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FOREWORD

The ADVANCES 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
because their papers would be distributed among several
journals or not published at all. Papers are reviewed critically
according to ACS editorial standards and receive the careful
attention and processing characteristic of ACS publications.
Volumes in the ADVANCES IN CHEMISTRY SERIES maintain the
integrity of the symposia on which they are based; however,
verbatim reproductions of previously published papers are
not accepted. Papers may include reports of research as well
as reviews, because symposia may embrace both types of
presentation.
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PREFACE

THE CONSERVATION AND CHARACTERIZATION of historic textile and
paper materials have been active areas of interest to conservators,
chemists, and other physical scientists for several decades. Often studies
were conducted with little interaction between conservators and physical
scientists because each group tended to present its findings to different
societies. In recent years John C. Williams of The Library of Congress
organized two symposia for the Cellulose, Paper, and Textile Division of
the American Chemical Society dealing with the preservation of paper
and textiles of historic and artistic value. These symposia were highly
successful in permitting conservators and physical scientists to discuss
areas of mutual interest. The ADVANCES IN CHEMISTRY SERIES
volumes that resulted from these symposia have been well received by
the scientific and conservation community. Because of the success of
these efforts, a third symposium concerned with the conservation and
characterization of historic textile and paper materials was organized. It
differed from the previous two symposia in that papers concerned with
the conservation and characterization of textiles were more predominant.
This situation reflected a growing interest in this area by textile scientists.

As in the previous symposia, the desired communication between
conservators and physical scientists was achieved. We hope that this
volume will be received by the conservation and scientific community
with the same degree of success as that received by the previous volumes.
We thank the researchers who authored the chapters, for without them
and their work, this volume would not be possible.

HOWARD L. NEEDLES

S. HAIG ZERONIAN

University of California, Davis
Davis, CA 95616

January 1985

xi



Published on February 1, 1986 on http://pubs.acs.org | doi: 10.1021/ba-1986-0212.ch001

Charting the Future: Conservation
Principles of Henry Francis du Pont

Margaret A. Fikioris
Conservation Section, Winterthur Museum, Winterthur, DE 19735

Henry Francis du Pont, founder of Winterthur Museum, was a
leader in the museum field during his lifetime in acquisitions,
display, and care of the collection. He began his American
collection in 1923 and was active until 1969. His conservation
principles are a synthesis of a late 19th century concern for the
care of objects and a 20th century willingness to initiate and
encourage modern conservation science and practices. It has now
been 16 years since his death, and it seems a fitting time to reflect
upon and acknowledge Henry Francis du Pont’s contribution to
the museum field nationally and to the role of conservation.

THE SEARCH TO UNDERSTAND the conservation principles of Henry
Francis du Pont unfolded easily, because he was a great organizer and
initiator. Henry Francis du Pont exemplified the well-to-do Victorian
household tradition of having a large staff and a formal way of
accomplishing routine tasks with instructions given orally. Great loyalty
and mutual respect were shared between Mr. du Pont and his staff.
Many of the museum employees worked at Winterthur during Mr. du
Pont’s lifetime, and several of these people generously shared their
memories of how things were done in the early transitional years of
Winterthur as it changed from a private home and estate to a museum
institution and public gardens (Figure 1). Through the letters and instruc-
tions of Henry Francis du Pont, one can clearly follow his thought processes
and understand his goals of planning the future, maintaining the present, and
preserving the past. Many of the principles of how the museum should
be cared for were established early in Mr. du Pont’s collecting lifetime
and served as building blocks for later documents. They were carefully
spelled out in the notebook of instructions entitled “Letters and Notes
To the Executors and Winterthur Directors [Trustees] Concerning The
Winterthur Museum and Winterthur House.” This 83-page book was
begun before the official opening of the museum in 1951 and was

0065-2393/86/0212-0003 $06.00/0
© 1986 American Chemical Society
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continually reviewed and reworked; each page has three to five dates in
the top margin signifying the many revisions made by Mr. du Pont over
the years.

Henry Francis du Pont (Figure 2) worked fervently to get the more than
195 period rooms and display areas completed in his lifetime. Often he
would express to his closest staff (1), “Do it now because it won’t be
done after I die.” When asked by Harlan B. Phillips in a 1962 oral
interview for the Archives of American Art about his feelings on

Figure 1. View of Winterthur House from the east, 1902-28, as it appeared
when Henry Francis du Pont inherited it. Courtesy, The Henry Francis du
Pont Winterthur Museum.

Figure2. Patriot’s Day ceremonies at Winterthur, April 19, 1955. From left to
right: Henry Francis du Pont, Lammot du Pont Copeland, and Delaware
Governor J. Caleb Boggs. Courtesy, Harry A. Lemmon.



Published on February 1, 1986 on http://pubs.acs.org | doi: 10.1021/ba-1986-0212.ch001

1. FIKIORIS  Conservation Principles of Henry Francis du Pont 5

having to move out of his house to turn it into a public museum, he
responded (2):

I've always lived in that house, and the more I thought of
it as a museum, the more workable I thought it would be. It
was just a question of upkeep. It’'s an enormously big house,
and I did want to see it done properly or according to my
idea. . . . The best way really was to move out; in fact, 1
didn’t think that many people would come to see it then, that
it would evolve by degrees. I['ve] got a big book full of notes
for our trustees, executives, and so forth. I kept some of the
early pages . ..some of the originals. I thought that they
were rather interesting.

Henry ‘Francis du Pont began his “Letters and Notes To Executors
and Winterthur Directors” with the following statement (3): “It is my
intention and desire that Winterthur and the surrounding grounds shall
be kept in perpetuity as a Museumn and arboretum for the education and
enjoyment of the public.” He continued, “My purpose in leaving
Winterthur as a Museum to the public is to afford all those interested an
opportunity to view and to study the conditions surrounding the early
American home life.” Mr. du Pont also wanted the building kept in such
a way that it would retain its charm and intimacy. “The reason for this,”
he stated, “is that the interest of the Museum, quite aside from its
furniture, beauty of colors, and upholsteries, lies in the infinite de-
tails, . . . and the many, many different ornaments and accessories.”

Mr. du Pont did not want the visitors to be hindered in the
enjoyment of the room. Thus, he felt that the number of visitors should
be restricted. He wrote (3), “There may be two to ten groups seeing the
house at the same time, depending on the number of guides available,
and each group should be accompanied by a suitable and competent
employee guide of the Museum.” From his own experience Henry
Francis du Pont believed (3) “that three or four people are really all that
can go through in one group conveniently and comfortably.” Further-
more, limiting the number of groups would help reduce the “wear and
tear” on the collection, and this limitation would allow the “furnishings
[to] be kept intact for a longer period of years so that those who go
through may do so with enjoyment.” The guides escorting the visitors
through the museum were instructed (3) not to give “a set talk about
each room.” “Their attitude should be more that of a librarian or well-
trained attendant, helpful but not intruding in any way.”

Throughout his life Henry Francis du Pont strongly believed that
barriers should not be erected in the museum. Visitors were to enjoy an
unobstructed view. He explained to Phillips (2), “My idea on what is
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wrong with museums in this country is that if you have these things
strapped off, you’ll lose everything.”

Because of the open access to the rooms, guests were instructed at
the beginning of each tour not to touch any museum object, especially
the historic textiles. Henry Francis du Pont explained to the executors
and Winterthur directors (3):

As I have found that much damage is done by frequent
handling of the curtains and upholstery, I have had little cards
printed requesting visitors not to lean or put their hands on
any upholstered chair or on the curtains. One of these cards is
to be shown to each visitor, and should this request be
disregarded, the accompanying guide, who should always
carry one of these cards with him, should again show it to the
vil:itor. This applies to the Directors and distinguished guests,
also.

Mr. du Pont also forbade sitting on the sofas and chairs in the
collections (3). “As the years pass by and the old materials begin to wear
out, not only from the stretching, but also by use, I realize that the less
they are sat upon the better.” This rule applied to guests, museum
personnel, and even trustees. Certain rooms with more durable pieces
were designated sitting rooms for guests. Memorial Library was one
such room; however, even here restrictions were found (3). “I think it
would be wiser for the Directors [Trustees] to use the Memorial
Library . . . exclusively for sitting,” and Mr. du Pont added, “Please,
Directors, sit on the leather pieces and do not lean on the back of the
wing chairs.” Mr. du Pont also included specific instructions for those
staff members who moved upholstered furniture (3). They were not to
touch the fabric when moving the furniture about the museum and he
specified that the wing chairs must [always] be lifted by their legs.

When Winterthur was a private residence prior to 1951, many guests
were entertained on weekends at which times special bedspreads,
usually of modern fabrics, replaced the historic bedspreads. A delightful
story is told by John Sweeney, then Curator, of how Mr. du Pont
arranged to have a newly acquired antique bedspread placed on the bed
of Miss Mary Allis, a friend and an antiques dealer especially interested
in textiles. At dinner, Mr. du Pont asked Miss Mary Allis how she had spent
her afternoon. She replied cheerfully that she had had a lovely
nap. Henry Francis du Pont paled. Miss Mary Allis then added (4), “Oh,
don’t worry. I didn’t sleep on the bed. I took a pillow and slept in the
bath tub.”

The working operation of the museum was never intended to be
seen by the public. On Mondays the museum was closed and major
housekeeping tasks were done: floors were vacuumed, waxed, and
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polished; new furniture pieces were installed. On the other days of the
week half of the museum was opened for tours in the morning and the
other half was opened in the afternoon. The furniture in more than 195
rooms was dusted on a daily basis by women who quietly worked
through the rooms that were not “on tour”. Because each duster worked
the same two or three floors everyday, she came to know the locations
of important objects, according to Everett Boyce, Museum Buildings
Division Supervisor, and was able to spot any moved or missing
piece (5).

Henry Francis du Pont put a great deal of effort into positioning
each object, and in 1964 he wrote (3), “I expect the Director and
Associate Director and Curator of the Museum, in addition to their
conventional duties, to take personal charge of seeing that the furniture
and many small objects are kept in their right places and their right
angles.” When the museum opened in 1951, the task of keeping track of
the more than 30,000 museum objects on display was the responsibility
of all the offices: curatorial, registrar, housekeeping, and properties. To
help them in this task detailed records were made of every room (Figures 3
and 4). About this time Mr. du Pont wrote (3,6), “Leslie P. Potts [draftsman
and Farm Superintendent] is making a detailed drawing of each room
showing the location of each piece of furniture, ornament, etc. . . . I would
like him to continue making these drawings until every room has
been completed.”

In contrast to the fixed placement of furniture and other artifacts,
Mr. du Pont wanted the textiles, curtain sets, slipcovers, slip seats, bed
dressings, and rugs changed seasonally. He believed that the textile sets
needed to “rest” in storage for a period of time and had them stored in

Figure 3. The Baltimore Drawing Room’s window wall elevation as
executed by Leslie P. Potts, circa 1940. Courtesy, The Henry Francis du Pont
Winterthur Museum.
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Figure 4. The Baltimore Drawing Room’s fireplace wall elevation as
executed by Leslie P. Potts, circa 1940. Courtesy, The Henry Francis du Pont
Winterthur Museum.

darkness for the 9 months they were not on display (4). The rotation of sets
also provided an interesting change for visitors returning throughout the
year (5). Because Mr. du Pont selected the color and texture of the historic
fabrics “to coordinate [with] what was seen through the windows,”
everything had to knit together with the gardens, reflected George
Colman who was in charge of the textile changes in the early
years of the museum (1). Bright, cheerful, colored fabrics were used in
spring. In summer the colors were quieter and more subtle. The autumn
brought colors to match the brilliant fall foliage. In the winter the colors
of the fabrics became deeper and richer to contrast with the out-
doors (1) (Figures 5-9).

Although Mr. du Pont approached the selection of textiles “visually
and intuitively”, historical accuracy in curtain design was also very

* important to him (4). Mr. du Pont opined (3):

The curtains, upholstery, bed hangings and bedspreads at
Winterthur are in themselves a textile museum; and the way
the materials are draped, upholstered, etc., carries out the .
best tradition of a museum of decorative arts. Many, many
hours have been spent looking at paintings, engravings, and
books to find the correct models for the period of each room,
and their execution has taken countless hours of hand-sewing.
The accurate and minute details of the fringes, tape bindings,
tassels, etc., and the ingenuity in making much too short a
yardage go in a certain place, the infinite details of the so-
called tailoring of curtains and bed valances, have taken
endless hours [to execute].



Published on February 1, 1986 on http://pubs.acs.org | doi: 10.1021/ba-1986-0212.ch001

1.

FIKIORIS Conservation Principles of Henry Francis du Pont

Figure 5. The Baltimore Drawing Room, which was installed in 1930, circa
1962. Courtesy, The Henry Francis du Pont Winterthur Museum.

Figure 6. The Blackwell Parlor’s furnishing plans as executed by Leslie P.
Potts in 1943. Courtesy, The Henry Francis du Pont Winterthur Museum.
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Figure 7. The Blackwell Parlor, which  Figure8. The Port Royal Parlor’s textile

was installed in 1940, circa 1955. Cour-  plan as executed by Leslie P. Potts in

tesy, The Henry Francis du Pont  the 1940s. Courtesy, The Henry Francis
Winterthur Museum. du Pont Winterthur Museum.

Figure 9. The Port Royal Parlor, which was installed in 1930, showing the
winter textile change, circa 1965. Courtesy, The Henry Francis du Pont
Winterthur Museum.
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Because of the great amount of time and effort that went into
assembling the curtain and bed sets and because of the precious nature
of the fabrics, Mr. du Pont issued specific instructions on their care and
handling (3):

I want an expert workman to handle the draperies, as
they and the bed hangings have to be fastened onto their
respective cornices, etc. It is a man’s job, and as they are
priceless and have cost thousands of dollars to fashion and the
materials are unprocurable again, it would be poor economy
to have an inexperienced person handle them.

Careful records were kept concerning the scheduling of seasonal
changes. Colman worked with Mr. du Pont and his secretary, Ruth
McCollum, on a 223-page loose-leaf book entitled, “Winterthur Fabrics,
Bed Hangings, Curtains, Upholstery”, first written in 1946 and revised in
1952 (1). For each edition, 10 copies were individually typed; these were
distributed to the different museum offices (I). These change books
were organized by category and then by floors. Mr. du Pont explained

(3):

These lists give the correct descriptions of the window
curtains, bed hangings, etc., the rooms in which they belong,
and the months during which they are to be used in the
respective rooms. Each window curtain, bed hanging, bed-
spread, slipcover, chair seat, and rug has a linen label sewed
on it (or tacked on in the case of chair seats) giving the name
of the room and the months they are to be used therein.

The seasonal changes occurred in January, April, July, and October.
However, the textiles could not all be moved at once. Mr. du Pont
wrote (3):

I want to make it clear that as the materials are taken
down they must be dusted and put away with the greatest
care. In other words, I don’t want all the curtains, etc., taken
down in two or three rooms at the same time and dumped
somewhere while the other curtains, etc., in those rooms are
being put in place. Each room must be done separately, the
curtains, etc., dusted and put away and other curtains hung,
etc., before another room is started.

The storage of the seasonal change sets was an important part of the
behind-the-scene activities of Winterthur. Originally the curtains were
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stored on the ninth floor, suspended on brass rings from 15-ft wooden
poles, and the valances were draped over the rods protected with tissue
paper (1). The first curtain storage was constructed in 1948. Curtain storage
room II was completed in 1957. Bedspread storage and rug storage were
constructed in the mid-1960s. In addition, small bins were used to house
“every little scrap of material for . . . [each] room” because, as Mr. du
Pont explained in 1964 (3), “they are most useful for minor repairs.”
He also set aside “labeled rolls of fabrics and of chintz” and noted
(3), “these are for replacements in some of the rooms and are so marked
and others are [held] for the reupholstering of the furniture.”

Mr. du Pont’s concerns extended to the care of textiles during
storage (3): “Every April and October the materials in the room bins in
the bedspread room and those in the carpet room are to be dusted and
refolded, and all the bins are to be thoroughly cleaned. Also, the carpet
room and the curtain and bedspread rooms are to be thoroughly cleaned
and should be dusted once a month at least.” Moreover, “[t]he rug room,
bedspread room, and curtain room...are to be kept a uniform
moderate temperature both winter and summer, and the air is to be
filtered, cooled, etc., and the dirty filter cloth changed every day or so
as it is done now. . . . The rug, curtain, and bedspread rooms are not to
be shown to the average visitors.”

Establishing correct environmental conditions within the museum
and in storage became the paramount concern of Mr. du Pont, the
trustees, and the staff in the late 1950s and early 1960s. Charles Hummel,
now Deputy Director for Collections, recalls that Mr. du Pont became
aware of the importance of air conditioning by the mid-1950s (7). When
burgeoning costs dictated a scaling back of the South Wing addition
started in 1956, air conditioning was retained to protect the collection
objects (7).

The museum’s first official director, Charles F. Montgomery, was
faced with the construction of the new wing. He also had to stabilize the
environment and conditions in the existing nine-story museum building,
much of which was built below grade. Years later he recalled the events
and the problems of those years of construction (8):

[I]n 1957 . . . I awakened one night . . . thinking of the
responsibility that I as an individual and a director of the
museum had for taking care of these things . . . and asked
Mr. du Pont if he would be willing to go along with me
getting the best person I could get. . . . He said, ‘Sure’—he
was very good about this kind of thing. . .. So I wrote to
[Harold] Plenderleith. . . . Plenderleith . . . came in 1958.

Harold Plenderleith was director of the British Museum’s Research
Laboratory and was considered one of the foremost authorities on



Published on February 1, 1986 on http://pubs.acs.org | doi: 10.1021/ba-1986-0212.ch001

1. FIKIORIS  Conservation Principles of Henry Francis du Pont 13

conservation in the world. Shortly before Plenderleith’s visit, Mont-
gomery outlined what the museum expected him to achieve (9):

It is my hope that during your visit here you can go over
thoroughly our care, handling, and treatment of the objects in
our custody with a view to eliminating those practices which
are not best for the safest preservation and instituting new ones
wherever desirable. I know you will be outspoken and frank
in your observations. We feel that we have a great responsi-
bility to care for and preserve these collections. We want to
discharge this obligation in light of the best knowledge
available.

After the month-long summertime visit to Winterthur, Plenderleith
wrote his comprehensive report concerning the environmental condi-
tions of the museum, fire protection, and treatment recommendations
for textiles, leather bindings, Chinese lacquer on wood, painted gesso on
furniture, silver, and Sheffield plate (10). He had temperature and
humidity readings taken in 14 locations in both the museum and the
storage areas from July 14th through July 19th and compared them with
the daily logs and charts that recorded the high relative humidity in
Delaware’s summer heat. Plenderleith then made recommendations to
stabilize the temperature and humidity within the museum and textile
storage. As an outgrowth of Plenderleith’s visit, air conditioning of the
entire museum, not just the new addition, became a top priority at
Winterthur. The Design Division of the Engineering Department of the
E. I. du Pont de Nemours and Company produced a feasibility study in
1960, and construction work began the next year (11).

Progress was very slow. Mr. du Pont wistfully observed on February
29, 1964 (3), “I only hope I may live long enough to see the air cooling in
the museum completed.” Twenty months later he wrote (3):

The summer of 1965 will see the beginning of the end, in
1966, of the air cooling for the museum. It has been extremely
expensive and very trying and exhausting to move everything
out of one room, pack the very “holy” objects, and months
later to unpack them and put them where they were. It takes
tremendous care and patience, and [George] Colman and
now Everett [ Boyce] have done a wonderful job, and 1 shall
be always grateful.

The construction for the air-conditioning project started from the
basement of the building and worked up to the ninth floor in vertical
sections. Tunnels were dug from a massive air-conditioning unit dis-
creetly positioned on a hillside a hundred or so feet away. Scaffolds
were constructed on the outside of the building so workmen and their
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equipment would not interfere with the tours. The paneling was
removed in each room, and a false wall was installed to hide the work in
progress. The construction areas were sealed off to protect the collection
objects. Considerable care was taken in positioning the new vents,
for once the air conditioning was in operation, Mr. du Pont “did not
want to see tassels or curtains moving.” Furthermore, he wanted the
rooms to look exactly the same as they had before the air-conditioning
project began (I).

The problem of light damage to collection objects was also a special
concern of Mr. du Pont. Even when the du Pont family still lived in the
house, the shades were regularly pulled and the shutters were regularly
closed to prevent daylight and sun damage. When the museum opened,
Mr. du Pont specified that these procedures continue (3):

There are shades in most of the windows, and I want
these kept down both winter and summer when the sun is
shining in those particular rooms. When the museum is to be
shown, there is to be some [staff member] who is to pull up
all these shades before the visitors come. The shades are to be
rolled all the way to the top, and on no condition are they to
be seen. The rooms and halls that have the early morning sun
must have the shades pulled down the night before.

In addition, Mr. du Pont underwrote installation of the Pittsburgh
Plate Glass tinted Pennvernon Graylite storm windows to further protect
the rooms from light damage, and this installation became an added
bonus of the new air-conditioning system (4).

Mr. du Pont, in the early years of the museum’s existence, had an
aversion to lending any collection objects because he was concerned that
they could be lost or damaged. He also believed that loaned objects
would leave a visual gap that could not be readily filled. He wrote (3):

It is my wish that the lending of any portrait, mirror, or
piece of furniture, except a sidechair (not the sample chair),
for exhibition or other purposes be prohibited. Most museums
have articles in reserve to take the place of things temporarily
loaned, but this house is furnished as a house and lending of
anything will detract from its appearance as a whole, in-
asmuch as there is nothing in reserve to take the place of such
loaned article.

However, this policy was revised during Mr. du Pont’s lifetime at
the Board meeting in January 1957 and was recorded as follows (3):

After discussion, on motion, duly made and seconded,
the Board approved the lending to other museums some
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Winterthur Museum objects other than large pieces of furni-
ture, mirrors, and paintings, the Director of the Museum
being empowered to make the decision in the case of each
request as to what shall or shall not be loaned; requests for
large pieces of furniture, mirrors, and paintings shall be
referred to the Board in the event that requests are received
from some very special exhibition.

In the early years of the collection and museum, Mr. du Pont often
sent objects to private firms in New York for repair. A truck was
dispatched from Winterthur to deliver the objects and return them. But
after one of the trucks carrying a chandelier broke down on the
turnpike, Mr. du Pont became increasingly reluctant to risk sending
museum objects to New York (4, 5). In fact, he worried about having
furniture pieces transported to even another building on the estate for
conservation work (5). This concern laid the groundwork for incor-
porating the conservation laboratories into a new facility directly
connected to the museum building (4). The existing conservation staff
had expanded under the first two directors, Charles F. Montgomery
(1954-61) and Edgar P. Richardson (1961-66) (7). By the mid-1960s the
conservation section included two staff members in furniture conserva-
tion, two in textile conservation, one in paintings conservation, and one
in wood research. During these years, according to Hummel, a growing
awareness was seen in the country for the need to establish standards for
the conservation of decorative arts (7). Responding to this development,
the Winterthur staff asked the administration and Mr. du Pont to double
the size of the proposed new library building and thereby include two
and one-half floors of conservation laboratories to increase the museum’s
conservation capabilities (7). Mr. du Pont agreed. The Louise du Pont
Crowninshield Research Building was dedicated on May 12, 1969, just 1
month and 1 day after Mr. du Pont’s death (7). Plenderleith returned to
Winterthur to participate in the dedication and acknowledge Mr. du
Pont’s contribution to conservation. He began his address (12):

Ladies and Gentlemen: .

You have honored me by inviting me to join with you
today in celebrating a great event in the history of Winterthur.
I am delighted to be here again, after an absence of 10 years,
and to find myself among so many old friends at the
inauguration and the dedication of this fine, new, and
important research unit—The Louise du Pont Crowninshield
Research Building.

It is no feat of imagination to detect in this memorial and
achievement, for such indeed it must be considered, the
guiding hand of Mr. du Pont himself, for through the years he
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was steadfast in his love for the beauties of nature, the arts,
and science—a triumvirate; and this latest building is the
consummation of his dream to create a self-contained unit
worthy of all three.

The Louise du Pont Crowninshield Research Building was an
important indicator of Winterthur’s new direction (7). The museum
continued to give attention to care of the collection; however, the
research facility was also designed to support the establishment of a master’s
degree training program in art conservation (7). The first class of
conservation fellows in the Winterthur-University of Delaware Program
in the Conservation of Artistic and Historic Objects was accepted 5
years later in 1974.

Henry Francis du Pont in the last two decades of his life empha-
sized the expanding role of education at Winterthur Museum. He
revealed this evolution of thought in the 1962 interview with Phillips (2):

Our growing days have subsided now. It's never going to
be any bigger than this. Some say, “Oh, you’ll add on a good
many more rooms.” I say, “Never” because it’s enough now.
You can’t have everything in the world. Like flowers—you
know, there’s a limit to the number of flowers that you can
have in any one place. People say, “Oh, plant more
Azaleas”—well, you can’t do it. Probably we’ll find some
ways, but there’s a limit to what you can do. We're going to
do a lot in the future about education.

At that time the Winterthur Program in Early American Culture was
12 years old and had already developed an interdisciplinary approach to
the study of American civilization. Mr. du Pont continued (3):

I am so impressed by this opportunity for the fellows to
receive University and Museum training for an advanced
degree, that I really believe this phase of the Museum
program is quite as important as the Museum itself. Years
after all the books on the Museum have been written, I feel
that the training and education of these young people at
Winterthur will make the Museum a living force through
the age.

During the 1960s only a few rooms were added, but much more was
done in the realm of education. Indeed within a dozen years, the
museum’s conservation facilities and new conservation training program
were established at Winterthur. These are the legacy of Mr. du Pont’s
vision.
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Physical age characterization using microscopic measurements of
tensile creep was investigated as a means of determining the
chronological age of short lengths of single textile fibers. An
apparatus was constructed to study changes in the creep behavior
resulting from physical aging of six cellulosic fiber types. Ex-
ponential functions were used to describe relationships between
the physical age and changes in creep of each fiber type. These
functions may be used to calculate the physical age of a textile
from creep measurements of a single fiber. In favorable cir-
cumstances, a textile’s physical age may be approximately
equated to its chronological age, so the technique described may
be used to provide an estimate of the chronological age of textiles
of unknown origin.

Physical Aging

The chronological age of a material is considered to be the time elapsed
since the material originated. On the other hand, the physical age of a
material is viewed differently, that is, as the time elapsed (or storage
time) since the glass transition temperature, T,, of the material was last
exceeded. The glass transition is considered to be the upper temperature
limit, and the next lower thermal transition, T}, is considered to be the
lower temperature limit for rapid physical aging. Thus, physical aging is
a general phenomenon that occurs universally in the glassy state,
irrespective of the chemical nature of polymers. Struik (1) demonstrated
that physical aging occurs in similar ways in a large variety of
amorphous polymers. He found that aging rates were roughly the same
for all samples aged at temperatures between T, and T, aging rates
were slow at temperatures below T, and aging was “erased” at
temperatures above T,.
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Physical aging in glassy polymers has long been a subject of
research interest. In thermodynamic terms, physical aging refers to the
process occurring when quenched polymeric glasses gradually approach
an equilibrium state from a nonequilibrium state with a concurrent loss
of volume and enthalpy. The aging process is presumed to occur by an
ordering of disordered domains (2, 3). Physical aging has been studied
in terms of decreases in free volume, heat content, and molecular
mobility, and with azochromophoric labels (1, 4).

Various views of physical aging on the molecular level have been
offered. Struik explained the glassy state as a nonequilibrium state
engaged in many dynamic processes (5). He used free-volume theory to
conclude that, at a constant temperature, physical aging persists for
thousands or millions of years at a constant rate, except at temperatures
close to T,. Struik claimed that the thermodynamic and kinetic trans-
formations associated with physical aging occur because overall disorder
in the noncrystalline matrix of a polymer is being reduced. Experimental
verification that the crystalline matrix of polymer materials remains
unchanged during physical aging has been obtained (6). However, in a
recent study (7), the X-ray orientation of cotton fibers aged to about 900
years was found to decrease. Although it was not known whether the
cause of this decrease was physical or chemical, the results suggest that
crystalline regions of polymer materials may be affected by physical
aging.

According to another view, physical aging is related to the fraction
of high-mobility polymer segments in regions of large free volume
produced by thermal fluctuations (4). Fast kinetic processes are thought
to decrease with increased aging time in the glassy state at approxi-
mately the same time scale as enthalpy relaxation. The aging rate of a
material is not expected to be constant as it is in Struik’s view because
enthalpy relaxation changes exponentially with increasing aging time.
Robertson’s (8) molecular theory of aging based on rotation around
short segments of polymer chains also supported a nonconstant aging
rate. He suggested that polymers undergo an initial fast volume
relaxation, which may be due to molecular rearrangements in regions of
particularly high free volume produced by thermal fluctuations. Further
evidence of a nonconstant aging rate is that the X-ray orientation angle
of cotton fibers aged to about 900 years decreased exponentially rather
than linearly (7).

Changes in properties of materials during aging form the crux of
much research. Changes in thermal and mechanical properties are the
most commonly used parameters in studying aging because they are
easily detectable. For example, Struik (I) studied the effect of physical
aging on torsional and tensile creep compliance of about 40 totally
amorphous materials, Chapman (9) examined the effect of physical
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aging on stress relaxation of keratin fibers, and other researchers (6, 10)
studied changes in the creep behavior of polypropylene and sulfonated
polystyrene samples.

In Struik’s extensive study of the physical aging of totally amorphous
polymer materials, he clearly demonstrated that thermoreversibility of
aging results simply from heating the sample to above T, where thermal
equilibrium is reached (I1). Upon exceeding T, the sample “forgets” its
history and any previous aging it may have undergone below its T,.
Thus, the upper temperature limit of aging is realized at the T,, and
erasure of previous aging also occurs at this temperature. When the
temperature is again decreased to below the T,, the clock is “rewound”
and aging begins anew.

The general temperature dependence of physical aging of
amorphous polymers is illustrated in Figure 1 and may be summarized
as follows: At 0 K, aging does not occur because molecular motion does
not exist and rearrangement of molecules necessarily is precluded. With
increasing temperature, the rate of aging presumably increases very
slowly as molecular motions allowing molecular rearrangements to occur
are activated. When T is reached, molecular motions that are especially
effective in reducing free volume are activated, so the rate of aging
increases substantially as structural rearrangements occur. Because
molecular mobility remains approximately constant from Tj to T, the
rate of aging also remains approximately constant. Major segmental
motions allowing thermodynamic equilibrium to be reached are induced
at T, so the rate of aging quickly decreases to 0 as T, is attained. Thus,

Aging

Rate

To Tg

Temperature

Figure 1. The temperature dependence of physical aging.
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physical aging is like most physical phenomena in that it is temperature
dependent but the rate of aging remains approximately constant
between Tg and T,.

Effect of Sample Morphology on Physical Aging

Polymeric materials whose physical aging has been studied by tensile
creep are mostly unoriented and amorphous. Most textile materials, on
the other hand, are oriented and semicrystalline, and the effect of
sample morphology on physical aging has not been elucidated. Struik
(1) hypothesized that the presence of orientation and crystallinity in a
sample causes a local decrease in the segmental mobility of the
noncrystalline matrix and has the effect of broadening the T, range
within the polymer sample. This hypothesis leads to the conclusion that
the presence of orientation and crystallinity will modify the temperature
range but not the rate of aging.

Struik performed a limited number of creep measurements on
semicrystalline polymers. The physical aging rate observed was the same
as that of totally amorphous polymers. This work was viewed as
experimental verification of his hypothetical expectation that the pres-
ence of orientation or crystallinity would not modify the rate of aging.
Consequently, results obtained from studying totally amorphous poly-
mers have been generalized to include all polymer materials, regardless
of their morphological structure. However, the influence of sample
morphology on physical aging has not been studied enough to ade-
quately test this hypothesis.

Some evidence indicates that the generalization of aging concepts
derived for wholly amorphous samples may not be completely valid.
For example, other studies found that semicrystalline polymers age at
temperatures above their T, (11, 12). Because totally amorphous
materials clearly do not exibit this behavior, it might be concluded that
physical aging is affected by sample morphology. In addition, evidence
suggests that crystallinity has a long-term effect on the free volume and
mobility of amorphous domains. Consequently, the presence of crys-
tallinity might be expected to alter the rate of aging.

Textile Fiber Creep

Creep is a measure of sample length as a function of time when the
sample is subjected to a constant load. Normally, creep curves are
obtained by plotting data in terms of sample length, strain, or com-
pliance versus log (time), as illustrated in Figure 2. The basic nature of
creep curves is explained at the molecular level as a distortion of bond
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Strain

Log (Creep Time)

Figure 2. Creep curve.

angles and bond lengths for short creep times and as a reorientation of
chain segments at longer times.

Researchers have examined the creep and creep recovery of textile
fibers extensively (13-21). For example, Hunt and Darlington (16, 17)
studied the effects of temperature, humidity, and previous thermal his-
tory on the creep properties of Nylon 6,6. They were able to explain the
shift in creep curves with changes in temperature and humidity. Lead-
erman (19) studied the time dependence of creep at different tempera-
tures and humidities. Shifts in creep curves due to changes in tempera-
ture and humidity were explained with simple equations and convenient
shift factors. Morton and Hearle (21) also examined the dependence of
fiber creep on temperature and humidity. Meredith (20) studied many
mechanical properties, including creep of several generic fiber types.
Phenomenological theory of linear viscoelasticity of semicrystalline
polymers has been tested with creep measurements performed on textile
fibers (18). From these works one can readily appreciate that creep
behavior is affected by many factors on both practical and theoretical
levels.
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General Method

A continual change in the structure and properties of materials accom-
panies increasing aging times at temperatures between T and T,. Con-
sequently, mechanical properties may be used as a gauge for the
measurement of physical aging. Although numerous mechanical prop-
erties are altered during aging, we chose to employ single-fiber tensile
creep as a measure of physical aging in this research. Differences in
creep behavior before and after erasure of the physical aging of a
sample provided the basis for computing the age of the samples.

The purpose of this study was to develop a microtechnique for
measuring creep of short lengths of single fibers and to use this
technique to study physical aging of fibers in the cellulosic generic class.
The accomplishment of this objective involved constructing a suitable
apparatus and measuring the aging rate of six types of cellulosic fibers at
three temperatures. In addition, measurements of density and bire-
fringence allowed the effects of crystallinity and orientation on aging to
be estimated. Finally, the possibility of using physical aging information
to estimate the chronological age of textile fibers from a few days to a
few thousand years was evaluated. A single-fiber aging technique would
be applicable to most textiles and might offer a practical way to
estimate the chronological age of textiles, especially if they have been
subjected to relatively constant conditions of temperature and humidity
over long periods of time. These conditions may be found in tombs,
burials, or sunken ships. Because the T, of cellulose is estimated to be
around 230 °C and the secondary transition is estimated to be near room
temperature (22), the use of this technique to estimate the chronological
age of cellulosic textiles in many applications seemed promising.

The procedure used in this experiment to determine the physical
aging rate is empirical and has been defined by Struik (I). It requires
plotting creep curves consisting of strain versus log(creep time) for
different aging times, determining their horizontal shifts from the plots
in units of log(creep time) with respect to a reference sample having a
small age, plotting values of their shift versus physical age, and
calculating their aging rates from the plots of shift values versus physical
age in terms of shift per unit of physical age. Figure 3 illustrates creep
curves of a sample at three different physical ages in plots of strain
versus log(creep time). A specimen having a physical age of 0.5 days is
used as the reference for two samples having ages of 10 and 100 days in
this figure. The creep curve shifts Alog(a;) and Alog(a;) are determined
at one particular strain value by finding the differences between values
of log(creep time) for the reference specimen and the 10- and 100-day-
old samples, respectively. As this figure shows, the increasing physical
age of a specimen increases horizontal shifting of its creep curve. Fig-
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Figure 3. The effect of aging on fiber creep.

ure 4 illustrates a plot of shift versus physical age for which values of shift
for different physical age times are obtained from plots such as Figure 3.
This figure graphically provides a measure of aging rate over the
physical age range plotted. Aging rate is defined mathematically as
follows:

m = —[d log(a)]/[d log(t.)] (1)

where m is the aging rate, d log(a) is the creep curve shift with re-
spect to the horizontal axis d log(a) = Alog(a) = log(creep time);
—[log(creep time).], and d log(t.) is the sample age with respect to a
reference age [d log(t.) =Alog(t.) = log(age time); — log(age time)_,].
The direction in which creep properties are affected assumes a negative
value for shifts to the right and thereby implies that longer aging times
subsequently result in further changes in mechanical properties. Changes
in mechanical properties are proportional to aging time. The propor-
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Figure 4. The effect of age on creep shift.

tionality constant is m, which can be calculated if the aging times and
creep times are known.

To calculate the physical age of a fiber of unknown age after a plot
similar to Figure 4 has been prepared from similar samples of known
physical ages, the following steps must be performed: The creep curve
of the unknown fiber must be measured and plotted as in Figure 3, the
fiber must be subjected to a temperature above its T, and then
conditioned (aged) for a short time at the same temperature used in
measuring its previous creep, and then the creep of the fiber must be
remeasured and plotted as a reference curve. This plot provides a graph
similar to Figure 3 containing one curve of the fiber of unknown age
along with a reference curve of the same fiber of known age. From
these curves the horizontal shift resulting from the physical age
difference of the two states of the sample can be determined. The value
of this shift is calculated and then placed on a plot such as Figure 4 to
find the physical age.

Limitations of the Method

In considering creep behavior as a measure of physical or chronological
age, one finds that the measurement is not simple and is affected by
many factors. A rather complex interrelationship exists among the strain
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rate, strain temperature along with its relation to T,, applied stress field
with effects of hydrostatic pressure such as that from humidity, changes
in chemical constitution such as that accompanying photochemical
degradation, thermal history, loading history as described by Boltz
mann’s superposition principle, and molecular features of the fiber
samples. For reasons of simplicity, many of these factors have been
assumed to be constant throughout the course of this study.

The presence of thermal transitions occurring above T, may result
in incomplete erasing of former aging when samples are subjected to T,
(11, 12). Amorphous polymers are known to exhibit damping transitions
that occur at temperatures substantially above their T,. By subjecting the
fiber samples to their T, to erase previous aging, transitions occurring
above the T, are assumed to not affect physical aging. In reality, the
effect of these transitions on aging is not known. If this problem were to
be circumvented by selecting a temperature for erasure of aging well
above T, to exceed other possible transitions, melting of small crystals
and reformation of new ones might result. These transformations are
bound to alter the structure and, consequently, the mechanical prop-
erties of the sample, so comparisons of creep before and after erasure
of aging would be invalid. A convenient solution to this problem is to
temporarily plasticize polymers during aging erasure. Plasticizers have
the effect of lowering the T, without penetrating crystallites, so thermal
erasure of aging may be performed at a lower temperature. To illustrate
the magnitude of this effect, one only has to consider that the T, of dry
silk is about 197 °C, whereas the T, of wet silk is depressed by the
plasticizer action of water to about 30 °C (23). In a study taking
advantage of this phenomenon, researchers erased aging of keratin
fibers simply by immersing the sample in water at room temperature
(24). We adopted a similar procedure in this study. However, we used a
temperature slightly elevated above room temperature to ensure the
erasure of aging. This temperature was determined from calculations of
plasticizer-based T, depression using the theories of Fusek (23) and
Wortmann et al. (25).

Mechanical treatment has been found to accelerate the rate of
physical aging (26). Researchers have shown that aging is accelerated in
both tension and compression, enhanced aging varies with the square of
the stress in a creep test and the square of strain in relaxation tests, and
enhanced aging persists to zero stress or strain. The effect on aging of
stress level during creep measurements has been specifically studied,
and a shift in the logarithmic creep times has been shown to result from
stress differences (1). However, variations due to this change may be
reduced to an insignificant level by keeping the stress level low and
nearly constant for all fiber samples examined in a study. In addition,
creep times usually are small compared to their corresponding aging
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times, and the effect of mechanical treatment during creep measurement
is negligible.

One might anticipate that, in favorable circumstances, the physical
age determined by this procedure would equal the chronological age of
the sample, that is, the time elapsed since the textile originated would
equal the time elapsed since the T, of the sample was exceeded.
However, in determining the physical age of fibers and claiming their
chronological age to be the same, one must assume that the fibers have
been subjected to a fairly constant temperature between T and T, and
that no other conditions have erased their physical aging.

Several problems might limit this use. For example, small molecules
are known to act as plasticizers and change thermal transition tempera-
tures and mechanical properties of the fibers. Consequently, one would
expect small molecules to affect physical aging. For example, water in
the atmosphere may act as a plasticizer for a hydrophilic polymer, lower
the T,, and thus change its aging rate. These effects may occur in a
variety of processes, including laundering, weathering, storage, or use.
Because the presence of plasticizers effectively lowers the T, of poly-
mers, humidity variation during aging of cellulosic materials constitutes
a possible source of error in chronological age determinations from
physical age data. The effect of this source of error on practical deter-
minations of chronological age has not been determined. However, one
would expect that depression of the T, would not have a major effect on
aging rates as long as the ambient temperature was not near T, or Tj.
Meredith (20) considered the effects of humidity on the creep of rayon.
At relative humidities of less than 40%, the amount of creep was not
found to vary considerably for cellulosic fibers. In this study, all tests
conducted at the various reference temperatures were subjected to
approximately the same humidity level.

Temperature variation during the period of aging occurs in almost
all practical circumstances and would be expected to affect the rate of
aging. The effect of this source of error on chronological age determina-
tions has not been determined. The rate of aging is assumed to be fairly
constant throughout the broad temperature range extending from T} to
T,, as illustrated in Figure 1. Consequently, temperature variations in
this range are not expected to affect the aging rate in a major way. This
study included measurements of the temperature dependence of aging
to assess this expectation.

Experimental

Large specimens of amorphous polymers that can be subjected to large loads
and can produce large displacements in creep generally have been the subject in
creep studies of physical aging. Electronic sensing of displacements with
sensitive oscillators and amplifiers have been employed in measuring displace-
ments when loads of 1-50 kg were applied.
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Small fiber samples with lengths ranging from 2 to 5 cm were tested in this
study. All lengths were measured microscopically by using a 7X macroscopic
objective on a projecting microscope with no ocular and an eyepiece
micrometer. This method of measurement allowed length changes of the order
of 10 um to be detected. Strain was determined by measuring grip displace-
ment. Initial length measurements were determined by extrapolating creep for
short times to zero time to circumvent instantaneous creep. A stopwatch with
precision to 0.01 s was used to measure creep time. The source and chronologi-
cal age of fiber specimens tested in this study are listed in Table L.

The apparatus that was constructed and used is illustrated in Figure 5. The
dimensions of the box were 18 X 12 X 10 cm. The chamber was built with walls

Table I. Description of Fiber Specimens Tested

Chronological
Fiber Type Source Age (years)
Cotton USDA raw cotton 47
Cotton Peruvian rug 400
Flax KSU 68
Flax KSU 29
Viscose rayon KSU 29
High-wet-modulus rayon KSU 24
Cuprammonium rayon KSU 24
Acetate KSU 29

NoTE: KSU denotes Kansas State University.

Figure 5. Apparatus elevation: A, microscope objective; B, bar support; C,

magnetic clamp; D, platform; E, pulley; F, fiber tested; G, glass fiber; H,

heater; I, walls; ], optical fiber; K, lever; L, load; and M, magnetic
coupling.
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made of 1.6-cm thick foam insulation board and sealed on the edges with
aluminum adhesive tape. The chamber contained horizontal aluminum bar
supports running across the sides that helped support the fiber mounting
platform and a 50-ohm electric heater placed at the bottom of the fiber platform
to provide operating temperatures ranging from room temperature to 150 °C.
The platform was aluminum, its dimensions were 8 X 2 X 0.5 cm, and it was
milled to a smooth and low-friction surface. A thermometer was introduced
from the top to monitor temperature. Except for creep measurements at room
temperature, the temperature inside the chamber was controlled with a 120-V
variable transformer correct to +2 °C. During testing, one end of a fiber was
secured by a pair of hinged magnetic clamps fixed at one end of the sample
platform, which was positioned in the focal plane of the microscope objective.
Another magnetic piece formed a union between the other fiber end and a glass
fiber coupling that passed over a pulley and supported loads of about 0.5 g. A
mechanical lever was incorporated so the load could be applied and removed
from the fiber without opening the sample chamber. The loads resulted in creep

.of the cellulosic fiber samples but caused no creep in the other components of

the apparatus. The combined frictional drag of the pulley and magnet was
0.110 g. An optical fiber was inserted through the box to illuminate the fiber for
length measurements.

The following steps were used in determining the aging rate of each of the
six fiber types at three different temperatures: Four specimens of each fiber type
were teased from yarns of the textiles of known chronological ages. Three of the
specimens were erased of previous aging by immersion in warm water: The
temperature of the water was 40 °C for acetate fibers; 50 °C for viscose rayon,
high-wet-modulus rayon, and cuprammonium rayon; and 60 °C for cotton and
flax. Each of the treated specimens was conditioned (aged) at 25 °C with 65% rh, and
50 and 75 °C with the same absolute rh for an aging period of approximately 48 h.
Each of the conditioned specimens was subjected to a creep test at the same
temperature at which it was aged. Time intervals for every 0.0014-cm creep were
recorded until a maximum creep time of 10? s was reached. The specimens were
relaxed overnight and again erased of their prior aging by immersion in warm
water. Each of the three specimens was subsequently aged and relaxed again for
approximately 72 h and then 96 h at the same aging temperatures used for the 48-h
aging, and creep data again were collected.

The fourth specimen from each of the fiber types remaining from this
procedure was subjected to a creep test at 25 °C without erasure of its age to a
strain level identical to that reached by the other specimens. The fiber then was
erased of its aging, subsequently aged for 48 h, and then subjected to another
creep test.

Birefringence measurements were obtained by the Becke line method, and
density measurements were obtained by the sink-float method (26).

Results

Increasingly large shifts in creep of samples with increasingly greater
physical ages were observed for all samples as expected. An example of
this shifting behavior is provided in Figure 6, which shows creep curves
for cotton fibers tested at 25 °C and physically aged for short times of
approximately 2, 3, and 4 d. All other fiber types exhibited analogous creep
shifting. Shifts were determined by measuring the horizontal separation
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Figure 6. Cotton creep curves, short age times. Age (hours): O, 28; A, 49;
and >, 105.

of the creep curves in log(creep time) units at five different places and
then calculating an average value.

Figure 7 shows the creep curve of a cotton fiber sample having.a
chronological age of about 400 years. The creep curve of the same fiber
after erasure of aging and conditioning for 34 h also is plotted on the graph.
As expected, a large shift in the creep curve is observed. However, when
these data points are plotted as shift versus age time as in Figure 8, non-
linear behavior becomes apparent at long aging times. Aging rates increase
linearly with increasing aging times to several days but then change at
an increasingly slower rate. The general form of this behavior is one
of an exponentially decaying function.

A function of the following form was fitted to the aging rate data to
describe this behavior:

¥i=A [1 - exp(— x/C)] (2)
where y; is the shift [y; = —Alog(a) = log(creep time); — log(creep

time).], x; is the age time [x; = Alog(t.) = log(age time); — log(age
time)r], A is a constant corresponding to the asymptotic value of the
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Figure 7. Cotton creep curves, short and long age times. Age (years): O,
0.004; and >, 400.

shift, and C is a constant corresponding to the relative aging rate at short
aging times.

The constants A and C were computed for each of the fiber types
by using a least squares curve fit. These values are presented in Table II.
By substituting values for x;, y;, and the constants A and C, plots
describing aging rates over a few thousand years can be obtained for
each fiber type. Figure 8 is an example of this plot for cotton. Data
points actually measured, as well as the fitted function, are included in
this figure. Another example of this plot is provided in Figure 9 for flax.

As discussed earlier, previous studies predicted and observed linear
behavior in all samples regardless of sample age or morphology (I).
Nonlinear behavior was not predicted under any circumstances. How-
ever, another study indicates that an exponential function such as
Equation 2 is applicable to the change in heat content and mobility in
polymers with increasing aging time (4). Because physical aging occurs
with a decrease in heat content and molecular mobility in the polymer,
an exponential rather than a linear decay in creep with increasing age
might be expected. Apparently, the nonlinear behavior observed here
results from the effects of sample morphology. The general effect of
orientation and crystallinity is to decrease enthalpy and molecular
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Figure 8. Aging of cotton: —, fitted curve; and X, data measured.

Table II. Values of Constants A and C

Fiber Type A C
Cotton 1.21 0.82
Flax 1.22 1.66
Viscose rayon 1.14 0.99
High-wet-modulus rayon 1.06 1.05
Cuprammonium rayon 1.10 0.69
Acetate 1.08 0.54

mobility so that the initial linear portion of the exponential curve is
shortened and curvature is observed at earlier ages than with totally
amorphous samples. These effects have not been thoroughly investigated,
however.

Measurements of optical birefringence and density were obtained in
an attempt to determine if total polymer orientation and the amount of
fiber crystallinity would correlate with aging behavior. These values are
presented in Table III. Because the secondary wall of cotton comprises
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Figure 9. Aging of flax: —, fitted curve; and X, data measured.

Table III. Birefringence and Density

Fiber Type Birefringence Density (g/cm?)
Cotton 0.028 1.485
Flax 0.060 1.500
Viscose rayon 0.028 1471
High-wet-modulus rayon 0.030 1.473
Cuprammonium rayon 0.029 1.481
Acetate 0.003 —

the bulk of the fiber and the Becke line method used in this study primarily
provides a measure of the fiber cuticle or primary wall, use of a
birefringence value of the fiber secondary wall obtained by interference
microscopy was more reasonable (27). The linear correlation coefficients
for birefringence are 0.03 versus constant A and 0.86 versus constant C,
and those for density are 0.64 versus constant A and 0.12 versus constant
C. The density of acetate is omitted from this correlation because it
would not reflect fiber crystallinity in the same way as it would for other
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fiber types. A fairly strong correlation (r = 0.86) exists between
birefringence and the constant C, although no correlation is found
between birefringence and the constant A. This finding suggests that
aging is somehow dependent on polymer orientation. A moderate
correlation (r = 0.64) appears to be present between density and the
value of A, although no correlation exists between density and C. This
result suggests that aging also is somehow dependent on the amount of
crystallinity present in a fiber. However, more data are required to
substantiate this hypothesis.

Although some of the experimental results from this study are
consistent with the theoretically expected temperature dependence
(Figure 1), some disagreement was found. Each of the fiber types
exhibited a creep dependence on temperature. The absolute values of
creep for each fiber type increased for the same stress at increased
temperatures. This result is illustrated for cotton at short aging times in
Figure 10. Table IV summarizes aging rates at short aging times for each
fiber type at 25, 50, and 75 °C.

Cotton exhibited a consistent aging rate of nearly unity at 25 and
50°C. At 75°C, the rate of aging dropped to 0.82. This result indicates that

.50
Shift
(-Alog a) A »
.25
(-]
0
1.0 1.5 20

Age (Alog te)

Figure 10. Temperature dependence of cotton aging. Temperature (°C):
A, 25; », 50; and O, 75.
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Table IV. Temperature Dependence on Aging Rate

Aging Rates

Fiber Type 25°C 50 °C 75°C
Cotton 1.04 1.03 0.82
Flax 0.66 041 —
Viscose rayon 0.87 0.64 0.58
High-wet-modulus rayon 0.82 0.70 0.68
Cuprammonium rayon 111 0.56 —
Acetate 1.06 048 0.21

cotton is well between T and T, at 25 and 50 °C but is nearer to T, at
75 °C.

The aging rate of flax decreased from a value of 0.66 at 25 °C to a
value of 0.41 at 50 °C. Flax could not be tested at 75 °C because fiber
slippage between the clamps could not be eliminated. However, the
nonunity and decreasing aging rate values suggest that T, is being more
closely approached than it is with cotton.

Viscose rayon exhibited an aging rate broadly decreasing from 25 to
75 °C. However, the aging rate is expected to be approximately constant
at temperatures between T and T as illustrated in Figure 1. In addition,
aging rates previously measured for a wide variety of amorphous
polymers (1) indicated that the rate of aging for most materials is
expected to be approximately equal to unity. This broad decrease in
aging rate is not consistent with the abrupt decrease expected theoreti-
cally from Figure 1. One explanation for this behavior might be that the
presence of orientation and crystallinity has broadened the T, range as
predicted (1) so that fewer amorphous microdomains are below their T,
at progressively higher temperatures. This situation would have the
apparent effect of decreasing the aging rate at higher temperatures
because fewer microdomains participate in aging. More study of this
phenomenon is required, however.

The aging rate of high-wet-modulus rayon was fairly constant at all
three testing temperatures. This behavior suggests that the testing
temperatures lie in the plateau region of aging illustrated in Figure 1 in
which the aging rate is constant and the testing temperatures are not
near T or T,.

The aging rate of cuprammonium rayon dropped rapidly from 1.11
at 25 °C to 0.56 at 50 °C. At 75 °C the fiber exhibited irregular changes
accompanying shrinkage during creep erasure. Consequently, a proper
aging rate value could not be determined because irreversible structural
changes accompany shrinkage. The rapid decrease in aging rate indicated
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that cuprammonium rayon is approaching its T,. Because the lower
temperature limit of shrinkage is T,, the presence of shrinkage at 75 °C
also supports this conclusion. These data indicate that cuprammonium
rayon has the lowest T, among the fibers examined in this study, lying
somewhere between 50 and 75 °C.

Acetate showed a decline in aging rate from a value nearly equal to
unity at 25 °C to 0.21 at 75 °C. This finding suggests that acetate has a T,
near but greater than 75 °C. The T, of acetate has been reported to be
84 °C when conditioned at 65% rh and 70 °F (23). However, the broadness
of the aging rate decline is inconsistent with expectations associated with
Figure 1 as in the case of viscose rayon.

The accuracy and the range of ages obtainable using this method
need to be estimated to determine the value of this technique for
chronological dating. The lower limit for the age of a sample is set by
the requirement that the creep test time be short compared to the
sample age. The tests conducted in this study indicate that aging times
of 24 h are a practical minimum.

The accuracy of the method depends on the accuracy with which
the shift and the slope of the curve can be established. A given
uncertainty in the shift will result in a larger error in age as the slope
decreases. This relationship can be stated mathematically as follows:

Aage = (1/S) X Ashift (3)

where S is the slope of the curve, Ashift is the uncertainty associated
with the shift, and Aage is the resulting uncertainty associated with the
age. The slope approaches zero as the aging time increases because of
the asymptotic nature of the curve. In this case, even a small uncertainty
in the shift can cause an error of several orders of magnitude in aging
time. The upper limit for sample age then depends upon the slope, the
accuracy with which the shift can be determined, and the degree of
accuracy required in the dating.

A blind test was conducted with a cotton sample 814 days old. A
single creep test was performed and the age was estimated. The result
achieved was an estimated age of 214 days. This result seems to indicate
a rather large error. However, when the datum is plotted, the point is
not very far from the curve. In fact, it is quite consistent with the trend
set by the data for 47- and 400-year-old samples and suggests that the
curve rather than the 814-day datum is incorrect. In view of the limited
number of calibration points used to fit the curves, this explanation
seems plausible. Consequently, the curve in Figure 8§ represents a curve
fitted to all cotton specimens measured, including the 814-day specimen.
The fitted equations presented here should be used only to evaluate the
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method and not for dating purposes. Considerably more data will be
required to accurately define the equations well enough for use in dating
textiles.

Conclusive determinations of accuracy and upper age limits cannot
be done until more extensive data are available. However, some rough
estimates can be made for cotton from the data presented here. The
consistency of the trend for the 814-day-old, 47-year-old, and 400-year-
old samples indicates that the shifts should be quite consistent from one
sample to the next. It is reasonable that these shifts will be repeatable to
within +0.01. The slopes for the aging curve can be estimated from a
curve drawn through the data, including the blind test datum. The
resulting uncertainty in the age determination can then be estimated.
The results are shown in Table V. This table indicates that the method

Table V. Calculated Accuracy Associated with Chronological
Age Determinations of Cotton Fibers

Range in
Age Alog(te)® Slope Alog(age) Age Estimate
100 hours 0.55 1.40 0.007 98-102 hours
100 days 1.93 0.18 0.056 88-114 days
10 years 3.50 0.050 0.20 6.3-15.8 years
100 years 4.50 0.039 0.26 59-181 years
1000 years 5.50 0.028 0.36 430-2280 years

“Values are based on a reference age time of 28 h.

should have very good accuracy for fibers having short age times (up to
about 1 year) and should provide reasonable discrimination up to several
hundred years. For ages greater than this, the method used as described
probably will not provide good discrimination, although it still can
differentiate between very old and relatively new fibers. However, these
conclusions apply only to cotton. Other fibers may have different useful
age ranges. For example, the data in Figure 9 indicate that flax would
exhibit a much more useful range for age determinations because the
asymptotic value is reached considerably more slowly than it is for
cotton.
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Evaluation of Degradation in Museum
Textiles Using Property Kinetics

Jeanette M. Cardamone and Peter Brown

Department of Textiles and Clothing, The Ohio State University, Columbus,
OH 43210

Methodology was developed to estimate the extent of degrada-
tion of historic cotton cloth in terms of “time left” as a viable
museum artifact under 50-lux tungsten illumination and 55% rh. A
master plot of yarn tensile strength versus half-life was derived
from aging contemporary cloth at 190, 160, 130, and 100 °C and
by using property kinetics and the Arrhenius equation. The
presence of light increased the first-order rate constant by 1.9
and decreased the half-life by 55.5%. The activation energy for the
20 °C degradation rate was 23,486 + 1312 cal/mol. The half-life
plot used comparatively with various historic cotton textiles may
provide evaluation of treatments such as consolidation, deacidifi-
cation, or reduction for effectiveness in conserving the textile and
thus in changing time left. Degradation profiles of the yellowness
index, oxygen uptake, and weight loss were studied.

MUSEUM TEXTILES PROVIDE PRICELESS DOCUMENTATION of the
activities of humans throughout time. They record human interests
throughout the ages and serve as invaluable resources for students of
many disciplines including anthropology, archaeology, art history, soci-
ology, psychology, architecture, interior design, textile technology, and
textile science.

Museum textiles are subject to degradation during storage, on dis-
play, or during refurbishing treatments such as cleaning. Textile con-
servators in the practice of preserving collections may question whether
a prescribed treatment slows degradation, stabilizes or alters the
condition of the textile, and causes dramatic future changes.

Critical decisions are often made on the basis of subjective
observations of each piece coupled with curatorial “experience” with
similar pieces. Conservators who embark occasionally on restorative
treatments such as fabric consolidation designed to reverse the symptoms
of degradation have begun to address the causes and to consider the

0065-2393/86/0212-0041$09.75/0
© 1986 American Chemical Society
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future fundamental effects of such restoration. Because decisions regard-
ing cleaning and other preservation-restoration procedures often involve
a high risk of permanent damage, the need to establish systematic and
objective methodology and procedures for the care of textiles is widely
recognized.

Research Objectives

The overall objective of this research was to develop a methodology
using property kinetics, the Arrhenius rate expression, and half-life to
estimate the extent of degradation of contemporary cotton fabric. The
ultimate objective was to apply this methodology to historic cotton
fabric for the following purposes: (1) to estimate the extent of
degradation, (2) to evaluate the time left as a viable museum artifact
(the time left is the difference between the measured strength of a
sample and that of a reference sample whose strength is negligible), (3)
to evaluate the appropriateness and effectiveness of a treatment insofar
as the time left is altered, and (4) to predict future effects of a treatment
designed to slow, stop, or reverse degradation.

Artificial aging experiments on contemporary cotton fabric at 190,
160, 130, and 100 °C when carried out in air under 50-lux tungsten
illumination and darkness may lead to the estimation of the extent of
degradation and the time left when an end point for degradation is
assumed. When half-life values are estimated for 20 °C, they could be
used in conjunction with appropriate physical values for a historic fabric
to provide an estimate of the useful life of that piece should it be sub-
jected to any predictable regimen. The aim of this research is to provide
objective methodology to evaluate the benefit of practices such as
enhanced storage or modified display. This methodology is designed to
predict the real effect of a given treatment, such as washing, more accu-
rately than subjective evaluation based on the visually apparent effects.

Another objective is to study changes in the degradation effects, the
rate constants, and the half-life values of cotton fabric as it ages. Such
changes may have a more profound effect on the useful life of the arti-
fact than the more apparent strength losses or gains commonly used to
monitor these processes. By developing a methodology, the appropri-
ateness of treatments such as consolidation and deacidification, designed
to retard degradation and enhance long-term use, may be evaluated
objectively.

Background

Those who document historic artifacts to establish provenance and date
or who examine components to assess condition use investigation
methods that are as nearly nondestructive as possible. Nondestructive
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for the conservator may mean using a scanning mechanism that imparts
neither immediate nor latent degradation effects. For the investigator
using analytical methods, nondestructive means using the smallest
sample that fits inside a sample port yet remains unchanged during and
after analysis.

Artificial aging has been used to simulate natural aging in various
studies including the Shroud of Turin study. In this research we are
assuming, as was assumed in the Shroud study, that artificial heat aging
can be used to simulate natural aging. For the purposes of preservation,
nondestructive scientific investigations were performed on the Shroud in
1969 and in 1973. In 1976, American scientists used surface analysis (1),
including UV and fluorescent photography (2), IR reflectance spectros-
copy and thermographic analysis (3), and X-ray fluorescence and near
UV-vis reflectance (4). Pellicori and Chandos, using a portable UV-vis
spectrophotometer, simulated the spectral reflectance properties of the
yellowed Shroud background on similar contemporary linen cloth by arti-
ficially aging it at 150 °C for 4 h. The cause of the more intense body image
was proposed to be dehydration due to heat and light, accelerated by
foreign substances on those parts of the body in contact with the cloth (5).
Because surface analysis did not reveal the composition of the blood
color, microanalysis was used on fibers withdrawn from the Shroud sur-
face with tape.

In another study to investigate the effects of one preservation
treatment, researchers used artificial heat aging of contemporary cloth to
simulate the properties of naturally aged cloth (6). Although strength
levels were matched, not all properties were duplicated, and the overall
characteristics of the cloths were not the same (7).

Recent approaches directed toward preventing oxidation of cotton
cloth included using accelerated aging of alkaline-treated cotton cloth
for neutralization of acidic, oxidized, cellulose decomposition com-
ponents that in cellulosic textiles and in paper are responsible for age
tendering and yellowing. Conclusions regarding the relative effective-
ness of treatments at room temperature were based on results of treat-
ments at one elevated temperature (8). Predictions of long-term effects
of these treatments are unknown (9).

To cure the effects of degradation, various polymeric consolidation
materials were applied to artificially degraded cloth. Because long-term
stability and ultimate consequences of treatment were not determined,
recommendations for this use were not given (10).

By comparison, paper conservators have addressed many of these
same issues and may have been somewhat more cause oriented in deal-
ing with specific treatments, such as deacidification, designed to reduce
the rate of degradation. Arney and Chapdelaine have widely used the
concept of “property kinetics” that is borrowed from chemistry where it
was developed (11).
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Property Kinetics

The degradation reactions involved in the breakdown of cellulose are
clearly highly complex, and thus the use of the concept of property
kinetics is a bold simplifying analogy. In property kinetics most of the
degradation processes are assumed to be temperature dependent. In
addition, most or all of these processes are assumed to affect some use-
ful macroscopic property such as tensile strength so that the individual
effects of these processes can be subsumed into one unified effect that
obeys the Arrhenius equation. Thus property kinetic studies are neces-
sarily empirical and show a much less obvious or demonstrable
mechanistic connection than chemical kinetic studies between the pre-
sumed cause and the measured effect.

By assuming chemical changes in the aging of cotton become
manifest through changes in physical or mechanical properties, a
reasonable basis is found for applying the Arrhenius equation to evaluate
these changes. A change in property value (p) with time (¢) is expressed
differentially:

dp/dt =k f(p) (1)

where k is a rate constant and f(p) is some integratable function of the
property that is unknown because it has no mechanistic significance. If f (p)
is comparable to the chemical kinetic expression

A—k g @)

the rate of A used up is expressed as
— dA/dt = k,(A) 3
This expression is integrated to give
A= Ae™ 4)
where A is the concentration at time t and A is the concentration at time to.
By using the property of tensile strength (T.S.), the analogous property
kinetic expression is
T.S. = T.S.ce™ (5)

It follows that

In (T.S./T.S.0) = — kt (6)
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then

In (T.S.o/T.S.) =kt (7)

or

2.303 log (T.S.o/T.S.) = kt (8)

Plotting 2.303 log (T.S.o/T.S.) versus t yields a straight line with a slope
equal to the rate constant k, typical of first-order kinetics.

Half-life Values

The concept of half-life is well known and can be of use with museum
textiles if one assumes that they “decay” steadily if acted upon by their
environment. Half-life can be calculated by using Equation 8.

When T.S. = T.S.o/2, then

In[(T.S.o/(T.S.0/2)] =ktx 9)
Therefore
| In 2 = kt; = 0.693 (10)
or
t; = 0.693/k (11)

Half-life values, when used with a current value of a property such as
tensile strength and with some defined end-point value such as the ten-
sile strength of an extremely weak specimen, may establish the time left
in the useful life of a particular historic textile.

Another possible use of this methodology, which is also highly
desirable, is the monitoring of ordinary conservation practices, such as
cleaning, to determine if the time left is affected by the proposed treat-
ment. Further possible uses include assessing the appropriateness of
those treatments such as consolidation and deacidification that have
been designed to change the time left to determine if, and to what
extent, it has been extended or shortened by the treatment.

The tacit assumption in any consolidation treatment is that by
improving the current value of the target property (usually tensile
strength) one automatically increases the time left. However, if the half-
life were affected negatively by the treatment, the opposite might be
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true. For example, one treatment, the use of poly(vinyl alcohol) (PVA)
(Rhodoviol BS-125) certainly strengthened the treated fabrics and thus
increased the time left with respect to strength. However, PVA attracted
dust, became impossible to clean in a very few years, and ruined the
artifact as a useful object long before it would have been discarded for
weakness (12). In that case the degradation process together with the
end point simply changed, and appearance, not strength, became the
critical factor. The half-life of the new phenomenon, the tendency to
attract dust, had it been determined, could have prevented many inap-
propriate treatments.

In artificial heat aging, property kinetics can be used in conjunction
with the Arrhenius rate expression to estimate rate constants at room
temperature provided the overall aging behavior, when monitored by a
measurable parameter, can be shown to be constant over the tempera-
ture range of the study.

Arrhenius expressed the effect of temperature on the rate of a given
chemical reaction by

dln k/dT = E./RT* (12)

where k is the rate constant of the reaction, R is the universal gas constant,
T is the absolute temperature, and E, represents the energy required per
mole of reactants for a reaction to occur (E, is the activation energy). If
E, is assumed to be independent of temperature over the temperature
range of study, then the expression can be integrated to

Ink=—E/RT +1 (13)

where I is an integration constant. E, represents the energy needed to
start the reaction. Arrhenius devised and applied his equation to simple
chemical reactions for which clear mechanistic reasoning based on the
depletion of reactants and thus the decrease in opportunities for reac-
tions to occur could be presented to justify his assertion. Although aging
studies are not simple chemical reactions, other researchers have found
that certain property values may be used in Arrhenius extrapolations for
future predictions of performance.

The Arrhenius treatment has been applied to aging studies on
rubber (13), to predict the life of a polyester-glass laminate (14), to pre-
dict product stability of a thermosetting resin alone and in combination
with two additives (15), in permanence tests on paper (16), to multi-
component systems in which the principal component is paper (17), and
to study the influence of temperature on the relative contributions of the
oxygen-independent and oxygen-dependent processes to the total rate of
newsprint deterioration (18-20).
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Experimental

Scope of the Work. Initial stages of the work involved investigations of a
nondestructive method, IR photography, for detecting the weakest areas of the
cloth so that the weakest yarns could be sampled. To estimate the first-order
property kinetics at room temperature, the degradation rates, half-lives, yellow-
ness index, oxygen uptake, percent weight loss, crystallinity index, and tensile
strength were examined at 190, 160, 130, and 100 °C under the conditions of light
and oxygen (21% air) (LO), darkness and oxygen (21% air) (DO), light and nitro-
gen (LN), and darkness and nitrogen (DN). Correlations among these parameters
were sought to determine which were possible indicators for evaluation of
degradation at 20 °C and to understand the aging process so that preventative
measures could be determined.

Infrared Photography. The near IR region of the electromagnetic spec-
trum (0.8-2.5 um), even though it has limited use, can be important for the study
of compounds containing OH, NH, and CH groups. Researchers have reported
that the near IR region is useful for the study of hydrogen bonding (21). Hydro-
gen bonding through primary and secondary alcohol groups in cellulose is
thought to be the microcellular cement that gives form to the crystalline regions
of the molecule. Upon degradation, with bond cleavage, these alcohol groups
form carbonyl compounds in oxycellulose formation. In early studies of this
research, an attempt was made to record on IR film the selective absorptions of
IR radiation by cellulose that was artificially aged. In a series of control experi-
ments, cotton print cloth was artificially aged in the manner of Berry et al. who
performed a series of degradation steps on cotton: acid hydrolysis and thermal
aging (22). Treated and untreated samples from these treatments were photo-
graphed sequentially by using high-speed IR black and white film and pan-
chromatic black and white film. Narrow-band IR filters were used to heighten
the signal-to-noise ratio, but the method was not sensitive enough to use in locat-
ing the weakest areas.

Aging Chambers. To maintain the air and the nitrogen environments dur-
ing aging, chambers in Figure 1 were devised by using 8-0z clear-glass oval
pharmacy bottles with about 30 8-mm diameter solid glass rods inserted into
each bottle to reduce the internal volume by 60%. With the reduced ratio of air to
mass of the samples, oxygen taken up by the samples attained levels that could
be readily measured as oxygen depletion from the enclosed air inside the
chambers. To test for leakage the following procedure was carried out: In a
glove bag filled with nitrogen and maintained under a positive pressure of nitro-
gen flow, the custom-made threaded metal caps having a small hole at the top
and lined with %-in. silicone discs were screwed firmly in place. The nitrogen
filling the bottle chambers had been bubbled through a saturated sodium di-
chromate salt solution (55% rh). These nitrogen-filled chambers, after 1% days at
190 °C, showed an oxygen-free atmosphere. The metal cap of the bottle lined
with a fresh silicone disc thus became a reusable chamber.

At each temperature two convection ovens were used and contained 28
aging chambers each; half of these (I4) contained air and the other half (14)
contained nitrogen. Half of the air-containing chambers (7) and half of the
nitrogen-containing chambers (7) were placed under 50-lux tungsten light,
whereas the others were covered and were in total darkness. Oven temperatures
remained uniform throughout all parts of the oven. These temperatures were
monitored with calibrated thermistors that remained inside the ovens during the
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Figure 1. Aging chambers.

aging experiments. Each chamber contained two fabric swatches, approximately
1% X 2 in. each. As the experiments proceeded, one chamber from each set was
removed at regular intervals throughout the total exposure time to provide a
means of monitoring the process of aging for each condition: LO, LN, DO,
and DN.

Samples and duplicate samples of unbleached desized cotton print cloth
(400 V test fabrics), 80 X 80 count, 3.5 0z/yd?, and yarn size of 40 singles in warp
and weft, were randomly selected after conditioning to 55% rh in a desiccator
over potassium dichromate solution. The samples were placed inside the
pharmacy bottles along the flat sides so that each bottle contained one sample
and one duplicate. When the samples were placed side by side along the flat side
of the bottle chambers, they filled the entire flat-sided area. Dark chambers
were achieved by wrapping the bottles in aluminum foil to exclude light.

Aging Conditions. To determine the length of exposure times at 190, 160,
130, and 100 °C, the Arrhenius equation was used:
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log (k2/k1) = (E,/2.303R) [(Ts — T1)/T:T1] (14)
where ko/k1 = (t3)1/(t5)2, T1 and T are in Kelvins, and R = 1.99 cal/mol K.

Previous studies of the decomposition of cellulose reported E, for absorbent
cotton as 54.3 kcal/mol at a high-temperature range of 270-310 °C (23). For
temperatures below pyrolysis, E, = 20 kcal/mol reflects the low-temperature
degradation effects of loss of H and OH from adjacent carbon atoms in cellulose
(dehydration) and the concomitant creation of C=C bonds (24). In another
work E, = 21 kcal/mol was estimated from Arrhenius plots of the degree of
polymerization versus time for cellulose heated in air at 150-190 °C (25).

From Berry’s work (26) on the strength of cotton print cloths degraded
thermally at 168 °C for various aging periods and the plot of strength (percent of
original) versus heating time (hours), the estimated half-life for the heat-
degradation reaction in air was 24 h, To determine the duration of aging at each
temperature (190, 160, 130, and 100 °C) the activation energy for the degradation
of cellulose at temperatures below pyrolysis (E, = 20 kcal/mol) was used in the
Arrhenius equation (Equation 14) where k; and k; are rate constants at T1 and
Ts. The value for (t)s is taken from Berry’s work as 1 day at T2(441 °K). The
value for (#); is calculated for the specified temperature (T1) of the research. By
using these values and Equation 14, the calculated aging periods for one half-life
are 64 days at 100 °C, 9 days at 130 °C, 2 days at 160 °C, and 8 h at 190 °C (Table
I). Six half-life periods of aging were chosen at 190 °C as this period represented
an end point for degradation when the fabric became dark brown in color and
extremely brittle. The number of half-lives at the other temperatures were
determined to allow as much aging as possible so that significant measurable
changes were obtained within a reasonable period of time.

The Ovens. Two ovens for the aging experiments were equipped with
tungsten bulbs regulated to 50-lux intensity with a dimmer. This light was
diffused through sandblasted windowpane glass. Fine-wire mesh screening was
used to eliminate any bright spots directly below the light bulbs. The light
intensity and spectral distribution were recorded outside the oven by an Instru-
mentation Specialties Company (ISCO) model SR spectroradiometer that mea-
sured kW cm™2 nm™! for every 25-nm wavelength from 380 to 1050 nm. For
these measurements, the spectroradiometer probe end was adapted to the ends
of quartz rods that were at sample levels inside the ovens and that reached
through oven vents to the outside. These rods were wrapped in aluminum foil,
shiny side in, to increase internal reflectance and thus to deliver sufficient light to
the outside of the ovens to the monitoring device.

Table I. Estimated Number of Half-lives Corresponding to Aging Times at
Elevated Temperatures (55% rh; LO, DO, LN, and DN)

Estimated Number

Temperature (°C) Exposure Time (days) of Half-lives
100 64 1
130 36 4
160 10 5
190 2 6
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Properties Monitored

Yellowness Index. The yellowness index provides a measurement
related to the yellowing of the cotton cloth that may be due to the
isolated or combined effects of heat, light, and/or oxygen. The
yellowness index was calculated from the percent reflectance measure-
ments of the aged fabric samples. A Beckman reflectance spectropho-
tometer with integrating sphere was used to record the percent
reflectance of the surface of the fabric samples. Tristimulus values were
found from the summation over all wavelengths in the visible range for
the energy distribution of the source, reflectance properties of the cloth,
and spectral response of the Commission Internationale d’Eclairage (CIE)
observer. The yellowness index (Y.L.) is evaluated as (27)

Y.I. = (128X — 106Z)/Y
where X, Y, and Z are tristimulus values.

Oxygen Uptake. A Carle gas chromatograph model GC 8700
containing an O,-N, detection column was used to measure oxygen
uptake. Samples of gas were withdrawn from the test chambers with a
10-pL syringe inserted through the silicone disc. Initial trials indicated
that operator error is insignificant and that reliable reproducible results
can be obtained so that 0.25% is a more than adequate error allowance.

Percent Weight Loss. Samples were conditioned in a 55% rh
environment at 20 °C and weighed until weights were constant. After
aging, samples were returned to this atmosphere until the weights were
again constant. The percent weight loss was evaluated by using the
original weight value.

Crystallinity Index. A Siemens D500 diffractometer was run in the
reflectance mode from a Siemens K800 generator. Data on rotating
artificially aged cotton cloth samples were collected by using a Siemens
LC500 computer interface in the step-scan mode. CuK radiation at 300
mA and 40 kV, 1° divergence slits, a 0.15° receiving slit, and a graphite-
reflected beam monochrometer having a 0.15° slit were used in the data
collection. Data were obtained at 0.1° intervals from 21° to 25° 26 from
diffractograms in the 18-40° 26 range by counting 20-30 s/step for most
samples.

Tensile Strength.  Yarn tensile strength of conditioned samples (20°C,
65% rh) was measured on an Instron universal testing instrument
model 1123 equipped with a 50-g load cell and operating at a 1-in. gauge
length and a 2-mm/min crosshead speed. Twenty-five yarns each in
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warp and weft directions were required for statistical significance.
These yarn samples were arranged in a ladderlike configuration on a
special apparatus on the “Jan-Barr” (Figure 2). The purpose of the Jan-
Barr was to facilitate the mounting of the 25 yarns accurately in equal
lengths of 1 in. and to induce a straight pull on these yarns when they
were individually placed between the grips of the Instron and were
broken with an applied gram force. Approximately 25 warp yarns and 25
weft yarns from each sample were broken.

Perspective of Segment B, showing
yarn and tape placement

TOP VIEW

1 INCHES

SIDE VIEW

Figure 2. Jan-Barr invention for assembling Li-in. yarns for tensile strength.
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Results and Discussion

Preliminary Experiments. Pilot studies conducted to test the ex-
perimental design at 190 °C showed that yellowness proceeds at a
decreasing rate after 15 h of aging. The onset of the decreasing rate
coincides in time with the increased uptake of oxygen and increased rate
of oxygen uptake of cotton fabric at 190 °C in Figure 3. These results
indicate that yellowing may be due appreciably to the loss of water with
some oxygen incorporation to form aldehydric cellulose which con-
tributes to yellowing and that this behavior changes when oxygen is
taken up at a faster rate.

Studies on the thermal degradation of the cellulose structure have
shown that oxidation reactions at 160-180 °C are more important than
decarboxylation, but that this state may change at 190 °C (28).

Principal Experiments. OXYGEN UPTAKE. Oxygen uptake (milli-
meters of oxygen per gram of cloth) at 190 °C in Figure 3 appears to pro-
ceed at two different rates. At 190 °C, the rate of oxygen uptakeup to 14 h
of aging (1.7 half-lives) is slower than the rate after this period and up to
24 h of aging (3 half-lives). At 160 °C, in Figure 4, the rate of oxygen up-
take up to 2.7 days of aging (1.25 half-lives) is slower than the rate after
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Figure 3. Oxygen uptake vs. exposure time at 190 °C. Key: A, light oxygen;
X, dark oxygen.
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Figure 4. Oxygen uptake vs. exposure time at 160 °C. Key: A, light oxygen;
X, dark oxygen.

this period and up to 4.7 days (2.3 half-lives). The slower rates at 190 and
160 °C may indicate free radical formation and subsequent carbonyl group
formation before the onset of autocatalytic behavior when both the
amount of oxygen and the rate of oxygen uptake increase sharply with
time.

Comparing oxygen uptake at 5 half-lives shows that at 190 °C, 1.8
mm of oxygen/g of cloth is taken up, and at 160 °C, 0.37 mm of
oxygen/g of cloth is taken up. Thus, increasing the temperature by 30 °C
from 160 to 190 °C causes the oxygen uptake to increase fivefold.

This behavior of cellulose in taking up oxygen at different rates
during oxidation degradation reactions is typical of organic materials
that oxidize in atmospheric oxygen and have rates of degradation
occurring in various stages in which autocatalytic behavior has been
described as an inductive stage (29).

PERCENT WEIGHT LOSS. Comparing the percent weight loss of
cotton print cloth in Figure 5 at 190 °C to oxygen uptake by cotton print
cloth at 190 °C in Figure 3 shows that the reaction rates change at the
same periods during aging, that is, at 1.7 and 3 half-lives. When percent
weight loss at 160 °C in Figure 6 is compared to oxygen uptake at 160 °C
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PERCENT WEIGHT LOSS
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Figure 5. Percent weight loss vs. exposure time at 190 °C. Key: A, light
oxygen; X, dark oxygen; O, light nitrogen; B, dark nitrogen.

in Figure 4, similar rate changes are seen at 1.25 half-lives in air. These
results suggest a correlation between oxygen uptake and percent weight
loss. In Figure 7, a linear correlation is shown between oxygen uptake
and percent weight loss at 190 °C with no difference between aging in
light and darkness. These results may indicate that at the faster rate of
oxygen incorporation by cellulose, at 190 °C, main-chain scission occurs
with resulting weight loss.

In Figures 5 and 6, no appreciable difference in percent weight loss
is seen between light and darkness in air or in nitrogen. The nitrogen
environment represents the isolated heat effect or the contribution that
heat makes to the property change. At 190 °C, heat causes a percent
weight loss of 3.8%. At 160 °C, heat causes a percent weight loss of 2.7%.
By subtracting the heat effect, when percent weight loss in air at 160 °C
is compared to percent weight loss in air at 190 °C, the 30 °C
temperature increase from 160 to 190 °C is seen to cause a fivefold
increase in the percent weight loss due to oxidation by air.

Because of the long aging periods at 130 and 100 °C, a nitrogen
environment could not be maintained inside the enclosed chambers. As a
result, LN and DN effects at 130 and 100 °C could not be measured.
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Figure 6. Percent weight loss vs. exposure time at 160 °C. Key: x, light
oxygen; O, dark oxygen; &, light nitrogen; XX, dark nitrogen.

Other studies have shown that in the thermal treatment of cellulose
at temperatures below 300 °C, the rate of weight loss can be accelerated
by oxidation reactions such as the degradation of cellulose by at-
mospheric oxygen. When cotton cellulose was heated at 190 °C for 50 h,
carboxyl and carbonyl groups formed at a linear rate. When rates of
glycosidic bond scission at 170 °C in nitrogen and in air were compared,
the rate in nitrogen was close to one-half of the rate in air (30).

CRYSTALLINITY INDEX. The crystallinity indexes for specimens
heated under each set of conditions (LO, DO, LN, and DN) at each
temperature from the first exposure time (#) to the last or seventh
exposure time (#) in hours at 190 °C and in days at 160, 130, 100 °C were
not significantly different. The crystalline reference was untreated cloth,
and the amorphous or least crystalline reference was a sample heated at
200 °C for 14 days. The 112 samples representing seven exposure times
at each temperature for the four conditions were of intermediate
crystallinity. By using this system, measurement of the crystallinity index
did not reveal differences among samples that could be used to show
changes in structural order with aging,.
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Figure 7. Oxygen uptake vs. percent weight loss at 190 °C. Key: A, light
oxygen; X, dark oxygen.

Other researchers have evaluated the crystallinity index by using IR
spectrophotometry. This method requires the KBr pellet technique of
sampling. The X-ray diffraction method was investigated for its poten-
tial as a nondestructive technique for recording changes in cellulose as
it ages.

TENSILE STRENGTH. Figares 8-11 show the decay of yarn tensile
strength as exposure time increases at each aging temperature (190, 160,
130, and 100 °C) for warp yarns under light and dark conditions. No
apparent difference was found in specimens heated in light or dark air at
190 and 160 °C or in light or darkness in nitrogen at 190 and 160 °C. The
half-life at 190 °C in air is 2 h compared to about 8 h in nitrogen in
Figure 8. The half-life at 160 °C in air is 14 h compared to 43 h in nitro-
gen in Figure 9.

At 130 °C in Figure 10, LO and DO lines diverge and converge
within error limits and show no real difference in strength under light
and dark conditions. At 100 °C, in Figure 11, even though LO and DO
lines diverge, a light effect cannot be assumed because the extent of
divergence of these lines is small. These slightly divergent lines may
converge and even cross at exposure times beyond the 70 days moni-
tored. Consequently, a light effect at 100 °C cannot be determined
unequivocally, but neither can such an effect be discounted.
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Figure8. Tensile strength vs. exposure time at 190 °C for warp yarn. Key: A,
dark nitrogen; X, light nitrogen; O, dark oxygen; &, light oxygen.
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Figure9. Tensile strength vs. exposure time at 160°C for warp yarn. Key: A,
dark nitrogen; X, light nitrogen; O, dark oxygen; &, light oxygen.



Published on February 1, 1986 on http://pubs.acs.org | doi: 10.1021/ba-1986-0212.ch003

HISTORIC TEXTILE AND PAPER MATERIALS

3so

300

250 1

200

TRENGTH.GRAMS

>

150

TENSILE

100 4

50

T T T T T

15 20 28 30 35
EXPOSURE TIME,DAYS

Figure 10. Tensile strength vs. exposure time at 130°C for warp yarn. Key: A,
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To compare the loss of tensile strength at each temperature, graphs
of the percent tensile strength loss versus the number of half-lives were
constructed from the LLO and LN data in Table II. This treatment was
used to normalize tensile strength differences resulting from aging.
Coordinating the percent loss of tensile strength with the number of
half-lives allowed comparisons of results at different temperatures and
showed similar behavior among all temperatures within each half-life
period.

PROPERTY KINETICS. To estimate the first-order rate constants for
the exponential decay curves, the log plot of the original tensile strength
divided by the tensile strength after treatment versus the exposure time
was taken so the slope of the best straight line portion could be used in
Figures 12-15. These log plots of tensile strength versus time show more
than one linear portion from which rate constants can be obtained.
Table III provides a summary of rate and half-life values for rates of
degradation at 190, 160, 130, and 100 °C. Several considerations led to
the choice of the rate portions from exposure times of 1 to 4 or Sh or d
at each temperature. These considerations are as follows: In Grassie’s
illustration, “Possible Stages of Oxidative History” in the oxygen update
versus time plot for oxidative organic depolymerization reactions (31),
kinetic data are evaluated from the maximum or steady state. At the
maximum or steady state, the rate of reaction is slow enough to permit
the measurement of the rate constant. A linear portion was taken from
the experimental data of the log plots of tensile strength versus time and
was used in comparison to this steady state stage of the overall reaction
of degradation. From a consideration of the shape of the log forms of
the decay curves, a rate degradation rate between time 1 () and time 4
(t4) to time 5 (t5) of aging was determined to be most representative of
the particular steady state in the aging process. Correlation coefficients
among these data points (#, to ¢, or t5) from the plot of 2.303log (TS./TS)
versus time were > 0.999. Time %, was not included in the estimation of
the first-order rate constant. When it was included, LO and DO warp
lines converged on the Arrhenius plot, whereas they did not converge
when %, was excluded in Figure 16. Time f, may have been part of the
inception stage of the reaction and as such would not be included in the
steady state analysis.

Rate constants at 190, 160, 130, and 100 °C for the LO and DO
degradation reactions were used to estimate the rate constants at 20 °C.
The Arrhenius rate expression was applied with the plot of Ink versus
1000/T (K™). A linear relationship was obtained with a correlation coef-
ficient > 0.999 in Figure 17 in which LO and DO are represented.

After obtaining rate constants at 20 °C for the degradation in light
and darkness in the presence of oxygen, half-life determinations
were made:

t-,; = 0.693/k1
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Figure 12. 2.303 log (TSo/TS) vs. exposure time at 190 °C for warp yarn.
Key: A, dark nitrogen; X, light nitrogen; O dark oxygen; X light oxygen.
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Figure 13. 2.303 log (TSo/TS) vs. exposure time at 160 °C for warp yarn.
Key: A, dark nitrogen; X, light nitrogen; O dark oxygen; X light oxygen.
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Figure 14. 2.303 log (TSo/TS) vs. exposure time at 130 °C for warp yarn.
Key: A, dark oxygen; X, light oxygen.
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Figure 15. 2.303 log (TSo/TS) vs. exposure time at 100 °C for warp yarn.
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Table III. Rate Constants (k;) and Half-life Values (#;) Calculated from Tensil
Strength of Yarns Aged at 55% rh

Aging Aging Correlation k; ty
Temperature (°C) Condition Coefficient (r) (days™) (days)
Warp

190 DN 0.985 1.99 0.348
LN 0.998 1.82 0.380
DO 0.990 2.02 0.343
LO 0.996 2.83 0.244
160 DN 0.999 0.289 2.40
LN 0.897 0.269 2.58
DO 0.926 0.447 1.55
LO 0.972 0.607 1.14
130 DO 0.976 0.064 10.83
LO 0.999 0.092 7.53
100 DO 0.975 0.0040 173
LO 0.992 0.0061 114
Weft
190 DN 0.999 2.64 0.26
LN 0.987 2.62 0.27
DO 0.994 2.66 0.26
LO 0.979 2.38 0.29
160 DN 0.974 0.339 2.04
LN 0.963 0.314 2.21
DO 0.997 0.740 0.936
LO 0.946 0.743 0.933
130 DO 0.975 0.093 10.75
LO 0.948 0.073 9.49
100 DO 0.975 0.0052 133
LO 0.998 0.0076 91

Arrhenius kinetic data at 20 °C (E,, ki, and #;) are summarized in
Table IV.

The half-life plot of tensile strength versus time used to evaluate
degradation in museum textiles is found in Figure 18. The value of ¢,
is taken from Table V.

SCANNING ELECTRON PHOTOMICROSCOPY. At 190 and 160 °C,
samples aged in nitrogen were significantly less yellowed and stronger
than those aged in air. The distinctively different modes of fractures in
fibers tested in the different environments are visually apparent in Fig-
ures 19-21 (40).

Comparison of photomicrographs of fibers aged at 190 °C and LO
(Figure 20), 190 °C and LN (Figure 21), and unaged (Figure 19) shows
definite and discrete differences in fine structure. In Figure 19, the cot-
ton control is an open structure with a well-defined central canal and
loosely fibrillated internal planes. In Figure 20, in the cotton fiber aged
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Figure 16. Arrhenius plot of In k vs. 1000/ T (K) for warp yarn under
conditions of DO and LO. Key: A, dark oxygen; X, light oxygen.

in air at 190 °C with light, a delamination of fibrillar planes and yet a
foliatelike internal structure is apparent. In Figure 21, aging at 190 °C in
nitrogen with light, internal planes appear to have fused to a more com-
pact and closed structure. At 160 °C under light and nitrogen, fibers
were partially fused but less compact and had a granular appearance at
the fiber end. This observation suggests thermal cross-linking possibly
through the OH and O groups in different cellulosic planes.

Conclusions

Yarn tensile strength is a macroscopic property that can be used to moni-
tor degradation in cotton cloth. Although the results of degradation also
include changes in other properties such as yellowness, oxygen uptake,
and percent weight loss, these properties are not as good as yarn tensile
strength at indicating degradation. The drawback, of course, to using
yarn tensile strength is that a sample of 25 yarns taken from the weakest
areas is then destroyed by the tensile test. This destruction may be a
discouraging obstacle when applied to museum textiles.

Even though IR photography proved too insensitive for recording
molecular components that form during the degradation process, the
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Figure 17. Arrhenius extrapolation of In k vs. 1000/T (K). Key: @, light
oxygen, warp; O, light oxygen, weft; B, dark oxygen, warp; O, dark
oxygen, weft.

theoretical validity for this use indicates the future possibility that with
advances in modern technology, more sophisticated image enhancement
in the near IR region under investigation may provide the method for
quantifying the extent of degradation. Baer and Low reported that new
analytical instrumental techniques based on computer-assisted image
enhancement may hold wide acceptance for conservators (32). In the
advent of these developments it may be possible to find the “magic ray”
to monitor the surface to find the weakest areas upon which to prescribe
care. If a method were found to quantify weakness while making cor-
relation with tensile strength, the methodology developed here could be
used nondestructively.

Although the yellowness index, oxygen uptake, and percent weight
loss were not valid indicators for evaluating the extent of degradation at
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Table IV. Linear Regressions: Extrapolations to 20 °C
T(°C) I1/T(K™!) keps(days™) Ink k. (days™!) Half-life

Warp Yarn, LO?
190 0.00216 2.83 1.04 3.27 0.245 days
160 0.00231 0.607 —0.499 0.560 1.14 days
130 0.00248 0.092 —2.39 0.074 7.53 days
100 0.00268 0.0061 -5.10 0.007 114 days
20 0.00340 0.0000015 —13.44 0.0000013 1266 years
Weft Yar, LO®
190 0.00216 2.38 0.867 2.94 0.291 days
160 0.00231 0.743 —0.297 0.539 0.933 days
130 0.00248 0.073 —2.62 0.077 9.49 days
100 0.00268 0.0076 —4.88 0.0080 91.1 days

20 0.00340 0.0000022 —13.00 0.0000020 863 years
Warp Yarn, DO?

190 0.00216 2.02 0.703 2.4 0.343 days
160 0.00231 0.447 —0.805 0.399 1.55 days
130 0.00248 0.064 —2.75 0.051 10.8 days
100 0.00268 0.0040 —5.52 0.0047 173 days

20 0.00340 0.0000009 —13.98 0.0000007 2110 years
Weft Yarn, DO®

190 0.00216 2.66 0.978 3.50 0.261 days
160 0.00231 0.740 —0.301 0.572 0.936 days
130 0.00248 0.093 —2.38 0.071 7.45 days
100 0.00268 0.0052 —5.26 0.0064 133 days

20 0.00340 0.0000011 —13.75 0.0000009 1726 years

NorE: Extrapolations were done by using plots of In k vs. 1/T in accordance with the
Arrhenius equation, n k = —E, RT + 1.

% kcalc values were obtained by substituting E, values calculated from the slopes of plots into
the Arrhenius equation.

b = 92665, —E./R = —11,790, r = 0.998, and E, + t SE = 23,463 + 2845 cal/mol (95%
confldence)
°1=2559, —E,/R =—11,348, r = 0.996, and E, + t SE = 22,583 + 3764 cal/mol (95%
confldence)

4] = 96,73, —E,/R = —11,972, r = 0.997, and E, + t SE = 23824 + 3186 cal/mol

(95% confldence)
€1 =27.39, —E,/R = —12,101, r = 0.994, and E, £ t SE = 24,083 £ 4713 cal/mol (95
confldence)

20 °C, correlations among these parameters helped elucidate the mecha-
nisms of aging. After approximately 15 h of aging at 190 °C, these
parameters show this distinctive kinetic behavior: The oxygen uptake
and percent weight loss are autocatalytic when the oxygen uptake and
rate are linear with time, and the yellowness index is autoretardant when
the yellowing of the cotton fabric proceeds at a decreasing rate with
aging. At 190 °C up to about 15 h, the contribution of oxygen to yellow-
ing is apparently small. When enough oxygen is taken up by the cloth to
catalyze further oxygen uptake, the rate of yellowing decreases. This
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Figure 18. Half-life plot of tensile strength vs. time.

Table V. Summary of Activation Energies, Rate Constants (20 °C), and
Half-lives (20 °C)

Yarn Type, Condition E. £ t SE (cal/mol)* K (day™!) ty (years)

Warp, LO 22 463 + 2845 1.5 X 107 1266
Weft, LO 22,583 + 3764 22X 1076 863
Mean 19X 1076 1065 + 201
Warp, DO 23,824 + 3186 0.9 X 1076 2110
Weft, DO 24,083 + 4713 1.1 X 1078 1726
Mean 1.0 X 1076 1918 + 192

“The average of the E, values of all four samples is 23,486 + 1312 cal/mol.

autocatalytic cellulose oxidation profile is typical of hydrocarbon oxida-
tion behavior for which, at the induction stage, property values change
slowly yet are detected before the maximum or steady state at which
kinetics are applied at the onset of the faster autocatalysis rate. During
the induction stage of deterioration, preservation treatment can be ap-
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Figure 19. Scanning electron micrograph of an unheated cotton fiber
(control) (8,320X).

plied to extend the time left. Beyond this point, a historic textile may not

be viable as a museum artifact, that is, its condition may be so weakened

that preservation treatment cannot be performed. Herandi found evi-

dence of the inductive stage in studies of oxygen uptake by paper; the

induction periods grew larger with lower aging temperatures: 190 °C,
% h; 160 °C, 2 h; and 130 °C, 9 h (33).

When cellulose is exposed to the unlimited supply of oxygen present
as 21% of the air, unstable peroxide radicals form. In the autocatalytic
reaction of cellulose oxidation, decomposition of peroxide forms cellu-
lose radicals that react with oxygen to form RO, radicals. These radicals
attack other cellulose molecules to form oxycelluloses (carbonyl, alde-
hyde, and carboxyl acid groups) along with more cellulose free radi-
cals (34). v

Heat catalyzes free radical formation in cellulose. Aldehydes form
from C; and C; hydroxyls. Aldehydes oxidize to carboxyls, and with
dehydration, carbon monoxide (CO) and carbon dioxide (CO.) form as
well as conjugated carbonyl-ethylenic chromophoric groups that selec-
tively absorb blue light and impart yellowness (35). During the induc-
tion stage of cellulose oxidation, yellowness may increase steadily with
selective carbonyl and ethylene group formation. By artificially aging
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Figure 20. Scanning electron micrograph of a cotton fiber aged at 190 °C
under conditions of LO (8,640X).

cotton cloth at 100 °C in air up to 20 days, appreciable carbonyl content has
been found, but appreciably fewer carbony! groups formed during heat-
ing in nitrogen (36). Twenty days of heat aging at 100 °C may fall within
the inception stage for oxygen uptake for which the rate proceeds at a
slow rate. In the present study 20 days of aging would represent only
approximately a 1/3 half-life period. During the inception stage, enough
oxygen must be taken up for carbonyl formation to contribute to yellow-
ness, but as the reaction proceeds with carboxyl group formation and
glucosidic scission with concomitant weight loss, the amount of yellow-
ing and the rate of yellowing decline.

Although studies performed at an elevated temperature hold little
validity for 20 °C predictions, this previous work may indicate a long
induction time for the reaction of oxygen uptake at 100 °C. The findings
of the present work showing percent weight loss at 190 and 160 °C,
although autocatalytic and having a linear correlation and dependence
upon oxygen uptake, hold little validity for 20 °C predictions. The
longer inductive stages at the lowest temperatures may represent time
periods when cotton cloth is stronger than at a later stage of degrada-
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Figure 21. Scanning electron micrograph of a cotton fiber aged at 190 °C
under conditions of LN (8,480X).

tion, even though it may be yellowing. To stop yellowness, treatment
may involve preventing ketone and aldehyde groups from oxidizing to
carboxyl groups. To cure yellowness, treatment may involve the use of
reducing agents to convert these functional groups back to hydroxyl
groups. The findings of this research suggest that after oxidation auto-
catalysis when carboxyl groups predominate, treatment may be at a high
risk because of an appreciable loss of soluble monomeric residues. Cur-
rently, treatments are being prescribed for arresting, retarding, or re-
versing degradation. These prescriptions have been based on the results
of aging studies under one isolated condition (37, 38). Use of results of
studies at one elevated temperature to make predictions at room
temperature may lead to false predictions because the differences in the
E, values for the treatments that are being compared have to be
considered. Even though aging experiments at 100 °C on alkaline
buffered cotton cloth show decreases in carbonyl and carboxyl groups,
this treatment may not be effective at 20 °C, and the long-term effects
remain unknown (39).

A better way to make predictions for treatment at 20 °C than single-
temperature aging studies is to study certain behavior over a tempera-
ture range of aging. In this study, the overall effects of aging as
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monitored by the yarn tensile strength loss over time seem not to have
changed from 190 to 100 °C as indicated by the linear relationship
between In k (In of the rate constant at each temperature) versus 1/T
(reciprocal of the absolute temperature for each rate constant). By linear
regression of the straight line of In k versus 1/T and the application of
the Arrhenius rate expression, the contribution of ambient oxygen in
light and darkness was found as well as E,, the temperature sensitivity of
the rate constant. At 20 °C no apparent difference in rate was seen
between warp and weft for either LO or DO. However, the average rate
constants of warp and weft may be significantly different for LO and
DO; the average value for LO = 1.9 X 107%/day and that for DO = 1.0 X
107%/day. A light effect on the rate of degradation at room temperature
may occur. The presence of light, regardless of intensity, imparts energy
that may exceed the energy requirements for bond formation. The
difference in half-lives, LO t;, = 55.5% DO t;, taken from the average
values reported supports current awareness of benefits in exhibiting and
storing textiles in the dark.

No apparent difference was found between warp and weft in E,
values for LO and DO. This finding indicated that the temperature
sensitivities for these reactions may not be affected by the presence of
light. Because E, values (LO, DO) lie within percent error, 12.20% (E, £+
t SE) (t SE = standard error of the estimate) at the 95% confidence level,
they were considered as one. E, = 23,486 £ 1312 cal/mol.

The determination of E, based strictly on the degradation of
cellulose in textile form has practical significance. For E, = 23,486 +
1312 cal/mol, a 5 °C rise (20 to 25 °C) causes the new rate, k, to increase
to 1.3 k1. A 10 °C rise (20 to 30 °C) results in k; = 1.8 k;, and for a 20 °C
rise, ks = 3.1 k;. For a 50 °C rise (20 to 70 °C) which may arise in
photographing, k, = 16.8 k,.

The practical use of the proposed methodology to determine the
extent of degradation is for comparative measurement of a historic
cotton fabric’s specific yarn tensile strength with that of a similar
contemporary aged fabric used to formulate the half-life plot in Figure
17. This figure shows the exponential decay of strength with time and
assigns real values for the condition age for cloth of a known tensile
strength. The condition age of a historic cotton fabric indicates the
difference between the measured value in years on the x-axis as
determined from yarn tensile strength measurements positioned on the
half-life decay curve and the end point in years on the x-axis of the
half-life plot. This difference is the time left or the extent of degrada-
tion. An end point for degradation of 5325 years or 5 half-lives was
assigned which, as seen in Figure 18, represents negligible strength.
Textiles of this age, although viable in the sense that they may be
exhibited in the nearly pulverized state, would not be subjected to any
prescribed conservation regimen. This methodology has been designed
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not only as a means of monitoring the effects of current conservation
practice on the strength of a historic textile, but also as a system for
establishing the effectiveness of a specific treatment for a specific
condition age. These uses support the recognition among conservators
that each historic textile receiving treatment must be considered
individually.

When a historic textile is accepted for treatment, yarn tensile
strength could be evaluated by cutting away samples from the weakest
areas. Presumably this procedure would leave small open areas that then
must be consolidated with support fabric. The weakest areas may be
identified visually by using aids such as transmitted light, perhaps, or by
some nondestructive method of detection. By positioning the yarn
tensile strength value on the curve in Figure 18, the value for the half-life
can be estimated. The difference between this value and the end point
represents time the time left, a real value that may be influenced posi-
tively or negatively by treatment. After treatment, tensile strength meas-
urements may position the textile at a new place on the half-life axis if the
time left has been extended or shortened by treatment.

Many aspects of this research will be pursued in future work. Half-
life boundaries will be well defined so that “risk ratings” may be given
to historic cloth before specific conservation treatment is performed.
Through the use of this methodology, prediction of the effects of the
most commonly accepted treatments for specific textile degradation
states may be possible so that only initial tensile strength testing may be
necessary.

As an extension of this research, the appropriateness and effective-
ness of those treatments designed to actually change half-life (deacidifi-
cation, consolidation, and selective functional group reduction) will be
evaluated.
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Studying the Cause and Type of Fiber
Damage in Textile Materials
by Scanning Electron Microscopy

S. H. Zeronian, K. W. Alger, M. S. Ellison!, and S. M. Al-Khayatt?
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Scanning electron microscope use to assist in diagnosing the cause
of fabric wear or failure by mechanical means is considered. The
types of fiber failure discussed are those induced by tensile, twist,
and flex stresses and by wear during use. Cotton, wool, and
polyester fibers are used to illustrate the discussion.

SCANNINC ELECTRON MICROSCOPES (SEM) became available commer-
cially in the 1960s. Since then, several studies on fiber fractography have
provided a much better understanding of the type of fiber damage caused
either by different forms of mechanical stress (for example, tensile, fatigue,
and abrasion) or by degradation due to such factors as light exposure,
insects, heat, and chemical reagents.

Only small amounts of sample are required for examination by
SEM. Thus, this technique can be used to obtain valuable information
that can be of use when characterizing fabrics to determine how they
should be conserved or when attempting to elucidate the cause of the
damage for historical purposes. The purpose of this chapter then is to
describe the potential use of the SEM in such activities. Discussion will
be limited to mechanical stress damage. Comparisons are made when
possible between fibers damaged in actual use and those fractured
under controlled laboratory conditions. Examples are selected from
work we have done in our laboratories on some commonly used fibers
namely cotton, polyester, and wool. Reports on light (I) and insect (2)
damage can be found elsewhere.
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Experimental

For microscopy, fabric samples (0.5 X 0.5 cm) were mounted on standard
specimen stubs with silver paint (T. Pella Co.). The stubs were then placed on a
rotating, tilting platform in a sputter coater and coated with gold. Observations
were made with an International Scientific Instruments model DS130 micro-
scope operating in the secondary mode at an accelerating voltage of 10 kV. The
fractured surfaces of fibers were prepared for examination in the following
manner: A metal wire, approximately 2 mm in diameter, was fixed to the
specimen stub with silver paint. Fibers were mounted on the stub with their
fractured ends projecting 2-3 mm beyond the wire. They were secured to the
wire by silver paint before coating.

Results and Discussion

In laboratory studies, fibers are fractured under controlled conditions.
Thus, such studies are useful when attempting to diagnose the cause of
damage present in used textiles. Hearle et al. have done extensive studies
on fiber fracture. They have presented a classification consisting of six
types of fiber failure that occur in laboratory tensile tests (3). With
respect to this discussion, Types 2, 3, 5, and 6 are relevant.

Type 2 is ductile crack propagation with the crack opening to form
a V-notch. Finally, the crack becomes catastrophic. It is found in nylon
and other melt-spun synthetics. Classical illustrations of this type are
readily available (3, 4). However, variations can occur. Figures la and
1b show a polyester fiber subjected to tensile stress in which, after the
V-notch formed, failure continued along a plane parallel to the fiber axis
before eventually crossing the fiber. Thus, a split-level transverse break
had occurred.

Type 3 occurs at high rates of testing when the fracture surface of
fibers such as nylon changes to a mushroom shape (3).

Type 5 takes place when transverse discontinuities are present
between structural units of the fiber and are sufficient to stop direct
crack propagation. Breaks then occur with a granular surface roughly
perpendicular to the fiber axis, as shown in our example of wool-fiber
tensile failure (Figure 2). Once again, split-level transverse breaks are
possible (5).

Type 6 happens in wet cotton fibers. In air-dried cotton fibers, tensile
failure starts when fibrils split apart. The break generally occurs
adjacent to a reversal, and the splitting is caused by untwisting effects.
Finally, a tear develops along the fiber and joins up the split which
follows the helical path of the fibrils around the fiber (Figures 3a and
3b). In wet cotton, a weaker attraction exists between fibrils, and the
break appears as a gradually thinning out due to separate breaks. In
completely dry or cross-linked cottons, the fracture runs across the fiber
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Figure la. Tensile fracture of a polyester type 54 fiber taken from a heat-
set polyester fabric. Sample was fractured at 65% rh and 21 °C (2,665X).

Figure 1b. Counterpart fracture of fiber shown in Figure 1a (2,600X).
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Figure 2. Tensile fracture of a wool fiber taken from a scoured worsted
yarn. Sample was fractured at 65% rh and 21 °C (565X).

Figure 3a. Tensile fracture of a scoured Deltapine-Smoothleaf cotton
fiber. Sample was fractured at 65% rh and 21 °C (1365X).
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Figure 3b. Counterpart fracture of fiber shown in Figure 3a (1300X).

and little splitting occurs (6, 7), that is, it is a Type 5 fracture. The
studies of Hearle et al. (6, 7) have demonstrated the effect of test
conditions and the presence of finishes on fiber fracture. Again, even if
all the test conditions are the same, and ostensibly the same fibers are
being tested, identical breaks will not be obtained each time. This result
is especially true for natural fibers such as cotton which are nonuniform.

Types 1 and 4 tensile failures, which are of less interest to con-
servationists at this time, are caused by brittle crack propagation and
by long axial splits, respectively. Such fractures can occur in ceramic
and elastomeric fibers (both Type 1) and highly oriented aramids
(Type 4).

Many times under normal end-use conditions, tensile stress will not
be the cause of fiber failure. Thus, the effect of stresses other than
tensile stress are studied in laboratories. One form of single-fiber testing
consists of subjecting the fibers to twisting and measuring the twist at
rupture. From the number of turns to rupture, the breaking twist angle
(BTA) can be calculated. The BTA gives an indication of the shear
behavior of fibers. The fracture morphology of fibers subjected to this
test generally appears to have some similarities to that of the same fibers
ruptured by tensile tests. However, the presence of a skin-core structure
shows up more clearly on the BT A-tested fibers. Thus, the cuticle of the
BTA-tested wool fiber is torn off in parts (cf. Figures 2 and 4), and the
presence of a skin is seen more clearly on the BTA-tested polyester than
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Figure 4. Breaking twist angle fracture of a wool fiber of similar type to
that of Figure 2. Sample was fractured at 65% rh and 21 °C (1235X).

Figure 5. Breaking twist angle fracture of a polyester fiber of similar type
to that of Figure 1. Sample was fractured at 65% th and 21 °C (2275X).

on the tensile-tested counterpart (cf. Figures 1 and 5). A skin is not
observed on the cotton fiber. Tearing apart of the fibrils appears to have
occurred more often during the stressing of BTA-tested cotton fibers
than during the stressing of tensile-tested fibers (cf. Figures 3 and 6).
Single-fiber flex fatiguing is studied also. Researchers have sug-
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Figure 6. Breaking twist angle fracture of a cotton fiber of similar type to
that of Figure 3. Sample was fractured at 65% rh and 21 °C (2665X).

gested that cyclic-bending fatigue is important in the context of abraded
fabric failure (8). Different types of laboratory single-fiber flex testers
appear to fracture fibers differently (8, 9). Hearle et al. (3, 9) claim that
biaxial-rotation tests simulate the forms of fiber fracture that are found in
used shirts, trousers, and socks. With our instrument the resistance of fibers
to cyclic 180° bending is measured. The fiber is wrapped around a fine wire
as mandrel. On its inner radius, the fiber is alternatively compressed and
relaxed, while on its outer radius, it is alternatively extended and relaxed. In
cotton, failure appears to occur with the fracture running roughly per-
pendicular to the fiber axis on one side; on the other side failure results in an
extended tongue (Figure 7a and 7b). For wool, failure takes place after
multiple axial splitting has occurred (Figure 8). In polyester, the fiber splits
into larger units (Figure 9). Abrasion damage can be observed on the inner
radius of all the fibers where they were in contact with the mandrel
(Figures 7a, 8, and 9).

In addition to resins, a number of factors such as aging and exposure to
high-energy radiation and sunlight may increase the brittleness of a
fiber. If the brittleness increases before the fiber is subjected to physical
testing, its fracture morphology may be affected. We have discussed the
effect of high-energy radiation and sunlight on nylon 6 elsewhere (4, 10).
Treatments such as mercerization can affect fracture morphology
also (6-9).
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Figure 7a. Fracture by flex fatigue of a cotton fiber of similar type to that
of Figure 3. Sample was fractured at 65% rh and 21 °C (1365X).

Figure 7b. Another example of a flexural fatigue fracture of
cotton (1105X).
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Figure 8. Fracture by flex fatigue of a wool fiber of similar type to that of
Figure 2. Samvle was fractured at 65% rh and 21 °C (442X).

Figure 9. Fracture by flex fatigue of a polyester fiber of similar type to
that of Figure 1. Sample was fractured at 65% rh and 21 °C (845X).
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Apparel is susceptible to damage during cleaning as well as when in
actual use. Goynes and Rollins (11) studied untreated and chemically
modified cotton fabrics that had been laboratory abraded by machine
washing (wet abrasion) and tumble drying (dry abrasion). They reported
that generally abrasion patterns were not different from those normally
associated with any wet or dry abrasion. Wet fibers, gray or cross-
linked, were found to splinter or fibrillate on abrasion, but the
fibrillation of cross-linked fibers occurred more in sheets of fibrils than
in small bundles characteristic of gray fibers. Gray or cross-linked dry
fibers cracked or broke on abrasion. A slight amount of peeling of
fibrillar sheets occurred in dry gray fibers, also. The effect of prolonged
drying on untreated cotton fibers was to convert their interfibrillar
bonding character to one similar to that of cross-linked fibers.

With relatively minor variations, many types of fiber including
cotton, wool, polyester, nylon, and acrylic break down in a similar
manner when subjected to wear (9). Characteristic features for changes
in wool fibers during fabric wear consist of cuticular damage (Figure
10a), fibrillated fibers (Figure 10b), fibrillated fiber ends (Figure 10c),
and rounded fiber ends (Figure 10d) (12). Transversely fractured fiber
ends are also observed (Figure 10e). They may have been ruptured by
tensile stress (cf. Figures 4 and 10e). The effect of chemical treatments

Figure 10a. Fibers present in a worn portion of a wool sock (650X ).
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Figure 10c. Fibers present in a worn portion of a wool sock (520X).
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Figure 10d. Fibers present in a worn portion of a wool sock (2015X).

Figure 10e. Fibers present in a worn portion of a wool sock (1365X).

on morphological changes caused during wool abrasion has been
discussed by Anderson et al. (13).

For polyester, the fiber balloons (Figure 11a) before multiple splits
are observed (Figure 11b). Ballooning and splitting are followed by
brushlike formations (Figure llc) as the fiber breaks. Fibers with
rounded tips can be observed (Figure 11d). The rounded tips are
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Figure 11a. Fibers present in a worn portion of a polyester fabric taken
from a child’s sleepwear (2210X).

Figure 11b. Fibers present in a worn portion of a polyester fabric taken
from a child’s sleepwear (2210X).
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Figure 11c. Fibers present in a worn portion of a polyester fabric taken
from a child’s sleepwear (1105X).

Figure 11d. Fibers present in a worn portion of a polyester fabric taken
from a child’s sleepwear (2145X).

probably due to a wearing away of the fibrillated ends. Presumably
ballooning takes place in regions of high stress as the fibers are flexed
during use. Cohesion between fibrillarlike units of the fiber appears to
have decreased in these regions and thus resulted in a disordered
structure of higher volume.
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Multiple splitting, rupture of individual fibrils to yield brushlike
fiber ends, and possibly a subsequent wearing of the fiber ends to round
them off have been reported for cotton (9). In recent days much apparel
containing cotton has been chemically modified by the application of
resins to make it either wrinkle resistant or fire resistant. These
treatments might affect the fracture morphology. However, multiple
splits and frayed, as well as rounded, ends can still be observed (Figures
12a and 12b and Figures 13a and 13b). The fracture surface that can be
observed in Figure 13a is similar to that of a cotton fiber taken from a
fabric found in the Gramalote site in north Peru and dated about 1000
B.C. (Figure 14 in Reference 14). This similarity indicates that the
Gramalote fabric had been subject to wear. In each of the cases of wear
just presented, the fibrillation or splitting that happened to the fibers
was reminiscent of the damage that occurred to their flex-ruptured
counterparts.

Conclusions

The SEM can be a valuable tool to assist in the diagnosis of the cause of
fabric wear or fiber failure by mechanical means. Because a variety of
factors such as chemical treatments and conditions of use can affect

Figure 12a. Cotton fibers present in a worn portion of a used cotton-
polyester sock (617X ).
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Figure 12b. Cotton fibers present in a worn portion of a used cotton-
polyester sock (572X).

Figure 13a. Cotton fibers present in a worn portion of a used cotton-
polyester denim fabric taken from a child’s jeans (1300X).
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Figure 13b. Cotton fibers present in a worn portion of a used cotton-
polyester denim fabric taken from a child’s jeans (1300X).

fracture morphology, knowledge of available information on the fiber and
fabric is important. Also, a set of micrographs consisting of fibers that
have been fractured under known conditions is necessary. This chapter
together with the articles we have cited will assist in preparing such
a set.
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Twenty-eight historic silk fabrics dating from 1880 to 1980 were
fractured by tensile stress, and scanning electron microscopy was
used to examine the morphology of fractured fiber ends. Frac-
tures were interpreted in terms of interfibrillar cohesion, fiber
surface flaws, and fiber ductility-brittleness. This interpretation
led to the conclusions that accelerated laboratory heat stress
results in embrittlement and a marked loss of interfibrillar
cohesion, whereas accelerated laboratory light stress results in an
increase of fiber surface flaws. The fracture of naturally aged
fibers suggests that natural aging occurs by a more complex
mechanism than simple laboratory heat or light exposure of
newer samples. Fragility of naturally aged historic samples is
more accurately described as resulting from a decrease in
interfibrillar cohesion rather than from excessive embrittlement.

HISTORIC COSTUME AND TEXTILE COLLECTIONS frequently contain
items made from silk. The myriad of uses for silk include garments and
accessories, vestments, tapestries, painting canvases, and interior-furnish-
ing fabrics. Regardless of the end use, silks or any other fabric is subject
to deterioration. The care and preservation of historic silk textiles are
concerns of most museum curators—conservators because silks housed in
museums generally are valuable and irreplaceable. Museums seek to
preserve objects in a usable state, but control of the museum environ-
ment to eliminate deterioration of silk textiles is not possible. These items
become more fragile every day and eventually become unusable. The
longer the deterioration proceeds unchecked, the greater the loss. Little
headway has been made in understanding silk-fiber deterioration. Al-
though a substantial amount of research involving the structure and proper-
ties of new silk fibers has been conducted for commercial application, little
understanding of the structure and properties of aged silk fibers has been
attained.
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Work is needed to help understand silk-fiber aging and enable the
development of improved methods for the conservation and restoration
of historic silk textiles.

The Structure of Modern Silk

Silk fibers are continuous filaments composed of a proteinaceous fibrous
biopolymer called fibroin and another proteinaceous nonfibrous bio-
polymer called sericin (I). Fibroin constitutes the fibrous core of silk
fibers, whereas sericin acts as a gummy coating that encapsulates two
fibroin filaments. Many animals in the phylum Arthropoda, classes
Insecta and Arachnida, extrude these complex filaments. However, most
commercial silk fibers are produced by one animal—the Bombyx mori
caterpillar (2). The fibroin polymer is composed of 17 different amino
acids and has a molecular weight somewhere between 50,000 and
150,000 (3). Although researchers disagree somewhat on the exact amino
acid composition of silk proteins, they generally agree that more than
80% of the amino acids found in Bombyx mori fibroin are the following
three small, compact peptides: glycine, alanine, and serine (4). How-
ever, a few large amino acids also are found in appreciable amounts. To
accommodate both compact and bulky amino acids, scientists believe
that Bombyx mori filament fibroin exists as a block copolymer. Wide-
angle X-ray diffraction measurements of fibroin fibers indicate a
moderate 40-60% axial orientation of amino acids forming crystalline
blocks in the bipolymer (3). The shear forces produced by the stretch-
spinning motion of the silkworm’s head are believed to introduce this
orientation and form the fibroin biopolymers into fibrils in the fiber.
Each fibroin fiber is believed to consist of 20-30 bundles of highly
oriented fibrils (3). Fibrils measure 100 A in diameter and 3500 A long
and are grouped into concentric rings (3). The fibrils presumably are
held together through interfibrillar tie molecules such as those present in
the fringed micelle theory of fiber structure. On the other hand, some
evidence indicates that fibrils in fibroin are held together with an adher-
ing, less organized material called “cuticolina” (3). Interfibrillar cohesion
is an important contributor to the mechanical properties of silk fibers.

Polymer Aging

Changes in the physical and chemical composition of historic textiles
usually are attributed to the treatment and care they receive after fiber
formation. The most commonly reported effects of silk-fiber aging are
those involving changes in mechanical properties, such as strength,
elongation, and elasticity (5). Overall, these effects generally are said to
result in a fabric that is fragile and characterized by increased stiffness
and brittleness.
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Polymer aging, which may be either physical or chemical, is a com-
plex process that results from the interplay of a large number of differ-
ent events. Physical aging results from the gradual continuation of glass
formation and occurs at temperatures below the glass transition temper-
ature of all polymer materials (6). Physical aging occurs because
amorphous regions of the polymer are not in thermodynamic equilibrium
at temperatures below the glass transition temperature. No additional
thermal or chemical energy needs to be supplied for aging to occur as
long as a polymer material is at a temperature below its glass transition
temperature. Because physical aging is strictly a function of tempera-
ture, it may occur in the most gentle of chemical environments. Physical
aging increases fiber stiffness and brittleness. Fortunately, however, this
process may be reversed by exceeding the glass transition temperature
of the fiber.

The principal component of degummed silk is fibroin. The glass
transition temperature of dry fibroin is 175 °C as measured by differen-
tial scanning calorimetry (7). Consequently, storage under nonwet con-
ditions and ambient temperatures of 20-25 °C places the fiber well
below its glass transition temperature, and physical aging would be
expected to occur. Silk fibers are commonly claimed to become brittle
during storage; at least some of the stiffness found in historic silk textiles
certainly results from physical aging. However, because physical aging is
a reversible process, this stiffness may be eliminated by exceeding the
glass transition temperature. If desired, plasticizers such as water may be
used to depress the glass transition temperature of silk to a lower
temperature for more gentle erasure of physical aging.

Chemical aging, on the other hand, involves the making and break-
ing of covalent bonds and is largely irreversible. Energy must be
supplied to make or break bonds during chemical aging. The most
common energy sources are heat, light, and nonfibrous chemical sub-
stances. Most textiles are repeatedly subjected to these energy sources
during their lifetime. Silk, like most proteinaceous substances, suffers
degradation when exposed to heat or light. The most important general
chemical-aging reactions that occur are polymeric chain scission and
cross-linking. Chain scission occurs when polymeric skeletal bonds are
broken and thus results in a lower polymeric molecular weight and a
broadened molecular weight distribution. Losses in tensile strength,
elongation, and elasticity are associated with chain scission. Cross-
linking, on the other hand, involves the formation of covalent-bond link-
ages between polymeric chains. At low reaction levels, cross-linking
results in increased fiber strength and toughness, whereas substantially
decreased elongation and increased brittleness result from higher cross-
linking levels.

The chemical reactivity of silk has been investigated predominantly
from an industrial standpoint. Some of the knowledge gained from this
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research may be related to the natural chemical aging of historic silk
textiles, although differences in chemical and physical conditions to
which historic textiles normally are subjected during their lifetimes make
direct application of this research sometimes difficult. That is, informa-
tion resulting from relatively simple laboratory studies employing a
small number of short-term stresses of large magnitude must be applied
to natural aging during which a great number of milder stresses act on
textiles over a very long period of time in a complex manner. Neverthe-
less, two useful reactions that have been studied are hydrolytic chain
scission and oxidative cross-linking (2). Hydrolysis of the amino acid
linkages in fibroin may occur in boiling water and in steam containing
either alkalies or acids. These conditions may resemble commercial dye-
ing and finishing as well as some care treatments. Consequently, the
amount of hydrolysis found in a collection of historic silk textiles would
be expected to be widely variable and may be substantial in some cases.
A wide variety of oxidizing agents also may induce cross-linking of silk
fibroin (2). Because a large number of common substances such as air
contain oxidizing agents, the amount of oxidative cross-linking found in
a collection of historic textiles also would be expected to vary over a
large range and may be substantial in some cases. The net result of these
considerations is that a random sample of historic silk textiles would be
expected to exhibit chemical aging that is quite variable and con-
siderably more diverse than that exhibited by laboratory-aged samples.

Fiber Fracture

Studies using scanning electron microscopy (SEM) have been used
effectively to examine the morphological details of fiber fracture. Hearle
et al. (8) have used this analytical technique to classify fiber fracture into
10 types, as illustrated in Figure 1. Type 1 results from brittle crack
propagation and appears as a smooth break perpendicular to the fiber
axis. Type 2 is a cracked opening that forms a V-notch and results from
controlled ductile crack propagation or tearing. Type 3 is described as a
mushroom shape and is caused by large amounts of plastic deformation.
Enough heat is generated to soften the material, which is then flattened
into a mushroom shape by snapback after rupture (9). This type of frac-
ture results from very high straining rates. Type 4 occurs from long axial
splits that eventually cross the fiber. This pattern is more likely to occur
if externally induced mechanical stresses are present across the axial
plane. Type 4 fractures can occur with highly oriented fibers, which
resist stresses parallel to the fiber axis but are susceptible to stress in any
nonaxial direction. Type 5 is typified by a moderate loss of cohesion
between fibrils or other supermolecular structural units and is charac-
terized by a rough surface appearance defined by groups of the
morphological units. Type 6 fractures are typified by a major loss of
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TYPE FIBER

Figure 1. Schematic drawings of
Hearle’s classification of fiber fracture
types. (Reproduced with permission

10 from Ref. 8.)

I UDNLDL

cohesion between morphological units and occur when these units are so
weakly linked that they break independently. The fracture surface con-
sists of independent morphological units. Type 7 is a long axial split that
develops from a surface flaw and leaves a tail on one fractured end that
is stripped from the other end. Type 8 results from kink bands that even-
tually split open so the final failure is angular shaped. This failure may
occur from fiber flexing. Type 9 is due to abrasion wearing away the
fiber surface until it can no longer support stress. Type 10 is initiated by
multiple splits along the fiber. This failure results in a frayed appearance
of the fracture and occurs in some fibers that have been subjected to
biaxial rotation. As can be seen from these descriptions, a wide variety
of fiber structural information may be obtained from studies of fiber
fracture.

Experimental

Fabrics. Twenty-four fabric samples dating from 1880 to 1973 were
obtained from textile collections at Kansas State University, California State
University (Chico), and the Fort Riley Kansas Military Museum. Curators from
participating museums were requested to submit 5- X 5-cm samples of plain-



Published on February 1, 1986 on http://pubs.acs.org | doi: 10.1021/ba-1986-0212.ch005

100 HISTORIC TEXTILE AND PAPER MATERIALS

weave, silk-lining fabrics for the study. Sample selection was based on age,
fabric-construction characteristics, size, and fiber content. A sample of modern
degummed silk crepe (10) dated 1980 also was included.

To remove surface dirt and oils, each silk sample was agitated gently in
tetrachloroethylene for 2 min at 25 °C, conditioned at 21 & 1 °C and 65 + 2% rh
for 24 h, agitated in a 0.05% aqueous solution of the nonionic surfactant Merpol
LF-H at 25 °C, dried, and then reconditioned for 3 days prior to tensile fracture.
This treatment was expected to erase the effects of physical aging because
fibroin is plasticized by water and its glass transition temperature is depressed to
room temperature when completely wet (11). Consequently, the effects of aging
on fractures observed in this study resulted only from chemical aging and not
from physical aging,

Samples of the modern silk fabric measuring 30.5 X 30.5 cm also were
heated for 6 h at 60 = 2 °C in a laboratory convection oven. Specimens of com-
parable size were cut from the center of the silk fabrics after heating and
conditioning,

Other samples of the modern silk fabric measuring 26.5 X 18 cm were
exposed to carbon arc radiation for 320 AATCC® fading units following proce-
dures specified in AATCC Test Method 111C-1975, “Weather Resistance:
Carbon Arc Lamp Exposure Without Wetting” (12). Specimens were mounted in
open-back metal frames positioned with the warp in the vertical direction and
exposed to continuous light in an Atlas carbon arc weather-ometer. The black
panel temperature and relative humidity during exposure were 37.8 + 6 °C and
80 *+ 5% rh. AATCC blue wool lightfastness standards were used to determine
the number of AATCC fading units to which the silk specimens were exposed,
following the procedures specified in AATCC Test Method 16-1978, “Colorfast-
ness to Light: General Method” (12).

Tensile Fracture. Specimens measuring 1 X5 cm and having the long dimen-
sion parallel to the warp were prepared from each of the silk fabrics. Adhesive
tape was applied to the ends of the specimens to facilitate placing them between
the clamps of a Scott tensile-testing machine having a constant rate of extension.
Because of the limited specimen size, the distance between the clamps was 1 cm
at the start of the test. The general procedures in American National Standards
Institute- American Society for Testing and Materials (ANSI-ASTM) D1682-64,
constant traverse speed of 30.5 + 1 cm/min was used.

Scanning Electron Microscopy. Unbroken ends of short lengths of approx-
imately 25 fractured fibers from each broken fabric were embedded vertically
in carbon paste on scanning electron microscope (SEM) specimen holders by using
an optical stereo microscope and tweezers. The specimens were evaporatively
coated first with carbon and then with a 60-40 gold-palladium alloy. Three frac-
tured fiber ends morphologically representative of the 20 mounted fibers from
each historic fabric were photographed in the SEM. Thus, a total of 72 fractured
fibers were photographed from the 24 historic fabrics. In addition, 10 representative
fibers were photographed from the modern fabric, heat-exposed modern fabric,
and light-exposed modern fabric specimens for a total of 30 more fibers. Conse-
quently, more than 100 fractured fiber ends were examined in this study.

Results

The fractured surfaces of the broken silk fibers were classified accord-
ing to Hearle’s system of fiber fracture morphology (8). Most fractured

®American Association of Textile Chemists and Colorists
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ends observed in our study fit this system. However, some of the frac-
tured surfaces could not be classified as any of the 10 types used by
Hearle. An 11th type of fracture that resulted from the presence of a
large internal void was added. In addition, some fibers were classified as
“combination” because the fracture event appeared to be governed by a
combination of more than one fracture type rather than dominated by
one particular type. A summary of the fracture types assigned to each of
the groups of silk specimens evaluated in this study, as well as their
percent frequency, is presented in Table I. Examples of each of the frac-
ture types observed are provided in Figures 2-8.

Fracture Types 3, 4, 6, 9, and 10 were not found in any of the
specimens examined. The absence of Type 3 fractures was expected
because they are characterized by a large amount of plastic deformation
and have been observed only in nylon fibers fractured at very high strain
rates for which heat buildup is sufficient to cause melting of polymeric
material. The tensile loading rate used in this study was very low, and
little heat buildup occurred. Type 4 fractures are observed when
discontinuities along planes perpendicular to the fiber axis are present in
fibers that are very highly oriented axially and exhibit little inter-
polymeric attraction perpendicular to the fiber axis. Because fibrillar
orientation in silk fibroin is moderate but not great, and fibroin polymers
form extensive intermolecular hydrogen bonds, the absence of Type 4 is
not surprising. Type 6 is observed when fibrillar units are united so
weakly that they break independently. We had anticipated observing
some of these fractures because some of the historic fabrics examined in
this study were extremely fragile. However, this type of fracture has
only been observed in wet cotton fibers in which hydrogen bonds
responsible for interfibrillar attraction were broken by wetting. The
absence of Type 6 fractures in our study suggests that interfibrillar
cohesion of historic silk fibers is greater than that of wet cotton. Silk
fibers fractured after wetting might have exhibited this type of fracture
morphology. Type 9 fractures are characterized by a wearing away of
the sides of the fiber by surface abrasion until fracture occurs. Because
we examined fiber failure under tensile stress and not surface abrasion,
Type 9 fractures were not present. We did not observe Type 10
fractures, which result from biaxial rotation, because this study involved
fracture by tensile deformation.

The modern silk sample not subjected to heat or light stress
displayed fracture Types 2, 5, 7, and 11. The dominant fracture type
exhibited by these fibers was Type 7; 50% of the modern silk fractures
were of this type. This finding indicates that surface flaws largely
govern the fracture mechanism of modern silk. A smaller number of

. fracture Types 2, 5, and 11 were observed. This observation indicates

that at least some of these fibers also exhibit ductility, a moderate loss of
interfibrillar cohesion, and large internal voids, although their influence
in fiber fracture is considerably less than that of surface flaws.
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Figure 2. SEM photomicrograph of a Type 1 (brittle) fracture (2600X).

Figure 3. SEM photomicrograph of a Type 2 (ductile) fracture (2600X).
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Figure 4. SEM photomicrograph of a Type 5 (loss of interfibrillar
cohesion) fracture (2600X).

Figure 5. SEM photomicrograph of a Type 7 (surface-flaw-influenced)
fracture (2600X).
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Figure 6. SEM photomicrograph of a Type 8 (shear) fracture (2600X).

Figure 7. SEM photomicrograph of a Type 11 (void) fracture (2600X).
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Figure 8. SEM photomicrograph of a combination-type fracture (2600X).

The modern silk fabric stressed by heat displayed a marked shift
from a predominance of Type 7 fractures to a predominance of Type 5
fractures. Because Type 5 fractures indicate reduced interfibrillar
cohesion, heat stress apparently results in decreased interfibrillar cohe-
sion in silk. This decreased cohesion could be due to degradation (such
as chain scission) of interfibrillar tie linkages, fibrillar surfaces, or
cuticolina. In addition, the heat-stressed sample displayed a decrease in
the number of Type 2 ductile fractures and an increase in the number of
Type 1 brittle fractures. Changes in the frequencies of Types 1 and 2
were not large, and a greater number of textiles must be examined to
interpret these differences with confidence. Nevertheless, an attempt to
interpret changes in the data available is appropriate. Type 1 fractures
result from brittle crack propagation along a single fracture plane
perpendicular to the fiber axis when a fiber acts as a single homo-
geneous unit. Silk fibroin possesses a fibrillar morphology and thus is
structurally heterogeneous in the supramolecular size range. Conse-
quently, transverse fracture planes of silk fibers would be expected to
follow lines of fibrillar structure rather than a single fault line. However,
severe degradation could result in a decrease in the physical integrity of
the morphological structure that is sufficient to homogenize fiber
structure so that Type 1 brittle fractures occur. These observations
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suggest that damage sustained by samples during heating for 6 h at 60 °C
is severe enough for degradation to occur and for brittleness to increase.
The presence of large voids in silk is indicated by Type 11 fractures.
Type 8 fractures also were observed in the heat-stressed samples. This
fracture type probably was observed because fabrics rather than single
fibers were broken in our study, and the interlacing of yarns causes
fibers to be bent over yarns to produce a shear stress instead of a true
tensile stress.

The modern, light-stressed samples displayed an increase in the
proportion of Type 7 surface-flaw-dominated fractures in comparison to
the modern sample not stressed by light or heat. Seventy percent of the
light-stressed fibers broke with Type 7 fractures. Silk is known to absorb
light and suffer chemical degradation as a consequence. One naturally
would expect the most absorption to occur at the fiber surface. The
fracture behavior observed in this study suggests that degradation
resulting from light absorption produces numerous new surface flaws or
enhances flaws already present on silk fibers so that these flaws play a
more dominant role in the mechanism of fiber breakage. The presence
of Type 2 fractures indicates that the light-stressed silks still exhibit
ductility. In addition, the presence of large internal voids is indicated by
Type 11 fractures. All three samples of modern silk (unstressed, heat
stressed, and light stressed) exhibited the same frequency of fractures
dominated by large internal voids (10%). This result indicates that a
reasonably random sampling of fibers was achieved because the same
fabric was the source of all three samples. Type 8 fractures also were
observed as in the heat-stressed samples.

The naturally aged historic silk samples displayed a greater diversity
of fracture types than the modern samples. This result could be
attributable to the better control in modern production facilities of
numerous factors such as diet and weather that affect silk structure.
Alternatively, the greater diversity of the historic silk samples could
result from the greater complexity and variation of natural aging
schemes in comparison to the simple laboratory heat or light stressing of
modern silk textiles. Because many reactions, such as those resulting in
hydrolytic chain scission and oxidative cross-linking, are expected to
occur quite variably in historic textiles, this conclusion is not unexpected.
Structural diversity of the historic samples is evident from the fact that
10% of the historic samples were classified as a combination fracture, that
is, they were governed by a combination of more than one fracture type.
None of the modern samples, on the other hand, exhibited this behavior.

The most common fracture event observed among the historic
samples was Type 5; this observation indicated a greater loss of
interfibrillar cohesion than that found in the modern silk samples.
Because the modern samples stressed by heat at 60 °C also showed
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decreased interfibrillar cohesion, thermal energy may be a principal
component of stress resulting in deterioration of interfibrillar structure
during natural aging. The decrease in interfibrillar cohesion exhibited by
the historic samples appears to be less severe than that experienced by
the laboratory-treated modern samples in which more Type 1 brittle
fractures and fewer Type 2 ductile fractures were observed. This
situation may result from a lower temperature applied over a longer
time during natural aging than during the conditions used for laboratory
aging. Observation of similar numbers of Type 1 and 2 fractures for the
historic samples and the modern samples was surprising. This result
suggests that silk textiles are not excessively embrittled during natural
aging and actually are approximately as ductile as modern silk textiles.
This observation is consistent with a fracture study involving another
polyamide fiber for which both severely light-degraded and nonde-
graded nylon fibers exhibited ductile tearing during fracture (13).
Therefore, rather than embrittlement, a more accurate description of
deterioration in naturally aged silk fibers is a loss of interfibrillar cohe-
sion. This statement implies that conservation and restoration treatments
of historic silk textiles should not emphasize reducing fiber brittleness
but instead should concentrate on increasing interfibrillar cohesiveness.
Recall that all samples fractured in this study were washed to erase the
effects of physical aging. Because physical aging is known to cause
embrittlement, the lack of excessive brittleness observed for the samples
is likely due partly to the erasure of physical aging prior to fracture. It
still may be concluded, however, that chemical aging does not cause
excessive brittle fracture because embrittlement resulting from chemical
aging still would be observable in the samples fractured. Fracture Types
7, 8, and 11 also were observed for the historic samples.

Among the historic samples, the fracture behavior observed for
each different textile was compared to the chronological age of the tex-
tile. No correlation between fracture behavior and chronological age
was found. If a larger number of samples were analyzed, they might
show a correlation. However, a lack of correlation suggests that the most
important factor affecting historic silk fiber breakage is fabric treatment
and care rather than chronological age.
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Degradation of Silk by Heat and Light

R. V. Kuruppillai, S. P. Hersh, and P. A. Tucker
School of Textiles, North Carolina State University, Raleigh, NC 27695-8301

The degradation of silk produced by dry heat and radiation from
a xenon arc lamp is explored. Degradation was assessed by
measuring the breaking strength and the concentration of amino
groups in the silk. Conditions for exposing to light and heat were
established to produce measurable changes in these parameters
over reasonable exposure times. Three additives were examined
to determine whether they would retard thermal degradation:
a deacidifying agent and two antioxidants. The relationship be-
tween strength decrease and amino group increase is similar for
both light and heat degradation. On the basis of the changes in
breaking strength, the degradation by heat and light is of the first
order. None of the three additives retarded the heat degradation
as measured by breaking strength. In contrast, the two antioxi-
dants did seem to retard the formation of amino groups. At this
stage, general conclusions cannot be drawn regarding the effect
of these agents on silk degradation.

THE SCIENTIFIC BASE NEEDED TO SUPPORT APPLIED RESEARCH on the
conservation and preservation of irreplaceable textiles is inadequate. In
recent years, growing awareness and concern have developed about this
problem. For textiles, major routes of natural deterioration involve
oxidation, hydrolysis, and chain cleavage resulting from exposure to
heat, moisture, radiation, mechanical stress, enzymes, and microbiologi-
cal agents. The effects of such deterioration are strength loss, decreased
molecular weight, increased solubility, oxidation, crystallinity changes,
and alterations in appearance and hand. After textiles have suffered
severe natural deterioration, they are weak and brittle and will often
turn to powder at the slightest movement.

To contribute to the fundamental knowledge that must underlie the
development of better and more acceptable conservation methods,
several studies focusing on the conservation and restoration of cotton
have been carried out in our laboratories (I-8). The most fragile textile,
however, is generally agreed to be silk. (See References 9 and 10 for
recent reviews.) Its great sensitivity to light has long been recognized

0065-2393/86/0212-0111 $06.00/0
© 1986 American Chemical Society
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(11). A major factor that has added significantly to the fragility of silk is
the practice of “weighting” that has been conducted for at least 300
years (12, 13). Weighting is the application of 30-300% of inorganic salts
of aluminum, iron, lead, tin, or zinc to silk fabrics to increase the body,
drape, weight per unit area, etc. The practice originated primarily, it is
believed, as a fraudulent means of increasing the value of the product
that is sold by weight. By the late 1800s, weighting had become an
accepted method of preparing silk before its final use.

Textile technologists and conservators express a general under-
standing that unlike cellulosic fibers, which are more easily damaged by
acids than by alkalies, proteinaceous fibers such as silk are more easily
damaged by strong alkalies than by strong acids (I4). The damage
caused by strong acids, however, is quite severe. Under milder condi-
tions, the light stability of unweighted silk is greatest at about pH 10 but
decreases rapidly as the fabric pH becomes greater than 11 or less than 3
(15). Because most weighting compounds are highly acidic, one might
expect that weighted silks would be even less stable than unweighted
silks. This sensitizing effect of weighting has indeed been shown to
occur and is far more detrimental to silks exposed to light than to fabrics
stored in the dark (16, 17). However, damage even during dark storage
is severe.

Silk deterioration takes place via two main mechanisms: oxidation
and hydrolysis. Harris (15) has shown that degradation by exposure to
light results largely from oxidation and is accompanied by the formation
of “ammonia” nitrogen. Degradation by hydrolysis, on the other hand, is
accompanied by the formation of “amino” nitrogen. In this way, Harris
has been able to separate the portions of fiber deterioration that can be
attributed to oxidation and hydrolysis.

The ultimate objective of this study is to develop a technique for
preventing, or at least retarding, the degradation of silk by applying
additives to the silk and to seek consolidants for silk. Before progress can
be made in achieving this goal, however, a system for artificially
degrading silk and reproducibly measuring the extent and nature of the
degradation must be developed. The primary purpose of this chapter,
thus, is to examine the nature of the degradation of silk produced by
exposure to dry heat and to light from a xenon arc lamp. Because silk
degradation can occur as a result of both oxidation and hydrolysis, some
preliminary experiments are described in which an antioxidant or
alkaline buffering agent is applied to silk to determine the effect of these
compounds on the degradation induced by heating. The three stabilizers
selected for this initial screening were chosen because of their extensive
commercial use. Additional studies of this type and of the influence of
these additives and UV light absorbers on the degradation caused by
light are currently under way.
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Experimental

Selection of Silk for Use as Test Material. In preliminary experiments,
contemporary yarn and fabrics were shown to have reasonably uniform tensile
properties; hence, either material is suitable as base material for this study.
Measuring the tensile properties of yarns, however, is faster and easier than
measuring those of fabrics because the preparation of fabric specimens requires
cutting the fabrics and then raveling them to the proper dimensions. Artificial
aging of yarns by heating in an oven, however, proved to be impractical because
the air currents in the forced convection oven blew the yarn around to form a
tangled mass. Winding the yarns on a variety of holders also proved impractical,
not only because of the extra effort, but also because of resulting nonuniform
heating. To take advantage of the ease of handling fabrics combined with the
ease of testing yarns, the evaluation method chosen was to treat and age fabrics
and then to measure the tensile properties of yarns extracted from the fabrics.

The silk fabric selected for this work was an unweighted plain woven
Chinese silk habutae (Testfabrics, style 605) having 126 ends/in. (37.6 denier)
and 117 picks/in. (32.1 denier) and weighing 1.11 oz/yd2 The fabric as received
had been degummed, as was confirmed by extraction with a soap solution.
Fabric samples were obtained at two different times and are identified as Lots 1
and 2 to distinguish between them.

Artificial Aging. THERMAL. Conditions were selected to degrade the test
fabric to levels having a wide range of strengths after reasonable exposure times.
The procedure developed was to place 15- X 15-cm pieces of fabric in a forced
convection laboratory oven preheated to 150 °C on racks covered with a Fiberglas
screen (7- X 3-cm mesh). The screen was used to prevent direct contact of the
silk with the metal rack which might lead to enhanced degradation at.the points of
contact. After heating for the desired times (up to 6 days), the fabric specimens
were immediately placed in a desiccator containing silica gel to keep them dry
while cooling,

LIGHT. For exposure to light, 15- X 7-cm pieces of fabric were mounted in
standard specimen holders as specified in AATCC?® test method 16E-1982, “Color-
fastness to Light: Water-Cooled Xenon Arc Lamp, Continuous Light” (18). These
were then placed in a water-cooled xenon arc fading apparatus, model 25F T, (Atlas
Electric Devices) and exposed to light for up to 8 days. The apparatus was operated
at 53 °C, 75% rh, and an arc power of 2100 W. The light intensity reaching the
samples was not measured in these exploratory experiments.

Parameters to Measure Degradation. BREAKING STRENGTH. Warp and weft
yarns were extracted from fabrics, and their breaking loads were determined at a
gauge length of 2.0 cm and a rate of extension of 5.1 cm/min on a tensile-testing
machine (Instron, model 1123) as specified by ASTMt Test Method D2256-80,
“Breaking Load (Strength) and Elongation of Yarn by the Single-Strand Method”
(19). Normally 21 breaks were made on each yarn type.

AMINO GROUP CONTENT. Therelative concentration of (a + £)-amino groups
was determined colorimetrically by reaction with ninhydrin (20). In this method,
the ninhydrin reacts with the a- and £-amino groups in silk to form a blue-colored
compound having a maximum absorption at 570 nm.

® American Association of Textile Chemists and Colorists
+American Society for Testing and Materials
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For analysis, a stock solution of ninhydrin was prepared by combining 20.18 g of
sodium propionate, 9.3 mL of propionic acid, 50 mL of 2-methoxyethanol (Methyl
Cellosolve), and 2 g of ninhydrin. The solution was brought to a volume of 100 mL
with deionized water. The fabric specimens to be analyzed were first ground in a
Wiley mill fitted with a Number 40 mesh screen. Four samples of the ground
specimen each weighing 20 mg were introduced into individual 20-cm long Diels-
Alder pressure test tubes to which 2 mL of 2-propanol-water (10-90, v-v), 2 mL
of pyridine-water (10-90, v-v), and 4 mL of ninhydrin solution were added. The
tubes were capped tightly with bottle caps and placed in an oil bath at 100 °C. After
heating for 60 min, the tubes were removed from the bath and uncapped, and
immediately 20 mL of deionized water was introduced. After cooling for 15 min,
the contents of the tubes were transferred to a 100-mL volumetric flask and diluted
to 100 mL with deionized water. A small portion of this solution was collected in a
test tube after passing through filter paper to remove the undissolved silk.

The transmittance of the solution was then measured at 570 nm on a Spectronic 20
spectrophotometer (Bausch and Lomb); a solution submitted to the treatment just
described but to which no silk was added was used as a blank. Two samples of each
filtered solution were measured, and the averages of two readings were reported.

To evaluate the linearity of the analysis with the amount of silk contained in the
reaction tubes, several fabric solutions were prepared by adding 10 and 30 mg of
the ground specimen, as well as the standard 20 mg, to the reaction tubes.

Application of Additives to Silk. DEACIDIFYING AGENT. This material is
ethoxymagnesium ethyl carbonate dissolved in trichlorotrifluoroethane (Wei To
Associates). It has been extensively used as an alkaline buffering agent to protect
paper and cellulosic textiles from aging (7,8,21). Samples were dipped one at a
time in the solution for 30 s and then dried flat on a sheet of poly(methyl meth-
acrylate). The treated samples had an add-on of approximately 3% and were
relatively stiff.

CoMPOUND I.  This compound is a trifunctional hindered phenol (Goodrite
3125, BF Goodrich). Compound I is insoluble in water but soluble in aromatic

0
I
RN\ R
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|
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0
|

3,5-di-tert-butyl-4-hydroxyhydrocinnamic acid
triester with 1,3,5-tris(2-hydroxyethyl)-s-
triazine-2,4,6(1H, 3H, 5H)-trione
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solvents such as benzene and toluene. Preliminary experiments showed that
of the possible solvents, benzene had the greatest swelling effect on silk; hence,
it should be a suitable solvent for transporting the compound into the fiber. The
fabrics to be treated were immersed for 30 min in a solution containing 18.71 g of
Compound I per 100 mL of benzene (one-third of the concentration of a saturated
solution) and then were dried. The average add-on was 33%.

CoMPOUNDII.  This compound is also a hindered phenol antioxidant (Cyanox
1790, American Cyanamid). Compound II is insoluble in water but has a solubility
of 4.6 g/100 mL of ethanol. A saturated solution of this compound in ethanol was
prepared, and the fabric pieces were immersed in this solution for 30 min. The
samples were then dried in the same manner described in the preceding section.
The average add-on was 9%.

OH OH
CH3 0 CH
Il
PN
N N
CHy” \\CHg
CH3 ‘o// N 0 CH3
|
CHa
CH3 CH3
OH

1,3,5-tris(4-tert-butyl-3-hydroxy-2,6-dimethyl-
benzyl)-1,3,5-triazine-2,4,6-(1H ,3H ,5H )-trione

Results and Discussion

Heat Degradation. STRENGTH. The breaking strengths retained of
yarns extracted from the fabric (Lot 1) after heating at 150 °C are shown
in Figure 1. The strength retained is based on the breaking load of the
unheated, untreated fabric. The curves for both the warp and weft yarns
show a rapid initial loss in strength followed by a reduced rate of degra-
dation. Such a curve is typical of first-order reactions in which the rate of
decomposition (or degradation) of a material is directly proportional to
the amount of material present at any given time, that is,

ds/dt = — ks (1)
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Figure 1. Strength retained of warp and weft yarns from fabric 605 (Lot
1) as a function of heating time at 150 °C. Key: O, warp; A, weft.

where s is the strength retained, t is the time, and k is the first-order rate
constant.

A plot of the logarithm of the degradation as a function of time for
a first-order reaction produces a straight line. Such plots for the warp
and weft yarns are shown in Figure 2. The plots are nearly linear and
suggest that the degradation is indeed first order. As is well known in
kinetics, the rate constant can be estimated from the slope of the line
whose equation is given by

Ins=—kt+a (2)

where k is the slope of the line and a is the intercept on the s-axis.
That the slope k in Equation 2 is the same as the rate constant k in
Equation 1 can be shown by differentiating Equation 2 with respect to ¢:
(1/s) (ds/dt) = — k (3a)

and

ds/dt = — ks (3b)
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Figure2. Logarithm of strength retained of warp and weft yarns from fabric
605 (Lot 1) as a function of heating time at 150 °C. Key: O, warp; A, weft.

Hence, the rate of change of strength for a first-order reaction is given
by the slope of the plot in Figure 2. A least-squares regression analysis of
the data in Figure 2 gives kyap = —0.0221/h and k. = —0.0219/h, both
with intercepts of a = 4.65 [s = exp (4.65) = 104.7%]. Thus, the silk fabric
degrades at a rate of about 24/h when heated at 150 °C.

Heating silk at 150 °C therefore seems to be reasonable for ther-
mally aging silk. The strength is reduced to about one-tenth of its origi-
nal value after 4 days of heating. Furthermore, the rate of degradation
appears to be first order, a relationship that will permit the extent of
degradation to be calculated for any heating time on the basis of mea-
surements made after only a few different heating times as shown in
Table I and Figure 3. These data were obtained on Lot 2 of the test
fabric at heating times of 1, 2, 3, and 6 days. The degradation rates were
found to be kyap=— 0.0194/h and k. = — 0.0224/h, only 12% and 2%
different from the values found for the more extensive study carried out
on Lot 1 of the test fabric reported in Figures 1 and 2.

AMINO GROUP CONTENT. The relative amino group concentra-
tions measured on fabric Lots 1 and 2 are listed in Table II and are
shown in Figure 4. These data include measurements made on ninhydrin
solutions containing 10, 20, and 30 mg of ground fiber.



HISTORIC TEXTILE AND PAPER MATERIALS

118

‘uonepeIdap st “8a(] *A[PAROAASII ‘9010-wRId
PUE ‘UONJELIEA JO JUSIOIJJO0O ‘UOHBIASD PIEpPUE]S 9j0uap 8 pue “AD “('S 'SYed1q g Jo ueow ay; st peof Sunjearq oY ], ‘ALON

6T°L 87’8 ‘a’s pejood
986 SI's ¥8G 87t 686 I8GT 9LV  0'LE 14
T'L9 %e’L 669 QI8 Ga'89 9L6T ST'IT 9.8 T
€L°G— 0901 ¥6'6 ¥8GI G661 69G— 001 €99 ©9'8 986Gl 0 II punodwoy)
(134} L'ST 89T T'LT €11 7861 88C S¥I €
8'9¢ 6%1 699 S 1'8¢ €6'ST ¢€LS 09¢ [4
£'e9 5L ¥vLS Q6L 99 8€GT €C0T ¢G'¢8 T
£€°C— el €L S00T OLET €67— 9Vl 0S8 S8E€GT 991 0 I punoduro)
gGe ¥ePT GL'e  96E 896 99¢T 69% €7¢ [4
6°09 Se'TTl V'8 GVl 8°09 9€'¢T O¥VO0T 6°LL 1
6G'6— c'L6 869 ©8L 88IT ¥LG— 1°00T 99'TT ¥6¥%1 T1'8¢1 0 juaBe Burdpiproea(
4 4 8G'T6 SI'T Q' 89 a8'LT  ¥C'T 9’8 9
9Ll 8L'8 88T V18 191 60T TI¢ 908 €
oty WPl L9L 0CS 6'8¢ CO'LT 6F¥'8 86V 14
01L €¢Il GL6 998 6.9 8€'9 0S¢ 698 T
¥ee— 0001 819 ¥S'L STel ¥V6'1— 0°00T WL 8v6 6.8l 0 SUON
(4/%) (%) (% #3)  (B) (4/%) (%) (¥ (43) (45) (shop) uawoaL],
awy powwy ‘A'D A'S UPIN awy pauwipy ‘A'D  d'S Ul aujf
‘o yrduayg ‘Bag  yiBuaug Suyoay
poo] Supyvarg oM poor] 3uiypasg div

Do 0ST ¢ Sunesyy 19y
 107] duqe ] q[IS PoILoNu) pue Pajeal] wolj pajenxy surex 1o pue drepy jo peor Supjearq °J [qel

900U0°ZT20-986T-60/TZ0T 0T :1op | Bio'sdersgnd/:dny uo 96T ‘T Akeniged uo peus!jand



Published on February 1, 1986 on http://pubs.acs.org | doi: 10.1021/ba-1986-0212.ch006

6. KURUPPILLAIET AL.  Degradation of Silk by Heat and Light 119

Retained Strength (%)

A I I I I i

a0 o

(o) | 2 3 4 5 6
Heating Time (days)

Figure 3. Logarithm of strength retained of yarns from untreated fabric

and fabrics treated with the deacidifying agent and the two antioxidants as a

function of heating time at 150 °C (Lot 2, average of warp and weft). Key:
O, untreated; A, deacidifying agent; O, Compound I; O, Compound II.

As is known from the Beer-Lambert law, the absorbance A of a
solution is the product of the absorption coefficient ¢, the optical path
length of the solution /, and the concentration of the colored species c,
that is,

A =¢lc 4)

Because the path length and absorption coefficient are constant in the
amino group analysis, a plot of A versus the amount of fiber added to
the solution should be a straight line passing through the origin. Except
for two outliers, these plots are linear with zero intercepts. This result
suggests that the test procedure is a reasonable one. Also, within experi-
mental error, fabric Lots 1 and 2 are equivalent in amino group content.
The amino group content as a function of heating time is shown in Fig-
ure 5 (together with some additional data to be referred to later). The
absorbance of the fabric from Lot 1 (filled circles) is nearly linear up to
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Table II. Absorbance of Ninhydrin Solution Obtained from Silk Fabrics After
Heating at 150 °C

Absorbance
Fiber Fabric Lot 1 Fabric Lot 2
Heating Conc.

Time (mg/ C.V. C.v.
(days) 100 mL) Mean S.D. (%) Mean S.D. (%)
0 10 0.105 0.018 17.5 0.090 0.0037 3.7
20 0.210 0.0119 5.6 0.216° 0.0155 7.2
30 0.221 0.0084 3.8 0.323 0.0041 14

1 10 0.140 0.0046 33 — — —
20 0.298 0.0141 4.7 0.300 0.0062 2.1

30 0.433 0.0551 12.7 — — —

2 10 0.157 0.0041 2.6 — — —
20 0.354» 0.0113 3.2 0.378 0.0099 2.6

30 0.544 0.0184 34 — — —

3 10 0.203 0.0093 4.6 — — —
20 0.449 0.0044 9.9 0.388 0.0386 9.9

30 0.607 0.0562 9.3 — — —
4 10 0.203 0.0097 4.8 0.241°¢ 0.0162 6.7
20 0.457 0.0117 2.6 0.498¢ 0.0038 7.6
30 0.669 0.0378 5.7 0.594¢ 0.0702 11.8

Pooled
S.D. 0.0240 0.0258

NotE: The absorbance is the mean of four observations except where indicated other-
wise. S.D. and C.V. denote standard deviation and coefficient of variation, respectively.
9Mean of 8 observations.

bMean of 12 observations.

¢6-day heating time.

3 days of heating time and that from Lot 2 is nearly linear for up to 2
days of heating time. Even though results are not linear for the entire
heating range, in both cases the absorbance increases monotonically with
heating time. This increase indicates that the concentration of amino
groups is increasing.

Because (1) the amino groups present in silk occur only at the ends
of the molecular chains and on the lysine and arginine side chains, and
(2) the number of side chains can be assumed to remain constant, the
increase in amino groups indicates that the chain length of the silk mole-
cules decreases with heating time. Such a result would of course also
reduce the breaking strength of the fiber as was indeed observed. Until
the absolute number of amino groups of each type originally present in
the silk can be determined or estimated, calculation of the change in
length of the silk molecules with heating will not be possible. Adequate
approximations, however, might be made on the basis of calibration
curves of reference amino acids and published lists of the amino acid
composition of silk.
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Figure 4. Absorbance of ninhydrin solution obtained from fabric 605 (Lots
1 and 2) after heating at 150 °C as a function of fiber concentration.
Key: open symbols, Lot 1; filled symbols, Lot 2.

Light Degradation. STRENGTH. The breaking strengths of yarns
extracted from the silk fabric after irradiation with the xenon arc lamp
are shown in Table III and Figure 6. The strength retained is based on the
breaking load of the fabric that was not irradiated.

On the basis of the arguments presented earlier concerning heat
aging, the rate of decrease in strength of silk yarn exposed to light is a
first-order reaction. A regression analysis of the data in Figure 6 gives
kwarp = — 0.130/day and k. = — 0.143/day with intercepts of 108.9% and
113.3%, respectively. Thus, the rate of degradation is about 13%/day or
about 0.5%/h, which is only about one-fourth of that (2.2%/h) produced
by heating at 150 °C.

AMINO GROUP CONTENT. The amino group concentrations mea-
sured on the silk fabric exposed to light are shown in Table III and
Figure 7. A regression analysis of these data indicates that the absorbance
increases linearly with exposure time at the rate of 0.0179 absorbance
units/day, which is about 22% of that (0.081 units/day, Table IV) pro-
duced by heating at 150 °C. Thus, exposure to heat at 150 °C degrades
the strength and increases the amino group content of silk about five
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Figure 5. Absorbance of ninhydrin solution obtained from untreated

fabric and fabric treated with the deacidifying agent and the two anti-

oxidants as a function of heating time at 150 °C (Lots 1 and 2). Key: @,

untreated Lot 1; O, untreated Lot 2; A, deacidifying agent; O, Compound I;
O, Compound II.

times as fast as does exposure to the xenon arc lamp under the condi-
tions employed here. The relationship between strength decrease and
amino group increase is therefore similar for both light and heat
exposure.

Effect of Additives on Heat Degradation. The effects of applying
the additives to silk on the breaking strength and absorbance are shown in
Tables I and IV and in Figures 3 and 5. From these data, particularly from
the values of rate constants for strength loss given in Table I, it is evident
that none of these additives retard the degradation as measured by
breaking strength. However, the silk fabrics were greatly stiffened by the
application of the additives, which might have affected the breaking
strength. In contrast, the two hindered phenol antioxidants do seem to
retard the formation of amino groups. Caution is needed in interpreting
the effect of Compound I, however, because some evidence suggests
that this compound has interfered with the ninhydrin reaction (by the
consistent drop of 0.05 in absorbance, Figure 5). This observation may not
be entirely unexpected because the add-on of Compound I was unrea-
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Figure 6. Logarithm of strength retained of warp and weft yarns from
fabric 605 (Lot 2) as a function of irradiation time.
Key: —O, warp; ---A, weft.
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Figure 7. Absorbance of ninhydrin solution obtained from fabric 605 (Lot
2) as a function of irradiation time.
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Table IV. Absorbance of the Ninhydrin Solution Obtained from Treated and
Untreated Silk Fabric Lot 2 After Heating

Heating Absorbance Rate of Increase
Time C.vV. m= ; Ay — Ag)/2
Treatment (days)  Mean S.D. (%) day™)
None 0 0216 00155 7.2 0.0810
1 0.300 0.0062 2.1
2 0.378 0.0099 2.6
3 0.388 0.0386 9.9
6 0.498 0.0038 0.8
Deacidifying agent 0 0.236  0.0084 3.6 0.0750
1 0316 0.0014 04
2 0386 0.0015 04
Compound I 0 0.164 0.0047 29 0.0355
1 0190 0.0024 1.2
2 0235 0.0108 4.6
3 0314 0.0227 7.2
Compound II 0 0.233 0.0093 4.0 0.0445
1 0261 0.0061 24
2 0322 00042 1.3
Pooled S.D. 0.0136

NoOTE: The absorbance is the mean of four observations. S.D. and C.V. denote standard
deviation and coefficient of variation, respectively. Ag and Az are the absorbance before
heating and after heating 2 days, respectively.

sonably high (33%). In contrast, the deacidifying agent has little effect on
the absorbance.

Thus, none of these additives show any great promise at this stage
of the study. Investigations of other compounds, application procedures
and concentrations, and evaluation procedures, however, could lead to
useful stabilizers.

Conclusions

The rate of degradation of silk as measured by strength loss produced
by heating dry at 150 °C and exposing to light appears to be first order,
a relationship that will permit the extent of degradation to be calculated
for any heating or exposure time on the basis of measurements made
after only a few different heating times. This result was confirmed by
measurements made on two different lots of silk. The rate of degrada-
tion as measured by the formation of (a + ¢)-amino groups increased
linearly with heating time. However, amino group formation did not
proceed far enough to establish the degradation kinetics.

The three additives as applied are not effective in retarding degra-
dation as measured by breaking strength; however, the two hindered
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phenol antioxidants did seem to retard formation of amino groups. This
inconsistency in behavior might be attributed to the fact that the fabrics
were greatly stiffened by the additives, a change that could lower the
breaking strength. Further, the effectiveness of the additives might have
been increased if the fabrics were heated in the presence of moisture as
was seen in an earlier study made on cotton (4). In cotton a deacidifying
agent did not protect the fabric against strength loss under dry aging
conditions, but it did in the presence of moisture. A similar effect might
be occurring with the materials examined in this study.

Studies are continuing to further elucidate the degradation
mechanisms and to evaluate additional compounds as possible sta-
bilizers. The effect of additive type, concentration, and application
procedures will be determined as well as that of other aging conditions
and evaluation methods.
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ART HISTORICAL RESEARCH on 18th century plain and patterned silks

Problems of classification of 18th century painted-printed
Chinese and Western silk textiles are discussed with emphasis on
how nondestructive X-ray fluorescent (XRF) analyses of pig-
ment-dye pastes and paints can be combined with visually
observable physical characteristics, painterly techniques, and art
historical research to separate Chinese silks from Western ones.
This unique documentation process is the result of our joint, 2-
year study and shows how textile connoisseurship can be rein-
forced with scientific data. Thirty painted-printed 18th century
silks from the textile and costume collections of the Cooper-
Hewitt Museum; The Metropolitan Museum of Art in New York;
Musée Historique des Tissus in Lyon, France; National Museum
of American History; Philadelphia Museum of Art; Rhode Island
Historical Society; and The Henry Francis du Pont Winterthur
Museum were examined and analyzed by XRF for this study.

(I) combined with scientific data from the X-ray fluorescent (XRF)
analyses of coloring matter on 18th century painted and printed silks is
presented in this chapter. This study produced a systematic method
for differentiating between Chinese and Western silks of the 18th cen-

tury (2).

Historic Reasons for Existing Separation Problem

To see how the existing Chinese or Western silk separation problem
developed, a brief look at the 18th century Chinese export silk trade is
necessary.
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In England, the British East India Company had a monopoly on
trade with the East. An established sailing pattern for the British East
India Company ships was to leave, in midwinter, from London for Can-
ton, China, and return 13-14 months later. Meticulous records of this
company’s trade, as a result of silk being an important commodity
imported directly from China, are housed at the India Office Library
and Records in London. These records provide valuable information
and documentation for several of the Chinese silk characteristics.

The influx of silks from the East produced several reactions in
Europe. France and England, to protect internal silk and wool indus-
tries, issued prohibition acts forbidding the importation of Eastern silks
and cottons for home use. To comply with these laws, English
merchants bought the fabrics at British East India Company sales in
London and then promptly reexported them in accordance with both
the law and specific orders to merchants in the British North American
colonial ports and elsewhere. Another European reaction to Eastern
imports was that the popular taste for exotic Oriental patterns prompted
European adaptations of Chinese styles, and elements such as pagodas,
priests, and parasol canopies set the pattern and tone for these so-called
“chinoiserie” decorations (Figure 1). In France, Holland, and Flanders
special factories were set up for the painting and printing of chinoiserie
textiles (3). Also prevalent were the practice of sending back to China

Figure 1. Western chinoiserie design on an 18th century French painted-
printed silk moire. (Acc. No. 57.1277, courtesy of The Henry Francis du Pont
Winterthur Museum.)
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samples of the Western chinoiserie designs for Chinese artisans to copy
and the smuggling of painted and printed Chinese silks back into Eng-
land and France.

It is no surprise then that American and European collections now
house large numbers of 18th century silks that, on the basis of their
appearances, could be of either Chinese or Western origin. The results of
this study are addressed to the question of the provenance, that is, the
documented origin, of these silks.

Physical Characteristics of Chinese Silks

The four physical characteristics of silks of Chinese origin (Table I) are
the result of Lee-Whitman’s research on plain and patterned silks (1) and
our observations of the Chinese silks available to us for study.

The critical selvedge-to-selvedge measurements for Chinese silks
are given in British East India Company records as 2-2.2 covids (a covid
is equivalent to approximately 14.1 in.). Extant 18th century Chinese
silks measure consistently between 28 and 31 in. Western silks are
characteristically narrower; their selvedge-to-selvedge widths range
from 19% to 23 in.

In Chinese silks of both plain weave and satin weave, the selvedges
were observed to contrast in color, and at times in weave, from the
ground color of the fabric. (White Chinese silks often had yellow
or green selvedges.) Such a contrast was not regularly found on
Western silks.

Table I. Summary of Physical Characteristics of Chinese and Western Silks

Characteristic Chinese Silks Western Silks
Selvedge-to-selvedge width ~ 28-31 in. 19%-23 in.
Contrasting selvedge always contrasting in contrasting colors and

color and sometimes weaves sometimes
in weave from present
ground
Temple holes 2-5 sequential holes randomly placed holes,
(1/32-3/32 in. in pressure marks, or
diameter) in the sequentially distri-
selvedges buted pin-sized
holes in the
selvedges
Fabric finish soft sheen and feel sometimes soft sheen

and feel, but not to

the same extent as
Chinese silks

SOURCE: Reproduced with permission from Ref. 2. Copyright 1984 The Textile Museum.
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Temples are weaving tools consisting of two crossed rods having
pin points protruding at each end. Chinese weavers placed the temple
rods on an already woven portion of fabric while it was still on the loom
so that the end pins pierced the material’s selvedges and kept the fabric
evenly stretched. This procedure produced permanent, evenly spaced,
temple holes in the selvedges of Chinese silks (Figure 2). None of the
Western pieces that we examined had such repeating, sequential temple
holes in the selvedges.

The fourth physical characteristic of Chinese silks, a soft “hand”, we
feel is the result of calendering, which is a characteristic mechanical
method for finishing silks in China (Figure 3). This process involves a stone
base plate, a wooden roller, and a heavy rocking stone. The silk fabric is
placed on a roller and subjected to intense pressure as a workman rocks
back and forth on a rocking stone. This process leaves an unmistakable
sheen and soft clinging hand that can distinguish Chinese silks from
Western ones.

Figure 2. Temple holes in the selvedge of an 18th century Chinese painted
silk gauze. (Acc. No. 68.48, courtesy of The Henry Francis du Pont
Winterthur Museum.)
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Figure 3. Chinese workman standing on a calendering stone. (Reproduced
from Ref. 13.)

Painterly and Coloration Characteristics of Chinese and
Western Silks

The seven painterly and coloration characteristics of Chinese and West-
ern silks (Table II) are the result of research into Chinese painting
methods and XRF analyses of the pigment and dye pastes and paints on
the 30 painted and printed silks included in this study.

Painting-Printing Techniques. The calligraphic brush stroke is a
painting characteristic unique to Chinese hand-painted silks.
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Table II. Summary of Painterly and Coloration Characteristics
of Chinese and Western Silks

Characteristic Chinese Silks Western Silks
Calligraphic brush stroke present none
Printed outline overpainted, seeps clearly evident as part
through to reverse of design
Consistency of coloring very thick paint and  less viscous pigment-dye
matter pigment-dye pastes
pastes
Use of white paint and/or  lead white and chalk  no use of white paint or
ground or oyster shell ground
white pigments
Copper green pigment probably malachite probably verdigris
Brown pigment iron oxide pigments organic pigments
Silver outlines and accents  none

SOURCE: Reproduced with permission from Ref. 2. Copyright 1984 The Textile Museum.

Chinese brush strokes have precisely formed beginnings, and if a
tailing off occurs, it must be controlled equally well, as illustrated in
Figure 4. Western brush strokes are quite different and leave lines that
vary in sharpness and distinctiveness.

A difference is also apparent in how designs were laid out and then
painted or printed on the Chinese and Western silks.
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Figure4. Some Chinese brush strokes. Note in particular the nail-headed rat
tails (E). (Reproduced with permission from Ref. 14. Copyright 1962 Charles
E. Tuttle.)
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The Chinese first printed an outline for use as a spacing guide. The
ink they used for this outline must have been quite watery because it had
seeped through to the back of all the Chinese silks we examined (Figure
5). This black-ink outline provided a large design area having open
regions to be filled in with smaller design elements. Colors and calligraphic
lines were then painted-printed over this printed outline covering it
entirely.

Western silks tend to have very obvious printed outlines that are
replicated exactly in the repeat motifs. No attempt is made to cover the
outlines because they are an integral part of the design (Figure 6).
Western printed black outlines do not seep through to the back of the
silk (2) like the Chinese outlines do.

XRF Pigment Analyses. The last five painterly and coloration char-
acteristics listed in Table II are the result of XRF pigment analyses and
show how these data can be used to extend and reenforce the visually
observable physical characteristics and painting techniques.

Figure 5. Seepage of the black-ink outline to the back of an 18th century
Chinese silk. (Acc. No. 18032, courtesy of the Musée Historique des
Tissus, Lyon.)
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Figure 6. Western printed black outline as part of the design on an 18th
century French painted-printed silk.(Acc. No. 1640/ 1, courtesy of the Musée
Historique des Tissus.)

Experimental

XREF is a physical process involving the emission of characteristic radiation from
the atoms of a material that has been stimulated by incident radiation (Figure 7).
By analyzing this response, the inorganic constituents of any object may be
identified (4).

The nondestructive nature, speed, and high sensitivity of this technique, par-
ticularly useful in worn and fragile paint areas, makes it ideal for the study of
pigment characteristics of old silks.

The analyses were performed at The Henry Francis du Pont Winterthur
Museum on a Kevex 4525P energy dispersive XRF spectrometer; low-level
radioactive isotopes were used for the incident radiation (4). The pigment area
analyzed was successively irradiated by an iron-55 source, an americium-241
source, and a cadmium-109 source. A qualitative pigment analysis takes only 6
min. Neither the coloring matter nor the silk fabric is altered in any way by the
measurement. Figure 8 shows our XRF system setup for the analysis of pigments
on painted and printed silks.

Special precautions had to be taken in handling the fragile, 200-year-old
silks so that we could obtain the necessary scientific data without further damag-
ing the fabrics in any way.

The analysis area must be as level as possible so as to properly support the
textile. All areas of contact between equipment and fabric were lined with



Published on February 1, 1986 on http://pubs.acs.org | doi: 10.1021/ba-1986-0212.ch007

7. SKELTON AND LEE-WHITMAN Painted-Printed Chinese and Western Silks 139
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Figure 7. Mechanism for the generation of fluorescent X-rays.

Figure 8. The Henry Francis du Pont Winterthur Museum’s analytical
laboratory setup for the analysis of pigments on painted silk. (Courtesy of
The Henry Francis du Pont Winterthur Museum.)
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white, acid-free paper. The painted silk pieces, which had been carefully stored
on acid-free rolls, were unrolled only to the areas containing the pigments to be
analyzed, and only that pigment area was carefully placed over the radioactive
source for irradiation. In the case of the painted silk gown in Figure 9, only the
pigments in the hemline area were analyzed.

XRF analyses were performed on the pigments of 22 Chinese and 8 Western
painted and printed silks from the silk and costume collections of the Cooper-
Hewitt Museum; The Metropolitan Museum of Art in New York; Musée Histo-
rique des Tissus in Lyon, France; National Museum of American History; Phila-
delphia Museum of Art; Rhode Island Historical Society; and The Henry Francis
du Pont Winterthur Museum.

Paint and Pigment-Dye Paste Considerations

Even though we found that similar, visual colors were used on both the
Chinese and Western silks, detectable differences in pigment-dye appli-
cation and composition do exist and can be used for characterization.

Consistency of Coloring Matter. With the exception of the under-
lying ink outline, all surface coloration on Chinese silks appears to be
due to the use of thick and opaque paints or pigment and dye pastes.

Figure 9. The Henry Francis du Pont Winterthur Museum’s analytical

laboratory and conservation staff preparing an 18th century painted silk

gown for pigment analysis. (Acc. No. 42-33-2, Philadelphia Museum of Art;
courtesy of The Henry Francis du Pont Winterthur Museum.)
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The coloration remains on the surface of the fabric. The pigment and
dye pastes used to print Western silks were much less viscous than the
paints and pastes used on Chinese silks.

Visual Colors and Pigment Formulas. Organic blues, reds, pinks,
purples, yellows, and greens are common to both Chinese and Western
coloration, as are also the inorganic copper blues and greens, vermilion,
and Prussian blue. Even though the minerals azurite, malachite, and cin-
nabar have been traditional Chinese pigments for centuries, all the pig-
ments listed in Table III were in use in both China and Europe in the
18th century (5).

Pigment Composition. XRF pigment analysis picks up only the
inorganic elements in the pigment formulas. This type of analysis was
sufficient to establish the following four typically Chinese pigment char-
acteristics (characteristics 4-7 in Table II): (1) the use of white lead pig-
ment as a white paint or ground layer, (2) the use of a “jade green”
copper pigment, (3) the use of iron oxide brown pigments, and (4) the
use of silver paint for outlines and accents on flower petals and leaves.

Table III. Known 18th Century Pigments Used in China and Europe

-Pigment Color Chemical Formula or Source
Inorganic

White lead white 2PbCO3- Pb(OH)q

Chalk white CaCOs

Azurite and blue verditer blue 2CuCOj3- Cu(OH),

Prussian blue blue Fes(Fe(CN)g)s

Vermilion (cinnabar) red HgS

Red lead red Pb30O,

Realgar orange-red  AssSg

Orpiment yellow AsyS3

Malachite green CuCOj3- Cu(OH),

Verdigris green Cu(C2H303)2-2Cu(OH)q

Iron oxides (sienna and ochre) brown Fes0;3- H20, clay, etc.

Bone black black C + Ca3(POy)2

Silver silver Ag

Organic

Indigo blue Indigofera tinctoria

Madder red Rubia tinctoria

Gamboge and rattan yellow yellow Garcinia

Plant green or herb green green indigo + gamboge or rattan
yellow

Lampblack or carbon black black soot (C)

Asphaltum brown natural oil deposits

Sepia brown Sepia officinalis

SOURCE: Reproduced with permission from Ref. 2. Copyright 1984 The Textile Museum.
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THE CHINESE WHITE TECHNIQUE. The most apparent pigment
characteristic found on 18th century Chinese painted and printed silks is
the use of a ground layer of white paint beneath most of the colors. XRF
analyses showed that the Chinese white-painted ground layer, in most
cases, contains white lead pigment. Table IV summarizes the elements
detected by XRF for the pigments that were present on the painted silk
illustrated in Figure 10 and gives a possible pigment identification based
on these data. Note the use of a white lead ground layer under almost all
the colors.

This painting technique is related to a centuries-old Chinese tradi-
tion for naturalistic flower painting in which white paint is used to form
a base to give greater depth to the paint laid over it. Also, details can be
painted onto the white paint without a loss of clarity, and it can be
mixed with other colors to alter the strength of the tones (6). All 22
Chinese silks available for study showed this particular characteristic.

WESTERN WHITE TECHNIQUE. When the Chinese use of white
color on 18th century silks is compared to the use of white color on 18th

g
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Figure 10. An 18th century painted Chinese silk showing heavy use of white
lead ground layer and copper green pigment. (Acc. No. 32554, courtesy of
the Musee Historique des Tissus, Lyon.)
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century Western silks, the major difference found is that the Western
technique uses the white fabric itself for white coloration rather than
white pigment (Figure 14 and Table VIII).

COPPER GREEN PIGMENTS. The next Chinese pigment characteris-
tic involves a type of mineral green pigment used by the Chinese. Chi-
nese and Western artisans used organic and inorganic green pigments on
silks. Even though XRF analyses showed that the pigment element of
both the Chinese and Western inorganic greens was copper, it appears that
a visual distinction can be made between the two pigment possibilities
of malachite, a copper carbonate; and verdigris, a copper acetate (see
Table IV and Figure 10 for XRF analysis data for Chinese greens and
Table V and Figure 11 for XRF analysis data for Western greens).
Because copper acetate is susceptible to hydrolysis, a dark brown
product, probably CuO, is formed upon its subsequent oxidation. We
found that the copper greens of the Western pieces seemed to have such

Table V. Pigment Analysis Data for Figure 11

Color Elements Detected® Possible Pigment
Red — organic red (madder)
Purple Ca, Sn organic compound or pigment
Yellow — organic yellow (gamboge)
Dark brown K organic brown pigment
Brown-pink K organic compound
Green Cu, K verdigris

“Detected elements are listed in order of decreasing concentration, and major pigment
elements are italicized.
SOURCE: Reproduced with permission from Ref. 2. Copyright 1984 The Textile Museum.

Figure 11. An 18th century painted Western silk showing the presence of

discolored copper green pigment and the use of an organic brown

pigment-dye paste or paint. (Acc. No. 26592, courtesy of the Musée
Historique des Tissus, Lyon.)
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a brown discoloration, but the copper greens on the 22 Chinese pieces
were not discolored in this manner.

Positive wet microchemical and microscopic identifications were
permitted for the copper greens on only two of the Chinese silks. In
both cases the result was the copper carbonate pigment malachite,
which confirmed that Chinese copper greens were malachite and the
Western ones were verdigris. A positive identification should be per-
formed whenever conservation conditions permit it and trained person-
nel are available (7).

BROWN PIGMENTS. A distinction is also apparent between the
brown pigments used on the Chinese and Western painted and printed
silks that were available to us for study. XRF analyses revealed that the
various shades of brown present on the Chinese silks were iron oxide
pigments, whereas the brown colors present on the Western silks were
organic pigments (see Table V and Figure 11 for Western browns and
Table VI and Figure 12 for Chinese browns).

SILVER OUTLINES ON CHINESE FLORAL MOTIFS. Perhaps the most
fascinating Chinese pigment characteristic is the use of silver out-
lines and accents on floral motifs.

The detection of silver by XRF on some 18th century Chinese
painted silk fragments is what began our full-scale inquiry into the pos-
sible separation of Chinese and Western painted silks. The difficulty that
delayed the explanation of this finding was that the silver paint used to
outline flower petals and leaves had either worn off or had tarnished to
such a degree that what remained looked like just an underlying black-
ink outline. Only the high sensitivity of the XRF technique to silver
revealed its presence on the silk fragments.

Table VI. Pigment Analysis Data for Figure 12

Color Elements Detected® Possible Pigment

Blue Pb, Ag indigo and white lead ground

Red Pb, Hg, Ag vermilion and white lead ground

Purple Pb, Ag organic compound or pigment
and white lead ground

Brown Pb, Fe, Ag iron oxide pigment and white lead
ground

White Pb, Ag white lead

Light green Cu, Ba, Ag malachite

Medium green Cu, Ba, Ag malachite

Dark green Ca, Ag plant green with chalk as ground
or opacifier

Gray Pb, Ag silver and white lead ground

“Detected elements are listed in order of decreasing concentration, and major pigment
elements are italicized. Silver highlights are present on ever¥l color.
SOURCE: Reproduced with permission from Ref. 2. Copyright 1984 The Textile Museum.
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Figure 12. An 18th century painted Chinese silk on which an iron oxide
brown pigment was used. (Acc. No. 1981.0008, courtesy of the Smithsonian
Institution.)

The addition of painted silver outlines and accents to floral motifs
was observed to be a pervasive practice unique to Chinese 18th century
painted silks. Flower petals, veins of leaves, wandering tendrils, and
even stems have overpainted silver outlines; yet, because silver tarnishes
so readily upon exposure to air, most remaining silver pigmentation is
barely visible. Only on the rare unused silk length can the full glittering
effect of the silver embellishment be seen, and not until we had actually
seen the silver on the piece in Figure 13 was the mystery solved. In
Table VII, note the detection of silver on every color of this beautifully
preserved 18th century Chinese painted silk.

None of the Western silks in this study were found to have silver
used for either outlining or accents. Only localized outlining in gold was
found on a few painted and printed Western silks (Table VIII and Fig-
ure 14).

PRECEDENT FOR SILVER OUTLINE TECHNIQUE. After many in-
teresting but false leads into Indian textiles (8) and Chinese (9, 10) and
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Table VII. Pigment Analysis Data for Figure 13

Color Elements Detected® Possible Pigment

Blue Pb, Ag, Cu, K, Fe azurite + Prussian blue and
white lead ground

Red Pb, Ag organic red and/or red lead
and white lead ground

Purple Pb, Ag organic compound or
pigment and white lead
ground

Dark green Pb, Cu, Ca, Ag malachite and white lead
ground

Medium green Cu, Ag, Pb malachite

Olive green Pb, Ag, Cu malachite and white lead
ground

White Pb, Ag white lead

“Detected elements are listed in order of decreasing concentration, and major pigment
elements are italicized. Silver highlights are present on every color.
SOURCE: Reproduced with permission from Ref. 2. Copyright 1984 The Textile Museum.

Figure 13. An 18th century painted Chinese silk gauze with visible silver
outlines. (Acc. No. 68.48, courtesy of The Henry Francis du Pont Winterthur

. M ) .
American Chemical Society

Library
1155 16th St., N.W.
Washington, D.C. 20036
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Table VIII. Pigment Analysis Data for Figure 14

Elements
Color Detected* Possible Pigment
Blue Fe, Ca, Au Prussian blue
Red Ca, Hg, Au vermilion
Light brown (flowers) Sn, Ca, Au organic brown (ashphaltum)
Dark brown (stem) Ca organic brown
Green Fe, Ca, K, Au green earth

“Detected elements are listed in order of decreasing concentration, and major pigment
elements are italicized. Gold highlights are present on every color except dark brown for the
areas analyzed.

SOURCE: Reproduced with permission from Ref. 2. Copyright 1984 The Textile Museum.

Figure 14. An 18th century painted-printed Western silk with gold accents.
(Acc. No. 29015, courtesy of the Musée Historique des Tissus, Lyon.)

Indian (11) painting techniques, we now believe that the precedent for
the use of silver in this manner on Chinese textiles is of considerable
antiquity.

In the 1920s, numerous painted and embroidered silk icons and
banners made for Buddhist patrons during the T’ang Dynasty (9th-10th
centuries A.D.) were discovered in the central Asian rock temple caves of
Dun’huang by Sir Aurel Stein, the English explorer. On some of the
Dun’Huang fabrics, silver paint was used over the entirety of the outlines
of the composition to create an overall glittering image (12).

Examples of silver used for outlines and accents are also found in
woven and brocaded Chinese textiles. The Metropolitan Museum of Art
Study Collection has an early 17th century Chinese sutra cover that has
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Figure 15. Woven silver outline visible in flower petals and leaves on an 18th
century Chinese silk fragment. (Acc. No. 42.115.29, courtesy of The
Metropolitan Museum of Art. Gift of Nellie B. Hussey, 1942.)

woven silver outlining in its stylized floral motif; the 18th century Chi-
nese export silk fragment in Figure 15, also from The Metropolitan
Museum of Art Study Collection, even has brocaded floral sprays for
which silver was used on flowers and leaves in exactly the same places it
was used on the Chinese 18th century painted and printed silks (Fig-
ure 16).

Conclusion

Our study of the physical and coloration characteristics of 18th century
silks has to be classified as an ideal study. We were able to closely examine
a wide cross-section of textiles for all the clues that they contain. This type
of cooperation involving the question of provenance, which is so difficult
to determine for textiles because design migration and readaptation are so
prevalent, has produced a systematic method for an approach to the docu-
mentation of 18th century Chinese and Western painted and printed silks
(Tables I and II).
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Figure 16. Overpainted silver outline on flower petals on an 18th century
Chinese silk. (Acc. No. 18037, courtesy of the Musée Historique des
Tissus, Lyon.)
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Identification of Dyes in Historic
Textile Materials

Helmut Schweppe
BASF Aktiengesellschaft, D-6700 Ludwigshafen, Federal Republic of Germany

Some of the natural dyes that are suitable for dyeing textile
materials can be identified very easily with chromatographic or
spectroscopic methods even when the object to be investigated is
very old. Such identification applies to the two natural vat dyes
indigo and purple, and also to mordant dyes belonging to the
class of the hydroxyanthraquinones, for example, madder,
cochineal, kermes, and lac dyes. If, however, the dyeings were
produced with natural dyes that have relatively poor lightfast-
ness, for example, yellow dyeings with hydroxyflavones or red
dyeings with orchil or brazilwood, specific color reactions to
identify the small proportion of undestroyed dye are usually the
more rapid and more reliable method. It is advisable to begin the
investigation with these color reactions, and then to attempt to
confirm the results thus obtained by the use of chromatographic
or spectroscopic methods.

MICROMETHODS ARE EMINENTLY SUITABLE for the identification of
dyes in historic textile materials because in most cases only very small
samples are available for an analysis.

Chromatographic methods (I-25), in particular thin-layer chroma-
tography (TLC) (5-17, 20-25) and more recently high-performance
liquid chromatography (HPLC) (21, 22, 25), preferably are used. If dye
mixtures are present, as is the case with madder dyeings, chromato-
graphic comparisons are the best method of distinguishing the indi-
vidual components.

Spectroscopic methods in the visual (1, 7, 22, 24, 26-28) and in the
IR region (7-9, 11, 12, 28) have also been used for investigating dyeings
with outstanding success. In plotting the spectra in the visual range,
colorless impurities do not have an interference effect. With this method,
however, it is only possible to distinguish a part of the organic dyes, but
it is a very simple method for identifying the principal natural dyes, for
example, indigo, purple, madder, cochineal, and brazilwood.

0065-2393/86/0212-0153 $06.25/0
© 1986 American Chemical Society
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With the aid of IR spectroscopy, organic dyes can be clearly
identified, provided that they have been precleansed adequately. Before
plotting an IR spectrum, it is necessary to separate as far as possible not
only the colored, but also colorless secondary components. However, as
all accumulation methods involve some loss of substance, the amount of
material available for testing historic textile materials is often too small
for plotting the IR spectrum.

On pre-Columbian textiles found in the Andes, natural dyes have
been identified with the aid of mass spectrometry (29).

In mordant dyes, inorganic mordants can be detected to a high
degree of sensitivity by flameless atomic absorption spectrometry
(20, 22).

In addition to the chromatographic and spectroscopic methods,
sensitive color reactions are in many cases very useful for the specific
identification of various natural dyes (30-33) or for recognizing indi-
vidual dye classes (34, 35). In testing very old dyes, these reactions are
sometimes able to yield results when most of the dye has already been
destroyed by the action of light and all other identification methods fail.

For all identification methods, for comparison purposes, the follow-
ing are required: a collection of known natural dyes in the purest form
possible, dyer’s plants or extracts of these plants, and dyeings produced
with these substances by the recipes commonly used in the past. The
question remains, however, whether an old dyeing that has faded under
the influence of light can in all cases be compared in its analytical
behavior with a new dyeing. It is always useful, therefore, to have textile
material at our disposal that is still dyed and is no longer required for
restoration work because of irreparable damage that it has undergone.
Such dyeings, however, must first undergo a dye identification test
before they can be used for comparison purposes. Generally speaking,
however, the amount of material available for testing is sufficient to
permit identification of the dyes without difficulty. Reference material
from restoration work can be replaced, with certain restrictions, by
natural dyeings that have been prepared and subjected to the customary
(fade-ometer) exposure test.

Analytical Scheme

To obtain results as rapidly as possible and with minimum labor and
costs in investigating old textile dyeings, the individual tests must be
carried out in the correct order. Further tests are unnecessary when a
specific test has clearly shown the identity of a dye. However,
identification beyond any doubt of the exact dyer’s plant that was used
to produce the dyeing under investigation is not always possible.
Textile materials dating from the second half of the 19th century
that were dyed with synthetic as well as natural dyes also can be
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regarded as historic objects. For this reason, I have included the early
synthetic dyes in my analytical scheme.

In investigating an old dyeing, the first step is to carry out a few
simple preliminary trials to determine the chemical and dyeing class of
the natural or synthetic dyes contained in the dyed material. The next
analytical step includes determination of the shade of the dyeing to be
investigated in the analytical scheme. In testing a red dyeing, for
instance, I use a different procedure than that used for a blue dyeing.
The analytical process can be accelerated drastically by basing the
procedure on the shade of the dyeing to eliminate reactions that are not
typical for the identification of dyes with other shades. Whenever
possible and necessary, the results of these preliminary color reactions
are confirmed by TLC comparisons on polyamide layer material.

Preliminary Tests

Solvent Stripping Tests. The first preliminary test is to investigate
the bleeding of a dyeing by boiling a small sample in a test tube in
water, ethanol, glacial acetic acid, and ammonia, one after the other.
The degree of staining of the individual decoctions gives some indica-
tion of the presence of certain classes of dyes. Of the synthetic dyes, the
acid and direct dyes bleed to a certain extent in water and more heavily
in ammonia. The basic dyes, in contrast, stain the ethanol and glacial
acetic acid extracts heavily. Synthetic metal complex dyes, including the
chrome-developing and mordant dyes, stain only the ammonia extract
lightly. In dyeings of this type, chromium and/or cobalt is found in the
residue on ignition (36, 37). '

Most of the natural dyes treated in this manner bleed only lightly or
not at all because they belong to the class of mordant dyes and are
present in the dyeings as sparingly soluble color lakes of aluminum, iron,
or chromium and, in a few cases, as copper or tin lakes.

Exceptions are dyeings with safflower (C.I.! Natural Red 26) (38)
made from the leaves of the dyer’s thistle (Carthamus tinctorius L.). The
red dye carthamin (C.I. 75140) (38) goes into solution when it is boiled
in water. When this solution is poured through a paper filter after it has
cooled, the paper is stained red, whereas the filtrate is colorless or is
stained light yellow by safflower yellow (C.I. Natural Yellow 5), a
second dye of the safflower. When the red stained filter is boiled in 1%
ammonia, it becomes irreversibly colorless.

Dyeings with indigo sulfonic acid (C.I. Natural Blue 2), which
were produced from indigo and sulfuric acid since 1740, also bleed

In the “Colour Index” (C.L.), a multiple-volume, English reference work (38), the
names, commercial denominations, constitutions, and dyeing properties of synthetic and
natural dyes are listed. Each dye has a generic name, and, if the constitution is known, a con-
stitution number.
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heavily when treated with ammonia. Dyeings with Berlin blue (C.L.
Pigment Blue 27) (an iron lake of ferrocyanic acid) become colorless.

The glacial acetic acid extract can be stained by indigo (C.I. Natural
Blue 1) in a blue shade, by berberine (C.I. Natural Yellow 18), the only
basic natural dye, and sometimes by madder (C.I. Natural Red 8) in a
yellow shade.

Dyeing Tests. These tests are carried out to determine the class of
the dye according to its dyeing behavior. When the dyeing to be
investigated is boiled in water, ethanol, glacial acetic acid, and am-
monia, and heavy bleeding gives reason to assume that the dyeing was
produced with synthetic dyes, I can determine whether this dye is an
acid or a basic dye by dyeing from acetic acid solution on wool and on
cotton mordanted with tannic acid and potassium antimonyl tartrate.
Acid dyes dye the wool in a deeper shade, whereas basic dyes stain the
mordanted cotton more heavily. Direct dyes can be identified in a
separate dyeing test; when they are applied from a neutral solution
containing sodium sulfate, they stain unmordanted cotton in relatively
deep shades (15, 36, 37).

Tests for Identification of Some Synthetic Dyes. Two very simple
reactions can confirm the presence of synthetic dyes. In the solvent
stripping test, if the ammonia solution is heavily stained and it becomes
irreversibly colorless upon the addition of zinc dust even at room
temperature, the presence of an azo dye with sulfo group or groups is
indicated (an acid or direct dye) (36, 37). The color of the solution in
concentrated sulfuric acid can also be an important indication for
identifying synthetic dyes. In this test, a few drops of concentrated
sulfuric acid are dripped on a small sample of the dyeing, and the cdlor
of the sulfuric acid is observed after a few minutes. Intensive magenta
red, red-violet, violet, blue, and green solutions indicate the presence of
synthetic dyes (36, 37).

Group Reactions for Natural Dyes with 10% Sulfuric Acid. Another
method of determining if certain types of natural dyes are present is to
boil a sample of the dyeing for a short time in 10% sulfuric acid. This test
is only carried out for dyeings that have shown little bleeding in the
boiling tests in water, ethanol, glacial acetic acid, and ammonia. In this
test, the following reactions are typical:

1. Natural dyes belonging to the class of the hydroxyflavones (C.1.
Natural Yellow 1, 2, 4, 10, 11, 12, and 13) become almost color-
less. Upon addition of ammonia to the previously washed dye-
ing, the original yellow shade returns. Upon subsequent boiling,
after addition of a small amount of sodium dithionite, the yel-
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low color remains (clear identification of hydroxyflavones and
hydroxyisoflavones).

2. Iron tannate dyeings become almost colorless. Iron can be
detected in the sulfuric acid solution.

Brazilwood and logwood dyeings bleed an intensive red shade.

Red and violet madder dyeings on alum or iron sulfate mordant
turn orange; the dye bleeds a yellow shade, and after it has been
shaken with ethyl acetate, it can be used for TLC comparisons.

5. Dyeings with the red insect dyes cochineal (C.I. Natural Red 4),
kermes (C.I. Natural Red 3), and lac dye (C.I. Natural Red 25)
bleed an orange shade. After shaking with ethyl acetate and
pentanol (1:1), the dye solutions can be used for TLC
comparisons.

Ll

Vatting with Sodium Dithionite. An indication of the presence of
natural vat dyes is obtained by treating a sample of the dyeing with
sodium dithionite and ammonia at the boiling temperature. Vat dyes are
insoluble in water, ammonia, and dilute mineral acids. Upon reduction
at alkaline pH, they go into solution, and this change usually is
accompanied by a change in shade. Upon reoxidation in the air, the
original shade returns. The natural vat dyes indigo (C.I. Natural Blue 1)
and purple [natural (vat) dye] have a yellow vat, and Chinese green
(C.I. Natural Green 1) has a magenta red vat. Natural dyes from the
class of hydroxynaphthoquinones, for example, walnut shells (C.L
Natural Brown 7), henna (C.I. Natural Orange 6), and alkanna (C.IL
Natural Red 20), also can be reduced, and the color of the vat is yellow.

Dyeings with orchil (C.I. Natural Red 28), the natural dye obtained
from lichens, become colorless when they are treated with sodium
dithionite; the original magenta red shade returns when they are aired.

When very old and yellowed dyeings produced with natural yellow
dyes belonging to the class of the hydroxyflavones are treated with
sodium dithionite and ammonia, their shade becomes more brilliant. It
may be assumed that the yellowing products of dyeings with moderate
lightfastness are removed reductively by this treatment.

Identification of Natural Mordant Dyes

In dyeing with natural mordant dyes, widely varying shades are usually
obtained, depending on the mordant that was used to pretreat the textile
material to be dyed. Madder dyeings on an alum mordant are red,
whereas those on an iron sulfate mordant are brown-violet to violet.
Old dyeing recipes sometimes recommend that a dyeing be obtained
in a different shade by aftertreating a mordant dyeing with a different
mordant. This possibility of conversion also can be used for identifying
natural mordant dyes. This identification is done by boiling small
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samples of the unknown dyeing in dilute solutions of tin(II) chloride,
aluminum sulfate, iron(II) sulfate, copper sulfate, and uranyl acetate and
letting the solutions stand for a few minutes (15). During the process, the
corresponding color lakes form on the fiber, and the shades of these
color lakes depend not only on the salt used for the aftertreatment, but
also on the mordant dye present. Provided that a corresponding assort-
ment of comparative dyeings on the five different mordants just named
is available, an identification is possible even in the case of very faded
yellow dyeings with natural dyes of the hydroxyflavone class and in
cases where other methods of identification have failed completely.

Figure 1 shows the shades of these color lakes obtained from dye-
ings produced with the principal yeHow natural dyes: dyer’s rocket (C.I.
Natural Yellow 2), quercitron (C.I. Natural Yellow 10), unripe buckthorn
berries (C.I. Natural Yellow 13), fustic (C.I. Natural Yellow 11), cur-
cuma (C.I. Natural Yellow 3), and kamala (C.I. Natural Yellow 25).
These lakes, which differ markedly in their shades from the others, are
marked with a cross. They are the tin lakes of quercitron and curcuma,
the curcuma iron lake, and the copper lakes of dyer’s rocket, unripe
buckthorn berries, and fustic. A report on these methods has been pub-
lished (15). The natural yellow dyes are shown in Figure 1 as examples
of the lakes produced.

Identification of Natural Dyes by TLC

Hydroxyanthraquinones from Madder Dyer’s Plants. Often, distin-
guishing among very similar natural dyes is possible by TLC on
polyamide layer material. When the dyes consist of several different
components, in many cases identification of a definite dyer’s plant that
was used to produce the dyeing is even possible. Figure 2 shows how
madder can be distinguished by this method from other similar dyer’s
plants. Madder root (Rubia tinctorum L.), hedge bedstraw (Galium
mollugo L.), South American madder or relbun root (Relbunium
ciliatum L.), root bark of the Indian “mang-kouda” (Morinda umbellata
L.), the dye “karamu” of the Maoris in New Zealand, the coprosma root
(Coprosma lucida L.), and the Indian dye “pitti” (Ventilago madra-
spatana L.) can be clearly distinguished from one another in this manner.

The separation is carried out on Mikropolyamid F 1700 (Schleicher
& Schiill) with the solvent mixture toluene-glacial acetic acid (9:1). The
uranyl lakes of the individual hydroxyanthraquinone dyes, which vary
widely in their shades, are obtained on the chromatogram under standard
conditions (chamber saturation) by subsequent dipping in a dilute solu-
tion of uranyl acetate (I15). Table I shows the hR; values of the principal
hydroxyanthraquinones contained in the various madder types.

Hydroxyanthraquinone from Red Insect Dyes Figure 3 shows how
to distinguish among the three red insect dyes cochineal (C.I. Natural
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Table 1. hR; Values of Hydroxyanthraquinones from Madder Dyer’s Plants

Hydroxyanthraquinone hR; Value Color of Stain

Alizarin

(1,2-dihydroxyanthraquinone) 42 violet-blue
Purpurine

(1,2,4-trihydroxyanthraquinone) 33 gray
Pseudopurpurine

(1,2,4-trihydroxyanthraquinone-3-

carboxylic acid) 6 gray
Xanthopurpurine

(1,3-dihydroxyanthraquinone) 14 orange-red
Rubiadine

(1,3-dihydroxy-2-methylanthraquinone) 22 red
Munjistin

(1,3-dihydroxyanthraquinone-2-

carboxylic acid) 2 red
Morindone

(1,5,6-trihy droxy-2-methylanthraquinone) 45 green-blue
Emodin

(1,6,8-trihydroxy-3-methylanthraquinone) 16 magenta

Red 4), lac dye (C.I. Natural Red 25), and kermes (C.I. Natural Red 3)
on Mikropolyamid F 1700 with the solvent butanone-formic acid (7:3),
followed by identification with uranyl acetate.

In the case of lac dye, clearly the separation of the laccaic acids A,
B, C, D, and E (39-42) can be seen, and in the case of kermes, the
separation into kermesic acid (green spot) and flavokermesic acid (red
spot) can be seen. References 39-42 describe the determination of the
constitutions of the laccaic acids A-E and indicate their constitutions.

Before the discovery of America by Columbus and long before the
cochineal (Dactylopius coccus) from Central and South America was
known in Europe, kermes was an important red insect dye in the whole
Mediterranean region. In the literature, it is pointed out almost exclu-
sively that the two kermes species “Kermes vermilio (PLANCH.)
TARG.” and “Kermes ilicis L.” are suitable for dyeing purposes. Only
Pfister (43) cites M. Balachowski (Directeur de la Station Centrale
d’Entomologie agricole de Versailles), who states that only Kermes
vermilio is suitable for dyeing purposes and must, therefore, be
regarded as the kermes dye known from classical antiquity. Born (44)
considers that Kermes vermilio was the most important species of
kermes for dyeing in former times. As Figure 4 shows, TLC comparison
proves that only Kermes vermilio contains the dyes kermesic acid and
flavokermesic acid, which are essential for dyeing; Kermes ilicis L. does
not contain these acids.

Table II lists the hR; values of the hydroxyanthraquinone com-
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Table II. hR; Values of Hydroxyanthraquinones from Red Insect Dyes

Hydroxyanthraquinone hR; Value Color of Stains

Karminic acid
(1,3,4,6-tetrahydroxy-2-D-gluco-3-
pyranosyl-8-methylanthraquinone-7-

carboxylic acid) 45 green
Kermesic acid

(1,3,4,6-tetrahydroxy-8-

methylanthraquinone-7-carboxylic acid) 33 green
Flavokermesic acid

(constitution unknown) 37 red
Laccaic acids A, B, C, D, and E

(Because samples of the pure laccaic 27 gray-green

acids A-E are not available, a classification R”) gray-green

of the individual compounds by hR; value 45 gray-green

is not possible.) 51 gray-green

60 gray-green

pounds contained in the red insect dyes. These data were obtained by
TLC on Mikropolyamid F 1700 with the solvent butanone-formic acid
(7:3). Chromatography was performed under standard conditions
(chamber saturation), and the color reaction was obtained with uranyl
acetate.

Natural Dyes Belonging to the Class of Hydroxyflavones. Figure 5
shows that the principal yellow natural dyes belonging to the class of the
hydroxyflavones can be distinguished by TLC on Mikropolyamid F 1700
with the solvent chloroform-methanol-butanone-formic acid (6:2:1:1).
Chromatography was performed under standard conditions (chamber
saturation) and the color reaction was obtained with uranyl acetate.

In this example, no data regarding the hR; values are provided.
Reference is made to a previous publication (11).

Table III lists some solvent mixtures that are particularly suitable for
separating natural dyes of various classes on Mikropolyamid F 1700 as
the layer material.

Testing of Natural Dyeings

Testing of Yellow Natural Dyeings. When a yellow dyeing is
boiled in glacial acetic acid (cf. solvent stripping tests), berberine (C.I
Natural Yellow 18), the only natural basic yellow, is dissolved. This dye
can be identified by TLC comparison on silica gel with the solvent
butanol-glacial acetic acid-water (5:1:2).

The most important natural dyes used for dyeing textile materials
belong to the class of the hydroxyflavones. Dyeings of this type become
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Table III. Suitable Solvents for Separating Various
Natural Dyes on Mikropelyamid F 1700 as the

Layer Material
Class of Natural Dye Suitable Solvents®

Madder dyes 1, 2, and 4
Red insect dyes 3and 6
Hydroxyflavone dyes 5
Vegetable tannins 3and 6
Santalin A, B, and C from

sandalwood 2 and 4
Curcuma dyes 4b

?The solvents corresponding to the numbers in the table are the
following: 1, toluene-acetic acid (9:1); 2, butanone-formic acid
(95:5); 3, butanone-formic acid (7:3); 4, chloroform-methanol
(95:5); 5, chloroform-methanol-butanone-formic acid (6:2:1:1);
and 6, butanone-methanol-formic acid (65:30:5).

The layer material is silica gel.

almost colorless when boiled in 10% sulfuric acid. If, after the sulfuric
acid has been washed out with water, ammonia is added to the dyeing,
the original yellow returns and it remains unchanged upon subsequent
addition of sodium dithionite and boiling.

When the dyeing treated in this manner is heated with tin, alumi-
num, iron, copper, and uranyl salts after it has been washed out with
water, flavone dyes that contain luteolin as the main component can be
identified fairly easily from the color of the lakes. In such cases, one can
assume that dyer’s plants such as dyer’s rocket and dyer’s greenwood
(both C.I. Natural Yellow 2) were mainly used.

Very brilliant orange-colored tin lakes indicate the presence of
quercetin and its glycosides, hydroxyflavones that often occur in the
vegetable kingdom. The leading natural dyes quercitron (C.I. Natural
Yellow 10), Chinese yellow berries (Sophora japonica L., C.I. Natural
Yellow 6), and unripe buckthorn berries (C.I. Natural Yellow 13) yield
orange-colored tin lakes. More precise information regarding the natural
dye that was used is obtained by TLC comparison when other hydroxy-
flavones as well as quercetin are present, for example, in dyeings made
with unripe buckthorn berries.

Testing of Red Natural Dyeings. Of the red dyeings made with nat-
ural dyes, those produced with safflower (C.I. Natural Red 26) can be
identified in the extraction tests with water and with ammonia (color-
less), as indicated earlier. Dyeings with sandalwood (C.I. Natural Red
22) can also be identified at this early stage because they turn dark violet
when they are boiled in ammonia. When they are washed with water,
the original red shade returns.
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Upon boiling in 10% sulfuric acid, the solution obtained from
madder dyeings turns yellow (fibers are orange), whereas solutions from
dyeings with cochineal, lac dye, and kermes turn orange (fibers are
orange-red to red) and solutions from brazilwood dyeings (C.1. Natural
Red 24) turn red (fibers are yellow-orange).

Upon reduction with sodium dithionite and ammonia, dyeings
made with orchil (C.I. Natural Red 28) become colorless, and they turn
magenta red when they are reoxidized in the air; early synthetic dyes
belonging to the azo series become irreversibly colorless when they are
vatted. Purple dyeings turn yellow when they are vatted, but the original
shade returns upon reoxidation in the dark; upon reoxidation under the
UV lamp, the two bromine atoms split off from the 6,6’-dibromoindigo,
and the blue indigo is obtained (14, 30).

Testing of Blue Natural Dyeings. Of the blue dyes, Berlin blue (C.I.
Pigment Blue 27) and indigosulfonic acid (C.I. Natural Blue 2) were
produced as early as the 18th century. They are often found on old dye-
ings. Both of them change in the boiling test with ammonia.

Berlin blue, which was used mainly for dyeing silk and for printing
on cotton, turns light brown-yellow to colorless in the boiling test. A few
drops of 4% caustic soda solution are then added, and the solution is
poured through a paper filter. After filtration, iron can be identified on
the filter, and ferrocyanide can be identified in the filtrate.

Indigosulfonic acid goes mostly into solution during the extraction
test with ammonia, and then it can be identified by TLC comparison on
silica gel with the solvent butyl acetate-pyridine-water (4:4:2).

Indigo turns yellow when it is vatted with sodium dithionite and
ammonia. When the vat is shaken with ethyl acetate, the supernatant
ethyl acetate layer turns blue (33).

Testing of Black Natural Dyeings. Black dyeings are first boiled in
tin(II) chloride solution (I5). During this treatment, dyeings with iron
tannate (C.I. Natural Brown 6) become almost colorless, whereas dye-
ings with tanner’s sumach (Rhus coriaria L., Herba, C.I. Natural Brown
6) turn yellow-orange because of their quercetin content.

If the dyeing was produced with logwood black (C.I. Natural Black
1), the solution turns magenta red and the dyeing becomes violet.

If the dyeing remains unchanged when it is treated with tin(II)
chloride solution, it is washed out with water and then boiled in N,N-
dimethylformamide. During this treatment, indigo forms a blue solution.
This decoction is repeated until the N,N-dimethylformamide remains
colorless. If the remaining fibers are then brown, they are boiled in
sodium dithionite and ammonia. If the fibers remain brown, this result
proves that the material is wool with a inherent brown color.
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Testing of Violet Natural Dyeings. Violet dyeings are first boiled in
10% sulfuric acid. If the dye dissolves with a yellow color, a madder
dyeing on iron mordant is indicated. If the sulfuric acid turns orange and
a blue remains on the fiber, the dyeing is a mixture of cochineal and
indigo, which can be identified separately by the methods described
earlier.

If the violet dyeing becomes only somewhat paler when treated
with 10% sulfuric acid, the specimen is washed out with water and vatted
with sodium dithionite and ammonia. If the dyeing then turns yellow
and is reoxidized in the air to a blue, this dyeing is one with alkanna
(C.I. Natural Red 20) on alum mordant.

A sample of the dyeing is tested separately for the presence of log-
wood with which violet shades can be dyed on alum and tin mordants.
The dyeing is boiled in a solution of tin(II) chloride. If the solution turns
magenta red and the dyeing remains violet, this dyeing is one with
logwood.

Testing of Green Natural Dyeings. Green shades dyed with natural
dyes, in most cases, were produced with mixtures of indigo and dyer’s
rocket or unripe buckthorn berries. After identification of the indigo by
vatting and shaking with ethyl acetate, the indigo proportion is removed
by repeated boiling in N,N-dimethylformamide (as described earlier),
and the yellow remaining on the fiber is identified as a dye belonging to
the hydroxyflavone class by its behavior towards 10% sulfuric acid,
ammonia, and sodium dithionite (as described earlier). Dyer’s rocket
and unripe buckthorn berries can be distinguished by the formation of
the various lakes on the fiber (as described earlier).

Testing of Orange Natural Dyeings. Orange shades, in most cases,
were dyed with madder and yellow hydroxyflavone dyes. When these
dyeings are boiled in 10% sulfuric acid, the madder goes into solution
with a yellow color, and after shaking with ethyl acetate, it can be
identified by TLC comparison. The yellow hydroxyflavones, most of
which have remained on the fiber, are then dissolved in concentrated
sulfuric acid at room temperature, and after dilution with water and
shaking with ethyl acetate, this solution can be used for a TLC
comparison.

Testing of Brown Natural Dyeings. When brown dyeings produced
with natural dyes become much lighter in shade upon boiling in 10%
sulfuric acid, usually the presence of iron tannate is indicated. In such
cases, iron can be identified in the sulfuric acid. If an excess of ammonia
is added to the sulfuric acid decoction, the fiber regains its original
brown shade.
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When a separate sample is boiled in tin(II) chloride solution, if the
dyeing was produced with a dyer’s plant that contained tannin and at
the same time hydroxyflavones, the shade turns yellow to orange. Many
dyer’s plants of this kind are found in nature.

When a brown natural dyeing turns yellow upon vatting with
sodium dithionite and ammonia and the original shade returns upon
reoxidation, the dyeing probably was produced with walnut shells (C.I.
Natural Brown 7) or some other hydroxynaphthoquinone.

If the dyeing remains unchanged upon vatting, this result indicates
that the material is wool or some other animal fiber having a brown
inherent color.

Testing of Historic Objects

The usefulness of the analytical method for the identification of dyes in
old textile materials is demonstrated in the following. Figure 6 illustrates
a fragment of a woven fabric from the south coast of Peru, probably from
the valley of the Rio Nazca. This object is dated A.D. 100-200. We have
investigated this sample for the Museum fiir V6lkerkunde in Hamburg,
West Germany.

The red threads of the Peruvian fabric fragment were tested in the
following manner: upon boiling in 10% sulfuric acid, a large part of the
dye dissolved and produced a yellow color, and it was shaken out quan-
titatively with ethyl acetate. TLC comparison on Mikropolyamid F 1700
with the solvent toluene-acetic acid (9:1) showed the presence of purpu-
rine and pseudopurpurine, but no trace of alizarin. The South American
relbun roots, for example, Relbunium ciliatum L., which was available
as a reference material, have a composition of this kind.

In the dark blue threads, indigo readily was identified by vatting. In
addition, a large proportion of indirubine (C.I. 75790), an isomer of
indigo, was present. The indirubine was dissolved by acetic ester extrac-
tion and was identified by TLC comparison on silica gel with the solvent
toluene-acetic acid (9:1).

Indirubine is formed from the primary indigo of the indigo plants to
an increased degree when fermented indigo plants are applied in a rela-
tively weak alkaline vat for dyeing. This situation seems to have been
the case with the dark blue threads of the Peruvian sample.

For the yellow threads of the Peruvian cloth, all that could be
determined was that they were dyed with a natural dye belonging to the
class of the hydroxyflavones.

Figure 7 shows a piece of 16th century Mameluke carpet from Cairo.
The red threads in this carpet were dyed with the insect dye lac dye (C.I.
Natural Red 25). The mordant was identified as aluminum and a small
amount of iron and copper compounds. However, as copper also was
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identified in the other dyed shades of the sample, it can be assumed that
the copper came from a dyeing vessel that was made of this metal.

Lac dye is obtained in the production of shellac from “stick-lac” in
India, and it was used in the past on a large scale for dyeing purposes. In
Mameluke carpets of the 16th century, this dye often is found. I have
been able to identify it on four different objects.

The lac dye was identified by TLC comparison on Mikropolyamid
F 1700 with the solvent butanone-formic acid (7:3) and was confirmed
with uranyl acetate. The dye was removed from the fiber with 10% sul-
furic acid. After shaking with ethyl acetate-pentanol (1:1), the extract
was used for TLC.

The blue in the Mameluke carpet easily was identified as indigo by
the vatting test. In the yellow and the green threads (after removing the
indigo by extraction with N,N-dimethylformamide), I identified a
hydroxyflavone dye containing luteolin as the main component, in all
probability dyer’s rocket, by comparison with the tin, aluminum, iron,
copper, and uranyl lakes.

Figure 8 shows an Italian 17th century velvet fabric from a liturgical
vestment of natural silk.

The preliminary tests indicated that the yellow threads were dyed
with a hydroxyflavone dye containing luteolin as the main component,
probably dyer’s rocket. This finding was confirmed by TLC compari-
son. The salmon-colored silk threads were dyed with safflower (C.I.
Natural Red 26). When the water extract of these threads is filtered, the
filter paper is stained red, and the filtrate is light orange. When the red
filter is treated with dilute ammonia, it becomes colorless. The red
threads were dyed with cochineal (C.I. Natural Red 4). The results of
the preliminary tests indicated that one of the three red insect dyes was
present. TLC comparison confirmed that no lac dye or kermes was
present, but cochineal was identified. On the green threads, indigo was
identified by vatting and then stripped from the fiber with N,N-
dimethylformamide. The yellow remaining on the fiber was identified
by the preliminary tests and by TLC comparison as hydroxyflavone con-
taining luteolin as the main component. Also in this case, dyer’s rocket
probably was used for dyeing.

The left half of Figure 9 shows the face of the tapestry on which the
red has faded almost completely. On the right side of Figure 9 is a piece
of the back on which the original red shade is still fairly visible.

The threads on the face of the carpet that have faded (because of
their moderate lightfastness) become colorless when they are vatted
with sodium dithionite and ammonia, and they turn magenta upon sub-
sequent reoxidation in the air. This dyeing is, therefore, one made with
orchil (C.I. Natural Red 28). This dye was known as “French purple”,
and very often it was used in tapestries in the 16th-19th centuries despite
its poor lightfastness.
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On the yellow threads, hydroxyflavones containing luteolin as the
main component, probably dyer’s rocket, were identified. The same
yellow is present on the green threads alongside indigo.

Figure 10 shows printed cloth from the early 19th century from
Mulhouse (méliiz) in Alsace (France). The blue print was produced
with Berlin blue (C.I. Pigment Blue 27). This pigment was found in 1704
by Diesbach, who kept it secret until 1724. Chemically, it is ferric ferro-
cyanide. Berlin blue often was used in the 18th and 19th centuries for silk
dyeings and for cotton prints.

To identify the blue shades on the printed cloth, a small sample of
the blue print is boiled in a test tube in 4% caustic soda solution. The
print turns brown, and the solution is yellow. After the solution is
filtered, iron is identified on the filter with a sulfuric acid solution of
potassium ferrocyanide. Ferrocyanide in the filtrate is identified with a
sulfuric acid solution of iron(III) chloride.

Figure 11 shows the Sicilian coronation robe of the Hohenstauffen
emperors. This coronation robe of the Roman-German emperors was
made in 1133-34 for King Roger II of Sicily, as indicated by the Kufic
(ancient Arabic) letters decorating the edge of the robe. Saracen artists
created this representation of royal power on red silk material. The
design on the two sides of the fabric is a mirror image of a lion killing a
camel.

In the past, it was assumed that Tyrian purple was used for dyeing
this coronation robe. However, Max Saltzman (University of California,
Los Angeles) doubted that it was a purple dyeing. He obtained a small
piece of a thread from the coronation robe in the Weltliche Schatz-
kammer of the Vienna Hofburg. In my laboratory and in that of Max
Saltzman, by means of several color reactions, we were able to prove
that this dyeing was produced with a red insect-derived dyestuff.

Figure 12 shows, for shade comparison, a purple dyeing on cotton
that was produced from the secretion of the hypobronchial gland of the
purple snail “Purpura patula pansa Gould” in 1971 by Indians in the area
of Oaxaca, Mexico. The shades of purple dyeings may vary from
violet-red to red-violet, but they cannot match the shade of the
coronation robe.
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Figure 1. Lakes of yellow natural dyes. (Reproduced with permission from
Ref. 15. Copyright 1980.)
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Figure 2. TLC of hydroxyanthraquinones from dyer’s plants of the

madder type. 1, madder (Rubia tinctorum L.); 2, hedge bedstraw (Galium

mollugo L.); 3, relbun root (Relbunium ciliatum); 4, mang-kouda (Morinda

umbellata L.); 5, karamu or coprosma root (Coprosma lucida L.); and 6,
pitti (Ventilago madraspatana GAERTN.).
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Figure3. TLC of hydroxyanthraquinones from red insect dyes. 1, cochineal;
2, lac dye; and 3, Kermes vermilio.

L e B R

Figure 4. Distinction of hydroxyanthraquinones from kermes types by
TLC. Layer material: Mikropolyamid F 1700; solvent: butanone-formic
acid (7:3); and color reaction: uranyl acetate. 1, Kermes vermilio; 2,
Kermes ilicis; 3, “kermes” (Iran 1979); 4, cochineal; and 5, Kermes vermilio.
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Figure 5. TLC of hydroxyflavone dyes. 1, dyer’s rocket (Reseda luteola

L., C.I. Natural Yellow 2); 2, young fustic (Cotinus coggygria SCOP., C.I.

Natural Brown 1); 3, buckthorn berries (Rhamnus cathartica L., fructi

immaturi, C.I. Natural Yellow 13); 4, old fustic (Chlorophora tinctoria

GAUD., C.1. Natural Yellow 1; 5, osage orange wood (Maclura pomifera,

C.I. Natural Yellow 8); and 6, bastard hemp (Datisca cannabina L., C.I.
Natural Yellow 12).

Figure 6. Fabric fragment from Peru, A.D. 100-200.
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Figure 7. A 16th century Mameluke carpet from Cairo.

Figure 8. A 17th century Italian velvet fabric from a liturgical vestment of
natural silk (private property of D. Lehmann, PR 402/57).
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Figure 9. Tierverdiire tapestry produced at the end of the 16th century
(private property of D. Lehmann, PR 336/38).

Figure 10. Early 19th century printed cloth from Mulhouse in the Alsace
(France).
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Figure 11. Sicilian coronation robe of the Hohenstauffen emperors.

Figure 12. Tyrian purple dyed on cotton by Indians near Oaxaca, Mexico.
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Analysis of Natural Dyes on Wool
Substrates Using Reverse-Phase High-
Performance Liquid Chromatography

Cynthia Walker and Howard L. Needles
Division of Textiles and Clothing, University of California, Davis, CA 95616

The separation and identification of natural dyes from wool
fibers using reverse-phase high-performance liquid chromotog-
raphy (HPLC) were performed on a C-18 column. Two isocratic
four-solvent systems were developed on the basis of the Snyder
solvent-selectivity triangle concept: (1) 10% acetonitrile, 4% al-
cohol, and 2% tetrahydrofuran in 0.01 M acetic acid and (2) 7%
acetonitrile, 8% alcohol, and 5% tetrahydrofuran in 0.01 M acetic
acid. Samples were also eluted in 30% acetonitrile. Spot tests and
thin-layer chromatography were performed on all samples to
confirm HPLC results. The systems also were found to be
potentially useful in the identification of early synthetic dyes. A
system of sample preparation that minimizes the reaction of
samples was discussed. The application of this HPLC separation
technique to samples from 20th century Caucasian rugs and
American samples unearthed from the foundation of Mission San
Jose was examined.

MUCH WORK HAS BEEN DONE in the past few decades on thin-layer
chromatography (TLC) and wet chemical analysis of naturally dyed
textile samples (I-3). Many good analytical schemes have been de-
veloped by using these techniques, particularly for red and blue dyes.
Yet, reverse-phase high-performance liquid chromatography (HPLC) is
now generally regarded as the most effective means of separation of

polyphenolic compounds, and natural dyes almost exclusively are

polyphenolic compounds (4-5). We have developed two four-solvent
systems and one two-solvent system that can be used to obtain
“fingerprint” chromatograms of dyes, isomers, and minor products
present in sample extracts. Samples were also eluted in the two TLC
systems outlined in the experimental section, and appropriate spot tests
were performed when R; values from the two systems compared well

0065-2393/86/0212-0175$06.00/0
© 1986 American Chemical Society
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with a previously tabulated value from TLC runs of standard samples.
In conjunction with TLC and spot-test results, the data from the three
HPLC system trials led to identification of dyes from ancient textile
samples. In this chapter we discuss the development of the solvent
systems used, the results of the technique when it was applied to two
sets of ancient textile samples, and the possibilities and limitations of
reverse-phase HPLC in natural dye analysis.

Experimental

Samples first were washed in water with manual agitation in a Buchner funnel
and then were successively rinsed with methanol, chloroform, methanol, and
water. During this process, particulate debris separated from the fibers, and it
was assumed that loosely attached water-, methanol-, and chloroform-soluble
impurities largely washed out with the filtrate. Preliminary extraction tests for
the presence of synthetic dyes were conducted as follows: Samples were first
boiled in water. If the solution colored, the water extract was analyzed with
HPLC, and the sample was then boiled in dilute ammonia. If the ammonia
extracts were strongly colored (natural dyes with the exception of very few do
not extract into water or dilute ammonia), they were shaken with zinc dust, and
if the ammonia extract reduced to a completely colorless solution, it was
concluded that the sample was an azo dye (1). Early synthetic dyes often bleed
into boiling water, and azo groups will reduce in the presence of zinc dust.

An acid extraction was prepared on all samples and was carried out in the
manner described later. After extraction, all samples were filtered with 0.45-pm
fluorocarbon filters. Twenty microliters of solution was used for each analysis on
a Perkin-Elmer series 10 HPLC. Each sample was allowed to run 20 min, and
the results were printed by computer. The column used was a 10-cm C-18
reverse-phase 10-um Perkin-Elmer column with an Alltech precolumn attached.
The detector used was a Perkin-Elmer model LC-15 UV detector set at 254 nm.

Three solvent systems were used: System 1, 10% acetonitrile (Baker UV spec
grade), 4% alcohol (Baker HPLC grade alcohol, 95% ethanol, 5% methanol), and
2% tetrahydrofuran (Aldrich gold label) in 0.01 M aqueous acetic acid; System 2,
7% acetonitrile, 8% alcohol, and 5% tetrahydrofuran in 0.01 M aqueous acetic acid;
and System 3, 30% aqueous acetonitrile. The water used was distilled double-
deionized water (Millipore MilliQ system, type 1 water, Bedford, Mass.)
degassed by boiling. Once prepared, the solvent system was filtered through a
Millipore Durapore membrane 0.45-um filter.

To test for indigo, a sample was warmed in a standard reducing solution (1
g of NaOH, 1 g of sodium dithionite, and 100 mL of water) until fibers and
solution were yellow. A few drops of ethyl acetate was then added, and the tube
was shaken gently. If indigo was present, the ethyl acetate layer became blue as
any indigo present was reoxidized. Comprehensive outlines of spot tests for
other natural dyes can be found in References 1 and 2.

TLC systems that were found to separate natural dyes well were (1) 30%
acetonitrile and (2) 5% tetrahydrofuran and 10% alcohol. Both solvent mixtures
were used with Baker 10% acetylated cellulosic plates.

Dye samples were pressed into KBr pellets and scanned on a Perkin-Elmer
281 IR spectrophotometer.
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Solvent System Development

The technique used to develop the four-solvent systems was based on
procedures elucidated by Lehrer (6), Rohrschneider (7), and Glajch (8).
After trials with individual solvents chosen from the corners of the
Snyder solvent-selectivity triangle—a system of classification of solvents
by the degree to which they function as proton donors, proton
acceptors, or dipole interactors—an ideal solvent system was calculated.
Ethanol, acetonitrile, and tetrahydrofuran were the reverse-phase sol-
vents used, and water was the carrier solvent. Once the ideal solvent
strength of one solvent-water combination was empirically determined,
that of the other combinations could be estimated by use of the
following equation (9):

St = s (1)

where Sy is the total solvent strength, s; is the strength weighting factor,
and y; is the volume fraction of the solvent. After determining with one
solvent-water combination the solvent strength that resulted in the
elution of the most strongly retained sample at a predetermined capacity
factor (k') (10 was chosen for this study), Sy was calculated. The k’
value represents the ratio of the retention of the solute to the amount of
time an unretained substance takes to elute. From Sr, y; of the other two
solvents was determined by substituting their s; values into Equation 1
(10). The s; values for ethanol, acetonitrile, tetrahydrofuran, and water
are 2.6, 3.2, 4.5, and 0, respectively.!

As an initial approximation of the ideal solvent strength for HPLC,
the results of TLC studies on acetylated cellulosic plates with various
methanol-water mixtures and natural dye extractions were graphed (R;
vs. methanol concentration). An acetylated cellulosic TLC system is not
directly comparable to a C-18 HPLC system, but TLC results were
nonetheless useful as a rough estimate of solvent strength. In practice,
approximately two-thirds of the solvent strength required to elute
natural dyes with TLC was necessary to achieve a similar separation of
major sample components with HPLC. After individual solvent con-
centrations were determined, samples of known dyes extracted from
wool were eluted in each of the three pairs of solvents (the concentration
used for each individual solvent-water system was reduced by one-half)
and adjustments were made until each sample eluted with a k’ value no
larger than 10. Retention times and k’ values are equivalent expressions
of relative retention of a sample on the column if the flow rate is the
same for all trials. With a flow rate of 1.4 mL/min, the maximum time

The s; value for methanol was used here for ethanol because these values are
only rough approximations.
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that was still within the k’-value limit was approximately 20 min which
was the length of time all samples were allowed to run. The data from
these trials were then averaged to arrive empirically at an optimum
isocratic four-solvent system, System 1.

Natural dyes are almost entirely napthoquinoid, anthraquinoid, or
flavonoid compounds having one or more hydroxyls as the primary
functional group. Considerable variation in structure occurs among
natural dyes, and a single HPLC system that could separate all natural
dye samples was not found. Nevertheless, several workable systems
were found in which all dye components eluted except for indigo-
carmine, which eluted with the solvent, and indigo and turmeric, which
remained on the column. For an isocratic system, we consider this
situation to be very satisfactory.

Because most natural dyes are phenolic, they are somewhat acidic.
Tailing can occur with such compounds in neutral solvents (4). To
minimize tailing, the solvent can be acidified to keep the sample in the
un-ionized state in which it will tail less. The four-solvent systems were
brought to the limit of pH tolerance of the column with acetic acid (0.01
M = pH of approximately 3.4). The four-solvent system arrived at
empirically was System 1. Both 20% and 30% acetonitrile were also found
to be useful solvent systems. By using the strength of 20% acetonitrile, as
determined with Equation 1, another four-solvent system was calculated
to arrive at a system having the same overall strength of 20% acetonitrile,
but showing better selectivity. The components of this calculated
system, System 2, have approximately equal solvent strength. System 2
and System 3 (30% acetonitrile) were used to supplement the original,
empirically derived four-solvent system, System 1. All samples were
analyzed in all three systems. The fingerprint chromatograms obtained
from the HPLC analysis of each historic sample extract in the two four-
solvent systems as well as in 30% acetonitrile were compared to those of
dye standards extracted from wool to establish the identity of the
unknown samples. Sixteen wool samples dyed with known natural dyes
were available as standards. Pure samples, not extracted from wool
fibers, of the major coloring matter of each of the wool-extracted
standard samples (reagent grade chemicals) were also chromatographed
in each of the systems. After HPLC analysis, TLC and spot tests were
performed as confirmatory analytical techniques.

Results and Discussion

Sixteen textile samples from Caucasian rugs were analyzed with the
systems just discussed, as were thirteen American samples of textile
fragments found buried in the foundation of Mission San Jose. Results
are summarized in Tables I and II. Five of the Caucasian rug samples
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Table I. Caucasian Sample Results

Color of Wool Identity
Brown —
Dark green not an acid dye
Red acid azo dye
Orange orange II
Red madder
Red acid azo dye
Green-gold weld
Orange —
Gold-orange same as orange wool above,

but not identified

Brown madder
Red acid azo dye
Orange madder
Green with purple tips —
Orange acid azo dye
Orange-brown —
Purple acid azo dye

were found to be synthetic through preliminary extraction tests and
through identification of an azo group by reduction with zinc dust.
(Extraction tests and azo group tests are described in the experimental
section.) One of these was found to be Orange II (acid orange 7) on the
basis of TLC, IR, and spot-test results. Of the remaining samples, one
was identified as weld, and three were identified as madder. The rest,
many of which are suspected to be synthetic, have not yet been

Table II. Mission San Jose Sample Results

Description Identity
Brown wool cutch
Red wool brazilwood
Green wool —
Bright-green wool —°
Black-brown silk cutch
Brown cotton velvet cutch
Red cotton madder
Blue cotton —

Brown wool —
Green wool —
Tan wool —
Purple wool —

Brown wool —

“This sample responded exactly like an acid azo dye to
extraction tests, although all samples were alleged to be
definitely of presynthetic dye vintage.
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identified. Of the Mission San Jose samples, one was identified as
madder, one was identified as brazilwood, and three were identified as
cutch. The other sample chromatograms did not match well with any of
the standard chromatograms. Almost all of the unknown samples, even
though they were not identified, produced good chromatograms. Those
samples found to be of synthetic origin resulted in particularly well-
defined peaks.

The Caucasian samples were from 20th century rugs, and it is quite
likely that those samples that were not identified were synthetic. Two
known early synthetic dyes which were available for analysis, Ponceau R
and Amaranth, responded well in the HPLC systems used. Because the
Caucasian sample extracts identified as synthetic and the two synthetic
dye standards all eluted quite well, the solvent systems developed here
fortuitously may be useful for the analysis of early synthetic dyes as well
as natural dyes. Once the appropriate synthetic dye standards are found,
identification of the samples that did not correspond with known
standards will most likely follow.

Two of the Mission San Jose samples were blue and several were
green or purple, although spot tests and chromatographic evidence
showed that none were logwood, indigocarmine, or, surprisingly, indigo.
The presence of indigo was determined by the method developed by
Hofenk de Graaf (I11) (see experimental section). TLC studies con-
firmed the absence of indigo in all samples.

Natural dyes possessing several component substances as colorants,
such as fustic, St. John’s wort, or madder were the easiest samples to
identify because they produced more distinctive patterns of peaks on
HPLC analysis rather than a single peak. Significant dye peaks can often
be small which, like the HPLC analysis of all natural product samples,
can be a source of confusion because impurities and minor sample
components can elute in the same k’-value range as the dye sample.
Transparent overlays of dye standard chromatograms were super-
imposed over those of unknown samples to assess not only the actual
retention times of the coloring components but also their relative
proportions. Comparison by this technique allowed one to determine by
visual inspection whether the relative peak heights and spacing of peaks
in a sample chromatogram were consistent with those of a known
sample, although actual retention times varied slightly because of small
changes in solvent composition if the two were not run in the same batch
of solvent. Particular care must be taken in solvent preparation to
minimize this effect. After each batch of solvent was prepared, the pH
of the resulting solution was measured and was found to consistently be
between 3.2 and 3.4 (calculated pH = 3.4). As an additional test of
consistency between solvent mixtures, brazilin dissolved in ethanol was
chromatographed as the first and again as the final sample of each batch
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of solvent prepared. The retention time of brazilin was found to vary
between batches of solvent by not more than 40 s and to vary by
approximately 10 s between the chromatogram of a fresh mixture (500
mL) of solvent and the last chromatogram from the same mixture.

A disadvantage to analysis with HPLC that was not found to as
great an extent in TLC is the elution of water- and alcohol-soluble fatty
acids, which are easily extracted from wool fibers along with the
coloring compounds. In addition to this disadvantage, many natural dye
samples were found to be quite sensitive to acid extraction. The majority
of yellow, green, and brown dyes are flavonoids, which are well known
to convert into one of several compounds in the presence of either heat
and water or dilute acids (12). One probable reaction is the polymeriza-
tion of the flavonoid by the reaction shown in Scheme I (I3). This
product can, in turn, further polymerize to form a complex tannin.
When a few milligrams of catechin was dissolved in 0.5 mL of alcohol
and was warmed for approximately 5 min after the addition of a few
drops of 10% HCI, the most obvious change noticed between the IR
spectrum of the reaction product and that of the starting material was
the dramatic reduction in the size of the ether linkage C-O stretching
vibration peak at 1050 cm™, which is in agreement with the proposed
reaction product (Figure 1). The spectra of the acid-hydrolyzed and
untreated samples match those published by Samejima and Yoshimoto
(14) of polymerized and unpolymerized catechin, respectively. Non-
flavanoid dyes often also undergo reactions that are not reversible by
neutralization alone when heated even briefly in dilute HCI (Figure 2).
In the case of walnut (juglone) the conversion product elutes well, but
more typical is the formation of a large initial peak similar to that which
occurs when catechin, the coloring matter of cutch, is heated even
briefly in acid (Figure 3). Extracts must be analyzed when they are fresh
because, even after neutralization, the samples can undergo conversion
reactions if they are allowed to stand longer than a day or two and will
then no longer exhibit the same chromatographic behavior. In addition
to reactions of the coloring matter itself, compounds extracted from the
wool fiber can also cause a large tailing initial peak which can obscure
small early-eluting compounds.

o ”'
OH CH

o|-| OH
CATECHIN

Scheme 1
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Figure 1. IR spectra of untreated and acid-hydrolyzed catechin.
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Figure 2. Chromatograms: A, walnut extracted from the fiber; B, juglone
untreated; C, juglone after acidification; and D, C after neutralization. All
samples were eluted in System 1.
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Figure 3. Chromatograms: top, catechin untreated; bottom, catechin after
acidification. Both samples were eluted in System 1.

To counter the situations just mentioned, dyes were extracted from
samples as follows: Fibers were allowed to soak in a minimum of cold 1
M HCI for approximately 5 min, after which methanol was added
(about three or four times the volume of the fibers), and the samples were
carefully neutralized with 1 M NaOH until litmus paper did not change
color with time after being spotted with the extraction solution. The
sample was then placed in a water bath that was just below the boiling
point of the solution and was allowed to stand for 5-10 min. This
procedure was used on standards as well as unknown samples. The
technique was found to extract all samples well and to result in clean
chromatograms with smaller initial peaks than those obtained with other
sample preparation methods attempted. A variety of nonacidic and
aprotic solvents were explored as possible substitutes for acid extraction,
but none were found to be effective.

When baseline separation of peaks in a chromatogram is achieved,
the individual compounds can be collected as they elute from the
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column in essentially pure form. However, with an analytical scale
column, the quantity retrieved even from large peaks is well below the
detection limit of most other analytical techniques and can be collected
only as an extremely dilute solution.

Purified samples, dissolved in alcohol, of the major coloring
compounds of each of the natural dyes studied were also chroma-
tographed in the same manner as the extracted known samples whenever
they were available. These chromatograms were used to establish which
of the several peaks that often eluted from the dye sample was the
principal dye component. Peaks corresponding to the primary colorants
of samples extracted from wool fibers were often quite small and often
not the major peak (Figure 2). Small peaks must not be neglected when
interpreting sample chromatograms. The mildest successful extraction
technique was employed, yet even this technique has resulted in the
partial conversion of components of dye samples into other products.

Conclusions

The isocratic systems used in this study do succeed in characterizing the
components of most natural dye samples. Even a sample that elutes with
the solvent or remains on the column provides a clue to its identity and
an indication of its relative polarity. Yet, when gradient elution is
available, even better separations can be achieved.

Sample preparation presented the most likely source of potentially
misleading chromatographic results. We are continuing to work on
improved extraction techniques and are also continuing to explore the
applicability of the systems studied for early synthetic dye analysis.
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3600 Years of Purple-Shell Dyeing:

Characterization of Hyacinthine
Purple (Tekhelet)

L. Irving Ziderman
Israel Fiber Institute, P. O. Box 8001, 91080 Jerusalem, Israel

Purple wools, dyed using hypobranchial mucus from muricacean
shellfish, were widely known in many ancient civilizations among
their most precious treasures, particularly the bluish hyacinthine
purple (biblical Hebrew, tekhelet). Unknown since the seventh
century, tekhelet has been an enigma to modern scholars, who
have been uncertain as to how it is to be distinguished from the
redder Tyrian purple (argaman) that is identified as 6,6'-di-
bromoindigotin. Evidence from chemical, biological, archaeolog-
ical and talmudic studies indicates that tekhelet was prepared
from banded dye-murex, Trunculariopsis trunculus. As prepared
with this species, the dye is a mixture of approximately equal
amounts of 6,6’-dibromoindigotin and indigotin; indigotin is a blue
dyestuff that is fortuitously chemically identical to vegetable
indigo. Authentic tekhelet accordingly has been characterized in
a textile remnant from Palmyra that is some 1700 years old.

RANKING WITH GOLD AND SILVER among the more precious treasures
of antiquity were three colored woolen fabrics, each dyed with a
colorant of animal origin. Two of these were purple materials prepared
from shellfish: one was a blue-tinted shade called hyacinthine purple and
the other, of reddish hue, was called Tyrian purple (I). The third
material, a scarlet or crimson, was dyed with kermes, which is extracted
from scale insects living on certain oak trees (2). The importance of
these textiles in international trade and tribute and as adornment of
sovereigns and sanctuaries is well documented in Mesopotamian texts
from some 3% millenia ago and in Near Eastern records (3) until the end
of the classical period. The first archaelogical record of purple dyeing is
from 1600 B.C. (Crete).

In the Bible, too, these three colored threads are mentioned scores
of times, particularly in connection with the priestly apparel and the

0065-2393/86/0212-0187$06.00/0
© 1986 American Chemical Society



Published on February 1, 1986 on http://pubs.acs.org | doi: 10.1021/ba-1986-0212.ch010

188 HISTORIC TEXTILE AND PAPER MATERIALS

tabernacle’s awnings in Chapters 25-40 of Exodus and for use in the
transportation of the sacred vessels in Chapter 4 of Numbers.

Because the use of kermes for crimson dyeing has continued
through modern times, the nature of the raw material and how it is used
is well known. In contrast, however, the purple industry largely
collapsed by the seventh century, and since then its most important
features have been forgotten, namely the identities of the snail species
used and the actual colors of the authentic dyes.

Intensive modern studies have successfully identified Tyrian purple
(1, 4). Two related species of marine snails that inhabit the Mediter-
ranean littoral were used by the Phoenicians in Tyrian purple manu-
facture, namely spiny dye-murex (Bolinus brandaris) and the rock shell
Thais haemastoma that are shown in Figure 1 in the center and to the
right, respectively. The chemical structure of the major colorant in the
dye is that of 6,6'-dibromoindigotin (Structure I in Scheme I). The
pigment is not found in the living murex, but it is actually an artifact
formed by the action of air and sunlight on a colorless extract of the
hypobranchial gland of the snail. Ancient textiles dyed with Tyrian
purple have been uncovered by archaeologists in particular abundance
at Palmyra (5), and potsherds colored with the dye have been
uncovered at Tell Shikmona (6).

Figure 1. Shells of marine snails used in purple dyeing. Left to right:
banded dye-murex (Trunculariopsis trunculus) for hyacinthine purple
(tekhelet), spiny dye-murex (Bolinus brandaris) for Tyrian purple (arga-
man), and the rock shell Thais haemastoma for Tyrian purple (argaman).
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Scheme 1. Major pathway for the transformation of natural colorless

precursors obtained from banded dye-murex to hyacinthine purple (tek-

helet). I, 6,6'-dibromoindigotin; 11, potassium indoxyl sulfate; III, potas-

sium 6-bromoindoxyl sulfate; IV, indigotin; E, enzymatic or acidic hydrolysis,

and [0], aerobic oxidation. (Reproduced with permission from Ref. 7.
Copyright 1981 Society of Dyers and Colourists.)

Regarding hyacinthine purple, however, several different and
mutually exclusive identifications have been mooted by various scholars
(7) and are the following: indigo blue, Tyrian purple (6,6’-dibromoindi-
gotin), Prussian blue (cyanide salt of iron), Janthina pigment (bile
pigment), green color (Tyrian purple intermediate tyriverdin), yellow color
(Luther’s translation of gelb), and hyacinthine purple (from Trunculari-
opsis trunculus). This identification question is not solely an academic
one of interest in archaeology and art conservation. The Bible requires
Jewish worshippers to attach to the corner tassels of their prayer shawls
a thread of hyacinthine purple (Numbers 15:38). This commandment has
not been observed since the seventh century. Discovery of the authentic
blue-purple for the renewal of this ritual is awaited expectantly in
synagogues throughout the world. Figure 2 shows Jewish tassels that
incorporate a thread dyed with Prussian blue in accordance with the
practice of Radzin. This dye is clearly unacceptable as an authentic
purple because it is a synthetic cyanide salt of iron that is in no way
related in structure to natural molluscan purples (7). The tassels from a
Karaite prayer shawl (Egypt) appear in Figure 3; each tassel comprises
32 cords, half of which were originally dyed blue, as may be shown by
unravelling the knot. The Jewish tassel has only eight cords (Figure 2).
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Figure 2. Corners of a traditional Jewish prayer shawl (tallit). Three of its

four corners are shown, each adorned with a tassel (tzitzit) of eight

threads, one of which is dyed with Prussian blue, according to Radzin. 1 is

older than 2 and 3, whereas 2 is older than 3, illustrating fading and
varying strength of dyeings.

Some views do not distinguish between Tyrian and hyacinthine
purples, whereas others contend that hyacinthine purple is the vegetable
dye indigo. The sources of this confusion are discussed in the following
paragraphs.

First, the actual color of hyacinthine purple was uncertain. Am-
biguities due to mistranslations of the biblical Hebrew tekhelet arose
because no one had seen this textile for centuries. The result is the
erroneous rendering of blue in most English bibles. The ancient Greek
translation hyakinthos suggested to Luther a local flower and gem of
the same name and led him to translate it as gelb or yellow. Further-
more, the word tekhelet has been revived in modern Hebrew to
designate sky blue. Confusion was inevitable.

A second factor involves the usage of the term Tyrian purple. We
have restricted it here to a particular type of shell purple that is
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characterized chemically as 6,6’-dibromoindigotin. However, many
authors use Tyrian purple as a generic term for all types of purples
derived from shellfish, whatever the hue and chemical composition of
the colorant. This usage includes hyacinthine purple and thus further
confuses the issue of how to distinguish between the two principal
purples of antiquity.

A third source of confusion has been the nature of the ancient
forgery of tekhelet named kela-ilan. To have been such a successful
imitation, kela-ilan must have been indistinguishable from tekhelet. It is
generally accepted that kela-ilan was indigo, a blue vegetable dye.
Accordingly, one is forced to conclude that hyacinth was blue. This
conclusion excludes any seashell as its source because seashells give only
purples. I have now demonstrated that this conclusion is untenable (8).
The early midrash Sifrei in Numbers 15:41 states explicitly that tekhelet
is forged by using a mixture of two materials, namely kela-ilan and a red
colorant. The result is a purple. An authentic sample of kela-ilan dated
A.D. 135 was found (9) in the Judean wilderness and is shown in Figure
4. For comparison, the dyeing obtained with the secretion from banded
dye-murex (Trunculariopsis trunculus) is also shown in Figure 4. They

Figure 3. Single tassel from an Egyptian Karaite prayer shawl comprising
32 threads, half of which were originally dyed blue.



Published on February 1, 1986 on http://pubs.acs.org | doi: 10.1021/ba-1986-0212.ch010

192 HISTORIC TEXTILE AND PAPER MATERIALS

(\

5
%)

Figure 4. Left, kela-ilan [archaic hyacinthine purple forgery (9, 20)] and

right, contemporary hyacinthine purple from banded dye-murex. (Left

photograph reproduced with permission from Ref. 20. Copyright 1968
Ciba-Geigy Review.)

are indistinguishable violet colorings. Trunculariopsis trunculus is shown
in Figure 1, left.

A thorough study of the subject reveals 12 criteria for identifying
the snail that was the source of ancient hyacinthine purple, and these
criteria are the following: (1) Phoenician seashell source (gastropod
mollusk, conch, murex snail), (2) hyacinthine hue (bluish purple, violet),
(3) color of kela-ilan (counterfeit tekhelet), (4) unknown for 1500 years
(ritual tassels’ use), (5) distinguishable from argaman (Tyrian purple),
(6) seasonal rarity, (7) coloration of shell, (8) stability and fastness of
dyeing, (9) colorless secretion of live snails (artifact color), (10)
comparison to grass, trees, the sea, and the sky, (11) technical feasibility
[Doumet (16)], and (12) authentic historic specimens (Palmyra, Dead
Sea). Banded dye-murex exhibits all these features, and must therefore
be the elusive conch of tekhelet (7). This candidacy was, in fact, first
proposed unobtrusively in 1842 by a Venetian scholar named Bartolomeo
Bizio (10). Modern science has taken 140 years to vindicate his insight.

The colorant obtained from Trunculariopsis trunculus is a mixture
of two dyestuffs, namely indigotin and 6,6'-dibromoindigotin. Indigotin
is chemically indistinguishable from vegetable indigo blue, and 6,6'-
dibromoindigotin is chemically indistinguishable from Tyrian purple
(11, 12). Together, however, these two chemicals form a unique violet,
which was so sought after in antiquity.

Archaeologists have found shells of banded dye-murex used by the
Phoenicians in purple dyeing at Sidon and Sarepta, whereas spiny dye-
murex was used at Tyre (13). Figure 5 shows a whole trunculus beside a
trunculus fragment from a Persian stratum at Appolonia. The trunculus
fragment lost its spine when an ancient dyer broke the shell open in a
characteristic fashion to remove the hypobranchial gland from within
for extraction of the chromogenic mucus.
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To ascertain whether the colors associated with Tyrian and hya-
cinthine purples can be made from the snails currently inhabiting the
formerly Phoenician coast, I prepared crude dyes from hypobranchial
glands of banded dye-murex and of the two Tyrian purple species, spiny
dye-murex and Thais haemastoma. (Methanolic extracts of the glands
were subjected to acidic hydrolysis (12) followed by exposure to
sunlight for 2 h.) The snails were collected from the Mediterranean shore
of northern Israel. In Figure 6, the blue-black specimen is from banded
dye-murex, and the two reddish samples are from the Tyrian purple
species. On purification by extraction in chloroform, the blue-black
specimen yields a violet solution, whereas, the two reddish samples give
a reddish purple, as shown in Figure 7. Figure 7 also shows a solution of
synthetic indigotin for comparison. Although the fidelity of color
reproduction in these prints is not exact, the species color differences are
clearly demonstrated.

Spanier (I14) has recently demonstrated a semiannual cycle in the
availability of trunculus snails near Haifa. This cycle thus provides a
biological basis for the proverbial seasonal rarity of the hyacinthine
purple conchs. The snails bury themselves in the littoral sea bed in the

Figure 5. Left, a shell of banded dye-murex and right, a fragment of same
species with spire broken off to permit excision of chromogenic gland
(from a Persian stratum of 1. Roll’s excavation at Appolonia).
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Figure 6. Crude colors developed from hypobranchial extracts of banded
dye-murex (left, blue label), rock shell (center, yellow label), and spiny
dye-murex (right, red label).

Figure 7. Green label: synthetic indigotin; blue, yellow, and red labels:

purified extracts in chloroform solution of dyes from banded dye-murex,

rock shell, and spiny dye-murex, respectively, prepared from the crude
extracts of Figure 6.
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summer and appear from the soil in the cold season. The stormy winter
seas prevent shell fishing that thus may be practiced only at the
commencement of fall and in early spring when the eastern Mediter-
ranean is placid and the snails are exposed on the surface of the sea bed.
The live shells are characteristically colored because of biological fouling
(6), as shown in Figure 8.

The cryptic talmudic comparisons of the color of tekhelet to that of
grass, trees, the sea, and the sky is understood now as reference to the
chromatic sequence that occurs in nature when the colorless mucus from
the snail, upon exposure to the elements, first becomes yellow, then
gradually changes to green, followed by blue, and finally becomes
violet (15).

In regard to the technical feasibility of having obtained hyacinthine
purple from Trunculariopsis trunculus in antiquity, Doumet (I6) re-
cently demonstrated that he could dye wool with the crushed shells,
following the “procedure of Tyre” as described by Pliny the Elder, who
visited Judea in person. Only techniques and materials available to
ancient artisans were used in this experiment.

The validity of the trunculus theory of the source of hyacinthine
purple has now been corroborated by the identification of authentic
archaeological remains of the dye on a textile from Palmyra some 1700
years old (8) and on a potsherd from the seventh century excavated near
the Dead Sea.

The major natural precursors of hyacinthine purple in the hypo-
branchial gland are potassium indoxyl sulfate (Structure II in Scheme I)
and its 6-bromo derivative (Structure III in Scheme I) (12). These are
hydrolyzed and then aerobically oxidized to the final mixture of
Structures I and IV (Scheme I).

The identification of purple dyes (17) is summarized in Table L.

Figure 8. Biological fouling on shell of banded dye-murex (6). (Repro-
duced with permission from Ref. 21. Copyright 1982 Weizmann Sci Press.)
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Conclusions

Archaeological remains dyed with an indigotin and 6,6’-dibromoindi-
gotin mixture corroborate the view that antique tekhelet was prepared
from Trunculariopsis (Murex) trunculus (8).

The trunculus theory for the source of tekhelet provides archaeom-
etry and historic conservation with malacological and chemical tests for
distinguishing tekhelet dyeings from Tyrian purple (18).

The identification of tekhelet permits the development of a new
textile product for the revival of Jewish ritual practices, such as dyed
tassels for prayer shawls (19).
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Notes Added in Proof

Tyrian purple (6,6’-dibromoindigotin) has been identified on potsherds
excavated at Sarepta in Lebanon (22).

In contrast to the erroneous rendering of tekhelet as blue in English
bibles based on the King James version of 1611, two modern translations of
the Bible render it as violet (23, 24).
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Mordanted, Natural-Dyed Wool and
Silk Fabrics

Light and Burial-Induced Changes in the Color
and Tensile Properties

Howard L. Needles, Vicki Cassman, and Martha J. Collins
Division of Textiles and Clothing, University of California, Davis, CA 95616

Light and burial-induced weathering caused significant changes
in the color and tensile properties of natural-dyed and mordanted-
natural-dyed wool and silk fabrics. The degree and nature of light
and burial-induced changes on these fabrics were dependent on
the fiber type and the dye or dye-mordant combination used.
Dyed wool samples were generally more colorfast to simulated
sunlight from a filtered xenon source than mordanted-dyed wool
samples, whereas the dyed silk samples were rendered more
colorfast to light by mordanting. Soil burial caused darkening and
large shade changes in dyed wool and silk fabrics due to soil ion-
induced mordanting. Dyed-mordanted samples underwent
smaller shade and depth of shade changes than unmordanted-
dyed samples on burial, and chromium and copper mordants had
the greatest effect.

DYE ANALYSIS IS AN IMPORTANT ANALYTICAL TOOL in the characteriza-
tion of textiles of historical significance, but such analysis can be
complicated by the aging process. Natural dyes found on historic textiles
are not particularly lightfast or fast to soil burial conditions, and changes
in the shade and depth of shade of dyed textiles can occur during these
weathering processes. Mordanting of natural-dyed textiles with metal
salts also can affect their color. In addition, the tensile properties of
natural-dyed textiles can be affected by the dyeing-mordanting and
weathering processes. Because the mechanisms of degradation are very
different for weathering by light exposure versus burial in soil, color
changes and changes in tensile properties are expected to differ
depending on the weathering process used. The lightfastness of natural-

0065-2393/86/0212-0199$06.00/0
© 1986 American Chemical Society
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dyed textiles also is of importance to the textile conservator because
light exposure during display or storage can critically affect the color
and the tensile properties of the textile.

The lightfastness of natural dyes on fabric substrates has been the
subject of numerous studies. However, the effect of mordants on the
lightfastness of natural-dyed protein fiber substrates has received little
attention. Some studies concerned with the effect of mordanting on the
lightfastness of silk dyed with natural dyes have been conducted in
Japan (I-3). Other studies have been concerned with the fastness of
mordanted, natural-dyed protein fibers to artificial light as would be
found in a museum setting (4-6). All these studies have established that
mordants have a significant effect on the lightfastness of natural-dyed
protein fibers.

Archaeological specimens of historic textiles found in burial sites are
often exposed to the most severe conditions; exposure to bacteria,
yeasts, algae, and fungi causes severe discoloration and degradation to
the dyed textile (7). Although certain metal salts are known to have
antimicrobial properties, little is known about the effect of mordants on
burial-induced color changes in natural-dyed protein fibers. Nockert and
Wadsten observed that wool stored near metal objects or ornaments
shows less degradation on storage (8). They concluded that soil fungi
and other organisms are killed by metal ions and particularly by
copper ions.

To gain a better understanding of the effect of protein fiber type,
dye, and mordant on sunlight and burial weathering processes, we dyed
wool and silk with three phenolic dyes (found as major components in
natural dye mixtures extracted from various plant sources) and post-
mordanted samples of the dyed fabrics with five representative metal
salts. We then exposed the unmordanted and the dyed-mordanted
samples to simulated sunlight or soil burial and measured the differences
in the color and tensile properties that resulted from these treatments.

Experimental

Materials. The wool fabric was a plain-weave worsted wool, style 6561,
from Burlington Industries. The silk fabric was a degummed silk crepe, style
601, from Testfabrics, Inc. The dyes were >95% pure and were from the
following sources: alizarin (C. I. Mordant Red 8) from Aldrich Chemical Co.;
brazilin (C. I. Natural Red 24) from J. T. Baker Chemical Co.; and carminic acid
(C. L. Natural Red 4) from H. Kohnstamm & Co., Inc. The five reagent grade
metal salts used were aluminum potassium sulfate, stannous chloride, cupric
sulfate, ferrous sulfate, and potassium dichromate from J. T. Baker Chemi-
cal Co.

Dyeing and Mordanting Procedures. All dyeing and mordanting was
carried out with a Renigal laboratory dyeing machine, model ST. Fabric pieces



Published on February 1, 1986 on http://pubs.acs.org | doi: 10.1021/ba-1986-0212.ch011

11. NEEDLESETAL.  Mordanted, Natural-Dyed Wool and Silk Fabrics 201

measuring 33 X 25 cm were weighed and wet out in aqueous 0.05% Triton X-100,
a nonionic surfactant, for 2 h prior to dyeing. All dyebaths contained 2% dye, 3%
sulfuric acid, and 10% sodium sulfate on weight of fabric (owf), and a liquor
ratio of 100:1 was used. The fabric was entered into the dyebath at 45 °C, and
the dyebath was brought to the boil and maintained at 100 °C for 1 h with
constant agitation. The fabric samples were thoroughly rinsed with distilled
water to remove unfixed dye and were allowed to air dry. Each dyed fabric
sample was cut into 18 pieces. Three swatches of each dyed fabric were
mordanted with different mordant solutions. Each mordant bath contained 1%
mordant (owf), and a liquor ratio of 100:1 was used. The three swatches were
entered into the mordant bath at 95 °C and were mordanted at this temperature
for 1 h. The mordanted samples were thoroughly rinsed with distilled water and
were allowed to air dry.

Light and Burial-Induced Weathering Tests. Dyed and dyed-mordanted
wool and silk samples were exposed to weathering by light and burial by using
the American Association of Textile Chemists and Colorists (AATCC) Test
Methods 16E-1982 and 30-1981, respectively, with certain modifications. In the
lightfastness test, fabric samples were exposed continuously in an Atlas weather-
ometer, model Ci35-W, for 80 h by using simulated sunlight from a filtered
xenon source with a borosilicate interfilter and soda line glass outer filter
operating at an average black panel temperature of 63 °C and at an average
relative humidity of 30%. During light exposure the samples received 85.6
kJ/m?/nm irradiation at 420 nm. In the burial test, the samples were buried 2.5
cm under a sandy loam soil containing 25% moisture at pH 7 at 28 °C for 14 days.
The samples were thoroughly washed with distilled water and were air dried.

Color and Tensile Measurements. The color expressed as x, y, and Y color
coordinates and color differences (AE) as measured for three or more samples
by the AATCC Test Method 153-1978 using the CIELAB color difference formula
and illuminant C were determined for all dyed and dyed-mordanted samples with
a MacBeth MS-2000 color spectrophotometer. Tensile properties including break-
ing strength, percent elongation at break, and energy to break were measured for
warp yarns from untreated and weathered dyed and dyed-mordanted samples
with an Instron table model tensile testing machine by using a 1-in. gauge length
and a crosshead speed of 1 in./min.

Results and Discussion

Mordant-Induced Color Changes. Mordanting had a profound
effect on the shade (x, y) and the depth of shade (Y) of the dyed wool
and silk fabrics (Table I). Alizarin, brazilin, and carminic acid all dyed
the wool and silk to medium depths of shade.

Alizarin dyed both wool and silk to similar shades and depths of
shade. Mordanting caused the alizarin-dyed wool and silk fabrics to
become darker and to change shades; wool gave the greatest color
differences. Shade changes were similar in alizarin-dyed wool and silk
samples mordanted with the same mordant. Mordanting with chromium,
copper, and iron caused the greatest changes in shade and depth
of shade.
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Table I. Mordant-Induced Color Changes in Dyed Wool and Silk Fabrics

Wool Silk
Mordant x y Y AE x y Y AE
Alizarin
— 0454  0.434 41.4 — 0423 0425 419 —
Al 0433  0.358 279 370 0399 0347 283 354
Cr 0483 0.372 73 521 0429 0.328 10.6 525
Cu 0.347  0.280 84 728 033  0.303 133 572
Fe 0345 0.321 76 67.0 0361 0.335 73 570
Sn 0518 0.375 162 388 0.408 0373 36.1 23.1
Brazilin
— 0357 0368 49.6 — 0372 0386 45.9 —
Al 0359 0341 40.9 143 0341 0325 375 25.7
Cr 0.451 0.434 15.1 364 0359 0370 364 10.5
Cu 0365 0356 226 23.0 0339 0.346 36.9 18.6
Fe 0.371 0.374 21.7 172 0354 0358 34.0 15.4
Sn 0.375 0.347 296  20.0 0.327 0330 46.3 22.8
Carminic Acid

— 0439 0345 29.0 — 0397 0335 30.2 —
Al 0343 0303 337 282 0330 0.317 386 2.7
Cr 0453 0.436 154 337 0359 0365 346 219
Cu 0326  0.311 186 357 0328 0318 313 21.0
Fe 0.337 0.335 148 369 0351 0.361 218 255
Sn 0.405 0.308 160 219 0343 0.321 37.5 16.5

Brazilin dyed silk to a slightly deeper shade than it dyed wool. The
brazilin-dyed wool and silk almost always became darker on mordant-
ing; the wool samples became much darker than the silk samples with all
mordants except aluminum. Also, the changes in shade caused by
mordanting were much less for the silk samples than for the wool
samples. Mordanting of brazilin-dyed wool with chromium caused the
greatest change in shade and the greatest deepening of shade.

Carminic acid dyed both wool and silk to similar shades and depths
of shade. Mordanting of the carminic acid-dyed wool caused the
samples to become deeper shades except when aluminum was used as
the mordant. With the exception of iron, mordanting of carminic acid-
dyed silk samples caused lightening as well as changes in shade in the
dyed silks.

The mordanting process had a profound effect on the shade and
depth of shade of the natural-dyed wool and silk. This result was
expected because the metal ions used in mordanting complex with the
dye on the fiber (9). Copper, chromium, and iron mordants gave the
greatest color changes. The morphology and chemical structure of the
protein fiber also affect the nature of the interaction between the dye
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and the mordant, and the fiber may actually undergo reaction with the
mordant. This reaction accounts for differences in the shade and depth
of shade in wool and silk dyed and mordanted with the same
dye-mordant combination.

Light-Induced Color Changes. Light-induced color changes in the
dyed and dyed-mordanted wool and silk fabrics were dependent on the
dye or dye-mordant combination used and the fiber type to which they
were applied (Table II). The dyed wool samples were less light sensitive
than the corresponding dyed silk samples. Mordanting of the dyed wool
and silk samples generally caused them to undergo greater color and
shade change on light exposure. This result was expected because
mordanting in most cases caused the dyed sample to become much
deeper in shade and thereby increased the amount of light absorbed by
the sample on light exposure.

Samples dyed with alizarin showed little shade or depth of shade
change on light exposure; however, mordanted-alizarin-dyed wool and
silk samples were much more sensitive to simulated sunlight than were
unmordanted samples. Mordanted-dyed silk samples were somewhat

Table II. Light-Induced Color Changes in Dyed and Dyed-Mordanted
Wool and Silk Fabrics

Wool Silk
Mordant Ax Ay AY AE Ax Ay AY AE
Alizarin
— 0.003 0001 —-05 14 —0006 —0.006 —-02 3.1
Al —0.022 —0.003 35 61 —0.016 0.000 53 6.2
Cr —0.078 —0.031 02 142 -—0.016 —0.007 22 4.1
Cu 0.038 0.046 01 124 0.001 0.002 36 54
Fe 0.018 0.024 1.7 70 —0.007 —-0012 -—-34 73
Sn —0.064 0.012 69 162 —0.042 -—0.017 0.7 139
Brazilin
— —-0.001 —0.006 —-14 28 —0.043 —0.048 1.3 20.0
Al —0.028 0.009 122 151 —0.008 —0.005 82 103
Cr —-0.099 —0.063 —21 285 —0.030 —0.029 26 118
Cu 0.006 0.015 1.2 50 —0.010 0.001 36 47
Fe —0.015 —0.002 109 101 —0.039 —0.035 37 145
Sn 0.004 0011 -—-20 40 —0.003 0.003 09 28

Carminic Acid
— —0.038 0.005 62 125 —0.032 0.003 6.5 11.7

Al —0.012 0.016 72 117 —0.006 0.010 57 17
Cr —0106 -0.070 —26 311 —0.036 —0.036 57 145
Cu 0.021 0.028 24 9.2 —0.009 0005 —-08 5.1
Fe 0.010 0.016 42 74 0.005 0.009 00 35

Sn —0.044 0.042 105 254 —0.008 0.012 73 92
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less light sensitive than the corresponding wool samples. The mor-
danted-dyed silk samples underwent greater fading but less change in
shade than the corresponding wool samples.

Brazilin-dyed wool was much more lightfast than brazilin-dyed silk;
the dyed silk exhibited slight fading and a large shade change.
Mordanted-brazilin-dyed wool samples were much more sensitive to
light than was the unmordanted-dyed wool and showed differing
changes in shade and depth of shade; chromium-mordanted wool had
the poorest colorfastness. Mordanted-brazilin-dyed silks were less sensi-
tive to light exposure than was the corresponding unmordanted-dyed
silk; copper and tin-mordanted samples were the most lightfast.

Carminic acid-dyed wool and silk had similar sensitivities to light
and showed considerable fading and color change. Chromium and tin-
mordanted-brazilin-dyed samples showed much greater light sensitivity
than the unmordanted-dyed wool and silk, and the other mordants had
little effect or slightly improved the lightfastness of the samples.

The effect of dye and dye-mordant combinations on the light-
fastness of wool and silk was quite variable. In many instances the
presence of mordant on dyed wool samples tended to cause the fabric to
become less lightfast, whereas the mordant on dyed silk samples that are
sensitive to light tended to stabilize the dyed fabric to color change.
Crews (6) found aluminum and tin mordanting of wool dyed with
yellow natural dyes significantly increased the rate of photofading of the
dyed fabrics. Watase (3) found that tin mordanting increased the rate of
photodegradation of silk dyed with natural dyes, whereas chromium
mordanting of these dyed silks had the least effect on photodegradation.
In our study the effect of these mordants was much more variable, but
tin and chromium mordanting in many instances caused greater light-
induced color changes in the dyed fabrics than the other mordants
studied.

Burial-Induced Color Changes. Burial of dyed and dyed-mor-
danted wool and silk fabrics had a profound effect on the color and
depth of shade of the fabrics (Table III). Soil burial caused darking and
extremely large changes in shade in most dyed fabrics, whereas the
mordanted-dyed fabrics showed less deepening and change in shade
than the unmordanted-dyed fabrics.

Burial of alizarin-dyed wool and silk resulted in extreme darkening
and change in shade toward the purple. This extreme change may be
due to mordanting of the samples during burial by ions contained within
the moist soil. The mordanted-dyed wool and silk samples were much
less susceptible to darkening and color change than unmordanted-
alizarin-dyed samples; copper mordanting was most effective for the
dyed wool, and chromium mordanting was most effective for the
dyed silk.



Published on February 1, 1986 on http://pubs.acs.org | doi: 10.1021/ba-1986-0212.ch011

11. NEEDLESET AL.  Mordanted, Natural-Dyed Wool and Silk Fabrics 205

Table III. Burial-Induced Color Changes in Dyed and Dyed-Mordanted
Wool and Silk Fabrics

Wool Silk
Mordant Ax Ay AY AE Ax Ay AY AE
Alizarin
— —=0.115 —0.137 —27.7 657 —0.072 —0.127 —242 55.6
Al —0.033 —-0.033 -52 153 -—0.008 —0.026 —4.5 10.7
Cr —0.050 —0.047 03 134 -0.010 -—-0.015 -13 5.1
Cu 0.024 —0.09 -22 78 —0.016 —0.034 -37 135
Fe —0.008 —0.042 —20 1.7 -—-0.031 —0.022 55 10.4
Sn —0.041 -0.026 —5.1 205 —0.020 —0.024 -—109 14.9
Brazilin
— —0.021 -0.029 -175 187 -—0.033 —0.047 -—131 222
Al —0.016 0009 —48 99 -—0.007 0010 -15 6.3
Cr —0.071 —0.051 48 198 -—0.019 -—-0.024 —-0.1 89
Cu —0.004 0000 37 44 0.000 0004 —26 25
Fe —0.021 -—-0.010 —-06 6.0 -—0.026 —0.024 06 98
Sn 0.012 0010 —-62 6.1 0.013 0015 —-65 7.1

Carminic Acid
— —0.111 -—-0.038 -84 341 -—0.060 —0.007 52 195

Al 0.010 0.026 —35 106 0.003 0011 -31 51
Cr —0.093 —0.073 55 280 —0.026 —0.039 03 144
Cu 0.014 0006 -13 37 —0.003 0.008 33 50
Fe —-0.015 -0016 —26 62 -—0035 -—0060 —13 135
Sn —0.022 0.021 02 124 0.004 0019 -21 81

Brazilin-dyed wool and silk underwent less darkening and shade
change on burial than alizarin-dyed fabrics, and they became darker and
more nearly like the shade of the mordanted-dyed samples. The
mordanted-brazilin-dyed samples showed much less darkening and in
most cases showed less color change than unmordanted-dyed samples
on burial. Copper-mordanted wool and silk underwent the smallest
degree of color change due to burial.

Carminic acid-dyed wool underwent extensive darkening and
change in shade toward the purple on burial presumably because of soil
ion-induced mordanting during burial. Although carminic acid-dyed silk
underwent extensive shade change during burial, the fabric became
somewhat lighter because of burial. Most of the mordanted-dyed wool
and silk samples exhibited less shade change and depth of shade change
than carminic acid-dyed samples; copper was most effective in pre-
venting these changes.

The degree of shade and depth of shade change in the buried dyed
wool and silk samples were quite dependent on the dye applied and the
fiber type to which it was applied. The unmordanted-dyed wool and
silk samples tended to undergo large changes in shade and deepening of
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shade due to soil ion-induced mordanting on burial. Mordanting greatly
reduced the magnitude of these color changes; chromium and copper
mordanting resulted in the largest reductions. This result is consistent
with the previous finding that copper ions tend to prevent burial-
induced damage to textiles because of the antibacterial properties of
copper (8). Also, the copper and chromium mordanted dyes may form
more stable complexes that are less susceptible to ion exchange during
soil burial.

Dyeing and Dyeing-Mordanting-Induced Changes in Tensile Pro-
perties. Dyeing and mordanting had a significant effect on selected
tensile properties of wool and silk (Table IV). The elongations at break
of yarns from dyed wools were significantly greater than those of
undyed control wool, whereas the breaking strengths and energies to
break of dyed silk yarns were significantly less than those of undyed

Table IV. Tensile Properties of Dyed and Dyed-Mordanted Wool
and Silk Fabrics

Wool Silk
Breaking  Elongation Energyto Breaking Elongation  Energy to
Strength at Break Break Strength at Break Break
Mordant (g) (%) (g-cm) (g) (%) (g-cm)
Undyed 419 4 320 117 41 56
Alizarin
— 424 54 383 101 48 44
Al 377 50 323 98 36° 38
Cr 451 47 352 897 367 34
Cu 397 55 365 89 32¢ 33¢
Fe 422 51 363 86° 29¢ 30¢
Sn 2667 54 230° 86 284 29¢
Brazilin
— 435 52 369 97 42 40
Al 395 53 357 87¢ 34 35¢
Cr 376 38 235¢ 80 28¢ 27°
Cu 390 48 320 87¢ 29¢ 30?
Fe 416 49 349 103 32¢ 39
Sn 2887 53 240° 93¢ 29¢ 30°
Carminic Acid
— 412 56 391 95 41 39
Al 391 52 353 86 35¢ 337
Cr 426 43¢ 305 92 35¢ 31¢
Cu 412 52 363 90 307 29¢
Fe 442 57 435 89 37 314
Sn 286¢ 52 245° 87¢ 32¢ 29¢

“ Significant change in tensile gro erty of mordanted-dyed sample was found in
Yy

comparison to unmordanted-dyed sample at 95% confidence level.
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control silk. Because the observed changes in tensile properties occurred
for all the dyed samples, the dye-bath conditions themselves rather than
the dyes are thought to cause the differences. The mordanting process
also affected the tensile properties of the dyed wools in some instances
and the tensile properties of the dyed silks in most instances.
Mordanting of the dyed wools with chromium usually caused reductions
in elongations at break and energies to break, whereas tin mordanting of
wool caused reductions in breaking strengths and energies to break.
Mordanting of the dyed silks with any of the mordants almost always
caused reductions in breaking strengths, elongations at break, and
energies to break.

Light-Induced Changes in Tensile Properties. The tensile pro-
perties of undyed wool were essentially unaffected by exposure to light
for 80 h, whereas undyed silk was damaged by light exposure for the
same periods (Table V). The dyed wool samples were also unaffected by
light with the exception of carminic acid-dyed wool which showed a de-
crease in elongation at break. The dyed silk samples were damaged by light
exposure to about the same degree as that found for undyed silk. All
dyed wools mordanted with chromium and tin were damaged by light
exposure, and large decreases in breaking strengths, elongations at
break, and energies to break were found. Iron mordanting of the dyed
wool samples also caused deterioration in tensile properties on light
exposure except with brazilin-dyed wool. Mordanting of the dyed silk
samples did not provide much protection from light-induced deteriora-
tion, but copper mordanted-dyed silk samples showed somewhat less
loss in tensile properties on light exposure than the other mordanted-
dyed silks.

Burial-Induced Changes in Tensile Properties. Burial of undyed
wool caused a significant loss in breaking strength and energy to break,
whereas a significant loss in the breaking strength and an increase in the
elongation at break of undyed silk occurred because of burial (Table VI).
The tensile properties of wool dyed with alizarin were unaffected by
burial, whereas wool samples dyed with brazilin and carminic acid showed
increased loss in tensile properties. Mordanting of the brazilin and
carminic acid-dyed wools in many cases protected them from burial-
induced losses in tensile properties; chromium and copper mordants
provided the best protection on brazilin-dyed wool, and copper and iron
mordants provided the best protection on carminic acid-dyed wool.
Aluminum and tin mordanting of alizarin dyed-wool samples resulted in
a greater loss in tensile properties on burial than that found for the
unmordanted-dyed sample. This result suggests that these mordants
negate the protective effect of this dye. The dyed silk samples showed
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smaller losses in breaking strengths and energies at break than undyed
silk on burial; however, the dyed silks also showed significant decreases
in elongations at break in comparison to undyed silk on burial. Mordants
had a more variable effect on the tensile properties of dyed silk samples
subjected to burial and generally did not provide a greater protective
effect than dyeing alone.

Conclusions

This study shows that light and burial-induced changes in the color and
tensile properties of protein fibers dyed with natural dyes and
mordanted are dependent on the fiber type and the dye-mordant
combination used on the fiber. This study also demonstrates that light-
induced weathering of these materials is very different than burial-
induced weathering. Knowledge of the dye-mordant combination used
on a protein fabric provides useful information about the probable
degree of deterioration expected in dyed-mordanted protein fabrics
exposed to sunlight or burial and the sensitivity of natural dyed-
mordanted protein fabrics to light-induced deterioration during museum
exhibition. Information from this study and future studies of this type
will assist the conservator in preservation and restoration of dyed and
mordanted wool and silk fabrics of historical importance.
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Experimental Studies on the Effect
of Aqueous and Nonaqueous Treatments
on Historic Textiles

Manfred Wentz!
University of Wisconsin, Madison, WI 53706

Conservation of historic textiles may include aqueous and non-
aqueous cleaning treatments. This study was undertaken to
determine the effect of these cleaning treatments on fiber
morphology of Tiahuanaco cotton and alpaca and on the color-
fastness of naturally dyed wool. Scanning electron microscopy
and X-ray diffraction analysis revealed that aqueous treatments
alter the surface appearance and the crystallinity of these old
fibers to a larger degree than nonaqueous treatments. Amino acid
analysis showed that the amino acid content of the alpaca fibers is
only slightly changed after the cleanings. The colorfastness of 11
naturally dyed wool samples to aqueous and nonaqueous treat-
ments was generally excellent. Dry cleaning in commercial plants
had a more severe effect on the colorfastness of the samples than
laboratory treatments. Because the nonaqueous treatments
changed the textile properties less than the aqueous treatments,
dry cleaning may be a viable alternative in the conservation of
historic textiles.

THE CLEANING OF HISTORIC TEXTILES is largely done by conservators
who have gained practical experience in handling these often fragile
objects. The main purpose of cleaning historic textiles is to restore their
original appearance as much as possible and to prevent possible
deterioration that may be caused by the presence of soils.

Two methods that are often used for cleaning are laundering and, to
a more limited extent, dry cleaning. Laundering uses an aqueous me-
dium, whereas dry cleaning uses a nonaqueous medium. Both procedures
are not very well understood in the context of textile conservation, and
better and more scientifically based methods are needed (1, 2).

ICurrent address: University of North Carolina at Greensboro, Greensboro, NC 27412.
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The first part of this study describes a series of experiments
designed to answer some of the questions on how aqueous and
nonaqueous treatments alter the morphology and chemical composition
of fibers taken from a Tiahuanaco tapestry. The second part of this
study focuses on the colorfastness to dry cleaning of naturally colored
wool fabrics. This second study was undertaken because no information
on the colorfastness of these types of colorants to dry cleaning could be
found in the literature. A recently published paper (3) on drycleaning of
historic textiles indicates that conservators are using this nonaqueous
type of cleaning as a method of textile conservation.

I will briefly review some of the mechanisms of soil removal
involved in aqueous and nonaqueous textile cleaning before proceeding
to the experiments and results of this study. This discussion provides
background information on the two methods of cleaning.

Mechanisms of Soil Removal

The exact composition of soils on historic textiles is complex and almost
always unknown. Conservators are faced with the difficult task of
selecting a method of cleaning.

On the basis of the degree and type of soiling, conservators can
choose between localized or complete treatment of the item. Stain
removal with solvents with or without additives is the method of choice
if soils are localized and the general appearance of the rest of the textile
is satisfactory. A systematic overview of methods of stain removal is
given in the literature (4). The present discussion focuses on the method
of complete immersion in the cleaning medium and on the principles of
soil removal associated with this technique. Excellent summaries (5) on
detergency in aqueous media exist, but detergency in nonaqueous media
is not as well documented.

To initiate transfer of soil from the textile to the aqueous or
nonaqueous cleaning medium, the textile must be completely wetted.
This wetting is usually achieved by adding a surface-active agent to
water to lower the surface tension so that the textile and the soils are
brought into close contact with the liquid. The surface tension of the
most popular nonaqueous solvent used in textile cleaning, tetrachloro-
ethylene, is low enough to wet out the textiles (6). Once wetting is
achieved, soil removal is initiated. The various steps involved in this
process depend on the nature and the properties of the soils present.
Table I gives a broad classification of soils encountered on textiles and
classifies them according to their solubility properties. A listing of the
basic colloidal processes involved in the two types of cleaning methods
is also given in Table I. The mechanisms by which the four types of soils
are removed from textiles will be discussed briefly.

Water-soluble soils are generally polar substances, such as sodium
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Table 1. Soils and Mechanisms of Soil Removal

Method i
Classification ethod of Cleaning
of Soils Laundering Dry Cleaning
Water soluble solution solubilization
Oil soluble solubilization solution
Pigments, insoluble suspension suspension
Stains, insoluble bleaching spotting

chloride or sugars. They are soluble in water, but insoluble in the
nonpolar dry-cleaning solvent. Qil-soluble soils are nonpolar substances,
such as fats, oils, or sebum, which are soluble in the dry-cleaning solvent,
but not in water. With the help of suitable surfactants, both types of soils
can be solubilized in tetrachloroethylene or water.

Surfactants are organic molecules that possess a nonpolar hydro-
carbon tail and a polar head. The polar head can be anionic, cationic, or
nonionic. Because of the existence of the two moieties in one molecule,
surfactants have limited solubility in polar and nonpolar solvents. Their
solubility is dependent on the hydrophile-lipophile balance of their
molecular structure. At a critical concentration, they form aggregates in
either type of solvent. This colloidal aggregation is referred to as
micellization, and the concentration at which it occurs is known as the
critical micelle concentration. The term micelle was coined by McBain
(7) to designate the aggregated solute. In water or other polar solvents,
the micellar structure is such that the hydrophobic tails of the surfactant
molecules are clustered together and form the interior of a sphere. The
surface of the sphere consists of the hydrophilic heads. In nonpolar
solvents, the orientation of the molecules is reversed.

The most important property of micelles in aqueous or nonaqueous
solvents is their ability to dissolve substances that are insoluble in the
pure solvent. In aqueous systems, nonpolar substances are solubilized in
the interior of the micelles, whereas polar substances are solubilized in
the micellar core in nonaqueous systems. This process is called solubiliza-
tion. It can be defined as the formation of a thermodynamically stable
isotropic solution with reduced activity of the solubilized material (8). It
is useful to further differentiate between primary and secondary
solubilization. The solubilization of water in tetrachloroethylene con-
taining a surfactant is an example of primary solubilization. Secondary
solubilization can be considered as an extension of primary solubilization
because it refers to the solution of a substance in the primary solubilizate.

The removal of water-soluble soils from textiles during dry cleaning
is an application of secondary solubilization (9). The practical signifi-
cance of this concept was illustrated by Fulton et al. (10). They were
able to demonstrate that in dry cleaning, the removal of sodium
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chloride and glucose is greatly enhanced if a surfactant and small
amounts of water are present. It is now well established that secondary
solubilization is not only dependent on the activity of the solubilized
water but also on the concentration and chemical nature of the
surfactant forming the micelles (9, 11).

Insoluble pigment soils, such as clays or other particulate solids, are
removed during cleaning from the fiber surfaces with the help of
surfactants. In both cleaning systems, surfactants incorporate this type of
soil into the micelles to form relatively stable suspensions to prevent the
redeposition of soil onto the textile (12).

Stains, often colored, are not always removed by either immersion
cleaning method. Bleach can be added during laundering; however,
chemical damage to fibers is risked (13). Localized treatments may be
the preferred way to remove colored stains in textile conservation.
Manual stain removal, called spotting, is an integral part of professional
dry cleaning because no simple, commercial procedure for bleaching
textiles in the nonpolar solvent exists (14).

Experimental
Tiahuanaco Tapestry. A fragment of a classic Tihuanaco Middle Horizon

tapestry (52145a-18046) was made available for this study by the Milwaukee
Public Museum from the collection of Malcom K. Whyte. Figure 1 shows a

Figure 1. Tiahuanaco tapestry, Middle Horizon.
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picture of the textile. Unfortunately, no excavation documents are available to
trace the exact origin of the tapestry. The collection was appraised and
evaluated by Bird (15) who has described the technical features of a similar
artifact. The fabric comprises a combination of mostly alpaca and some cotton
warps and alpaca wefts. Interlocking tapestry techniques were used to create
geometric motifs of paired elements which include stepped frets or spirals with
stylized profile heads. The main color areas are brown, gold-brown, black-
brown, gold, red, green, and tan.

TREATMENTS. Small fabric samples were removed very carefully from the
tapestry and transferred into glass vessels to which treatment liquids were added
in sufficient amount to assure complete immersion. The samples remained for 1
h in these liquids. Distilled water and distilled water containing 1 g/L of
Synperonic N, an ethoxylated nonylphenol, nonionic surfactant were used for
aqueous treatments. Commercial grade tetrachloroethylene was selected for the
nonaqueous treatments. All treatments were made at room temperature. After
the samples were removed from the liquids, they were allowed to dry in open
air at 21 °C and 65% rh.

ANALYSIS. Samples were analyzed before and after treatments. For scan-
ning electron microscopy, samples were mounted on stainless steel stubs and
coated with a 60% gold and 40% palladium alloy in a Denton DV-502 vacuum
evaporator. A scanning electron microscope Joel model JSM-43 with an
accelerating voltage of 10 kV was used. Photographs were taken with a Polaroid
camera and type 55 films. Amino acid analysis was done on the alpaca fibers
with the Durrum D 500 amino acid analyzer in the biophysics laboratory at the
University of Wisconsin—Madison. Fiber samples of about 1 mg were hy-
drolyzed in ignition tubes with 6 N hydrochloric acid and 0.2% phenol and then
were evacuated, sealed, and hydrolyzed at 110 °C for 24 h. Following
hydrolysis, the samples were evaporated to dryness on a rotary evaporator and
redissolved in a buffered (pH 2.2) citric acid solution. Aliquots were injected
into the analyzer where the individual amino acids were separated and
quantified by the ninhydrin method (16). X-ray measurements were made at the
Forest Products Laboratory, U.S. Department of Agriculture in Madison,
Wisconsin (17). X-ray diffractometer traces were taken on a Ryraku Denki
goniometer by using nickel-filtered copper radiation between 10° and 30° for
cotton and between 4° and 15° for alpaca. Samples, approximately 10 X 10 mm,
were measured before and after treatments.

Colorfastness of Wool Dyed with Natural Colorants. For the second series
of experiments, wool samples were colored with natural colorants. Wool fabrics
No. 526 were obtained from Test Fabrics, and natural colorants were supplied by
Cerulean Blue.

DYEING WITH NATURAL COLORANTS. The procedures followed are docu-
mented by van de Vrande (18). Details describing premordanting and the
individual dyeing procedures for each natural colorant are summarized by
Houg-Dobeck (19). Squared wool samples, 4 X 4 in., were premordanted in the
appropriate amount of mordant in distilled water at a boil for 30 min at a liquor-
to-cloth ratio of 50:1. Upon completion, the samples were transferred into the
preheated dye bath. Stock solutions of each natural colorant were made by
soaking the proper amount of the dry material in distilled water for 24 h. The
extraction of the coloring matter was completed by boiling the solution for 10-15
min. The undissolved material was removed by filtration. Water was added to
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the filtrate to obtain the needed amount of dye liquor to achieve the liquor-to-
cloth ratio of 50:1. Dyeing proceeded in covered beakers at a boil for 1 h. After
dyeing, all samples were rinsed thoroughly under hot, soft-running water until
the rinse water was colorless. Each sample was dryed separately on white
cardboards. Table II lists the types of colorants used in this study and color
measurement data.

LABORATORY TREATMENTS. Colorfastness of the dyed wool samples was
determined in aqueous and nonaqueous media. Colored samples were cut into
2- X 2-in, squares and sandwiched between multifiber fabrics (Test Fabrics) and
undyed wool fabrics of the same dimensions. The fabrics were loosely sewn
together by hand with white cotton thread. Two surfactants were chosen for the
aqueous treatments: Tergitol NPX, a nonionic ethoxylated nonylphenol (Union
Carbide) and Orvus WA, an anionic sodium alkyl sulfate (Proctor & Gamble).
Solutions of 0.1% surfactant in distilled water were prepared. Tests were run in
250-mL Erlenmeyer flasks at a liquor-to-cloth ratio of 50:1. The flasks were
placed in an Eberbach constant-temperature shaker bath adjusted to 30 °C and
an agitation of 40 cycles/min. Treatment time was 1 h, after which the samples
were opened and allowed to dry on blotter paper. This same procedure was
used for the nonaqueous treatments. Commercial grade tetrachloroethylene (R.
R. Street & Co.) with and without 1% Aerosol OT, the anionic surfactant sodium
sulfosuccinate (Aldrich Chemical) was selected. The treated samples were
removed from the liquids, opened, and dried on blotter paper in a ven-
tilated hood.

FIELD STUDY. Dyed wool samples, 4 X 4 in., were sewn onto 20- X 20-in.
undyed wool fabric. A white cotton fabric (80 X 80 print cloth) was sewn
over the dyed samples so that the colored samples were between undyed wool
and cotton test fabrics. Ten sample sheets were prepared. Two of each were
sent to five different dry-cleaning plants in the Chicago area. The plants were

Table II. Color Measurement Data of Natural Colorants

on Wool
CIELAB Coordinates
Natural Colorant L a b AE
Alkanet 34.29 3.88 —17.16 1.36
Annatto 71.20 17.21 57.02 247
Brazilwood 43.95 31.10 —-1.37 3.86
Cochineal-alum 33.77 39.05 4.38 1.58
Cochineal-tin 38.43 42.28 14.39 2.66
Cochineal-chrome 25.53 13.27 —6.53 0.13
Cutch 46.54 11.06 26.56 0.59
Henna 48.84 11.06 26.56 0.98
Indigo 33.47 0.48 —13.78 0.66
Lac dye 51.52 32.40 5.65 1.86
Logwood 35.31 6.83 —12.37 2.53
Madder 66.68 21.85 22.45 0.21
Weld 75.48 —4.68 47.68 1.17

NOTE: AE is the color difference.
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instructed to clean one of the sheets in the morning and one in the afternoon.
Solvent samples were taken for analysis at the end of each test run.

VisUAL EVALUATION OF COLORFASTNESS. All samples were evaluated
according to the American Association of Textile Chemists and Colorists
(AATCC) rating system (20). The undyed wool, white cotton, and multifiber
samples were rated with the AATCC gray scale for staining (AATCC Evaluation
Procedure 2), and the dyed samples were rated with the AATCC gray scale for
color change (AATCC Evaluation Procedure 1). Averages of ratings by two
observers are reported.

INSTRUMENTAL COLOR MEASUREMENTS. When treated samples showed
AATCC ratings of 4 or less, they were measured against the untreated samples
on the Sargent-Welch SP8-200 UV-vis spectrophotometer with a diffuse
reflectance sphere attachment. The instrument is interfaced with a Hewlett-
Packard HP-85 computer and run by color measurement software. Spectral
reflectance data at 10-nm intervals, tristimulus values, chromaticity coordinates,
and CIELAB color difference were determined for these samples (21).

Results and Discussion

Tihuanaco Tapestry. The construction and historic origin of this
type of tapestry is well documented (15). It is generally believed that the
protein fibers are from the alpaca camelid. The alpaca has occupied a
major position in the economic life of the Andean Plateau. The
domestication of the alpaca may have begun in the Chavin Early
Horizon culture around 800 B.C. Cotton was a trade item for the
highland weavers and was frequently combined with alpaca. The
tapestry studied here comes from Tiahuanaco culture which dominated
most of Peru and parts of Bolivia between A.D. 800 and A.D. 1100.
Preliminary tests under the stereomicroscope indicated that the fibers
are extremely brittle and can be easily broken with a needle. It is not
known if the textile was cleaned after excavation. Because the tapestry
appears clean, it cannot be ruled that it has undergone a conservation
treatment. The objective of this study was to gain information on how
fibers taken from the old textile change their morphology and structure
after treatments in aqueous and nonaqueous treatments. No attempt was
made to immerse the whole textile fragment in one of the cleaning
solutions. Microscopical analysis of carefully removed fibers indicated
that the warp of the fabric consists of two-ply yarns made of protein or
cotton fibers, whereas the weft appears to contain only two-ply yarns
made of protein fibers.

SCANNING ELECTRON MICROSCOPY. Fiber samples were taken
before and after treatments and observed under the microscope. Fibers
were selected randomly, and no attempt was made to statistically
document the findings. Figures 2 and 3 illustrate some of the noted
characteristics of the cotton fibers. Figure 2 shows a cotton fiber from
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Figure 2. Cotton fiber (2250X) from Tiahuanaco tapestry, no treatment.

Figure 3. Cotton fiber (1125X) from Tiahuanaco tapestry, treated in
distilled water.
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the tapestry before treatment. It features the collapsed part of the
kidney-shaped cotton fiber that consists of many particles of irregular
shapes. Kassenbeck (22) described this concave part of the cotton fiber
as the most accessible and reactive zone in the fiber cross section. This
picture suggests that the disintegration of this historic cotton sample may
have started in this fiber region. Figure 3 illustrates a convolution of a
cotton fiber after treatment in distilled water. Two distinct helical
breaks are present. This type of fiber cleavage was more visible on
cotton fibers treated in aqueous systems and was not observed on cotton
fibers treated in the nonaqueous solvent tetrachloroethylene. The breaks
appear at acute angles of 30-35°, This finding suggests fibrillar separa-
tion of the secondary wall of cotton (23). Figure 4 shows protein fibers
taken from the dark-brown weft before treatments. This picture shows
that the cuticle cells of the fibers are no longer detectable and that
irregularly shaped deposits exist on the fiber surfaces. Figure 5 illustrates
the same type of fiber after dry cleaning. Here the treatment removed
some of the surface deposits. The cross sections are round to oval and
reveal characteristic medullas found in alpaca fibers. However, these
pictures do not provide conclusive evidence that the protein fibers are
indeed alpaca. The appearance and the dimensions of these fibers match
those of alpaca and llama given by Harris (24).

AMINO ACID ANALYSIS. Protein fibers, such as wool and alpaca,
consist of macromolecules that are naturally formed during the growth
of the hair. These large molecules are actually copolymers of about 20

Figure 4. Protein fibers (700X) from Tiahuanaco tapestry, no treatment.
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Figure 5. Alpaca fibers (800X) from Tiahuanaco tapestry, treated in
tetrachloroethylene.

different amino acids linked together by peptide linkages. The sequence
distribution of the amino acids in these natural polymers has a significant
effect on fiber morphology as well as on the chemical reactivity of the
fibers. Alexander et al. (25) have documented these interrelationships.

Mandelkern (26) provided an informative summary of the complex
chemistry and morphology of protein fibers. Baer et al. (27) reported
elemental analysis data obtained from 19 archaelogical pre-Columbian
textile specimens. Although their findings suggest that generalized
conclusions are not easily derived, their procedure was sensitive enough
to detect changes in elemental analysis after washing. The analysis of
amino acids was selected to address whether individual concentration
changes occur as a result of treating old fibers in aqueous or nonaqueous
systems. The first step in this sequence of analysis consisted of analyzing
a contemporary alpaca sample and a sample taken from the Tiahuanaco
textile. The analytical results agree reasonably well with data reported
by Bradbury et al. (28), as summarized in Table III. The findings
suggest that the protein fibers in the tapestry are alpaca. The data in the
middle column represent averages of three, and the last column
represents averages of two individual analyses. Table IV lists the control
data from the original textile and average data obtained from three
analyses after each treatment.

Only minor differences are found between aqueous and non-
aqueous treatments. Note that the cystine content is slightly lower after
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Table III. Amino Acid Composition of Alpaca Fibers

Effect of Aqueous and Nonaqueous Treatments

Bradbury Contemporary
Amino Acids et al. (28) Alpaca Tiahuanaco
Alanine 5.45 5.08 5.82
Arginine 6.95 7.16 6.99
Aspartic acid 6.45 5.99 6.66
Cystine 11.75° 5.74 3.32
Glutamic acid 13.40 13.55 16.51
Clycine 7.50 7.53 6.69
Histidine 0.80 0.77 0.56
Isoleucine 2.90 2.60 3.17
Leucine 7.25 717 7.99
Lysine 2.60 2.35 1.98
Methionine 0.40 0.50 0.39
Phenylalanine 2.40 2.55 242
Proline 7.20 7.03 6.90
Serine 10.60 10.82 8.13
Threonine 6.20 6.60 7.22
Tyrosine 2.25 2.35 1.98
Valine 5.50 5.35 6.18

NOTE: Values are reported in moles per 100 moles of amino acids.
¢ Bradbury (28) reported this value as % cystine.

221

Table IV. Amino Acid Analysis of Original and Treated Tiahuanaco Alpaca

Water and
Amino Acids Control Water Surfactant Tetrachloroethylene
Alanine 5.82 5.99 6.00 5.75
Arginine 6.99 6.96 7.08 6.88
Aspartic acid 6.66 7.07 7.06 6.73
Cystine 3.32 2.61 2.61 3.08
Glutamic acid 16.51 17.29 17.24 15.97
Glycine 6.69 6.42 6.60 6.60
Histidine 0.56 0.70 0.64 047
Isoleucine 3.17 3.17 2.97 297
Leucine 7.99 8.39 8.10 7.88
Lysine 1.98 2.01 2.09 1.84
Methionine 0.39 0.40 0.33 0.43
Phenylalanine 2.42 243 2.40 243
Proline 6.90 7.10 6.99 6.52
Serine 8.13 8.20 8.46 8.11
Threonine 7.22 7.25 7.42 7.12
Tyrosine 1.98 2.09 2.05 2.18
Valine 6.18 6.12 6.18 5.75

NOTE: Values are reported in moles per 100 moles of amino acid.
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the water treatments in comparison to the tetrachloroethylene treat-
ments. Cystine forms covalent cross-links between adjacent polypeptide
chains in keratin fibers and has a direct influence on the stress-strain
behavior of wool. Robinson and Rigby (29) presented experimental data
on the aging in keratin fibers involving thiol groups and disulfide cross-
links and their effect on the stress-strain properties of protein fibers. In
general, the results of the amino acid analysis suggest that the polypep-
tide composition of the old alpaca fibers in the Tiahuanaco tapestry has
changed very little. It is reasonable to conclude that even if hydrolysis of
the amide linkages between amino acids has occurred over time, the
segments formed do not exhibit preferential solubility in either treat-
ment system.

X-RAY DIFFRACTION. X-ray analysis has contributed greatly to
the present knowledge of fiber morphology. The presence of both sharp
and diffuse diffraction phenomena in the X-ray patterns of polymeric
solids is generally accepted as evidence for a two-phase morphological
model. In such a model, crystalline and amorphous regions are assumed
to be present. Diffraction patterns provide information on lattice
spacing, orientation, degree of crystallinity, crystallite size, and shape in
polymers. X-ray diffraction data obtained with cotton by many re-
searchers were recently summarized by Shenouda (30). This critical
review demonstrated the complexity of this technique. In spite of the
very extensive work on the fine structure of cellulose, none of the
proposed morphological models adequately explain all the observed
fiber properties.

Fibrous protein structure investigations applying X-ray diffraction
and electron microscopy were reviewed by Blakely (31). Keratin fibers
are made of three main structural components: the cuticle, the cortex,
and the medulla. The medulla is only present in coarse fibers. The cortex
forms the bulk of the fiber. Various morphological models have been
proposed to explain the mechanical properties of keratin fibers. It is
generally agreed that the cortex conmsists of fibrils in which protein
molecules exist in helical and nonhelical regions.

This brief reference to the morphological architecture of cotton and
wool fibers illustrates their complex nature. The use of X-ray diffraction
in this investigation was not intended to yield quantitative information
on the morphology of the historic fibers, but rather was intended to
serve as a diagnostic technique to detect changes in morphology caused
by the treatments. Any change induced by a conservation treatment is
believed to affect mechanical fiber properties and should be minimized.

The X-ray equipment available for this study required a 10- X 10-
mm sample size which had to be cut from the tapestry. Three samples
were taken from the textile for this analysis. One of the samples served
as a control before it underwent treatment. The samples were mounted
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on glass slides with a double-sided adhesive, inserted into the specimen
holder, and analyzed along the cotton warp and the alpaca weft. Figure
6 summarizes schematically the X-ray diffractive traces obtained from
the Tiahuanaco cotton. The highest intensity of the untreated cotton
appeared at a diffraction angle of 22.6° (26) which corresponds to the
002 reflection (17). The shape of the traces is indicative of cellulose I.
Treatments in water and water containing 0.1% nonionic surfactant
resulted in two peaks which Caulfield and Steffes (17) interpreted as an
overlap of the 101 and the 002 reflections characteristic of cellulose II.
These findings suggest that the aqueous treatments caused pronounced
changes in morphology of this old cotton. In contrast, the tetrachloro-
ethylene treatments did not change the diffraction pattern significantly.

Crystallinity indexes calculated according to the method described
by Segal et al. (32) showed that the old cotton has a crystallinity of
about 38%. Aqueous treatments increased the crystallinity of the historic
cotton sample to about 45%. However, the crystallinity of contemporary
cotton, which is about 70%, was not reached (30). This increase suggests
that water acts as an internal plasticizer and allows a segmental
reorientation which leads to an increase in crystallinity. Water-induced
crystallization of amorphous cellulose fibers has been reported (17).
Kalyanaraman (33) investigated orientation factors of cotton fibers from
historic samples and found that the orientation values of the museums
samples are smaller than the values of present-day cottons. He opined
that cotton may have lost its orientation over time. In view of this
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Figure 6. X-ray diffractive traces of Tiahuanaco cotton.
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Figure 7. X-ray diffractive traces of Tiahuanaco alpaca.

interpretation, the aging of cotton may have caused a decrease in
crystallinity of the cotton under investigation in this study. The implica-
tion for the textile conservator is that water treatments have a pro-
nounced effect on the morphology of old cotton. This effect may be
undesirable because internal stresses may develop upon wetting in
water. Stress relaxation may have led to the helical fractures described
earlier.

Figure 7 shows schematic reproductions of the shapes of the X-ray
diffractive traces of alpaca observed after treatments in water and
tetrachloroethylene. The reflections observed at about 9.8° (26) may
indicate that the fibers contain ordered components having a specific
helical configuration of the polypeptide chains (31). Aqueous treatments
caused some changes in the intensities of the traces. In comparison, the
nonaqueous treatment in tetrachloroethylene yielded a trace not much
different from the control trace. On the basis of these observations, it is
postulated that nonaqueous treatments affect the fiber morphology of
historic cotton and protein fibers to a lesser degree than aqueous
cleaning treatments.

Colorfastness of Wool Dyed with Natural Colorants. Before the
synthesis of mauve by Perkins in 1856, all colorants used to color textiles
were derived from natural resources. Brunello (34) comprehensively
reviewed the types of natural colorants used prior to the evolution of the
synthetic colorant industry. Colorfastness of natural colorants is of great
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interest to the conservators. Several studies (35, 37) on the lightfastness
and washfastness of naturally colored textiles were done. However,
studies (38-40) on the colorfastness to dry cleaning addressed only the
fastness of synthetic colorants.

Cleaning of hydrophilic textiles in nonaqueous systems offers the
advantage that the fibers do not swell as they do in aqueous cleaning
solutions. As demonstrated earlier, morphological changes are mini-
mized so that the physical properties of fibers are virtually unaltered. It
follows that conservation treatments of historic textiles in nonaqueous
systems may be a desirable alternative for conservators. However, such
treatments raise the question of colorfastness of natural colorants to
drycleaning. Because no information on this subject could be located, an
experimental study was undertaken. For this study, wool was dyed with
some of the more popular natural colorants listed in Table II. Color
variations between samples dyed with the same colorant were minimal.
This result is demonstrated by the low AE values in the last column in
Table II. The AE values are quantitative measures of color differences in
the CIELAB color space (21). The small numbers show that the natural
colorants were applied evenly onto the wool samples. Conservators may
question the practicality of using contemporary samples rather than
historic ones. Contemporary samples are used because they are dis-
pensable, whereas historic textiles are not dispensable. Studies of
contemporary textiles are adding to the knowledge of conservation and
provide a basis for informed decisions in the difficult task of historic
textile conservation.

LABORATORY TREATMENTS. The results of the study on the color-
fastness of the natural colorants on wool to laundering are summarized
in Table V. The color change ratings were obtained by visually
comparing the dyed samples after the treatments with the AATCC gray
scale for color change. The staining ratings were made on the white
fabrics by using the AATCC gray scale for staining (20). The results
show that the dyed wool samples have very good colorfastness in both
aqueous surfactant solutions. The differences are not statistically signifi-
cant. These findings led to the conclusion that the anionic sodium alkyl
sulfate surfactant, Orvus WA, and the nonionic ethoxylated nonylphenol
surfactant, Tergitol NPX, do not cause significant color changes or
staining of the natural colorants listed. The results of the dry cleaning
study are given in Table VI. The ratings indicate that all samples have
good colorfastness in the nonaqueous systems investigated. No sta-
tistically significant differences exist between the treatments in tetra-
chloroethylene with and without the anionic sodium sulfosuccinate
surfactant, Aerosol OT.

FIELD STUDY. The use of large amounts of dry cleaning solvents in
an environment without proper ventilation is not recommended because
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Table V. Colorfastness of Naturally Dyed Wool to Laundering

Orvus WA Tergitol NPX

Natural

Colorant Color Change Staining Color Change Staining
Alkanet 5 5 4-5 4-5
Annatto 4-5 4-5 4-5 5
Brazilwood 5 5 5 4-5
Cochineal-alum 5 5 5 5
Cochineal-tin 5 5 5 4-5
Cochineal-chrome 5 5 5 4-5
Cutch 5 4-5 5 4
Henna 4-5 5 4-5 4-5
Indigo 4-5 4 4-5 4-5
Lac dye 3-4 5 4 5
Logwood 4-5 5 4-5 5
Madder 5 5 5 4-5
Weld 5 5 5 4-5

NOTE: Values are AATCC colorfastness ratings after treatments in 0.1% solutions of the
indicated surfactants.

Table VL. Colorfastness of Naturally Dyed Wool to Dry Cleaning:

Laboratory Study
No Additive 1% Aerosol OT

Natural

Colorant Color Change  Staining  Color Change  Staining
Alkanet 4-5 4-5 5 5
Annatto 5 5 4-5 5
Brazilwood 5 4-5 5 5
Cochineal-alum 5 5 5 4-5
Cochineal-tin 5 5 5 4-5
Cochineal-chrome 5 5 5 4-5
Cutch 4-5 4-5 4-5 4-5
Henna 5 5 5 5
Indigo 4 4-5 4-5 5
Lac dye 4-5 5 4-5 5
Logwood 5 5 4-5 5
Madder 5 5 5 5
Weld 5 5 5 5

NOTE: Values are AATCC colorfastness rating after treatments in tetrachloroethylene.

it may be hazardous to workers within the area (41). Because very few
museums can afford commercial dry-cleaning equipment, conservators
who would like to dry-clean historic textiles may have to use the services
of a professional dry cleaner. To gain information on colorfastness to
commercial dry cleaning, some tests were run under practical conditions.
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The results in Table VII summarize the AATCC color change ratings
after one treatment of each sample in five different plants, coded A to
E. The ratings are generally lower than those observed in the laboratory
study. This result suggests that the commercial dry-cleaning conditions
are more severe on the color of naturally dyed wool. A variety of
conditions may be responsible for this finding: detergent type and
concentration, activity of solubilized water, solvent color, and non-
volatile residue, as well as machine-dependent parameters such as load
factor, time of cleaning cycle, or drying conditions (42). Some of these
variables were documented in this study, but no conclusive correlations
could be established. Instrumental color measurement was done on

Table VII. Colorfastness of Naturally Dyed Wool
to Dry Cleaning: Field Study

Plant

Natural

Colorant A B C D E
Alkanet 325 325 350 375 325
Annatto 500 5.00 500 475 5.00
Brazilwood 450 500 375 375 325
Cochineal-alum 500 500 475 450 4.50
Cochineal-tin 4.75 4.75 4.50 4,75 4.50
Cochineal-chrome 500 500 500 500 5.00
Cutch 375 425 375 400 375
Henna 350 375 425 425 4.25
Indigo 300 325 300 275 300
Lac dye 325 400 350 325 375
Logwood 400 325 375 400 375
Madder 4.50 500 425 475 450
Weld 375 425 450 450 4.00

NOTE: Values are AATCC colorfastness ratings.

Table VIIL. Color Measurement of Naturally Dyed Wool
After Dry Cleaning: Field Study (Plant A)

CIELAB Color Differences

Natural
Colorant AL Aa Ab AE
Alkanet 2.06 —0.94 0.96 2.46
Cutch —0.77 0.46 —0.13 0.90
Henna 2.65 —0.13 227 3.49
Indigo 5.34 —1.65 -0.13 5.58
Lac dye 2.65 —1.69 0.25 3.16
Logwood —-3.75 0.45 1.69 4.12

Weld —0.53 0.33 —1.40 1.53
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samples that gave ratings below 4. Typical results from plant A are
shown in Table VIII. CIELAB color differences are listed individually
for all three color coordinates (AL, Aa, Ab) along with the more
conventional AE values. The individual color coordinate data are more
informative because they give information on the shifts in hue as well as
lightness in this opponent-color ordering system. For example, the
indigo sample became lighter, and its hue shifted more toward green
and blue after dry cleaning. The color difference expressed as AE merely
describes the geometric distance of the color loci before and after
treatments. The results indicate that indigo has the poorest color
fastness, followed by logwood, henna, and lac dye. This finding suggests
some of the coloring matter of these colorants has been removed or has
interacted with solvent impurities to result in perceivable color changes.
A summary of the pooled data obtained from this field study in each
plant is given in Table IX. The second column lists one of the
parameters measured in the plants, namely solvent transmittance. The
dry-cleaning industry uses this concept as a control parameter for solvent
color. It refers to the transmittance of the solvent at 500 nm in a 40-mm
cuvette. The range from 45% to 76% represents typical practical dry-
cleaning conditions (6). The data in Table IX demonstrate that despite
variations in solvent color between plants, average wool color-change
ratings are nearly the same in each plant. The staining on the adjacent
white cotton and wool samples received high ratings. This result implies
that the solvent conditions had only a minor effect on the appearance of
the fabrics. Colorfastness data pooled according to treatments are given in
Table X. Aqueous and nonaqueous treatments under laboratory conditions
indicate that the colorfastness of the natural colorants on wool is excellent.
The surfactants used in this study did not influence color change or staining
significantly. Color change of these samples treated in dry-cleaning plants
is more pronounced and differs significantly from the results obtained in
the laboratory studies. Further details of this study and the statistical
evaluation of the results are documented elsewhere (19).

Table IX. Average AATCC Colorfastness Ratings of Samples: Field Study
in Five Dry-Cleaning Plants

Staining

Plant Solvent Color Change

Code Transmittance (%) of Wool Cotton Wool
A 76 4,06 + 0.75 4.88 +0.16 4.65 + 0.16
B 61 4.29 £+ 0.75 4.87 £ 0.13 4.55 + 0.25
C 53 4.12 + 0.63 4.80 = 0.17 4.63 +0.19
D 46 4,15 + 0.66 4,67 £ 0.24 4.53 £ 0.21
E 45 4.04 + 0.65 4.70 £ 0.17 4.50 + 0.20
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Table X. Summary of Colorfastness Evaluation
of Naturally Dyed Wool

Treatment Color Change Staining
Aqueous
Orvus WA 4.80 £+ 0.41 4.87 £ 0.23
Tergitol NPX 4,73 + 0.32 487 £ 0.23
Nonaqueous

Laboratory, no surfactant 4.83 +0.31 4.87 £+ 0.23
Laboratory, Aerosol OT 4.80 £+ 0.25 4.87 £ 0.22
Field study, five plants 4.17 £ 0.10 4,78 £ 0.19

NOTE: Values are AATCC colorfastness ratings.
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Characterization of Metallic Yarns
in Historic Persian Textiles
by Microanalysis

Ian R. Hardin and Frances J. Duffield
Department of Consumer Affairs, Auburn University, Auburn, AL 36849

Scanning electron microscopy (SEM) and energy dispersive
spectroscopy of X-rays were used to analyze the metallic content
of 12 16th, 17th, and 18th century Persian textile fragments. This
work was combined with historical research on the fragments and
with optical microscopy studies to establish the era and prov-
enance of the textiles. The SEM study revealed mechanical and
chemical damage, as well as confirmed the mode of formation of
the metallic threads. The X-ray work showed the threads to be
silver, sometimes covered with gold. Sulfur and chlorine were
present in many specimens; sulfur was present as a result of sulfur
oxides in the air. Mercury was present in a number of samples,
probably as residue from the gilding process.

A COLLECTION OF PERSIAN TEXTILE FRAGMENTS has been a part of the
historic fabric collection in the Department of Consumer Affairs at
Auburn University for a number of years. One of us (F. J. D.) initiated
an investigation to determine how the fabrics came to be in the
collection and what were their origins. The answer to the first question is
incomplete. Apparently the textiles were originally donated to the
Department of Textile Engineering by Oliver W. Brantley. Because of
interest in the historic aspects, the collection was loaned to the
Department of Consumer Affairs shortly thereafter. Brantley had made
notes of identification that accompanied each of the 64 pieces in the
collection. Just who Brantley was and how he came to possess the
fabrics is still, after extensive inquiries, not known.

The purpose of this research was to assist in the authentication and
identification of the fabrics in the collection. Much of the overall work
had to do with the classification of the textiles with regard to fiber
content, yarn construction, weaving technique, and place of origin or
provenance. Through the use of microanalysis we were able to improve

0065-2393/86/0212-0231$06.50/0
© 1986 American Chemical Society
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the characterization of weaving techniques, analyze yarn construction,
and determine the makeup of the metallic part of the yarns. The
makeup of the metallic part of the yarns was determined by X-ray
microanalysis and was also used to indicate possible origins of the
metals.

Review of Literature

The textiles woven in Persia during the reign of Shah ’Abbas the Great
(A.D. 1586-1628) were probably the most beautiful in the world of that
time. The high regard held for these textiles was a result of the brilliant
gold and silver threads, the sophisticated color schemes, the richness of
the designs, and the readily apparent technical mastery. This mastery of
weaving was a tradition in Persia (present day Iran). It began with the
Achaemenian period of Cyrus the Great (529-550 B.C.) and reached a
first apex during the Sassanian period (A.D. 226-642) (1).

Centuries of Islamic and Mongol rule followed, accompanied by a
decline in textile quality. The Mongol invasion in the 14th century
obliterated many of the cities that had been great weaving centers (2).
Yarns from this period appear to be metallic, but they are actually
membranes coated with gold or silver. Persian nationalistic pride was
reestablished by Isma’il I in about A.D. 1500. During subsequent Safavid
dynasties the quality of textile weaving once again reached a pinnacle.
Under Shah ’Abbas II (A.D. 1642-1667) textiles became a commercial
product as well as an art form.

The reason for the rise of these textiles as a commercial product was
the new wealth in Europe that came with the exploration and coloniza-
tion of the Americas. The tremendous increase in trade and the
concomitant rise of merchant classes in Europe created a demand for
the finest available textiles for garments, furnishings, carpets, and
hangings. Persia was quite naturally sought as a source. Persian textiles
of this period had delicate and elaborate designs created with a wide
variety of colors. The weaves were much more complicated than
European examples and remained so up until the end of the 17th
century. The scale of use of metal threads in Persian textiles was
matched only by Spain and Russia, and the metal threads used for
background in Persia were seldom brocaded—an easier and less costly
method. The use of flat metal strips, characteristic of the early Safavid
era Persian textiles, was rarely seen in Europe before the late 16th
century, and later European strips were always less brilliant than those in
Persian textiles (3).

The greatly increased demand for Persian textiles caused the
quantity of production to increase, and, almost inevitably, the quality of
the textiles decreased. By the 18th century Persian textiles had declined
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in technique as well as in design, whereas European and Far Eastern
fabrics had become increasingly elaborate (3).

Historic textiles such as the Safavid Persian fabrics are worthy of
study for several reasons. They deserve attention because of their beauty
and the skill with which they were made, but they also stand as
documents in the history of ideas (4), demonstrating continuities in
cultural history. Generally, research done to establish the era, culture,
and location of textile creations is based on a comparison of patterns in
the weaving or knitting. The addition of metal threads to fabrics
provides another means of identification because of variations in the
way the metal may be incorporated into the fabric and the composition
of the metallic component itself. Hoke and Petrascheck-Heim (5) point
out that the chemical composition of the metallic threads may be
dependent on their origins and thus assist in establishing the provenance
of the fabrics themselves. An examination of historical literature indi-
cates that Persia itself probably had little gold or silver for use in fabrics
and that the metals were imported. Sir John Chardin (6), who traveled
extensively in Persia in the mid-1600s, mentioned “gold-wire drawers”
and “thread twisters”, and gold brocades and velvets, but no sources of
the metals. Kinnier (7), in his 1813 geographical memoir, alludes to
mines of silver near Yezd (sic) that were not worked. Sources of gold
and silver that were specified are India, Alleppo, Constantinople,
Armenia, and Georgia. Sikes (8) stated that previous travelers said the
cost for mining silver was more than the profit. All of these experiences
give credence to the hypothesis that the gold and silver used in these
textiles probably came from outside Persia via the many and active
trade routes.

In general, four kinds of gold or silver threads appear in fabrics
from the Middle Ages through the late Renaissance (5). They are (1) thin
silver or gold wire woven into cloth; (2) thin sheets of silver or gold cut
into narrow strips called lamellae and spun around a core of silk or linen;
(3) gilt membrane strip for which very fine gold sheets are beaten onto
an animal membrane, cut into lamellae, and wound onto a core of fibers;
and (4) gilt leather or paper strip, produced like the membrane strip, but
used as a flat strip instead of wound around a core.

Although the use of gold and silver metallic threads was fairly
common in textiles for the wealthy, many of these fabrics are lost
because of age and rotting. In addition, as Hoke and Petrascheck-Heim
(5) indicated, these textiles were often burned to recover the precious
metals.

Recent references to textiles that have gold and silver threads
include the detailed volume on Persian textiles by Reath and Sachs (3)
and work by France-Lanord (9), Werner and Summers (10), and
Stouring-Neilsen (11). Except for Reath and Sachs (3), the articles deal
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with descriptions of specific textiles or garments that incorporated
metallic threads. Reath and Sachs (3) stated that Safavid silks were far
richer and more complicated (compound weaves) than other con-
temporary fabrics. During this period, 1502-1736, Spain and Russia were
the only countries that used metal thread as lavishly as Persia. European
fabrics have large-scale designs composed of simple contours of two
colors on a satin ground, whereas in Persia delicate and elaborate
designs were executed in a wide range of colors.

Microscopic examinations of textiles containing gold and silver
threads are few in number. The primary work seems to be that of Petra-
scheck-Heim (12) and Hoke and Petrascheck-Heim (5). Their research
analyzed medieval textiles from graves in Germany and samples from
various European locations that were supplied by several museums.
These samples were examined by microprobe analysis in which the
samples were bombarded with a focused electron beam to create back-
scattered and secondary electrons that were used for image formation.
In addition, X-rays characteristic of the elements present in the sample
were created by this bombardment. These allowed a microscopic analy-
sis of the composition of the specimen. By combining the images formed
from the electrons with the X-ray analysis and scanning electron
microscopy (SEM), element-specific pictures were created. These clearly
indicate varying elemental composition on the microscopic level. The
elemental analysis on the German medieval textiles revealed that in
several cases the metallic threads were probably of Oriental rather than
European origin, a conclusion reached on the basis of silver-to-copper
ratios in the threads. This conclusion agrees with the statement by Reath
and Sachs (3) that Near Eastern metal thread contains much less copper
than that from Europe.

Experimental

The textile pieces in the Brantley collection were subjected to historical research
and microscopic analysis. These were done to verify the information already
existing on the collection, to identify those fragments for which information was
missing, to classify the fragments as textiles, and to identify the metallic threads
that were part of the textiles.

The collection itself is made up of 64 fragments ranging in size from a 3.0- X
8.0-cm triangle to a 37.7- X 42.0-cm rectangle. Each fragment was accompanied
by notes of identification, presumably written by Brantley.

Historical. A detailed visual examination of the textiles, both macroscopic
and microscopic, was done to determine motifs, techniques of woven construc-
tion, color, and fiber content. Many literary sources were used to identify the
fragments, including the “Survey of Persian Art” by Pope and Ackerman (I13),
“Persian Textiles and Their Techniques” by Reath and Sachs (3), plates from the
volumes on Persian and Indian textiles by Riefstahl (14), and Bunt (15). In
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addition, works by Emery (16) and Burnham (17) were used in the classification
of the weaving techniques.

The collection pieces were examined and classified by dimensions, motifs,
yarn construction, weaving technique, selvage, finish line, color, probable date,
probable provenance, and presence or absence of metallic threads. After the
initial classifications the pieces were taken to the Textile Museum in Washington,
D.C., for comparison to extant Persian textiles in its collection. Comparisons
were also done to pieces in the Hobart and Edward Small Moore Collection
located at the Yale University Art Gallery.

Microscopic. The specimens in the collection were examined in detail by
stereo light microscopy (7-40X) and by SEM (20-500X) with an AMR-100
electron microscope. Figure 1 shows a schematic for SEM indicating the
generation of an electron beam at the cathode with the electrons accelerated
toward the sample. The deflector coils cause the beam to be scanned back and
forth across the sample, as indicated by the name. The impact of the electron
beam on the sample has several effects. Back-scattered and secondary electrons
escape from the specimen. Secondary electrons, especially, can be collected by
the secondary electron detector. The signal generated by this device is fed to the
cathode-ray tube (CRT) which is synchronized with the deflector coils. This
process causes a “television” picture of the specimen. Outstanding resolution and
depth of field are gained by this method.

X-ray. Another result of the electron beam striking the specimen in SEM
is the generation of X-rays characteristic of elements present. Figure 2 shows an
incident electron striking an atom and ejecting an orbital electron. The vacancy
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Figure 1. Schematic of SEM.



Published on February 1, 1986 on http://pubs.acs.org | doi: 10.1021/ba-1986-0212.ch013

236 HISTORIC TEXTILE AND PAPER MATERIALS

»>-© EJECTED ORBITAL
ELECTRON

Pl L N
e “® SCATTERED PRIMARY
INCIDENT © ELECTRON
ELECTRON
ELECTRON RELAXATION
AND PHOTON
/] GENERATION
)
INTERNAL CONVERSION X-RAY PHOTON
WITH AUGER EMITTED

ELECTRON EMITTED

Figure 2. Production of X-rays and Auger electrons by electron
bombardment.

created is filled by another orbital electron “falling” from an outer shell. As this
transition occurs the electron loses an amount of energy equal to the difference
in energies between the two shells. This energy is given off as an X-ray that is
characteristic of the particular kind of atom and the transition in question. Figure
3 illustrates several of the more probable transitions, each of which gives off an
X-ray of a definite wavelength and energy. The other possibility is internal
conversion and production of an Auger electron. At the same time a continuum
of X-rays with differing energies is created by the inelastic interactions of the
electrons with the nucleus of the atom. These create a continuous background to
the characteristic X-rays.

Figure 1 shows that the scanning electron microscope includes an X-ray
detector with a crystal that separates the X-rays according to the characteristic
energies. This method is called energy dispersive spectroscopy (EDS). An
EDAX model 707A X-ray analyzer was employed for EDS. Both SEM and EDS
were performed on specimens of yarn taken from the fragments in the Brantley
collection. Characteristic energies of peaks in the spectra were cataloged. These
peaks were then assigned to elements. These assignments for peaks were double-
checked by examining compounds that contained the elements in question.

Correlation. The information gained from the historical analysis and from
the microanalysis was examined for relationships between historically deter-
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M shell

Figure 3. Electronic transitions in an atom.

mined provenances and the content of the metallic threads. We were particularly
looking for differences in the elemental content of the metallic threads that
might correlate with the provenances established by historical investigation. If,
indeed, the different weaving centers received their silver and gold from
differing outside sources, then a pattern of elemental analysis could assist further
historical investigations.

Results and Discussion

Of the 64 fragments in the Brantley collection, 61 were found to be
woven of silk, 1 was woven of silk and wool, 1 was woven of silk and
cotton, and 1 was woven of cotton. Fifty of the samples contained
metallic yarns; all were flat metal strips wound around silk yarns in a
spiral fashion except one which was woven flat without the core. These
metallic yarns were used both for ground fabric and for brocading.
Visual and optical microscopy established 14 different weaving
techniques used within the collection. These included plain, twill, satin,
brocade, velvet, double, and compound weaves. The design motifs
represented in the collection included such flowers as centaureas, iris,
four-o-clock, lilies, carnations, and roses. Other motifs commonly found
were grape-leaf palmattes, quatrefoils, little birds, butterflies, and
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various flowering shrubs and trees. By a combination of evidences from
weave classification, motifs, and examination of extant examples, 43 of
the fragments were assigned to the weaving centers of Abiana, Isfahan,
Kashan, Mashad, and Yazd. Twenty-three fragments were assigned to
Persia in general. The cities, along with the capital of Tehran, are shown
on the map in Figure 4.

Optical Microscopy. Under the stereo microscope the intricacy
and beauty of the weaves become readily apparent. Figure 5 shows
some examples of fabrics that contain metallic yarns. Figure 5a has
metallic wrapping that is very regular and spaced so as to pick up the
color of the dyed fibers around which it is wrapped. Figure 5b, on the
other hand, shows yarns in which the wrapping completely covers the
enclosed fibers and produces more of a sheen in the fabric. Figure 5c¢
shows a more random effect, whereas Figure 5d is a higher magnifica-
tion view that shows more clearly how the metal thread is spiraled
around the yarn.
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Figure 4. Map of Persia showing weaving centers.



Published on February 1, 1986 on http://pubs.acs.org | doi: 10.1021/ba-1986-0212.ch013

13. HARDIN AND DUFFIELD  Characterization of Metallic Yarns 239

Figure 5. Optical microphotographs showing metallic yarns of specimen
M-1 (a), TB-9 (b), TB-12 (c), and S-4 (d).

SEM. Of the 50 specimens containing metallic yarns, 11 were
selected as representative of the group. These were examined by SEM
and EDS. Examinations of individual threads from the specimens were
done to establish the nature of the metallic thread wrapped around the
silk fibers. Previous to the late medieval period, virtually all gold or
silver threads were actually metals beaten very thin onto animal
membranes, which were then cut into strips. As Persia became more
prosperous, the higher quality pure metal strips were created and used.
Often these metal strips were made by drawing metal wire to very fine
diameters and then passing the wire through rollers to create the flat
strip. Chardin’s (6) references to gold wire drawers and thread twisters
in 17th century Persia indicate that this method is probably that by
which the metallic threads in this investigation were made.
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Figure 6. Photographs showing relative size of yarns (a = L-2; b= TB-12).

Figures 6a and 6b indicate the small size of the very fine threads in
the study and emphasize the skill represented by their creation. In
Figure 6a the outlines of the ear of Franklin Roosevelt on a dime can be
seen to the right of the yarn. Figure 6b is a higher magnification shot of a
yarn taken from the same sample. Figures 7a and 7b give further
examples of the regularity of the threads and the way they were
wrapped. Figure 7b, in particular, shows remarkable uniformity of
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Figure 7. SEM photographs of metal-wrapped yarn (a = TB-10b; b =
L-10).

thickness and regularity of the surface of the metallic wrapping. The
charging evident in the photograph occurs because these specimens
were prepared for X-ray examination and thus were not coated.

Not all the specimens were as uniform or as free from obvious
damage. Figure 8 shows a typical yarn from a trimming band in the
collection. Although the metal yarn surface appears undamaged, clear
evidence of mechanical damage is indicated by a fold line running along
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Figure 8. Yarn with mechanical damage (TB-2).

the yarn and tear damage to the wrap itself. Another trimming-band
specimen is represented in Figure 9a. Here, the damage appears to be
chemical rather than physical. In Figure 9b higher magnification of the
same area gives clear indication of deposits formed by reaction with the
metal, as well as what appear to be holes in the surface.

Figures 10a and 10b typify yet another form of damage to the
metallic yarns. Figure 10a shows two areas, on the extreme right and
extreme left, where a layer of metal seems to have broken off. Figure
10b is a higher magnification shot of the area on the left. In addition, the
edges of the metal are much more irregular than those of other
specimens. The irregularity of the edges might be caused by the
formation process itself or may be the result of the corrosion evident on
the surface. The delamination observed suggested first that this yarn
might be a thin layer of metal on a membrane, rather than pure metal.
X-ray analysis, discussed in detail later, showed that this was not the
case. The material under the first layer has the same composition as the
outer layer. The possibility is that these strips were not formed by
flattening gold wire, but were made by hammering thin foil together
and then cutting it into strips. This kind of delamination was observed
on only a few specimens.

Delamination. As was mentioned earlier, specimen L-1 in Figure
10 had areas where delamination apparently had occurred. This observa-
tion suggested that the metal wrapping might be a membrane covered
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Figure 9. Deposits and holes caused by chemical attack (a = TB-13; b =
TB-13).

with a thin layer of metal foil rather than solid metal. This composition
would be unusual because the consensus among the historical sources
was that, from the 16th to the 18th century in Persia, metallic yarns were
exclusively all metal. Further examination of specimen L-1 involved
X-ray mapping of the areas of the specimen where delamination had
occurred. The results showed that the material underlying the removed
layer had the same metallic composition of the upper layer and was not
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Figure 10. Delamination damage in metallic yarns (a = L-1; b = L-1).

animal membrane. The question of why the metal delaminated in the
first place is, however, not resolved.

X-ray Analysis. The first step in X-ray analysis was to generate a
full spectral analysis of each of the specimens. A typical example is the
spectrum of specimen M-3 shown in Figure 11. Prominent peaks occur
at 1.74, 2.24, 2.64, 2.98 and 3.16 keV. Although assignments for these
peaks and others encountered in the work could be made from a chart,
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Figure 11. X-ray energy spectrum for specimen M-3.

it was felt that standards should be run for each of the peaks in question.
Table I shows a list of elements and their energies of transition
determined by experiment.

After the full X-ray spectrum was run, X-ray maps were generated
to determine what parts of the specimen included the elements in
question. Figure 8 is the SEM photo of specimen TB-2. Figure 12 is the
full EDS spectrum of the same specimen, and distinct peaks appear at
1.74, 2.12, 2.20, 2.34, 2.62, 2.98, 3.16, and 3.30 keV. These peaks are the
results of silicon, gold, mercury, sulfur, chlorine, and silver (three peaks),
respectively. X-ray maps were generated at each of the energies noted to
determine the sources of the signals. Two such maps are shown in
Figures 13a (window at 2.98 keV) and 13b (window at 2.12 keV). The
silicon appears to be present as sand, whereas the other elements are
present in the metallic flat strip itself. This yarn has a very thin layer of
gold over the silver strip. The mercury may very well be present
because it was used in applying the gold in the first place. The process
of “water gilding” used an amalgam of mercury to apply gold to the
surface of silver (18). The mercury dissolved some of the silver and
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Table I. Characteristic X-Ray Energies
for Selected Elements

Element Transition Energy (keV)

Si Ka1 1.74
Au M, 2.12
Hg M,,l 2.20
S Ka1 2.31
Cl Ka1 2.62
Ag L. 2.98

| Y 3.16
Pd L1 2.85

La 3.00
Mo L. 2.36

L1 2.44
Cu L. 0.94

Ka1 8.05

5 OEV OINT
VS:2500 HS:20EV/CH

EDAX

Figure 12. X-ray spectrum of specimen TB-2.
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Figure 13. X-ray maps of silver (a) and gold (b) for TB-2.

helped to bond the two layers together (5). Also, the mercury may be
the remnant of the gold mining process (19).

The presence of sulfur is probably the result of sulfur oxides in the
air combining with the silver. These oxides are present whenever fossil
fuels are burned, and they readily attack silver. Researchers (5) have
stated that sulfur in such metallic yarns is the result of the breakdown of
the silk protein, fibroin. This occurrence, however, is unlikely because
silk contains almost none of the two sulfur-containing amino acids,
cystine and methionine (20). The exact source of the chlorine present in
the sample is less easy to explain. It is present in most, though not all,
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specimens examined. One possible source might be salt used in dyeing
the fibers around which the metallic strips are wound. Perhaps another
source is perspiration from the past wearers of these garments.

The results for a specimen with a slightly different composition are
presented in Figures 14 and 15. The SEM photo for specimen L-1 and
the EDS spectrum are given in Figures 10a and 14, respectively. Figures
15a and 15b show the X-ray maps with the windows set at 2.98 keV
(silver) and 2.36 keV (sulfur). Figure 14 shows peaks at 2.36, 2.98, 3.16,
and 3.30 keV. Possible peaks occur at 2.12 keV (gold) and 2.62 keV
(chlorine), but the indication is so weak that positive identification is
difficult. Subsequent X-ray maps confirmed that the metallic wrapping
contained silver and sulfur, as well as a small amount of chlorine, but
no gold.

Results of microanalysis for typical specimens are listed in Table II.
Every specimen examined was composed primarily of silver. A few of
the specimens also contained gold, probably as a covering over the silver
base. The presence of mercury in specimens TB-10A and TB-11, but not
gold, is anomalous in view of the explanation given earlier for the

5 OEV OINT
VS:500 HS:20EV/CH

EDAX

Figure 14. X-ray energy spectrum for specimen L-1.
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Figure 15. X-ray maps of silver (a) and sulfur (b) for L-1.

presence of mercury. One possibility is that a thin layer of gold could
have been worn away. Because only limited sampling of each specimen
was done, a bias of this kind could be induced. The ubiquitous presence
of sulfur strongly suggests that the source was air pollution and that the
absence for specimen L-5B is anomalous. Efforts to detect metals such
as copper, paladium, and molybdenum in the specimens were unsuc-
cessful. These metals have been mentioned in the literature as additives
or impurities in gold and silver artifacts.

Interpretation of X-ray Spectra. The X-ray results must be inter-
preted carefully. Characteristic X-rays are generated from a substantial
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Table II. Microanalysis of Metallic Threads
Sample Silver Gold Mercury Chlorine Sulfur

L-1
L-2
L-5A
L-5B
L-10
TB-2
TB-10A
TB-11
TB-12
TB-13
TB-13B
M-3

NOTE: A e denotes a positive finding.

fraction of the interaction volume formed by scattered electrons. This
volume is close to the surface and usually extends only a few micrometers

into the material. The X-ray generation range is given in one form by
Anderson and Hasler (21):

pR = 0.064 (E,'® — E %)

where p is the density of the material, R is the range, E, is the beam
energy, and E, is the critical ionization energy for characteristic X-rays.
Thus, the X-ray spectrum detected represents only that material lying
near the surface. The spectrum itself will be dependent on the
uniformity of the material and, perhaps, on the accelerating voltage of
the electron beam. As an example of the former, a sulfide layer on the
surface of a silver wrapping could cause an erroneous quantitative
estimate of elemental distribution. The surface layer may be relatively
rich in sulfur, but deeper into the material sulfur may be absent. The
same caution must be exercised with the specimens that contain gold
and mercury. Because all of these elements are of high density, the X-ray
spectra will be representative of only a fraction of a micrometer into the
specimen, and not of the bulk specimen itself. If the accelerating energy
is less than the energy needed to remove an electron, then the spectrum
may lack high-energy peaks.

Historical Study Provenances. The provenances established by
historical studies are listed in Table III. An attempt to link the results of
the microanalysis to the provenances has been largely unsuccessful. The
hypotheses that the different weaving centers received their precious
metals from different sources and that the metals from these different
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Table III. Provenances of Specimens Determined by Historical Studies

City or Country Specimens
Abiana S-4, S-14, M-3, L-12, TB-13
Isfahan S-1, S-2, S-6, S-7, S-8, S-9, S-10, M-2,

M-6, M-12, L-1, L-3, L-8, L-10, L-11,
TB-3, TB-4, TB-16

Kashan S-3, S-11, S-16, S-21, S-23, TB-2
Mashad M-10, L-5, L-6
Persia, general S-5, S-9, S-10, S-12, S-17, S-18, S-19,

S-22, M-6, M-9, M-11, L-2, L-4, L-7,
L-9, TB-1, TB-5, TB-6, TB-8, TB-9,
TB-10, TB-11, TB-13, TB-15, TB-18,
TB-19

Yazd S-3, M-1, M-4, M-5, L4, L-6

sources would have characteristic differences in the analyses were not
proven. Further work in this area will require a more extensive range of
samples, and even, perhaps, metals from art forms other than textiles.
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Types of twined fabric structures composed of bast or phloem
fibers and feathers were identified in prehistoric fabrics of
southeastern North America by chemical and physical analyses
and technical fabrication studies. Fabrics and either partially or
completely mineralized pseudomorphs after fabric from the
Tunacunnhee and Etowah sites in Georgia (dated respectively
AD. 150 + 95 years and about AD. 1200) were examined. The
work confirms the presence of at least two types of twined struc-
tures for the earlier Hopewsell site and intricately constructed
re-plied yarns and twined fabric for the later Mississippian one.
The study of fabrics from both sites provides evidence of the
kinds of materials produced and used by prehistoric peoples of
the region during a 1000-year interlude.

F ABRICS USED BY THE ABORIGINAL PEOPLE of southeastern North Amer-
ica have not been studied extensively. Small fragments of cordage, fab-
rics, and matting have been recorded from various prehistoric sites in the
region (I-4), but analytical and synthesizing efforts have focused on
matters other than the study of these pieces or the study of their cultural
implications. Because fabrics are manufactured and used by people,
their examination can reveal information about those who produced
them. A first step, however, is the analysis of fabric as fabric. The
purpose of this project is this first step: to characterize selected examples
of direct fabric evidence from the Tunacunnhee and Etowah sites in
Georgia.

Direct fabric evidence means those forms of fabrics that are still
organic and have retained their original fiber composition, and those
that are partially or completely replaced by mineral compounds. Those
replaced by mineral compounds, termed fabric pseudomorphs, result
when fabrics in contact with metal are buried in a moist, soil environ-

0065-2393/86/0212-0253$07.00/0
© 1986 American Chemical Society
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ment, and corrosion of the metal over a period of time induces
mineralization of the fibers. The physical shapes of fabrics are retained
during the process (5-6). Pseudomorphs after fabric and partially
mineralized fabric formations on Tunacunnhee copper ornaments,
together with fabrics and partially mineralized fabrics from Mound C at
Etowabh, are the subject of this research.

Description of the Sites

Although both sites are in the same geographic area (Figure 1), they
differ greatly in age and cultural expression. The Tunacunnhee site,
dated A.D. 150 + 95 years, represents the Hopewell tradition (1), whereas
Etowah, in use between A.D. 900 and A.D. 1400, is considered to be of the
Middle Mississippian period (7). Taken together, the two sites and their
fabrics provide evidence of the kinds of materials produced and used by
certain prehistoric people of the region. Both sites are expressions of
major cultural traditions in southeastern North America, and both
contain direct fabric evidence. These facts underscore the importance of

D ——

100 miles

Key
1. Tunacunnhee Mounds
2. Etowah Mounds

Figure 1. Map of region containing Tunacunnhee and Etowah sites.
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the evidence. The Tunacunnhee site has one of the largest groups of
Hopewell-type copper ornaments outside of Ohio (1), the nucleus of the
tradition, and Etowah has long been considered a major Mississippian
site with ties to Spiro Mound (and its textiles) in Oklahoma (8-9).

Tunacunnhee Site. The Tunacunnhee Mound and Habitation Site,
located in Lookout Valley between Lookout and Sand Mountains in
northwest Georgia, consists of numerous mounds of varying sizes and a
habitation area adjacent to the mounds. Excavation of Mound C, the
second largest of the aboriginal mounds, revealed a large submound
burial pit, Feature 30 (F-30) with a number of items on its floor. Some
of these items were a rectangular copper plate, two sets of bicymbal
copper earspools!, small beads, and a copper awl or pin (Figure 2)
grouped together within what appeared to be a fabric bag or container.
Fabriclike formations were observed on the plate and earspools (I)
when the upper layer of the bag was removed for radiocarbon dating.
Little remains of the lower layer. The copper plate, analyzed by Goad
and Noakes (10), contained no other compounds that might have been

I'The earsEool was an ornament worn by aboriginal geople. One type is the bicymbal
earspool which consists of two discs in the shape of cymbals joined by a central shaft.

Figure 2. Earspool, F-30, Mound C, Tunacunnhee, 3.5 X 4.2 cm.
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Figure 3. Earspool, F-33, Mound E, Tunacunnhee, 5.5 cm in diameter.

alloyed with copper. It did, however, contain some bromine (1). One set
of earspools (east of plate) and the plate from F-30 were selected for
study of fabric evidence.

The outer edge of another earspool (Figure 3), the second used in
this investigation, comes from Mound E, whose boundaries overlap
those of Mound C. Mound E is thought to be later in time because its
earth fill is above that of Mound C (I). Near the center of Mound E is a
submound burial pit, Feature 33 (F-33), with the remains of a male in an
extended position (Burial 17). A number of high-status objects sur-
rounded the male burial. The Mound E earspool, classified as Type B by
Jefferies (1), differs in size and construction from the Mound C
example. '

Etowah Site. Also in northwest Georgia is the Etowah Mound Site,
located near Cartersville, Georgia, on a flood plain of the Etowah River
(I). The site consists of three large flat-topped or temple mounds,
numerous small mounds, a few habitation sites, and a moat or ditch that
runs into the river.

Interest in the Etowah site was heightened by the recovery in the
1920s of large numbers of objects from Mound C thought to be cult or
religious art objects (2). Similar types of articles have been discovered at
other Mississippian sites such as Moundyville in Alabama and Spiro in
Oklahoma. Although the whole religious complex of traits is designated
as the Southeastern Ceremonial Cult or the Southern Cult, many feel
that the Southern Cult may be traced to the Meso-American cultures.
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Further exploration of Mound C in the 1950s revealed 75 burials and
accompanying elite grave goods. As Kelly and Larson (2) noted, “no
single mortuary structure in the Southern culture area has proved as rich
in ritualistic paraphernalia as Mound C”. The materials from which the
objects were made are as varied as are the objects themselves. Shell,
pottery, stone, wood, fabric, tortoise shell, and copper are represented
in the elite burial goods from Mound C.

 Direct Fabric Evidence

Three copper objects from the Tunacunnhee site with pseudomorphs
after fabric adhering to their surfaces were selected for analysis. These
were the copper plate, one set of earspools from Mound C (F-30), and a
copper earspool from Mound E (F-33).

Additionally, three Etowah fabric fragments containing areas of
partial mineralization were selected for the investigation. They were
chosen to demonstrate the variation in structure among those fabrics
recovered during the 1950s excavations. Currently, all three are thought
to stem from a later phase of the mound’s use. They are as follows: a
bundle of fabric, Catalogue Number (Cat. No.) 840, Burial 57 (Figure 4);
a clay-encrusted fabric, Cat. No. 1145, Burial 103 (Figure 5); and yarn
adhering to a copper plate, Cat. No. 1156, Burial 110 (Figure 6).

Figure 4. Fabric Bundle, No. 840, Burial 57, Mound C, Etowah, 13.5 X
20 cm.
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Figure 5. Fabric with feather-wrapped yarn, No. 1145, Burial 103, Mound
C, Etowah, 10 X 15 cm.

Figure 6. Fragments of eagle dancer plate with yarn, No. 1145, Burial 110,
Mound C, Etowah. The yarn group is approximately 3 cm long.

Experimental

To document their present condition, the six examples of direct fabric evidence
from the two prehistoric sites were photographed with a Nikon F camera with a
Nikkor microlens and Kodachrome type A and Panatomic X film. A Wild M400
photomacroscope with zoom settings yielding magnifications from 1X to 20.4X,
a Wild MPS 55 electric control unit, fiber optics illumination, and Panatomic X
and Kodachrome type A film were used in taking the photomicrographs.

Single small samples representative of each distinguishing feature from each
object were cut and mounted for scanning electron microscopy. Each was
carbon coated, and X-ray microanalysis [energy dispersive spectroscopy (EDS)]
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was performed with an energy dispersive analysis of X-rays on International model
707B equipment. Elemental analyses reported are based on 3-G EDS determina-
tions in areas of each representative sample. Subsequently, each sample was sputter
coated with palladium to improve conductivity for photomicrography with a
Cambridge S-4 stereoscan electron microscope.

Additional samples from some of the objects were studied by the Nomarksi
differential interference contrast technique with a Zeiss photomicroscope II with
oil immersion objectives.

Technical fabrication analyses were accomplished by study of the micro-
graphs and examination of the objects using a Dolan-Jenner model 370 fiber
optic inspection system with magnification to 9X. Fiber, yarn, and fabric data
were compiled and studied. The result of these analyses are reported in this
chapter.

Results

Fiber Identification. Identification of the fibers used in the fabrics
from Tunacunnhee presents more difficulties than identification of those
used from Etowah because most of the materials studied are pseudo-
morphs after fibers and no longer contain their original organic
components. All that can be stated with confidence is that the Tunacunn-
hee materials exhibit pseudomorphs after bast fiber and after feathers.
Table I is a summary of the fiber identification and elemental analyses
performed. Because so little has been done to determine the process of
pseudomorph development, elemental analyses are not known to indi-
cate information concerning the previous organic state of the fibers, nor
is it known how much the size of the fiber may have changed in
replacement even though the shape was retained. The extent to which
shape is preserved also is unknown. Therefore, species identification of

Table I. Fiber Identification and Elemental Analyses of Tunacunnhee
Fabric Pseudomorphs

Object Fiber Identification Elemental Analysis®
Earspool, Mound C
Disc pseudomorph after bast (P —
Shaft pseudomorph after unknown fiber -
Earspool, Mound E, disc pseudomorph after bast (?)? —
Breastplate, Mound C Cu, Br¢
Obverse pseudomorph after unknown fiber -
pseudomorph after bast Cu, S, AL, P, Si
Reverse pseudomorph after bast —
pseudomorph after feather Cu, Al P, Si, Ca
Soil from site — Al, Si, Fe, Cu, K, Ti,

Cu

“Elements that were present in significant quantities (large relative peak heights) are

italicized; remaining elements were present in trace amounts (small relative peak heights).
Questionable identification.
¢ Information was taken from Ref. 10.
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bast fibers by physical structure such as dislocations or of feathers by
nodes on barbules may be impossible. Until work is completed in
defining how pseudomorphs form, identification of fibers from pseudo-
morphs, beyond gross generic classification, should be treated with
some caution.

The outer surface of the earspools from Tunacunnhee Mounds C
and E and the reverse side of the breastplate display pseudomorphs that
have shapes characteristic of bast fibers (Figure 7). Typical of these
fibers, the pseudomorphs occur in bundles of irregular size which are
used as units in fabric production. The fibers are longer than staple and
exhibit little of the twisting required for short fibers to produce a usable
yarn. The fiber bundles of the bast group can be used with little
processing in making fabrics.

On the observe side of the breastplate are fiber shapes that are
smooth and separate and exhibit some crimp (Figure 8). Some evidence
of longitudinal striations on the formations is present; inconsistency in
size is found. They twist around each other while maintaining structural
integrity. If the fiber shapes are bast, they have been subjected to some
processing to separate them from their bundles. On the other hand, if
the fibers occurred in the environment in somewhat the same structure
as the pseudomorphs, that is, separate and individual, they would
therefore be from a fiber class other than bast.

The central shaft of the Mound C earspool is wrapped with fiber
pseudomorphs. The fiber shape has a flat, twisting, ribbonlike ap-

Figure 7. Pseudomorphs after bast from copper breastplate, F-30, Mound
C, Tunacunnhee, 14X.
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Figure 8. Pseudomorphs after undetermined fiber from copper breast-
plate, F-30, Mound C, Tunacunnhee, 6X.

pearance reminiscent of cotton. No final identification of these fiber
pseudomorphs has been determined.

One section of the reverse side of the breastplate exhibits pseudo-
morphs after feathers (Figure 9). These pseudomorphs are striking in the
fine detail of the barbules extending from the barbs. No identification of
feather type has been made.

The Etowah fabric bundle (No. 840) contains fine yarns made of
bundles of vegetable fibers typical of bast fibers. The core yarns of
Etowah Mound C (EMC) No. 1145 also are bast, and they are wrapped
with feathers. Figure 10 is an electron micrograph of the nodes on the
barbules of these feathers. The copper plate EMC No. 1156 contains a
twisted yarn of undetermined fiber composition; the fibers are smooth,
untwisted, and long. Perhaps they are hair, but no scale structure was
apparent on their surfaces. In the same area of the plate, some loose
fibrous material adjacent to the yarn proved to be feather. In a second
area of the plate, some fibrous material of undetermined type similar in
appearance to that in the first area is present.

Further verification of the cellulosic versus proteinaceous character
of the material may be derived from the elemental analyses, which are
summarized in Table II. The feathers exhibit strong sulfur peaks as well
as phosphorus, sodium, and calcium peaks. The bast fiber contains
large amounts of phosphorus and calcium, typical of plant materials.
Although the EDS of the bast fiber diplays sulfur, the relative peak
height is small in comparison to other elements in this spectrum. The
peak height of sulfur in the EDS of the feathers is so large relative to the



Published on February 1, 1986 on http://pubs.acs.org | doi: 10.1021/ba-1986-0212.ch014

262 HISTORIC TEXTILE AND PAPER MATERIALS

Figure 9. Pseudomorphs after feathers from copper breastplate, F-30,
Mound C, Tunacunnhee, 12X.

Figure 10. Feathers from yarn, No. 1145, Mound C, Etowah; scanning
electron micrograph, 4725X.

peak height of other elements in this spectrum that perhaps the excess
can be attributed to the cystine of the feather.

All of the materials contain copper and most contain iron, alumi-
num, and silicon. Their presence can be attributed to soil contamination
or to impregnation of the fibers with products of copper corrosion.
Further analyses currently are being conducted to identify the generic
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Table II. Fiber Identification and Elemental Analyses of Etowah Mound Fabrics

Fiber
Object Identification Elemental Analysis®
EMC No. 1156, copper breastplate feather Na, P, S, Ca, Cu
EMC No. 1145
Core yarn bast fiber Al Si, P, Cl, Fe,
Ca, Cu
Wrapping yarn feather Na, Al, Si, P, Fe, S, Cu
EMC No. 840, twined fabric bast fiber Al Si, P, S, K, Fe, Ti,
Ca, Cu
Etowah copper celt? - Cu, Fe, Si, Al, Mg,
Ni, Co, As, P
Soil sample (removed from EMC No. 1145) — Al, Si, K, Ca, Ti, Cr,
Mg, Fe

2Elements that were present in significant quantities (large relative peak heights) are
italicized; remaining elements were present in trace amounts (small relative peak heights).
Information was taken from Ref. 11.

classification and species of the materials used in the fabrics from
Etowah Mound C.

Yarn Evidence. Direct evidence of yarn usage from the Tuna-
cunnhee site is in the form of pseudomorphs after fabric. The later
Etowah site yields organic remains as well as pseudomorphic yarn
shapes. With one exception, yarn pseudomorphs identified on the
Tunacunnhee copper ornaments are derived from the bast fibers already
noted. The fiber bundles typical of the stems of plants were used to
produce slightly twisted (S-direction) yarns or yarns with no twist (see
Table III). Evidence suggests that one system (System A, observe side of
breastplate) is composed of short single fibers with crimp and is twisted
together in a Z-direction (Figure 2). Underneath the feather pseudo-
morphs on the reverse side of the plate are fine yarns, some of which
exhibit S-twist. No interworking of yarn and feather was discovered,
although feather pseudomorphs were in association with yarn.

Yarns from the three Etowah examples exhibit greater variation
from each other than do those of the Tunacunnhee. Although the basis
for most of the yarns is a two-ply, S-twisted unit, the ways in which the
units vary affect the resulting fabric structure (see Table IV). The
simplest expression is found in the crumpled fabric bundle (No. 840,
Burial 57) where two-ply, S-twisted yarns are used in both systems
(Figure 11). Both sets of yarn exhibit a medium degree of twist (25-45°)
and are derived from separate fibers twisted together. The System A
yarn measures 0.175 mm, whereas the System B yarn is 0.135 mm. The
yarns are uniformly brown.

A more complicated use of the two-ply unit is found in two clay-
encrusted fabric fragments (No. 1145, Burial 103) from Etowah Mound
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Table III. Yarn Evidence on Tunacunnhee Copper Ornaments

Yarn Yarn Direction Degree of
Object System Unit of Twist® Twist
Earspool, Mound C
Disc A fiber bundle (\) 10
B fiber bundle not discernible —
Shaft A fiber bundle (\) 10
Earspool Mound E
Disc A fiber bundle 0 0
B two-ply (/) 10-25
Breastplate, Mound C
Obverse A twisted single fibers (/) 10-25
B fiber bundles \) 10
Reverse A two-ply (/) 10-25
B two-ply (\) 10
C two-ply (\) 10

NoTE: All fibers were probably bast fibers except for the shaft of the Mound C earspool
and the obverse side (System 1{) of the Mound (E) breastplate, which were unknown fibers.
%(\) = S-twist; 0 = absence of attribute; and (/) = Z-twist.

Table IV. Yarn Evidence from Etowah

Yarn Fiber Yarn Direction  Degree
Object System  Tuwist® Unit® of Twist*  of Twist
EMC No. 840 A (\) two-ply \) 25-45
B \) two-ply \) 25-45
EMC No. 1145 A 0 2-4 ply (\) 10
0 clustered 0 0
0 1-2 unit 0 0
B 0 1-2 unit 0 0
EMC No. 1156
Area 1 A 0 2, two-ply ) 0
0 re-plied ) 0
B (P) 0 ? ? P
Area 2 0 0 plied (?), single (very fine) /) ?

NoTE: All fibers were probably bast fibers except for the clustered yarns of EMC No.
1145 and EMC No. 1156, System B, which were feather, and Area 2 of EMC No. 1156
which was an unknown fiber.

2(\) = S-twist; 0 = absence of attribute; (/) = Z-twist; and ? = not discernible under circum-
stances.

bYarn number.

C. In each a core of yarns appears to be wrapped with featherlike struc-
tures, which are then bound to the core by a fine yarn with no twist
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