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An Investigation of the Reciprocity
Principle of Light Exposures Using
Microfading Spectrometry

Julio M. del Hoyo-Meléndez'?,

and Marion F. Mecklenburg' ABSTRACT It is frequently assumed that sensitive museum materials follow
'"Museum Conservation Institute, the reciprocity principle of light exposures. Thus, equivalent exposure doses
Smithsonian Institution, Suitland, obtained by using either high-illuminance levels for short periods of time
MD, USA

S o or lower illumination for longer exhibition periods are believed to cause
Instituto Universitario de

Restauracion del Patrimonio,

Universidad Politécnica de
Valencia. Camino de Vera changes in a series of samples. The effects of equivalent exposure doses

similar degrees of damage to an object. Microfading spectrometry permitted
the investigation of this phenomenon by evaluation of light-induced

Valencia, Spain on materials such as Blue Wool 1, LightCheck Ultra, and various dyed silks
from a reference collection were compared. The results indicate that recip-
rocity is obeyed by the most stable colorants, while materials with lower
stability to light may experience deviations that are proportional to the
intensity of illumination. This study confirms that reciprocity failure is
associated with the use of high-intensity lamps during accelerated-aging
trials. Therefore only those tests conducted at low-illumination intensity
ranges where reciprocity holds should be employed when one estimates
the extent of damage occurring in a museum environment.

KEYWORDS microfading tester, photofading, reciprocity principle, visible
reflectance spectroscopy

INTRODUCTION

The reciprocity law of light exposures was postulated in the mid-19th
century by Bunsen and Roscoe.? The method consisted of determining
the amounts of chemical actions produced by direct and diffuse sunlight
in photographic paper. The experiments were conducted using a pendulum
photometer that provided an accurate way of measuring the times of

Received 18 October 2009; exposure along strips of photographic paper of uniform sensitivity. The
accepted 24 November 2009.
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times recorded with the pendulum were correlated to the times obtained
using light of various known intensities that produced different shades of

Universitario de Restauracién del tints on photographic paper. The experimental data demonstrated that
Patrimonio, Universidad Politécnica equivalent light exposures that resulted in a comparable shade required
de Valencia, Camino de Vera s/n . .. . . .

(edificio 9B), 46022 Valendia, Spain intensities that were inversely proportional to the times of exposure. The
E-mail: judeho1@doctor.upv.es law stated that different intensity-to-time ratios resulting in equal exposure
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doses produce the same photochemical -effect
on photographic paper and that therefore the two
parameters are related by a constant ¢ as expressed
in the equation

I xXt=c,

where 7 is the intensity of the light source, and ¢ is the
time of exposure.

Deviations from the reciprocity law were later
reported by a series of investigators towards the end
of the 19th century. The first systematic studies on
reciprocity failure were conducted by Schwarzschild
in 1889 by evaluating photographic film sensitivity
at long exposure times.”) When studying gelatin
emulsion plates, Schwarzschild found that sources
of light of different intensity 7 caused the same degree
of blackening under different times of exposure ¢ if
the products of Ix# were equal. Experimental
evidence agreed with the theoretical model that con-
sisted of raising the time of exposure ¢ to the power of
b, a constant value, instead of using the previous 7 x ¢
equation proposed by Bunsen and Roscoe. However,
further experiments demonstrated that p was constant
only at narrow ranges of intensity, confirming that the
photochemical properties of a material and the
exposure dose ranges employed were the main
factors accountable for these deviations. Further
revisions of the reciprocity law resulted in new
definitions such as those of reciprocity principle and
reciprocity concept, which were later adopted.

More recently, several authors have investigated
the reciprocity law in diverse areas such as biology,
medicine, photography, polymer science, and con-
servation of cultural heritage."™ For example, some
researchers have studied the sensitivity of museum
materials to light using the reciprocity principle as a
way of relating the exposure doses obtained from
artificial aging to the ones typically encountered in
a museum environment.”~'? Photometric measure-
ments carried out in museums are sometimes
extrapolated to annual light exposures based on the
lighting schedules of each institution. Afterward,
these annual exposures are used towards estimating
the time required to reach a specific level of damage
based on an equivalent exposure induced artificially.
The color changes produced as a result of accelerated
aging are assessed using spectroscopic and colori-
metric methods. Light-fastness tests conducted on a
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series of pigments and photographic papers typically
found in museum collections revealed that the recip-
rocity principle is followed.®?' However, further
investigations in the photographic field have shown
reciprocity failure when higher illumination intensi-
ties are employed for short periods of time and also
when attempting to describe the photoresponse of
a material as a function of radiant flux."4°

The high sensitivity to light exhibited by several
organic dyes found in paintings and textiles has been
a matter of concern to museum conservators and
curators. These materials have high susceptibility to
color alterations resulting from exposure to display
lights making the establishment of adequate exhi-
bition periods a very difficult task. It is also known
that the fading of a colorant is a complicated process
involving internal factors such as its chemical reac-
tivity and physical state within the fabric together
with external factors like exposure to oxygen and
atmospheric pollutants.

Blue Wool (BW) standards have been extensively
used as a reference scale when conducting artificial
weathering tests on museum materials."' BW
standards have been in use since 1914, and were
originally developed by the German Commission
for Fastness (Deutsches Echtheits Kommission
DEK)."? They consist of a reference set of blue-dyed
wools attached to a white cardboard substrate. There
are 8 standards each exhibiting increasing light-
fastness by a factor of two, relative to the previous
one, with BW 1 being the most light sensitive dye.
Qualitative and quantitative determinations of the
degree of fading can be made by examining the
color changes produced as a result of exposure of
BW standards to light.””! Fading of a BW standard
can be followed visually by evaluating tonal changes
of the blue dye as the exposure dose increases. As the
reaction progresses, the more sensitive dyes become
lighter while extreme exposure doses may result in
total disappearance of color.

In recent years, LightCheck™ Ultra (LCU) stan-
dards were developed in France due to the necessity
of studying lower light exposure ranges than the
ones covered by BW standards.*>%*' LCU standards
consist of a mixture of photosensitive dyes embed-
ded in a polymer matrix and applied on a paper
substrate. When the LCU standard is exposed to
light, a gradual change in color from blue to pink
proportional to the exposure dose is observed.

Reciprocity Principle Using Microfading Spectrometry



02:41 30 January 2011

Downl oaded At:

The standard is then compared to a visual scale that
relates the final color with an equivalent luminous
exposure in lux-hours (Ix-h). In the present study,
the sensitivity of BW 1 and LCU standards has been
evaluated and their responses to visible light of
various intensities have been investigated with the
aim of determining the intensity ranges where
reciprocity is fulfilled.

Furthermore, various silk samples dyed with
natural colorants were also tested for reciprocity.
These dyed silks belong to a reference set of samples
prepared using materials and techniques similar
to those found in 18th century Spanish textiles. The
dyes investigated were cochineal, pomegranate
and turmeric; their main coloring agents are: 7-o-D-
glucopyranosyl-9,10-dihydro-3,5,6,8,-tetrahydroxy-
1-methyl-9,10-dioxoanthracene  carboxylic  acid
(carminic acid), 2,3,7,8-tetrahydroxy-chromenol5,4,3-
cdelchromene-5,10-dione (ellagic acid), and (1E,6E)-
1,7-bis(4-hydroxy-3-methoxyphenyD-1,6-heptadiene-
3,5-dione (curcumin), respectively. Carminic acid is a
glycoside which constitutes the coloring agent in
carmine. It is typically found in some scale insects
such as the cochineal and the Polish cochineal. The
molecule consists of a core anthraquinone structure
connected to a glucose sugar unit and it is known
for its high light-fastness.** The main coloring agent
of pomegranate dye is ellagic acid which is found in
the rind of the pomegranate fruit.” This chromo-
phore is characterized by a fused four-ring phenolic
lactone compound. It has a planar structure that
includes two lactone carbonyl groups that do not

deviate from the molecular plane. The chromophoric
structure present in turmeric is curcumin which has
two polyphenols connected by two a,f-unsaturated
carbonyl groups. Curcumin is known for having very
high sensitivity to oxygen and light.mﬂ Molecular
structures of the main chromophore present in each
dye are presented in Table 1.

Several researchers have studied the stability of
organic colorants applied on textile substrates and
have classified them according to their light-fastness
properties using the BW standards as a measuring
26-29) These testing programs have employed
traditional accelerated-aging methods in which
samples are exposed to high-intensity light sources
inside weathering chambers at increasing time inter-
vals. Reflection spectra and colorimetric parameters
are recorded after each increment in light exposure
providing an analytical way of evaluating the per-
manence of materials. Fewer investigations have
employed real time techniques for evaluating the
light-fastness of sensitive materials.'*>

The aim of this work was to evaluate the use of a
microfading tester (MFT) for determining approxi-
mations or deviations from the reciprocity principle
using different equivalent exposure doses. Spectral
and colorimetric information obtained using various
intensities of illumination have permitted evaluating
if equivalent exposure doses produce comparable
changes in a particular sample. This study presents
significant new information about a phenomenon
that has not been investigated extensively although
it is frequently mentioned in the museum science

scale.

TABLE 1 Summary of Main Coloring Agents Present in the Examined Dyes

Common Part used to
name of dye extract the dye

Cl constituent

Main chromophore

Cochineal Insect body

Pomegranate Rind of fruit Cl 75270

Turmeric

Natural red 4 Cl 75470

Plant rhizome  Natural yellow 3 Cl 75300

Carminic acid OH
O oH

|
e
HO OH

O OH

OH

OH  Ellagic acid
HO o0._0O

o~ 0 OH
OH

OCH,

. (0]
Curcumin
HaCO )LCH=CHGOH

CH
HO CH=CH—” 2
o

J. M. del Hoyo-Meléndez and M. F. Mecklenburg

54



02:41 30 January 2011

Downl oaded At:

literature. It is typically assumed that most materials in
museum collections follow the reciprocity principle of
light exposures. As a consequence, the information
derived from traditional accelerated-aging trials is
usually employed when estimating the degree of dam-
age that a material will undergo if exposed to lower
light levels for long periods of time. This research
was conducted to allow researchers’ making more-
informed exhibition-lighting decisions that consider
the chemical nature of a colorant and its physical state
within the substrate, since approximation or deviation
from reciprocity mainly depends on these two aspects.
Traditional accelerated-aging methods involve per-
forming subsequent spectroscopic measurements of
each sample after every aging cycle. The constant
movement of the sample between readings and the dif-
ficulties associated with measuring the exact same spot
every time tend to increase the amount of error in these
determinations. For this reason, it was believed that a
real time technique such as the MFT would permit
investigating and comparing fading rates of materials
using various intensities in a more efficient way.
Although microfading spectrometry results agree well
with published light-fastness data acquired using tra-
ditional methods,[%*ZS] the MFT offers a more accurate
way of performing light-stability tests on materials
since the exact same spot is measured over a relatively
short period of time.

MATERIALS AND METHODS

Materials

BW and LCU standards were purchased from Talas
(New York, NY and Keepsafe Microclimate Systems
(Toronto, Canada), respectively. Both materials were
used as received. Dyed silk samples were kindly pro-
vided by Antonio Fernando Batista-dos Santos. Three
dyes from this group of samples were considered for
the present study: cochineal, pomegranate, and tur-
meric. Turmeric and cochineal dyes were obtained
from Kremer Pigments, Inc. (New York, NY), while
pomegranate dye was obtained from a local supplier
in Valencia, Spain. Two silk samples were treated
with KAI(SO4), mordant and dyed with cochineal
and pomegranate, resulting in red and pale yellow
samples, respectively. Turmeric was applied as a
direct dye giving an intense yellow color to the silk.
The preparation of the dyes and dyeing methods are
described elsewhere.*!
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Instrumentation

The MFT used in this study was developed by
Whitmore and coworkers from the Art Conservation
Research Center at Carnegie Mellon University in
Pittsburgh.”?? Individual components of this instru-
ment are manufactured by Newport Oriel Cor-
poration (California, U.S.A.) and are sold as Oriel
80190 Fading Test System (Stratford, CT). The device
consists of a visible reflectance spectrophotometer
coupled to an accelerated light fading microtester.
The sensitivity of objects to high-intensity visible light
can be determined by using short increments in
exposure time to a 75-watt xenon arc-light source.
Spectrocolorimetric data are recorded periodically
and their change is evaluated over time. The instru-
ment uses a 0/45 geometry for illumination of the
sample and collection of reflected light. The diameter
of the illuminated spot is approximately 0.4 mm and
the working distance measured from the external lens
of the illuminating probe to the surface of the sample
is approximately 1cm. The tests are conducted
in open-air under laboratory room conditions
(T=25°C+1; RH=50%=1). The intensity of the
illuminated spot was reduced by inserting a series
of 16 mesh aluminum wire circles of 51 mm of diam-
eter in the multiple filter holder part of the instru-
ment. The intensity of the illuminated spot was
measured with an ILT 1700 radiometer from Inter-
national Light Technologies (Peabody, MA) using a
probe calibrated for point sources. Illumination inten-
sities used were in the range of 0.1-4.0 Megalux
(MIx). The integration time used was 6 ms and 10
spectra were averaged. The Commission Internatio-
nale de | Eclairage (CIE) illuminant and observer
combination used was Dgs and 2°, respectively.

Calculations

Reflectance spectra contain all the information
required to evaluate the color of a sample during a
microfading test. However, spectral data was reduced
to a set of parameters according to existing conven-
tions adopted by the CIE for describing color.*?
These conversions permit researchers to evaluate
complex color changes, which usually involve shifts
in hue and lightness. Hence color differences were
calculated using the CIE L*a*b* equation. This
formula is widely employed in the conservation
science field since most museum curators and

Reciprocity Principle Using Microfading Spectrometry
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conservators are interested in assessing color changes
that are perceptible to the human eye. The values in
the CIE 1976 color space are L*, a*, and b* used to
designate lightness—darkness, redness—greenness,
and yellowness-blueness, respectively. CIE L*a*b*
values are calculated from measured tristimulus X YV
Z values and the corresponding X,, Y,, Z,, values of
the standard illuminant and observer combination
used. Reflectance spectra of each test spot were col-
lected and color differences were calculated using
the initial spectrum as the basis for comparison. For
example, the difference between two color measure-
ments recorded at times t; and t; (t; > ty) is given by:

AE" = \/(l*l —1:2)* + (a*1 — a*2)* + (b1 — b2)°

where AE* is the total change in color which depends
on the three color parameters explained above. The
CIE L*a*b* color difference equation provides a math-
ematical way of relating spectrocolorimetric changes
to the ones perceived by a human observer. How-
ever, some discrepancies in AE* values regarding a
just noticeable difference (JND), which may range
from 1 to 3, have been observed.B43¢ Nevertheless,
a AE* of 5 has been considered large enough to be
detected by most observers®” and has been used as
an initial threshold value in the present study. If
necessary, a lower AE* value was selected as a stop-
ping point since some materials exhibited higher
stability to light making it difficult to produce a AE*
of 5 within a reasonable time of exposure. Microfad-
ing curves were adjusted for the exposure dose by
multiplying the times of exposure by the intensity
of illumination. If the reciprocity principle is fol-
lowed, adjusted AE* versus exposure dose curves
are expected to show similar trends. Furthermore,
the logarithms of the exposure doses (Ix - h) required
to induce a determined color change were calculated
and their variation with the illumination intensity
employed was also investigated.

RESULTS AND DISCUSSION

Changes in the reflectance spectrum of a BW 1
standard at various stages of a microfading test carried
out using an intensity of 4 Mlx are presented in Fig. 1.
The BW 1 reflectance spectrum is characterized by a
broad band with a maximum around 440 nm and part
of a larger band observed in the 650-700-nm region.

J. M. del Hoyo-Meléndez and M. F. Mecklenburg

Reflectance (%)

Wavelength (nm)

FIGURE 1 Evolution of visible reflectance spectra of a BW 1
standard obtained using an illumination intensity of 4 Mix. The
arrows indicate the direction of the spectral changes.

The fading of BW 1 is characterized by a loss of blue
colorant evidenced by a reduction of the reflectance
band in the 410-500-nm region as the light exposure
increases. Simultaneously a decrease in reflectance is
observed in the 660-700-nm portion of the spectrum
accompanied by increasing reflections in the 500-
650-nm region. Superposition of reflectance spectra
shows isosbestic point behavior at 505 nm and 650 nm.

Figure 2 shows the times required to reach AE*
values of 2, 3.5, and 5 for a BW 1 standard using vari-
ous illumination intensities in the 0.25-4-MIx range.
An asymptotic behavior can be observed at both
ends of these curves. At higher intensities, AE* values
are reached rapidly and the times required to arrive
at the stopping point become very similar. On the
contrary, at lower illumination intensities the data
shows higher dispersion and different final AFE*
values become evident. Exposure doses required to

8
—_ 71
=
iy 61
S
S 57 —e—DeltaE*=5
e 4 —O- Delta E* = 3.5
3 —A—Delta E* =2
S
-5 3_
o
(]
X 2
£
E 11

0

0 1 2 3 4 5

Intensity of lllumination (Mix)

FIGURE 2 Times required to reach specific 4E* stopping points
for a BW 1 standard at various illumination intensities.
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TABLE 2 Exposure Doses Required to Induce a 5AE* Change
in BW 1 and LCU Standards

Illumination
intensity (Mlx)

Exposure dose
for BW 1 (MIx - h)

Exposure dose
for LCU (MlIx - h)

0.25 1.8 0.13
0.5 1.9 0.15
1.0 1.7 0.058
2.0 1.2 0.042
2.5 0.7 0.046
4.0 0.4 0.033

induce a SAE* color change for BW 1 and LCU stan-
dards are reported in Table 2.

Microfading curves obtained for a BW 1 standard
using various combinations of illumination intensity
and time of exposure are shown in Fig. 3a. Very rapid
color changes were observed in the 2—-4-MIx intensity
range while more gradual variations were observed at
lower intensities. As the light intensity was reduced,

0.25 Mix

AE*

0 1 2 3 4 5 6 7 8
Time (h)
(a)

4 Mix 2.5 Mix 2 Mix 1 Mix

AE*

0 T T T
0 0.5 1 1.5 2
Exposure Dose (Mix-h)

(b)

FIGURE 3 Micro-fading curves obtained for a BW 1 standard
using various illumination intensities (a) the same fading data
normalized for exposure dose in Mix-h (b).

57

a longer exposure was necessary to reach the 5AE*
stopping point. Microfading curves of BW 1 were
adjusted for the exposure dose and the results are
presented in Fig. 3b. It can be seen that fading rate
decreases as exposure dose increases. Microfading
curves adjusted for the exposure dose exhibit Type
II fading behavior for the three higher illumination
intensities while areas tested at lower power exhibit
constant or type III fading. This description is based
on five types of fading rate curves originally
described by Giles.®? If reciprocity held all the curves
would show similar trends. However, the plots start
becoming similar only at lower intensities that range
from 1 to 0.25MIx. After normalizing for exposure
dose, microfading curves for 1 and 0.25 MIx are very
similar while the one obtained for 0.5MIx shows
some deviation. Initially, this may suggest that the
area measured using an intensity of 0.5Mlx had a
slower fading rate resulting in a non-linear response
in the power range below 1MIx. However, after
inspecting the original fading curves (Fig. 3a) it can
be observed that this is just a consequence of the
adjustment for the exposure dose. Moreover, fading
behaviors observed at lower intensities are almost
linear with increasing exposure dose and confirm that
reciprocity is obeyed in this illumination range.
Figure 4 shows the evolution of reflectance
spectrum with increasing light dose observed for a
LCU standard. The visible reflectance spectrum of
the LCU standard is characterized by a band in the
400-520-nm region with maximum at 422nm and a
shoulder around 508 nm. The spectrum also shows
a reflection band in the 535-600-nm region with a

40
—— 0 Mixh
----- 0.1 Mix-h
== 0.2 Mixh
30 0.4 Mix-h
- 0.8 Mix-h
X
(]
Q
c
s
o
o
-
]
©
0 . . . . .
400 450 500 550 600 650 700

Wavelength (nm)
FIGURE 4 Evolution of visible reflectance spectra of a LCU

standard obtained using an illumination intensity of 4 Mix. The
arrow indicates the direction of the spectral changes.
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maximum around 560 nm. A portion of a third band is
also observed from 630 to 700 nm. As the microfading
test proceeds, the band in the blue region of
the spectrum remains almost unchanged with the
exception of increased reflectance observed in the
455-520-nm region indicating that the sample
becomes lighter and greener with time. This effect
is confirmed by an increase in reflectance of the band
in the green portion of the spectrum, which was
accompanied by a 4-nm hue shift towards the red.
An increase in reflectance of the band in the 630-
700-nm region was also observed during accelerated
light aging. This data is consistent with reported
changes for LCU standards consisting of increasing
lightness and redness with higher exposure to
light.*?!

LCU standards showed different fading trends to
the ones exhibited by BW 1. Microfading test results
obtained for a LCU standard using six different
illumination intensities are shown in Fig. 5a. Very
rapid increases were observed when operating in
the 1-4-Mlx illumination intensity range. In contrast,
a more gradual increase in AE* was observed as the
intensity was reduced from 1 to 0.5MIx. The higher
sensitivity of LCU standards relative to BW 1
becomes apparent after inspecting the times of
exposure required to produce similar color changes
on both materials. This higher sensitivity of LCU
relative to BW 1 has been described by other
authors.**?* Microfading curves of the LCU standard
adjusted for the exposure dose are presented in
Fig. 5b. On the higher intensity end, microfading
curves obtained using 2 and 2.5MIx are almost
identical suggesting that a 0.5Mlx difference in that
intensity range results in comparable fading rates.
Similar fading curves are also observed in the lower
energy range indicating that LCU standards follow
the reciprocity principle at illumination intensities
which are below 0.5 MIx.

The log, of the exposure dose required to reach a
AE* of 5.0 was calculated for both BW 1 and LCU
standards and it was plotted against intensity of
illumination (Fig. 6). Average log;, exposure dose
values were obtained for each standard in the range
where reciprocity is observed and are indicated by
horizontal discontinuous lines. From these plots, it
can also be observed that BW 1 is more stable to light
relative to LCU since the latter one required lower
exposure doses to reach the SAE* threshold value

J. M. del Hoyo-Meléndez and M. F. Mecklenburg

AE*

—O0—4.0 Mix
——2.5 MIx
—1—2.0 MIx
—a— 1.0 MIx
—2— 0.5 Mix
—a— 0.25 Mix

0 0.1 0.2 0.3 0.4 0.5 0.6
Time (h)
(@)

AE*

—O0—4.0 MIx
—— 2.5 MIx
—— 2.0 MIx
—=— 1.0 MIx
—2—0.5 MIx
—4— 0.25 Mix

0.00 0.02 0.04 0.06 0.08 0.10 0.12 0.14
Exposure Dose (Mix-h)

(b)

FIGURE 5 WMicro-fading curves obtained for a LCU standard
using various illumination intensities (a) the same fading data
normalized for exposure dose in Mix-h (b).

at all intensities. This higher stability of BW 1 is also
apparent from the larger illumination intensity range
where reciprocity holds (0.25-1 MIx) relative to LCU

6.50

6.25 1 Mg o

——BW1
—&—LCU

6.00

5.75 1

5.50 1
5.25 1

5.00 4

Log Exposure Dose (Ix-h)

4.75 A

4.50

00 05 10 15 20 25 30 35 40 45 50
Intensity of lllumination (Mix)

FIGURE 6 Log, of exposure dose required to reach a 4E* of 5
versus intensity of illumination obtained for BW 1 and LCU stan-
dards. Discontinuous lines indicate average values calculated for
lower intensities where reciprocity is observed.

58



02:41 30 January 2011

Downl oaded At:

(0.25-0.5Mlx). These results indicate that illumi-
nation intensity intervals where reciprocity is obeyed
must be employed when performing microfading
tests on materials which have comparable light-
sensitivity to any of these two standards. Otherwise,
the material may fade in an unnatural way due to
severe illumination intensities.

Figure 7 shows initial and final reflectance spectra
obtained for three different silk samples dyed with
cochineal, pomegranate, and turmeric. These sam-
ples were exposed to a 2Mlx-h exposure dose
obtained using an illumination intensity of 4 MIx.
The sample dyed with turmeric absorbs light in the
400—475-nm region of the visible spectrum resulting
in a reflectance spectrum characterized by a broad
band in the 500-700-nm wavelength range. As a
result of accelerated light aging, the turmeric/silk sys-
tem experiences a reduction in greenness evidenced
by a 2% decrease in reflectance observed in the
550-nm region. This change was accompanied by
an increase of about 4% in reflectance in the
violet-blue region of the spectrum. Initial and final
reflectance spectra recorded for the turmeric/silk sys-
tem show isosbestic behavior at 522nm. This was
verified by comparing spectra recorded at intermedi-
ate exposure doses such as 0.5 and 1 MIx - h demon-
strating that the stoichiometry of the reaction
remains unchanged during the fading test and no sec-
ondary reactions occur during the considered time
range. The reflectance spectrum of the silk dyed with
pomegranate is characterized by a broad band in the
450-700-nm region. After a 2MIx - h exposure dose,
this sample experienced an overall 5% reduction

40
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9 , 4 /’//; - -
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FIGURE 7 Comparison of initial (I) and final (F) reflectance

spectra of curcumin, pomegranate, and cochineal after a 2Mix-h
exposure dose obtained using an illumination intensity of 4 Mix.
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in reflectance in the 500700 nm wavelength range.
After comparing initial and final reflectance spectra
of the sample containing pomegranate dye, it can
be observed that this colorant experiences increases
in lightness and redness as a result of exposure to
light. Cochineal is the most stable dye evidenced by
minor changes in the reflectance spectrum detected
after the microfading test. The spectrum of cochineal
shows a reflection band in the 600-700-nm region
with a maximum at 689 nm along with reflections of
lesser intensity in the violet-blue portion. In this
example, the final spectrum shows a slight reduction
of the main reflectance band accompanied by a 3 nm
shift of the peak maximum to higher wavelength.
Microfading curves adjusted for the exposure dose
of three different silk samples dyed with turmeric,
pomegranate, and cochineal are shown in Fig. 8.
Fading tests were conducted at various illumination
intensities ranging from 0.1 to 4 MIx. Turmeric exhib-
ited higher light-sensitivity with exposure doses of
0.2 and 0.9 MIx - h required to induce a 5.0AF* color
change at illumination intensities of 4 and 0.1 MIx,
respectively. Microfading curves of turmeric showing
similarities between the 1 and 2 MIx illumination
intensities and also between the 0.1 and 0.5 MIx data
are presented in Fig. 8a. The data recorded using a
4 MIx illumination intensity shows a faster initial fad-
ing rate followed by slower changes in AE* after an
approximate exposure dose of 1Mlx-h is reached.
The remaining microfading curves obtained for
turmeric show a more linear trend in color change
with increasing exposure dose relative to the trial
conducted at the highest intensity. Microfading
curves of pomegranate dye adjusted for the exposure
dose are shown in Fig. 8b. A more rapid increase in
AE* was observed at the beginning of the test fol-
lowed by slower changes in color after an exposure
dose of about 0.75 Mlx - h was reached. Pomegranate
has greater stability than turmeric demonstrated by a
larger exposure of 0.7 MIx - h required to reach a AE*
of 5.0 when operating at 4Mlx. After a 2MIx-h
exposure dose, the pomegranate sample shows a
3.1 difference in absolute AE* values after comparing
the 4 and 0.1 MIx data. Turmeric on the contrary
shows a 16.2 difference in absolute AE*s obtained
with the highest and lowest illumination intensities
after the same exposure dose is reached. Although
the pomegranate sample showed different fading
rates at various intensities, microfading curves

Reciprocity Principle Using Microfading Spectrometry
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FIGURE 8 Micro-fading curves adjusted for exposure dose
obtained for three different silk samples dyed with turmeric (a)
pomegranate (b), and cochineal (c).

recorded at 0.1 and 0.5 Mlx were similar (Fig. 8b). As
observed in Fig. 8c, cochineal is the most light-stable
dye exhibiting its highest AE* at 1.1 after a 2MIx-h
exposure dose registered when using an illumination
intensity of 2MIx. All microfading curves obtained
for cochineal exhibited an almost linear relationship
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TABLE 3 Exposure Doses Required to Induce 5, 3.5, and 1AE*
Changes in Three Different Silk Samples Dyed With Turmeric,
Pomegranate, and Cochineal, Respectively

Exposure Exposure Exposure
Illumination dose for dose for dose for
intensity turmeric pomegranate cochineal
(Mlx) (Mlx - h) (Mlx - h) (Mlix - h)
0.1 0.89 1.5 -
0.5 1.2 2.1 2.2
1.0 0.37 0.39 2.0
2.0 0.34 0.37 1.7
4.0 0.21 0.29 1.9

between color change and exposure dose. Table 3
presents the total light doses required to induce color
changes with AE* values of 5, 3.5, and 1 for turmeric,
pomegranate, and cochineal, respectively. While
color changes observed for turmeric and pomegran-
ate are considered perceptible by human observers,
total changes experienced by the cochineal sample
would not be perceptible since they were approxi-
mately equal to 1.0 AE".

Figure 9 shows log;, of exposure dose (Ix-h)
against illumination intensity for the three dyed silk
samples evaluated. The relative stability to light of
each sample is evident from the plot starting with
cochineal as the most stable dye followed by pom-
egranate and then turmeric, which exhibited greater
sensitivity. These results are consistent with pub-
lished data on the light-stability of these dyes.**=2%
The smaller deviations observed for cochineal in
Fig. 8c are also evident in the log;y exposure versus

—@— Cochineal
—{}— Pomegranate
—— Turmeric

6.00 1

5.75 A

5.50 A

Log Exposure Dose (Ix-h)

5.25 1

5.00 T T T T T T T T
0.0 0.5 1.0 1.5 2.0 2.5 3.0 3.5 4.0 4.5
Inte nsity of lllumination (MIx)

FIGURE 9 Log,, of exposure dose required to reach AE*s of 5,
3.5, and 1 versus intensity of illumination obtained for three differ-
ent silk samples dyed with turmeric, pomegranate and cochineal,
respectively.
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illumination intensity plot. At the four illumination
intensities  studied, cochineal required similar
exposure doses to reach a 1AE* endpoint. The plot
of logyy of exposure dose versus intensity also
permits to distinguish two different stability levels
for pomegranate and turmeric dyes.

Although external factors such as intensity of
illumination, spectral distribution of the light source,
temperature, relative humidity, and atmospheric
pollution can affect the fading rate, it should be
emphasized that the physical state of the colorant
within the fiber has the largest influence on its
light-fastness.®* Therefore, the fading rates of
cochineal suggest that the dye is present in large
aggregates within the silk since this physical state is
known to improve light—fastness.[%] It was observed
that cochineal follows the reciprocity principle since
adjusted microfading curves are almost identical.
Moreover, anthraquinones are known for their low
sensitivity  to light.[24’26] Pomegranate exhibited
moderate sensitivity to light demonstrated by smaller
changes in color at all illumination intensities relative
to turmeric. Pomegranate also showed less disper-
sion of absolute final AE* s relative to turmeric after
comparing adjusted micro-fading curves obtained
for both dyes. Zahri et al. have described the photo-
degradation processes of various components of
pomegranate dye such as ellagic acid and gallic
acid."? Turmeric was the least stable dye and its
poor light-fastness is related to both its chemical
structure and physical state. Although the ketoalkene
part of the curcumin molecule provides a reaction
center in which light can interact, the physical state
of the colorant is more important in determining its
low-light-fastness properties. As indicated by Cox-
Crews, it is probable that turmeric does not form
large aggregates within the fiber making the dye
accessible to the action of light.*® Several photopro-
ducts of curcumin along with their photodegradation
mechanisms have been described by Sundaryono
and coworkers."*?!

Initial assessment of microfading curves obtained
for a silk sample dyed with turmeric could wrongly
indicate that reciprocity is true at illumination intensi-
ties below 2 Mlx. However, further tests conducted at
lower intensities confirmed the presence of a differ-
ent level of dye stability for which reciprocity is also
followed in the 0.1-0.5-Mlx range. The same effect
was observed for silk specimens dyed with pom-
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egranate confirming the importance of performing
microfading tests at the lowest possible illumination
intensities. Although at initial glance the log;, of
exposure dose versus illumination intensity data
obtained for pomegranate and turmeric looks similar,
one must remember that the exposure doses
evaluated are based on 3.5 and SAE" endpoints,
respectively.

CONCLUSIONS

This work constitutes the first feasibility study on
the use of a MFT to conduct verifications of the recip-
rocity principle using materials found in museum
collections. Microfading tests conducted at various
illumination intensities, further adjustment of the
fading curves for exposure dose, and plots of logy
of exposure dose versus illumination intensities
required to reach user-defined AE* threshold values
have demonstrated to be essential tools for recip-
rocity investigations. The results have shown that
the reciprocity law postulated by Bunsen and
Roscoe, originally established for simple photoche-
mical reactions, cannot be merely transferred to the
study of colored museum materials. Careful judg-
ment should be exercised when establishing lighting
parameters for museum exhibits which are based on
accelerated light aging data since the reciprocity
principle of light exposures generally holds only
for the most stable artifacts while deviations should
be expected for materials with high light-sensitivity.
While the MFT provides a way of comparing the
fading rates of several colorants, complementary
analytical techniques may be employed to identify
the chemical process of product degradations.
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