropriate for rare materials but not for
the mass of research collections.

Because the Center does work for several hundred different institu-
tions, we must be able to handle a wide range of materials: manuscripts,
vellum documents, maps, posters, architectural drawings, photographs,
and books in all conditions.

Although we like to think we can perform almost any treatment that
involves paper, there are some jobs we can’t or wont do. For example,
we were once approached by a man who had a large number of cancelled
stock certificates. He had the idea that if he could find a paper con-
servator to fill in the holes, he could turn them in for cash. Although
it is unusual for us to turn down work, this was one job we passed by.

NEDCC always has viewed itself as a prototype, and has hoped that
other centers would spring up to serve other regions of the country.
Although the concept of regional conservation has been recognized widely
by the conservation profession, and by cultural organizations, as the
most promising solution to the nation’s massive conservation problem,
only a few centers have been established successfully. Of these, only
NEDCC specializes in treatment of library and archival materials.

Regional centers have faced a number of challenges: financial prob-
lems, lack of management expertise, lack of professionally trained con-
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servation staff, and conflicts with host institutions. The greatest challenge
in my view is the mandate for regional centers to be financially self-
supporting. Is self-sufficiency a realistic expectation? This is a proposition
that has not yet been tested fully.

Every aspect of NEDCC'’s operation is influenced by the fact that we
must run like a business to meet the payroll and pay the rent.

Pricing

Demand for our services is inhibited by the cost, which is often
higher than the value of the book or document. Prices are based on the
number of hours of labor required to complete the treatment of the item.
Quality conservation cannot be done quickly, and it is difficult to perform
professional conservation at prices low enough to stimulate heavy use.
If we could slash our hourly rate in half, we might be swamped with
work, but necessity dictates that we charge rates that realistically reflect
the costs of providing the service. As it is, our prices are somewhat lower
than those of a private conservator or commercial concern, but they are
still prohibitively high for many of the institutions that would like to
bring work to us.

Estimating

The success of our pricing structure depends on the ability of our
conservators to estimate accurately the cost of each job. When an object
is brought to the Center, the Senior Conservator or Book Conservator
examines it thoroughly, writes a condition report and treatment proposal,
and calculates the amount of time involved in each step of the work to
prepare a cost estimate. This is extremely difficult to do, because the
treatment of no two objects is ever the same. Two photographs that
appear to be in similar condition may be mounted on backings with
different adhesives, one of which comes off easily in water, and one
which will not come off in any known solvent. Bound materials are
especially tricky to estimate. It is impossible to judge the condition of
the spine until the book has been pulled apart. But we cannot pull
apart a client’s book until he gives the go-ahead to do the work. We
recently pulled apart a book that we had agreed to treat at a relatively
low price and found that every section was guarded with a pressure
sensitive tape, which had bonded to the paper like cement. If a job takes
longer than estimated, we have no means for making up our loss. Our
Senior Conservator is fond of saying that there are no bonanzas in
conservation, only disasters.
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Staffing

Lack of availability of trained conservation staff has been a perennial
tribulation for the Center. The number of professional paper conservators
in the country is woefully limited, and most of these are well situated in
institutions that value them highly. The list of paper conservators certi-
fied by the American Institute for Conservation numbers fewer than forty,
and of these, there are only a handful whose expertise is in library
conservation. In hiring staff, we are in competition with subsidized
institutions, such as museums and large research libraries, which can
offer higher salaries, leisurely working conditions, and lucrative moon-
lighting opportunities. It took more than one year for NEDCC to recruit
a new Senior Conservator to head our laboratory, and nine months to
find an appropriate Book Conservator.

Other Tribulations

The bigger the job is, the longer the period of time between when
we begin work and when we receive the check. The business we are in
is so specialized that there are no dependable sources of supplies.
Mulberry paper, used for lining documents and prints, is made by hand
in Japan, and the quality, delivery time, and price fluctuate wildly. The
leather we use for binding books comes from England, and must be
ordered sight unseen. Some of our clients know very little about profes-
sional conservation and have unrealistic expectations. For example, a
new client might be disappointed if, following extensive treatment, a
document does not look “as good as new.”

Though we are able to treat the very rare items in our clients’
collections, which warrant expensive restoration, there is need for low
cost alternatives and mass treatment techniques for less rare materials.
The technology is simply not available to meet this need. Conservators
have no insurance should they ruin a valuable object. No insurance
company can provide malpractice insurance for conservators at less than
exorbitant cost. While trained conservators do examine an object thor-
oughly prior to treatment and then proceed with great caution, it is
hardly comforting to know that this type of insurance protection is not
available.

Outlook for the Future

A few weeks after I took the job as Director of NEDCC, a Board
meeting was held, and I reported on all the pressures I was experiencing:
no cash to meet the payroll, little work to keep the staff busy, no progress
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in our effort to hire a Senior Conservator. And one of the Board members
responded cheerfully, “No one said it was going to be easy.” Running a
regional conservation center will never be easy. On the other hand,
today, less than a year later, I feel that NEDCC is strong and viable.
We have been virtually self-supporting for the past six months, and we
have many reasons for optimism about our future.

We have been highly fortunate in recruiting new conservation staff
of the highest caliber. Our new Senior Conservator, Mary Todd Glaser,
brings to the Center an international reputation as a conservator of art
on paper. She was trained at New York University and formerly served
as Secretary of American Institute for Conservation and as Chairman of
the Board of Examiners for the Certification of Paper Conservators. Her
presence at the Center enables us to become more active in the area of
fine arts conservation.

Our book conservation program now has been placed under the
direction of Sherelyn Ogden, who came to us from Newberry Library,
where she worked for five years. A new photographic conservator, Gary
Albright, joined our staff in January, 1980, upon completion of a National
Endowment for the Arts funded internship with Jose Orraca at Win-
terthur.

New expertise in fine arts, together with increased confidence of
administrators in the Center has increased the Center’'s workload to
record levels. However, success brings its own tribulations: our loyal
clients, who were used to prompt service, are now encountering delays
of several months.

Our Board has been highly supportive of the Center during the
difficult period from which we are now emerging, and, at least for the
time being, is providing grant funding to support the Center’s disaster
assistance program and educational work. Our Advisory Committee,
which represents the various clients groups we serve, also has provided
a great deal of encouragement and has helped to provide the Center
with work and promote our activities in all six of the New England states.
At one Advisory Committee meeting, a librarian from Rhode Island
remarked that the existence of NEDCC makes New England the envy
of archivists and librarians in all other regions of the country. This kind
of goodwill toward the Center makes the whole struggle seem worth
the effort.

What Others Can Learn from NEDCC’s Experiences

Some conclusions may be drawn about the conditions necessary for
the successful founding of a center. Financial support from a board or
from members is needed on a continuing basis, not just during a start-up
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period, so that a center will never have to be totally self-supporting. Top
caliber conservation staff to head the laboratory is a prerequisite and this
commodity is in extremely short supply. The goodwill and commitment
of clients is needed, as is management expertise on the part of adminis-
trative staff.

Conclusion

Today, building on the original ideas, dedication, and hard work of
Rockwell Potter, Walter Brahm, George Cunha, and the others who
created NEDCC, the present staff under the direction of Ann Russell,
Mary Todd Glaser, Sherelyn Ogden, and Andrew Raymond, are trying to
solve many of the vexing administrative and management problems. We
have learned much during our own relatively short times at the Center
and from the experiences of those who preceded us in the management
and technical direction of the facility. We are committed to doing our
best to help preserve the printed and written records and works of art
that are part of our heritage.

Rece1vep October 23, 1979.
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Paper Conservation in Spain

JOHN P. McCLEARY

National Center for the Restoration of Books and Documents,
Serrano 115, Madrid 6, Spain

Paper conservation, as known today, is new to Spain. Until
a few years ago, custodians of the nation’s records on paper
and parchment could only despair at the deterioration tak-
ing place. The restorers—craftsmen, in reality—scarcely
were trained to tackle the broad problem. The pleas and
warnings of those who wanted something done went un-
heeded. Here and there individual authorities sought
professional help from abroad, but results proved minimal.
In 1969, a dramatic change took place. Conservation was
raised from the empirical to the scientific level. The break-
through: a law that provided for a centralized agency to
restore the nation’s archival and library materials, determine
the causes of deterioration, and train personnel to carry out
these tasks.

Nearly six and one half centuries ago, in A.p. 1338, Pedro IV, king
of several dominions in eastern Spain, issued a royal decree relating
to the manufacturing of paper, an industry started by the Moors in A.p.
1150 in Xatvia (now Jatvia). It seems that when the Christians conquered
the Moors, the paper industry changed hands. Over a period of time
their product, which was quite permanent and durable, became rather
shoddy. In essence, the enlightened king decreed that the Christian
manufacturers of Xatvia had to abide by and adhere to Arabian practices;
those who did not would be handed severe penalties (1). King Pedro IV,
who fortunately had interest as well as authority, no doubt contributed
to the preservation of Spain’s historical documents.

Returning to more recent times, the story of paper conservation in
Spain would be incomplete without the mention of a handful of people
who saw the urgent need for measures that would prevent or attenuate
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the ever-increasing deterioration of the nation’s bibliographic and docu-
mental riches. Most in this select group were archivists and librarians
closest to the problem, some were professionals in other fields, some were
simply bibliophiles. They lived at different times and acted largely
independently of each other, not as a group. Once in a while, individuals
of prominence would either write on the subject for journals or speak
before prestigious forums. The reception was usually enthusiastic; all
agreed the problem was critical, that something should be done. But
within a short time the matter always was shelved. Where there was
interest, there was insufficient authority; where there was authority, the
interest was short-lived.

The Precursors

One of the first to sound the warning was Dr. Rico y Sinobas, a
university professor and physicist, who deplored the short life of books
published during his time, the nineteenth century. Prior to his death in
1898 he prophesied, with uncanny accuracy, that the lack of scientific
methods and disregard for the practical arts in the manufacture of paper
in Spain would make the twentieth century witness to “the pulverized
corner of archives and the stacks of bookshops and libraries where slow
combustion is taking place in the leaves of books; the custodians, believ-
ing that the volumes are well protected because so many watch over
them, can do nothing useful to stop the process” (2).

During the first quarter of the twentieth century, there were efforts to
establish workshops in various archives and libraries through individual
enterprise. One such endeavor was made by the Central Library in
Barcelona, which sent selected technicians to the Vatican Library in
Rome for training. Later, a small restoration laboratory was started in
the Central Library, which, for the time, was one of the most advanced in
the country (3). It remained active for some thirty-five years; the opera-
tion ceased when its personnel were transferred to other duties. During
the same era, the National Library in Madrid established a career field
never heard of before: Paper Restorer. The position was filled by a
self-taught mender of engravings, documents, and maps, who on retire-
ment was not replaced.

Dr. Amalio Gimeno, another scientist, was probably one of the first
to discuss the physical and chemical causes of book deterioration. In
1932, during a presentation before the Spanish Academy of Exact, Physi-
cal, and Natural Sciences that he called “Pathology of the Book,” he
listed the factors that caused deterioration as dust, humidity, excessive
temperature, fireplaces, and gaslights (4). Also, he accused the paper
industry of planting the seed of destruction in their products and cited
a study made in 1924 by the Central School of Industrial Engineers on
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machine versus handmade paper. In this study, which had been requested
by a ministry of the government, he concluded that neither the ma-
chinery nor the process used in the manufacturing of paper was to blame
for an inferior product; at fault were the nature of the fiber, the sizing,
the fillers. The industrial engineers recommended that the government
set standards to avoid such dangers. The report, according to Dr. Gimeno,
“fell into a void.”

During the Civil War, 1936-1939, the destruction of Spain’s cultural
riches was widespread; books and documents were a frequent target.
Their usual fate was the torch; the insufficiently kindled are being
restored today. There was scant progress in the field of conservation
after the Civil War or in the subsequent period of neutrality during
World War II. Nevertheless, during this time the Central Library in
Barcelona pluckily announced to all archives and libraries that its
restoration laboratory offered the following services: book washing, sizing,
mending of paper attacked by strong inks, disinfection of books and
documents, binding, especially in parchment, pressing of parchment, and,
in general, whatever was related to conservation of books and docu-
ments (5).

The techniques used by the Central Library were relatively so-
phisticated for the time; local librarians were given short indoctrination
courses in those techniques and learned how to make simple repairs on
books. However, in the majority of Spain’s libraries, bookbinders, if they
were available, doubled as restorers; in archives, people did paste-and-
paper repairs in addition to regular duties. No one, not even at the
Central Library, was available to confront the broader problems of
deterioration facing the custodians of the nation’s records on paper and
parchment.

In 1949, a member of the Pontifical University in Comillas conducted
a survey of facilities dedicated to the pathology of the book (6). The
conclusion was simple enough: Spain had no center capable of studying
the discipline comprehensively. The report mentioned the many good
intentions, only partially realized, of a dedicated few to establish such a
capability; it recommended strongly an entity of established prestige
such as the Central Library or the National Library to initiate and
sponsor a national center. Nothing came of the idea.

Probably no one person did more to educate the Spanish public,
many archivists and librarians included, on paper conservation than
Professor Alfonso Gallo, founder of the Institute of Pathology of the
Book in Rome. The opportunity came in 1951 during a congress in
Madrid of Spain’s National Association of Librarians, Archivists, and
Archeologists (7). For the occasion, Professor Gallo brought specimens
and other materials from his museum on the pathology of the book for
display at the National Library. He spoke on the physical, chemical,
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and biological causes of damage to library materials with particular
enthusiasm because, at the time, the sponsor of his visit to Madrid,
Spain’s Superior Council of Scientific Investigations, hoped to establish
a laboratory modeled after the institute in Rome. Again, despite all good
intentions, the project did not materialize.

When Professor Gallo was in Madrid, a person who attended the
professor’s lectures, saw the exhibitions, and left with an indelible
impression, was a young archivist named Dr. Sdnchez Belda (8). A
perceptive and tenacious man, he was to climb quickly through the ranks
of his chosen profession. In 1956, when he was named director of the
National Historical Archives in Madrid, he chose two members of the
Auxiliary Corps of Archivists, Librarians, and Archaeologists, an organi-
zation of civil servants who have no professional university degrees, for
training at the Institute of Pathology of the Book. His idea was to
establish a modest laboratory in the National Historical Archives as a
nucleus for a future central facility. The neophyte conservators com-
pleted one year of training and set up a facility based on the procedures
and techniques used in Italy. However, the project was destined to an
ephemeral life. The budding center lasted for only four years. Thanks
to a bureaucratic policy that job descriptions had to match assignments,
the two conservators were transferred. Thus, the idea of a national
facility was shelved, but only temporarily.

National Law on Conservation

In 1938, Dr. Sinchez Belda was promoted from Director of the
National Historical Archives to the Director General of Archives and
Libraries, a position with political influence, under the Minister of
Education and Science. Now there was not only interest but, perhaps
more important, authority together in the same person. One of his first
chores was to draft legislation that would implement his project of a
few years before. In a matter of months after Dr. Belda took office, the
Spanish chief of state signed a decree dated September 15, 1969, that
established the National Center for the Restoration of Books and Docu-
ments under the Director General of Archives and Libraries (9).

The mission of the Center as specified in the decree is simple and
straightforward. The Center was directed to:

1. Restore the deteriorated items that belong to the docu-
mental and bibliographic patrimony of the nation.

2. Study, on a scientific basis, what causes the destruction of
graphic materials, and what constitutes proper conservation
measures to establish standards for the construction and
installation of archives and libraries.

8. Study the measures and procedures required to carry out
its mission.
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4. Train technicians who can carry out adequately the tasks
assigned to them.

5. Keep the General Directorate of Archives and Libraries
informed of the problems that arise in the conservation
and security of bibliographic and documental material.

No one could ask for better terms of reference to carry out a
conservation mission: scientific examination, restoration, preservation,
training.

A complementary order to the above decree was signed in May,
1972, that: i) named the Center advisor to the Director General of
Archives and Libraries, ii) gave the Center technical supervision over
any restoration workshops that might be installed in libraries or archives
under authority of said Director General, iii) authorized the Center to
establish the guidelines and instructions for said workshops relating to
the systems, methods, and procedures to be used in restoration (10).

In June 1973, the Center held a roundtable discussion with Spain’s
key archivists, librarians, and scientists to establish a program to fulfill
its additional national mission. It was agreed that restoration workshops
would be installed in the principal archives and libraries of the nation,
and that assistance would be given to others that already had work-
shops (11).

The National Center for the Restoration of Books and Documents

Looking back on the Center’s very short history, its progress has
been remarkable. Sharing space with the National Historical Archives,
it started with six young people selected from the restoration commu-
nity. Most were graduates of the state-run School of Arts and Crafts
and had been restoring oil paintings or archeological artifacts. Only one
had training in paper restoration: a stint at the Boston Museum of Fine
Arts. One was a bookbinder. They literally taught each other; some
added to the Center’s store of knowledge by visiting centers in Europe.
Nearly all materials and equipment were purchased abroad; practically
none existed in Spain. Thus people, knowledge, materials, and equip-
ment were combined. Then, a chemist joined the fledgling organization;
the empirical method of restoration found itself aided and led by science.
Paper conservation in the modern sense of the word was underway.

Ten years later, the Center’s staff totals forty-five people: eight are
in administration, four in maintenance and security, seven are scientific
staff, twenty-six are restorers. There are ten additional people in the
field: four restorers at the National Library, two at the General Admin-
istration Archives in AlcaldA de Henares, one with the Archives of the
Royal Chancellery in Valladolid, one with the Royal Archives of Simancas,
one at the Archives of the Kingdom in Valencia, and one with the
Archives of the Indies in Seville. The last four archives have workshops

In Preservation of Paper and Textiles of Historic and Artistic Valuell; Williams, J.;
Advances in Chemistry; American Chemical Society: Washington, DC, 1981.



Publication Date: December 1, 1981 | doi: 10.1021/ba-1981-0193.ch004

38 PRESERVATION OF PAPER AND TEXTILES II

with some equipment in place, some on the way. They will, in time,
count with additional personnel. If future plans materialize, the same
four and, perhaps, others will become regional centers with direction
from Madrid.

The Center’s central organization in Madrid is composed of the
following: Director, Chief of the Technical Department; in the latter
are the Control Room, the Chemistry, Physics, and Biology Laboratories,
and seven workshops: Book Restoration, Prints and Drawings, Manu-
scripts, Lamination, Leafcasting, Parchment, and Seals. The training
mission is the direct responsibility of the Director.

To give the reader an idea of the Center’s organizational duties and
how paper conservation is practiced today, a brief description follows.
Since space and time do not permit a detailed account of restoration
techniques, the gaps will be obvious. The reader, therefore, is invited
to contact the Center for any additional information.

Director. The Director is a professional woman archivist who
reports to the Director General of Archives and Libraries. She is
responsible for the supervision of the Center in all respects: scientific,
technical, administrative, and training. Coincidentally, she has a second
and correlated responsibility: Director, National Center for Microfilm.

Chief, Technical Department. The present chief holds the rank
of professor of paper conservation, polytechnic level. He is responsible
for the establishment and maintenance of restoration standards and tech-
niques used by the Center and field workshops.

Control Room. Here all artifacts, including those requiring fumi-
gation, are registered. As much data or historical and bibliographic
information as possible is obtained before treatment and is recorded on
a registration card that is slipped into a plastic jacket along with photo-
graphs taken by the Center’s photo laboratory. The jacket stays with
the artifact during restoration and each section records on individual
cards the work done. On completion of the work, final photographs are
taken to complete the before-and-after record that joins the other data
for permanent filing in the Control Room.

Chemistry, Physics, and Biology Laboratories. As a rule, before
any artifact is subjected to treatment, the chemistry laboratory determines
the causes of any alterations or deterioration. The nature and structure
of the artifact, its pigments and inks, are identified to avoid negative
reactions to prescribed treatment. Fixatives are recommended if required;
these may be cellulose acetate dissolved in acetone, soluble nylon, or
acrylic resin sprays. Once stains are identified, several possible solvents
are selected. For deacidification, either magnesium bicarbonate or barium
hydroxide usually is recommended, depending on whether an aqueous
or nonaqueous solution is called for. Bleaching is discouraged, but when
necessary, hypochlorites are used with suitable antichlors.
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The chemist’s chore does not end here. The restorer has an open
door to the laboratory at any time during the restoration process. If
required, the chemist goes directly to the workbench for any questions
or problems that may arise.

The basic mission of the Physics and Biology Laboratories is to test
paper treated with products used in the restoration process. Physics is
in an air-conditioned room, maintained at 60% relative humidity at 21°C,
equipped with machines for testing folding endurance, tensile, and burst
strength of paper. Biology runs tests, primarily with culture media, to
determine the susceptibility of the treated paper to attack by micro-
organisms; these are identified and a determination is made on how to
avoid or eradicate them. Aging chambers are available for tests made
by the laboratories.

Within a short time, a paper laboratory will be added to the existing
three facilities. Its task will include the identification and composition
of fibers and constituents in paper artifacts; the main job will be the
refinement and preparation of pulp for the mechanical repair of paper,
not only in the Center but in the field.

Book Restoration Shop. Most of the work done in this shop by
five restorers is on books from the sixteenth to eighteenth centuries,
although incunabula are common. Many are codices of the eleventh
century, some are of tenth century vintage.

If a book is to be rebound or repaired, a sound block is not touched,
that is, no resewing is done. Exceptions to this rule would be books that
must be taken apart for chemical treatment, or books that must be re-
paired in a leaf caster because of extensive damage, for example, by
insects. In such cases, if a leather binding of rare or historical value is
salvageable, it is removed carefully for later use. Samples of the book’s
components are saved; notations are made of details that will permit
duplication of the original craftwork. Additional photographs are taken
if necessary.

Since the book restorers do not treat or repair paper, the Manuscript
Shop receives the loose pages. In the meantime, the book restorers
prepare the materials needed for rebinding; this includes the repair of
original boards or the construction of new ones. Metal parts are repaired
and missing ones are duplicated. If the old leather binding is to be
reused, the sides and the spine are separated into three pieces, cleaned,
dressed, and the edges are pared. Later, they are pasted onto a full
leather binding of matching color covering the resewn textblock. If the
old binding cannot be used but is of rare value, a two-compartment box
is made for it and the newly bound book.

Prints and Drawings Shop. There are five restorers here: three
are very capable watercolorists, one works in oils, one is an expert drafts-
man. This shop also restores maps, broadsides, miniatures, and fans.
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No other shop has such a variety of artifacts and such a myriad of
challenging restoration problems.

The first step in the restoration process is dry cleaning with soft
erasers. Old mounts or supports, usually highly acidic, are removed.
Immersion in water is prescribed for removal of discoloration in the more
stable forms of art on paper: etchings, prints, engravings, and some
drawings. For specific stains that cannot be removed with water or other
solvents, bleaching agents are applied locally. Deacidification by total
immersion is preferred; a spray is used when this is not possible.

Tears are repaired with Japanese tissue, missing areas are filled in
with paper similar to the artifact. Repair paper of specific caliper and
tone is made in the leaf caster. Adhesives vary: methyl cellulose, wheat
paste, or a mixture of polyvinyl alcohol with rice paste. The mixture is
most useful because it permits use of a warm tacking iron to hasten the
drying process. Where missing areas have been patched, the restorer
reconstructs only those lines and colors that are already discernable, lest
the work be called an attempt at falsification.

Manuscripts Shop. Four restorers devote their time to the restora-
tion of what amounts to single leaves of paper or one folded to make a
double leaf; the majority of artifacts are from the era prior to the mid
eighteenth century. Setting aside the damage done by man, most of the
deterioration encountered is caused by fungoid and insect attack; in the
case of manuscripts, the damage from the acid in iron-gall inks is par-
ticularly serious.

Mechanical cleaning is the first step in the restoration process.
Stains are removed only if the text is impossible to read. Bleaching
agents seldom are used. Deacidification, if called for, is a standard
procedure.

For the most part, repairs are done in the traditional manner. In
the case of a rare document, an effort is made to use repair paper of the
same era. Fortunately, there is usually a supply on hand, thanks to
forays to the Madrid flea market where old documents can be found for
a reasonable price. Paper made in the leaf caster also is used for repairs,
particularly if tonal qualities are sought. Small holes are filled with paper
fibers mixed with methyl cellulose.

Lamination Shop. This shop has four restorers who keep an Arbee
machine in constant use, laminating material that does not lend itself to
other methods of repair. Polyethylene film and Japanese tissue are used
to make a sandwich for the damaged artifact in a process that uses
application of heat, then pressure with metal rollers, to complete the
cycle.

Apart from the normal lamination process, the Center has developed
a technique that is used extensively for repairing missing areas of arti-
facts. First, a half-sandwich is made: a tissue on the bottom, the poly-
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ethylene film next, then the artifact (deacidified if required) on top.
Repair paper covers the missing area of the artifact plus a bit of overlap.
The half-sandwich is placed between a Teflon carrier and slipped into
the machine’s heated platens. When the lamination cycle ends, the
artifact, film, tissue, and repair paper are bonded together except for the
overlap of the repair patch. This is trimmed with a scalpel; a hot tacking
iron assures a clean union. A polyethylene film is placed on the unlami-
nated side of the artifact, a tissue next, then into the machine for the
final step. The process is rapid and an incalculable amount of time is
saved in mending tears, holes, and missing areas.

In addition to the Center’s laminator, there is a similar model at the
National Library, and one at the General Administration Archives.
Eventually, all field restoration workshops will have lamination machines.

Leaf Casting Shop. The principle of leaf casting or mechanical
repair of paper is quite simple: paper fibers are suspended in a chamber
filled with water. The bottom of the chamber has a grid that supports
the document undergoing repair. When the water is sucked down, the
fibers stay in the missing areas of the document.

In cooperation with a Spanish industrial firm, Vicente Vifias of the
Center developed a leaf caster, the Vinyector, which uses a pump and
an electromagnetic-compressed air system to direct the flow of water into
a chamber where pulp slurry is added. The water is then sucked down
into a tank, forming a repair on the artifact as described above. This
cycle takes about one minute to complete.

The machine is an ecologist’s dream because instead of draining
several liters of water after each repair, the water in an enclosed tank,
capacity 130 L, is used over and over again. The water can be filtered
by passing it through blotting paper.

Four auxiliary tanks can be coupled to and operated from the
Vinyector’s control panel. The tanks can hold solutions for deacidification,
bleaching, or rinsing. This system, designed for small workshops with a
few technicians, is obviously a slow one; for this reason the Center uses
only the basic leaf caster. An additional feature of the machine, again
for small workshops, is that its chamber can be sealed hermetically and
used for fumigation with, for example, commercial mixtures of ethylene
oxide and carbon dioxide.

There are three operators in this shop running two leaf casters with
another machine on standby. There are two leaf casters at the restoration
workshop of the General Administration Archives, one at the Royal
Archives of Simancas, one at the Archives of the Royal Chancellery in
Valladolid, one projected for the Archives of the Indies, and another
projected for the Archives of the Kingdom in Valencia. The leaf caster
will be standard equipment for all workshops; the projected figure,
counting those in place, will be about twelve machines.
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Parchment Shop. There are five restorers in this shop. Parchment
documents and book covers to be restored get a mechanical surface
cleaning with soft erasers then harder ones, if required, to remove dirt
and grime. Hard, embrittled, and dry artifacts have their inks and
pigments fixed with an acrylic resin spray or with a fine brush dipped in
paraloid before immersion in a bath of ethanol and water (70% and 30%,
respectively ).

The parchment is lifted out when it feels pliable to the touch (this
can take from several hours to a few days) and is blotted to remove
excess solution; fresh blotters and press comes next. After a day or two,
the parchment is removed; in most cases it has reached a stable state.

In very stubborn cases, another treatment is used. Inks and pigments
are fixed and the artifact is immersed in a bath of polyethylene glycol
(PEG 400). An entire codex can be placed in two or three large plastic
tubs and kept there until the parchment is soft and pliable. This
procedure can take days or weeks. The parchment is removed and
blotted and pressed in the same manner as the treatment in ethanol and
water. If the parchment becomes translucent while in the bath, the
phenomenon will disappear with the blotting and pressing process.

Since the parchment has been treated with a hygroscopic (but
chemically stable) substance it must be kept away from excessive
humidity and temperature to avoid microbiological attack.

Seals Shop. There is a great wealth and variety of seals belonging
to the medieval documentation of Spain. Fortunately, these individual
pieces of art have survived the ravages of time in a better manner than
the documents to which they are appended or applied. Those seals that
do require attention are mended with pins and beeswax, but the majority
of work done is for exhibitions and to have reproductions available for
academic research. Seals of great rarity or historical value are reproduced
as they enter the Center, or impressions are made in the field and later
cast in this shop. Generally, molds of originals are made of synthetic
rubber and casts of resin. One craftsman runs this shop.

Training. One of the principal missions of the Center is to train
people to restore and conserve the documental and bibliographic riches of
the nation as prescribed in the decree of 1969. Restorers are trained at the
Center in a school that requires three years of intensive study and
practice. The instructors are personnel of the Center, members of the
Professional Corps of Archivists, Librarians, and Archaeologists, and
professors of local universities. The first year is divided equally between
theoretical and practical courses, the second is practical, the third year
is for practical specialization. There are also concentrated, one-year
courses primarily for Latin American students, although many from other
parts of Europe have attended. Most of those who take these courses
have a background of experience in restoration or are practicing archivists
and librarians,
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Conclusion

Its progress notwithstanding, paper conservation in Spain has just
begun. There is much to do but at the moment, unfortunately, the
resources available will not stretch that far. The legislation that pulled
the many loose strands together was a good start. But the problem is
overwhelming when one considers the immensity of the book and archival
inventory that needs immediate attention. This does not count the
records, written or printed on paper of poor quality, that find their way
into the national collection. The situation is aggravated by the countless
nonstate entities—institutions, municipalities, monasteries, convents, pri-
vate organizations—that seek and are given help.

In the meantime, there is a long line of books and records awaiting
treatment at the Center and its field workshops. The input has to be
controlled because of limited facilities. More space is needed, to be filled
by more technicians, more material, and equipment; to do this more
funds are needed. But in a country with serious economic problems, the
Center’s priorities are not considered of immediate urgency.

The Center is trying to overcome these obstacles by diverting its
resources to areas where the most good can be done: more rapid and
economical methods of restoration, and expansion of restoration facilities
in the major archives and libraries of the nation.

Meanwhile, other programs must wait. Whether or not they are ever
realized, they do constitute a national need: construction of suitable
buildings for poorly housed archives and libraries, or, at least, improve-
ment of present facilities; climate control, a priority requirement, in view
of the intolerable levels of environmental pollution in Spain’s urban
centers; a national program for custodians of books and documents that
alerts them to the conservation problems they face and what action can
be taken within budgetary limitations; a movement to stimulate the
manufacture of a permanent type of paper; an expanded microfilm
program as part of a cooperatively organized national preservation pro-
gram; and an expanded research program for the many conservation
problems that exist today in the peninsula, the Balearic Island, the Canary
Islands, and the Spanish enclaves in North Africa.
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Permanence[Durability and Preservation

Research at the Barrow Laboratory

DAVID D. ROBERSON
James River Paper Co., P.O. Box 2218, Richmond, VA 23217

The work of William ]J. Barrow and his laboratory spanned
more than forty years. His methods made acetate lamina-
tion of deteriorated documents practical and useful. He did
much to spread the understanding that acidity is the major
cause of paper deterioration, and his deacidification proc-
esses are in wide use. Commercial production of perma-
nent/durable paper was begun in 1959 and eight such
papers were available in 1973. An average activation energy
of 25.8 kcal/mol was determined for the loss of folding
endurance and tear resistance. 1470 book papers from the
period 1507-1949 were studied. Moist accelerated aging is
faster than dry oven aging but not necessarily more like
natural aging. A bulk morpholine treatment process for
bound books raises the pH of acid papers and prolongs their
useful life by a factor of 4-5. The Barrow Laboratory closed
in 1977.

William James Barrow’s long involvement in preservation began in
1932. His first restoration work was done at the Virginia State
Library using methods he had learned at the Library of Congress. While
working at the Mariners Museum in Newport News in the late 1930s, he
developed the first practical roller laminator for the lamination of weak-
ened and disintegrating documents with cellulose acetate film. A major
improvement on this process was the addition of strong long fiber tissue
to the laminate. This strengthened the document without sacrificing
legibility. The acetate so filled the tissue and document surface that
there was very little light scattering and the added layers were quite
transparent.
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Barrow wondered about the deteriorative processes that made lami-
nation necessary. There was no reason to suppose that degradation was
stopped by lamination. He concluded that the acidic nature of the paper
itself was the primary cause of the degradation and then began to look
for ways to combat the problem. By the end of 1945, he had developed
his deacidification process in which solutions of calcium hydroxide and
calcium and/or magnesium bicarbonate are used to neutralize acidity and
leave within the paper an alkaline material to combat acidity from future
degradation and pollution.

It was now possible to greatly reduce paper’s deterioration rate and
to restore integrity and strength to those already damaged (1). Barrow’s
equipment and techniques for doing this have been acquired by more
than thirty institutions, worldwide.

He observed early that the papers most in need of lamination were
those made after 1875. In 1957, a testing program was begun on five
hundred books published in the first half of the twentieth century (2).
Most of them were in poor condition, primarily because of the use of
alum-rosin sizing in their manufacture. Acidic air pollution is harmful
and some of the early wood pulps may have been very poor, not because
of any innate deficiency in the raw material, but because of poor control
of the pulping process and poor washing. But among the papers tested,
neither of these factors was as damaging as the introduction of acidity
at the time of paper manufacture.

Long Life Papers

However, there were abundant examples of much older papers that
were still in very good condition and the question naturally arose as to
the possibility of producing a long-lasting paper at moderate cost with
modern methods. Barrow first defined this objective in a quantitative
way based on examination of nineteen book papers then in general use
and papers from seven books printed between 1534 and 1722 (3).
Tentative strength specifications were set at 300 MIT folds at 0.5 kg
tension and 60 g Elmendorf tear resistance, both measured in the weaker
direction. These values were comparable with those found in the old rag
papers and clearly attainable in the modern chemical wood papers. A
requirement for strength retention after heat aging was set to permit a
maximum acceptable deterioration rate slightly greater than those exhib-
ited by the obviously stable old papers. At this rate, the paper under
normal conditions would last three hundred years. This prediction of
useful life from the testing of samples aged in an oven was based on work
begun in Sweden and further developed by the National Bureau of
Standards. Barrow’s working assumption was that seventy-two hours at
100°C is equivalent to twenty-five years at normal temperatures.

In Preservation of Paper and Textiles of Historic and Artistic Valuell; Williams, J.;
Advances in Chemistry; American Chemical Society: Washington, DC, 1981.



Publication Date: December 1, 1981 | doi: 10.1021/ba-1981-0193.ch005

5. ROBERSON Permanence|Durability and Preservation 47

The two parts of these performance specifications are reflected in the
term “permanent/durable” that began to be used to identify such papers.
Durability is the level of physical strength and flexibility necessary to
withstand extensive use and handling. Permanence indicates a degree of
chemical stability that permits only very slow deterioration.

With the advice of A. L. Rothschild and others, a series of experi-
ments was begun in the Herty Foundation laboratories that culminated,
in December 1959, in the production, on commercial equipment, of a
paper meeting the tentative specifications. This was done at the Standard
Paper Manufacturing Company in Richmond, Virginia. The pulps were
all chemical wood; the sizing was alkyl ketene dimer, which is compatible
with mild alkalinity; and calcium carbonate was added to maintain
alkalinity (3).

The same approach was soon thereafter applied, at the request of
the American Library Association, to library catalog cards. The new
nonacid cards made from chemical wood pulps were able to outlast the
acidic ones made previously from rag, in spite of rag’s potential for
higher initial strength. Barrow’s proposed specifications for a minimum
cold extraction pH of 6.0 and a minimum diagonal folding endurance of
800 are now incorporated in the American National Standards Z 85.1 (4).

In 1961, the Council on Library Resources, under the presidency of
Verner W. Clapp, provided a grant for the establishment of the W. J.
Barrow Research Laboratory in the Virginia Historical Society Building.
This facility afforded space and equipment that were not available in the
cramped quarters of the restoration shop.

Another study undertaken with the sponsorship of the ALA Library
Technology Project involved the study of damage to books in library
handling and circulation, and the development of test equipment to
duplicate that damage so that bookbinding specifications could be written
in terms of probable performance rather than in the restrictive terms of
materials and methods of manufacture (5).

Effect of Temperature

One project that continued throughout the life of the new laboratory
was called “Effect of Temperature.” For this study, five production runs
of paper were made in two different mills producing a total of thirteen
papers. Seven of these have been tested extensively as were three
commercial papers.

Matched sets of folding endurance and tear resistance test specimens
were prepared from each paper to be aged at several temperatures.
Aging was done in forced circulation ovens that were supplied with air
having a dewpoint of 53°F. At intervals, sets of test specimens were
removed from the oven and tested to monitor the deterioration process.

American Chemieal
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Figure 1. Machine direction folding endurance deterioration of an acid
book paper upon heat aging

The data was plotted against time of aging on semilog coordinates and
the best straight line was fitted to it by the least squares regression
method (Figure 1). This is the mathematical model for a first-order
reaction and experience indicates that it is the best general model for
paper deterioration. The slope of this line, called the rate constant (k),
is a measure of the reaction rate. Comparing rate constants obtained at
different temperatures for the same paper, it was found that on average,
for each 15°C increase in aging temperature, the rate of deterioration is
multiplied by a factor of 4.8. In the course of this study, more than
two hundred rate plots have been done for temperatures ranging from
125°C to 38°C.

If a straight line results when the logs of the rate constants for
several temperatures are plotted against the inverse of their respective
absolute temperatures, the Arrhenius relation may be applied and the
activation energy for the process, which is represented by the slope of
the line, is independent of temperature. Arrhenius plots for the deteriora-
tion of paper are usually linear (Figure 2). It has been suggested that
the activation energy calculated in this way is an average for several
simultaneous chemical and physical processes. It is interesting that similar
values may be calculated on the basis of folding endurance or tear
resistance deterioration in either the machine or cross direction.
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In any case, the linearity of the relation permits extrapolation to
normal temperatures to obtain an estimate of natural aging rate. The full
process of testing an adequate number of samples at several intervals for
each of several temperatures is very time consuming but such an extrapo-
lation is the most legitimate way to predict useful life of a paper.

Permanence evaluation or comparisons based on aging at one
elevated temperature assume that the same increase in temperature will
produce the same increase in deterioration rate for all papers. This is a
questionable assumption for materials as varied as papers. If it were
true, Arrhenius lines for all papers would be parallel. Comparison of
such lines for the loss of machine direction folding endurance in ten
different papers shows that nine of them have similar, though not all
equal, slopes (Figure 3). The tenth is so very different that its validity
may be questioned though there are no apparent grounds for discarding
it. Even among the nine lines with similar slopes there are some that
cross. When two lines cross, it means that the papers represented do
not have the same relative stability at room temperature that they have
at some elevated temperature.
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Figure 2. Effect of temperature on deterioration rate
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Figure 4. Presence of alum and calcium carbonate in book papers, 1500-
1949 (8)
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Activation energies calculated from these lines show in a quantitative
way the differences in their slopes. The thirty-six values calculated in
this study (excluding the very odd results obtained on the paper men-
tioned earlier) averaged 25.3 kcal/mol and 72% of them were within 2
kcal/mol of that value. That value translates into a natural aging
equivalency of 68 years of natural aging for three days at 100°C, which
is higher than the 25 years Barrow used in his earlier work, the 28 years
reported by van Royen, and the 18.5 and 20.5 years calculated from the
data produced by Wilson and Rasch and it is considerably lower than the
306 years calculated from the 30 kcal/mol activation energy suggested by
Browning and Wink. As a practical matter, single temperature acceler-
ated aging tests will continue, but it is important that their limitations
be understood.

Polyvinyl acetate emulsions for manual application in the production
of adhesive bound books were examined for stability. It was found,
among other things, that plasticized homopolymers had poor or moderate
stability, while copolymer types showed very high stability. The addition
of calcium carbonate and calcium acetate could improve the lasting
qualities of unstable materials but had little effect on the very stable
ones. The addition of these buffering agents made the adhesive less
acid and less damaging to papers (6).

Barrow’s examination of papers from books printed during the first
half of the twentieth century was extended backward in time to the
beginning of the sixteenth century. A great deal of papermaking history
is recorded in the papers from the 1470 old books that were tested (7, 8).
The increasing use of alum during the period is apparent as is a concur-
rent decline in the presence of carbonate (Figure 4). The rapid increase
in the use of rosin size in the nineteenth century can be seen (Figure 5).
A general decline in the present strength of papers began in those made
around 1670, which is approximately the time, according to some
authorities, the Hollander beater was being developed (Figure 6). The
advent and increasing use of chemical and groundwood pulps during
the last half of the nineteenth century may be detected by fiber analysis,
but there is no obvious evidence of these developments in the strength
properties of papers from that period.

Test Methods

It had been suggested that accelerated aging in ovens supplied with
ambient air is “unnatural” in that the moisture content of paper under
such conditions is much lower than in papers under normal conditions
and that the validity of heat aging would be increased by controlling
the relative humidity of the aging environment at some level comparable
with natural conditions. At the Barrow Laboratory, papers have been
aged at a variety of humidities and temperatures in three different kinds
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Figure 6. Folding endurance of book papers, 1507-1949 (8)

of apparatus. It was demonstrated at the Barrow Laboratory, as at other
laboratories, that deterioration is faster at higher relative humidity but
there is apparently not yet any strong evidence that deterioration under
moist conditions is any different from deterioration under dry conditions
or that it is any more like natural aging. If the only certain advantage
of moist aging is that it is faster, then it is hardly worth the additional
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cost and trouble as a routine test method. Comparison of papers aged by
different methods might give useful clues to the degradation mechanisms
but this has not been explored thoroughly.

About ten years after the publication of Barrow’s tentative specifica-
tions, a survey was undertaken to develop and authenticate revised
specifications for permanent/durable book paper. The resulting new
specifications called for higher levels of initial strength and lower rates
of deterioration, but of the thirty-two papers tested, eight satisfied all
requirements, whereas there was only one a decade earlier (9,10). The
minimum pH was raised from 6.5 to 7.5. This one relatively simple test
would permit the elimination of some papers from consideration without
any need for more complicated evaluation methods.

The MIT folding endurance test has been used frequently because
it measures an important paper property that is very sensitive to heat
aging, but it can be time consuming and the results rather variable (9).
It is not unusual for the highest value in a group of test results to be
four or more times as great as the lowest value. One reason for this is
the variable nature of paper and the fact that the actual test area is
small. Use of a weight rather than the spring scale to keep tension on
the sample did not reduce the coefficient of variation in 100 tests, neither
did the use of the blower. However, both of these tended to increase
the test result.

The folding edges on the MIT machine are supposed to have a radius
of curvature of 0.015 = 0.001 inch. It is important that these tolerances
be observed strictly and, if practical, they should be reduced. Tests
showed that folding heads at the edges of these tolerances will produce,
on average, an 8% change in the mean result.

Because of the variation in folding endurance results, it is necessary
that many tests be run on a paper to produce a reliable mean. At the
Barrow Laboratory, fifty tests were standard. This takes time, but a rate
plot based on a few tests per point is of doubtful value. There is a
need for an improved folding endurance tester or an entirely new instru-
ment for reliably and conveniently measuring flex fatigue.

There has been some interest in thermal analysis methods for
permanence evaluation. An attempt was made to correlate various
features of differential scanning calorimetry thermograms for a group
of papers with their stability under oven aging. In some cases, the
correlation coefficient was encouragingly high but the standard error of
estimate showed that the relation was no more useful for predicting
permanence than was pH.

Ever since the beginning of deacidification, the desirability of
methods that do not require taking a book apart has been apparent.
Barrow tried to deacidify with ammonia but the effect did not last. In
1963, he was working on a process in which the pages of a bound book

In Preservation of Paper and Textiles of Historic and Artistic Valuell; Williams, J.;
Advances in Chemistry; American Chemical Society: Washington, DC, 1981.



Publication Date: December 1, 1981 | doi: 10.1021/ba-1981-0193.ch005

54 PRESERVATION OF PAPER AND TEXTILES II

4OOE ° .

w N °

2300 ° °

< +

14 \

a ~N

2 N+

W 200 ™~ ~

o ~

AN

- +\ +

2 .
100 1 1 1 L 1 ]

0 2 4 6 8 10 12

DAYS AGED AT 100° C.

Figure 7. Change in aging rate attributable to morpholine—water vapor
treatment of an acid paper: (O), treated, (+) untreated (12)

were sprayed with a water—alcohol solution of magnesium bicarbonate
(11). The amount of water involved was not enough to cause swelling
of the paper, which would damage the binding.

A much more recent development is the morpholine process in which
fifty books per hour are treated in an evacuated chamber with morpho-
line-water vapor (12). In its present form, it was effective on 95% of
the papers treated, prolonging their life on average by a factor of 4-5
(Figure 7). Though it does not leave a titratable alkaline reserve in the
paper, acid papers treated in this manner aged in the presence of 5 ppm
SO, at 75°C and 60% relative humidity deteriorate more slowly than if
untreated. Recent tests of twenty treated books at the Library of
Congress show that their pH has not declined in two years. The equip-
ment for the process was set up in the Virginia State Library where
85,000 books were treated in the first seven months of operation.

The usefulness of accelerated aging and other tests to evaluate
permanence is reduced greatly by lack of information as to how they
relate to natural aging. Very long term natural aging programs have been
proposed before, and some abortive attempts have been made, but there
is still a need for a paper archives in which thoroughly tested papers can
be kept indefinitely and continuity can be assured for a testing program
following the process of natural deterioration.

William J. Barrow died in 1967 and was succeeded as director of the
laboratory by Dr. Robert N. DuPuis. Dr. Bernard Forestier Walker
served from 1971 until 1977 and the author was acting director when
the laboratory closed in the summer of 1977.
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Watermarks and What They Can Tell Us

T. L. GRAVELL
305 Mansion Road, Wilmington, DE 19804

A watermark, when reproduced accurately, can give a pos-
sible date of composition and place of origin for the docu-
ment on which it appears. Such information often will
prove or disprove the authenticity of maps, prints, books,
or manuscripts. Accurate copies of watermarks can be made
in roomlight by exposing Dylux 503 to visible light and
developing it with ultraviolet light.

The first researchers of early handmade paper relied on tracings to

reproduce the various watermarks for study, a method that could
produce only approximate copies no matter how much care was exercised.
In 1960, beta-radiography came into use and for the first time, accurate
watermark reproductions were available for study. The beta plate, while
producing good prints, was very expensive. Although the time required
to make a print has been reduced to an hour or less, in some cases, the
cost is still so high that the plate is out of the reach of most researchers.
With the use of a photosensitive paper known as Dylux 503 good, clear,
and accurate reproductions can be had at a very low cost.

Briefly, the process involves placing the watermarked paper and the
Dylux 503 in very close contact and exposing the sheets to visible light,
such as that of a super diazo fluorescent tube, for one to five minutes at
a time. A blue daylight fluorescent tube will work; however, the time
of exposure will be longer. Since the watermark creates a thinness in
handmade paper, the visible light will pass through this thinness with
greater intensity and thus nullify the yellow dye coating on the Dylux
503 sheet. The exposure time varies with the contents and thickness of
each sheet. After exposure, the sheets are separated and the exposed
Dylux is passed under a long-wave ultraviolet light. This ultraviolet
irradiation causes the unaffected coating to turn a bright blue, thus
forming an exact copy of the watermark (see Figures 1-4). Some care

0065-2393/81/0193-0057$05.00/0
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Figure 1. A Thomas Amies, Dave Mill watermark on wove paper, ca.

must be used in handling Dylux 503, for while room light permits safe
handling for up to five or ten minutes without this special paper losing
effectiveness, sunlight will, in a very few minutes, cause it to lose its
ability to react. The rapidity of making prints, the low cost, and the
ability to be used in room light, which is a definite safety feature in
handling manuscripts, make Dylux 503 a very useful tool in reproducing
the watermarks of early handmade paper.

Figure 2. Post Horn by John Bick-
ing, Chester County, Pennsylvania,
on laid paper, ca. 1792
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Figure 3. Eagle and crossed flags of Henry Hudson, East Hartford,
Connecticut, on laid paper, ca. 1830

Watermarks in early paper can be both very helpful and very dis-
appointing. They can help by telling by whom and where the paper
was made and are disappointing in that they cannot give us the exact
date of when a document was composed originally. Two surveys have
been made using eighteenth and nineteenth century documents from
four libraries: The Morris Library of the University of Delaware,
Eleutherian Mills Historical Library, Library of the Historical Society
of Delaware, and the Henry Francis du Pont Winterthur Museum. All

Figure 4. Sheaf of wheat by John
Matthews, Delaware County, Penn-
sylvania, on laid paper, ca. 1800
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of the documents counted contained dated watermarks and an original
date of use. The first survey was made in 1974 using over one hundred
pieces and the second was done in 1977 with over two hundred items.
The first survey showed that 96.1% of the dates of use, and the second
showed that 98.8% of the dates of use, were within nine years of the
date shown in the watermark. Records are being kept so future surveys
can be made as additional dated watermarks are found. While only seven
dated watermarks between the years 1596 and 1681 were found in the
collection of the Folger Shakespeare Library, all had been used within a
six-year period. Unfortunately, the French-dated watermarks of this
same era (eighteenth and nineteenth centuries) cannot be used. The
edict of 1739 that set forth the terms under which French paper could
be made had one section so worded that French papermakers believed
that French paper was to be watermarked with the date 1742. There-
fore, all French paper carried this date for a number of years. I have
seen only one letter watermarked 1742, which was signed by Voltaire,
and dated 1742; the item is in the John Boyd Thacher Autograph
collection at the Library of Congress. Other manuscripts with the 1742
watermark date have been found with dates of use from twenty-eight
to seventy-one years later.

There are a number of ways in which watermarks can help with a
date; for instance, if the paper has a dated watermark, you know that it
could not have been used before that date. A prompt book in the Folger
Shakespeare Library has a written date of 1784 while the pages are water-
marked 1799, which in turn indicates the contents were copied from an
earlier work. Dated watermarked paper, when in printed books, is a great
help in establishing the date of publication. For example, a volume of
John Gay’s Fables, the title page of which shows the published date of
1793, is on paper watermarked “W Balston-1810.” It would seem that the
original plate was used over again perhaps to cut costs or the book is a
pirated edition. In the period before there was any means of mechanical
copying, all such work was done by hand and there are a number of
these copied letters, deeds, identures, land surveys, and maps filed as
originals in our archives. There is a letter dated Valley Forge, 1778, and
signed Geo. Washington that is on paper watermarked “Smith & Alnutt-
1815.” Washington died in 1799. In Henry Toulis’s book History of
Romish Treasons (Folger Shakespeare Library copy), published in Lon-
don during 1671, there is a description of how a letter, reportedly written
by James 6th of Scotland, was proved a forgery by the “mark in the
paper.” Restrikes from original plates often are found. Charles Blasko-
witz’s map Bay of Narragansett dated 1777 can be found on paper dated
”] Whatman-1794.” A political satire cartoon by Thomas Tegg with a
written date of 1812 has been seen on paper dated 1823 by the
watermark.
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Watermarks also can help with a date by associating one watermark
with another. During the 1600s, when watermarks stood for both the
size and quality of paper, papermakers used the pot as a symbol for
ordinary quality paper 12 X 15 inches and a Cardinal’s hat, pillars, or
a Crozier horn for the same size paper, but of a better quality. A
document that had the watermark of a Cardinal’s hat and the initials
E.L.P. was undated; however, the watermark of a pot with the same
initials (E.L.P.) was known to be on a letter dated 1651. Since the same
papermaker no doubt made both sheets, it seemed safe to assume that
the undated document also had originated in the 1650s. Later, another
manuscript was found with the watermark of a Cardinal’s hat initialed
E.L.P. and was dated 1658.

There is another type of watermark that is often a help and that is
a mark left in the paper by the stitches that joined the endless wire
screen used on the early paper machines. These marks are in the form
of a series of short dashs or a ropelike line of marks across the sheet.
Since papermaking machinery did not come into being until after 1804,
1804 is the earliest such marks could appear in paper. These stitch
marks can give only a starting point, so they must be treated with caution.
The endless belt that created them remained in use for a number of
years, so such marks could have a long life. At the Henry Francis
du Pont Winterthur Museum, there are two manuscripts so marked. On
one, #77X349, dated 1831, the stitch marks appear very uniform, as
though they had been sewn by a machine; the second, #77X290, dated
1841, has stitches that are uneven in both size and placement, which
would seem to indicate they were handsewn and pre-dated the 1831
type. While on the subject of machine-made paper, it might be well to
mention the dandy roll and the watermarks it produced. The dandy roll
is said to have come about because of a dislike of the machine-made
wove paper, many customers wanted the older laid type of paper. The
dandy roll was invented and patented by the Englishmen John and
Christopher Phipps in 1825 and the first rolls for sale were made by
John Marshall Co. of England in 1826. The Marshall Co. was purchased
in 1969 by W. Green Son & Waite Ltd. The roll was shaped as a cylinder
made of a wire screen stretched over wooden ribs. The horizontal wires
of the screen made the laid line effect and the wooden ribs that ran at
90° to the horizontal wires created the chain lines. The paper pulp on
the endless screen of the machine was carried under the dandy roll,
which then made the impression in the paper. The first dandy rolls were
unwatermarked, but in 1839, William Joyson, an English papermaker,
sewed the first watermark on the roll at his mill in Kent. The American-
made dandy rolls were not watermarked until 1847; this date means
little, as English-made dandy rolls were in use in this country from
the first.
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Knowledge of when and where a papermill was located is as impor-
tant for dating as are the watermarks. There is a map of lower Delaware,
hand drawn and dated 1702, which is on paper with a Gilpin watermark.
The Gilpin mill on the Brandywine did not start operations until 1787;
thus, the map could not have been drawn on this paper in 1702. Another
such instance is a Saur Bible, printed in 1762 (and bound at Efrata,
Lancaster County, Pennsylvania) on paper with the watermarks of “WP”
and the “Arms of Virginia,” watermarks used by William Parks of
Williamsburg, Virginia. William Parks died at sea in 1750 on a trip to
England and his mill was sold in 1752. There are no records to show
that the mill operated beyond that date. It seems unlikely that any
supply of paper made by Parks lasted for ten or twelve years, perhaps
Saur (he was also a papermaker) or Conrad Schutz, who had worked
for Parks, purchased the molds and brought them to Pennsylvania for
use in his own mill.

In conclusion, watermarks very often tell us what a document is
by telling us what it isn’t.

RecEIvED October 23, 1979.
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Washing and Deacidifying Paper in the

Same Operation

LUCIA C. TANG
Preservation Office, Library of Congress, Washington, D.C. 20540

Use of a chemical feeder allows the conservator to wash
paper with deionized water containing added calcium ions,
wash and deacidify simultaneously, or to directly deacidify
paper. Examples of these processes are given in which
varying ratios of alkali were fed to deionized water. The
resultant alkaline reserves produced in two types of papers
are shown.

The washing and deacidification of paper to improve its permanence

has been an object of investigation for many years, and a number of
methods of accomplishing this have been suggested. Numerous reports
on aqueous, nonaqueous, and vapor phase deacidification procedures
have appeared in the literature. Barrow (1) has published on the use
of divalent alkaline earth bicarbonates dissolved in water. These com-
pounds not only neutralize acidity, they also leave an alkaline residue
or buffer in the paper that protects it from acid atmospheres that it may
encounter or acid generated by oxidation. Barrow (1) immersed the
paper in the solution and gave it a long soak or marination.

For years, conservators have been concerned about the water used
for washing paper artifacts. Although deionized water and distilled
water are employed extensively in washing paper artifacts, tap waters
have found wide application as well. Unfortunately, very purified water,
such as distilled or deionized waters, have been found to shorten the life
of some papers (2), probably through removal of calcium ion. Tap water
also has certain drawbacks. It usually contains chlorine, which acts to
oxidize cellulose, and traces of iron and copper compounds, which may
act as oxidation catalysts for paper stored under humid conditions. Tang
and Jones (2) concluded that water used for washing paper artifacts
should be free from chlorine and iron and copper compounds, all of

This chapter not subject to U.S. copyright.
Published 1981 American Chemical Society
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which accelerate the deterioration of cellulose, and suggested that the
preferred washing process use distilled or deionized water made accept-
able by passing it through a column of calcium carbonate chips.

To improve the washing techniques even further is the purpose of
this investigation. Washing and deacidifying paper in the same operation
will be discussed. This process achieves improved control of both wash-
ing and deacidifying by the use of a chemical feeder. A change in flow
rate of the chemical feeder, which brings in the alkaline component,
directly affects the washing and deacidification efficiency. The results of
this study, hopefully, will point out to conservators how to select the
amount of alkaline solution giving the greatest enhancement of washing,
and also the method of adding enough of the alkaline solution to de-
acidify and create an alkaline reserve in the paper. This is done by
adjusting the alkaline solution flow to the flow rate of the deionized or
distilled water.

Experimental

Experimental System. A diagram illustrating the operation of the
chemical feeder technique used for this investigation is shown in Figure
1. The deionized water was purified by passing tap water through a
cation exchange cartridge (Universal cartridge, No. 1506-20, Cole Parmer
Instrument Company) and a second cation exchange cartridge (Research
cartridges, No. 1506-30, Cole Parmer Instrument Company) to remove

/)

DI Alkaline
Solution

’ !
I

Ton Ton Alkaline
Feed Tap Water Exchange Exchange DI-Alkaline Pump Earth
Cartridge Cartridge Reservoir

Figure 1. Deionized—alkaline system by chemical feeder process; DI is
deionized water; alkaline earth is a divalent compound, i.e., Ca*? or Mg*2.
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all metal ions. The calcium hydroxide was obtained from Fisher Scientific
Company and was U.S.P. grade. The alkaline solution for the alkaline
earth reservoir was prepared from a saturated calcium hydroxide solu-
tion. Two types of pumps were chosen for the chemical feeder process.
A bellows metering pump was selected for a low flow rate of alkaline
solution, from 2.3 mL/min to 5.6 mL/min. A Monostat peristaltic pump,
Varistatic solid state model, was used for the flow ranges of 8.9-100
mL/min. The pumps delivered the alkaline solution to the deionized
water system at the appropriate rate. The deionized-alkaline water was
a mixture of deionized water (DI) and alkaline solution (Ca*? or Mg'?).
The flow rate of the deionized water was kept at a constant value in the
ranges of 436-451 mL/min, while the alkaline earth flow rate was chosen
to give desired concentrations for washing and for deacidification.

Sample Preparation. Two papers were selected. One was Cham-
pion Foldur Kraft, a bleached southern kraft paper, containing rosin size
and fillers, from a single roll of known composition. The other paper was
newsprint that had already been cut into sheets when received by the
laboratory. The newsprint was analyzed as follows: 80% groundwood
and 20% unbleached sulfite.

The five different types of DI-Ca water used for the experimental
washing and deacidification of these papers are listed in Tables I and II.
Ten 8” X 10” pieces of each paper were used for each washing. Papers
were prewet with 1:1 solution of denatured alcohol and distilled water,
then were put immediately into the wash water. The washing procedure
consisted of immersing the sample in the test water and leaving it there
for a predetermined amount of time, either one or three hours. The paper
was held between diamond-shape, open-mesh rubber matting for support,
and these “sandwiches” were stacked in a polypropylene tray; the DI-Ca
water entered the tray from one side through a tube and overflowed the
tray at the opposite side. The sheets were at all times surrounded by
moving water. The DI-Ca water flowed through the stack of paper at
the appropriate flow rate (see Tables I and II).

For each paper, both Foldur Kraft and newsprint, there were ten
sample sets and one unwashed set, which was used as a control. The air
dried samples were subjected to accelerated aging in humid (90°C/50%
relative humidity) and dry (100°C) circulating air ovens for one, two,
three, and five weeks. At regular seven-day intervals one sheet from each
sample set was removed and tested.

Table I. Water Analyses from Chemical Feeder Process

Rate of Rate of ppm Ca Conduc-
Ca(OH), DI in DI-Ca tivity
Method (mL/min) (mL/min)  Water pH (micromhos)

A 2.3 450.7 9.2 9.9 33.5
B 5.6 452.7 114 104 106.0
C 8.9 446.3 15.4 10.7 175.0
D 23.4 457.6 364 10.8 4420
E 100.0 436.0 112.8 11.9 1500.0
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Table II. Calcium Content in Paper from Chemical Feeder Process
ppm Ca Washing
in DI-Ca  Duration Ca Content (ppm)

Method Water (Hours) Newsprint Foldur Kraft
Unwashed 0.0 0 1178 = 190 610 = 12
A 9.9 1 2077 == 376 1922 =+ 311

’ 3 2716 £ 285 1865 = 417

B 114 1 2820 =+ 553 1972 = 129

' 3 3269 = 437 2046 =+ 922

C 154 1 3109 = 233 2090 = 394

: 3 3360 = 380 2186 =+ 399

1 9813 =+ 942 4493 *= 210

D 36.4 3 9788 = 369 5737 = 999

1 9790 =+ 154 4306 = 77

E 112.8 3 9459 = 51 4829 =+ 402

PRESERVATION OF PAPER AND TEXTILES II

Analytical Methods. Conpuctiviry MEASUREMENTS. Conductivity
was measured on ElectroMark Analyzer Model #4402. Triplicate read-
ings were taken on each of the DI-Ca waters.

ATOMIC ABSORPTION SPECTROSCOPY. A titanium punch was used to
cut 2.8-mm-diameter samples from the papers for calcium analysis. A
Perkin-Elmer Model AD-2 Electronic Ultramicrobalance was used for
the accurate weighing of the paper samples. Calcium content in the
DI-Ca waters and the papers was determined using a Varian Techtron
AA-6 Spectrophotometer, with a Model 90 Carbon Rod Atomizer and
Potentiometer A-25 Recorder (3). The solid samples (paper samples)
were introduced into the graphite cup atomizer with tweezers. The
standard solutions and DI-Ca waters were inserted into the cup atomizer
by means of 5-uL Oxford pipet.

BRIGHTNESS MEASUREMENTS. Brightness was measured according to
TAPPI T452m-58 using the Photovolt Model 670 Meter. Brightness was
measured at ten different places on both sides of the sheets, then the
readings were averaged.

Forpinc ENDURANCE MEAsUREMENTS. The MIT folding endurance
test was run at 1/2 kg load in the machine direction, according to
TAPPI T511-su-69.

pH MEeasureMmENTs. pH was run according to the procedure of
Kelly (4), Pulp pH Procedure. A Fisher Accumet Model 320 pH Meter
was used in the measurements.

AcIpITY AND ALKALINE RESERVE MEASUREMENTS.  Acidity was titrated
directly with standard NaOH solution to determine total acid content.

Alkaline reserve was measured by acidifying to pH 3, boiling to
remove CO,, cooling, and back titration with standard NaOH solution
to pH 7 (4).
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Results and Discussions

The Deionized Water—Alkaline System. The DI-Ca water analyses
from the chemical feeder process are shown in Table I. As the amount
of calcium ions in the deionized water was increased, the conductivity
values became higher. The amounts of calcium in the DI-Ca water can
be measured by conductivity. The pH of the deionized water was 6.3.
The pH of saturated calcium hydroxide solution is 12.3. Addition of 9.2
ppm Ca as Ca(OH), in the deionized water raised the pH to 9.9. The
level of the pH increased with additional amounts of calcium ions in the
DI water. The measurement and adjustment of the calcium solution
flow was essential, both for washing and for the deacidification efficiency.

Table II shows the calcium content in paper from the chemical feeder
process. With the addition of 9.2 ppm Ca in DI water, the treated
newsprint paper’s calcium content doubled in comparison with the control.
The treated Foldur Kraft paper contained three times more calcium than
did the unwashed paper. The more calcium that was added in the DI
water, the higher the amounts of calcium absorbed in the papers during
the washing and deacidification process. However, the absorption of
calcium in the paper reached a saturation point. This is the reason why
newsprint and Foldur Kraft papers that are treated with 36.4 ppm Ca
in the DI-Ca water imbibed the same amount of calcium as the papers
washed with 112.8 ppm Ca in the DI-Ca water.

Folding Endurance. The folding endurance of paper is one of its
useful and important properties and the test has been employed for
years in specifying and controlling paper quality. The change in folding
endurance gives a sensitive measure of the deterioration of paper with
age. Folding endurance data can be displayed readily. A plot of the
logarithm of folding endurance vs. time of aging in dry or humid ovens
yields a linear relationship (5, 6,7,8). The decrease in folding endurance
may thus be modeled as a first-order reaction. Life expectancy was taken
as the number of days of artificial aging a paper could tolerate before
folding endurance dropped to one fold. This was determined by extrapo-
lating the straight line to intersect the abscissa.

Projected life of the control (unwashed) has been divided into
projected life of the DI-Ca water washed paper to give a ratio expressing
the value of treatment. Generally, washing by the chemical feeder
process increased the initial folding endurance. The projected life or
slope of the folding endurance indicated an increase in the longevity
from two to twelve times among two papers after washings in the
chemical feeder process (see Tables III and IV; and Figures 2-3). Dry
and humid oven aged papers that were washed with 9.2 or 11.4 ppm Ca
in DI waters substantially increased in fold retention over the unwashed
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Table III. Folding Endurance of Foldur
100°C Dry Oven Accelerated Aging
ppm Ca ; 1
inDI-Ca  Treatment Folding Endurance at V5 kg
Method Water (h) 0 days 7 days

0} 0.0 unwashed 1128 == 167 306 = 80
A 9.2 1 1514 =+ 236 1143 =+ 334
’ 3 1695 =+ 152 1188 == 206
B 114 1 1642 == 435 1145 == 228
’ 3 1480 =+ 281 1125 == 203
C 15.4 1 1476 =+ 281 1043 = 79
’ 3 1621 =+ 254 1035 == 216
1 1303 = 122 1157 %= 273
D 364 3 1324 + 214 1062 = 155
1 1425 =+ 140 956 = 131
E 1128 3 1358 = 208 1072 = 139

50% Relative Humidity 90°C Humid Oven Accelerated Aging

Q W » O

)

=

0.0

9.2

114

15.4

36.4

112.8

unwashed

COdt QU QO QO QO

1128 =+ 167

1514 == 236
1695 == 152

1642 =+ 435
1400 == 281

1476 == 281
1621 == 254

1303 £ 122
1324 = 214

1425 == 140
1358 == 208

128 £ 42

695 + 136
1024 == 243

1052 =+ 188
984 + 176

1036 = 146
1085 =+ 216

999 = 133
1101 = 81

962 = 180
1076 = 112
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Kraft Paper After Chemical Feeder Process
100°C Dry Oven Accelerated Aging
; 1 Predicted
Folding Endurance at Y5 kg Life, Days Treatment

14 days 21 days 35 days in Oven Index
15+ 6 3+ 2 0 24.4 1.0
801 = 124 657 = 124 97 = 36 99.5 4.1
1200 = 345 786 == 120 319 = 68 162.4 6.7
862 =+ 116 741 == 203 336 = 80 169.7 7.0
874 = 89 705 == 112 391 = 71 194.8 8.0
1129 =+ 262 719 = 178 374 = 93 192.8 79
1015 = 151 783 == 145 403 = 60 198.1 8.1
923 = 88 741 = 112 558 = 80 284.9 11.7
870 == 90 785 = 79 552 = 57 294 .4 12.1
954 =+ 269 830 =+ 122 562 = 122 299.7 12.3
890 += 125 712 == 144 529 == 111 267.0 10.9

50% Relative Humidity 90°C Humid Oven Accelerated Aging

12+ 4 3+ 1 0 239 1.0

372 = 83 97 = 54 4+ 2 46.3 1.94
689 = 151 250 == 50 31+ 21 67.1 2.81
872 = 173 467 *= 159 60 = 26 82.9 3.5
856 =+ 180 208 = 47 136 = 39 105.4 44
698 = 88 389 = 81 108 = 25 98.6 4.1
889 == 323 619 = 119 161 = 55 117.5 49
734 =119 573 = 111 186 = 78 133.3 5.6
750 = 198 680 = 106 172 = 36 129.1 54
866 =+ 141 509 = 77 138 = 26 113.2 4.7
827 = 82 689 = 110 214 += 82 142.7 6.0
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Table IV. Folding Endurance of Newsprint
100°C Dry Oven Accelerated Aging

ppm Ca

; 1
in DI-Ca  Treatment Folding Endurance at V5 kg

Method Water (h) 0 days 7 days
0] 0.0 unwashed 129 == 57 25+ 9
A 92 3 F R Y
B 14 3 o=z ToxIs
c 154 3 ars  1ax1s
D 364 3 i A8
E 18 : B3r2e 125

50% Relative Humidity 90°C Humid Oven Accelerated Aging

Publication Date: December 1, 1981 | doi: 10.1021/ba-1981-0193.ch007

(0] 0.0 unwashed 129 =+ 57 12+ 3
1 120 = 69 66 == 19

92 3 185 + 31 55 + 14

1 143 + 42 74 = 16

B 114 3 110 = 28 89 - 39
1 236 == 64 82 + 14

C 154 3 102 = 52 95 = 18
1 152 = 40 69 == 12

D 36.4 3 175 + 47 84 = 26
1 167 = 41 61 = 27

E 112.8 3 133 + 24 73 = 20
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Paper After Chemical Feeder Process
100°C Dry Oven Accelerated Aging

71

Folding Endurance at V5 kg

14 days
7+ 2

23 =14
63 = 18

77 =27
75 = 25

38 =16
84 == 26

84 + 35
49 =19

61 =+ 26
98 =+ 36

21 days
3+ 1

15+ 4
30 += 16

39+ 14
30 =12

56 =+ 20
69 == 27

27+ 9
65 == 33

59 =+ 16
51 =+ 23

35 days

Predicted

Life, Days Treatment

in Oven
26

475
59.9

93.5
77.1

80.8
106.7

109.9
147.0

102.6
124.2

Index
1.0
1.8

ok R W N
N == OO W

3.9
48

50% Relative Humidity 90°C Humid Oven Accelerated Aging

2+ 05

22 =11
24 =12

70 == 23
63 = 24

75 += 23
61 =19

47 =24
89 =+ 37

58 =+ 20
75 =+ 26

0

9+ 3
16 =11

45 + 13
66 = 16

28 += 18
64 = 19

65 = 17
66 = 19

56 = 14
69 == 25

0

+H HH

BR 38 5% w—
FH KH
NS oN R® e =O

N o
O
—

+ 1

S

16.0

36.8
44.6

77.0
92.7

75.5
131.2

106.2
119.0

126.4
128.2

1.0
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LOG. FOLD

0.0 . v . .
7 14 21 35

Days in 100°C Dry Oven

Figure 2. Foldur Kraft paper washed for 1 h in chemical feeder process

LOG. FOLD

Days in 90°C,50% R.H. Humid Oven

Figure 3. Foldur Kraft paper washed for 1 h in chemical feeder process
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3.0 1

2.0

LOG. FOLD

1.0

0.0

Days in 100°C Dry Oven

Figure 4. Newsprint paper washed for 1 h in chemical feeder process

papers (see Figures 2-5). However, papers treated with 36.4 or 112.8
ppm Ca in DI water exhibited a much lower increase in folding endurance
than did the papers that were washed with 9.2 or 11.4 ppm Ca in DI
water. Surprisingly, papers deacidified with 112.8 ppm Ca in DI water

LOG. FOLD

Days in 90 C, 50% R.H. Humid Oven

Figure 5. Newsprint paper washed for 1 h in chemical feeder process

In Preservation of Paper and Textiles of Historic and Artistic Valuell; Williams, J.;
Advances in Chemistry; American Chemical Society: Washington, DC, 1981.



Publication Date: December 1, 1981 | doi: 10.1021/ba-1981-0193.ch007

74 PRESERVATION OF PAPER AND TEXTILES II

0.14

0.12

0.10

0.08

0.06

0.04

Rate of Deterioration

0.02

0.00 T T T T

ppmCa in Wash Water

Figure 6. The effect of calcium content on rate of deterioration of fapers,

rate of deterioration is taken from the slope of the log folding endurance

vs. time of aging curve; (@) FK dry, (O) FK humid, fA) NP dry, (A) NP
humi

gave the same or less improvement in the folding endurance than the
papers that were treated with 36.4 ppm Ca in DI water. Figure 6
shows the effect of calcium content on the rate of deterioration of paper.
Untreated paper deteriorates very quickly. The most efficient treatment
for slowing down the deterioration of paper is 11.4 ppm Ca in DI water.
Once the solute absorption in the papers reaches a saturated point, the
effective treatments do not depend on the concentration. In all washings
in the chemical feeder process, the three hours washing gave a slight
improvement in paper permanence over the one hour washing (see Tables
III and IV). However, for most purposes, the improvement at three
hours hardly justifies the additional time required.
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Brightness. Tables V and VI show the effect of the treatments on
brightness in both dry and humid oven aging. Foldur Kraft samples
remain the same in initial brightness values after various treatments in
the chemical feeder process. However, all treated newsprint samples
dropped in initial brightness. The degree of loss in initial brightness for
treated newsprint samples depended on the amounts of calcium fed in
DI water. After dry and humid aging, all washed Foldur Kraft and
newsprint samples were improved in brightness retention in comparison
with the unwashed samples. The improvement in brightness retention
did not depend on solute concentration in this experiment.

Table V. Aging Tests on Washed Paper, Effect on
Brightness, Foldur Kraft Paper

100°C Dry Oven Accelerated Aging

ppm
Cain Treat- . .
DI-Ca ment Brightness (units)

Method Water (h) Odays 7days 14days 21 days 35 days
(0] 0.0 unwashed 75.0 68.8 64.5 61.4 578

A 02 1 751 720 703 699  67.1
: 3 754 723 708 705 684

B 4 1 750 719 710 702 684
: 3 750 719 713 704 686

1 746 717 701 700 688

C 154 3 748 721 713 705 687
1 752 124 713 707 69.2

D 36.4 3 753 724 718 706  69.0
1 741 723 710 705 687

E 112.8 3 750 725 716 708 694

50% Relative Humidity 90°C Humid Oven Accelerated Aging
0 0.0 unwashed 75.0 65.5 62.8 56.3 50.6

03 1 751 700 675 650 608
: 3 754 700 679 654 608

B 114 1 750 697 680 658  60.7
: 3 750 699 679 640 604

G 154 1 746 693 674 642 597
: 3 748 690 677 654  6L3

1 752 699 683 657 619

D 364 3 753 703 682 656 617
1 741 701 674 651  60.9

E 112.8 3 750 6907 678 662 617
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Table VI. Aging Tests on Washed Paper, Effect on
Brightness, Newsprint Paper

100°C Dry Oven Accelerated Aging

Cain Treat- . .
DI-Ca ment Brightness (units)

Method Water (h) Odays 7 days 14days 21 days 35 days
(6] 0.0 unwashed 524 44.5 39.4 36.0 31.1

A 02 1 50.6 454 425 401 356
: 3 505 457 426 410 364

B " 1 477 440 421 404 365
: 3 467 443 426 413 373

o 154 1 456 435 423 406 371
: 3 465 430 415 404 371

1 451 419 413 393 372

D 36.4 3 447 427 410 388 374
1 435 427 395 390 370

E 1128 3 432 424 415 388 367

&0% Relative Humidity 90°C Humid Oven Accelerated Aging
(0] 0.0 unwashed 524 374 33.1 29.6 27.0

03 1 506 445 408 373 325

: 3 505 453 419 383 329

B 4 1 477 446 416 389 344
: 3 467 450 420 401 357

c 154 1 465 437 409 389 358
: 3 465 436 411 390 354

1 451 419 404 378 344

D 36.4 3 447 420 404 387 351
1 435 422 399 378 348

E 112.8 3 432 423 394 380 344

pH of Treated Papers. The pH values in the DI-Ca waters are
shown in Table I. The effect on the pH of the newsprint and Foldur
Kraft papers after the chemical feeder process in the dry and humid
ovens is shown in Tables VII and VIII, and Figures 7 and 8. The
unwashed samples had a pH 4.8-5.1. After air drying for several hours,
the washed papers varied from pH 6.5 to pH 9.1. The amount of calcium
that was fed into the DI water played an important role in the pH values
of the washed and deacidified sheets. Results indicate that the treated
papers above pH 6.5 generally have a very slow rate of degradation and
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that unwashed samples below pH 5.1 progressively degrade more rapidly
(see Figures 2-6). Treated papers exhibited a gradual decline in pH
after thirty-five days accelerated aging. After dry and humid oven aging,
the papers that had been treated in the chemical feeder process remained
at a pH above 7, this is, therefore, a true deacidification process. The
papers that had only been washed remained below pH 7, so this cannot
be considered as deacidification but only as washing. A calcium content
of the DI-Ca water of 9-15 ppm is the proper concentration for washing
the paper. The chemical feeder system can be used to put this amount

Table VII. Aging Tests on Washed Paper, Effect on
pH, Foldur Kraft Paper

100°C Dry Oven Accelerated Aging

ppmMm
Cain Treat-
DI-Ca ment pH
Method Water (h) 0days 7days 14days 21 days 35 days
(0] 00 wunwashed 4.95 5.1 5.1 5.15 495
1 64 61 60 60 56
A 9.0 3 69 64 63 625 595
1 75 665 665 64 63
B 114 3 72 67 66 65 6.2
1 71 73 71 69 655
C 154 3 74 705 695 67 64
1 85 815 75 76 714
D 36.4 3 85 815 75 17 13
1 865 85 85 84 82
E 1128 3 91 86 86 855 845

50% Relative Humidity 90°C Humid Oven Accelerated Aging
0 0.0 unwashed 4.95 5.1 5.15 5.1 4.85

T * D T R L
B w4 3 I3 §F G2 ses 585
C 14 3 T4 68 65 62 605
D %4 ; §3 & 11 13 712
E 28 3 oY S8 87 535 s
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Table VIII. Aging Tests on Washed Paper, Effect
on pH, Newsprint Paper

100°C Dry Oven Accelerated Aging

ppm
Cain Treat-
DI-Ca ment pH
Method Water (h) O0days 7days 14days 21 days 35 days
0 00 unwashed 482 48 46 455 42
1 65 56 535 525 495
A 92 3 67 63 57 555 51
1 79 70 65 58 54
B 114 3 805 735 70 66 605
1 815 80 72 695 67
C 154 3 825 76 765 745 725
1 85 765 175 76 115
D 36.4 3 86 77 175 18 74
1 885 785 795 795 78
E 112.8 3 865 82 81 82 718

50% Relative Humidity 90°C Humid Oven Accelerated Aging
0] 00 wunwashed 4.82 45 435 425 3.95

O T P - S
B 14 3 gos 91 G 87 63
C 14 3 gw Is 113 145 73
D34 3 g2 78 Tes 1w 74
B om28 3 g 88 81 5o 785

into the DI water for the washing process. When the calcium content of
the DI-Ca water is brought above 20 ppm by the chemical feeder, the
paper is deacidified as well as washed. After dry and humid oven
accelerated aging, the 36.4- or 112.8-ppm-Ca-DI water deacidified papers
showed no significant changes in pH values. This is indicative of a
stabilized paper.

Alkaline Reserve. The alkaline reserve served to protect paper
from acidity, either from a polluted environment or from the paper
structure itself. It is very important that the treatment leave an adequate
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alkaline reserve in the paper to prevent it from becoming acid again.
Papers washed with the 9.2-ppm-Ca-DI water did not have an alkaline
reserve but did have a reduced acidity content. Tables IX and X show
the chemical feeder process producing alkalinity in washed papers that
remained during and after accelerated aging. Although newsprint and
Foldur Kraft papers washed with 11.4- or 15.4-ppm-Ca-DI water have a
small alkaline reserve, this alkaline reserve had been consumed, leaving
the cellulose in an acid condition in the subsequent artificial aging.
Newsprint papers treated with 112.8-ppm-Ca-DI water contained 1.3%

One Hour Washed
9.0

112.8 ppmCa

8.0
36.4 ppmCa

7'

7.0 A 15.4 ppmCa
[i 11.4 ppmCa

6.0 l\n\o\'n\s 9.2 ppmCa

b___o__.o_o_\o Unwashed
5.0

pH

4.0 j ' ) '
7 14 21 35
Days in 100°C Dry Oven
9.0
112.8 Ca
8.0 o PP
a
7.0 36.4 ppmCa
z 0 15.4 ppmCa
6.0 11.4 ppmCa
9.2 ppmCa
5.0 H—O_o\_e Unwashed
4.0

T T T T

14 21 35
Days in 90°C, 50% R.H. Humid Oven

Figure 7. Effect on pH of Foldur Kraft paper after chemical feeder
process
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One Hour Washed

9.0
112.8 ppmCa
8.0
36.4 ppmCa
7.0 15.4 ppmCa
x
Q.
6.0 11.4 ppmCa
9.2 Ca
5.0 ppm
Unwashed
4.0 ! - T Y

7 14 21 35
Days in 100°C Dry Oven

9.0
112.8 ppmCa

8.0
ry 36.4 ppmCa
7.0 1 15.4 ppmCa

6.0 11.4 ppmCa

9.2 ppmCa

5.0
0\0\0\6-\0 Unwashed
3.9

7 14 21 35
Days in 90°C, 50% R.H. Humid Oven

Figure 8. Effect on pH of newsprint paper after chemical feeder process
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CaCOgs; however, Foldur Kraft papers deacidified with the same amount
of DI-Ca water contained only 0.35% CaCO;. Alkaline reserves in the
paper depended on the pick up of the paper, its absorbency, and the
solute concentration. After humid oven aging, newsprint and Foldur
Kraft papers treated with 36.4- and 112.8-ppm-Ca-DI water showed
retention of their alkaline reserve. Thus, an adequate deposition of
calcium carbonate during the chemical feeder process gave sufficient
protection and indicated paper permanence. There was no powdering
on the paper surface. The results indicate that the papers washed with
9.2-ppm-Ca-DI water were well washed; the papers washed with 11.4-
or 15.4-ppm-Ca-DI water were given both washing and partial deacidifi-
cation; and the papers treated with 36.4- or 112.8-ppm-Ca-DI water
received a complete deacidification treatment plus an adequate alkaline
reserve.

Conclusion

It had been found earlier that paper washed in distilled or deionized
water containing no calcium ions is less stable than paper that had been
treated. It has now been shown that regulated addition of alkaline earth
compounds with the chemical feeder allows utilization of deionized or
distilled water to give superior results in washing paper artifacts. It is
considered that use of the chemical feeder will make a significant change
in the design of washing or washing and deacidification equipment. In
this chapter, a peristaltic or bellows metering pump was used as a chemi-
cal feeder to adjust the DI water-alkaline ratio by varying the flow rate
of the alkaline solution. Superior washing was accomplished with the
9-ppm-Ca-level deionized water created by the metering pump. For
washing and deacidification, 14-20 ppm Ca was added to deionized water
by the chemical feeder process. The third application is complete
deacidification with production of an adequate alkaline reserve in the
paper. This is done by adding 36-112 ppm Ca in the deionized or
distilled water by the chemical feeder. A washing time of one hour
appears adequate; longer times give only slightly better results. In
summary, the DI-alkaline system using the chemical feeder provides an
extremely high degree of flexibility, allowing easy washing and deacidifi-
cation of paper by the conservator.
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Table IX. Aging Tests on Washed Paper,
100°C Dry Oven Accelerated Aging
0days 7 days
ppm Y Y

Cain Treat- Alkaline Alkaline
DI-Ca ment  Acidity Reserve Acidity Reserve
Method Water (h) (meq/kg) (%CaCOs) (meq/kg) (%CaCOys)

un-

0) 0.0 washed 25 225

92 3 3% 56
B 14 g 006 30
C 14 g 008 013
D 34 3 021 015
E o8 g 036 025

50% Relative Humidity 90°C Humid Oven Accelerated Aging

un-
(0] 0.0 washed 25 22.5
ST 4
B ou4 006 26
TN %
S oz o2
E 1128 3:32 030
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Effect on Alkalinity of Foldur Kraft Paper
100°C Dry Oven Accelerated Aging

83

14 days 21 days 35 days
, Alkaline Alkaline Alkaline
Acidity Reserve Acidity Reserve Acidity Reserve
(meq/kg) (%CaCOs) (meq/kg) (%CaCOs) (meq/kg) (%CaCOs)
22.5 22.5 275
10.8 11.1 15.6
8.7 7.9 10.2
2.9 10.1 6.7
2.7 5.1 43
0.6 1.1 3.7
0.03 1.0 3.1
0.09 0.07 0.03
0.11 0.07 0.06
0.29 0.34 0.24
0.25 0.30 0.26

50% Relative Humidity 90°C Humid Oven Accelerated Aging

225

12.8
88

78
6.1

1.6
29

0.08
0.06

0.28
0.26

22.5

14.6
10.2

13.0
7.9

44
5.6

0.07
0.09

0.25
0.21

30.0

17.7
133

8.9

8.9
6.8
59

0.06
0.06

0.24
0.22

In Preservation of Paper and Textiles of Historic and Artistic Valuell; Williams, J.;
Advances in Chemistry; American Chemical Society: Washington, DC, 1981.



Publication Date: December 1, 1981 | doi: 10.1021/ba-1981-0193.ch007

84 PRESERVATION OF PAPER AND TEXTILES II

Table X. Aging Tests on Washed Paper,
100°C Dry Oven Accelerated Aging
ppm 0 days 7 days

Cain Treat- Alkaline Alkaline
DI-Ca ment  Acidity Reserve Acidity Reserve
Method Water (k) (meq/kg) (%CaCOs) (meq/kg) (%CaCOs)

un-
(0] 0.0 washed 53.0 56.7
A ez 5 4G 575
B4 g 028 06
c 154 g 020 051
D 364 3 078 e
E 1128} 157 129

50% Relative Humidity 90°C Humid Oven Accelerated Aging

un-
0] 0.0 washed 53.0 80.0

%2 3 g0 156
B 14 g 028 53 0.14
C 154 g 050 044
D %4 g 070 067
I & £
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Effect on Alkalinity of Newsprint Paper
100°C Dry Oven Accelerated Aging

85

14 days 21 days 35 days
Alkaline Alkaline Alkaline
Acidity Reserve Acidity Reserve Acidity Reserve
(meq/kg) (%CaCOs) (meq/kg) (%CaCOs) (meq/kg) (%CaCOs)
66.7 76.7 100.0
33.0 444 73.3
29.4 40.0 54.0
10.5 26.3 45.5
0.0 5.6 25.0
0.22 0.15 5.5 0.22
0.28 031
0.54 0.50 0.62
0.58 0.61 0.50
1.28 1.22 1.20
1.10 1.47 1.08

50% Relative Humidity 90°C Humid Oven Accelerated Aging

90.0

36.8
32.6

15.7
0.0

0.22
0.40

0.58
0.63

1.40
1.30

96.7

55.6
40.8

28.6
22

0.22
0.34

0.50
0.67

1.35
1.40

123.3

61.1
56.0

52.9
11.9

225

0.24

0.44
0.56

1.24
1.17
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The Effect of Magnesium Bicarbonate

Solutions on Various Papers

WILLIAM K. WILSON, RUTH A. GOLDING, R. H. McCLAREN,
and JAMES L. GEAR

GSA, National Archives and Records Service, Preservation Services Division,
Washington, DC 20408

As part of a long-range program on a study of the effects of
various deacidification procedures on paper, the effects of
Mg(HCOs), on the physical and chemical properties of sev-
eral old papers, some multicolored maps, and handsheets
made from a bleached hardwood kraft were studied. Re-
flectance usually increased with deacidification. Tear and
tensile energy absorption also improved, and these proper-
ties are important to the handling properties of papers. The
sizing of the papers studied was destroyed by deacidification
in Mg(HCO;),. It was shown that deacidification did not
remove aluminum from the carboxyl groups in laboratory
handsheets. The stability toward accelerated aging at 90°C
in closed cells of various handsheets led to inconclusive
results.

This chapter describes some work on the effect of magnesium bicar-
bonate solutions on several old papers, some maps, and some hand-
sheets made in the laboratory especially for this study. Also included are
some data on the interaction of metals with cellulose, as the metal on the
carboxyl groups is thought to be of importance in the stability of paper
(1-6). This is part of an extensive study of deacidification that is being
carried out by the Research Laboratory of the Preservation Services
Division of National Archives and Records Service.

Several investigators have studied the effects of deacidification on
paper. Flieder (7) evaluated several deacidification procedures using
breaking length, fold, burst, tear, reflectance, opacity, pH, copper num-
ber, and ash as criteria of change. Accelerated aging for 72 h at 105°C
and for 4 h at 87°C and 60% relative humidity was employed as measures
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of comparative stability before and after various treatments. She favored
the Barrow two-stage process (8) or treatment with borax (9). Hey is
firmly opposed to the use of borax as a deacidification agent (10).

Santucci has done some interesting work on deacidification (11, 12)
as well as accelerated aging (13). He prefers an unsaturated solution of
magnesium bicarbonate, a saturated solution of magnesium carbonate, or
tap water. As he points out, the latter two do not provide an appreciable
alkaline reserve. For nonaqueous deacidification, he suggests the use of
Smith’s magnesium methoxide spray (I4). Santucci stresses that one
should start with a paper of known and reproducible characteristics, as
the use of commercial papers of unknown composition has caused much
confusion. He also discusses moist and dry accelerated aging, and de-
scribes a procedure for aging paper in closed cells (13). The latter is
more degradative than when the same temperature and relative humidity
are employed at atmospheric pressure.

The pioneering work on deacidification was done over forty years ago
by Schierholz (15) and by Barrow (8), who applied Schierholz’s patent in
the development of his two-step process of calcium hydroxide followed by
calcium bicarbonate. Many other approaches have been devised since
that time, including the use of magnesium bicarbonate introduced at
National Archives and Records Service (NARS) by Gear (16). In addi-
tion, some of the articles that discuss various deacidification procedures
have been authored by Kelly (17, 18), Werner (19), Williams (20),
Smith (21, 22, 23), and Walker (24).

A subject that has received considerable attention over the years is
the effect of metals on the stability of cellulose. Sihtola (1, 2, 3) showed
that metals on the carboxyls influenced the extent of yellowing during
accelerated aging. Data developed by Parks (4, 5, 6) on accelerated
aging of handsheets indicate that the metal on the carboxyls greatly influ-
ences stability. Hudson (25) and Lanwell (26) observed that certain
metals in paper catalyzed the oxidation of SO, to SO;. Thus, the exposure
of paper to SO, can be much more serious than at first glance. Spinner
(27, 28) has studied the effect of iron and copper salts on the yellowing
of paper. Williams (29) studied the performance of copper as an oxida-
tion catalyst in accelerated aging, and was able to show that a small
amount of sodium carbonate arrested the degradation. Back (30) showed
that certain metals induced dimensional stability in fiber building board,
apparently due to crosslinking. A similar reaction has been found to occur
in paper (4).

Magnesium bicarbonate solutions for deacidification usually are
prepared from basic magnesium carbonate by passing CO, gas through a
slurry of the carbonate in water. However, it has been found that mag-
nesium hydroxide is a much more convenient source of magnesium (31,
32). The hydroxide dissolves readily in water through which CO, is
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bubbled. It has a definite chemical composition, in contrast to the basic
carbonate, so a solution of definite strength may be prepared with no need
for analysis. Solutions up to about 0.2M have been prepared. As has been
noted by others (11), the pH of the solution is no indication of strength
and the more concentrated solutions have a tendency to precipitate.

The ranges of pH values in which solutions of magnesium bicarbonate
are stable have been measured and are listed in Table I (32). These
data show that the pH of a solution of magnesium bicarbonate depends on
the concentration of salt in solution and on the concentration of CO,. If
care is taken to preserve the CO, content of a solution, no trouble should
be encountered with precipitation.

There is no “standard consensus concentration” of magnesium bicar-
bonate solution for deacidification of paper. Some conservators prefer a
high concentration to assure an adequate alkaline reserve. Others object
to the “chalky feel” of papers so treated. A concentration of 0.05M was
used in this study unless otherwise indicated.

The pH range of magnesium bicarbonate solutions is quite broad, and
extends from about 6.4 to about 9.5. As the chemistry of the deacidifica-
tion process probably depends, to some extent, on the pH of the solution,
this, plus the uncertainty of the composition of commercial paper samples,
may explain some of the differences in results from one laboratory to an-
other. One also must remember that about twenty possible chemical
modifications of the anhydroglucose ring in cellulose may be written
down.

In connection with a program at the National Bureau of Standards,
sponsored by National Archives and Records Service (33), on the develop-
ment of specifications for permanent record papers, some handsheets were
made from a pulp in which the carboxyls were covered with aluminum.
Just before the sheet was formed, some calcium carbonate was added to
the headbox. Thus, the cellulose had aluminum on the carboxyls, a char-
acteristic of instability, and the paper had a calcium carbonate filler, a
characteristic of stability.

Although these handsheets were stable toward dry aging at 90°C,
they were unstable toward accelerated aging at 90°C and 50% relative
humidity. However, they were more stable than aluminum-exchanged
handsheets without calcium carbonate filler.

This poses a question concerning deacidification. If a deacidification
procedure does not remove aluminum from the cellulose carboxyls, will
the paper have the stability that one would expect from a paper with an
alkaline filler? In an attempt to answer this question, a series of hand-
sheets was made from a hardwood kraft pulp. This pulp was selected
because: (a) it had a carboxyl content of 5.75 mmol,/100 g pulp, which is
similar to that of some old papers; (b) it was easy to beat in a laboratory
beater; and (c) the physical properties of the handsheets were in the “old
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Table I. Range of pH Values in Which Solutions of Magnesium
Dioxide, and the Latter Was Then Removed by

Strength of bicarbonate solution, (M)

pH values

at saturation with CO,

at first opalescence®

at heavy opalescence

at considerable precipitation

after several hours, bubbling with no precipitation

pH range from CO, saturation

to opalescence
to maximum pH without precipitation’

¢ “Milkiness” attributable to appearance of fine particles of precipitate.
® No precipitation occurred in these solutions after several hours bubbling.

paper” range. Before making handsheets, the pulp was treated to provide
the desired metal on the carboxyls.

In reviewing the literature on the effect of deacidification on paper,
three important factors emerge: (a) it is desirable to work with papers
that are reproducible, well characterized, and similar in properties, both
chemical and physical, to old papers; (b) much more work needs to be
done on the interaction of metals with the carboxyls in cellulose; and (c)
a standard procedure for accelerated aging that includes some moisture in
the aging atmosphere is desperately needed.

Experimental

Preparation of Solutions of Magnesium Bicarbonate. Magnesium
bicarbonate solutions were prepared as needed by bubbling CO, from a
tank of compressed gas through a fritted glass diffuser into a volumetric
flask containing a suspension of magnesium hydroxide in distilled water
332). When solution was complete, water was added to the mark and the

ask agitated to effect thorough mixing.

Methods of Analysis and Testing. The organic material extracted
from paper by water and by magnesium bicarbonate solutions was oxi-
dized with an excess of potassium dichromate in about 10M sulfuric acid
solution at about 125°C. Specimens were extracted with 20 mL water or
magnesium bicarbonate solution, rinsed with 15 mL water, and 5mL of
0.5N K,Cr,0; was added to the combined extract and rinsings. The addi-
tion of 50 mL of concentrated sulfuric acid, slowly and with stirring,
raised the temperature through heat of dilution to about 115°C. The solu-
tions were heated on a hot plate, and removed when the temperature
reached 125°C. The excess dichromate was determined by electrometric
titration (calomel, platinum) with ferrous ammonium sulfate solution
(1N in 1N H,SO4). The oxidation step is similar to that outlined in a
TAPPI standard for determination of alkali solubility (34).
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Bicarbonate Are Stable. Solutions Were Saturated with Carbon
Bubbling Oxygen Through the Solution (32)

0.15 0.10 0.05 0.04 0.035 0.025
6.98 6.9€ 6.68 6.61 6.53 6.40
8.50 8.56 9.18 —’ —’ —°
8.57 8.56 9.19 — — —
8.52 8.54 8.98 — — —
— — — 9.37 9.53 9.63
1.52 1.66 2.50 — — —
— — — 2.76 3.00 3.13

° Although no precipitation occurred during the experiment, precipitation occurred
in each solution after standing overnight.

Preparation of Solutions of Magnesium Bicarbonate for Deacidification of Documents

The theoretical factor for total oxidation of glucose is 7.5 mg of glu-
cose per meq of dichromate. For total oxidation of cellulose, the factor is
6.75 mg cellulose per meq of cellulose. As indicated in TAPPI T 235, the
actual oxidation is not quite theoretical and is given as 6.85 mg cellulose
per meq of dichromate. Pentosans and paper sizing materials give differ-
ent oxidation factors.

A TAPPI method for pH was used (35), care being taken to prevent
any of the paper from touching the electrodes during the measurement
process (36).

Stiffness (37), folding endurance (38), Sheflield smoothness (39),
porosity (40), and internal tearing resistance (41) were determined by
appropriate TAPPI methods.

Reflectance was determined with a commercial UV /visible recording
spectrophotometer with integrating sphere, using a vitrolite standard cali-
brated by the National Bureau of Standards. The value at 457 nm was
taken arbitrarily as the reflectance. This is similar, but not equivalent to,
TAPPI brightness (42).

Sizing values were determined using a fluorescent dye described by
van den Akker et al. (43).

Qualitative examination of papers for glue was performed according
to TAPPI T 417 (44).

Metals in pulps and papers were determined after wet-ashing with
nitric acid by atomic absorption techniques using a commercial instru-
ment. Tensile properties (load at break, elongation at break, energy to
break) were determined using a commercial recording load-elongation
machine (45).

Deacidification was carried out in covered enameled trays, after
which the papers were suspended from a line and allowed to air-dry with-
out pressing.

Samples Used for Evaluation. The following samples of old papers
were obtained from the NARS Document Restoration Laboratory and the
origins of some of them are unknown:
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=

U.S. District Court Book, Montgomery, Alabama, Execu-
tive Docket, May, 1839-December, 1860.

Economy linen ledger.

Ruled ledger.

Customers journal, Frederiksted 1788-1789.
Christiansted weigh book, 1771.

Old paper, bad condition.

Ruled ledger.

Old paper.

Plain old paper.

10. St. Croix journal.

© P NS U W

Preparation of the pulp (beating) for papermaking was performed
according to TAPPI recommendations (46). Water from a reverse osmo-
sis unit was used as the beating medium. Handsheets were prepared with
the standard British handsheet machine, again using reverse osmosis
water (47).

A wood pulp, designated as Pulp F, was used in some of the experi-
ments. It contained (manufacturer’s data) about 85% a-cellulose and
15?) hemicelluloses. The carboxyl content was about 2.5 mmols/100 g
pulp.

A hardwood kraft pulp was used for handsheets. This had a carboxyl
content of about 5.75 mmols/100 g pulp.

Seven maps were included in this study. Six of them were U.S. De-
partment of Interior, Geological Survey maps of areas of North Carolina
identified below. A Civil War map, Lab No. 7, was included in the study.

U.S. Geological

Lab No. Date Survey No. Area

1 1950 N3500-W7815/15 Coharie

2 1944 N3515-W7815/15 Four Oaks

3 1914 N3515-W7730/15 Kinston

4 1959 N3445-W7830/15 Roseboro

5 1959 N3445-W7845/15 Saint Pauls

6 1957 N3500-W7745/15 Seven Springs

Results and Discussion

In this section, data are presented on the effects of deacidification on:
(a) oxidizable material extracted from some old papers; (b) changes in
physical properties of these old papers; and (c) changes in physical prop-
erties of several multicolored maps. The results of some experiments on
the interaction of metal ions with a hardwood kraft pulp are given, and
discussed in relation to deacidification and probable stability. A series of
handsheets made from a hardwood kraft pulp, after treatment of the pulp
with various metal ions, were studied in relation to the effects of deacidi-
fication on the removal of aluminum and on stability before and after
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deacidification. In this chapter, deacidification is defined as treating paper
with a solution of magnesium bicarbonate, which leaves an alkaline buffer
in the paper.

Tap water is defined in this chapter as the water that is supplied in
the Washington, DC area. The composition varies, mostly by season.
Tap water composition may vary greatly among geographical areas.

Oxidizable Material. To check the laboratory procedure for oxida-
tion of organic material extracted from old papers, weighed amounts of
glucose, a filter paper, and a papermaking pulp (Pulp F) were oxidized;
the data are given in Table II. Pulp F is slightly out of line, but this can
be explained on the basis of its substantial pentosans content, which re-
quires a slightly different factor in milligrams of pulp oxidized per milli-
equivalents of dichromate.

Table II. Oxidation of Carbohydrate Materials with Potassium
Dichromate in Sulfuric Acid at 125°C

Glucose Filter Paper Pulp F
(% oxidation) (% oxidation) (% oxidation)
100 99 102
101 96 103
99 100 104
100 100 102
99 99 104
99 99 103

Data on the amounts of material extracted from some old papers and
Pulp F are given in Table III. As these extractions were made under
typical deacidification conditions, one cannot claim great precision, but a
very interesting situation emerges when the data in each category are
summed up. It appears that water and Mg(HCOj3), extract similar
amounts of oxidizable material, but appreciably larger amounts of mate-
rial are removed by water followed by Mg(HCO;).. The extracts were
not filtered, so no distinction is made between soluble matter and particu-
late matter.

Assuming that these data are typical of old papers that might be de-
acidified, the amount of material that may be removed during the deacidi-
fication process is not substantial.

Data on the effect of pH and concentration of Mg(HCO3), solutions
on the amount of oxidizable material extracted from papers are given in
Table IV. The changes are not pronounced or very significant, but it
appears that the amount of material extracted increases with concentra-
tion and with pH. From this standpoint only, assuming that these samples
are representative, there need be little concern about the pH or the con-
centration of Mg(HCOj3), deacidification solutions.
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Table III. Oxidizable Material Extracted from Old Papers and
Pulp F by Distilled Water, By Distilled Water Followed by
0.05M Mg(HCO3)2, and by Magnesium Carbonate Alone

Treatment (amount removed (%))

Water Followed 0.05M
Sample by 0.05 M Mg(HCO;),
Number Water Only Mg(HCOs), Only

3.2
2.0
3.6
3.0
3.0
23
3.8
14
24
34
0.07
28.1

—
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Data on the amount of oxidizable material extracted with distilled
water and with tap water are given in Table V. From the summations of
the values, it is obvious that the differences are negligible.

Table IV. Effect of pH and Concentration of Magnesium
Bicarbonate Solutions on Amount of Oxidizable
Material Extracted from Papers

Concentration of Mg(HCOs)s (M)

0.05 0.15
pH (amount extracted %) (amount extracted %)
Sample 1
6.80 1.1 —
6.90 — 14
7.82 1.1 —
8.26 2.0
8.94 1.8 —
Sample 3
6.60 29 —
6.64 2.9 —
6.90 — 35
7.86 29 —
8.26 — 3.8
8.80 3.7 —
8.94 3.6 —
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Table V. Comparison of the Amount of Oxidizable Material
Extracted with Distilled Water and With Tap Water

Ozxidizable Material Extracted with Water

Distilled Tap
Sample Number (amount, %) (amount, %)

1 1.1 1.0

2 1.5 12
3 2.6 2.8
4 1.2 1.3
5 24 2.8
6 2.2 20
7 1.2 0.9
8 1.4 1.3
9 1.5 1.2
10 22 24
3 17.3 16.9

Table VI provides data on the oxidizable material extracted from
paper No. 3 with water followed by magnesium bicarbonate as a function
of time. For this particular paper, the amount of oxidizable material
extracted reaches a maximum in about twenty minutes.

Data on the effect of temperature on the extraction of oxidizable
material from paper No. 3 are given in Table VII. There is some uncer-
tainty between 3°C and 10°C, and the differences probably represent
experimental error. From 10°C to 44°C, the trend is unmistakable. The
increased extraction at 44°C could be attributable, at least in part, to an
increase in pH through loss of CO, (see Table IV). In any event, the tem-
perature coefficient of extraction is not great enough to cause concern
during deacidification.

Effect of Water and of Magnesium Bicarbonate on pH of Old Papers.
Data on the effect of soaking in water and/or magnesium bicarbonate for

Table VI. Oxidizable Material Extracted from Paper No. 3, as a
Function of Time, with Distilled Water Followed
Immediately with 0.05M Mg (HCO;3).

Time of Extraction (min) Amount Extracted (%)
HgO Mg(HCO;)’ HgO Mg(HCO,,)g Total

1 1 1.8 0.6 24

5 5 1.6 09 2.5
10 10 2.3 0.8 3.1
20 20 2.6 09 3.5
20 20 2.7 09 3.6
30 30 29 08 3.7
60 60 3.1 0.7 3.8
60 60 3.0 0.7 3.7
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Table VII. Effect of Temperature on the Extraction of
Oxidizable Material from Paper No. 3

Amount Extracted by
Tem- H,0, Mg(HCO;),,

perature  Only Only H,0 + Mg(HCOs), __ Total
(°C) (%) (%) (%) (%) (%)

3 24 3.6 2.6 0.9 3.5

10 3.0 34 24 0.7 3.1

24 3.1 4.1 3.0 0.8 38

44 3.9 5.0 38 0.6 44

30 min on pH are given in Table VIII. As might be expected, soaking in
water increases the pH. This already has been noted by Santucci (11).
Although a range of pH values would be expected from a group of papers
treated with magnesium bicarbonate, it is surprising that the range is
almost one pH unit. The pH values for the papers treated with mag-
nesium bicarbonate alone are higher, except in one case, than the papers
treated with water and then magnesium bicarbonate. Apparently, the
papers already wet with water do not take up as much magnesium bicar-
bonate. Washing with distilled water tends to remove stabilizing metals
(1, 2, 8, 48, 49, 50), and should be followed with deacidification.

Data on the effect of time of soaking in water followed by soaking in
0.05M Mg(HCO;), on the pH of paper No. 3 are given in Table IX. It
appears that even one minute of soaking in magnesium bicarbonate pro-
vides considerable buffering, although this would need to be substantiated
by measurement of alkaline reserve. A short soaking time could be an
advantage where inks were somewhat sensitive to water, but resistant
enough to withstand a water solution for a short time.

Table VIII. Effect of Soaking in Water and/or Magnesium
Bicarbonate for 30 Minutes Each on the pH
of Several Old Papers

pH After Following Treatments

Sample H,0 Followed
Number None H,0 Mg(HCOs), by Mg(HCO;),
1 6.74 6.70 10.05 9.71
2 4.67 5.52 8.34 8.29
3 433 4,70 9.32 9.14
4 6.74 6.70 10.05 9.71
5 449 5.42 9.15 8.87
6 4.66 5.35 9.06 9.14
7 5.35 5.75 8.91 8.76
8 6.06 6.43 9.84 9.72
9 5.14 5.62 9.45 9.12
10 4,69 5.48 10.28 10.21
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Table IX. Effect of Various Times of Soaking in Water
Followed by Magnesium Bicarbonate on
the pH of Paper No. 3

Time in (min)

0 0 4.33
1 1 8.64
5 5 8.74
10 10 9.05
20 20 9.16
30 30 9.22
60 60 9.44

Effect of Water and of Magnesium Bicarbonate on Sizing of Old
Papers. Data on sizing values of old papers and of some other papers
as a comparison, before and after treatments with water and/or mag-
nesium bicarbonate, are given in Table X. In this test, a dye that becomes
fluorescent when wet is sprinkled over the paper specimen, which is then
floated on water. The endpoint is determined visually, using a fluores-
cence black light as a source of exciting irradiation. It is obvious that
either water or magnesium bicarbonate reduces the sizing values sub-
stantially. The sizing values for papers No. 4 and No. 8 are so low that

Table X. Sizing Values of Old Papers and Some Other Papers®

Treatment
Water
Followed
Sample by
Number Glue None Water Mg(HCO;)s Mg(HCOs),
1 no 955 220 351 67
2 yes 810 341 133 85
3 no 66 46 9 6
4 yes 7 15 3 7
5 yes 105 18 4 5
6 yes 71 13 5 8
7 yes 405 216 217 210
8 no 4 6 7 8
9 yes 198 61 58 73
10 yes 103 25 8 4
Pulp F 0.8 0.6 0.6
Paper towel <1 <1
Tablet > 1800
Memo pad > 1800

¢ After soaking for 30 min in water, soaking 30 min in Mg(HCOg3)s, or soaking
30 min in water followed by 30 min in Mg(HCO3)2. Sizing value given in seconds.
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changes after treatments are meaningless. It is interesting that the sizing
value of paper No. 1 is so high, as it contains no glue, although some
other sizing material may be present.

Effect of Water and of Magnesium Bicarbonate on Physical Prop-
erties. Data on several physical properties of old papers before and
after treatment with water or magnesium bicarbonate are given in Table
XI. The tearing strength usually increases after treatment with water or

Table XI.

Sam-

ple
Num-

ber

10

Tearing Strength, Folding Endurance, Smoothness and

Stiffness Data on Old Papers after Soaking in

Water or in 0.05M Mg(HCOs3).

Treatment

none
H,O
Mg(HCO;) .

none
H.0
Mg (HCO3).

none
H,0
Mg(HCO;).

none
H.0
Mg(HCO3).

none
H,0
Mg(HCOs3).

none
H,0
Mg (HCOs)

none
H,0
Mg(HCO3).

none
H,0
Mg(HCOs).

none
H,0
Mg(HCOs3).

Tear

(g9)

93
111
130

64
86
79

90
119
113

101
116
138

200
134
146

72
127
138

82
126
99

106
125
131

158
92
85

Fold
(double
folds
500 g
tension)

1
7
13

1
1
1

49
100
140

660
430
110

520
230
230

11

43
130
130

130
180
130

11

Smooth-
ness
(Shef-
field
units)

276
297
305

116
133
138

346
392
391

378
387
387

384
386
386

380
374
374

107
172
173

396
396
404

388
384
387

Stiff-
ness
(Taber
units)

32
33
30

10
6
6

14
19
22

11
6
12

7
7
10
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Table XII. Tensile Properties of Old Papers after Soaking
in Water or in 0.05M Mg(HCOs).

Tensile
Load at Elongation Energy
Sample Break at Break Absorption

Number Treatment (N/m) (%) (J/m?)
1 none 7990 1.1 66
H,0 7310 2.1 102
Mg (HCO3) 2 6770 2.0 96
2 none 3560 0.6 15
H,0 3840 1.0 24
Mg (HCO;3) » 4070 0.9 26
3 none 4120 1.6 51
H,0 3640 28 79
Mg (HCO;3) » 3830 3.1 94
4 none 3550 3.1 84
H,0 3480 3.7 95
Mg (HCOs3)» 3290 3.1 78
5 none 3650 1.7 45
H,0 2740 2.0 41
Mg (HCO;3) » 3300 23 54
7 none 4920 14 50
Sheet A H,0 4880 2.2 85
Mg (HCOs3) o 4930 22 72
7 none 4160 1.0 31
Sheet B H,0 4010 1.7 52
Mg (HCOs3), 4300 1.7 57

Mg(HCO;),, although No. 5 and No. 10 are exceptions. The increase in
tearing strength after treatment is not too surprising, as the tensile energy
absorption (Table XII) usually increases after treatment. The folding
endurance does not show any particular pattern, as some papers increase
and some decrease in folding endurance after treatment. Neither smooth-
ness nor stiffness show any particulart trend, and the changes do not
appear to be significant.

Data on the tensile properties of old papers before and after treat-
ment with water or 0.05M Mg(HCO;), are given in Table XII. The
changes in tensile strength are not significant to the document restorer.
The changes in elongations to break and tensile energy absorption (TEA)
are quite pronounced and are significant to the restorer. The increases in
elongation and, therefore, as the tensile does not change much, the TEA,
mean that the capacity of the paper to do work and absorb energy before
rupturing has increased with a deacidification treatment.
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Table XIII. Effect of Water Followed by 0.05M Mg(HCO;).
on the Reflectance at 457 nm of Old Papers

Change after Treatment

Reflectance after Treatment with

Sample None to H,0 to
Number None H,0O Mg(HCO;), H,O Mg(HCO4), Total
1 43.2 46.2 51.2 3.0 5.0 8.0
2 49.7 52.5 54.2 2.8 1.7 45
3 52.8 58.0 59.0 5.2 1.0 6.2
4 56.8 61.7 61.6 49 —0.1 4.8
5 39.6 44.9 453 53 04 5.7
6 31.9 31.0 45.7 —0.9 14.7 13.8
7 61.1 60.9 61.8 —0.2 0.9 0.7
8 58.3 64.3 64.3 6.0 0.0 6.0
9 59.2 63.3 63.1 4.1 —0.2 3.9
10 26.2 29.6 28.7 34 —0.9 2.5

As most of these papers are handsheets, the variation in properties
from sheet to sheet is substantial. This is shown by the data on the two
sheets of paper No. 7. Specimens were taken from one sheet only in deter-
mining the effect of various treatments on old papers.

Table XIV. Effect of Deacidification with Magnesium Bicarbonate

Maps and a
Fold, MIT,
Map 1 kg tension Tear

Number Date Treatment (double folds) (g9)
1 1950 none 46 123
Mg(HCOs3) 2 66 134

2 1944 none 120 131
Mg(HCOs) 140 152

3 1914 none 82 157
Mg (HCO;) 2 91 178

4 1959 none 54 136
Mg(HCO;3) 2 160 168

5 1959 none 120 147
Mg (HCO;) 2 180 163

6 1957 none 96 154
Mg(HCO;) , 93 155

7 1862 none 2 96
Mg(HCO;) 2 2 99
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Effect of Water and of Magnesium Bicarbonate on Reflectance of
Old Papers. Data on the reflectance of old papers after soaking in water
for 30 min and then in 0.05M Mg(HCOj3), for 30 min are presented in
Table XIII. Soaking in water usually increases the reflectance substan-
tially. Further treatment with magnesium bicarbonate did not produce a
dramatic increase in reflectance except in paper No. 1. Assuming that
these data are representative, this provides the order of magnitude of
whitening one may expect from deacidification with magnesium bicar-
bonate.

To obtain these data it was necessary to measure the reflectance of
the same area before and after treatment. The samples were so non-
uniform that measuring specimens at random and calculating the average
was of little value.

Deacidification of Maps. Data on the effect of deacidification on
several U.S. Geological Survey Maps and a Civil War Map are given in
Table XIV. The folding endurance improved except in the last two maps.
Although the statistical significance of the increases are questionable ex-
cept for No. 4, all of the five maps increase in fold. All of the tearing
strength values increase substantially except two. Nothing is outstanding
about the stiffness values. Smoothness decreases except in two cases. This
is to be expected, and it is unimportant.

for Thirty Minutes on the Properties of Six U.S. Geological Survey
Civil War Map

Smoothness
Stiffness (Sheffield Reflectance

(Taber units) units) pH Sizing (s) (%)
9 93 6.0 160 80.9

14 26 8.5 23 79.2

12 102 6.1 170 82.6

14 262 8.4 17 78.9

17 106 6.3 240 67.3

14 246 7.7 40-60 68.6

12 109 6.4 210290 74.8

13 253 84 25-110 74.2

7 114 6.1 190 78.1

15 254 8.0 25-85 76.2

3 111 6.2 150-280 78.2

18 231 8.1 1240 76.2

3 275 5.6 9 51.4

3 278 8.1 2 514
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Table XV. Effect of Deacidification with Magnesium Carbonate
for Thirty Minutes on the Tensile Properties of Six U.S.
Geological Survey Maps and a Civil War Map

Elonga- Tensile
Load at  tionat  Energy Ab-

Map Break Break sorption

Number Date Treatment (N/m) (%) (J/m?)
1 1950 none 5810 24 90
Mg(HCOs), 5430 3.1 113
2 1944 none 6675 2.3 105
Mg(HCO;) . 5695 2.7 104
3 1914 none 5330 2.0 71
Mg (HCO;) 4715 2.6 86
4 1959 none 5735 1.9 73
Mg(HCO;) 5120 24 78
5 1959 none 6525 2.0 89
Mg (HCO;), 6520 34 146
6 1957 none 4635 1.9 60
Mg(HCOa)a 4635 2.3 71
7 1862 none 1655 1.7 19
Mg (HCO3). 1320 2.1 20

The pH values of the maps before deacidification are surprisingly
high. This is in keeping with the data developed by Smith (51) who
studied the effect of deacidification on maps. The pH values after
deacidification are not nearly as high as the pH values of the old papers
after deacidification. These maps apparently contain a buffer that was
built in during manufacture.

The sizing of the maps is destroyed by soaking in magnesium bicar-
bonate. Reflectance does not change appreciably.

Data on the effect of deacidification on the tensile properties of the
maps are given in Table XV. From the variability of the data it is
questionable if the decreases in tensile strength are significant, although
all of the differences represent decreases. With the exception of maps
No. 1 and No. 5, the same is true for elongation. Although most of the
changes in tensile energy absorption are increases, map No. 5 is the only
one that shows a significant increase.

Interactions of Cellulose with Metal Ions. Interactions of metal ions
with cellulose and the influence of metals on the carboxyls on stability
was discussed in the introduction. Some metals are held much more
tenaciously than others, but research workers do not always agree
concerning the relative order. Our concern in this chapter is with inter-
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actions of calcium, magnesium, and aluminum with cellulose, especially
under deacidification conditions. As an atomic absorption unit was avail-
able, it was feasible to determine the small amounts of metal attached
to the carboxyls after destruction of the cellulose by digestion with
nitric acid.

The bleached hardwood kraft mentioned in the introduction was
soaked in a solution of aluminum sulfate and washed thoroughly with
water. This “aluminum pulp” was soaked in three concentrations of
magnesium acetate for time periods up to sixty minutes, washed, wet-
ashed with nitric acid, and analyzed for magnesium and aluminum. The
data are given in Table XVI. It does not appear that any aluminum is
removed by magnesium acetate. The pick-up of magnesium appears to
be a function of time and of magnesium concentration.

Table XVI. Exchange of Aluminum Pulp® with Mg" Solutions

(Mg (CH;3COO)2) *
Concentration
of Mg** Solution
(mmol/L) 0.104 0.208 0.417
Metals in Pulp Mg Al Mg Al Mg Al
Time of Pulp in
Mg** Solution
(min)
0 0.000 0.020 0.000 0.020 0.000 0.024
2 0.003 0.021 0.005 0.024 0.013 0.023
4 0.004 0.023 0.006 0.024 0.015 0.023
6 0.003 0.024 0.005 0.024 0.015 0.022
8 0.004 0.026 0.006 0.027 0.017 0.021
10 0.003 0.024 0.009 0.024 0.014 0.021
20 0.004 0.023 0.005 0.023 0.017 0.024
60 0.002 0.021 0.006 0.023 0.018 0.022

* Metals in pulp were determined by wet-ashing followed by atomic absorption.
Data given as mmol/g.

® Bleached hardwood kraft soaked in a solution of aluminum acetate. Presumably,
carboxyls are in Al salt form.

The exact formation of salts with cellulosic carboxyls has never been
resolved. The carboxyl content of the hardwood kraft pulp is about
0.0575 mmol/gram of pulp. If one adds up the meq of metals that
have been sorbed by g cellulose, the milliequivalents of metals exceeds
the milliequivalents of carboxlys. If one assumes that 1 mmol of metal
reacts with 1 meq of carboxyl, then there is a surplus of carboxyls. It
would appear that the reaction of metals with carboxyls is nonstoichio-
metric. Using aluminum sulfate as an example, the product of the
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Table XVII. Analysis of Handsheets for Metals®

Metals Content of Paper
(mmol/g pulp)
Treatment of Handsheets Al Ca Mg
None—untreated pulp 0.000 0.018 0.005
Deacidified 0.000 0.005 0.195
None—untreated pulp 0.000 0.018 0.005
Calcium 0.000 0.022 0.006
Calcium-deacidified 0.000 0.004 0.166
None—untreated pulp 0.000 0.018 0.005
Aluminum 0.052 0.013 0.004
Aluminum-deacidified 0.041 0.008 0.241

¢ Carboxyl content of pulp = 0.0575 mmol/g.

reaction with a cellulose carboxyl might be O=(IJ—O—AISO4. This
could be checked by analyzing for sulfur, although the method would
need to be very sensitive.

In order to translate this into the real world of papermaking, and of
deacidification, handsheets were made under controlled conditions from
the hardwood kraft pulp. The pulp was first treated with calcium
acetate solution to cover the carboxyls with calcium. Some of this pulp
was then treated with Aly(SO,4); solution. Handsheets were then made
from the original pulp, from the calcium pulp, and from the aluminum
pulp. Some of these handsheets were deacidified. The metals contents
of these handsheets were then determined and the data are given in
Table XVII.

It is obvious the magnesium bicarbonate takes out some of the
aluminum, but aluminum is removed very incompletely from these
handsheets.

Some of these handsheets were then aged at 90°C in a closed cell
system devised by Gear and MacClaren (unpublished work). The data
were not conclusive, and it will be necessary to repeat the work under
rigidly controlled conditions. This work is in progress. It is anticipated
that the interaction of metals with cellulose and the performance of some
of the products of these interactions with respect to deacidification and
to stability toward accelerated aging will be the subject of a subsequent
report.

Conclusions

1. Up to about 4% of oxidizable material, based on the
weight of the paper, was removed from old papers by
water and/or 0.05M Mg(HCO;), solution. The tempera-
ture coefficient of solu%)ility and the magnesium bicar-
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bonate concentration coefficient of solubility were real, but
not of sufficient magnitude to be of concern to the docu-
ment restorer. The same is true with respect to the pH of
magnesium bicarbonate solutions.

2. Reflectance of old papers usually increased after deacidi-
fication.

3. Tear and tensile energy absorption usually increased, and
these properties are important to the handling properties
of paper.

4. The sizing of the old papers was destroyed by treatment
with magnesium bicarbonate.

5. Deacidification improved the tearing strength and, to a
lesser extent, the folding endurance and tensile energy
absorption, of a group of U.S. Geological Survey maps.
Reflectance was unaffected. Sizing essentially was de-
stroyed.

6. The pH values of the maps before deacidification were in
the neutral range, and treatment with magnesium bicar-
bonate did not result in high pH values—8.5 was the
maximum.

7. Neither magnesium acetate nor magnesium bicarbonate
was able to remove aluminum from a hardwood kraft pulp
in which the aluminum presumably was attached to the
carboxyls.

8. Experiments performed under very carefully controlled
conditions will be required to define the true nature of
deacidification.
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Inhibition of Light Sensitivity of Papers
Treated with Diethyl Zinc

GEORGE B. KELLY, JR. and JOHN C. WILLIAMS
Preservation Office, Library of Congress, Washington, DC 20540

The degradative effect of UV light on paper is well known.
In the presence of zinc oxide and high humidity, the effect
is increased significantly. Since the original diethyl zinc
paper deacidification process left zinc oxide as an alkaline
reserve, ways to inhibit accelerated degradation were
sought. The presence of 0.05% iodide in the paper is suffi-
cient to inhibit completely the accelerated degradation with
little effect on brightness. Also effective is modifying the
diethyl zinc process to leave zinc carbonate rather than zinc
oxide as the alkaline reserve. Books treated by the modified
process do not show increased light sensitivity but show
photodegradation rates similar to or slightly less than those
of untreated books.

n the vapor phase process of deacidification with diethyl zinc currently
under development by the Library of Congress (I,2,3), the treated
paper generally has contained 2% -4% zinc oxide in addition to the zinc
salts of the acids originally present. The zinc oxide acts as an alkaline
reserve to protect the paper from future contact with acid environments
or internal acids generated by oxidation of the paper constituents. Al-
though the treatment is very effective and greatly prolongs the life of the
paper, some degradation can occur by other routes such as photodegra-
dation.

Egerton (4) has shown that the presence of zinc oxide, as well as
certain other substances, can increase significantly the “tendering” or
photodegradation of textiles by UV light when exposed in the presence
of high humidity. No increase was shown in dry air.

This chapter not subject to U.S. copyright.
Published 1981 American Chemical Society

In Preservation of Paper and Textiles of Historic and Artistic Valuell; Williams, J.;
Advances in Chemistry; American Chemical Society: Washington, DC, 1981.



Publication Date: December 1, 1981 | doi: 10.1021/ba-1981-0193.ch009

110 PRESERVATION OF PAPER AND TEXTILES II

Table I.
Untreated
. Folding Endurance
Thick- ’
Acidity Bright- ness MIT 1/2 kg load
Paper pH Meq/kg ness (in.) MD CD
JCPA-60 59 12 77 0.0041 696 = 165 472 = 167
Offset”
Foldur Kraft® 4.9 24 75 0.0061 1510 == 200 1306 = 320
Newsprint’ 52 40 51 0.0038 147+ 23 23 = 17
Mead Bond® 5.6 20 86 00048 250 = 92 277+ 91
W};tman 6.1 2 82 0.007 33+ 3 20 3
1 e
Superior Off- 5.9 12 75 0.0035 1596 = 258 968 == 118
set Book’

¢U.S. Government Printing Office Stock #16929 — 30% softwood kraft, 70%
hardwood kraft, 13% clay filler.

® Champion Paper Company — 90% softwood bleached kraft, 10% hardwood
bleached kraft, 8% filler.

;U.S. Government Printing Office = 20% softwood bleached sulfite, 80% ground-
wood.

The function of the zinc oxide was shown to be that of a catalyst in
the photochemical oxidation of water to hydrogen peroxide, which then
attacked the textile fibers to increase the degradation. If this mechanism
also could be applied to paper, as it almost surely could, it would consti-
tute an undesirable limitation on the effectiveness of the diethyl zinc
process as a stabilizer for paper. Although the extent of the damage
from this source undoubtedly would be small because of the infrequent
exposure to UV light at high humidity, it was felt that the degree of
damage must be investigated and, if possible, methods devised to inhibit
the accelerated degradation attributable to the zinc oxide.

This chapter covers the effect of light from a GE sunlamp (high in
UV light) on papers containing zinc oxide under moist (60% relative
humidity) and dry (8% relative humidity) conditions in comparison
with the effects on untreated controls, the effects of iodide as a negative
catalyst, and the effect of converting the zinc oxide to zinc carbonate
before exposure to avoid the catalytic photochemical reaction.

Experimental

A series of papers containing varying amounts of zinc oxide was
selected from among those that had been treated with diethyl zinc in the
development of the treatment process. The properties of these papers
before and after treatment are shown in Table I. All papers were condi-
tioned by TAPPI Method T-402 before testing. Samples of the treated
papers and the untreated controls were exposed for 88 h to the light of

In Preservation of Paper and Textiles of Historic and Artistic Valuell; Williams, J.;
Advances in Chemistry; American Chemical Society: Washington, DC, 1981.



Publication Date: December 1, 1981 | doi: 10.1021/ba-1981-0193.ch009

9. XELLY AND WILLIAMS Inhibition of Light Sensitivity 111

Properties of Papers

Treated with DEZ
7n0 Folding Endurance, 1/2 kg load

pH (%) Brightness MD CD

7.6 3.7 76 670 = 155 518 = 136
7.7 3.7 74 1479 == 298 1092 =+ 151
7.8 5.1 49 135 = 59 32+ 12
7.5 24 84 250 = 60 132 = 46
7.3 2.2 82 31%+ 3 22+ 8
7.6 2.6 75 1491 == 339 1002 =+ 121

lﬁd Mead Corporation = 33.3% refined rag, 33.3% bleached kraft, 33.4% bleached
sulfite.

°W. R. Balston Company, England = filter paper.

" Allied Paper Company — 5% bleached hardwood kraft, 95% bleached softwood
kraft, 25% filler.

a GE sunlamp, type 275RS in a Sunlighter II apparatus (from Test Lab
Apparatus Company, Amherst, New Jersey). The spectral distribution
of the radiant energy from the lamp is shown in Table II. Conditions in
the Sunlighter IT measured 60°C and 8% relative humidity. After expo-
sure, the papers were conditioned (TAPPI T-402) and tested for machine
direction (MD) folding endurance by TAPPI Method T-511. The results
are shown in Table III.

Samples of the treated papers and the corresponding controls were
exposed ?or 88 h to the sunlamp at a distance of 24 cm in a Blue M
Powermatic 60, Fluid Flo Oven at 60°C and 60% relative humidity,
conditioned after exposure, and tested for folding endurance as above.
The results are also shown in Table III.

Samples of the treated papers were exposed briefly to a low con-
centration of hydrogen iodide (about 2% by volume) in a polyethylene
chamber with f}:)rced circulation by a small muffin fan. The papers were
aerated several hours in the draught of a hood following the exposure
to hydrogen iodide. Iodide content of the papers was determined by
macerating a 2.5-g sample of the paper in 200 mL of water in a Waring
blender, filtering the pulp, washing, and diluting the filtrate to 500 mL.
Iodide was determined on 25-mL aliquots of the filtrate by acidifying
with 15 mL of 4N H,SO,, adding 3 drops of 3% ammonium molybdate,
7 mL of 1% starch solution, and 10 mL of 3% H,0,. The solution was
mixed and allowed to stand for 1 min, then the color was matched against
a standard developed simultaneously, containing known amounts of
iodide. The iodide contents of the papers are shown also in Table III.

The iodide-treated paper samples were exposed for 88 h at 60°C and
60% relative humidity to the sun{)amp and compared with the similarly
exposed controls containing zinc oxide but no iodide. After exposure,
the samples were conditioned and tested for MD fold endurance, with
the results shown in Table III.
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Table II. Spectral Distribution of Radiant Energy GE
Sunlamp, Type 275RS, 2500 Lumens Output

Radiant Energy

Wavelength (4) Principle Lines (watts)
2600 2700 2652 0.004
2700 2800 — —
2800 2900 2804 0.05
2900 3000 2967 0.13
3000 3100 3022 0.34
3100 3200 3131 0.88
3200 3300 — 0.07
3300 3400 3341 0.16
3400 3500 — 0.05
3500 3600 — 0.09
3600 3700 3654 2.51
3700 3800 — 0.09
3800 4000 — 0.16
4000 4100 4047 0.72
4100 4300 — 0.09
4300 4400 — 148
4400 5400 — 0.30
5400 5500 5461 1.73
5500 5700 — 0.15
5700 5800 5780 1.73
5800 7600 — 413

Table III. Effect of Zinc Oxide on Paper in Presence of UV
MIT Fold Endurance, 1/2 kg load, MD

Controls, No ZnO Present

Light Exposure (h) 0 88

Papers Exposed at 8% Relative Humidity, 60°C
JCPA60 696 =+ 165 336 = 74
Foldur Kraft 1510 == 300 1201 = 175
Newsprint 147 = 23 33+ 15

Exposed at 60% Relative Humidity, 60°C

JCPAG60 696 =+ 165 240 = 59
Foldur Kraft 1510 == 300 411 = 65
Newsprint 147 = 23 11+ 3
Mead Bond 250 = 92 96 = 33
Whatman #1 33+ 3 18+ 3
Superior Offset Book 1599 =+ 258 878 = 138
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Finally, the diethyl zinc deacidification process described in a previ-
ous publication (8) was modified as follows: After the diethyl zinc expo-
sure was complete for a 400 book charge to the chamber, the operating
pressure in the chamber was raised from 30 mm to 200 mm by admitting
carbon dioxide. The excess diethyl zinc was destroyed by admitting 3 gal
of methanol to the chamber. When tests of the gas in the chamber
showed no diethyl zinc vapor to be present (after about 1 h), 3 gal of
water was admitted to the chamber. The fan was turned on to circulate
the moist carbon dioxide and the pressure was increased to 600 mm by
the addition of more carbon dioxide. Circulation in the chamber was
continued for 24 h, at which point the fan was shut off and the chamber
evacuated. The chamber was repressured with air to atmospheric pres-
sure and the books were removed. Seven books were selected at random
(Table IV) and several pages were removed from the same signature in
each book from which control pages had been removed before the treat-
ment. The treated pages and the corresponding controls were exposed
to the sunlamp at 60°C and 60% relative humidity for 88 h as described
above. The treated pages and controls were tested for MD folding endur-
ance after conditioning for 24 h. The results are shown in Table V.

Results and Discussion

The six papers selected for the investigation of increased light sensi-
tivity with zinc oxide covered the range of zinc oxide contents usually
found in the diethyl zinc treatments: 2.2%-5.1% zinc oxide. Most of the

Light and Humidity, and the Protective Effect of Iodide (I)
MIT Fold Endurance, 1/2 kg load, MD
Treated, ZnO Present
No I" Present

I" Present I Content
0 88 88 (% by weight)
Ezxposed at 8% Relative
Humadity, 60°C
670 = 155 603 == 139 — —
1479 =+ 298 1419 =+ 355 — —
135 = 59 58 = 16 — —
Ezxposed at 60% Relative
Humadity, 60°C
645 = 77 74+ 40 390 =+ 150 0.08
1381 = 212 82+ 25 465 == 171 0.15
135 = 59 1.8+ 0.6 22+ 8 0.43
250 == 60 60 = 37 180 = 56 0.05
31+ 3 66+ 12 - 29+ 5 0.32
1491 = 339 603 = 173 1283 == 248 0.16
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Table IV. Books Selected for Light Exposure Tests
after Modified Diethyl Zinc Treatment®

Book
Number Description

1713 Organization and Procedures Survey of the Interstate Commerce
Commission, abridged edition; Booz, Allen, and Hamilton: 1960

1794 Oklahoma Statutes Annotated, Title II, Cities and Towns 551—
end; West Publishing Company: 1951

1833 Complete Guide to Two-Year Colleges and Four-Year Specialized
Schools and Programs, James Cass and Max Birnbaum; Harper
and Row: 1969

1855 Practice for the Armed Forces Tests, David Turner; Arco: 1965

1915 Table of Natural Logarithms for Arguments Between 0 and 5 to
16 Decimal Places, NBS Applied Mathematics Series 31; U.S.
Government Printing Office: 1953

1979 Federal Reporter, Volume 489F, Second, U.S. Court of Appeals,
Court of Claims, Court of Customs and Patents; West Publish-
ing Company: 1974

2054 American Men of Science, 10th Edition, The Physical and Biologi-
cal Sciences S—-Z; Jacques Callell Press: 1961

¢ Alkaline reserve converted to zinc carbonate by exposure to moist carbon diox-
ide immediately after diethyl zinc treatment.

treatments had given zinc oxide contents near the lower end of this range,
but the higher levels were included to emphasize any detrimental effects.
All of the papers selected were from single rolls of paper to insure mini-
mum variation of properties from sheet to sheet.

Table V. Effect of Light and Humidity® on Book Papers
Impregnated with Zinc Carbonate

Folding Endurance

Impregnated with

Book Number Control Zinc Carbonate®
1713 1839 = 451 1880 == 543
1794 135 * 4.5 20.3 = 4.8
1833 124 = 6.3 17.7 = 9.7
1855 25 + 8.6 40+ 25
1915 1= 0 3=+ 0.5
1979 28 = 20 28 + 15
2054 6+ 3 5+ 2

288 h at 60% relative humidity and 9 1/2 inches from sunlamp.
1.97 £ 0.24% ZnCOj3 based on conditioned weight of paper.
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The diethyl zinc treatments did not change the folding endurance or
brightness of the papers to any significant degree (Table I). When the
papers were exposed to UV light at low relative humidity (8% ), signifi-
can losses in folding endurance resulted for both the treated samples and
the controls. However, in no case did the treated papers containing zinc
oxide show greater loss in folding endurance than the untreated controls.
Therefore, at low relative humidity there is no accelerated degradation
from the presence of zinc oxide. This is in full agreement with the
results of Egerton (4) on cotton textiles.

At high (60% ) relative humidity, the treated papers showed accel-
reated degradation as evidenced by the much greater loss in folding
endurance of the papers containing zinc oxide as compared with the
untreated controls after 88 h exposure to the sunlamp (Table III). This
also is in agreement with Egerton’s results on textiles (4). However, in
view of the intense UV irradiation of the papers in this test, the accel-
erated decomposition is surprisingly modest, with the zinc-oxide contain-
ing papers averaging about 38% of the folding endurance of the controls
after both were exposed. Nevertheless, the presence of any accelerated
degradation is undesirable, and this led to attempts to overcome the
catalytic effect of the zinc oxide.

Since iodide had been used as a negative catalyst by Minor and
Sanyer (5) in the oxygen bleaching process to protect the cellulose from
degradation, the treated sheets containing zinc oxide were impregnated
with small amounts of iodide by a brief exposure to hydrogen iodide,
resulting in iodide contents of 0.05%-0.43% in the papers. Even the
smallest amount of iodide, 0.05%, proved adequate in protecting the
sheets containing zinc oxide from accelerated degradation under the sun-
lamp at high humidity. In fact, most of the iodide-containing sheets
retained more of the original folding endurance than the untreated con-
trols (Table VI). Therefore, the iodide functioned as a negative catalyst
to protect the cellulose from the accelerated degradation caused by the
zinc oxide. The larger amounts of iodide gave slightly better retention
of fold (Table VI), but caused irregular staining of the papers above
about 0.1% iodide content. This appears to be associated with additives
in the paper, as no stains occurred with the Whatman filter paper despite
the rather high iodide content.

While the iodide treatment was successful in overcoming the UV
light sensitivity at high humidity, hydrogen iodide is corrosive and its
use in the large vacuum chamber could cause maintenance problems in
prolonged use. Therefore, the conversion of zinc oxide to zine carbonate
was investigated as a possible means of eliminating the catalytic effect.

When diethyl zinc reacts with a hydroxyl group such as those in
cellulose, it forms an ethylzincoxycellulose group, CoH;ZnO—R. When
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Table VI. Retention of Fold, Percentage in Papers with
Zinc Oxide Exposed to Light and Humidity

Unheated With ZnO
Papers Control With ZnO  and Iodide

Ezxposed at 8% Relative
Humidity, 60°C

JCPA60 482 90.0
Foldur Kraft 79.5 95.9
Newsprint 224 429
Exposed at 60% Relative
Humidity, 60°C
JCPA60 34.5 11.5 60.4
Foldur Kraft 27.2 59 33.6
Newsprint, 75 1.3 16.9
Mead Bond 38.4 240 72.0
Whatman #1 54.5 21.3 93.5
Superior Offset Book 61.1 404 86.0

this group is exposed to air after the treatment, it hydrolyzes from the
moisture in the air to yield ethane and zinc oxide, and the cellulose
hydroxyl group is reformed. It was hoped that hydrolysis in the presence
of carbon dioxide would cause the zinc to go directly to the carbonate
rather than the oxide.

The conversion to carbonate was tried with a 400-book treatment run
in which the excess diethyl zinc was destroyed with alcohol after partially
backfilling the chamber with carbon dioxide. After adding water to
hydrolyze the zinc cellulosate compound, the backfilling with carbon
dioxide was continued to nearly atmospheric pressure to force the damp
carbon dioxide into the books. At the same time, the atmosphere in the
chamber was circulated with a fan for 24 h to insure good contact. After
such treatment, paper samples from the books showed effervescence when
immersed in dilute acid, indicating the presence of carbonate. Samples
of paper from books previously treated with diethyl zinc (where the
carbon dioxide was not used) showed no such effervescence.

Books selected at random from the 400-book run (Table IV) showed
no difference in folding endurance between pages that had undergone the
treatment and the untreated control pages that had been removed from
the same signature before the diethyl zinc treatment when both sets
were exposed to the light from the sunlamp at high humidity for 88 h
(Table V). (In comparing treatments on books it is important to confine
comparisons to paper from single signatures, as the signatures within any
given book frequently are taken from several batches of paper and may
have widely differing properties from signature to signature.)
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Since there was no significant difference in the loss in folding endur-
ance between the controls with no zinc carbonate and the treated papers
containing about 2% zinc carbonate when exposed to light and humidity,
it is obvious that no accelerated degradation results from the zinc
carbonate.

With this demonstration that zinc carbonate does not catalyze the
photodegradation of paper in the presence of UV light and high humidity,
we feel that the diethyl zinc process, as modified by the final carbon
dioxide exposure, is now commercially feasible.

Future Work

The improved aging characteristics noted with the iodide present
indicate that it may be functioning as an antioxidant for the paper as
well as a means of inhibiting the production of hydrogen peroxide. There-
fore, the introduction of antioxidants into the paper by vapor phase tech-
niques will be investigated as a possible means of further improvement
of the expected life of the treated paper.
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Yellowing of Modern Papers

DAVID N.-S. HON

Department of Forest Products, Virginia Polytechnic Institute and State
University, Blacksburg, VA 24061

Paper in its applications must satisfy a number of criteria,
and of these, permanence and durability are the most impor-
tant ones. Unfortunately, modern papers produced from
wood pulps contain a high quantity of vulnerable cellulose
and hemicellulose that have been oxidized during the pulp-
ing processes. They are relatively unstable toward light,
heat, moisture, air, and other environmental factors. In
addition, because of the shortage and high cost of raw
materials, modern “high-yield” papers contain oxidized cellu-
lose and hemicellulose; they also incorporate a considerable
amount of lignin and extraneous material from wood, which
further impairs the paper quality—permanence and dura-
bility. In this chapter, discoloration or yellowing of modern
papers as a consequence of the oxidative reactions of cellu-
lose, hemicellulose, and lignin as well as color stabilization
is reviewed. Suggestions for further research in color sta-
bilization are made.

Four of the most significant developments in the progress of mankind
are attributed to the Chinese: the magnetic compass, gunpowder,
printing, and paper (1). The invention of paper by T’sai Lun, a member
of the Imperial Guard and Privy Councillor, was announced to the Hai
Emperor of China in a.p. 105 (2). It was a unique event. At that time,
the Chinese macerated fibers from rice stalks, flax, hemp, and bark in
water and drained the suspension on a mold covered with silk cloth.
The fiber mats were removed and dried in the sun to form paper. This
uniqueness is attested to by its slow communication to other parts of the
world: five hundred years to reach Korea and Japan; six hundred years
to Samarkand and the Arab world; and one thousand years to Europe,
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and even later to America in 1690 (3). During that period, rags of cotton,
flax, jute, and hemp comprised the sole source of raw materials used in
paper manufacture.

Since the advent of papermaking, the use of rags or bast fibers grew
rapidly prior to 1800, creating a shortage of papermaking raw materials.
It has been reported that at that period, even linen shrouds from exhumed
corpses were sold for papermaking (4). In 1719, Rene de Reaumur, a
brilliant French scientist, suggested that paper could be made from the
fibers of plants without using rags or linen. However, it took until 1764
for a German clergyman, Dr. Jacob Sciffer, to make paper experimentally
with a wide variety of plant materials and to demonstrate that these
vegetable fibers could be a substitute for rags, yet no interest was
apparently aroused at that time. At the beginning of the nineteenth
century, with the use of paper and printing press increasing rapidly, the
demand for paper outstripped the production of the handmade paper
and mass production techniques were called for. In 1840, Sciiffer’s idea
was picked up by a German bookbinder named Christian Volter. He
developed a wood grinder to produce goundwood pulp in 1844 and
patented it in 1847. This was the beginning of mechanical pulp produc-
tion. This development rapidly increased the production of newsprint,
although the pulp was poor in quality, especially in strength and dura-
bility, being inferior to present-day mechanical pulp. In 1851, two
Englishmen, Hugh Burgess and Charles Watt, produced pulp from willow
shavings boiled in a solution of lye, making the first soda pulp from wood.
This was the beginning of chemical pulp production. The advantages of
chemical wood pulp over mechanical pulps were soon appreciated.
Following this invention, the sulfite process was invented by an American
chemist, Benjamin Tilgman, in 1867; the sulfate (kraft) process was
invented in 1889 by a German chemist, Carl Dahl of Danzig. From this
we can realize that within only a few years, a revolutionary change had
taken place in the pulp and paper world.

Now, about one hundred years has elapsed. The fundamental pulp-
ing and papermaking principles still remain the basics of today’s modern
papermaking. Advances in engineering and technology have made it
possible to produce increasingly larger tonnages and a vast variety of
paper products by very cost-effective methods. Today world consumption
of paper amounts to about 150 million tons annually, of which 94%-95%
is produced from wood, and the remainder mainly from other vegetable
fibers. Ironically, the historical event seems to be repeated today; under
the severe constraints of pollution control and energy conservation, we are
experiencing the shortage of fiber raw materials. The result of this is
the production of high-yield fibers that retain high amounts of lignin
(or even extractives) in the pulp fibers. And the new development in
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this area is the appearance of thermomechanical pulps that obtain pulp
yields as high as 100%. It should be borne in mind that when dealing
with high-yield pulps, the number of fibers in certain amounts of raw
material is fixed and cannot be increased in the pulping process. Yield,
therefore, has a different meaning in pulping than in ordinary chemical
processes. Differences in yield mean only that the fibers of the higher
yield pulps contain more lignin and hemicellulose.

In summary, modern pulping processes may be considered to be
chiefly mechanical, mechanochemical (semichemical), and chemical
processes. The classification in terms of pulp yield is depicted in Figure 1.
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Figure 1. Modern pulping process vs. pulp yield

Modern papers, which were invented after the revolutionary changes
of one hundred years ago, have serious problems—either in permanence
or in durability. Most paper produced from wood fibers does not show
the permanence of rag papers and discoloration is more critical than in
rag papers. It has been noted that modern writing papers and books
tend to have a much shorter life expectancy than those manufactured
one hundred years ago (4-9). In essence, the increased use of wood
fibers, the use of chemical additives (especially those promoting increased
acidity ), and environmental conditions have been given to account for
these results. The literature dealing with these topics is now very large;
it would not be wise to attempt an extensive review here in addition to
those that already exist (6, 10-19). It is my intention in this chapter to
consider the discoloration of modern papers, and the inhibition or the
control of discoloration.
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Chemical Consituents of Modern Papers

As we know, from earliest times up to the present days, the sub-
stances used as vehicles for writing have been numerous. The papers of
one hundred years ago were basically made from rags of cotton and
linters. The principal chemical constituent of these sources is cellulose,
a polymeric carbohydrate composed of long linear chains of B-linked
anhydroglucopyranose. The chains in cellulose are composed of as many
as ten thousand glucose units (degree of polymerization). The composi-
tion of wood fibers is quite different from that of cotton, as can be seen
from Table I. The chemical constituents of modern papers are compli-

Table I. Chemical Constituents of Wood and Cotton
Wood

Softwood  Hardwood
(coniferous) (deciduous) Cotton

Cellulose (%) 43 43 93-96
Hemicellulose (%) ~ 28 ~ 38 1-2
Lignin (%) 23-33 16-25 0
Extractives (%) 5-8 24 3—4°

¢ Mainly fats and waxes.

cated. They usually are comprised of cellulose, hemicellulose, lignin, and
extractives as those present in wood. In addition, for most of the papers,
fillers, sizing agents, and other additives are added to improve paper
properties. For comparison, the chemical composition of wood and
unbleached pulp fibers are given in Table II. Low-yield chemical pulps
usually contain high amounts of cellulose and hemicellulose. Hemicellu-
lose is an amorphous, polymeric carbohydrate having a slightly branched
structure. The degree of polymerization is only about two hundred to
five hundred sugar units per molecule. In addition to cellulose and
hemicellulose, the high-yield chemical pulps also contain lignin, which
is a three-dimensional, highly crosslinked, amorphous polymer that is

Table II. Chemical Constituents of Wood and Pulp Fibers

Unbleached Pulp
Wood Fibers
Cellulose (%) 43 80-90
Hemicellulose (%) 25-35 10-20
Lignin (%) 20-30 1-3
Extractives (%) 3-8 0
Ash (%) ~1 0
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partly aromatic in nature; it contains methoxyl groups, aliphatic and
phenolic hydroxyl groups, and various types of ether linkages. In me-
chanical pulps, for example, groundwood, refiner groundwood, and
thermomechanical pulps, most of the lignin and extractives (if not all)
are retained in the cellulose fibers.

The retention of lignin is evidently an important feature of high-
yield pulping. Native lignin is of hydrophobic nature and the way in
which it is combined with the hemicelluloses makes the whole lignin—
hemicellulose compound quite inaccessible to water and prevents it from
swelling. Therefore, high lignin content can be expected to affect the
paper properties considerably by making the fibers stiff, by decreasing
the bonding activity of the fiber surface, and by inhibiting swelling.

Hemicellulose, besides improving yield, was desirable in pulp for
the production of strong papers. The presence of hemicellulose in the
pulp reduces the time and power required to soften and fibrillate fiber
during beating operations. The hemicelluloses, because of their amor-
phous nature (compared with a high degree of crystallinity of cellulose),
low molecular weight, and presence of hydroxyl groups in the molecule,
have a great affinity for water. The hydrophilic nature of the hemicellulose
leads to two results—the ability to absorb water, which renders the fiber
more plastically deformable, that is, plasticizing effect; and the capacity
of promoting interfiber bonding when the water is removed by drying.
Hemicelluloses have been shown to contribute greatly to tensile and
bursting strength and to folding endurance of the pulp sheet.

Though paper is largely fibrous in character, an important part is
often played by other materials added during manufacture (20). Fine
particles of mineral fillers such as china clay (kaolin), titanium dioxide,
calcium carbonate, and talc (magnesium silicate ), as well as various types
of pigments and sizing agents, are used to improve the properties of the
final paper. Fillers are added to fill the voids between the fibers in
printing paper so as to smooth its surface. Fillers improve printing not
only because they result in increased smoothness, but also because they
make the paper surface less hydrophilic and, thus, more receptive to the
usual oil printing inks. They also improve the opacity and brightness of
the paper. Rosin sizing usually forms a water-repellent deposit around
the fibers, and so prevents writing ink from spreading on the paper.

Color in Pulps

In general, color problems encountered in pulps arise either from
color already present in wood, or from chemical changes that take place
during the grinding, cooking, refining, and bleaching processes. Based on
the literature, much of the color in wood pulps can be attributed to
residual lignin and lignin derivatives as well as to the presence of other
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coloring matters such as quinones, flavones, and condensed tannins (21).
It has been reported that the brightness of lab-prepared refiner mechan-
ical pulp related well to wood brightness and absorption coefficient. The
latter was related linearly to the lignin content (22). The graying and
red-brown discolorations of wood resulting from exposure to sunlight in
open air are related to photolytic degradation of wood components and
related oxidation (23). Alkaline pulps are generally much darker than
other pulps, and this may be attributable to the presence of more highly
condensed and unsaturated lignin and phenolic materials. However, the
nature of the chromophoric systems involved, and the mechanism of their
formation, require more research. The color of high-yield pulps, includ-
ing mechanical pulps, is much more dependent on the wood species than
that of low-yield pulps, because a greater portion of the lignin and
extractives remain. A survey of the chromophoric groups in paper
recently has been made available (21).

General Principles of Pulp Bleaching

The objective of bleaching is to produce a white pulp of stable color
obtained at reasonable cost and a minimum deleterious effect on the
physical and chemical properties of the pulp. Inasmuch as the major
chromophoric substances in wood pulps are derived from the lignin
substrate, it must be chemically changed to colorless configurations in a
stable form, or it must be oxidized, reduced, or hydrolyzed, rendering
it soluble in aqueous solutions and so removable from the pulp. The two
major methods of bleaching are based on these principles (23, 24).

1. Lignin Preserving or Lignin Bleaching Method. This is
applied to mechanical and semichemical pulps. During this
treatment, lignin chromophores are being destroyed with-
out considerable removal of lignin. This usually is done
by one stage of bleaching with hydrosulfite (dithionite)
or peroxide, or two-stage combinations of them.

2. Lignin Removing Method. This is for chemical and semi-
chemical pulps. During this process, most of the lignin is
dissolved and removed from the pulp fibers. The removal
of lignin improves the brightness and the paper properties
of semichemical and high-yield chemical pulp fibers. For
economic and qualitative reasons, this usually is done in
several stages, consisting of sequential chlorination and
alkaline extraction.

Discoloration or Yellowing Reaction

Although pulp may be bleached to various brightness levels by
oxidation or reduction, all bleached pulps diminish in brightness with
age. Normally, the pulp develops a yellow color. It is believed that color
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reversion can be a consequence of the oxidation of nearly every con-
stituent of pulp and paper, namely cellulose, hemicellulose, lignin,
extractives, impurities such as metal ions, and paper additives such as
rosin, alum, glue and starch. The factors contributing to the color
reversion are, by and large: air (oxygen), moisture, light, and atmos-
pheric pollutants of industrial origin, either alone or in various combina-
tions. Of these many environmental factors, sunlight may be singled out
as the most important contributor to discoloration of modern papers,
whereas other elements may function as promoters to accelerate the
photoinduced yellowing reaction. Therefore, this paper will only review
the light-induced yellowing reaction. It is hoped that an understanding
of the photoinduced yellowing mechanisms will provide an essential
background for a scientific review of the current status of photochemistry
of modern papers.

Effect of Light on Discoloration of Modern Papers

The first law of photochemistry, named the Grotthus-Drapper Prin-
ciple, states that for a photochemical reaction to occur, the first event
must be the absorption of light by some component of the system. The
second law of photochemistry, named the Stark—Einstein Principle, states
that a molecule can only absorb one quantum of radiation. The absorbed
energy in the resultant excited molecule may be dissipated by either
photophysical or photochemical processes. It is the latter of these that
eventually changes the chemical and mechanical properties of the sub-
stance (26,27). Thus, the reactions based on the absorption of radiation
by the chemical components of modern papers are of prime importance
in discoloration.

Although pure cellulose is not a good light absorber, it does absorb
light strongly below 200 nm with indications of some absorption between
200 nm and 300 nm, and a tail of absorption extending to 400 nm (28).
This may be attributable to the introduction of adventitious impurities
or oxidation of the polymer during processing. The main light-absorbing
species are believed to be acetal, carbonyl, carboxyl groups, and metallic
impurities (28, 29, 30,31). Because of the structural similarity, the UV
absorption characteristics of hemicellulose should resemble those of
cellulose. Lignin shows a sharp increase in light absorption just below
400 nm, which continues to increase gradually to a high absorption at
200 nm with a distinct peak at 280 nm (32). Extractives and other
chemical additives, such as rosin, usually have the ability to absorb light
between 300 nm and 440 nm (33). As a consequence, it is quite obvious
that most of the components in modern papers are capable of absorbing
visible and UV light to undergo photochemical reactions that ultimately
lead to discoloration and degradation reactions. However, the rates of
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Figure 2. Bond dissociation energies of chemical bonds in paper con-
stituents in relation to light energy quanta

discoloration vary enormously with the chromophoric system in modern
paper. From a chemical point of view, it is not surprising that all organic
chemical constituents of modern paper are susceptible to degradation by
terrestrial sunlight, since there is no problem regarding the availability
of energy in the near UV region (34). In fact, the quantum energies
associated with light in this region of the spectrum are sufficient to break
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Figure 3. Ultraviolet-light-induced yellowing of various pulps. Keys:
NSSC, neutral sulfite semichemical pulp; TMP(U), unbleached thermo-
mechanical pulp; TMP(B), bleached thermomechanical pulp.
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the chemical bonds in the chemical constituents of modern papers (35,
36). The energies of light quanta and the bond energies of various bonds
in chemical constituents are shown in Figure 2. The indication of yellow-
ing of different modern papers is shown in Figure 3 (37). It is obvious
that the brightness of lignin-containing pulp fibers is reduced at a rather
faster rate than pure paper. Similar results were observed in 1935 by
Richter (38). He noticed yellowing of all types of papers that had been
exposed to 100 h of sunlight. Following this, similar observations were
also reported by Kohler (39) and Lewis et al. (40,41), and recently
reported by Gellerstedt et al. (42) for mechanical pulp. It is accepted
generally that photooxidative discoloration follows the usual mechanism
for the oxidation of polymers; that is, a chain process initiated by free
radicals that are formed after the absorption of a quantum of UV light.

MoDERN PAPER —=18HT__ [MODERN PAPER]*

[MODERN PAPER]* ———— [FREE RADICAL INTERMEDIATES]
[FREE RADICAL INTERMEDIATES] ———— SECONDARY REACTION
SECONDARY REACTION —————— YELLOWING PRODUCTS

Figure 4. Direct photoinduced discoloration of modern paper

In general, it is possible to distinguish two kinds of reactions leading
to discoloration of modern paper. These are designated as direct- and
photosensitizer-induced discoloration. The general mechanistic schemes
for these reactions are shown in Figures 4 and 5.

SENSITIZER —E18HT , [seNsITIZER]*

[SENSITIZER]* + MODERN PAPER ——» SENSITIZER + [MODERN PAPER]*
[MODERN PAPER]* —» [FREE RADICAL INTERMEDIATES]

[FREE RADICAL INTERMEDIATES] — SECONDARY REACTION

SECONDARY REACTION —— YELLOWING PRODUCTS

Figure 5. Photosensitized discoloration of modern paper

Cellulose. It has been known for about one hundred years that sun-
light degrades cellulose (43), and much work has been done on the
photochemistry of cellulose (35,43-50).

The photochzmical effects of solar irradiation on cellulose products
have been ascribed to a complex set of reactions in which both the
absorption of light and the presence of oxygen, moisture, and impurities
are involved (35,51). Solar radiation usually is defined as an electro-
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magnetic radiation with an energy distribution extending to wavelengths
below 200 nm (52). However, almost all the radiation of wavelengths
less than 286 nm is absorbed in the earth’s atmosphere because of a layer
of ozone that exists at high altitudes, and the presence of oxygen, carbon
dioxide, and water vapor (52, 53,54). Although the UV portion of solar
radiation from 286 nm to 400 nm that reaches the surface of the earth
constitutes only about 5% of the total irradiation from the sun (55), it
is capable of direct photolysis of cellulosic materials and especially the
cleavage of glycosidic bonds, causing a decrease in strength (56-60) and
the degree of polymerization (61-66), and an increase in alkali solubility
(56,67,68), and copper number (69-73). The photochemical reaction
of cellulose is accompanied by the formation of peroxide when oxygen is
present (66, 68,74). The formation of hydroperoxides in cellulose mole-
cules has two important consequences. First, the subsequent thermal
stability of the polymer will be reduced appreciably because hydro-
peroxides are thermally unstable. Second, the resistance of the polymer
to light will be impaired because hydroperoxides are decomposed readily
by light to yield free radicals that, in turn, can cleave polymer backbones
and promote further oxidation. The consequences of this latter reaction
will probably lead to the formation of carbonyl, including lactone, and
carboxyl groups that contribute to the discoloration reaction—yellowing
and browning (66). Many other factors, such as moisture, oxygen, metal
ions, and atmospheric pollutants, also will exert an influence on the
photochemistry of cellulose (35). These latter degradation processes may
not necessarily be by direct photolysis, but could arise from the photo-
sensitizing effect. The moisture content in cellulose is an important factor
contributing to the acceleration of free radical formation, which leads to
the degradation and yellowing when cellulose is exposed to sunlight (75).
Moisture is also known to have accelerated the rate of aging (76-81).
However, diffused sunlight and light in the yellow or red region appear
to have very little action. Some bleaching action of sunlight also has
been reported by Herzberz (82); and Edge and McKenzie (83) have
found both yellowing and bleaching effects. It was recognized that
degradation and discoloration of cellulose was only a surface effect rather
than a bulk reaction (84, 85) because sunlight can only penetrate into
paper or woody materials less than 0.02 cm (86, 87).

An increased degradation effect has been observed with an increase
in the temperature at which cellulose was irradiated. Spirora and Flyate
(88) observed that changes caused by UV radiation are about the same
as those caused by thermal aging. Desai (89) reports that the wet
strength of papers exposed to UV increases as does that of heat-treated
pulp. Launer and Wilson (33), using irradiation at wavelengths of 330
nm to 440 nm, found that papers made of cotton and wood fibers with
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practically no lignin yellowed when irradiated in air without temperature
control. However, when the sheet temperature was controlled to 30°C,
bleaching took place (61). No evidence of a temperature coefficient of
yellowing was noticeable with the far UV region in the temperature
range of 10° to 30°C. It appears that light effects should be studied in
the absence of heat effects.

In modern papers, it is expected that contaminants or substances such
as dyes, various kinds of sizing agents, and some chemicals are present.
These agents, by and large, have the ability to absorb light and then trans-
fer the energy to cellulose to accelerate degradation or oxidation through
photosensitizing pathways. It has been suggested that the yellowing of
paper may result from the destruction of ultramarine or other blue color
used in the manufacture of paper (90) or from the oxidation of fats,
waxes, resins, etc., present in papers (91,92), or from the sensitizing
effect of glue or gelatin sizes present in the papers (93). It has been
found that rosin-sized papers exhibited rapid yellowing by light (94, 95,
96,97). Metal ions were found to accelerate degradation and yellowing
by forming metal complexes with cellulose to enhance light absorption
(98), or by catalytic reactions (71,98-103). The acid present in the
paper also seems to be the most harmful chemical in causing the
yellowing of modern papers (91).

Hemicellulose. It is considered that photodegradation of hemicellu-
lose is identical to that of cellulose (104). It has been reported that
oxygen accelerates the photochemical reaction of hemicelluloses, including
xylan and glucomanan (105). The photolytic rupture of the molecular
chain of hemicellulose is brought about either at the end of the molecule
or in the middle of the chain (106). Yasuda et al. (107) recognized that
hemicellulose after photoirradiation would yield monosaccharides fol-
lowed by transformation into the colored materials. Rollinson (108),
Roudier et al. (109,110), and Giertz (111) found that the colored
substances formed in pulp yellowing are water soluble and related to
the oxidative degradation of hemicellulose. Yellowing of pulps through
the oxidation of hemicellulose also has been verified by many researchers
(112,113,114), and it has been recognized that carbonyl groups on the
hemicellulose are probably responsible for yellowing (76).

Lignin. The constitutional model of lignin (115) gives a broad
picture of the reactive groups available in native lignin. These consist
of ethers of various types, primary and secondary hydroxyl groups,
carbonyl groups, carboxyl and ester functions, ethylene groups. Further-
more, sulfur-containing groups such as thiols and sulfonic acids may be
introduced as a consequence of kraft or acid sulfite pulping. Since lignin
is a phenylpropanoid polymer, there also exist a number of aromatic and
phenolic sites and activated aliphatic locations capable of participating
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in discoloration reactions. Obviously, the complexity of the structure of
components as well as reactions hinder the studying of potential chromo-
phoric groups in lignin.

Many reports reveal that photochemical oxidation is the major reac-
ticn in the degradation of lignin (116-124). The phenolic groups in
lignin molecules are associated closely with its oxidation to colored
quinonoid products. Phenoxy radicals are generated readily from free
phenolic groups by the action of light, and the phenoxy radicals are the
major intermediates that are transformed into colored end products
(116-124). From the yellowing patterns of esterified and alkylated
newspaper and wood, Leary (124) concluded that the yellowing of lignin
components normally begins with the oxidation of the phenolic structural
units of lignin. He suggested that the phenolic groups are first oxidized
by hydrogen atoms transferred to a neighboring excited molecule or free
radicals. This leads to the formation of phenoxy radicals, which are then
demethylated and oxidized to colored quinonoid structures. This mecha-
nism has been substantiated by means of ESR studies by Hon (123).
Studying lignin model compounds, Luner (116) suggested that quinones
originate through a free radical through oxygen attacking lignin in the
a-position of the aliphatic side chain of phenylpropane units containing
phenolic hydroxy groups. The sidechain is split off, thereby frag-
menting the molecule. Successively, p-quinonoid degradation products
are obtained.

When lignin is irradiated with light of wavelengths shorter than
350 nm, an adverse effect on the molecule has been recognized in terms
of color build-up, or the formation of chromophoric groups, especially
o-quinone. This adverse effect was accelerated by the presence of oxygen.
However, no such effect was observed when the sample was irradiated
with light longer than 350 nm, yet a photobleaching effect was recognized
using wavelengths such as 400 nm or longer (123). It also has been
reported that yellowing was accompanied by a progressive disappearance
of a chromophore with A, of 348 nm. The IR spectral changes associ-
ated with the disappearance of this 348-nm chromophore show that it
has a carbonyl absorption at 1640-1660 cm™ (125). Lin and Kringstad
(126) stated that lignin building units bearing saturated sidechains are
insensitive to light of 300 nm-390 nm and, hence, that the major com-
ponents of lignin presumably are not involved in the yellowing process.
However, lignin model compounds containing a-carbonyl groups absorb
light of 300 nm-390 nm and form colored products. The authors con-
cluded that a-carbonyl groups play a major role in the yellowing of lignin.
The function of a-carbonyl groups as photosensitizers in promoting photo-
yellowing has been substantiated by Brunow and Eriksson (120), and by
Hon (123). Kringstad and Lin (118) proposed that a-carbonyl groups
can, after excitation to a triplet state, abstract hydrogen from a phenol.
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A phenoxy radical and a benzyl alcohol radical were formed. The
phenoxy radical can react further to form yellow products, while the
benzyl alcohol radical is assumed to reoxidize to a carbonyl structure by
reaction with oxygen. In this way, the a-carbonyl compound functions
as a photosensitizer when irradiated in the presence of air and a phenolic
compound. Also, the photochemical cleavage of benzylic aryl ether
linkages, which contribute to the discoloration reaction of lignin, has
been observed by Gierer and Lin (117) and by Hon (123). Continuing
on their study, Brunow and Sivonen (121) revealed that oxygen present
in the photoirradiated system quenched the excited carbonyl species and
the phenol was dehydrogenated by excited oxygen. They concluded that
yellowing of lignin is limited by the excited carbonyl groups, which in
turn lead to the formation of excited oxygen molecules. This oxygen
reacts with phenolic groups to produce phenoxy radicals, which lead to
the formation of yellow products.

The photochemical reaction of lignin also has been studied in detail
by Hon (123). Several facts have been elicited. They are: (a) phenoxy
radicals were produced readily from free phenolic hydroxy groups by the
action of light; (b) carbon-carbon bonds adjacent to a-carbonyl groups
were photodissociated via the Norrish Type I reaction; (c) the Norrish
Type I reaction did not occur effectively in those compounds with ether
bonds adjacent to «-carbonyl groups—photodissociation took place at the
ether bonds; (d) compounds bearing benzyl alcohol groups are not
susceptible to photodissociation except when photosensitizers are present;
and (e) o-carbonyl groups functioned as photosensitizers in the photo-
degradation of lignin.

Gellerstedt and Pettersson (121) suggested that conjugated double
bonds in lignin are susceptible to light-induced oxidation, yielding car-
bonyl structures that participate in the discoloration reaction.

High-Yield Pulps. High-yield pulps composed of cellulose, hemi-
cellulose, and lignin are more susceptible to discoloration by light than
low-yield chemical pulps. This is indicated clearly by Figure 3 as well
as reported by many investigators (10,85,127,128,129). Wilson and
Harvey (130) found that when irradiating sheets while controlling sheet
temperature, a greater yellowing was obtained with sheets of high lignin
content. The yellowing of newspaper sheets was caused by light over
the wavelength range of 3550 A to 4000 A, whereas bleaching effects also
have been reported for groundwood by using visible light (124, 131-135).

Color or Brightness Reversion

Color or brightness reversion of papers is the loss of brightness
through the discoloration or yellowing that occurs during storage; it is
accelerated by exposure to light, heat, chemicals, and high humidities.
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Brightness reversion is one of the serious problems for paper industries,
restorers, paper conservators, and librarians, because the brightness of
neither unbleached nor bleached pulp is permanent, and the causes and
prevention of reversion still are not known entirely.

Brightness reversion or yellowing has been attributed in the past
to nearly every constituent of pulp and paper. A considerable amount
of work has been published in recent years on the influence of various
pulp constituents on brightness reversion. Yet, the mechanism of the
color reversion is of a complex nature, and the various pulp constituents
can either contribute directly or react with each other.

At the First International Bleaching Conference at Appleton, Wis-
consin, in 1955, in the final panel discussion on bleaching problems,
fourteen theories were put forward to account for brightness reversion.
They are listed here for reference purposes: (a) residual lignin; (b)
furfural; (c¢) reductone formation from carbohydrates; (d) residue resin;
(e) poor washing; (f) pH; (g) metallic catalysts; (h) metallic resinates;
(i) diffusion; (j) carbonyl groups; (k) water impurities; (1) microorga-
nisms; (m) low bleach residual; and (n) UV radiation.

Brightness reversion occurs in bleached chemical pulps that are
practically freed of lignin and extractives. It is quite apparent that this
undesirable effect must be attributed largely to the chemical structure
alteration of carbohydrates during pulping process, especially in the
bleaching stages. Essentially, the extent to which pure cellulose is
responsible for brightness reversion is hard to establish because of the
difficulty in preparation of a perfect cellulose. However, glucose is
known to contribute to discoloration upon aging (136).

It has been proposed that over-oxidation of carbohydrates con-
tributed to color reversion (76,77, 137,138, 139, 140). Carbonyl groups,
including aldehyde carbonyl, carboxyl groups, and low molecular weight
fractions containing these groups, contribute to brightness reversion
(141). Reducing end groups do not appear to be involved in color
reversion (142). The color instability of cellulose and hemicellulose is
attributable to the presence of carbonyl and carboxyl groups (113, 143-
149). Experimental data have shown that carbonyl and carboxyl groups
at carbon atoms 2 and 3 are of importance. One investigation indicated
that carbonyl groups are responsible for about half the color reversion of
cautiously bleached pulp (150). It also has been established that urono-
sidic carbonyl groups have a detrimental effect on the color stability
(151). Sjostrom and Erikksson (I143) reported that the influence of
carbonyl groups is magnified greatly by the presence of carboxyl groups.
However, Rapson et al. (144) claimed that carbonyl groups are respon-
sible for color reversion; carboxyl groups are not important at all.

In a study of aging of bleached pulps, Kleinert and Marraccini (152)
reported that moisture was found to promote not only peroxide formation,
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but, to some extent, also brightness reversion, particularly in the absence
of air. In addition, it is accepted generally that color reversion is acceler-
ated during air aging at elevated temperatures through thermal oxidation.
Chadeyeron (147) and Giertz and McPherson (113) indicated that the
condensation of carbonyl groups during bleaching was the main cause
of heat reversion. Rapson and Hakim (143) proposed that heat reversion
can be reduced greatly if carbonyl is oxidized to carbonyl or reduced
to hydroxyl.

In his excellent review paper, Spinner has summarized the factors
causing brightness reversion (10). They are adapted as follows:

1. Aldehyde groups on carbon atoms 2 and 3 of the anhydro-
glucose unit cause reversion,

2. Carboxyl groups on carbon atoms 2 and 3 of the anhydro-
glucose unit cause reversion. In the acid form and at an
aging temperature of 105°C, the carboxyl groups contribute
much less (roughly about a tenth) to reversion than an
equivalent number of carbonyl groups. Ion exchange of
hydrogen for sodium ions causes the reversion, while
replacement by calcium decreases reversion.

3. Primary hydroxyl groups in carbon atoms 2 and 3 of the
anhydroglucose unit do not cause reversion, even when
this oxycellulose is hydrolyzed with HCL

4. Aldehyde or hemiacetal end groups (C;) of the anhydro-
glucose chain do not cause reversion.

5. The degree of polymerization does not have any effect on
the extent of reversion.

6. Keto groups in carbon atoms 2 and/or 8 of the anhydro-
glucose unit cause reversion, but whether reversion is
attributable to C, or C; or both types of ketone has not
been settled.

Color reversion becomes a significant problem for the lignin-contain-
ing, high-yield pulp paper. Loras (153) reported that yellowing increased
with the chlorine number of unbleached pulps and showed some correla-
tion between yellowing and residual lignin. Howard and Histed (154)
suggested that the major cause of brightness reversion is attributable to
the chlorinated lignin residue left in pulps at the termination of bleaching.

Lignin-containing, high-yield pulps turn yellow when exposed to
light. As described earlier, lignin is a phenolic compound with a strong
absorption of UV light. The consequence of light absorption results in
a radical reaction mechanism in which oxygen takes a part. This leads
to demethoxylation, cleavage of aliphatic sidechain, and the formation
of semiquinones and quinoid configuration. Details of this reaction have
been described in a previous section, and a recent review paper on
chromophoric groups in wood and pulps is available (21).

The effect on color reversion by traces of heavy metal ions has been
reported (129, 155, 156, 157, 158). The presence of ferric and cupric ions
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greatly decreases the brightness stability, although some metal ions,
including magnesium and manganese, seem to improve brightness. Metal
salts are known to affect the rates and products of several reactions of
cellulose itself. In some instances, they accelerate the autooxidation and
photooxidation of wood pulps (31,98, 159, 160). In addition to affecting
the aging of cellulose, metal salts may cause color forming reactions with
other pulp constituents. Alder and Haggarth (156) showed that iron
reacted with the noncellulosic components of unbleached sulfite pulp.
Upon aging, the pulp reddened.

Other minor pulp constituents, the resins or extractives, also have
pronounced bearing on brightness reversion (161-165). In removing the
resin in a bleached sulfite pulp by extracting with alcohol, Tongren found
that the reversion rate was reduced (162). Giertz (163) lowered the
reversion of bleached sulfite pulps to about one-third of their original
value by alcohol-benzene extraction. Aalto (164) found that an ether
extraction of a sulfite pulp prevented reversion to some extent. It should
be borne in mind that not all resin components cause reversion, but
when resin does, the resultant reversion appears to be approximately
linear with the resin content.

Color Stabilization

In the preceding sections, discoloration and brightness reversion were
discussed. Chemical constituents in modern papers exhibit a wide range
of susceptibilities to oxidation that can be explained in part by differences
in structures. Stabilization of color against thermal and photooxidation
can be enhanced by modification of the polymer structure to eliminate
the more reactive sites or chromophoric functional groups and to intro-
duce groups that contribute to color stabilization.

Rapson and Hakim (144) have given a review of the color reversion
problem and have shown that color reversion can be reduced if carbonyl
was oxidized to carboxyl with chlorine dioxide, or reduced to hydroxyl
with sodium borohydride. Luner (165) had success in raising brightness
of cold soda pulp from white birch with sodium borohydride. Some
investigators believed that carbonyl groups were also elements contrib-
uting to color reversion. Croon et al. (167) reported that the trans-
formation of the carbonyl groups in the pulp to the hydrogen form by a
sulfur dioxide treatment usually increases brightness stability in a moist
atmosphere, and decreases it under dry conditions.

Earlier discussion of lignin chromophores has indicated that the free
hydroxyl group is a reactive center in the reaction taking place when
lignin is degraded by light. As a consequence, it is possible that by
blocking phenolic hydroxyl groups, for example, by etherification or
esterification (124, 168), lignin may be protected completely against
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photochemical discoloration. Singh (169) has shown that blocking of
reactive hydroxyl groups by benzoyl chloride in groundwood pulp is
accompanied by an increase in the brightness and the brightness stability
of the pulp. However, he indicated that the attempt to develop this
benzolation bleaching process was unsuccessful because of the large
excess of benzoyl chloride required. Acetylation, diazomethane methyla-
tion, and borohydride reduction of groundwood would increase the
brightness to a certain extent (124, 168, 170, 171). Callow and Speakman
(172) investigated the color stability of jute fiber and observed that
acetylated and methylated jutes were lighter in color than the untreated
fiber. Nakamura et al. (173) and Gierer (174) suggested that the acetyla-
tion involved the phenolic, para-hydroxy benzyl alcohol, and other alco-
holic groups in the lignin. Lin and his co-workers (117, 118) claimed that
the stabilizing effect of methylation, benzolation, and acetylation on
high-yield pulps is not exclusively by the blocking of phenolic hydroxyls
in lignin, but also by the blocking of aliphatic hydroxyls in polysac-
charides. Loras (I175) reported that color stability against light was
improved appreciably by acetylation of unbleached pulp and pulp
bleached with peroxide or dithionite before acetylation. The decrease
in brightness by heat treatment also was reduced by acetylation of
unbleached and bleached pulp. Krinstad (127) suggested the possible
use of different types of antioxidants to retard the yellowing or degrada-
tion of high-yield pulps on exposure to light. He showed that some
derivatives of benzophenone and the sodium salts of citric, ascorbic, and
thiodipropionic acids have some retarding effects. Reineck and Lewis
(176) tested the ability of a series of antioxidants to reduce yellowing
of groundwood when exposed to light. Only three substances were
found that showed retarding effects. These were dimethyldehydroresor-
cinol, o-aminophenol, and an UV sensitizer of undescribed nature. How-
ever, the pulp developed color when impregnated with the first two
compounds.

Conclusion

From the preceding discussion, it is obvious that discoloration or
yellowing of modern papers is a complex set of reactions depending upon
the historical background of the materials, methods of fiber and paper
production, and the conditions of their usage and storage.

“Pure” cellulose and hemicellulose should be unaffected by exposure
to natural sunlight. It generally is believed that it is the presence of
impurities in the commercial cellulose, introduced during pulping proc-
essing or autooxidation, that results in light absorption by the polymer
and that may initiate photochemical reaction. The major chromophoric
groups are believed to be carbonyl and carboxyl groups, hydroperoxides,
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and metallic impurities. Lignin is sensitive to sunlight. The «-carbonyl
groups, conjugated double bonds, quinonoid structures, and phenolic
hydroxyl groups in lignin are the vulnerable functional groups that
absorb harmful incident radiation leading to photochemical reactions.
The photoinduced discoloration of modern paper is enhanced further by
the presence of paper additives and impurities as well as the presence
of moisture, heat, and oxygen.

To effectively prevent photoinduced discoloration of modern paper,
one must consider the environment in which it may be stored, exhibited,
or used, and the causes of its yellowing. In view of the photochemistry
involved, some form of photostabilization of modern paper is essential if
adequate protection against the detrimental effects of solar irradiation
is to be achieved.

Principally, the photostabilization of modern paper involves the
retardation or elimination of the various photophysical and photochemical
processes that take place during photoinduced discoloration. This goal
may be accomplished by the following three stabilizing systems.

1. Physical Modification of Modern Paper. This system relies
on the presence of stabilizers for its stabilizing action. The
stabilizers are of four general types (177,178,179): UV
screeners, UV absorbers, quenching compounds, and free
radical scavengers. By strict definition, in this case, UV
screens are materials that are interposed as a shield be-
tween the modern paper and the radiation source. They
function by reflecting the damaging incident light, thereby
limiting its penetration into the bulk of the paper. Ultra-
violet absorbers function by absorbing and dissipating UV
irradiation that would otherwise initiate discoloration of
modern paper. Quenching compounds function by dissi-
pating the excited energy from modern paper. Free radical
scavengers act as a trapping means to catch the free
radicals generated in the modern paper before they sta-
bilize themselves as colored end products.

2. Chemical Modification of Modern Paper. Chemical modi-
fication encompasses both the purification of modern paper
and the alteration of chromophoric configurations of the
chemical constituents in paper to produce the desired pho-
tostability.

Impurities that enhance the photo-induced reaction
can be foreign materials incorporated during processing
(such as metallic impurities), or they can be an integral
part of paper components (such as carbonyl or carboxyl
groups). Consequently, elimination or reduction in the
amount of impurities, either foreign or as part of paper
components, is a practical approach to stabilization. Furth-
ermore, elimination of chromophoric systems in the paper
components by introducing new functional groups that
are insensitive or less sensitive to light is essential. Benzola-
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tion, methylation, acetylation, and sodium borohydride
reduction demonstrate such improvement, yet most of
these processes are too expensive to be practical. Develop-
ment of new processes t%at are economically feasible is
required.

3. Combination of Physical and Chemical Modification of
Modern Paper. The photostabilization of modern paper
can be further improved by combination of the above-
mentioned two systems. The addition of stabilizers to
chemically modified modern paper can avoid further photo-
induced reactions through the incomplete elimination of
the chromophoric moiety in the paper.
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Determination of Trace Elements in Paper by

Energy Dispersive X-Ray Fluorescence

VICTOR F. HANSON
The Henry Francis du Pont Winterthur Museum, Winterthur, DE 19735

Detection of up to thirty trace elements present in paper,
documents, prints, and watercolor paintings from x-ray
fluorescence spectra demonstrates possibilities for determin-
ing which elements are present in the original paper, which
were added by the papermaker, which were suspended or
dissolved in the processing water, which were picked up
from the processing equipment, which were added by the
user of the paper, and on which side of two-sided printings
(such as currency) do the various elements reside. Element
densities in pg/cm® were determined in a group of American
and European papers made between 1637 and 1900. Com-
parable data are also reported for modern paper in the form
of United States currency, which was found to contain high
concentrations of fugitive lead, barium, chromium, and iron,
except for three issues of $1 bills made with experimental
lead-free inks in 1969.

The Henry Francis du Pont Winterthur Museum, which has two

hundred period rooms and display areas of American furniture and
furnishings on a beautiful 960-acre, park-like estate, dedicated the Louise
Crowinshield Research Wing in 1969. A research and analytical labora-
tory, it was to provide facilities and techniques to determine the chemical
composition of the thousands of objects in the Collection.

Such compositional information was desired to: Provide the curator
with a badly needed sixth sense to detect fake art objects, which were
appearing on the market at an alarming rate. Assist the art conservators
in selecting the most appropriate materials and methods to restore and
repair objects in the Collection. Assist art historians to establish more
accurately the maker, time, and place where the objects were made.

0065-2393/81/0193-0143$06.50/0
© 1981 American Chemical Society
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Advise the owner of alterations, repairs, and maintenance procedures
that had been employed by prior owners.

The energy dispersive x-ray fluorescence spectrometer, which had
been developed recently as a qualitative analysis instrument, showed
promise of meeting the goals of the new laboratory (1). Its unique
features, which earned it the name, “The Curator’s Dream Instrument,”
are: The measurements require neither sampling nor alteration of the
object in any way. Systems for obtaining quantitative analysis data are
now operational (I). Concentrations of up to thirty elements above
chlorine (Z = 17) can now be printed out simultaneously. Techniques
have been developed that minimize errors caused by sample size, shape,
position, overlapping spectral peaks, matrix effects, and baseline com-
pensation. Interpretative procedures have been established that recognize
the shallow depth of penetration of the excitation radiation (2).

Amnalytical Equipment

The components assembled at Winterthur in 1970 to make up the
energy dispersive x-ray fluorescence analyzer system employed in this
study of trace elements in paper, documents, prints, and watercolor
paintings were: Kevex Series 3000P cryogenic system and detector (sam-
ple “viewing diameter,” 15 mm; detector resolution, 170 eV at 5.9 keV

Table I. Computer Factors Employed in This Chapter

ELEMENL CHANNEL FACTOR EXPONENT  CORR CHAN  CORR FACTOR
ANTIMONY .. 331. 20000 33300 1.02000 32, 790000 . 00020
ARSENIC... 134. 70000 . 03400 1. 00000 16. 00000 ~1.10000
BARIUM.... 403.00000 . 05500 1. 00000 33. 00000 30000
BISMUiH.. 165. 09000 <21 090 1. 99070 16. 00000 ~.50000
CADMIUM...  291.00000 06400 1. 09990 34.,00000 ~.38000
CALCIUM ... 46. 02090 .02650 1. 29099 33.00000 -.80000
:RIU 433, 50000 21070 1.02000 32. 00000 ~.90070
387.00300 21070 1.00090 32, A0000 ~.500%0
68. 00000 36590 1. 00000 31, 00200 ~-.60000
88. 02000 .04890 1.00000 35,0909 ~.82000
102. 90900 .01800 1. 20200 12. 00200 ~1.10000
115, 60000 07100 1. 027000 « 30027 . 20000
MOLYBDENUM  216. 00790 . 03835 1. 07000 . 20000 Nl
IRONe.vosae 81.00090 .96099 1.00000 35. 07000 ~. 79000
LANTHANUM.  419.00990 29079 1. 00002 3. 20070 ~1.00900
LEAD..o .o 161.00700 .32209 1.07000 22. 00000 ~2.00070
MANGAMESE ., 76. 39000 17000 1.02000 31.00000 ~1.020000
MERCURY ...  154.,00900 .01680 1. 922090 2. 072000 ~-. 20070
NICKEL4 sss 95. ANIN9 02260 1. 20000 35. 30200 ~. 79000
POTASSIUM. 42, 99290 « 37560 1.0007%0 33.00000 ~.62000
RUBIDIUM. . 169 . 12000 27450 1. 000% 16. 30000 ~. 06900
SELENIUM..  142.00200 07190 1. 00OND . 20070 . 00000
SILVER.... 284.30000 .23070 . 09000 34.00000 ~.87000
SIRONIIUM. 179, 20000 . 373450 1.0%000 . 0000 . 00000
TINeeseoss  316.009000 05100 1. 29090 32.00000 ~1.1000%0
TITANIUA. . 58, 00200 . 03250 1. 22000 33, 00000 ~1.50000
VANADIUH, . 64. 00000 « 03100 1.000% 26. 00000 -. 02000
YTIRIUM... 189. 30090 .%370 1. 07000 16. 00000 ~.09009
ZINCevaaeo 119, 92200 21100 . 12, 392000 ~-1.
ZIRCONIUM. 199 . 37000 « 200 1. 00000 « 00000 Ll
XXT24000as 72. 00000 07070 1 . 9090 « 30000 « BAMND
XXeeoweess  338,00000 « 22009 1. 072009 . 20000 . 07000
XX53 000 00e 53. 00200 - 39090 1.27000 « 30000 00070
XXeeoseess  295,00000 . 22002 1.22000 « AN . 0000
XX864ases 86. 33000 « 23090 1.00000 « A0000 . 00003
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Table II. Summary of Analyses of Two Brass Candlesticks

AL, # 863.1 863.2 848A. 1 848A.2 848A.3
SEQ. # #B17790 #B1771 #B1678 #B1679 #B1680
TEST DATE 113,1979 113,1979 81,1979 81,1979 81,1979
TEST TIME 8159 9t 5 132 7 13210 13817
ACCESSION # NONE NONE 66.1341 66,1341 66.1341
OWNER CHLNGSWRTH CHLNGSWRTH WINTERTHUR WINTERTHUR WINTERTHUR
OBJECT CANDLESTIC CANDLESTIC CANDLESTIC CANDLESTIC CANDLESTIC
DESC’N K K K K K
PART SHAFT BASE BASE OBV. SHAFT SHAFT’
MAKER ? ? / / /
DATE MODERN? MODERN? / / /
PROV/NCE ENG./HOL. ENG./HOL. / / /
ELEMENT WEIGHT % WEIGHT % WEIGHT % WEIGHT % WEIGHT %
I ANTIMONY.. .21333 «27787 .09960 .23798 .04383
2 ARSENIC... . 00000 « 07000 - 20000 . 00000 . 00000
3 BISMUTH... . 00202 .00128 .00010 . 000086 - 20009
4 CADMIUM 01713 < 00000 . 00665 «00445 - 20000
5 COBALT.... - 00000 « 00000 . 00000 - 20000 « 20000
6 COPPER. «os 72.23442 78.48419 79.23920 72.45422 72.12579
7 GOLDeeeoos 05796 +25493 01945 «01349 24126
8 IRON...... 1.12368 1.66412 73116 .37141 «46412
9 LEADeesees 6.27668 2.76741 1.52377 1.07124 1.12311
1@ MANGANESE. - 00000 - 00000 . 00000 « 00000 « 03000
11 MERCURY... - 00000 « 20000 « 00000 < 00000 00000
12 NICKEL.... « 03000 « 00000 00090 « 00000 . 00000
13 SILVER.... 06756 « 06840 06910 .08845 .28984
14 TIN.coosoo 2.95118 2.26054 . 719557 .28914 «30190
15 ZINCeeeuew 17.05605 14.42125 17.52440 25, 66956 25.81006
17 XXQeeooeeo - 00007 « 07000 . 00200 20000 « 33000
18 XXReoooooo « 00000 00000 . 00000 « 73000 « P0030
19 XXSeeoeeeo . 00000 . 00000 . 00000 « 00000 - 00000
20 XXTeeeooes « 00000 « 00000 « 20000 . 00000 « 20000

at half peak); Kevex Energy Calibrator Model 4000P (range control,
5-100 keV; zero suppression, 0-100 keV); Packard 960 analog-digital
convertor (This unit was modified by the addition of a selector switch
and resistor networks to bias out signals beyond the ranges designated in
Table V. This modification provided a continuous spectrum from the
three excitation sources over 040 keV and eliminated most of the source
backscatter, thereby improving the signal to noise ratio (Figure 1).);
Packard 901 computer memory (two 512 pulse count storage memories;
pulse count capacity, 10° per channel); Packard 960A system control
(preset counts, 1-10% preset time, 1-10° s); Packard 970 tape/type
control (This system interfaces memory with various read-out systems.);
Hewlett Packard 4004B X-Y point plotter; Tektronix 602 display scope;
Hewlett Packard computer system installed in 1977 (21 MX computer,
Model 9885S disk drive, Model 9885M disk drive, Model 2762A line
printer, Model 2644A terminal).

The computer program was developed by P. H. Gaither of Winter-
thur’s Scientific Advisory Committee. Table I shows the normalizing
and baseline correction factors employed in the computer program.

The present equipment provides a typed read-out of concentrations
of fifteen elements in metallic objects (Table I1) and up to thirty elements
in nonmetallic objects such as glass/ceramics (Table III) and paper
(Table IV) within fifteen minutes, with accuracies well within the needs
of the museum staff.
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Table III. Summary of Analyses of Five Glass Objects,
Concentrations in Parts per 10,000 (pp10k)

A.L. # 816 890.1 890.2 892.8 894.21.1
SEQ. # #G1123 #G1197 #G1198 #G1206 #G1235
TEST DATE 130,1979 177, 1979 177,1979 180,1979 183,1979
TEST TIME 12316 13247 11817 14342 10334
ACCESSION # NONE NONE NONE NONE NONE
OWNER J GOTJEN NATL PARK N PARK SER QUINCY PMA
OBJECT PURPLE ENG GREEN GLAS GREEN GLAS BOTTLE LIP GREEN GLAS
DESC’/N RAVED SMAL S WINE BOT S MUG FRAGMENT S SHERD
PART BOTTOM SIDE SIDE SIDE SIDE
MAKER AMELUNG? WISTAR WISTAR GERMANTOWN  HILLTOWN
DATE C 17852 1740~1760 1740-1760 1752-1754 1755~80
PROV/NCE MARYLAND? NJ NJ BRAINTREE BUCKS CO
ELEMENT op 10k po 13k opl @k pp 10k po | Ok
I ANTIMONY.. 1.18650 « 00000 02300 .15410 13110
2 ARSENIC... .48202 « 20000 . 60368 . 00020 97.28563
3 BARIUM.... 38.26275 48.61050 41.80952 16.73101 21.18600
4 BISMUTH 1.43560 67397 52546 «49400 41.35313
5 CADMIUM . 00160 . 00740 « 00690 - 030980 « 20690
6 CALCIUM... 1495,.0012 2652.9800 2279.6767 1419.9953  330.65979
7 CERIUM.... .08659 19790 25410 . 15350 <700
8 CESIUM.... .38190 .51800 .80120 25210 « 16580
9 CHROMIUM.. . 00000 5.65640 4.70680 1.08640 1.38400
18 COBALT.... 1.84800 7.98 0700 8.05000 4.91 000 11.43000
11 COPPER.... « 0n00D « 00070 « 22070 « 00000 11.08800
12 GALLIUM... 07200 . 02000 « A00%0 « 20000 70.58005
13 GOLDeeeoss . 00000 04774 24419 03054 .40810
14 IRON..eoss 62.25606 181. 12004 164.57498 220.35097 « D000
15 LANTHANUM. 46.07902 .64680 .24780 « 2000 « A2000
16 LEADesesss 2.74522 « 55093 .28491 31514  5660.4589
17 MANGANESE. 496.52856 145.80002 - 00020 - 00000 « 20000
18 MERCURY ... « 100700 © 27150 06910 04800 1.79990
19 NICKEL.... . 00000 « P00 « 30000 00000 7.98000
20 POTASSIUM. 3267.7285 7725.54821 579.593814 518.73095 185.99728
21 RUBIDIUM.. «851592 2.39440 1.98414 1.51256 3.70840
22 SELENIUM,. - 00060 .01364 01294 07964 . 11089
23 SILVER.... « 00000 «N2640 . 00000 « 20000 00000
24 SIRONTIUM. 1.09292 30.30443 23.91481 12.36200 4.83980
25 TINeeesess .20130 65094 .40812 . 78546 .24510
26 TITANIUM.. 13.19318 34.12920 24.70100 21.53560 17.78030
27 VANADIUM.. « NONA0 2.86131 2.44216 1.69882 4.12741
28 YTIRIUM... « 15611 1.22590 1.81762 . 69208 15.75466
29 ZINCeseoss « 0000 « 07000 20000 . 00020 13.087300
3% ZIRCONIUM. «59280 7.73300 6.32200 3.69900 « 76800

RB/SR/Y/ZR 8710/ 1/ 5 \/1¢/ @/ 3 \/i9/ @/ 3 \/1e/ 1/ 3 2/ 3/1%/

Early Accomplishments

Compositional patterns of glass and metallic art objects made in
various manufacturing centers and time periods have been established
by analyzing the various parts of over 6000 identifiable objects in the
Winterthur and other museum collections. By comparing x-ray spectra
of questioned objects with those in the Winterthur files, it has been
possible to confirm unequivocally the authenticity of many historically
important art objects and to present convincing evidence that many
objects had incorrect attributions or were outright fakes.

Early Analysis of Graphics

In 1973, a few attempts were made to analyze paper in the forms
of documents, prints, and watercolors. In spite of the low signal levels
obtained at that time, definite reproducible spectral patterns were found
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for papers from specific mills made over several decades. This provided
encouragement to optimize the strength of the excitation radioactive
sources and to acquire a more sophisticated computer to improve the
baseline correction techniques and the signal to noise ratio.

It was at this time that Winterthur’s paper conservator, Anne Clapp,
while examining an etching print, Franklin’s Apotheosis after Fragonard,
found it to be of such pristine condition that she requested an analytical
examination to confirm its authenticity. The ink, which had a brownish-
green cast, was found to contain copper and arsenic in about the propor-
tions of Paris green, Cu(C,H;30;), - 3Cu(AsO;)2, a very poisonous pig-
ment and insecticide. While this revelation did not establish immediately
the authenticity of the print, it did suggest that the poisonous pigment
might have indeed protected the print from insect attack for 150 years.

A request to identify the colorants in another lithograph disclosed
the presence of zinc in all the colors. Since zinc is not an element

Table IV. Amies Colored Papers; Typical Printout,
Five Paper Samples

AL, # 91@.1.1 910.2.1 910.3.1 910.7.1 891.7B
SEQ. # #A1432 #A1433 #A1434 #A1438 #A1449
TEST DATE 221,1979 221, 1979 22141979 221,1979 227,1979
TEST TIME 12333 123153 13811 14333 108 4
ACCESSION # 76.166.81A 76.166.82 76.166.81B  76.166.40 764166.36A
OWNER WNTHR WNTHR WNTHR WNTHR WNTHR
OBJECT PINK FOLD BLUE FOLDE YELLOW FOL WHITE FOLD LEGAL,HOLI
DESC’N SHEET D SHEET DED SHEET ED SHEET NGSHEAD
PART X X X X X
MAKER AMIES AMIES AMIES "A"  AMIES AMIES
DATE C1820 C1820 C1820 /? 1817
PROV/NCE PHLA PHLA PHLA PHLA PHLA
ELEMENT MUG/CM2 MUG/CM2 MUG/CM2 MUG/CM2 MUG/CM2
1 ANTIMONY.. 06600 1.98000 . 00000 .85800 .85800
2 ARSENIC... - 00000 « 00000 7.85335 23.82172 113.29443
3 BARIUM.... - 00000 . 00700 « 20000 - 093000 - 00000
4 BISMUTH.. . 00000 . 00000 . 00000 5.40170 10.41500
5 CADMIUM... . 00000 - 00000 . 00000 « 00020 - 00000
6 CALCIUM... 10.22200 6.97400 8.38600 12.68201 19. 11900
7 . 00000 « 20000 - 20000 - 00000 «21000
8 . «53000 « 66500 58500 57000 1.33500
9 CHROMIUM.. « 00000 . 77800 58.75201 5.34000 « 00000
180 COBALT.... « 0000 « 20000 . 00000 53.54400 21. 33000
11 COPPER.... 7.13440 18.51681 «84000 9.16440 2.70480
12 GALLIUM... 5.76000 6.42000 24.95001 6.26000 8.28000
13 MERCURY 2. 6.32970 6.27480 20070 9.43245 8.66400
14 IRONeceoss 6.88 000 22,33599 5.98400 5.31200 13.13700
15 LANTHANUM. « 25600 « 24000 + 25800 . 03800 02400
16 LEAD..ooss 17160 2.11758  318.53369 - 00000 « 00000
17 MANGANESE. « 37500 3.45000 « 00000 3.45000 6.15000
18 MERCURY... 4.55760 3.43245 - 00000 . 00000 . 00020
19 NICKEL.... .87219 « 0000 3.37110 « 20000 10.50090
2@ POTASSIUM. 22.41360 24.75121 27.48480 63.50402 54.92399
21 RUBIDIUM.. 1.85077 1.73105 - A0000 3.13051 3.57377
22 SELENIUM.. .55200 «55500 1.50200 . 78500 1.03200
23 SILVER.... - 00000 « 00000 « 00070 « 0000 « 00070
24 STRONTIUM. 2.47800 2.34360 3.85560 2.79720 3.43140
25 TINeeeo oo « 0N000 - 20000 - 00000 < 00000 - 00000
26 TITANIUM.. 1.28217 1.34379 1.57763 1.85255 1.62108
27 VANADIUM.. 1.06363 .98307 1.42254 1.15580 1.30639
28 YTIRIUM... 6.82140 6.67760 16.09009 7.92199 10.27910
29 ZINCevooos - 20000 « 009000 - 00000 . 10800 1.24800
30 ZIRCONIUM. 3. 11700 2.94300 3.70200 3.17700 4.56000

RB/SR/Y/ZR 3/ 4710/ 5 3/ 4710/ 4 @/ 2/19/ 2 4/ 4/10/ 4 3/ 3/10/
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commonly found in colored inks, a check of the background of the print
revealed the presence of zinc uniformly distributed over the surface.
This zinc must have been picked up by contact with a zinc lithograph
plate. Subsequent examination of other prints disclosed some to have
been made from zinc plates and some from copper plates. Lithographs
free of zinc and copper are presumed to be made on stone and to
predate those containing copper or zinc. A re-examination of the Franklin
print revealed neither copper nor zinc, thereby confirming its authenticity.

A large group of watercolor paintings made by Pennsylvania Ger-
mans in the early nineteenth century was compared with cakes from
paint boxes of the period by Janice Carlson and John Krill of Winterthur
(3), revealing the brand of colors used by some of the artists and dispell-
ing the myth that these primitive artists made their own colors.

These findings were reviewed by the conservation staffs at The
Library of Congress, the National Archives, and The Folger Shakespeare
Library. They subsequently supplied samples of problem papers and
leather bindings to determine if a correlation could be established
between concentrations of elements found and the physical state of the
papers and bindings. They especially were interested in the transition
elements that are known to induce deterioration reactions in paper. The
Winterthur laboratory was urged to prepare and “prove” a set of analyti-
cal reference standards and to seek financial support to examine large
groups of papers to determine if correlations could be established
between impurity types and levels with the physical condition of prob-
lem papers.

Study Objectives

This chapter is a progress report on the findings of trace elements in
selected groups of papers supplied by the above institutions to demon-
strate the capabilities of Winterthur’s analytical equipment and to provide
a basis for speculating as to the origin of those elements. That is, to
determine which elements were: chemically a part of the original fiber;
added by the papermaker; suspended or dissolved in the processing
water; picked up from the processing equipment; or added by the user
of the paper; and also to determine on which side of two-sided printings
(such as currency) do the various elements reside.

Analysis Procedure

Three radioactive sources were used successively to cover the
fluorescence range of 040 keV, producing a continuous spectrum with
minimum backscatter from the sources. Figure 1 shows the spectrum of
the tentative paper standard that has twenty-six elements at the 20-ug/
cm? level.
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Figure 1. Spectrum of revised paper reference standard 967.68.5; 26 ele-
ments at 20 pg/cm? density level; vertical scale, 2,000 pulse counts full
scale; excitation schedule according to Table V.

A reference standard was prepared for setting into the computer
the normalizing factor, channel location, exponential factor, and baseline
correction factor for each element listed on Table I. The standard was
prepared by micropipetting 0.1% solutions of the various elements in
Fisher’s Certified Atomic Absortion Standards to a strip of du Pont’s
Nomex high-temperature, spun-bonded, nylon paper having a 5 cm?
defined area. The strip, outlined by nitrocellulose laquer, was supported
on a 35-mm film slide mount. A few drops of dilute Triton 100X wetting
agent were added to the Nomex to provide a uniform distribution of the
solutions. The Nomex slide mount assembly was rotated for 15 min at
100 rpm under a heat lamp to evaporate the water.

The instrument response was determined, after which additional
elements were added successively and analyzed, and adjustments made
to compensate for interferences caused by peak overlap and nonlinear
count versus concentration relationships.

The element densities are reported as micrograms per square centi-
meter and basis weights of the papers are in grams per square decimeter.
A microgram per square centimeter is equal to 0.7 oz/acre, or 44,000 ft2.
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Table V. Radiation Excitation Schedule

Range Tuime
Strength ~ Source  (keV) (s) Elements Determined

300mCi Fe 55 0-6 100 K,Ca,TiV

30mCi  Cd 109 6-18 300 Cr, Mn, Fe, Co, Nj, Cu, Zn,
As, Rb, Sr, Y, Zr, Pb, Hg,
Bi

200mCi  Am241 1840 100 Ag,Cd, Sn,Ba,La,Cs, Ce

Weight percentage of element in paper = wt % =

0.01 X element density
basis weight

The actual correlation between elemental concentrations and state of
deterioration will be the subject of future studies under the National
Science Foundation award that was granted to Winterthur after the
symposium presentation of the paper from which this chapter was written.

Elements Found in Early European and American Paper

A group of early European and American papers covering the period
1770 to 1900, supplied by the National Archives conservation laboratory
(Table VI), and a group of papers made by Thomas Amies of Philadel-
phia, 1770-1840, and now in the Winterthur Library, were analyzed in
this study. Thomas Gravell determined the dates of the papers from
their watermarks according to his recently published book (4).

A group of modern U.S. Federal Reserve notes was analyzed to
demonstrate the feasibility of determining which elements are in the
black ink, which are in the green inks, and which are in the paper.

Table VI. National Archives Test Samples

Number Description Provenance Date

1 W/M GR Crown—Made for England Holland 1760

2  W/M GR Crown—Customs Journal Holland 1778

3  W/MJ. Honig—From Christiansted, Holland 1770
St. Croix

4 W/M “Propatia” Holland ¢.1770

5  U.S. District Court Book, Montgomery, USA 1836
Alabama

6 W/M “Economy Linen Ledger” USA 1900

7 W/M FG Crown—Ledger England 1770

8  Cambden’s Britannia—Pages 65 & 75 England 1637

9  Bluish French—Pages 67 & 75—Ref. France 1815

Lebwohl Letter of October 31, 1977
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The principal elements found in the Amies’ and the National
Archives’ papers are plotted in Figure 2 with vertical scales selected to
accommodate the maximum concentrations found for each element. Also,
the Amies’ data are tabulated in Table VII. The measured pH values
of the National Archives’ papers are on the top right of Figure 2.

The plot (on the right of Figure 2) of relative abundance of the
elements in the earth’s crust (5) serves as a guide to the probability of
of some elements to have originated in the sediment, in solutions in the
processing water, or in fillers and sizings deliberately added. High
concentrations of low abundance elements are presumed to have been
added deliberately by the papermaker or -processor.

The rare earths and lanthanide series of elements, which are normally
determined, were omitted from this plot in the interest of simplification.

Starting at the bottom and working up (Figure 2):

1. Calcium in the form of the carbonate averaged about 9
pg/cm? for all but the white 1770 Holland paper (water-
marked GR Crown), which contained 25 pg/cm? The
source of the calcium may be from the lime used to
disintegrate the rags, the lime used in the preparation of
the gelatin size, a natural element in the cellulose, a
whitening agent, or a sediment in the processing water
(6). It is interesting to note that the pH pattern followed
the calcium pattern very closely in the National Archives’
samples.

2. Potassium at the 25-ug/cm? level is added mostly with
the potassium alum sizing. Note that two American-made
papers of 1900 have a low potassium content, indicating
that aluminum sulphate sizing probably was used. The
high potassium values associated with the bismuth peaks
are unaccounted for.

3. Barium appeared only in Holland 1770 paper water-
marked J. Honig. This paper has a splotchy appearance
for reasons not yet determined. The absence of zinc and
the early date preclude lithopone white pigments, so it
probably is there as barium sulphate. Photographic papers
and the United States currency use large quantities of
barium sulphate.

4. Bismuth was used by Amies in white papers in 1820 and
papers watermarked “Law” or “Legal.” The low natural
abundance of bismuth indicates that bismuth was added
deliberately by the papermaker as bismuth white, a poi-
sonous pigment.

5. Arsenic appeared with cobalt as an impurity in smalt
(cobalt aluminate), the blue glass pigment or bluing used
for disguising the yellowish paper color attributable to
iron and other impurities. Chambers’ 1783 Encyclopedia
describes the smalt-making process in detail, pointing out
the great trade secret of some early smalt producers,
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namely, re-adding the arsenic sublimed from the smaltite
(CoAs,) during the roasting process, which produced a
dramatic improvement in the pigment qualities (7).
Arsenic found in the absence of cobalt was possibly there
as a pesticide.

Iron dissolved in water is precipitated at pH 7 and
deposited about 8 ug/cm? in the paper, producing an
objectionable yellowish color. The three blue 1820 Amies
papers had 25 ug/cm? of iron, probably Prussian blue,
Fe,(Fe[CN]s)5 (8).

Cobalt. See Arsenic above.

Copper appeared generally distributed at about 2 ug/cm?,
probably from the processing water or equipment. Cop-
per was the blue colorant in the French papers, perhaps
Blue Verditer, 2CuCO; - Cu(OH). (8). Copper was
present at the 10-pg/cm? level in Amies’ pink, blue, cream,
and white papers, but was absent in his yellow paper.
Zinc at 1pg/cm? levels appeared in all papers but the GR
Crown watermarked 1770 Holland papers, which were at
12 pg/cm?, possibly as white zinc oxide.

Manganese appeared randomly at the 0-5-ug/cm? level in
a pattern similar to, but lower than, that of iron, indicating
that it probably was present in the processing water.
Nickel appeared generally at the l-ug/cm? level in the
Holland-made papers and at the 3-pg/cm? level in the
pink Amies’ papers. It is likely that mercury, whose
concentrations are questionable and not plotted here,
actually is responsible for the pink color.

Chromium appeared randomly at 04 pg/cm? The Amies
yellow paper had 54 pg/cm? together with a 325-ug/cm?
lead level, which is within 40% of the stoichiometric
ratio of lead chromate, the same pigment used in U.S.
currency.

Lead was found frequently at the 0-10 pg/cm? level in
many old papers, possibly picked up from processing
equipment. The wt % of the 325 ug/cm? of lead as the
chromate, PbCrO, (8), found in the Amies yellow paper,
basis weight 0.92 g/dm?, is 325/0.92 X .01 — 3.5%.
Antimony appeared randomly at the 0-2-ug/cm? level.
Other elements found but not plotted were: titanium,
cerium, cesium, gallium, mercury, rubidium, strontium,
vanadium, yttrium, and zirconium.

Elements sought but not detected were: cadmium, lantha-
num, selenium, and silver.

Analysis of Elements in United States Currency

Objectives. The analysis by x-ray fluorescence of the inks and the
paper of United States currency offered an opportunity to evaluate the
new computer program for analyzing paper objects and printed docu-

In
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Figure 2. Trace elements in paper (ug/cm?)
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Table VII. Amies

Element Concentration (ug/cm?)

Color Year As Bi Ca Cr Co
Colored Samples
Pink 1823-1834 0 0 8.9 2.2 0
Blue ¢.1820 1 0 6.5 0 0
Yellow  ¢.1820 0 0 8.4 56 0
Cream ¢.1820 0 0 7.3 2 0.6
White ¢.1820 24 54 1 5.3 54
White 1832 130 10 13.7 49 27
(‘Law”

Uncolored Samples (10 Samples)
Plain  1790-1840

X 0.89 0.8 7.7 0.95 0
s.d. +0.9 *1 *+1 +1.6

ments, since close control was maintained on the materials used. Further-
more, extremes in concentrations of various elements used in the paper
base and in the inks, and the minor elements present adventitiously,
provided a rigorous test for the new baseline compensation techniques
being evaluated for the paper analysis program.

Since the excitation x-rays are energetic enough to penetrate most
papers, it was important to develop techniques to distinguish which side
of a document having printing on both sides is being measured. Part of
this program was aimed at demonstrating several alternate methods for
determining the side containing the various elements observed.

An opportunity also existed with these materials to provide tech-
niques for determining small amounts of certain elements that appear
within the spectral envelopes of other elements present in high concen-
trations. For example, lead has been found to be present in such high
concentrations in currency that it introduces uncertainties as to the pres-
ence of observed elements such as arsenic, mercury, bismuth, and ru-
bidium, which appear at or near the ubiquitous lead peaks. There are
also extremely strong iron peaks appearing at or near important trace
elements such as manganese, nickel, cobalt, and copper, which require
further study to avoid serious error.

A frustrating feature of x-ray fluorescence measurement is the radia-
tionless energy transfer from higher Z (atomic number) elements to
lower Z contiguous elements or multiple scattering, making the former
appear to be at a lower concentration and the latter to be at a higher
concentration than they actually are. Compensation for these factors
will receive careful study to avoid serious analysis error.

In Preservation of Paper and Textiles of Historic and Artistic Valuell; Williams, J.;
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Papers 1790-1844

Element Concentration (ug/cm?) Thick-  Basis

ness Wt
Cu Fe Pb Mn K Nz (um) (g/dm?)
8.2 6 2 2.2 30 2.1 127 0.87
7.5 26 3.5 4 25 0.2 125 0.77
0 6.5 320 0 27 3.1 102 0.92
6.4 2.5 0 0 28 1.8 100 0.70
9 8.3 2 4.3 31 0 75 0.73
18 58 0 3.5 64 0 128 0.95
0.6 6.9 0 1.3 26.8 0

+0.7 +0.8 +1.9 +4

Measurement Procedures. An area of high ink density, as judged
by eye, was marked on each side of the note, placed over the sample
port, and measured according to the Table V schedule. The black
portrait side of the bill was designated as “front” and the green side as
“back” in the tabulations. These measurements, which represent an
integrated average of a 15-mm-diameter area, are plotted in Figure 3.

The measured areas then were rubbed vigorously with a narrow
strip of cotton gauze to determine which elements might be rubbed off
during normal usage of the note (Figure 4). The rubbed areas then were
remeasured and tabulated as “rubbed.” Material collected on the gauze
was measured and tabulated as “rubbing,” and is reported in Figure 5.

A used $1 note placed in a pants pocket was laundered in a clothes
washer with Duz laundry detergent to determine how much of the
various elements were removed (Figure 5). This laundered note was
analyzed, rubbed with gauze, reanalyzed, and the deposits on the gauze
analyzed and reported in Figure 5.

Other elements, including copper and arsenic, were observed near
the green Treasury Department and the black Federal Reserve Bank
Seals on the front of the notes. These areas were measured carefully,
rubbed, remeasured, and recorded.

Results. The data tabulated by the computer (Tables VIII-XII)
are plotted in Figures 3, 4, and 5. Most of the measured data are repro-
ducible to within about 10% of the measured values on duplicate mea-
sures if the sample is repositioned within 1 mm.

Some minor elements displayed may be fictitious because of improper
baseline compensation. Information on the questionable elements as well

In Preservation of Paper and Textiles of Historic and Artistic Valuell; Williams, J.;
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Figure 3. Origin of x-rays emanating from paper printed on both sides.

X-rays emanating from elements in inks printed on currency will be more intense
on the side they are printed on than those transmitted through the paper. Fur-
thermore, x-rays from low atomic numbered elements will be absorbed more
strongly than those from heavier elements. These features provide clues as to
the location of elements on paper printed on both sides, viz: chromium, barium,
lead, manganese, and yttrium are mostly in the green ink; titanium is in the
paper and in the green ink; most of the iron is in the black ink; and the absence
of lead observed in three 1969 issues of $10 notes was confirmed by the Direc-
tor of the Bureau of Engraving and Pn‘ntin%’ who stated that attempts made to
eliminate toxic lead from currency failed because of technical difficulties in
printing at high speeds.
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as the major elements was requested from the Secretary of the Treasury
(9). A confirmation of most of the findings of this study was received
from the Director of the Bureau of Printing and Engraving (10).

Elements Sought in Study and Their Role in Currency.

1. Antimony appeared in all notes at a low level and was
rubbed off both front and back, indicating its presence in
the inks. If it was not added deliberately, it might have
been present as an impurity in lead. Antimony frequently
is alloyed with lead to increase its strength and to improve
the electrical properties of lead plates in storage batteries
and often is present in reclaimed lead.
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Figure 4. Elements removed from Federal Reserve Notes by rubbing
with cotton gauze.

The fugitive nature of the inks on Federal Feserve Notes is illustrated by rub-
bing them with cotton gauze and analyzing the inks picked up on the gauze:
The low values picked up from the “Old $1 Note” indicate that over half the
ink has been rubbed off previously by handling the note. The high exposure to
lead, chromium, and bismuth of the citizenry handling currency was called to
the attention of the Department of the Treasury. The removal of titanium from
the back indicates that it is a component of the green ink as well as an ingredi-
ent of the paper (Refer to Figure 3).
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Figure 5. Elements on or removed from new $1 note: (A) elements ob-

served on new 1977 note; (B) elements remaining after rubbing “A” with

cotton gauze; (C) elements remaining after laundering “B” with Duz

detergent; (D) elements remaining after rubbing “C” with new gauze;

(E) elements deposited on gauze after rubbing “A”; (F) elements deposited
on gauze after rubbing “D”.

2. Arsenic appeared only on the Federal Reserve Bank Seal.
Seals on $5, $10, and $50 denominations were not anal-
yzed.

8. Barium was present in high concentrations on the green
side of all denominations and might be present as the
sulphate or as lithopone, which is a mixture of barium
sulphate and zinc sulphide. Barium was rubbed readily
off the green but not the black side, indicating that it
was definitely a part of the green ink.

4. Bismuth—none was found.

5. Cadmium appeared in small amounts in all determinations
and may be a baseline defect.

6. Calcium was found in substantial amounts on the fronts
of $1 and $5 notes and especially on the green Treasury
Department Seal on the $10 notes (Table XV).

7. Cerium and 8. Cesium. These two rare earth elements
were found in low concentrations in barium and clays and
probably are present as trace impurities.

In Preservation of Paper and Textiles of Historic and Artistic Valuell; Williams, J.;
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9.

10.
11.

12.

13.
14.

15.
16.

17.

18.

19.
20.

Chromium appeared in highest concentration on the green
side as barium or lead chromate (yellow).

Cobalt—none was found.

Copper appeared in the $10 notes signed by George
Shultz, John Connally, and David Kennedy in 1969,
aﬁ)parently as a substitute for the use of lead chromate in
these notes. The copper may be present as the basic
carbonate (malachite), which is green and insoluble. The
color was still clear on notes made about nine years ago,
raising the question of why the Treasury returned to the
use of lead in 1977 $10 notes. The reply from the Director
of Printing and Engraving was (10): “The 1969 series of
$10 Federal Reserve notes that you analyzed and found
to have a low concentration of lead was a part of a
reformulation attempt.”

Gallium, which is a rare metal of the aluminum group,
may well be a baseline defect.

Gold—none was found.

Iron was present in large amounts on both sides of all
notes. It was rubbed off readily and large quantities
could be removed by laundering. It may be present as
Pr]tlssian blue in the green ink and sulphate in the black
ink.

Lanthanum, present in trace amounts, is probably an
impurity in its contiguous element, barium.

Lead. The presence of large quantities of lead, which was
readily rubbed off or laundered off, was a big surprise in
view of the strict Federal regulations prohibiting its use
in paints and decorated objects that might be sucked or
chewed by children. The lead content of $10 notes issued
by John Connally, William Simon, and David Kennedy
indicated that they must have recognized the lead hazard,
since their issues contained only one-fifth to one-tenth
the lead content of the other denominations analyzed in
this study. The response from the Bureau of Engraving
was (10): “The formulation of lead-free green ink con-
tinues to hold a high priority in our ink development
program.”

Manganese was found in all green inks on the back of
notes except for the $10 issue. It was found on the Treas-

ury Department Seal and the Federal Reserve Bank Seal
of the $10 issue.

Bromine was found in the green Treasury Department
Seal of the $10 issue only.

Nickel—none was found.

Potassium was found on both sides of all notes. Its
concentration was not reduced significantly by laundering,

indicating that it was in the form of a water-insoluble
compound such as orthoclase-based clay filler in the paper.
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Table VIII. Elements Seen from Front (Black Side) of New Notes:
No. A 1085, $1; No. A 1094, $5; No. A 1090, $10,
No. A 1092, $20; No. A 1102, $50

Al. # T58.15.1F  750.18.2F  750.18.3F  750.18.4F  750.18.5F
SEQ. # #A1085 #A1094 #A1090 #A10192 #A1102
TEST VATE 258,1978 259,1978 259,1978 259,1978 259,1978
TEST TIHE 138 1 12328 11816 11351 14321
ACCESSION # A17193029A CI17968629A C61034a393A CO1109918A B48857929A
OWHNER VFH VFH VFH VFH VFH
0BJECT s FEDRES  $5 FEDRES  $1# FEDRES $20FED RES S$SOFEDRES
DESC’N NOTE NOTE oTE NOTE NOTE

PART FRONT FRONT FRONT FRONT FRONT
MAKER BLUMENTHAL BLUMENTHAL J.CONNALLY BLUMENTHAL WM.SIMON
DATE 1977 1977 1969 1977 1974
PROVZNCE PHLA PHLA PHLA PHLA NEWH YORK
ELEMENT #MUG/CM2 *MUG/CH2 G/ CH2 *MUG/CHM2 *MUIG/CMH2
1 ANTIMONY.. 3.50900 3.43209 4,90670 4,9579% 3.74000
2 ARSENIC... « DDA « AR o« AAGAD o« AAOA0 o« O3B0
3 BARIUM. ees 75.76728 117.81650 94,12521 151.86093 156.68634
4 BISMUTH.. « DOAA « QDD « 32300 « DA « A0
5 CADIfIUM,.,.. 3.67642 3.15280 4,79920 3.16680 3.61762
6 4,67399 22.48324 4,958807 7.07639 7.21855
7 1.93407 1.583%2 3.17900 1.396%9 1.753%9)
8 CESIUMeees 2.75%037 2.835%0 3.525%0 3.65000 4,045%%
9 CHROMIUM.. 13.612a1 15.29200 14.416%1 18.91600 18.688%9

149 COBALTeee. «A0003 e.ololols] « 30390 « 30 « 3029

11 COPPLERe oo +86800 1.29200 3.38899 o« B0 « D300

12 5.12007 1.932%0 1.89800 2.83270 2.7787%9

13 « ABQ0A 17239 JARANB <79 A3 « 33077

14 TROHe eeees 343,82617 390.087399 396.,443692 428,17370 407 .4327%7

15 LAHTHANUM, 58580 . 38580 .84760 $ 20290 $26210

16 LEAD¢eeoes 26,5620 41,36323 8.4177%9 92.52997 88,67299

17 MANGANESE. « ACOOA oklelol)] « B3O « 2003 « ARG

18 BROMINE .86448 2.37928 3.75504 61056 +64358

19 HICKEL.eeo o A0 « A0%30) « AR « DA09D o« BN

24  POIASSIUM. 13.63209 18.92720 14.97361 15.072931 14.92080

21 RUBIDIUM.. * anae 1.55595 2.75296 1.25340 1218139

22 SELENFUM.. « 3740 « 38000 « 383070 « 46970 «53330

23 SILVER.ee. 3.3705% « 28770 « D30 .43750 .93625

24 STRONIIUA. 3551m  4.52620 5. 19860 6.43429  6.34200

25 TINaweeons 5.81767 6.72120 745020 6.17208  6.228%3

256 TITallUid.. 89.92905 91.84575 95.51175 97.43428 95.53654

27 VANADIUM.. « DABON « P3O0 « 33300 « A0 « 3330

23 YTIRIUM... 4,95527 5.12870 4,52660 6.43497 6.8597%

29 ZINCeeeoses 5.722255 5.33135 6.33585 6.45645 5.76420

37  ZIRCONIUM. 2.63587 2.67720 3.29320 2.649560 2.691%%

RB/SR/Y/ZR @/ I/16/7 5 3/ 9/1% S 4713/ 9/ 6 2/19/19/ 4 2/ 9/10/
*MICROGRAMS /CM°
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Table IX. Elements Seen from Back (Green Side) of New Notes:
No. A 1084, $1; No. A 1095, $5; No. A 1091, $10;
No. A 1093, $20; No. A 1103, $50

753.15.138 753.18.2B  759.18.3B 7592.18.4B  757.18.58

; #a1084 #4195 #A1791 #A1993 #A1103
TEST DATE 253,1978  259,1978  259,1978  259,1978  259,1978
TEST TIHE 12148 1241 11134 1281 m 14133
ACCESSION #  CI7193020A CIT968679A C61747893A Cr1109918A B4885T929A
OWIER VEH vFH VFH VFH VFH
0BJECYK $1 FEDRES % $10 FEDRES $27FED RES $50FED RES
DESCZ HOTE NOTE HOTE NOTE

PART BACK $5 FED RES BACKGREEN  BACK BACK
MAKER BLUMENTHAL BLUMENTHAL J.CONNALLY BLUMENTHAL WM.SIMON
DATE 1977 1977 1969 1977 1974
PROV/ICE  PHLA PIILA PHLA PHLA NES YORK
CLEAENT  #MUG/CHM2  *MUG/CH2  *MUG/CHM2  #MUG/CM2  #MUG/CM2
1 ANTTMONY.. 3.53100 3.49890 3.91690 4.23570 4.367%%
2 ARSENIC...  goaon * 90 » 20000 e - o099
3 BARIUM.... 184.20337  169.76253 157.41443 185.79141  141.56491
4 BISWTH.. « AAAOA o« AAROP «ARAA0 « AN « D0Q70
5 CADAIUM .. 3019480 3032360 3028440 3.20280 301864
6 CALCIUM... 5.25756  13.54570 5.50251 5.24932 5.01919
7 CLRIUM. us 139400 117370 1.42300 125170 1230100
8 CESIUM.... 4. 7400 3.09590 417570 4.64500 3,750
O CHROAIOM..  24.2720%  19.18799  16.61200  24.49673  23.39870

14 COBALTeeee « 300073 o« DA o« AAYA0 o« 33U « 2030

11 COPPER. +v+ - a0p09 © annan 1.35200 > o000 > anaon

12 GALLIUM... 372909 3.96490 157200 3.176%9 344000

13 GOLDuweons * anom L3190 S on00n ~91 80w ~ 09000

12 IROdeueees  134.9255]  150.62622  241.97351  123.75638  122.09126

15 LANCHANU'. 15209 125500 3150 + 24960 © 30830

16 LEADseswes  121.03012  176.78596  14.11721  118.52233  117.99970

17 AANGATIESE 5.44796 418896 » anann 8.78182 6.05826

18 BROMINE - 07009 265568 3022560 - ana » anane

19 '"WICKEL.ees « 30503 « AP0 « 30300 « 23000 « 33070

29 POTASSIU.  15.20287  16.99928  16.20431  16.31528  16.721280

21 RUBTDIUH.. agona 1.11699 1.70m6 1.31098 1.81150

22 SELSIIUM.. - 55504 54700 37200 53220 ~50400

53 SILVER.... 2173350  anaap » 30000 123625 > 09000

22 STRONTIUA. 7.52601 7.58960 5.49780 7.83340 7.55730

25 TINeeewonr 5.85007 6116680 6.08940 5228200 628560

26 TITANIUM.. 141.11846  93.71955  122.43972 1M9.27359  184.55298

27 VANADIUM,.. o G059 kloll] « OIN0 « OADAD « A330

23 YTrRIUH... 3.97757 7.73970 416650 8.27196  8.56742

20 ZIHCe.wsns 5.03035 6116255 4.49670 5.70245 5.36955

33 7ZIRCONIUA. 3.2798% 2.90028  2.72320 3109530 2.06240

RB/SR/Y/ZR 078710/ 4 17im/ia/ 4 37107 8/ 5 27 9719/ 4 1/ 9710/
*MICROGRAMS/CM?
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Table X. Pick-up on Gauze by Rubbing Front of Notes:
No. A 1088, $1; No. A 1106, $5; No. A 1108, $10;
No. A 1110, $20; No. A 1112, $50

AL, # 75317 0F  T50.208,2F  T1674.20.3F  T50.24.4F  753.20.5F
SEQ. #A1088 #A1106 #A 1198 #A1119 #A1112
TEST DATE 253,1078 250,197  259,1978  259,1978  259,1978
TEST [IME 13148 15226 15852 16816 16840
ACCESSION #  NONE 77 ’ ’ ’

OWNER VFH 77 7 7 7
OBJECT RUBBING GAUZE RUB~ GAUZE RUBB GAUZE RUB~ GAUZE RUB-
DESC” 4 GAUZE 3ING ~ING s$13  BING $27  BING $59
PART FRONT FRONTS5 FRONT FRONT FRONT
HAKER 7 77 7 / /
DATE 1978 1978 7 7 7
PROV/NCE 77 77 ’ ’ 7
ELEAENT *MUG/CH2  *MUG/CiH2  *UG/CH2  *MUG/CH2  *hMuG/cH2
| AWITHONY.. 1.60609 149600 1.983%9 1.81593 2.1 300
2 ARSEHIC ... « DA o« AAB0D « BOAAA « AAO30 « 30030
3 3ARIUH.... 4.65407% 359840 3.38520 3.57240 3.5204
4 BISHWTil.. o« DB « AANO0 o« AIIN « GG « AR
5 CADAIUM ... 1.1984% 1.49897 1.37480 1.1783¢ 160440
6 CALCIUM... 1.36876 5. 22509 1.16339 1.37050 1.45761
7 CERIUM.... 50010 L5139 . 64070 .3487 L4739
8 CESIUMeees « 56009 + 46500 <4500 « 6707%0 +45570
9 CHROMIUM. . 4.412%0 4.61600 3.84890 4.44470 3.7207%

1% COBALT.... L anae . ona%s 1.16467 RLLY - %070

11 COPPER. ... 1.26403 92970 1.13670 . 74470 . 67427

12 GALLIUM... 1.96a300 . 18070 +8567% +803499 . 18409

13 « O3004 o 3% o AAFA0 « 030 « 200790

14 51.35477  171.77354  22.95799  82.47893  46.38112

15 .29039 .34239 L3120 .23650 . 36460

16 5.87803 T.7%6800 6.51779 6445090 6.593701

17  HANGCANESE. . 78484 o« DA 2.42442 « A OA0 +44208

18 BROMINE 295112 1.57364 1.17934 1.22490 1.34928

19 WICKEL+ees o DA o« DAAND 22746 . 32096 o AAAAG

23 POTASSIUM.  19.60087  12.52081 11.7336%  10.96561 1118960

21 aUBIDTUA. . a0 78392 74434 .69620 .65915

22 SELEHIUM.. 1810 16990 17870 16807 L16097

23 SILVER.... 2.09307 1.15597 1.29500 1.43500 1.76750

24 STRONTIUA, 1. 77826 1.6324 1.67760 1.2614% 1.50520

25 ITHuseeonn 2.6m284 2.61720 3.26000 2.37240 2.63160

26 [ITAUIUN.. 1.81768  18.70360 .95360 1.22839 1.14624

27 VAIAUIUM.. . 67625 - g 57175 ~53470 59057

23 YTLRIU ... 1.83130 1.44319 1.33110 1.63673 1.77370

20 ZINCuvesns 2. 40500 2.24779 2.32180 2.14630 1.82845

39 ZIRCONIUA. 1.01 660 1.72580 1.91200 .R9790 95220

RU/ZSRAY/ZR /187007 6 S5/19/° 97 6 47 97197 6 47 87177 6 4/ 87160/
*MICROGRAMS/ CM?
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Table XI. Pick-up on Gauze After Rubbing Back of Notes:
No. A 1089, $1; No. A 1107, $5; No. A 1109, $10;
No. A 1111, $20; No. A 1113, $50

A.L. # 759.17.18B 750.27%.2B 753.2%.3B 1750.27%.4B 75%.20.5B
SEQ. # #A1089 #A1 AT #A 1199 #A1111 #A1113
TEST DATE 258,1978  259,1978  250,1978  259,1978  259,1978
TEST TIME 143 5 15140 16t 4 16128 16152
ACCESSION # CI17T193029A /7 / / //
OWNER VFH // / / /
OBJECT $1 GAUZE  GAUZE RUB- GAUZE RUB- GAUZE RUB~ GAUZE RUB-
DESC’N RUBBING BING $5 BING s$19 BING $29 BING $59
PART BACKGREEN BACK BACK BACK BACK
HAK Ex // / / / /
DATE 1978 1978 // / /
PROV/NCE // / // / /
ELEMENT *MUG/CM2 *MUG/CM2 *MUG/CH2 *MUG/CM2 *MUG/CM2
1 ANTIMONY.. 1.87092 2.35400 1.7332% 2.05790 1.925%0
2 ARSENIC... « Q000D « ONA30 « AA07G . AAOD < ANPA
3 BARIUM.. 57.81881 36.82642 34.57479 43,74769 43,44084
4 BISHUTH.. « 23090 « ARG « A0 « DARD « DA
5 CADMIUM... 1.26569 1.37480 1.2684% 1.55680 1.39720
6 CALCIUM... 1.65396 1.66320 1.42294 1.45838 1.79025
7 CERIUMesae « 67600 « 55870 61100 47200 « 65672
8 CESIUMeces 1.387202 .9827%0 « 965729 1.36229 1.780%9
9 CHROMIUM.. 5.72499 6.603%0 5.38499 5.148%0 6.8307%
19 COBALTeees 1.26786 lolol] 36873 +83640 « 020730
11 COPPER.e.. « AA0D3 o AA000 « 58307 « 36490 « 07220
12 eee 2.4700% 1.128%9 90372 . 88400 1.14479
13 GOLDeeeoes « 0093 « 2P0 « AADNP Ncklsloio] « 32900
14 IRONeeeeos 19.24915 28.25816 35.04332 19.12561 28.42155
15 LANTHANUM. + 13733 .23640 «23949 . 13579 . 16889
16 LEADeceess 27.91899 26.5%499 8.24679 20%.463%1 27.58891
17 MANGANESE. 4,60836 4,73119 2.79198 3.21840 2.97268
18 BROMINE « A300% . 77878 1.46784 .94944 1.25328
19 WICKREL. ... 22925 « 0030 « 000 . 19392 « D30
24 POTASSIUM4. 11.2680% 12.,76242 12.23%40 12.39840 11.87289
21 RUBIDIUM.. « DAOAA . 74293 « 66764 . 67070 .68275
22 SELENIUM.. . 18402 <207 %0 21200 . 18490 « 205720
23 SILVER.... 1.65200 97125 ~917%%0 1.37375 1.02375
24 STRONTIUM. 2.5122¢ 3.76340 2.69240 2.367%% 2.71369
25 TINeeeesoo 3.29409 2.84040 2.564%9 2.99830 3.39129
26 TITANIUM.. 12.36736 9.23552 7.79264 8.65428 10.03968
27 VANADIUM.. 3.1178% 2.21535 1.80420 2.19915 2.46577
23 YTIRIUM... 2.41350 2.52329 1.73360 2.12510 2.74870
20 ZINC.uuon. 1.74655 2.36730 2.25485 2.12225 2.14565
3% ZIRCONIUM. 87860 1.15920 .93330 .97520 1.72580
RB/SR/Y/ZR N30/ 3 2719/ 8/ 4 2/19/ 6/ 3 3/1@¢/13/ 5 2/12/19/
*MICROGRAMS / CM%
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Table XII. Measurements on Front of $1 Notes: No. A 1085, New
Note; No. A 1086, Same After Rubbing With Gauze; No. A 1088,
Pick-up on Gauze Rubbing; No. A 1114, Used Note Laundered
with Duz; No. A 1118, Pick-up on Gauze Rubbing of
Laundered Note

AL, # 750.15.0F  750.16.1F  758.17.1F  750.21F 750.23.IF
SEQ. # #A1085 #A1086 #A1088 #A1114 #A1118
TEST DATE 258,1978 258, 1978 258,1978 261,1978 261,1978
TEST TIME 138 1 13120 13348 8t 9 9127
ACCESSION # A1T193M29A A17193%29A NONE 855795308  /
OWNER VFH VFH VFH VFH /
O0BJECT s1 FEDRES $1 FEDNOTE RUBBING $1 FEDSVOTE RUBBING $1
DESC’N NOTE RUBBED GAUZE LAUNDERED RUB&SCRUB
PART FRONT FRONT FRONT FRONT FRONT $1
MAKER BLUMENTHAL BLUMENTHAL // GEO.SHULTZ 7/
DATE 1977 1977 1978 1969 /
PROV/NCE PHLA PHLA 7/ PHLA /
ELEMENT *MUG/CM2  *MUG/CM2  *MUG/CM2  *MUG/CM2  *MUG/CM2
| ANTIMONY.. 3.50900 2.10100 1.60600 4,69700 3.56400
2 ARSENIC... « 00000 . 00000 N Ll .00 000 « POAAR
3 BARIUM.... 75.06728 74.96324 4.65400 69.732034 7.64920
4 BISMUTH.. . 00000 N . 00000 . A0 . 0000
5 CADMIUM... 3.67640 1.36920 1.19840 3.64000 3.36560
6 CALCIUM... 4,67390 4.53684 1.96876 9.94455 1.36675
7 CERIUM.... 1.03400 .78990 +50000 1.260%0 1.66400
8 CESIUM.... 2.05000 2.025%0 56000 2.43070 84000
9 CHROMIUM.. 13.61201 40.70800 4.41200 14,89600 7.82400
19 COBALT.... . 00009 . 39000 . 00000 LY 4,87220
11 COPPER.... .86800 . 07000 1.26400 3.36800 2.852%0
12 GALLIUM... 5.12000 3.54000 1.96000 2.42800 1.65200
13 GOLDessass . 00000 . 07900 . 00090 47000 50000
14 IRON... 343,82617  334.52789 51.35477 249.40640 18.51077
15 LANTHANUM. .58580 . 78950 .29930 .74180 76730
16 LEADeeeoess 26.56200 37.84801 6.87800 52.478%4 1.90070
17 MANGANESE. 00000 . %909 .78480 . DAWD 7.36920
18 BROMINE .86448 . 39090 .95112 3.34416 4,68816
19 NICKEL.... - 00209 . 07900 . 7000 B30 .2.42496
2@ POTASSIUM. 13.63200 13.86721 10.67089 16.76161 11.30160
21 RUBIDIUM.. 00000 Rk ] . 29200 2.21746 1.92246
22 SELENIUM,. 37400 . 22600 .18100 .49200 . 37990
23 SILVER.... 3.37950 1.93900 2.099300 .43759 «A009%
24 STRONTIUM. 3.55109 2.65000 1.77%20 5.84060 4.%5980
25 TINeeeaoos 5.81760 3.29040 2.60280 7.380%0 6.01920
26 TITANIUM.. 89.92905 35.18397 1.21760 75.10207 97664
27 VANADIUM.. « A%GO0 . N0 .67625 Nl .56445
28 YTTRIUM... 4,95520 3.79380 1.83130 6.61140 4,71890
29 ZINCeiveuss 5.02255 2.74495 2.48500 7.73891 4,95755
39 ZIRCONIUM. 2.63580 1. 33860 1.91660 3.68920 3.23140
RB/SR/Y/ZR A/ /107 5 3/ 1/\0/ 4 /1687197 6 3/ 9/18/ 6 4/ 9/18/
*MICROGRAMS/ CM2
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Measurements on the Back of $1 Notes: No. A 1084,

New Note; No. A 1087, Same After Rubbing with Gauze; No.
A 1089, Pick-up on Gauze; No. A 1115, After Laundering
Used $1 Note with Duz; No. A 1117, After Gauze
Rubbing of Laundered Note

A.L. #

SEQ. #
TES"

I DATE
TEST TIME

ACCLSSION #
OWNER
OBJECT
DESC’d

SOVOWNOUNBRWN—=SOVONOUNAWN =

PART
MAKER
DATE
PROV/HCE

ELEAENT

ANTIMONY ..
ARSENIC...
BARIUM....
BISHUTH..
CADMIUM ¢ 00
CALCIUM...
CERIUM... .
CESIUM.eue
CHRO4IUM. .

"GOLD. eeeue
IRONeee o0e
LANTHANUM .
LEADceoons
MANGANESE .
BROMINE

NICKEL .o we
POTASSIUM.
RUSIDIUM..
SELENIUM..
SILVER. es.
STRONTIUM.
TINeeoosss
TTTANIUM. .
VANADIUM,. .
YTIRIUM. ..
ZINC. . .
ZIRCONIUM,.
RB/SR/Y/ZR

757.15.18B
#A1084
253,1978
12348
C17193029A
VFd

$1 FEDRES
NOTE

BACK
BLUMENTHAL
1977
PHLA

*MUG/CH2

3.53100

« 002D
184.29330
« AOG0A
3.19480
5.25756
1.09409
4.74000
24.27207%
« AR

« D400
8.720mA

« 200
134.92551
« 15292
121.93012
5.44796

« O3

« AO0A0
15.29280
« 007

« 5550
2.7335¢
7.52601
5. 85090
125111046
« DOO03
3.9775%
5.03M35
3.27980
2/ 871/

75%.16.1B  753.17.1B

#A1787 #A1089

258, 1973 258,1978
13334 148 5

A T193229A CIT193329A
VFH VFH

$1 FENDNOTE $1 GAUZEL
RUBBED RUBBING
BACK BACKGREEN
BLUAENTHAL /7

1977 1978

PHLA V4

*MUG/CM2  *MUG/CM2  *MUUG/CM2

4.02670 1.87092

« DAAKY « 20000
147.34210 57.81881
« OA000 « 20370
3.74929 1.2656¢
5.11973 1.65396
1.32592 67620
3.245%0 1.3800%
21.54702 5.724%0
« 23030 1.26786

« 32900 « 290720
7.25907% 2.47073

« DNAO% « AAAOS
118.01775 19.249215
20740 «1373%
146.53313 2%.91899
7.17939 4.67336

« AA0G0 « 20000

« 220D «22925
15.23521 11.268%9
« AAND0 « OA0P
51579 . 18420
3433970 1.652%9
6.66741 2.51220
6.42240 3.294%9
96.75465 12.36736
« 0900 3.11789
7.297%20 2.41359
5.26370 1.74655
3.47740 87360

753.21.1B  75@3.22.1B
#A1115 #AIT
261,1973 261,1978
8123 9t 2
C85509530R 855795348
VFH VFH
$1 FEDNOTE $1 FEDNOTE
LAUNDEREND RUB&SCRUBB
BACK BACK
GEO.SHULT?. GEO.SHULTZ
1969 1969
PHLA PHLA
*UUG/CM2
4.1367%0 4.,91700
AAD . BN B0
153, 33206  135.16357
« 00090 « 29000
3.73520 4.15249
8. 77646 7.78855
1.855%0 1.51209
4.3357%% 4., 90079
21.1967¢ 27,308%1.
« NGO NelcloLl]
Rl Lok « 300
2.93670 2.83200
. 3020 . 20090
119.54715  115.16049
.39379 58910
92,758%4 89.434%3
7.23924 6.197%4
1.38672 1.52640
. A7A%0 .B00%%
17,3947 16.95360
1.52385 1.47264
+5617%9 .5247%
29750 A0
7.56841 7.32469
6.06240 7.47720
85.16415 74.76677
. 30090 « 0%0%%
8.4313¢ 7.43173
6.39145 6.48579
3.749790 3.174%0

4 3/ 9719/ 4 A/10/10/ 3 2/ 9713/ 4 2710719/

#NICROGRAMS/CM>
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Table XIV. Weight Percent of Principal Elements
Found in U.S. Currency”’

Element Front Back Paper
Barium 0.03 1.4-1.9 —
Chromium 0.01 1 —
Copper 0.01 0.01 (0.05 in 1969 $10 notes) —
Iron 3.04.3 1.2-24 —
Lead 0.00 0.14-1.2 (0.08 in 1969 $10 note) —
Manganese 0.00 0.05 (0.25 in 1969 $10 note) —
Titanium 0.00 0.1 1.0
Yttrium 0.04-0.05 0.05-0.08 —

¢ As measured from the front and from the back.

21. Rubidium, which is generally found in all clays, was
probably in the filler in the paper.

22. Selenium was seen only in trace amounts.

23. Silver found in trace amounts in a few determinations is
probably a baseline defect.

24. Strontium, like rubidium, is found in clay fillers used in
the paper.

25. Tin is probably a baseline defect.

26. Titanium, which was present in large amounts in all
denominations, is a white opacifier in the paper and an
ingredient in the green ink, since it rubbed off the green
side only.

27. Vanadium—none was found.

28. Yttrium, a rare earth of the lowest abundance in the
earth’s crust, was the highest of the four rare earths found
in the notes. It might have been added as a tracer element
for identifying counterfeit notes.

29. Zinc may be present with barium sulphate if lithopone
was used as a paper opacifier. It might have been picked
up from zinc lithographic plates if they were used.

Summary

A series of scouting experiments were made to determine if new and
useful information could be derived from the presence or absence of key
elements that are known to affect the stability and durability of paper.

Elements present in papers made by various makers at various times
have been identified.

The feasibility of identifying which elements are in the paper and
which are in the printing inks employed has been demonstrated.
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Table XV. Seals on Front Side of $10 Federal Reserve Note: No. A
1313, Green Department of Treasury Seal; No. 3 1315, Gauze

Rubbing from Same; No. 1314, Black Federal Reserve Bank

Seal;

A.L. #

SEQ. #
TEST DATE
TEST TIME
ACCESSION #
OWNER
OBJECT
DESC’N

VONONHRWN =300V DWN —

23

In Preservation of Paper and Textiles of Historic and Artistic Valuell; Williams, J.;

PART
MAKER
DATE
PROV/NCE

ELEMENT

ANTIMONY..
ARSENIC...
BARIUMeass
BISMUTH..

CAD#IUM ...
CALCIUM...
CERIUM....
CESIUM. .0
CHROMIUM. .
COBALT.e0s
COPPER« o0
GALLIUM...
GOLDeoeoee
IRON e v ess
LANTHANUM,
LEADceoaes
MANGANESE .
BROMINE ¢4
NICKEL. v0s
POTASSIUM,
RUBIDIUM. .
SELENIUM..
SILVER..ss
STRONTIUM.
TINeeeo oo
TITANIUM..
VANADIUM. .
YTIRIUM. ..
ZINCeooune
ZIRCONIUM.
RB/SR/Y/ZR

No. A 1316, Rubbing from Same
753, XY 1 T50,XH.1.3 T50.XW.1.2  T50.XA4.1.4
#A1313 #A1315 #A1314 #1316
275,1978  275,1978  275,1978 275,198
15143 16126 1615 16145
C61040893A C51047893A C61040893A C617478934
VH  VFH _ VFH VFHS 19
SIOTREAS  RUBBINGTRES $10 FEDRES RUBBING FED
DEPT,SEAL  DEPTSEAL  FEDRESSEAL  RESBANKSEAL
FRONTGREEN FRONTRIGHT FRONT LEFT FRONT LEFT
J.CONNALLY 7 J.CONNALLY 7
1969 ’ 1960 ’
PHLA ’ PHLA ’
*UUS/CM2  *MUG/CH2  *MUG/CM2  *HUG/CM2  *MUG/CM2
3.45407 1.25408  2.79420 1.61700
.20007 . 97790 - 50000 . 70070
83.39999 215608  43.93199 3.12890
. 60008 + 39020 00200 . 00070
5.27047 1.80480  4.48328  2.19362
30.77689 1.86571 6.62346 1.45637
1.25090 29100 1.25720 .21892
2.39000 . 32500 1.5050¢ . 35000
13,5947 5.57000 16,1280 4.80020
<0003 2.96163 18387 2.35575
5.42409 1.34500  2.24400 ~9n890
1.56409 . 63070 1.32470 L7280
. 08007 . 30300 . 5000 « 90070
153.04797  7.49256  53.62193 6.54256
.50207 .27920 .65120 .23430
15. 10500 5.5200 7.62750 616570
8.08572 5.05335  12.89365 6.95625
31.31679 3.35312 5.10570 1.99272
. 00000 1.60680 .oroae 2,130
27.83283 5.6M648  13.49248  5.25840
4.1568% .77832 1.53078 .74502
. 44600 . 12390 .28300 . 16270
3.10279 1.40849 2.24716  2.5783¢
5.0700% 1.41000 3.742%0 1.25770
5.42080 2.21760 5.22248  2.26560
113.96719 76544 115.46393 1.11488
. 00009 147440 . AoAng 1.35937
3.78300 1.65120 3.52509 1.36720
6.54087 1.85360  5.85340  2.99920
5.64000 2.10090 5. 14000 1.89279

77°9/ 1210 4717 8213 3717 1216 47 17 1710
*MICROGRAMS/CM?
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The Crystallinity of Cellulosic Fibers

Dependence on History and Influence
on Properties

RAJAI H. ATALLA

Department of Chemistry, Institute of Paper Chemistry, P.O. Box 1039,
Appleton, WI 54912

Celluloses are similar to other linear polymeric materials in
that they can possess one-dimensional order within an indi-
vidual chain as well as three-dimensional order within an
aggregate of chains. Increments in the levels of order occur
during the isolation of native celluloses and also as a result
of exposure to conditions that promote molecular mobility,
such as elevated temperatures and immersion in plasticizing
fluids. These increments generally result in embrittlement
of the cellulosic materials. Similar effects are expected to
occur upon aging of cellulosic textiles and papers over
extended periods, and may be accelerated by hydrolytic
cleavage of cellulosic chains. The implications of these
effects for conservation practices, both with respect to
recovery of function as well as in the assessment of
deterioration, are reviewed.

Crystallinity long has been recognized as one of the characteristics of
native cellulosic fibers. Indeed, native cellulose was observed to
diffract x-rays, in the manner characteristic of three-dimensionally ordered
molecular systems, before the hypothesis of polymeric structure had been
proposed by Staudinger (1, 2).

Over the years, many efforts have been made to characterize the
nature of order in native cellulose. Although significant progress has
been made, a number of questions remain open. One of the complications
is that cellulose in the native state is part of biological tissue. Thus,
although it can be highly ordered, the ordering is homogeneous over

0065-2393/81/0193-0169$05.00/0
© 1981 American Chemical Society
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submicroscopic domains only. Furthermore, these domains are organized
relative to each other, at a higher level, in diverse ways according to
the biological species from which the cellulose is isolated. In this respect,
native celluloses are fundamentally different from synthetic semicrystal-
line polymers, or even regenerated celluloses that, although heterogeneous
at the submicroscopic level, are generally homogeneous at a higher level.

The complexity of ordering in native celluloses has prevented the
development of quantitative measures of the degree of order that could
be applied uniformly to the celluloses from different biological sources.
This, in turn, has limited the exploration of relationships between molec-
ular order and macroscopic properties in general, and papermaking
properties in particular.

In the systematization of information on papermaking properties,
the difficulty of characterizing molecular order in the native fibers
generally has been circumvented by focusing on qualitative variables
such as the native source and/or method of isolation as the bases for
property correlation. Such characterization of native celluloses, in terms
of source and pulping procedure, would be quite adequate if not for the
dynamic nature of order in semicrystalline polymers. Thus, depending
on conditions and the degree of molecular mobility, an ordering that can
be described as a slow crystallization continues at a barely perceptible
rate. Though this type of crystallization has been recognized and charac-
terized in many synthetic semicrystalline polymers, it generally has been
ignored in cellulose.

As part of continuing studies of polymorphic variations in cellulose,
we have focused some attention on factors that lead to variations in
crystallinity, and some effects of these variations on papermaking proper-
ties. Some of our findings, when adjusted for time-scale, suggest that
crystallization processes may be an important factor in the aging of
cellulosic fibers in both paper and textiles. This chapter represents an
effort to interpret our results in this light and to develop suggestions for
avenues that might be pursued in search of improved conservation
procedures.

Molecular Order in Cellulose

Crystallinity in polymeric materials represents an ordering at the
molecular level that is, by its nature, different from ordering in crystals
of nonpolymeric species. Thus, in polymers, crystallization implies an
intramolecular ordering as well as regularity in three dimensions. This
difference is an important one in characterizing order in polymeric
systems, particularly in instances when the molecules are inherently
rigid and, hence, tend to remain in a relatively extended conformation.

In Preservation of Paper and Textiles of Historic and Artistic Valuell; Williams, J.;
Advances in Chemistry; American Chemical Society: Washington, DC, 1981.



Publication Date: December 1, 1981 | doi: 10.1021/ba-1981-0193.ch012

12. ATALLA Crystallinity of Cellulosic Fibers 171

CH20H

Figure 1. (Top) Structure of cellulose molecule, (bottom) model of structure

The ordering of cellulose can be depicted in two dimensions if the
anhydroglucose units are represented as rectangular blocks connected at
diagonally alternating corners as shown in Figure 1. If a chain made up
of a large number of such blocks is considered, it suggests that a chain
of cellulose could assume a wide range of configurations, from an
extremely disordered one, to a perfectly straight form. In fact, cellulose
is a rather stiff molecule; a more accurate representation of what prevails
in most celluloses is a partially disordered chain.

It is clear that the degree of order in a segment of a chain can vary.
For example, one can have a number of short ordered regions (Figure
2A), or fewer longer regions (Figure 2B), or perhaps ultimately, the
segment can be one long, ordered region (Figure 2C). The order in one
dimension is one type of variation in order that is of concern. Indeed,
sometimes the concept of a one-dimensional crystal is used to describe
the ordered regions of such a chain.

Ty
W

o N ey

Figure 2. Degrees of order in cellulose chain
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The next step up on the scale of structure is an aggregate of chains
that, of course, is what occurs in the native fiber. When an aggregate of
chains is considered, the relationship of the chains to each other adds a
new dimension to the possible ordering. One can then envision a
sequence in which the order slowly increases from one configuration to
the next (Figure 3). It is this kind of ordering or crystallization that we
believe takes place in cellulose fibers as they age or as they are exposed
to accelerated aging procedures. A moment’s contemplation of this
sequence suggests that the final configuration is bound to be more brittle
than some of the earlier ones, because much of the flexibility has been
removed.

An alternate description of the inherent differences between the prop-
erties of the structures at the top and the bottom of Figure 3, is to indicate

Figure 3. Sequence of structures with increasing order

In Preservation of Paper and Textiles of Historic and Artistic Valuell; Williams, J.;
Advances in Chemistry; American Chemical Society: Washington, DC, 1981.



Publication Date: December 1, 1981 | doi: 10.1021/ba-1981-0193.ch012

12. ATALLA Crystallinity of Cellulosic Fibers 173

that the more ordered structure at the bottom has less freedom to absorb
the energy of mechanical deformation in an elastic mode. The structure
at the top has greater freedom to accommodate displacement by changes
in the linkages between the blocks. These are symbolic of the possibility
of torsion of the glycosidic linkage, as well as internal tortions in the an-
hydroglucose ring, when the chains are free to move independently of
each other.

Paper Properties and Ordering

The possibility of ordering in native celluloses used in papermaking,
and the significance of such ordering to the paper properties were
explored in an experiment designed to simulate the physical environment
during a typical commercial pulping operation (3).

The basic experiment that demonstrated the effects of molecular
ordering is a rather simple one. Southern pine chips were delignified
using the acid chlorite process at 60°C, then extracted with caustic
solutions to remove the hemicelluloses. The pulp was then divided into
two batches. One was used as a control; the other was immersed in
distilled water inside stainless steel vessels and heated through the
temperature cycle of a typical kraft cook. During this cycle, the pulp
was held at 170°C for approximately 2 h. The two batches of pulp were
then used to make handsheets, and their papermaking properties were
compared.

All of the papermaking properties showed deterioration as a result
of the exposure to the temperatures of the kraft cycle. The tensile
strength was reduced by 20%, the burst properties declined by 30%,
and the tear properties, by approximately 45%. A test of the absorbency
of the fibers indicated that the water retention characteristic of the fibers
had declined to 60% of its original value after the heat treatment. All
of the changes observed as a result of the exposure to elevated tempera-
tures reflect an increase in the level of crystallinity of the pulp fibers.

The measure of crystallinity used to monitor the changes in molecular
order was the width at half-height of the 002 peak in the x-ray diffracto-
grams of pellets pressed from these pulps. A comparison of the diffracto-
grams of the low-temperature pulp and the pulp treated at elevated
temperatures showed a significant change in the direction of increased
order, that is, a reduction in the width at half-height of the 002 peaks.
The possibility of chemical degradation during the exposure to elevated
temperatures in water was investigated, and although a small amount of
chemical degradation did occur, it was not sufficient to account for the
magnitude of the observed changes in properties.
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The results of the experiment outlined above clearly indicate that
isolation processes involving exposure to elevated temperature alter the
basic structure of the cellulosic fibers. One must conclude that isolated
celluloses differ in physical structure from the native celluloses in the
unperturbed biological structures. The influence of isolation procedures
on properties long have been recognized in correlations of papermaking
properties with pulping procedures, but they usually have been inter-
preted only in terms of differences in the chemical structure of the fibers.
It is clear from the above studies that the physical changes must be
considered as well, since it has been demonstrated that fibers differing
only with respect to physical structure can have significantly different
papermaking properties. It follows that similar effects from other cir-
cumstances also would influence the macroscopic properties of objects
fabricated from cellulosic fibers.

To assess the importance of these effects in the behavior of various
cellulosic materials exposed to different environments, an investigation of
several aspects of crystallization processes in cellulosics was undertaken
(4). A number of factors were investigated; those of interest in this
context were temperature, chemical environment, and the degree of
polymerization.

As anticipated, it was observed that elevated temperatures enhance
molecular mobility and accelerate the ordering process. But the effect
of temperature was, to a large extent, dependent on the availability of an
environment or medium that facilitates molecular mobility. Thus, expo-
sure of a low-temperature pulp to elevated temperatures, of the order
of 150°C, in an inert atmosphere (N.) resulted in little change in the
x-ray diffractogram of the fibers, while exposure to the same temperature
cycle while the pulp was immersed in glycerol resulted in significant
increases in crystallinity (5).

In later studies, the effectiveness of glycerol in promoting molecular
motion was compared with that of dimethylsulfoxide and water. It was
found that, although all three promote ordering in cellulose, water was
definitely the most effective.

Perhaps the most significant observation, in this context, was with
regard to the effect of molecular weight or degree of polymerization
(DP). The susceptibility of cellulosic samples to the ordering influence
of elevated temperatures and immersion in mobilizing media increased as
the DP decreased. Clearly, molecules of lower DP have fewer constraints
hindering realignment and crystallization. Some of the observations were
made on amorphous cellulose regenerated from an anhydrous solvent
system under anhydrous conditions. Samples of DP greater than 1000
were unaffected by exposure to water at room temperature, while samples
of DP below 100 would begin to crystallize upon exposure to the prevail-
ing moisture content in the laboratory atmosphere.
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Implications for Conservation

The series of observations outlined above have a number of implica-
tions for any program directed at preserving the quality of cellulosic
materials. These can be categorized broadly as relating to three types of
objectives: (1) prevention of further deterioration, (2) recovery of some
of the properties already lost through aging, and (3) the interpretation
of accelerated testing procedures.

The prevention of further deterioration requires arresting the chain
scission reaction caused by acid or enzymatic hydrolysis of the glycosidic
linkages. The reduction in DP through chain scission has a dual character
to its negative effect upon properties. In addition to the inherent reduc-
tion in the tensile properties of the fibers, the lower DP enhances the
opportunity for crystallization with resulting embrittlement.

Recovery of properties already lost through aging would require
efforts to modify molecular order along two lines. The first would involve
a decrystallizing treatment that can reduce the dimensions of the brittle
domains and increase the capacity of fibers to respond to deformation in
an elastic mode. Although a number of approaches to decrystallization
of cellulosic materials are available, most are unsuited for conservation
applications. This approach might be pursued in search of suitable
methods.

Yet another approach to recovery of lost properties could be based
on cross-linking. The primary objective here would be to extend the
domain spanned by covalently linked molecular entities to counteract
the reduction resulting from the chain-scission reaction. Cross-linking,
however, is a rather complex process, particularly for native fibers; if
carried too far it could result in embrittlement, further compounding
the effects of age.

An optimum procedure would combine the decrystallization and
cross-linking to recover properties lost through aging. However, the
feasibility of such an approach for restoration of paper properties is
dependent on the development of vapor-phase processes to accomplish
the desired effect. Such processes would permit application to cellulosic
objects without mechanical disruption. For cellulosic materials that are
not dependent on hydrogen bonding for their mechanical integrity, such
as cellulosic textiles, application of the decrystallizing and/or cross-linking
procedures in the liquid phase may be feasible.

Finally, the effect of ordering processes must be considered in the
interpretation of results from accelerated aging tests. The activation
energies for the chain-scission reaction and for molecular ordering are
likely to be quite different. Furthermore, enhancement of the ordering
process through the reduction in DP caused by chain scission is likely
to manifest itself as an autocatalytic effect wherein the rate of decay of
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properties may appear to increase with time. The dependence of aging
processes on temperature is thus expected to be quite complex. The
coupling of the effects of temperature and DP no doubt is compounded
further by the influence of moisture content. Thus, comparisons of aging
tests carried out in environments that differ in moisture content are
complicated by differences in the effects of moisture on chain scission
and molecular mobility.

In summary, the ordering or crystallization process in cellulosic
materials has a complex influence on properties and aging. A number of
implications of these phenomena have been outlined, and some sugges-
tions for avenues worthy of further exploration have been put forth.
Consideration of these matters should enter into the planning of programs
that search for new and improved methods of preservation and restoration
of objects made of cellulosic materials.
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The Application of Several Empirical
Equations to Describe the Change of
Properties of Paper on Accelerated Aging
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Several empirical and semiempirical equations were applied
to folding endurance and reflectance data from Kraft paper
samples aged at 70-100°C. For both properties, better fits
to the data were obtained with a plot of the logarithm of the
property versus the square root of aging time rather than
the aging time itself. Several schemes with consecutive,
competitive, or reversible reactions also were considered,
and from them equations were derived that also could
describe the change of properties of paper with time.

This chapter is a report of the results of conventional testing pro-

cedures carried out on a series of kraft paper samples at the Library
of Congress. The chemiluminescence emission from the paper samples
was measured concurrently in a study at Battelle’s Columbus Labora-
tories, and the results of that study have been presented elsewhere (1).
In summary, the chemiluminescence maxima from the papers in humid
or dry atmospheres adhered fairly well to a conventional Arrhenius
expression from 25° to 100°C, which suggested a continuity in the
oxidative mechanism over this temperature range, at least in the initial
stages of aging.

The results of the conventional tests were more puzzling, because
extrapolation of the apparent first-order rate constants for loss of folding
and reflectance properties gave lifetimes at room temperature in reverse
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order to the rankings obtained at the temperature of the accelerated
aging experiments. The limited temperature range of the study precluded
any statistical confidence in this extrapolation, however, and we have
instead made use of the data to study some alternate equations to
describe the change in properties of the samples with time. In particular,
we have tested some equations that reproduce the curvature noted in
semilogarithmic plots of the data, including ones derived from schemes
with several steps.

Experimental—Accelerated Aging Tests

Samples of the papers, prepared as described in the previous publi-
cation (1), were aged under two conditions: one set in a forced circulation
oven (Blue M, Powermatic 60) at 80°, 90°, and 100°C with ambient air
intake to give less than 2% relative humidity in the oven and one set in
a forced circulation humid oven (Blue M, Powermatic 60 Humid Flo)
at 70°, 80°, and 90°C and 50% relative humidity. Test specimens were
removed from both ovens at various intervals, conditioned as specified in
TAPPI method T402, and tested for brightness (TAPPI method T452)
and MIT folding endurance at 0.5 kg load (TAPPI method T5111). In
each case, ten specimens of each sample were tested and the results
averaged and compared with the controls similarly conditioned and tested
at the start of the tests (zero aging time). One specimen from each of
the samples was tested also for pH and acidity at each aging period
using the pulp procedure described previously (2).

Computer Programs

Simple linear regression analysis of the data was carried out initially
with advanced pocket calculators and with a utility program supplied
with a HP9815A programmable calculator. The routine was modified for
use with Arrhenius rate expressions. The constants to fit Equation 11,
below, were selected initially with an iterative program written for
the HP9815A. Later calculations were carried out with a nonlinear,
iterative program (SPSS Subprogram Nonlinear, Manual No. 433, August,
1977, Northwestern University). Since the data had to be punched onto
computer cards for this program, we then checked the regression analyses
with the same data cards and another program (SPSS Regression, Manual
No. 414, Northwestern University, June, 1976) by adding the appropriate
compute statements. The SPSS and Gear programs were executed in a
CDC Cyber multiframe system at Battelle Laboratories. A HP9815A or
HP33E calculator was preferred for carrying out the linear regression
programs for the Arrhenius expressions, however, because of the greater
convenience in obtaining extrapolated values of the rate constants.

Since most of the rate constants can be derived easily, only the
averaged, original data are reproduced here (Table I) together with
selected parameters where appropriate for discussion. The use of the
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Table I. Accelerated Aging of Washed Kraft Paper

Publication Date: December 1, 1981 | doi: 10.1021/ba-1981-0193.ch013

100°C Dry Oven
90°C 50% Relative Humidity Oven
Days Fold Fold Bright-
Oven MD CD ness pH meq/kg
0 1651 = 227 1584 = 335 74.9 6.9 3
1651 = 227 1584 + 335 74.9 6.9 1
3 1429 =+ 215 1057 = 143 73.3 6.3 5
1400 = 172 940 =+ 247 72.1 6.6 2
6 1375 = 314 896 = 195 72.1 6.6 4
1155 =+ 298 945 + 243 70.9 6.4 4
12 1119 == 215 869 == 130 72.5 6.6 2
822 =+ 290 1003 =+ 275 69.3 6.3 4
24 896 + 125 600 == 139 71.9 6.8 2
597 =+ 146 630 =+ 159 66.2 6.1 5
36 701 == 162 709 == 116 71.1 6.2 5
507 = 79 485 = 98 65.4 6.2 6
90°C Dry Oven
80°C 50% Relative Humidity Oven
0 1651 =+ 227 1584 =+ 335 74.9 6.9 1
1651 == 227 1584 + 335 74.9 6.9 1
6 1428 -+ 227 995 =+ 253 74.1 6.6 2
1334 + 259 1040 + 213 73.1 6.4 4
12 1211 = 180 1017 == 299 73.5 6.7 2
1176 = 125 962 + 158 72.5 6.5 3
24 1101 =+ 271 852 = 290 73.0 6.3 6
1092 == 124 701 = 297 71.5 6.6 2
36 1099 == 258 928 =+ 215 734 6.3 4
917 =+ 133 826 == 111 69.4 6.4 4
48 907 = 166 803 == 238 71.3 6.4 4
883 = 122 645 = 144 68.5 6.6 3
80°C Dry Oven
70°C 50% Relative Humidity Oven
0 1651 == 227 1584 =+ 335 74.9 6.9 1
1651 =+ 227 1584 + 335 74.9 6.9 1
12 1288 =+ 202 965 == 252 73.7 6.7 2
1155 = 254 965 =+ 272 72.6 6.8 1
24 1258 == 204 1101 = 256 73.5 6.5 4
1110 %= 126 978 = 255 72.9 6.5 4
38 1137 == 169 839 =+ 202 73.9 6.5 3
849 =+ 264 908 == 284 72.8 6.5 2
48 713 += 231 559 =+ 234 73.3 6.4 3
815 == 336 585 =+ 218 72.3 6.5 4
96 908 = 181 688 + 232 72.4 6.2 8
952 == 131 450 == 86 70.6 6.2 8
179 635 == 155 603 == 156 69.3 6.2 5
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average values, rather than the ten individual measurements, in calcu-
lating rate constants improved the coefficient of determination for loss
of folding endurance in one case (washed paper, 100°C, dry oven,
machine direction) from 0.73 to 0.96. The rate constants selected by the
computer were within 2% of each other for the two procedures, so it was
assumed that the use of average values did not affect significantly the
outcome of the other computations, although this conclusion is not
statistically rigorous. Values of folding endurance were divided by their
respective initial values for machine and cross direction and entered
together for the calculations with the SPSS programs. Otherwise, the
actual values of the properties were entered.

Results and Discussion

After examination of the four properties given in Table I, we selected
folding endurance and reflectance for detailed evaluation. For most
testing conditions, the precision in the pH measurements and neutraliza-
tion equivalents listed in the table is not high compared with the overall
change in these properties during aging. The folding endurances showed
the greatest changes with aging, although there are numerous instances
where the values do not decrease smoothly with time. The reflectance
(brightness) measurements decreased smoothly with accelerated aging
in nearly all cases, although the relative magnitude of the changes were
less than for the folding endurance.

Following Browning and Wink (2), we analyzed the loss of folding
endurance and reflectance according to Equations 1 and 2.

In (P,/P) = kt (1)
In (P,/P) = kt'/2 (2)

In these equations P is a material property, ¢ is the time of aging, and k
is the effective rate constant for the process.

The introduction of /2 in Equation 2 in effect corrected for positive
curvature in plots of the logarithm of the property versus time according
to Equation 1. A more general way to correct for this curvature is to
write Equations 1 and 2 in the form of Equation 3, where n is the expo-
nential term in ¢.

In (P,/P) = kt» (3a)

In a linearized form, Equation 3a becomes Equation 3b.

Int—=L1inln (P,/P) —LInk (3b)
n n
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The curvature also can be corrected by addition of a quadratic term,
Equation 4.

In (Po/P) = kit — kot? (4)

Equation 4 also can be rewritten in a form suitable for regression analysis,
Equation 5.

t11n (P,/P) — kg — kot (5)

Finally, the upward curvature may result from a reconstitution step
superposed on an effective first-order degradation process. This possibility
was discussed by Browning and Wink (2) and is consistent with the
initial increase in wet breaking strength observed by Graminski et al.
(3), on accelerated aging of paper. In the latter example, it is possible
that the rate of the reconstitution process initially exceeds that of the
degradation process. If the degradation and reconstitution mechanism
proceed consecutively, we can represent the process in the simplest

Scheme 1
ky

P->X (6)
ko

X->PFP (N

way as depicted in Equations 6 and 7, where the properties of the paper
are proportional to P 4 P’. The appropriate first-order equations and

dP

= kP (8)

%=klP kX 9)

ap’

P o kaX a0
Lo (kg — k) [k — k(1 — &) ] (11)
P+P/ 2 1 2 1

their solution are shown in Equations 8-11, where P, is proportional to
the initial concentration of reactive groups.

In addition to the usual, statistical criteria for goodness of fit, an
even more fundamental requirement for a suitable function is that the
constants uniformly increase or decrease with the temperature of aging.
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Table II. Regularity and F Values for Equations to Describe
Change and Folding Endurance of Paper

Folding Endurance Reflectance

Dry Humid Dry Humad

Equation F(t) Oven Oven Oven Oven
1 kt k:18+ 394 13+ 704

2 ktv? k344 734+ 224 210+

5 kit + kot?2 k: 54 94 64 7+
kio4 - - -

11 (exp) k: + + + =+

k: — - — -+

Table II contains the average F-statistic for the rate constants derived
at each of the three oven temperatures for Equations 1, 2, 5, and 11,
together with a () if the constants changed regularly with temperature
and (—) if they did not. The F-statistic was not computed for the
nonlinear program applied to Equation 11. Equations 1 and 5 were
satisfactory on the basis of uniform change of the constants. The
quadratic expression was not satisfactory because the term in ¢* dominates
at long times, resulting in predicted values of P that increase at an
increasing rate with time. Scheme 1 as expressed by Equation 11 is
deficient in a similar way because it predicts that the properties of the
paper eventually return to their original values.

We next sought to improve upon the results of Equations 1 and 2
by determining optimal values of n for Equation 3. This was carried out
by regression analysis with Equation 3b, and the results appear in Table
III. With one exception, the optimal ns all fall between 0.5 and 1.0. The
overall mean n for both properties in Table IV was 0.68 = 0.18, with the
optimal n for reflectance closer to 0.5, and the optimal n for folding
endurance closer to 1.0.

Table III. Values of n for Best Fit of Folding Endurance and
Reflectance to Equation In (Fo/F) = kt*

°C

Dry Oven Folding Endurance Reflectance

80 1.00 0.66

90 0.82 0.74

100 0.86 0.37
Mean 0.89 == 0.09 0.59 == 0.19

Humid Oven

70 0.51 0.51

80 0.68 0.66

90 0.75 0.54
Mean 0.65 == 0.12 0.57 == 0.08
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Table IV. Optimized Rate Constants Corresponding to Equation 15
to Describe the Loss of Folding Endurance (MD),
90°C, Humid Oven®

Temperature (°C)

70 80 90
k2 0.03732 0.0352 0.0660
k13 0.0478 0.0410 0.0255
ks 0.00449 0.000150 0.000293

% Rate constants in days™1.

We were also able to obtain excellent fits to the data in a selected
case (machine direction folding endurance, 80°C, humid oven) with an
equation based on the scheme shown in Equations 12-14.

Scheme 2
k12
P> X (12)
k13 .
X —» P’ (P’ equivalent to P) (13)
k1a
X—> Y (14)

The equations associated with this system are relatively complicated,
but fortunately, they can be derived from solutions given by Frost and
Pearson (4) with neglect on the back reaction leading from Y to X.
The equation is:

g As (A — ks a2 As — ks
P+ P =P, [kla (W)e : kis \ A2 — A3 e (15)
In this equation, A, and A3 are defined as follows:

Ap = —;— [k12 + K1z + K1s + ((k12 + 1z + k14)2 — 4 k12k13) V2]

1
Aa=q [k12 + ki + k1s — (kg + K1z + K14)? — 4 k1oky3) V2]

We attempted unsuccessfully to use the nonlinear computer program
to solve for the ki3, A2, and A3 that best fit the data according to Equation
15. We then resorted to the use of the Gear program (5), which gave
values of P, X, and Y as a function of time and the three rate constants:
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MD
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Figure 1. Computer curves for loss of folding endurance (washed Kraft,

MD) with rate constants of Table IV. The curves pass through the data

for (O) 70°C, () 80°C, and (+) 90°C. The data for the curve at 70°C
has been displaced upward by 300 units for clarity.

ki2, ki3, and k4. A reasonably good fit was obtained by trial-and-error
selection of ks, and we were gratified to find that the constants were
optimized quickly when the nonlinear program was reapplied to the
data with values of A, and A3 calculated from values that we had selected.
The optimized values of k; and k;4 were then derived from the optimized
ki3, A2, and A; by algebraic manipulation. The ks so obtained are tabu-
lated for three temperatures in Table IV, and plots of the calculated
values of folds versus time, obtained with optimized ks and the Gear
program, appear in Figure 1.

The fits of the curves to the data are seen to display the rapid initial
drop followed by the slower decline in endurance that is responsible
for the curvature in the semilogarithmic plots. Scheme 2 can also
potentially explain an initial increase in a measured property on aging
by postulating that an initial concentration of intermediate X is present
such that, with appropriate rate constants, the conversion of X into P’
will be faster than the transformation of P into X. A third feature of the
above scheme is that when k;, and k;; greatly exceed ki, the property P
will quickly reach a quasiequilibrium value of (ki2/ki3)P, and then
decay by first-order kinetics. When k;» >> ki3, the kinetics will be
first-order from the beginning, so that in limiting cases the conventional
Equation 1 is obtained.
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The optimized rate constants in Table IV unfortunately do not
change regularly with temperature. This result is not surprising in view
of the imprecision of the data, and the fact that the loss of folding
endurance at 70° and 80°C are inexplicably almost coincidental. How-
ever, we could select a “consistent fit” of rate constants that obeyed
Equation 1 and described the data fairly well (Figure 2).

°C
90 80 70 60 40 25
| | | | 1
100,000 |—
10,000 |—
- n
£
< -
£ 5
i
-
;? 1,000 :—
100 |—
IO27

103/°K

Figure 2. Plot according to Equation 17 of times for folding endurance

(MD) to reach a value of 826: (O) values calculated with linear regression

and Equation 1; (O) Equation 2; (X) Equation 15 with In k,, (days™) =

15.680 — 6,686/ Tar, In ks = 1.8124 — 1,935/ Taos, and In ky, = 13.5692
- 7,890/Tah.
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Browning and Wink (2) analyzed some of their oven-aging data by
plotting the log of halftimes vs. 1/T and extrapolating the line drawn
through the points to room temperature. The general validity of this
approach for any system described by an equation of the form of Equa-
tion 3 can be seen by expanding as follows:

In (P,/P) = kt® = Ae E/ET{n (16)

E

In t,/5 =% (Inln2 —In 4) — “RT

(17)

Thus, a plot of the logarithm of the halftimes (or any fractional time)
vs. 1/Taps will give a linear relation with a slope of E/nR. Plots of the
logarithms of the times for folding endurance to decrease by half vs.
1/Tqvs for one set of data appear in Figure 2. Also shown in Figure 2
are the halftimes obtained with the Gear program and selected rate
parameters corresponding to Scheme 2. A linear relationship in a plot
of this type is not predicted except under some limiting cases discussed
above.

We should also note that Arney et al. (7), have shown recently
that the loss of some properties of paper could be represented as the sum
of two pseudo first-order processes, one oxygen independent and one
linearly dependent on the oxygen concentration. The model correspond-
ing to this result would then be Equation 18, which is equivalent to the
conventional Equation 1

In (Py/P,) = kit + kot (18)

with ks — k; 4+ k. On the other hand, we may justify an alternate,
Equation 19, by noting that the two processes involved may not have
the same preexponential factors.

Pt = Ple""'xt + Pze-kzt (19)

With the normalizing condition that P, + P, = P, we have an
expression with three independent parameters, which has the attractive
feature that with appropriate choice of constants, we can duplicate
upward curvature in semilogarithmic plots of data.

Equation 19 was applied to the folding endurance and reflectance
data through manual selection of rate constants that roughly fit the
experimental values, and then by optimizing the selections for the data
at a given temperature with the nonlinear program. The results were
very similar to the application of Equation 15, that is, in most cases, a
good fit to the data was obtained at a single temperature, but the rate
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Table V. Calculated Brightness for Washed Kraft Paper, 70°C,
509% Relative Humidity, According to Equations 2 and 19

Time
(Days) Equation 19° Equation 2° Observed

0 74.9 74.9 74.9

12 73.9 73.4 72.6

24 72.9 72.8 729

38 720 72.3 72.9

48 714 72.0 72.3

96 69.1 70.8 70.6

179 66.9 69.3 69.3

3 (Cale-Obs) 2 11.3 1.1 —

“Calculated with In k; (days™!) — 59.892-25,014.2/ Taps, In ke (days™1) — 32.405-
12,720.8/ T'avs, Py = 65.0, P2 = 9.9.
® Calculated with In ke (days™1) — 21.034-8,897.4/ Tavs.

constants did not vary regularly with temperature, and the computation
time required to obtain a best fit to the data was often excessive. In
Table V, we present one set of calculations on reflectance properties in a
humid atmosphere according to Equation 19 together with those from
Equation 2. There is a general agreement between the results from the
two equations, although the fit to Equation 2 is better.

Discussion

The foregoing treatment of the data was carried out without the
dry certainty of statistical rigor, but with the conviction that multiple
processes do occur in paper (7) whose detailed kinetic treatment will
yield complex equations analogous to those tested in this study. A number
of workers have observed enhanced rates of oxidation (8) and hydrolysis
(9,10,11,12) of cellulose-based materials in the early stages of reaction,
implying the existence of differential susceptibility of chemical bonds or
morphological areas of the polymer to degradation (12). A similar feature
may be responsible for the curvature in the semilogarithmic plots in our
data. This curvature would result in a better fit of Equation 2, which
is supported by the high F-values in Table II associated with this equa-
tion. In addition, Tongren (13) has derived an expression relating the
ratio of absorption coefficient to the scattering coefficient to the square
root of aging time (Equation 20). Although the experimentally measured

K/8 = (K/8)o — kaot'? (20)

property is not exactly the same, the fit of Equation 2 to our reflectance
data can be shown to be consistent with Tongren’s equation by noting
the approximation for P, ~ P shown in Equation 21 or 22. Since the
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In (Po/P) =1 — 0 = kit (21)

P—= Po -_ Pk22t1/2 =~ Po _— Pavgkgztl/z (22)

changes in reflectance were small, Equation 22 is approximately of the
same form as Equation 20, since the term Pk, is nearly constant.
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A Kinetic Study of the Influence of Acidity
on the Accelerated Aging of Paper

J. S. ARNEY and A. H. CHAPDELAINE

Carnegie—Mellon Institute of Research, 4400 Fifth Avenue,
Pittsburgh, PA 15213

The influence of acidity on the rates of yellowing and of
tensile strength loss of a newsprint and a 100% cotton rag
paper were examined at 90°C, 100% RH, under both an
atmosphere of air and an atmosphere of nitrogen. From a
kinetic analysis of the data, an empirical rate law was
derived expressing the total rate of degradation as the sum
of an atmospheric oxidation process and an oxygen-inde-
pendent process, both of which were found to depend
linearly on the concentration of acidity in the paper. The
relative importance of the two processes appeared to be
insensitive to changes in the acid content of the papers
below pH 5. The results suggest that the influence of
acidity on the rate of natural paper degradation would be
the same regardless of which degradation process predomi-
nates at room temperature.

Ac_idity has long been recognized as a major factor contributing to the
deterioration of cellulose-containing materials. In an effort to combat
the harmful influence of acidity, researchers have developed a variety of
deacidification techniques capable of decreasing the acid content of most
paper-containing objects that are found in museums and libraries. These
techniques often are used by conservators in the care of books and works
of art on paper (I1). Nevertheless, the nature of the chemical processes
that cause papers to yellow and to lose strength remains somewhat ob-
scure, and the role of acidity in these processes also is not well understood.

A recently published study concerned with the influence of oxygen
on paper aging concluded that the total rate of degradation may be
expressed as the sum of two general types of degradation processes: an
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atmospheric oxidation process and an oxygen-independent process (2).
The relative importance of these two processes was found to depend on
the moisture content of the paper, the type of paper, the temperature of
the accelerated aging experiment, and the property monitored in deter-
mining the rate of degradation (2,3). One might also expect the acid
content of the paper to influence the ratio of the two processes. However,
the influence of acidity on this ratio is difficult to predict.

If one were to assume that a hydrolytic reaction controls the rate of
the oxygen-independent process (4, 5), then acidity would be expected
to accelerate the process and perhaps increase its relative contribution
to the total rate of degradation. However, the atmospheric oxidation
process may also be pH dependent. Cellulose oxidations are known to
be either accelerated or retarded by an increase in acidity. The particular
influence depends on the oxidizing agent and mechanism involved (6).
Without an understanding of the mechanism of the atmospheric oxidation
process observed during the accelerated aging of paper, it is not possible
to predict whether acidity will accelerate or retard the process. Moreover,
with little evidence to suggest which of the two types of degradation
processes predominates at room temperature, it is difficult to predict the
overall influence of acidity, and thus of deacidification, on the room
temperature aging of paper.

In this chapter, empirical rate constants were determined by follow-
ing the loss of tensile strength and the decrease in diffuse reflectance of
a rag and a newsprint paper buffered over a range of pH values. From
the results of these experiments, the influence of acidity on both the
atmospheric oxidation process and the oxygen-independent process was
determined. Before describing the results of these experiments, the
methodology employed to obtain the empirical rate constants will be
discussed.

The Kinetic Analysis of Complex Properties

There is a practical difference between exploring the chemical
kinetics of a reaction and exploring “property kinetics”: the rate of change
in a useful property of a complex material such as paper. The discipline
of chemical kinetics has a sound theoretical foundation directly related
to the mechanism of chemical reactions. Property kinetic studies, on the
other hand, are empirical and are difficult to relate to chemical mecha-
nisms. The difficulty arises because a complex property, such as tensile
strength or brightness, cannot be related easily to the chemical composi-
tion of the material under study. Nevertheless, empirical rate constants
can be obtained, and these rate constants can be related to chemical
processes occurring within the paper.

In Preservation of Paper and Textiles of Historic and Artistic Valuell; Williams, J.;
Advances in Chemistry; American Chemical Society: Washington, DC, 1981.



Publication Date: December 1, 1981 | doi: 10.1021/ba-1981-0193.ch014

14. ARNEY AND CHAPDELAINE Acidity and Accelerated Aging 191

Most property kinetic studies reported in the literature are con-
ducted by analogy with the methodology of chemical kinetics. A physical
property, P, observed to change monotonically with time is assumed to
obey a differential expression similar to a rate law in chemical kinetics.
Equation 1 is a general expression of this kind where k is a constant and

dP
-E=k f(P) (1)

f(P) is some integrable function of the property. If f(P) were known,
integration would yield a linear equation (Equation 2). However, unlike

dP

F(P) = i =

kt (2)

a rate law in chemical kinetics, Equation 1 has no a priori mechanistic
significance and generally is not known. Thus, integration is not possible,
and one must search empirically for some function, F(P), that will linear-
ize the experimental data (P vs. ). The slope may then be used as a
measure of the empirical rate constant, k.

Several examples of this line-slope approach to property kinetics
have been reported in the literature. For example, Browning and Wink
(7) and Gray (8,9), in Arrhenius studies of paper degradation, found
that a logarithmic function would linearize most folding endurance data
[F(P) = log (P,/P)]. The analogy with chemical kinetics occasionally
is carried farther, and folding endurance has been said to obey first-order
kinetics, [f(P) = P], although the term has no mechanistic significance
in a property kinetic study. Any other function that will linearize the
experimental data also can be used to obtain rate constants, and there is
no theoretical or mechanistic restriction to the selection of such a func-
tion. Thus, choosing a linearizing function can be a somewhat subjective
process, and it often is tempting to use a simple function in a regression
analysis and to assume that the standard deviation of such a regression
reflects only the experimental error of the measurement.

An alternative technique for obtaining kinetic information that does
not require knowledge of the linearizing function F(P) has been sug-
gested by Frank (10) and by Sizmann and Frank (11). If two identical
papers are allowed to degrade under two different conditions such that
identical changes in the property, P, occur, then Equation 2 may be
written as Equation 3, where the subscripts, 1 and 2, refer to the degra-

k4
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dation under conditions 1 and 2. If condition 1 is selected arbitrarily as
a standard for comparison, then the ratio t,/t, is simply a relative rate
constant, k,, equal to k in Equation 1 divided by the value of k under
the standard condition.

The time-ratio technique eliminates the necessity of linearizing the
experimental data. Nevertheless, the nature of the function F(P) must
still be considered in any kinetic study, as pointed out by Gray (9). If
the mathematical form of F(P) is not the same under conditions 1 and 2,
discussed above, then the property, P, will not cancel out in the deter-
mination of the time-ratio, as shown in Equation 4. This problem is of

ki Fa(P) by

ke F1(P) ~ t (4)

concern whether the time-ratio technique or the line—slope technique is
used. However, application of the line-slope technique involves the
assumption that the empirical kinetic order is the same under the two
conditions compared. On the other hand, application of the time-ratio
technique allows a convenient test of the similarity of the empirical
kinetic orders. If the value of ¢,/t, is independent of the degree of degra-
dation, then F;(P) and F,(P) are of the same form and Equation 3
is valid.

A Test of the Invariance of F(P) with pH

In exploring the influence of acidity on the rate of degradation of
the rag and newsprint papers, it was necessary, as pointed out above,
to establish that the mathematical form of F(P) in Equation 2, is invari-
ant with pH. To test this, a newsprint paper with a cold extraction pH
of 4.5 was subjected to accelerated degradation at 90°C and 100% rela-
tive humidity. Samples of the newsprint that had been buffered at pH 7.9
(see Experimental section) were subjected to the same accelerated aging
conditions. As shown in Figure 1, the percentage change in tensile
strength appears to be related linearly to time. Thus, one might simply
assume that F(P) is invariant with changes in acidity and perform linear
regressions as shown in Figure 1. In this way, a rate of k; — 10.7 == 2 was
found for the acidic paper relative to the buffered paper. Thus, the acidic
paper seems to degrade by a factor of about ten times faster than the
buffered paper.

The value of k; also can be estimated using the time-ratio technique.
As shown in Figure 2, a line can be drawn through the pH 7.9 data using
a French curve. Though not as elegant as a computer regression analysis,
the French curve technique is at least no more subjective than arbitrarily
constraining the data to a straight line. No line was drawn through the
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Figure 1.
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Percent change in tensile strength vs. time at 90°C, 100% RH,
for (©) not buffered and for (X) buffered newsprint. The relative rate of
degradation, k,, is estimated as the ratio of the slopes.
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Figure 2. Percentage change in tensile strength vs. time at 90°C, 100%
RH, for (©®) not-l;t:ﬁered and for (X) buffered newsprint. The relative
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2 pH45 — pH4.2 — pH3.9 —~ pH3.8

1 1
10 20 30

Percent Change in Tensile Strength of the Acidic Newsprint

Figure 3. Individual values of the time—ratios obtained ’{rom Figure 2 vs.
the percentage change in tensile strengt

pH 4.5 data, but relative rates were estimated by determining a time
ratio, as illustrated in Figure 2, for each of the pH 4.5 data points up to
about a 27% change in tensile strength. These individual time-ratios
can be averaged to obtain an estimated relative rate of k. — 7.5 = 1.0.
However, if the individual values of the time-ratios are plotted as a
function of the degree of degradation used in each determination, as
shown in Figure 3, then it is evident that the error limit on the average
value of k. reflects more than experimental uncertainty. Certainly the
trend in Figure 3 will depend somewhat on the particular line one draws
through the data points in Figure 2. Nevertheless, the time-ratio treat-
ment strongly, if not unequivocally, indicates that significant kinetic dis-
similarities may be expected in comparing the buffered to the not-buffered
paper. The possibility of such dissimilarities in the mathematical form of
F(P) might be overlooked by arbitrarily constraining the data to a linear
function, as in Figure 1.

It is not difficult to guess why the time-ratios in Figure 3 increase as
degradation proceeds. The cold extraction pH of the acidic paper was
found to decrease during the degradation process, reaching pH 3.8 by
the end of the experiment. The pH of the buffered paper remained
constant. Therefore, it seems probable that the increased value of the
time-ratio as degradation occurred is a manifestation of an autocatalytic
process. Similar results were obtained in the comparison of samples of a
buffered and a not-buffered rag paper. Thus, the autocatalysis process
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is not limited to groundwood papers. Furthermore, it was found that the
time-ratios did not vary with the degree of degradation if buffered
papers were compared with buffered papers of a different pH. This not
only supports the autocatalytic hypothesis for the not-buffered papers,
but also demonstrates that F(P) is invariant with pH for the buffered
papers. Thus, the mathematic restriction suggested by Gray (9) is met,
and a kinetic evaluation of the influence of acidity on these papers is
feasible.

Rate Versus Acidity

The newsprint and rag papers were buffered (see Experimental sec-
tion) at a series of acidities and were subjected to accelerated degradation
at 90°C in sealed tubes containing atmospheres of air at 100% relative
humidity. Time-ratios, or relative rate constants, were determined as
described above by comparison with papers buffered at pH 4.00 (cold
extraction). Both the change in tensile strength and the change in reflec-
tance at 500 nm were monitored. As expected, both the rag and the news-
print papers lost strength and yellowed more rapidly at the higher acid-
ities. Figure 4 illustrates the results obtained for the rag paper.

Although pH is a convenient measure of acidity in paper, it is not the
same as the concentration of acid in the paper. In a heterogenous material
such as paper, the molar concentration of hydrogen ions is not an easily
defined quantity (I2). Nevertheless, since the buffer system [maleic
acid/Ca(OH),] in the paper is the primary factor controlling the acid
content of the paper, one might expect the cold extraction pH to reflect
an effective acid concentration. This effective acid concentration can be
expressed as shown in Equation 5. Values of [H'] were calculated from

10

Rate Relative to Rate in Air at pH 4.0

Figure 4. Relative rate of (©) tensile stre(:zjth change and (X) yellowing
vs. cold extraction pH for rag paper degradation at 90°C, 100% RH, in
an air atmosphere
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Rate Relative to Ratein Airat pH 4.0

[H*] x 10* molar

Figure 5. Relative rate of (©) tensile strength change and (X) yellowing
vs. relative acid concentration for rag paper degradation at 90°C, 100%
RH, in an air atmosphere

[H'] = 1072 (5)

the cold extraction pH of the samples, and the experimental values of the
relative rate constants were found to vary linearly with this estimate of
effective acid concentration. Figures 5 and 6 show the results for the rag
and the newsprint papers.

10
©
<
%8t
°
=
£ 6F
[
H o Yo
13
24
o ]
® x/x
L /x)/
@ x
o
'3
; 1 1 1 1 1 J
2 4 6 8 10 12

[H*] x10% molar

Figure 6. Relative rate of (©) tensile strength change and (X) yellowing
vs. relative acid concentration for newsprint paper degradation at 90°C,
100% RH, in an air atmosphere
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Rate Relative to Rate in Air at pH 4.0

[H*] x10% molar

Figure 7. Relative rate of () tensile strength change and (X) yellowing
vs. relative acid concentration for rag paper degradation at 90°C, 100%
RH, in a nitrogen atmosphere

The above experiments also were conducted on buffered rag and
newsprint papers sealed under nitrogen atmospheres. As before, relative
rates were determined at 90°C and 100% relative humidity by comparison
with the data taken on the papers at pH 4.00 exposed in an atmosphere
of air. At every pH, the rate under nitrogen was slower than the rate in
air, as shown in Figures 7 and 8. Moreover, in the absence of oxygen, as

Rate Relative to Rate in Airat pH 4.0

X x—x—x—
1

0,
X—=T———X"T X 1
2 4 6 8 10 12
[H*] x10* molar

Figure 8. Relative rate of (©) tensile strength change and (X) yellowing
vs. relative acid concentration for newsprint paper degradation at 90°C,
100% RH, in a nitrogen atmosphere
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Table I. Experimental Values of the Rate Constants in
of Degradation at pH 4.0

Paper Property ko, ka2
Newsprint tensile strength 0.68 == 0.09 [0.32 == 0.60]
Newsprint reflectance 0.26 == 0.05 0.74 = 0.29
Rag paper tensile strength 0.89 = 0.11 [0.11 == 0.42]
Rag paper reflectance 0.09 == 0.05 091 = 0.21

¢ Numbers in brackets are — 0 within experimental error.

well as in air, the rates of degradation appear to decrease linearly with
[H*]. Thus, Equations 6 and 7 may be written to describe the results of

Rate in air: kp=kea1[H'] + Kaz (6)
Rate in Nj: kb = kbl[H*] + kbg (7)

these experiments. In these equations, kr and k; are the rate constants in
Equation 1 determined in air and in nitogen relative to the rate of
degradation in air at pH 4.00. The slopes (kq«; and ky; ) and the intercepts
(kaz and k,s) were determined from linear regressions of the data in
Figures 5-8. Expressing the acid concentrations relative to the acid con-
centration at pH 4 ([H*] = 1.00), the linear regressions yield the ocn-
stants shown in Table I. Thus, the constants in Table I are empirical rate
constants expressed relative to the total rate, ky — 1.00, in air at pH 4.00.

The difference between the rate of degradation in air and the rate in
nitrogen (k, — kr — ky) is a measure of the rate of the atmospheric
oxidation process. As shown in Equation 8, the rate of this atmospheric

Atmospheric Oxidation: ky = kaa[H*'] 4+ kaso (8)

oxidation also varies linearly with [H*], where ks — kai — kp; and
kss = kas — kyo. Values of k,; and k,, are shown in Table I.

In an earlier investigation, the rate of the atmospheric oxidation
process was found to vary linearly with the oxygen concentration in the
atmosphere surrounding the paper (2). Thus, Equation 9 may be written

kp = ka1[O2][H*] + ka2[O2] + ko [H'] 4 ke (9)

to summarize the observed influence of oxygen and acidity on the rate
of degradation of the rag and newsprint papers at 90°C, 100% relative
humidity. In this expression, [O,] is the concentration of oxygen relative
to the concentration of oxygen in an atmosphere of air, and [H'] is the
acidity function, 107E, relative to the value of [H*] at pH 4.00. Using this
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Equations 6, 7, and 8 Determined Relative to the Rate
in an Atmosphere of Air®

ks kys ka1 Kas
0.36 = 0.05 [0.17 = 0.28] 0.32 = 0.09 [0.15 == 0.57]
0.03 == 0.025 0.21 = 0.16 0.23 == 0.06 0.53 = 0.37
0.38 = 0.05 [0.0 = 0.2] 0.51 = 0.14 [0.11 = 0.53]
0.11 = 0.02 021 =0.10 [—0.02 = 0.05] 0.70 == 0.20

equation, relative rates of degradation at any pH under any concentration
of oxygen can be estimated from the constants in Table I.

Relating Property Kinetics to Chemical Kinetics

Equation 9 is an empirically derived expression of the property
kinetic rate law for yellowing and tensile strength loss in the rag and
newsprint papers. Intuitively, one would suspect that a similar kinetic
expression might describe the chemical processes occurring within the
paper and that the constants on the right of Equation 9 reflect chemical
kinetic rate constants. In the absence of an analytical expression relating
the observed property, P, to the chemical concentrations undergoing
change in the paper, it is not possible to derive a unique relationship be-
tween the empirical rate constant, k in Equation 1, and the chemical rate
constants governing the chemical reactions in the paper. However, the
general nature of such a relationship can be derived.

If the property, P, monitored in a property kinetic experiment, is a
function of chemical concentrations, C;, in the paper, then a total differen-
tial of P with respect to time can be written (see Equations 10 and 11).

P=P(C,...C,) (10)

i aP dC;

i

dP
Ty (11)

Strictly speaking, the concentration terms may represent amounts of par-
ticular groupings within the paper, such as amorphous cellulose, as well
as discrete chemical species. The total derivatives on the right of Equa-
tion 11 are the kinetic expressions for the chemical (and perhaps morpho-
logical) changes occurring in the paper. In Equation 12, k; is a chemical

=kig(Cy...C,) (12)
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rate constant, and g(C; . . . C,) is a generalized expression of the chem-
ical reaction order. Combining Equations 1, 11, and 12, the linear expres-
sion shown in Equation 13 is obtained. Thus, the empirical constant, k,

k=3 aiks (13)

=0

_6P.g(Cl.C’,,)

“=37. 173 (14)

is a linear combination of chemical rate constants, k;. The coeflicients, a;,
are functions of the concentration terms, C1—C,.

In principle, if values of a; could be determined n times throughout
an accelerated aging experiment in which the empirical rate constant, k,
is determined, then n simultaneous equations could be solved to yield the
chemical rate constants, k,, However, in practice this is not feasible, and
Equation 13 is of little analytical value. Nevertheless, our assumption
that the property kinetic constant, k, is related linearly to chemical rate
constants is verified. Thus, the apparent linearity of the empirical rate
constant, ky in Equation 9, with respect to oxygen and acidity suggests
the occurrence of chemical processes that are first order in oxygen and
acidity.

Experimental

Both papers used in this study were manufactured commercially.
The newsprint was a typical groundwood sheet, and the rag paper was
made from 100% cotton linters. The data in Table II show the properties
of the two papers prior to accelerated degradation.

Control of Acidity. The acidities of the paper samples were con-
trolled with buffers containing various formal ratios of maleic acid to
calcium hydroxide. A series of aqueous solutions of 1.3 X 102F Ca(OH),
was prepared. Maleic acid was added to each solution to achieve formal
ratios ranging from zero to five. Paper samples, demineralized in dilute

Table II. Properties of the Unaged Rag Paper and Newsprint

Tensile
Reflectance® Strength
Paper Pulp pH* (%) (kN /m)
Newsprint  groundwood 4.5 62.3 1.92
Rag paper 100% cotton 6.0 95.5 10.8

linters

¢ TAPPI cold extraction procedure.
® At 500 nm as described in text.
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HCI, were soaked in the solutions, blotted with Whatman’s #1 paper, and
air dried to produce papers over the pH range shown in Figure 4. Atomic
absorption studies of the buffered papers indicated that the pick-up of
calcium was independent of acidity below pH 7 and increased slightly
above pH 7. Average pick-ups of 19 = 8 mg Ca per gram of rag paper
and 42 == 12 mg Ca per gram of newsprint were found. The pH values of
the buffered papers remained the same throughout accelerated aging.

Sample Preparation. All paper samples were cut to 80 mm in the
machine direction and 12.5 == 0.3 mm in the cross direction. Samples were
aged at 90.0 == 0.1°C in sealed glass tubes measuring 17 mm in diameter
and 130 mm in length. A relative humidity of 100% was maintained in
each tube by including a milliliter of water in the base of each tube. The
paper samples were held above the water by a glass pedestal. Air or
nitrogen, passed through Ascarite and calcium chloride, was introduced
into the tubes by evacuating to 0.1 torr, blending up to atmospheric
pressure, and then sealing the tube with a torch.

Measurements. Tensile strengths were determined in the machine
direction using an Instron tester with a 1.00 in. gauge length and a ram
speed of 0.20 in./min. Yellowing was measured by following the change
in diffuse reflectance of the paper samples at 500 nm with a Kollmorgan
mode]l D-1 integrating sphere spectrophotometer. A white tile of 86%
reflectance relative to BaSO, was used as the reflectance standard. Acidity
was determined by the Tappi cold extraction procedure, and atomic
absorptions were performed by the Characterization Center, Carnegie—-
Mellon Institute of Research.

Data Analysis. Ten paper samples were sealed in each of the
sample tubes to allow replicate determinations of tensile strength and
reflectance. Rate constants at each pH were estimated by averaging at
least three determinations for sample tubes exposed for different periods
of time at 90°C. Thus, the data points shown in Figures 5-8 are averages.

Linear regressions of rate vs. [H*] were performed in the usual way.
Rather than attempting an analysis of the error propagation in going from
the physical measurements (tensile and reflectance) to average values of
the rate constants, the data points shown in Figures 5-8 were treated as
individual determinations, and only the number of degrees of freedom
appropriate for the number of data points shown in each of the figures
was assumed. Error limits of the slopes (ka; and ky;) and intercepts
(ka2 and kyz) were calculated as 95% confidence intervals from the stand-
ard deviation of the residuals in the regressions. Confidence intervals for
k1 and k,, were calculated using a standard deviation estimated as the
root-mean-square of the standard deviations of ka; and ky;, and of kas and
kye, respectively.

Discussion and Conclusions

In the experiments described above, accelerated degradation oc-
curred at 90°C in an atmosphere maintained at 100% relative humidity.
Under this condition, both the oxygen-independent and the atmospheric
oxidation processes contributed about equally to the degradation of the
rag and newsprint papers. The 100% relative humidity condition allowed
an examination of the influence of acidity on both processes, but whether
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or not the chemistry of natural aging is reproduced under this condition
of accelerated degradation has not been determined. Thus, the results of
these, and other, accelerated aging studies are best understood in terms of
the behavior of processes that might contribute significantly to the natural
aging of paper. For example, the observation that both the atmospheric
oxidation and the oxygen-independent processes are pH dependent allows
confidence in the prediction that natural aging will be similarly depend-
ent on pH, regardless of which of the two processes plays the major role
in room temperature degradation. In the following discussion, the con-
clusions regarding the aging of paper should be understood in the same
perspective.

Empirical Interpretation of Results. Deacidification has become a
widely practiced technique for inhibiting the degradation of papers of
artistic and historical value. The justification for deacidifying such papers
is based on numerous published reports that describe slowdowns in the
accelerated degradation of neutralized papers. The results of the experi-
ments described above further support deacidification as an effective
means for inhibiting the aging process. However, the assumption that
deacidification slows the aging of paper by decreasing the rate of
hydrolysis of cellulose and other carbohydrates in the paper may be an
oversimplification. The atmospheric oxidation process, which may play a
significant role in natural aging, also is inhibited by a decrease in acidity.

In an earlier report (2), a ratio, i, was defined as the rate of degrada-
tion in nitrogen divided by the rate in air. This ratio represents the rela-

. ke
=7 (15)
tive contribution of the oxygen-independent process to the total rate of
degradation in air. Similarly, the relative contribution of the atmospheric
oxidation process may be expressed as the fraction j = 1 — i. Our pre-
vious studies (2, 3) demonstrated that i is dependent on moisture, tem-
perature, and the composition of the paper, and it was speculated that i
may be a function of other variables. The relationship between i and
acidity can be written (Equation 16) by combining Equations 6, 7, 8,
and 15.

. ki [H'] 4 kn2
= kar[H'T + ka2 + ko [H'T 4 kn2 (16)

This expression suggests that the relative importance of the atmospheric
oxidation process may either increase, decrease, or remain unchanged as
pH changes, depending on the relative values of the four rate constants
in Equation 9. For example, by following the loss of tensile strength in
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the rag paper, it was found that k,, and k. are essentially zero for both
the newsprint and the rag paper between pH 3 and pH 5 (see Table I).
Thus, the relative importance of atmospheric oxidation appears to be con-
stant over this range of acidity.

Mechanistic Interpretation of Results. The kinetic experiments we
performed have made possible an expansion of the empirical rate con-
stant,k in Equation 1, as shown in Equation 9. However, Equation 9 is
only an empirical approximation of the linear expression suggested by
Equation 13, and the terms “atmospheric oxidation” and “oxygen-inde-
pendent” describe experimental manifestations only. It is possible that
these processes are the sum of other subprocesses and that Equation 9
might be expanded further.

Kinetic experiments, sensitive only to the slowest steps in a chemical
sequence, are generally not mechanistically definitive. For example,
Scheme 1 shows a mechanism that might account for the acid-sensitive
oxidation suggested by k,;. In this mechanism, the cellulose polymer is

Scheme 1

k
Cellulose + H;0° =  cell"—H
k-1 (fast)

ka[O2]
Cell""—H e oxycell V—H

(slow)

k3
Oxycell"—H + H.0 — fragments
(fast)

tendered slowly by an oxidation reaction, but the actual fall-apart of the
polymer occurs during a rapid hydrolysis following the oxidation (13).
Such a mechanism would manifest itself as an acid-sensitive atmospheric
oxidation, k[H*][O,]. Whether or not Scheme 1 represents a mechanism
that occurs during the accelerated degradation of the rag and newsprint
papers cannot be determined on the basis of the kinetic results alone, and
numerous other mechanistic schemes might also be written. Nevertheless,
any chemical mechanism that is proposed to account for the degradation
of the papers must agree with the empirical rate law of Equation 9.
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The Effect of Humectant and Wet Strength
Resin on the Folding Endurance of Alkalized
Paper

JOHN C. WILLIAMS

Preservation Office, Library of Congress, 10 First Street, SE, JAB G-1008,
Washington, DC 20540

Paper may be deacidified to make it more permanent. Since
the paper often has become brittle before it is treated,
methods are needed for increasing folding endurance that
may be applied in conjunction with deacidification. In this
study, the effects of sorbitol and Hercules Kymene 557H on
the folding endurance of three papers alkalized with mag-
nesium carbonate are explored. A synergistic action of the
reagents is apparent.

Deacidiﬁcation plus the incorporation of an alkaline reserve greatly
extends the life of acid paper. However, the treatment does not
restore the pliability and folding endurance that have been lost. There is
a need for a method that will regenerate these properties. This should be
ultimately a mass method and should preferably be carried out in con-
junction with one of the mass deacidification treatments presently being
developed.

Review

Paper derives its principal properties from the cellulose fiber of which
it is made. In comparison with many other fibers, cellulose fibers are not
highly pliable or fatigue resistant. They are partly crystalline and partly
amorphous and both portions are rather rigid when dry. The amorphous
regions are relatively open, however, and they absorb moisture of hu-
midity, which acts to flexibilize the fiber and the paper it forms.

Research of the last fifty years indicates that acid hydrolysis takes
place in the open, amorphous regions of the cellulose fiber. Amorphous
cellulose chains, once cut, proceed to crystallize. The water-holding
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power of the fiber drops and the fiber becomes brittle. Surprisingly, the
fiber-to-fiber bond in the paper is affected less seriously as this occurs.
On accelerated aging, papers even develop a certain amount of wet
strength, indicating an improvement in the bond. Also, folding endurance
of an acid paper given accelerated aging will drop off rapidly at a time
when tensile has not yet started down, and tensile depends directly on
fiber-to-fiber bond. New paper shows a fringe of fibers when it is torn;
the fibers are stronger than the bonds. Old paper torn does not show the
fiber fringe. The bonds are stronger than the fibers.

Hopefully, future research will be able to reverse the embrittlement
of the cellulose fibers. Perhaps the cut ends of the cellulose chain can be
decrystallized, and with the amorphous regions thus restored, the ends
of the chains can be bonded chemically; but this has yet to be done.

Until appropriate methods can be worked out for rearranging the
cellulose molecule and restoring the flexibility of the fiber, it is of interest
to learn what can be accomplished by impregnating the paper with plasti-
cizers to take full advantage of whatever flexibility is left in the fiber.

Some previous work is shown in Table I; R. D. Smith (1) impreg-
nated the paper in a book with acrylic resin and ethyl hydroxyl-ethyl
cellulose solutions to increase fold. Salz and Skrivanek (2) patented
solutions of polyvinyl butyral and formal for the purpose; these materials
have been supplied under the name of Regnal. Baer, Indictor, and Joel
(3) compared the folding endurance of papers impregnated with Regnal,

Table I. Increasing Folding

Paper Fold Treatment
Book 79 MD acrylic/ethyl hydroxyethyl cellulose 3—-5%
28 CD

Buffered sulfite 14 MD in 5% Du Pont Elvamide 8016
(1.5 lbs.
65% r.h.,
21.1°C

Bond 231 MD 1% Na salt of CMC/20% glycerol
(0.7 kg)

Bond 346 MD 1% Na CMC/0.25% Kymene 557
(0.7 kg)

Foldur Kraft 1112 MD in 5% Du Pont Elvamide 8061, pick-up
1071 CD 8.5%

in 2% Kymene, 2 h, 100°C

in sorbitol solution, 21% pick-up
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