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ABSTRACT—Silk samples dyed with 12 traditional
Chinese plant dyes were examined to measure their
rate of fading upon exposure to atmospheric ozone.
Samples of the same colorants extracted directly from
the dried plant materials and applied to watercolor
paper also were tested for their sensitivity to ozone-
induced fading, The samples were exposed in a
chamber to an atmosphere containing 0.40 parts per
million ozone at 25°C * 1°C and 50% RH, in the
absence of light, for 22 weeks, Colorant-on-paper
samples produced from the dyes jiang huang
(turmeric), zi cao (gromwell), and =i ding cap (violet)
proved to be particularly reactive toward ozone and
faded by AE>10 over the course of the experiment.
Ju =i pi (tangerine peel extract) on paper changed
color by AE>5, with an increase in reflectance below
a wavelength of 530 nm and a decrease above 530
nm. All but one of the remaining colorant samples on
paper changed by AE>2 as a result of ozone expo-
sure, Color changes observed among the dyed silk
samples generally were smaller than for the colorant-
on-paper systems, due to their darker initial depth of
shade and hence higher colormant concentration per
sample, to their greater saturation of colorant
throughout the cloth, and to the effects of mordant-
ing. Colorant-on-silk samples showing color changes
of AE>2 over the course of the experiment include
=i cao (gromwell), su mu (sappan wood), huang zhi =i
(gardenia), fjiang huang (turmeric), and =i ding cao
{violet).

TITRE—TL altération des colorants chinois tradition-
nels 4 base de plante lors de I'exposition 3 1'ozone.
RESUME—Des échantillons en soie teints avec
douze colorants chinois traditionnels i base de
plantes ont été examinds pour mesurer leur degré
d’altération lors de l'exposition 4 l'ozone atmos-
phérique. Des é&chantillons des mémes colorants
extraits directement des végétaux secs ont é&té

appliqués sur du papier 4 dessin et également testés
pour mesurer leur sensibilité i 'ozone. Les &chantil-
lons ont été exposés dans une étuve i une atmos-
phére contenant 0,40 parts par million d'ozone i
250C+1°C et 50% HR, dans obscurité, pendant
vingt deux semaines, Les échantillons sur papier
produits  partir des colorants jiang huang (curcuma),
zi cao (grémil) et zi ding cae (violette) se sont avérés
étre particuliérement sensibles 3 'ozone et ont &t
altéré de AE >10 pendant les tests. Ju 21 pi (extrait de
la pelure de mandarine) sur papier a changé de
couleur par AE >5, avec une augmentation de sa
réflectivité au-dessous d’une longueur d’onde de 530
nm et une diminution au-dessus de 530 nm. Tous sauf
un des autres échantillons sur papier ont changé par
AE >2 lors des tests d’exposition & l'ozone. Les
changements de couleur observés parmi les échantil-
lons en soie teints étaient généralement moins
importants que ceux des échantillons sur papier, en
raison de leur teinte initiale plus foncée et, par
conséquent, d'une concentration plus élevée de
colorant par échantillon, d'une plus grande saturation
du colorant dans tout le tissu et des effets du
mordancage. Les échantillons de colomnt sur soie
montrant des changements de couleur de AE >2 aun
cours des tests comprennent le zi cao (grémil), le su
mut {bois de sappan), le huang zhi zi (gardénia), le jiang
huang (curcuma) et le zf ding cao (violette).

TITULO—Desvanecimiento de tintes de plantas
tradicionales chinos a causa del ozono.
RESUMEN—Muestras de seda tefiidas con doce
tintes de plantas tradicionales chinos fileron examina-
dos para medir su tasa de desvanecimiento al
ser expuestos al ozono atmosférico. Muestras de los
mismos colorantes extraidos directamente de materi-
ales de plantas secas y aplicados a papeles para acuare-
las también fueron probades para examinar sus
sensibilidad al desvanecimiento inducide por el
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ozono. Las muestras fueron expuestas en una cémara,
a una atmésfera que contenfa 0.40 partes por millén
de ozono, a una temperatura de 25° C £1° C,a una
humedad relativa de 50%, en ausencia de luz, y por 22
semanas, Las muestras de colorante sobre
papel AE>10 en el curso del experimento. Ju zi pi
(extracto de cascara de naranja mandarina) sobre
papel, cambid su color en AE>5, y con un incre-
mento en reflectancia bajo una longitud de onda de
530 nm y un decremento por encima de 530 nm.
Todas menos una de las muestras de los colorantes
sobre papel remanentes cambiaron en AE>2 como
resultado de Ja exposicidn al ozono. Los cambios de
color observados en las muestras de seda tefiidas,
generalmente fueron menores que los cambios ocur-
ridos en el sistema de colorantes sobre papel, debide
a su profundidad de sombra AE>2 en el curso del
experimento incluyen zi cae (planta del genus Lithos-
permum), s# i (madera de tinte de la India), huang
zhi zi (gardenia), fiang huang (chrcuma), y i ding cao
(violeta).

1. INTRODUCTION

Ozone is naturally present in the remote, background
troposphere, where the global background ozone
concentrations mnge from 20 to 40 parts per billion
(Seinfeld and Pandis 1998). In polluted urban air, peak
daily ozone levels typically range from 100 to 400 ppb
(Seinfeld and Pandis 1998). Previous studies have
shown that this chemically active pollutant can cause
damage to organic materials. Qzone exposure can lead
to cracking of natural rubber products (Newton
1945), erosion of the binders used in paints (Campbell
et al. 1974), loss of tensile strength in textiles (Kerr et
al. 1969), ahd fading of commercial anthragquinone-
based synthetic textile dyes (Salvin 1965). Over the
past decade, a series of experiments has shown that
many of the organic colorants used by artists are
particularly susceptible to ozone-induced fading. The
ozone resistance of modern artists’ watercolors, both
organic and inorganic, has been explored (Shaver et al.
1983; Drisko et al. 1986). Further study of the tradi-
tional organic watercolor pigments used in Western
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art that are derived from plant and insect sources
shows that many of these pigments fade rapidly in the
presence of ozone at the concentrations found in
today’s urban atmosphere (Whitmore et al. 1987).
Natural colorants that are particularly susceptible to
ozone fading include madder lakes, indigos, and
curcurnin, The ozane-induced fading of traditional
Japanese colorants applied on paper and on silk cloth
and used in traditional woodblock prints has also been
studied (Whitmore and Cass 1988). The traditional
Chinese natural colorants remain to be examined.

As is well known, China Is the birthplace of seri-
culture. The earliest excavated silk is a group of
ribbons, threads, and woven fragments, all dyed red,
dated to 3000 B.C. (Kuhn 1988; Scott 1993). In recent
years, thousands of silk artifacts, including silk frag-
ments, Tobes, textile paintings, and tapestries, most of
which are beautifully dyed, have been unearthed by
archaeclogists in China (Watt 1997).To protect these
historic relics from. oxidation and decomposition after
exposure to air and light, specifications need to be
established for proper storage and display. Among the
environmental factors that should be considered is the
risk of ozone-induced fading of the traditional
Chinese colorants, The purpose of this article is to
quantify the rate of ozone fading of traditional
Chinese plant dyes applied on silk {and, for purposes
of comparison, on paper) in order to identify ozone-
sensitive colorants for which special precautions may
be warranted.

2. TRADITIONAL CHINESE DYES

Plant dyes were the dominant materials used for
textile dyeing in ancient China. Chinese literary
sources state that, as early as the Western Zhou
Dynasty (1045-711 B.C.), a system of dyeing tech-
niques was developed. The plant dyes used then
include (Wi and Tian 1986):

blue: indigo (Polygonum tinctorivm)

red: madder (Rubia cordifolia )

purple: gromwell (Lithospermum erytirorhizon)
yellow: gardenia (Gardenia jasminoides Ellis)
black: hazel bark (Corylus chinensis)
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Table 1. Sources and Chemical Composition of Plant Dyes Used in Ancient Japan

Color Japanese Name Latin Name Dye Constituent
yellow kihada Phellodendron amurense berbering

yellow Woren Coptis japonica berberine

yellow karivasu Miscanthus tinctorius anthraxin

yellow wkon Curcuma domestica curcumin

yellow kuchinashi Gardenia jasminoides Ellis crocin

yellow enju Sophora japonica rutin

yellow haze or haji Rhus succedanea tustin

red alkane Rubia akane pseudopurpurin
red Sefyo-akane Rubia tinctorum alizarin

red benibana Carthamus tinctorius carthamin and carthamon
red Suwo Cuesalpinia sappan brazilein

violet murasaki Lithospermum erythrorhizon shikonin

blue ai Polygonum tinctorium indigotin (indigo)
blue Strobilunthes flaccidifolium indigotin (indigo)
brown tannins

During the Spring and Autumn Period (722481
B.C.} and the Warring States Period (480-222 B.C.),
mordant dying with plants containing tannic acid was
widely used to yield black. The mordant employed
was ging fan (iron salt) (Wu and Tian 1986). In addi-
tion o madder, safffower, which was introduced to
China from. the northwest tribes, became an impor-
tant dyestuff during the Han Dynasty (202 B.C.—A.D.
220). It was taken to Japan in the Tang Dynasty (A.D.
618-960). Ming Duynasty (AD.
1368-1644), numerous plants were employed from
which dyes were extracted (Li 1981; Song 1982). In
The Exploitation of the Works of Nature (Tian gong kai
wn), Song Yingxing (b. 1587) reported four different
plants from which indigo can be extracted, all widely
planted as dyestuffs in China (Song 1982):

During the

song lan (also known as cha lan): Latis tinctoria
L. var. yezoensis (ohwi) Ohwi

liao lan (also known as xian lan): Polygonum
tinctorium

ma lan (distributed in northern China):

Indigofera tinctoria L. and Strobilanthes cusis
(Nees) O, ktze

wy lan (distributed in southern China, also
known as mu lan, huai lan): Indigofera
tinctoria L,

These natural indigos were not only used in
China but also exported to Burope before synthetic
organic dyes were developed (Wu and Tian 1986).

More detailed descriptions of ancient Chinese
dyes are not available. However, the ancient cultures
of China and Japan influenced each other deeply.
Sources and chemical compositions of plant dyes used
in ancient Japanese textiles are presented by Kézd
Hayashi (1979). Table 1 provides a brief summary of
the results reported by Hayashi.

In preparation for the present experiments,
samples of silk cloth dyed by traditional methods were
prepared by the staff of the Suzhou Silk Museum in
Suzhou, China. Staff members extracted the dyes
directly from the original plant materials, and exam-
ples of both the dyed silks and the unextracted plant
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Table 2. The Traditional Plant Colorants Tested in this Experiment

Chinese Name Pinyin Common Name Latin Name Main
Constituent
7K su sappan wood Caesalpinia sappan brazilin
[g% ﬁ jiang xiang dalbergia wood Lignum dalbergiae odoriferae  dalbergin
ﬂ%f‘; u—l‘ hong chaye  blacktea Thea sinensis tannins
HiEF wu bei zi Chinese gall Rhus chinensis gallotannin
% E_ zi cao gromwell Lithospermum erythrorhizon shikonin
;Hi-‘_ﬁ- ;I:& ban lan gen indigo (root) Isatis indigotica Fort, or indigo yellow
- Isatis tinctoria L.
ﬁ- BT huang zhizi  pardenia Gardenia jasminoides Ellis crocin
;f::é'r? E Juzipi tangerine peel peels of citrus tangerina Hort
ﬁ *E huang bai Chinese yellow Phellodendron amurense Rupr.  berberine
cork tree or Phellodenron chinense Schneld
% T ﬁ zi ding cao violet Viola philippica
% ﬁ‘ Jiang huang  turmeric Curcuma longa L. curcumin
j( %f-u-l— da ging ye indigo (leaf) Isatis tinctoria L.

materials were provided for use in our experiments,
The colorants furnished were identified by their
Chinese names by the Suzhou Silk Museum and have
been described further here based on an extensive
literature review. The colorants examined are listed in
table 2, and some details of their origin and proper-
ties follow.

Su sz sappan wood (Cuaesalpinia sappan). The
sappan tree is a small evergreen tree, native to India
and the Malay Peninsula, also called Brazil wood.The
heartwood or the bark yields a red dye when
mordanted with alum (Wee 1992). The dye
constituent is brazilin (C1gH140O3), the leuco-
compound of brazilein (C16H120s5), which is deep
red to brown in color (Pratt 1947). The mordanted
dye displays good fastness toward washing (Society of
Dyers and Colourists 1971).

Jiang xiang: dalbergia wood (Lignum dalbergiae
odoriferag). The colorant, derived from the wood of a
tropical tree, yields a beige color (Wee 1992).
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Hong cha ye: black tea (Thea sinensis). The dye is
extracted from the fermented and dried leaves of a
small evergreen shrub. The main components are
caffeine and tannin (10-20% gallotannic acid) (Grieve
1971).

Wi bef =it Chinese pgall (Rhus chinensis). The
excrescence produced by parasitic aphids on the
leaves of Rhus chinensis mill, or Rhus potanimii maxim,
is gathered and extracted (Liu 1988). The main
constituent is gallotannin. The total tannin content is
up to 70%, the richest known concentration in the
plant kingdom (De Wit 1965).

Zi cao: gromwell (Lithospernum erythrorhizon). The
original plant source is an herb from northern China
and Japan, the roots of which give a purple dye (Wee
1992), It is one of the most important mordant dyes
used in ancient China.The dye constituent is shikonin,
a derivative of naphthoquinone (Hayashi 1979).

Ban lan gen: indigo (root) (Iatis indigotica Fort. or
Latis tinctoria L.) (Ehling and Swart 1996). The
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colorant is derived from the dry root of what are
commonly known as indige plants. The leaves of
indigo plants contain the colotless glycoside indican
(Society of Dyers and Colourists 1971), the precursor
of the blue dye indigo, which has been widely stud-
ied elsewhere, The root of these plants, which is the
source of the dye produced by the Suzhou Silk
Museumn staff, yields a yellow dye, The colomant is
possibly indigo yellow (Tang 1991).

Huang zhi zi: gardenia (Gardenia jasminoides Ellis).
This was one of the most widely used dyes in middle
China in ancient times (Needham 1954: Forbes
1987). In Records of the Historian, Sima Qian (2d
century B.C.), depicts “thousands of mu [15 mu is
about 1 hectare] of dyeing gardenia,” which suggests
that it was a very popular dye during the Qin (221
B.C—207 B.¢.) and Han (202 B.C.~A.D, 220) Dynasties.
The husks of seeds of the gardeniz yield a bright
yellow. The dye constituent is crocin {(Hayashi 1979).

Ju i pi: tangerine peel (Citrus tangerina Horf), The
Suzhou Silk Museum provided a dyed silk sample but
did not provide dried plant material for ju zi pi. The
yellow colorant applied by us to create the paper
sample was extracted from the peel of tangerines
purchased from a Chinese supermarket.

Huang bai: Chinese yellow cork tree (Phelloden-
dron amurense Rupr. or Phellodenron chinense Schneld).
The deeply fissured corky bark of this deciduous tree
can be extracted to yield an intense yellow. The dye
constituent is berberine (Hayashi 1979).

Zi ding cao: violet (Viola philippica). The extract
. from this herbaceons plant (Lin 1988) yields a yellow-
ish brown color when applied on silk.

Jiang huang: turmeric (Curcuma Jonga L.). This is a
perennial plant with a stout underground stem (Wee
1992). The dye constituent is curcumin (C21H20Os),
a bright yellow coloring substance that dissolves read-
ily in water (Pratt 1947). It was an important dye in
Asia as well as in Europe prior to the discovery of
aniline dyes.

Da qging ye: indigo (leaf) (Isatis tinctoria L.). This
dye is similar to ban lan gen but is made from the
unprocessed leaf of the indigo plant rather than the
ground root.

3. EXPERIMENT

Silk cloth samples, dyed with su mu, jiang xiang, hong
cha ye, wu bef zi, zi cao, ban lan gen, huang zhi i, ju zi
pE, huang bai, zi ding cao, jiang huang, and da ging ye,
were kindly provided by the Suzhou Silk Museum.
Technical identifications of the plant materials used
to make the dyes and the main components of the
plant dyes are given in table 2. At the Suzhou Silk
Museum, the dyes were reported to have been
mordanted only with sodium chloride and acetic
acid. Chemical analysis of dissolved dyed silk samples
by inductively coupled plasma mass spectrometry in
our laboratory showed the presence of trace amounts
of calcium and iron, which may have entered into the
mordanting process unintentionally, A varicty of
mordants are found in ancient Chinese silk, including
iron, alum, coppetr, etc. (Zhao 1985). Information as
to whether the silk was degummed was not provided.
The dried plant materials from which the dyes for
the paper samples were made were also obtained
from the Suzhou Silk Museum unless otherwise
noted.

For each silk cloth sample, a small piece measur-
ing approximately 2 x 5 cm, was cut off and sewn
onto a patch of watercolor paper for easy handling.
Por purposes of comparison, samples of the unmor-
danted dyes on watercolor paper were prepared in
our laboratory. Since the plant materials received
were already dried, it was not easy to extract the
colorants by traditional techniques. Soxhlet extrac-
tion was employed with methanol as the volatle
solvent. After extraction, the solution was concen-
trated using a rotary evaporator before being air-
brushed (Iwata HP-A) onto a 2.5 x 5 cm piece of
watercolor paper (cut from Arches 140 1b, hot-pressed
paper) by a technique introduced in previous work in
this laboratory (Whitmore et al. 1987), An effort was
made to produce samples on paper that had a
reflectance of approximately 30-40% at the wave-
length of maximum absorption. It has been found
that with initial depths of shade in this range, the
color change is sensitive to changes in the colorant
concentration (Johmston-Feller et al. 1984). The
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Fig, 1. Spectral reflectance curves of the =i o-on-paper
system at several stages during the exposure to 0,40 ppm
ozone at 25°C % 1°C, 50% RH, in the absence of light

colorant-on-silk samples were used as received from
the Suzhou Silk Museum; they were generally dyed
to a deeper shade than the colorant-on-paper
samples. In contrast to the paper samples, where the
colorant was applied to the surface of the paper, the
silk samnples were saturated with colorant throughout
the depth of the cloth.

The ozone exposure apparatus used in these
experiments is described in detail elsewhere (Whit-
more et al. 1987). Briefly, air at a flow rate of 2 Ipm
was purified by drawing it through a bed of activated
carbon, a bed of Purafil, and a high-efficiency parti-
cle filter, followed by humidification to 50% RH.
Next, the air flow was drawn through three commer-
cial ozone generators (Ultra Violet Products SOG-2)
operated in parallel, The ozonated air then was
admitted to a light-tight stainless steel and glass expo-
sure chamber. Both silk and paper samples were
mounted on anodized aluminum panels, which were
hung in the exposure chamber adjacent to the cham-
ber walls, with the samples facing the interior of the
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box. A uniform ozone concentration was maintained
within the exposure chamber by use of a magneti-
cally coupled stirring system. The ozone concentra-
tion inside the chamber was measured continuously
with a UV photometric ozone monitor (Dasibi
Model 1003-PC), which was attached to a strip chart
recorder. The samples were exposed to 0.40 + 0.005
parts per million ozone at 25°C * 1°C, at 50% RH,
in the absence of light, for 22 weeks. Unexposed
control samples of both the colorants on silk and the
colorants on paper were maintained for purposes of
comparison to the ozone-exposed samples.

The fading rate of the colorant-on-silk and
colorant-on-paper systems can be characterized by
the change over time of their visible reflectance spec-
tra. The diffuse reflectance spectra of these samples
were measured with a Diano Match Scan II
reflectance spectrophotometer, before and at intervals
during the ozone exposure experiment.

Two frequently used color notations, the CIE
tristimulus values (X,Y; Z), and the CIE chromaticity
coordinates and luminous reflectance {x, y,Y), calcu~
Jated for CIE IHuminant C, are employed to provide
information about the visual appearance of the mate-
rial under the specified standard illuminant. The total
perceived color difference between the samples
before and after exposure to ozone can be conve-
niently represented by a single quantity, AE, which is
calculated for CIE IMuminant C using the CIE 1976
L*a*b* formula (Billmeyer and Saltzman 1981).

4, RESULTS AND DISCUSSION

The evolution of the reflectance spectrum of the zi
cAo-ON-paper system upon ozone exposure is illus-
trated in figure 1. Due to consumption of the
colorant by reaction with ozone, the reflectance
across the visible spectrum increases and the absorp-
tion at 510 nm is flattened. Thus, the originally pale
purple systemn fades toward a lighter shade as the
ozone exposure experiment proceeds. As seen in
table 3, this sample has faded to a value of AE>16 by
the end of the 22—week exposure, which represents a
very noticeable change. The corresponding sample of
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Table 3. Observed Color Change of Plant Dyes on Silk and on Paper

(upon Exposure to 0.40 ppm ozone, at 25°C + 1°C and 50% RH in the absence of light)

Sample Name Weeks of X Y Z X y AE
Exposure

Su mu silk 0 13.20 8.38 5.08 0.495 0.314
22 14.70 9.51 5.52 0.496 0.319 2.87

paper 0 54.95 50.30 29.83 0.407 0.372
22 58.62 55.07 32.82 0.400 0.376 4.34

jiang xiang silk 0 39.15 37.54 2837 0.373 0.357
22 4096 3045 29.96 0.371 (L357 1.47

paper 0 73.17 72.40 64.52 0.348 0.345
22 74.17 73.73 6545 0.348 0.345 222

hong cha ye silk 0 20.92 18.82 8.81 0.431 0.388
22 21.83 19.58 8.86 0.434 0.390 L.69

paper 0 7217 74.82 61.51 0.347 0.359
22 73.58 76.14 64.48 0.344 0.355 1.64

wu bei zi silk 0 41.03 39.84 28.08 0.377 0.366
22 4248 41.24 28.85 0.377 0.366 1.15

paper 0 72.11 73.53 64,49 0.343 0.350
22 67.36 68.52 55.68 0.352 0.358 2.95

zi cao silk 0 23.05 21.48 21.32 0.350 0.326
22 26.85 24.92 2401 0.354 0.329 394

paper 0 53.63 50.40 52.33 0.343 0.322
22 68.62 67.40 69.35 0.334 0.328 16.53

ban lan gen silk 0 58.02 58.06 44.50 0.361 0.362
22 60.40 60.63 46.47 0.361 0.362 1.50

paper ¢ 75.25 71.36 60.16 0.354 0.364
2 71.00 79.35 64.17 0.349 0.360 231

huang zhi i silk o 58.91 60.46 41.71 0.366 0.375
22 61.91 63.79 4541 0.362 0.373 221

juzipi sitk 0 56.97 59.14 38.79 0.368 0.382
22 58.01 59.97 30.66 0.368 0.380 0.79

paper 0 77.29 81.52 5723 0.358 0.377
22 76.15 79.79 60.78 0.351 0.368 527

huang bai silk 0 4974 50.75 20.88 0410 0.418
22 51.32 5248 21.78 0.409 0.418 L1l

paper 0 73.98 79.78 4456 0.373 0.402
22 75.06 80.75 4812 0.368 0.396 3.05

zi ding cao silk 0 50.78 52.15 3851 0.359 0.369
22 54.12 55.77 4149 0.358 0.368 2.13

paper 0 73.01 79.26 69.03 0.336 0.354
22 80.30 83.87 78.79 0.330 0.345 10.90

Jjiang huang silk 0 54.10 55.76 29.11 0.38% 0.401
22 56.46 58.39 31.63 0.355 0.392 208

paper 0 76.53 8347 41,13 0.381 0.415
22 8291 86.67 77.93 0.335 0.350 31.74

da ging ve silk 0 58.78 60.26 4731 0.353 0.362
22 60.89 62.53 49.23 0.353 0.362 1.25
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Fig, 2. Observed color changes for natural colorant-on-paper systems during exposure to 0.40 ppm ozone at 25°C % 1°C,
50% RH, in the absence of light. Color differences, AE, are caleulated for CIE Nluminant C using the CIE 1976 L*a*b*

formula.

zi cao on silk faded by AE = 4 units over the course
of the 22-week experiment. In general, changes in
AE of about 2 or greater represent a change that
would be perceptible by a normal human observer in
side-by-side comparision (Billmeyer and Saltzman
1981).

The results for the remaining samples are
displayed in table 3. Most systems show a perceptible
change in color (AE>2.0) upon exposure to 0.40
ppm ozane in the dark for 22 weeks. The total color
changes, the AFE, for colorant-on-paper systerns are
generally greater than the corresponding values of
AR for the colorant-on-silk systems, This result is in
part due to the fact that the colorant-on-paper
systems were uniformly prepared as a surficial coating
with a 30-40% reflectance at the wavelength of
maximum light absorption, a scheme that is deliber-
ately designed for the comparison of the relative
ozone sensitivities in this experiment. In contrast, the
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dyed silk cloths were not uniformly prepared with
tespect to their depth of shade. (The shades were
chosen by the Suzhou Silk Museum to match histor-
ical materials.) The dyed silks generally were dyed to
a shade darker than the paper samples, and the dyes
permeated the silk materials, making the dye less
available to ozone attack. The dyes on silk also were
mordanted to some extent, and that may affect the
ozone-fading kinetics, as mordants have been shown
to affect the light-fading mechanism of other textile-
colorant systems (Gupta and Gulrajani 1996; Needles
et al. 1986},

The fading of these samples as a function of time
during the experiment for all of the colorant-on-
paper and colorant-on-silk systems is shown in
figures 2 and 3, respectively. For those samples that are
sensitive to ozone, much of the total color change
occurs during the first week of exposure, especially
for the surficial colorant deposited on paper. This
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result suggests that the colorant molecules on the
surface of the samples, which are easily brought into
contact with ozone, are consumed quickly. After the
initial period of rapid reaction, the samples continu-
ously faded during the following weeks, but with
progressively smaller changes in AE. This slowing of
the fading process over time is expected because the
remaining colorant available to be reacted declines
over time, while the remaining colorant embedded in
the materials becomes more difficult to reach due to
competition between the colorant and the substrate
(either silk or paper) for destruction of the ozone as
it diffuses through these materials.

Previous studies show that ozone oxidizes
organic dye molecules by attacking the carbon-
catbon double bonds in olefinic compounds and in
some organo-metallic complexes that have aromatic
structures with. a partially olefinic character {(Grosjean
et al. 1987, 1988a, 1988b). The destruction of these

double bonds, when they are part of the chro-
mophore, causes a loss of color. The chemical mech-
anism of ozone reaction with alizarin lakes (Grosjean
et al. 1987), with indigo (Grosjean et al. 1988a), and
with curcumin (Grosjean et al, 1988b) has been stud-
ied in detail and is described elsewhere. This mecha-
nism can be reasonably expected to explain the
fading of the colorants in this study.

Approximately half of the colorants examined
among the set of traditional Chinese silk dyes have
chemical analogs among the traditional Japanese silk
dyes that have been examined previously by Paul
Whitmore and Glen R.. Cass (1988) to determine
their ozone fading rates. Although the specific plant
sources and mordants used vary between the Japan-
ese and Chinese silk dyes, colorants based on brazilin,
shikonin, crocin, berberine, curcumin, and indigo are
found in both data sets. In addition, indigo blue and
curcumnin applied on paper have been studied previ-
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ously to document their ozone fastness (Whitmore et
al. 1987; Whitmore and Cass 1988). Based on
comparison to these previous studies, it is possible to
generalize our fndings across cultures and prepara-
tion techniques.

Colorant systemns based on shikonin are fugitive
on silk in both the Chinese and Japanese sample sets
and also faded rapidly on paper in the present
Chinese dyestuff experiments, Curcumin (turmeric)
when applied on paper is exiremely fugitive. On
paper it will fade by AE > 30 under the conditions
of our experiments, as is confirmed by exposure test-
ing of the Chinese dye material as well as previous
experiments on traditional natural organic colorants
(Whitmore et al. 1987). Curiously, curcumin
mordanted onto silk shows greatly reduced fading
rates in both the Chinese and Japanese silk fading
experiments (AE = 2 or less). Crocin-based colorants
on silk faded noticeably upon ozone exposure in the
Japanese silk textile fading experiments and meore
slowly but still perceptibly in the Chinese silk
samples. Brazilin-based colorants on silk faded to a
barely perceptible degree in the Chinese silk tests and
to a less than perceptible degree in the Japanese silk
tests, consistent with the shorter duration of the
Japanese silk fading experiments {12 weeks vs. 22 in
the present study). Berberine-based colorants on silk
faded to a less than perceptible extent in both the
Chinese and Japanese silk fading tests. Both berber-~
ine and brazilin on paper are more fugitive than
when mordanted onto silk, so these colorants should
not be considered to be inert even if they fade slowly
on silk. Indigo blue on paper has been shown to fade
rapidly in the presence of ozone in tests of both West-
ern watercolor pigments and Japanese art (Whitmore
etal. 1987, Whitmore and Cass 1988). In contrast, the
Chinese colorants han lan gen and da ging ye, when
exposed to ozone, faded to an imperceptible degree
on silk, and ban lan gen faded to a barely perceptible
extent on paper. Although these colorants are derived
from plants that can produce indigo, neither ban fan
gen nor da ging ye as tested here have the blue color
that traditionally comes to mind when one thinks of
indigo blue {CI no. 73000).That the colorants are not

JAIC 39 (2000):245-257

chemically the same apparently explains the slower
ozone fading rate of the ban lan gen and da ging ye
samples tested here when compared to indigo blue.

The very rapid initial reaction of certain of these
colorants holds important implications for historical
dyed silk (and possibly watercolor) samples unearthed
during archasological studies, Background ozone
concentrations in rural atmospheres typically average
about 40 ppb (0.04 ppmi), a factor of only 10 lower
than the concentrations used during the present
experiments. Previous ozone fading experiments
involving madder lakes show that the fading rate is
directly proportional to the ozone concentration
multiplied by the duration of exposure (Cass et al.
1991), Thus the initial fading seen during the first
week of the present experiments would be expected
to occur during about the first 10 weeks if newly
excavated samples were exposed directly to outdoor
ambient air. To avoid such damage, the samples can be
placed into storage systems that do not allow air to
circulate freely over the samples, or alternatively
ozone canl be removed from the storage and working
environment by filtration through activated catbon
or by careful management of building air exchange
rates (Cass et al. 1991).

5. CONCLUSIONS

Exposure to atmospheric ozone at the concentrations
seen in some urban armospheres will lead to the
fading of many traditional Chinese colorants that are
derived from plant materials. Colorants applied as a
thin wash on the surface of paper are particularly
vulnerable, while silk samples dyed by traditional
procedures also will fade but at a slower rate. Samples
of the dyes jiang huang (turmeric), 2i wo (gromwell),
and zf ding cao (violet) applied on paper faded by AE
> 10 when exposed to 0.40 ppm ozone at 25°C, 50%
RH for 22 weeks. Nearly all other colorant samples
on paper changed by AE > 2 over the course of the
same experiment. Silk samples dyed with 2 cao
{gromwell), su mu (sappan wood), huang =hi zi
(gardenia), =i ding cao (violet), and fiang huang
{turmeric) also changed color by an amount AE > 2.
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The ozone concentration used in these experi-
ments is at the upper end of the range of concentra-
tions actually observed in urban atmospheres and is
about 10-fold higher than the average ozone concen-
tration present even in remote areas around the
world. At these lower global background concentra-
tions it would take 10 times longer (i.c., 220 weeks)
of exposure to outdoor air to achieve the same
degree of fading as observed in these experiments.
However, since much of the color change measured
in this work occurred rapidly during the first weeks
of the experiment, we suggest that newly excavated
dyed silk samples and samples containing Chinese
natural organic colorants on other substrates should
not be left exposed directly to the atmosphere (even
in rural areas) for weeks at a time. Properly designed
enclosures (storage boxes or cases) can scavenge
ozone from the surrounding atmosphere and prevent
its reentry into the storage system, thereby protecting
the colored objects from premature fading due to
OZOne exposure.
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