Aspects of the photobleaching and photoyellowing

of wool
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The photobleaching of wool, using the 488 nm line of an argon ion laser and north light fluorescent
lamps, in wet and dry states, has been studied. Destruction of the chromophores absorbing in the
visible wavelength region was accompanied by a modest increase in UV-absorbing chromophores.
Use of north light lamps resulted in little change in the natural fluorescence, whereas irradiation with
the 488 nm laser line caused a decrease. UV irradiation of wool using either the 351 nm line of the
argon ion laser or UV fluorescent lamps led to extensive yellowing, manifested by an increase in both
visible-light- and UV-absorbing chromophores, and this was generally accompanied by a marked
increase in natura! fluorescence. The wool yolk has a definite protective effect upon UV irradiation of

wool but no effect was observed upon north light irradiation.

INTRODUCTION

A poorly understood property of wool is its tendency to
undergo colour changes upon irradiation. Short-
wavelength light (below 380 nm) causes yellowing whilst
blue light (above 380 nm} leads to bleaching [1,2]. The
chemical reactions that account for these colour changes
have not been identified, although in the case of yellowing
destruction of amino acid residues such as tryptophan,
tyrosine, phenylalanine, histidine and cystine have been
implicated [3]. These amino acids are susceptible to attack
by singlet oxygen. The recent finding by Smith that singlet
oxygen is produced on irradiation of wool lends credence
to the idea that some, if not all, of the degradation involves
singlet oxygen [4], L.e. the precise role of singlet oxygen in
photobleaching and photoyellowing is not known. Some
publications have drawn attention of the action spectra for
yellowing and bleaching [5-9].

From diagrams such as Figure 1 it would appear that
bleaching plays a relatively minor role in the overall colour
change, with the yellowing being far more important.
However, the solar spectrum at terrestrial level is not
particularly rich in wavelengths below 380 nm, but
nevertheless there is sufficient radiation in the 340-350 nm
region to cause observable yellowing [1]. Thus exposure of
wool to daylight leads to both bleaching and yellowing as
concurrent phenomena, with the resulting perceivable
effect reflecting the relative extent of both processes. More
extensive yellowing occurs in the summer than in the
winter months due to the increased UV content of the
light, while yellowing can be reduced by exposure behind
window glass, since this decreases the UV content of light
[1,10]. Another parameter that plays an important part in
our perception of the colour of white wool is that of
fluorescence. UV radiation stimulates some chromophores
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Figure 1 Action spectrum for wool between 210 and 661 nm (equal
energy doses for each waveband), drawn from the resuits of ref. 9

in wool to flucresce blue [11-18], and this partly offsets the
natural yellow colour, improving the whiteness of wool.
The weathering of wool, both naturally and artificially,
leads to an increase in this blue fluorescence [17,18].

In a recent article on the photobleaching of wool,
Simpson has stated that the destruction of chromophores
absorbing in the visible region may be accompanied by
generation of some UV-absorbing species which exhibit
blue fluorescence, thereby enhancing the white
appearance [19]. This idea received support from the
finding that wool top exposed behind greenhouse glass to
UK summer sunlight exhibited an increase in natural
fluorescence [17].

In a preliminary report we noted that irradiating wool
fabric with light from a helium-cadmium laser (50 mW,
442 nm) caused a decrease in the intensity of the natural



fluorescence [20}]. More recently Schafer found that

exposure of wools behind window glass to daylight led to
a decrease in the natural fluorescence [18].

We now report upon a more detailed study of the
photobleaching and photoyellowing of wool using
monochromatic as well as filtered light sources. The
changes are monitored by diffuse reflectance and
fluorescence spectroscopy. In the case of photobleaching
the question as to whether fluorescent species are
produced is addressed.

The paper by Melhuish and Smith describes some
related work on the effect of UV radiation (below 400 nm)
on wool and how this affects destruction of fluorescent
species [21].

EXPERIMENTAL

Materials

A woven 2/2 botany twill serge (Parkland) of weight
200 g/m* was used as supplied for fabric studies. A number
of raw wools were employed for fibre studies, as described
below.

Fleece 1
A raw wool merino, average fibre diameter 23.7 pm.

Fleece 2

Sharlea wool came from sheep that had been specially
bred and protected from most climatic conditions. The
sheep were kept in open-sided sheds (in Western
Victoria), hand fed and had no direct exposure to sunlight.
Such wool is normally very white and has an average
diameter of 16~18 um, in this case 17.0 um.

Fleece 3

Similar to 2 except that the sample was the normal yellow
colour of wool, indicating that the wool probably had
some accidental exposure to sunlight. The average fibre
diameter was 17.4 ym.

Standard cleaning method

Wool staples, after drying overnight over phosphorus
pentoxide in vacuo in the dark, were Soxhlet extracted with
t-butanol (analytical reagent) for 2 h. The wool was held in
a stainless steel thimble [22], with the sides having a
"honeycomb’ structure and the end having a wire gauze
on it. This was followed by rinsing with pentane (HPLC
grade) and soaking in distilled water for 18 h or longer (56
h). After pressing the wool staples between filter paper,
they were left to dry at room temperature in the dark.

Irradiation of wool

Two methods were employed for irradiation of wool
samples. Method 1 involved the use of a array of three
18/20 W (600 mm) fluorescent tubes. The spectral
distribution of these tubes is shown in Figure 2 [23], while
Figure 3 shows the transmission spectra of the filters used,
together with glass for comparison.

In variant a of method 1 wool staples from fleece 3 were
irradiated under UV lamps (Thorn, 3 x 20 W, 600 mm, peak
emission 365 nm). Staples that had previously been
cleaned (‘clean’) and those which had not been cleaned
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(‘dirty’) were irradiated. It was noticeable that the wool
(especially the clean) became contaminated with dust as
time progressed, presumably due to air pollution. Also it
was observed that the wax became harder on the dirty
staples. During irradiation the staples were periodically
turned over. After irradiation for the required period of
time the staples were recleaned.

In variant b of method 1 pieces of fabric (20 x 5 cm,
supported on rectangular glass plates of similar
dimensions) were exposed to north light lamps {Thorn, 3 x
20 W, 600 mm). Before irradiation the samples were
dipped in aqueous Lissapol N (Zeneca) (approx. 1%) and
rinsed to ensure even wetting of the fibre. During the
irradiation the samples were immersed under 1-2 cm of
water with a perspex sheet (Zeneca, 6 mm) immediately
on top of the fabrics to act as a UV filter. This did not
prohibit movement of water around the samples. Each
sample was divided into two halves. One half was
covered with aluminium foil whilst the other half was
exposed for the required period of time. After irradiation
the samples were rinsed in cold water and left to dry at
room temperature in the dark.

In variant ¢ of method 1 wool staples from fleece 1 were
placed on a piece of filter paper and irradiated under
north light lamps (3 x 20 W, 600 mm). A perspex sheet (6
mm)} was used as a UV filter but this did not prevent air
movement around the staples. Both clean and dirty
staples were irradiated. During irradiation the staples
were periodically turned over. After irradiation for the
required period of time the staples were re-cleaned. -

In variant d of method 1 wool staples from fleece 2
were irradiated the same way as in method 1c, except
that laminated glass (P Wigan, Glass & Glazing, London,
6 mm) was used as the UV filter.

Method 2 involved the use of a Spectra-Physics Inc.
2000 series argon—krypton 15 W laser (Cal, USA). The wool
fabric was placed in front of the laser and a lens placed in
between so that a beam of 2 cm diameter impinged on the
fabric. The blue line (488 nm, 7-8 W) and the UV line (351
nm, 1.3-1.5 W) were used. Where the fabrics were
irradiated wet the fabric had been previously dipped in
aqueous Lissapol N and rinsed very thoroughly. These
samples were subsequently sprayed (using a water bottle)
periodically during irradiation (after 30 min for 1 h
irradiations, and every hour for 4 h irradiations). The
samples were subsequently left to dry at room
temperature in the dark.

Fluorescence measurements

The fluorescence measurements of wool fabrics were
obtained using a Perkin-Elmer MPF-4 flucrescence
spectrophotometer. The attachment for solids was
designed and made at City University and was similar to
that described by McKellar and Allen [24]. The samples
were placed at 50° to the incident beam to avoid scattered
light perturbing the signal. The samples from method 1a
(blue light irradiation of fabric) were excited at 350 nm and
the fluorescence emission measured between 360 and 640
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nm. For each of these samples three portions were
measured. The samples from method 2 (laser irradiation)
were excited at 360 nm and the fluorescence emission
measured between 370 and 620 nm.

The fluorescence measurements of the staples
(methods 1a, 1c and 1d) and of wool fibres from wool
fabric (method 2, laser irradiation) were obtained with a
Carl Zeiss fluorescence microscope LAB 16 or IM. Small
portions of fibres were positioned on a glass slide in an
embedding medium before measurements were made.
Embedding involved placing the fibre portions on the
glass slide, adding approximately 0.5 ml glycerol
(analytical reagent} and then pressing a cover slip on top.
A high-pressure mercury lamp (HBO 50 W) was used for
excitation with the appropriate filters (described below),
while all the fluorescence emission produced was
monitored. The fluorescence intensity was determined
with a Hamamatsu photomultiplier tube R446 connected
to a Tektronix digitiser TD20T.

The fluorescence measurements of the wool staples
were obtained using the IM (methods 1b and 1c) or LAB
16 microscope (method 1d), in each case equipped with a
Neofluar 16/0.40 objective. The filters used were an
excitation band-pass filter G365, selective mirror FT395
and emission long-pass filter LP420. For method 1b
intensities were obtained twice, first with 15 measure-
ments for each sample and then with 40. For method 1c 40
measurements were made for each sample, while for
method 1d 15 measurements were made. In every case the
small portions examined came from the middle part of the
staple so as to exclude the effect of natural weathering.

The standard error of the mean quoted is the standard
deviation divided by the square root of the number of
measurements.

The fluorescence measurements of wool fibres from
wool fabrics (method 2, laser irradiation) were obtained
using the IM microscope equipped with an F-Achromat
32/0.4 objective. The filters used were an excitation band-
pass filter BP 450-490, selective mirror FT510 and emission
long-pass filter LP520. Some 50 measurements were made
for each sample.

Other measurements
Yellowness index (YI) values were catculated using Eqn 1:

Y] = (1316X - 1.1642) 140
Y

(1)

where X, Y and Z are the CIE tristimulus values (illum-
inant Dgs, 10° observer) obtained from an ICS-Texicon
MM9000 system equipped with a Macbeth 2020 Plus
measuring head. The lower the YI value, the whiter the
wool.

Diffuse reflectance spectra were recorded on a Perkin-
Elmer Lambda 5 spectrophotometer, equipped with an
integrating sphere and using barium sulphate as the
reference. UV/visible light transmission spectra were



recorded on a Philips PU 8720 UV/visible light scanning
spectrophotometer.

RESULTS AND DISCUSSION

Effect of UV irradiation

The effect of the UV component of sunlight on the natural
fluorescence of wool was investigated by irradiating
Sharlea type fibres with UV radiation. There was found to
be a large increase in fluorescence intensity on irradiation
(Figure 4) and photoyellowing slowly occurred. By
irradiating both clean and dirty wool fibres (and
measuring after subsequent cleaning) it was observed that
the fluorescence of both increased, although that of the
dirty fibres did so at a much slower rate. Over a period of
700 h the intensity of the clean wool increased by 160%
and the dirty by 110%.

Schéfer has recently reported on the effect of UV
irradiation (Xenotest 150, four IR/3 glass filters with a black
panel temperature of 80-85°C) upon the natural
fluorescence of merino wool tops [18]. She found a large
increase in fluorescence intensity upon irradiation. Over a
period of 500 h the intensity increased over eleven-fold!
The apparent difference in the size of increase between
Schifer’s result and that shown by Figure 4 may be partly
explained by the fact that Schafer first cleaned the tops
using methylene chloride. It is known that the chlorinated
solvents are retained by fibres and promote photo-
yellowing [25]. Schifer also observed that heating at 115°C
caused the fluorescence of wool top to increase (approx-
imately three-fold over five days) [18]. Chemical
destruction of tryptophan occurs above 100°C [26]. If the
Xenotest had allowed the temperature to vary widely,
then this could have contributed to the increase in
fluorescence intensity observed upon irradiation.
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Figure 4 Variation in fluorescence intensity with time of UV irradiation
for Sharlea type fibres (fleece 3) (4,, 365 nm, n = 15, mean + standard
error of the mean)

Nevertheless, UV irradiation was seen to produce a rapid
increase in the natural fluorescence of wool. This is in
accord with the observation that UV irradiation caused
photoyellowing (Figure 1) and produced fluorescent
degradation products [17,18].

It is known that suint has a protective effect against
photoyellowing, the effect of the natural level of wax
being unclear [27-36]. In view of this it is interesting that
dirty wool showed a smaller increase in fluorescence
intensity upon irradiation. It is obvious that the wool
yolk* exerted a protective effect, although it is not clear
which components caused this. It was not due to the
density of the fleece excluding light [34,35], as the wool
staples were separated slightly from one another before
irradiation, although the wool fibres inside the staples
were left together (the same arrangement was used for the
clean staples).

Effect of blue (north light) irradiation

The effect of the blue component of sunlight on the
natural fluorescence of wool was investigated using north
light fluorescent tubes. These emit mainly in the visible
region with an emphasis on blue light, and have a small
amount of UV (Figure 2a). A filter was used to eliminate
the UV component.

Fabrics were irradiated in the wet state using perspex as
the filter (Figure 3). As the time of irradiation increased the
samples became progressively whiter (Table 1). This was in
accord with the known phenomenon of photobleaching
(Figure 1). However, statistical analysis (t-test) showed that
there was no significant difference (P = 0.05) in fluores-
cence intensity upon irradiation.

Merino wool samples were also investigated with north
light irradiation using perspex as the filter. Both clean and
dirty staples were irradiated, with fluorescent measure-
ments obtained after subsequent cleaning (Figure 5). Both
showed a random variation in fluorescence intensity as

Table 1 Fluorescence intensities and yellowness index
measurements of fabrics after north light irradiation for
various periods of time

Fluorescence intensity?

Irradiation  Yellowness
time (h) index Mean® Std dev.
0 22.3 100 4.8
27 18.7 100 75
50 17.7 925 1.7
147 17.3 113 134
340 16.4 98.3 4.9

a4 Ay =350 nm, A,, =360-640 nm, n=3
b Relative to blank = 100

* Yolk comprises all the physiological products of the fleece except the
fibre; it consists of two main fractions, the wool wax and suint [33}
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Figure 5 Variation in fluorescence intensity with time of north light
irradiation for merino fiores (fleece 1) {4, 365 nm, n = 15, mean
standard error of the mean)
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Figure 6 Variation in fluorescence intensity with time of north light
irradiation for merino fibres (fleece 1} (A, 365 nm, n = 40, mean £
standard error of the mean)

[
o

Intensity, arbitrary units

N
(4]

Clean

1 I 1
0 200 400 600
Irradiation time, h

Figure 7 Variation in fluorescence intensity with time of north light
irradiation for Sharlea fibres (fleece 2) {4, 365 nm, n = 40, mean
standard error of the mean)

the irradiation time increased. In an attempt to increase
the precision of the fluorescence intensities the
measurements were repeated using a large number of
portions (40 instead of 15) (Figure 6). Although the error
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bars were a lot smaller, the same (but smaller) random
variation was observed.

To be certain that the small amount of UV emitted by
the north light lamps was not interfering, the perspex filter
was replaced by laminated glass and the irradiation
experiment was then repeated using Sharlea wool. Both
clean and dirty samples were investigated as before, and a
large number of measurements made {33] (Figure 7). A
random variation, similar to the earlier measurements,
was observed.

These three experiments (at ambient temperature) each
showed that blue light did not have any effect on the
natural fluorescence of wool; any variation on irradiation
was within a normal distribution. Hence the enhancement
of whiteness observed with photobleaching was not due
to an increase in the amount of fluorescence exhibited, as
suggested by Simpson [19]. Instead of sensitising
oxidation of disulphide bonds (as happens in peroxide
bleaching), the blue light might have been triggering off
destruction of yellow-coloured residues, possibly via an
oxidative mechanism.

In Schifer’s recent study of the fluorescence of wool
during photobleaching an initially yellow wool showed a
decrease in fluorescence, which reversed upon longer
exposure [18]. The apparent difference in the effect of
photobleaching between Schéfer’s results and those
shown by Figures 5-7 and Table 1 is due at least partly to
the employment of polychromatic light sources. Schifer
used daylight behind window glass and an Atlas E525
Weatherometer (averaged daylight outdoors), both of
which permit some UV to fall onto the wool. The window
glass would filter out some UV but not all (Figure 3).
When wool is exposed to polychromatic light, notably
sunlight, photoyellowing and photobleaching proceed
simultaneously, the overall effect being determined partly
by the relative intensities of the UV and blue light regions
of the spectrum, as well as the exposure period and initial
natural yellowness of the sample [6]. Hence Lennox and
King observed photobleaching and then photoyellowing
with wool samples after irradiation with a Xenotest {6].
Consequently Schafer’s reports on the fluorescence of
wool during photobleaching are ambiguous because
polychromatic light sources were used.

There was no apparent difference between the
fluorescence intensities of the clean and dirty wool staples
(Figures 5-7). As blue light has no effect on the
fluorescence intensity of clean wool, then it is hardly
surprising that the wool yolk did not have a protective
effect. This result does show that the wool yolk was not
acting as a photosensitiser. If this had been the case, the
wool yolk would have led to damage by light of
wavelengths that otherwise would be ineffective in
causing wool damage.

Laser irradiation

To be doubly certain that the results using UV and blue
light sources were not compromised by employing
polychromatic light sources, a 15 W argon ion laser



tunable to either 488 or 351 nm was used to investigate the
effect of light irradiation on the natural fluorescence of
wool. The characteristics of laser radiation include its
coherence, non-divergence and (especially in this
application) monochromaticity [39].

Fabrics, dry (normal regain) and wet, were irradiated
for either 1 or 4 h. Diffuse reflectance spectra obtained
from the samples irradiated for 4 h are shown in Figure 8
(dry) and Figure 9 (wet).

UV irradiation (351 nm) of the dry fabric led to
yellowing, there being a small increase in visible-light-
absorbing chromophores as well as a large increase in UV-
absorbing chromophores. The blue irradiation (488 nm),
however, caused a decrease in visible-light-absorbing
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(dry irradiated, 4 h}
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Figure 8 Diffuse reflectance spectra of wool fabric irradiated (dry) for
4 h with various laser treatments

chromophores (causing the wool to appear whiter), and at
the same time producing a small increase in UV-absorbing
chromophores.

Similar effects were observed on irradiation of wet
fabric (Figure 9), except that the magnitude of the changes
was larger. It is known that wet fabrics yellow much faster
than dry fabrics [40], and this was confirmed by the
yellowness index (YI) values (Table 2). On wet wool UV
irradiation caused an increase in Y1 values from 23.9 to
39.3, whilst blue light caused a decrease to 17.0. For this
short irradiation period (4 h) these are quite large changes.

The YI values relating to irradiation of dry wool are
interesting. Despite the UV-irradiated sample having a
yellow appearance, its YI value was lower than that of the
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Figure 9 Diffuse reflectance spectra of wool fabric irradiated (wet) for
4 h with various laser treatments (for key see figure 8)

Table 2 Fluorescence intensities and yellowness index measurements of fabrics after

various laser irradiation treatments

Fluarescence microscope

intensity
Laser Time Conditionof Fluorimeter Yellowness
line?  (h) irradiation intensity? index Mean¢ Std dev.
uv 1 Dry 52.4 80.2 53.3
uv 4 Dry 55.4 211 77.5 518
uv 1 Wet 109 138 102
uv 4 Wet 98.1 39.3 130 60.2
Blue 1 Dry 101 51.9 3741
Blue 4 Dry 92.6 14.3 44.6 19.1
Biue 1 Wet 101 36.8 13.8
Blue 4 Wet 104 17.0 39.4 21.2
Blank 100 23.9 100 122

a UVwasat 351 nm, 1.3-1.5 W, blue was at 488 nm, 7-8 W

b Relative to blank = 100, n= 1
¢ Relative to blank = 100, n = 50

JSDC Vorume 109 May/June 1993 207

b b o Sy e e s



unirradiated sample. By way of contrast, the sample
irradiated with blue light had an even lower Y1 value than
the wet-irradiated sample.

An attempt was made to record the fluorescence
intensity of the laser-irradiated fabrics using a fluorescence
spectrophotometer (fluorimeter) (Table 2). Although the
area of the sample irradiated was larger than the area
interrogated by the analysing light in the fluorimeter, this
was not particularly successful. This was due to the fact
that the effect caused by the laser was not uniform but
was more concentrated at the centre, as revealed by the
colour change (where there was one) of the fabric. For this
reason subsequent measurements were made using
microspectrofluorimetry. Previous work had revealed that
fabrics are not very good samples for fluorescence
microscopy due to the fibres naturally showing a large
variation in fluorescence intensity, making statistical
testing difficult [41}. Portions of the fabrics, taken from the
centre spot (5 mm diameter), were therefore used. In an
attempt to quantify any changes caused by laser
irradiations a large number of measurements (50) were
made on the fibres removed from the centrally irradiated
area. Not surprisingly, the standard deviations were large.
Using statistical analysis (f-test) to compare the blank with
the 4 h irradiated samples revealed no significant
difference (P = 0.05) for the UV irradiations but showed a
significant difference (P = 0.05 and P = 0.01) for the blue
light irradiations. The reduction in fluorescence intensity
upon blue laser light irradiation agreed with our previous
finding (20}, but disagreed with the effect of north light
irradiation. The lack of a significant difference upon UV
irradiation does not prove that a change had not taken
place, but rather that a change of any significance had not
been observed. This result is not surprising in view of the
large standard deviations encountered.

An attempt was made to repeat the 15 W argon ion
laser investigations using clean and dirty wool staples.
However, this proved fruitless since, even with low-power
blue light irradiation (1.2 W instead of 7 W, beam diameter
1 cm, sample dry), the dirty wool staples easily burnt due
to the heating effect at the higher light intensity.

It is interesting to compare the results using laser
irradiation with those obtained previously using UV
lamps and north light lamps. For the UV irradiation both

Table 3 Properties of irradiation used

laser and UV lamps produced similar results, leading to
extensive yellowing and an increase in fluorescence
(where a difference could be distinguished). For the blue
light irradiation the results partly conflict: while both
sources led to photobleaching, laser irradiation caused a
decrease in fluorescence intensity while with north light
lamps no change was observed.

A possible cause for the difference might have been the
respective energies of the light sources used, although on
inspection this does not seem likely. Using approximate
calculations (and assuming 100% light output for lasers
and 50% for north light lamps, as well as assuming that
fabric is only one fibre thick, which it definitely is not) the
values for the various lasers are quoted in Table 3. Thus the
energy supplied by the lasers was the same or less than
that supplied by the lamps and yet they produced a
decrease in fluorescence intensity while the north light
lamps did not! Another possibility is that the high
intensity of the laser light caused effects such as two-
photon processes, which cannot happen when using low-
intensity lamps.

An alternative cause for the difference might have been
the heating of the wool by the light sources. Bahners and
Scholmeyer found that UV laser irradiation of wool (193
nm, 300 pulses at 68 mJ/cm? giving 20.4 m}/cm?) led to the
formation of a substructure on the fibre surface, and
attributed this to superheating (> 1000 K) and surface
melting [42]. Tt is known that dry heat (z 120°C) causes
damage to wool [43]. However, heating wool at 115°C has
been shown to lead to an increase in the natural
fiuorescence [18], due to the destruction of tryptophan
[26]. Admittedly, 115°C is somewhat different from
superheating, but the opposite effect to what would be
expected on a‘heat’ basis was observed (Table 2).

Consequently, how laser light interacts with wool on a
fibre/molecular basis is unclear, but the effect is obvious.

CONCLUSIONS

The UV and blue light components of the solar spectrum
have different effects on the natural fluorescence of wool.
Irradiation of wool using UV fluorescent lamps causes a
rapid increase in the fluorescence intensity arising from
fluorescent tryptophan degradation products, accom-

Beam characteristics

Laser/ Energy Energy

light Power (W) Duration (min) Diameter (cm) density (W/ecm?)  supplied (kdicm?)
He-Cd 0.050 390 0.5 0.065 1.5

Ar 15 60240 2 25 9-36

North light 20 (x 3) <800 a 0.025 0-70

a Area21x57cm
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panied by a definite protective effect being exhibited by
the wool yolk. Extensive yellowing is also produced by
351 nm laser irradiation, as manifested by an increase in
both visible-light- and UV-absorbing chromophores, but
with no significant difference in the level of natural
fluorescence being observed (due to the large standard
deviations encountered).

Blue light irradiation with north light fluorescent lamps
results in photobleaching yet with no change being
observed in the fluorescence intensity, and the wool yolk
having no apparent protective effect. Although with 488
nm laser irradiation visible-light-absorbing chromophores
are destroyed, along with a modest increase in UV-
absorbing chromophores, the natural fluorescence
decreases. The reasons for the differences between the
two types of blue light sources is not clear, although it is
apparent that the enhancement of white appearance in
photobleaching is not due to the reduction of UV-
absorbing species (which exhibit blue fluorescence) but to
the destruction of yellow-coloured residues.
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S Collins). We also thank Dr D E Rivett (CSIRQO) for
providing samples of Sharlea wool and Mr R A Valser
(Department of Electrical and FElectronic Engineering, City
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