Investigation into the effect of UV/ozone treatments
on the dyeability and printability of wool
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The effect of UV/ozone treatments on the surface and bulk properties of wool has been investigated.
X-ray photoelectron spectroscopy indicates that the oxidative process causes extensive surface
modification, while vibrational and electron spin resonance technigues show the formation of cysteic
acid and free radical species. The beneficial effect of UV/ozone treatment on wool dyeing, printing and

shrink-resist properties has been investigated.

INTRODUCTION

The surface of the wool fibre has an important effect on
the overall processing properties of the fibre/fabric.
Modification of the outer epicuticle and exocuticle imparts
beneficial improvements to wool dyeability, printability
and shrink-resist properties {1]. Notably, aqueous chlorin-
ation treatments have been used to modify the wool
surface in order to impart machine washability and as a
preparation for printing.

Because of increasing environmental legislation relating
to adsorbable organohalogens (AOX), recent work has
focused on developing ‘dry’ treatments for modifying the
wool cuticular surface in order to achieve the same
processing benefits as aqueous processing [2,3]. Plasma
and corona discharge treatments, for instance, offer
environmental advantages, with processing improve-
ments related to surface modification. Previously the
effect of UV/ozone treatments on wool has been examined
by X-ray photoelectron spectroscopy (XPS), and extensive
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oxidation of the surface disulphide bonds has been
observed [4]. In this study the effect of UV/ozone
treatments using commercial equipment, with two lamps
of differing spectral profiles, has been examined with a
view to improving dyeing and printing.

EXPERIMENTAL

Materials
Wool botany serge (100%, 190 g/m?) was supplied by
Whaleys Ltd, Bradford. The dyes used (all Ciba) are listed
in Table 1.

UV/ozone instrument

Samples were treated in a UVO cleaner, model 42-220
(Jelight, California). In addition to a standard, high-
intensity, low-pressure mercury vapour grid lamp, a
Suprasil grade lamp was also used.




Table 1 Colour yields on untreated, chiorinated and UV/ozone
treated wool prints

K/S
UV/ozone

Dyes Untreated Chlorinated treated
Milling acid
Polar Red RLS2 15.0 211 24.5
Polar Yeilow 4G® 12.2 205 18.5
Erionyl Red 3GP 107 28.6 28.3
Erionyl Blue RLY 8.2 15.2 12.4
Lanaset Blue 5G# 20.8 28.5 28.4
Metal-complex©
Lanacron Yellow S-2G KWL 12.3 24.3 23.9
Lanacron Red 8-G 15.0 28.0 219
Irgalan Yeliow 2GL KWL 15.8 24.7 254
Irgalan Navy Blue B KWL 15.7 29.3 27.3
Reactive®
Lanasol Yeilow 4G 8.3 20.9 211
Lanasol Red 6G 13.2 24.2 28.0
Lanasol Blue 3G 16.4 27.3 27.7

a Concn 30 g/l
b Conen 20 g/l
¢ Conen 15 g/
d Concn 10 gi

X-ray photoelectron spectroscopy
XP spectra were obtained using a Vacuum Generators
ESCA-3 spectrometer. The samples were attached to the
spectrometer probe with double-sided adhesive tape and
analysed with magnesium K|, radiation (1253.6 eV). The
spectrometer pressure was 4 x 10-® torr. All binding energy
values were calculated relative to the C (1s) photoelectron
peak at 285.0 eV.

The peak areas used to obtain the surface composition
were corrected using Wagner’s sensitivity factors [5].

Fourier transform infra-red spectroscopy

FTIR spectra were acquired using a Nicolet Magna 750
FTIR spectrometer in attenuated total reflectance (ATR)
mode, using a KRS5 crystal in a vertical holder.

FT Raman spectroscopy

Raman spectra were obtained using a Nicolet 950 Raman
spectrometer. The wool fabric samples were excited by
neodymium YAG laser operating at 1064 nm, and spectra
were the average of 2000 scans at 4 cm™! resolution.

Wettability

Fabric wettability was determined by measuring the time
that 0.05 ml distilled water was absorbed by conditioned
samples.

Dyeing procedures

All dyeings were performed on Pyrotec-S laboratory dyeing
equipment. The liquor ratio used throughout the study was
40:1, the dye concentration was 2% o.w.f. and the required
pH set using a disodium hydrogen phosphate buffer.
Dyeing conditions are outlined in Table 2.

Percentage exhaustion E of the dye onto the fabric was
determined using a Pye Unicam 8720 UV/VIS spectro-
meter. Unfixed reactive dye was extracted by a urea/
surfactant solution [6]. The percentage fixation F of
absorbed dye was calculated according to Eqn 1:
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where (K/S), and (K/S),, are the Kubelka-Munk functions
of the samples after and before extracting respectively, as
determined by a Macbeth reflectance spectrophotometer
at the wavelength of minimum reflectance of the dye
being used.

The total fixation efficiency T was calculated using Eqn
21[7]:

T=FFx — @)
100

Printing

The print paste composition is shown in Table 3. The
samples were steamed for 30 min, rinsed in cold water for
5 min, washed in warm water for 10 min at 40°C, rinsed in
cold water and then dried.

The samples printed with reactive dyes were after-
treated in a solution containing 2 ml/l ammonia and 1 ml/1
Sunaptol NP 80 for 10 min at 80°C, rinsed first with
running water for 3 min, then with a 2 ml/l acetic acid
solution for 5 min and again with running water for
another 3 min, and finally dried under the same con-
ditions as the samples printed with acid and metal-
complex dyes.

Table 2 Dyeing conditions

Temp. (°C)

Rate of Time at
Dye temp. rise  final
type pH Start  Final (degC/min) temp. (min}
Milling acid 60 55 Boil* 1.5 60
Metal-complex 6.0 60 Boil® 1.0 60
Reactive 53 50 Boil® 1.0 60

a Low-temperature dyeings were also carried out at B0°C
b Low-temperature dyeings were also carried out at 85°C

Table 3 Printing paste compositicn

Component Concentration (wt%)

Dye

Urea
2,2’-Thiodiethanol
Boiling water 34-x
Lameprint EG-90 (8% stock paste) 5
Ammaonium tartrate (33% soln)

oS s oo

a Max. concentration suggested by dye manufacturer
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Colour measurement

The yellowness index (ASTM D-1925) and K/§ values were
determined using a Macbeth Color-Eye 3000 spectro-
photometer (illuminant Dg5/10° observer).

Shrinkage

Fabric squares (10 x 10 cm) were marked with reference
points (approximately 3 cm from the edge) then relaxed in
water (<40°C) for 45 min. The wet distances between the
points were measured and the resulting area calculated
(initial area). Wash tests were carried out using the
Wascator FOM 71P machine with standard program 5A
and including 4 g detergent [8]. Fabric shrinkage was
determined after each wash cycle by measuring the new
fabric area and comparing it with the initial area.

The polymer formulations PL and DP 3408 (PPT) were
reactive acrylates. The polymers (2% o.w.f) were ex-
hausted onto the wool over 20 min from a treatment bath
at 40°C, adjusted to pH 5.5, liquor ratio 30:1.

RESULTS AND DISCUSSION

The application of UV/ozone treatments for ‘cleaning’
surfaces has been well reviewed by Vig [9]. Good oxidative
efficiency can be achieved by coupling both UV radiation
and ozone. UV/ozone treatment is essentially a
photosensitised oxidation process in which surface
molecules are excited and/or dissociated by the absorption
of short-wavelength UV radiation. (The two high-
intensity, low-pressure mercury grid lamps used in this
study only differed in that the Suprasil lamp emitted a
higher proportion of radiation at 184.9 nm). The latter
wavelength is important because it is absorbed by oxygen,
leading to the generation of ozone. Atomic oxygen is
generated both when molecular oxygen is subjected to
radiation at 184.9 nm radiation and when ozone is
irradiated at 253.7 nm. The 253.7 nm radiation is absorbed
by most hydrocarbons and also by ozone. The products of
this excitation react with atomic oxygen to form simpler,
volatile molecules which desorb from the surfaces.
Therefore when both wavelengths are present atomic
oxygen is continuously generated, and ozone is con-
tinually formed and then destroyed.

Table 4 Effect of exposure time on wool fabric wettability and

yellowness
Wetting time (s) Yellowness index?
Exposure  Standard Suprasil Before  After
time (min)  lamp lamp rinse rinse
0 >200 >200 22.3 22.2
1 >200 >200 26.9 26.3
3 >200 (200)° >200 28.7 26.3
5 190 (BO)® 15 29.9 27.6
10 3.5 (2 2 33.6 315
15 25 35.3 335

a Standard lamp
b Oxygen-rich atmosphere
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Exposure time

The wetting of wool fabrics can be a sensitive indicator of
surface modification. Initial work indicated that wetting
times decreased the closer the sample was to the lamp.
Similarly increasing exposure time or increasing the
oxygen content of the surrounding atmosphere also
decreased wetting time (Table 4).

Coupled with the increasing exposure time was an
increase in yellowness, which could be reduced after
rinsing (Table 4). Immediately after exposure the wool had
a greenish colour, which gradually changed to yellow on
standing. The greenish colour was probably due to cystyl
radicals [10].

Vibrational spectroscopic analysis

FTIR spectroscopy allows the oxidation of the wool cystine
amino acid to be studied. By applying second-derivative
analysis, the level of the intermediate cystine oxidation
species can be determined [11]. The main feature observed
in the FTIR spectra was the increase in the cysteic acid
signal (1045 cm™) and the overall reduction in cystine
monoxide (1070 cm™), cystine dioxide (1120 cm™) and
cysteine-s-sulphonate (1022 cm'!) with increasing
exposure time using the standard lamp. A similar trerid
had been previously observed with the photo-oxidation
of wool in sunlight [11].

The FT Raman spectra indicated a reduction in the
disulphide signal at 509 cm™ with increasing exposure
time. The signal at 1004 cm™ was assigned to phenyl-
alanine and tryptophan, but showed little change. The
signal intensity at 854 cm, assigned to tyrosine, similarly
showed little change after UV/ozone treatment.

X-ray photoelectron spectroscopic analysis
XPS can be used as a surface-sensitive technique for
probing the outer 3 nm of the wool fibre, and is capable of
providing both qualitative and quantitative information
about the fibre surface [12,13]. The outer epicuticle of the
wool fibre is 3-5 nm thick and is composed of protein and
lipid material. These lipids impart hydrophobicity,
resulting in slow wetting. By modifying this surface layer,
improvements in the dyeability and printability can be
achieved. The sulphur (2p) spectrum of untreated wool
shows a peak at 164 eV and has been assigned to the g2+
species of the disulphide bond [12-14]. Increasing the uv/
ozone exposure time produced a shift in the binding
energy of the signal to 168 eV, indicating the formation of
the S8+ species (cysteic acid, Figure 1). Aqueous
chlorination similarly produces extensive disulphide bond
modification. Evidence of extensive oxidation was also
observed in the carbon (1s) spectrum, in which an increase
in intensity between 287 and 289 eV suggesting the form-
ation of carbonyl and carboxylic acid species (Figure 2).
Greater oxidation was observed in the UV/ozone treated
samples than the aqueous chlorinated samples.

The nature of the increased wettability was related to
the surface oxidation creating polar groups and modifying
or volatilising the surface lipids. Previous studies have
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Figure 2 C (1s) spectra of untreated, chlorinated and UV ozone
treated wool fabrics; for key see Figure 1

Table 5 Yellowness index of wool fabrics

Yellowness index

After steaming

Treatment tnitial and washing
Untreated 228 26.3
Chlorinated 27.8 32.1
UV/ozone treated 30.1 35.9
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Figure 3 Effect of UV/ozone treatment on one or both sides to the
printability of wool fabrics (Irgalan Navy Biue)

shown that photo-oxidation mainly modifies the C,, fatty
acid component of the surface lipids and oxidises the
disulphide bond [15].

Printability

Printing on wool fabric generally requires a chlorination
pretreatment in order to achieve high wettability, good
uniformity and high colour yield [1]. Therefore the
printability of treated wool was evaluated in comparison
with chlorinated and untreated wool using milling acid,
metal-complex and reactive dyes (Table 1). The results
indicate that the colour yield of the UV/ozone treated
wool was similar to that of chlorinated wool.

The effect of steaming was to increase the yellowness of
the untreated and pretreated samples (Table 5), UV/ozone
treatment giving the highest yellowness index.

Irradiation of both sides of the fabric resulted in a
reduction in K/S value because of the easier penetration of
the dye to the reverse of the print (Figure 3). Therefore
there would be little benefit in exposing both sides prior to
printing.

Dyeability
UV/ozone treatments increased the rate of exhaustion for
all the dyes used; Figure 4 is a typical result, the increased
exhaustion rate being related to fibre surface modification.
Comparison of the behaviour of chlorinated wool and UV/
ozone treated wool shows little difference in relation to
total fixation efficiency for reactive dyes applied at the boil
{Figure 5).

Much work has focused on the low-temperature dyeing
of woolin order to maintain fibre strength and quality [1].
The effect of UV/ozone treatment was to increase the
exhaustion rate of the dyes at low temperature; Figures 6 is
a typical result. However, the total fixation efficiency for the
UV/ozone treated wool was higher than for chlorinated
wool (Figure 7), which may have been related to the
formation of free radicals within the fibre. Previous research
has reported that the effect of adding persulphate (free
radical initiator} to dyebaths is io increase covalent bonding
of dye and fibre, leading to improved wash fastness [16].
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Figure 4 Exhaustion profile of Lanasal Biue 3G on untreated,
chiorinated and UV/ozone treated wool fabrics
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Figure 5 Total fixation efficiency profile of Lanasol Blue 3G on
untreated, chlorinated and UV/ozone treated wool fabrics; for key see
Figure 4
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Figure 6 Exhaustion profile of Lanasol Blue 3G on untreated, UV/
ozone treated and chlorinated wool fabrics in low-temperature dyeing
(85°C); for key see Figure 4
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Figure 7 Total fixation efficiency profile of Lanascl Blue 3G on
untreated, chlorinated and UV/ozone treated wool fabrics in low-
temperature dyeing (85°C); for key see Figure 4

Electron spin resonance spectroscopic studies of UV/
ozone treated wool has shown a large increase in free
radical concentration, which almost disappears on wetting
the fibre [17]. The increased fixation may therefore be
related to the formation of thiols within the fibre on
exposure to UV radiation. Cysteine is known to exhibit
high reactivity towards reactive dyes, and photo-
oxidation is reported to produce an increase in thiol group
content [1,10,18-20).
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Shrink resistance

The effect of UV/ozone treatment was to reduce the felting
shrinkage of the wool fabric (Table 6). This effect was
enhanced by the application of polymeric reagents. This
reduction in felting shrinkage is related to extensive
surface modification, as indicated by the XPS data.

Table 6 Effect of polymer on shrink resistance of
Uv/ozone pretreated wool fabrics

Shrinkage (%) after washing

Sample? 1 cycle 2 cycles 3 cycles
Untreated 17.0 355 46.5
Treatment A 7.3 13.9 18.6
Treatment B 3.9 59 7.3
Treatment C 3.6 5.4 7.5

a Treatment A — UV/ozone 10 min
Treatment B — as A + polymer PL, 2% o.wf.
Treatment C — as A + polymer DP3408, 2% o.w.i.

CONCLUSIONS

UV/ozone treatment imparts wettability to wool by
causing extensive surface modification. A range of
techniques have indicated oxidation of cystine and the
formation of free radical species. Printability performance
similar to that of chlorinated wool can be achieved by UV/
ozone treatment, but with the added benefits of a ‘dry’
process and no AOX formation. In addition, dyeability
and shrink resistance are enhanced by this dry-sensitised
photo-oxidative treatment.
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