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ABSTRACT 

Testing methods for the color fastness to light and perspiration, including 
JIS L 0888 and their improved ones, were applied to cotton dyeings using 
14 reactive dyes, seven monochlorotriazinyl, three vinylsulfonyl, and four 
hetero-bifunctional dyes, to examine whether or not these methods could 
assess the potential properties of dyes. The fading behavior of these dyes on 
dry and wet fabrics was also examined. The effects of substrate, water, and 
the pH of aqueous artificial perspiration in which the test fabrics were 
immersed on the initial and subsequent fading for these dyes were analyzed 
in terms of their potential properties. On exposure, many dyes on cotton 
fabrics which are wet and contain some substrate undergo initially an oxi- 
dative fading from the surface, and subsequently a reductive fading 
depending upon their properties. JIS methods using the smallest amounts of 
substrate in these testing methods gave the highest rating of color change, 
while the Mizuno method with the largest amounts gave the lowest rating. 
The ATTS and LACT methods adequately classified the rating of these 
dyes, while the JIS and Mizuno methods did so insufficiently. Tests of the 
pH effect in the methods were fruitless, though very complex, if the Cu- 
complex azo dyes were excluded. © 1998 Elsevier Science Ltd. All rights 
reserved 

Keywords: colorfastness to light and water, colorfastness to light and 
perspiration, reactive dye, cotton fabrics, fading. 
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1 INTRODUCTION 

On exposure of reactive dyes on cellulose in various aqueous solutions, the 
potential properties of the dyes can be elucidated [1-6]. On exposure of dry 
cotton fabrics, some of their properties are lost and others are manifested 
depending upon environmental conditions such as the content of oxygen in 
the atmosphere, substrate on the fabrics, surface dyeing, etc. In the presence 
of substrate, most reactive dyes on cellulose show reductive fading [1, 5]. 
Thus, in many cases, the environmental conditions of exposure seem to 
determine whether oxidative or reductive fading occurs, if the dyes on cellu- 
lose have potential properties to show both such mechanisms. In general, the 
dyes may show oxidative fading at the initial time of irradiation, and later 
they may have a tendency to show the reductive one. 

Reactive copper-complex azo dyes, on the other hand, are excluded from 
dyes used in the present study, because histidine has an abnormal effect not 
only on the color change of the dyes on immersing the dyed fabrics, but also 
on their fading [7, 8]. Color changes of the dyes by histidine have been pre- 
viously reported [7-1 I]. It was also found that neither Cu-complex azo dyes 
whose cotton dyeings were suitable for wear under conditions and which 
were likely to be sweaty, nor a testing method which could discriminate 
between suitable and unsuitable cotton dyeings of Cu-complex dyes for wear 
were evident [8]. 

In the present study, the fading behavior of monochlorotriazinyl, vinyl- 
sulfonyl and their bifunctional reactive dyes on cellulose is examined by 
practical testing methods for the color fastness to light and perspiration. The 
methods are the JIS (Japanese Industrial Standards) testing methods [12] and 
some testing methods [13-16] proposed to improve the JIS methods. The 
fading behavior on dry and wet cotton fabrics is also examined to clarify the 
effects of water and substrate on fading. The results of testing for colorfast- 
ness to light and perspiration, as well as to light and water, are analyzed to 
assess the testing methods in terms of the potential properties of dyes used. 

2 EXPERIMENTAL 

2.1 Materials 

2.1.1 Dyes used 
Seven monochlorotriazinyl (MCT), supplied by Nippon Kayaku Co. Ltd., 
three vinylsulfonyl (VS), supplied by Sumitomo Chemical Co. Ltd., and their 
four bifunctional reactive dyes, supplied by Sumitomo Chemical Co. Ltd. 
and DyStar Japan Ltd. (Red 227), were used. Their chemical structures are 
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shown below or by CI Constitution Number if available. The abbreviations 
of dye names used in the present paper are shown in parentheses. 

(a) MCT reactive dyes 
(1) A MCT azo dye (Yellow R) 

NaO3S 

C1 

(2) A MCT stilbene disazo dye (Yellow) 

SO~Na 

HOOC--C---'CH--N--N , . ~  N H. ~N,,j N H - -~_C H _C H ~f~ ,_N  H N NH~N=N--HC--C~OOH 
N..C~ 0 Pl r | t l  ~ ~ // ~ ~ " ~ / ~  ' " 

NaOaS "~'~" Na03S N-.~N ~ S O 3 N a  V N I 
CI CI 0 

NaOjS SO3N a 

(3) A MCT disazo dye (Orange) 

NaO3 s 0CHa HaCO SO3N a 

- T NHCOCH 3 "%/" ~ / /  N,.,,~ H3COCHN I - 

SO~Na ~ " - " %  l NaOjS 
CI CH~ CI 

(4) C1 Reactive Red 4, CI 18105 (Red 4) 
(5) A MCT Cu-phthalocyanine dye (Cu-Pc) 

-(SO3Na)I 
CI 

N~--N 
- (SO,  N H C 2 H .  N H " J ' ~ N ~  OCH,),~ 

/ + m -<4. l -~ 3, m~ 2 
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(6) CI Reactive Blue 2, CI 61211 (Blue 2) 
(7) A MCT disazo dye (Brown) 

SO3Na NaO3S. 

(b) VS dyes 
(8) CI Reactive Red 22, CI 14824 (Red 22) 
(9) CI Reactive Blue 19, CI 61200 (Blue 19) 
(10) CI Reactive Black 5, C1 20505 (Black 5) 

(c) Bifunctional reactive dyes 
(11) CI Reactive Red 194, CI 18214 (Red 194) 
(12) CI Reactive Red 227, CI 18215 (Red 227) 
(13) A bifunctional monoazo yellow dye (Yellow BF) 

NaO3S ~ 1 , 4  
N=N-  ~ N H  NH 

NaO S ~ S O - N a  NHCON H2 ~ SO2CH2CH2OSO3Na 
3 ~ CI 

(14) A bifunctional monoazo reddish yellow dye (Orange BF) 

SO~Na OH 

F % / 
Na03S N..q~N - - - ' k  

CI 

SO2CH2CH2OSO3Na 

2.1.2 Dyeing methods 
In order to obtain as even dyeing of cotton fabrics as possible with MCT 
dyes, exhaustion dyeing was carried out at 85°C with Yellow R, Yellow, 
Orange, and Brown for 2 h, and with the other three MCT dyes for 30 min 
under the following conditions: dye, 1.0% o.w.f.; Na2SO4, 50g dm-3; liquor 
ratio, 30: 1. In the case of the VS and bifunctional dyes, exhaustion dyeing 
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was done at 60°C for 30 min under the same conditions. After the equilibrium 
adsorption, sodium carbonate (20 g dm -3) was added to the dyebath to fix 
the adsorbed dye by maintaining the dyebath at the dyeing temperature for 
I h. After fixation, the dyed fabrics were washed thoroughly with boiling 
water to remove unfixed dyes. 

2.2 Testing methods and measurements 

The testing methods used are shown in Table 1. Irradiation of the test fabrics 
was made using a carbon-arc fadeometer by setting the sample on a sample 
holder in the glass vessel for JIS L 0888 [12]. In the case of exposure of the 
fully wet sample (EvWet in Table 1), this sample was always kept wet during 
the exposure by setting a wet gauze on the rear side of the exposing sample 
and the other edge of the gauze was dipped into water at the bottom of the 
glass vessel. In cases of wet samples (H20 and the other testing methods 
except for LACT in Table 1), a specimen of dyed cotton was dipped in the 
aqueous solution and squeezed with two glass rods according to the methods 
specified in the table before the exposure. 

Reflection spectra of dyed fabrics before and after exposure under various 
conditions were measured by a Ubest V-560 spectrophotometer (Jasco 
Corp.) equipped with a reflection measurement apparatus and the CIE tris- 
timulus values were obtained by using CIE illuminant and observer condi- 
tions of D65/10 ° [17]. CIELAB values and the color difference values 
(AE*ab) were calculated by a computer program fitted to the spectrophot- 
ometer, and those of AEF (change in color) and GSc (gray scale rating for 
color change) were done according to ISO 105-A05 [18]. The values of 
AEcm e (2" 1) were calculated according to ISO 105-J03 [17]. 

3 RESULTS AND DISCUSSION 

In a series of studies, [1-6, 16, 19-21], the properties of some MCT and VS 
dyes on cellulose have been investigated by means of spectral analysis after 
exposure under various conditions. The ISO and JIS testing methods [22, 23] 
for the color fastness to light examine the color variations of dyed fabrics by 
exposure, referring to the fading of the blue scale. In the present study, by 
applying several testing methods for color fastness to light, fastness to light 
and water, and fastness to light and perspiration of these dyes, including four 
mixed-bifunctional ones on cotton fabrics, the relationships between color 
variations and the time of exposure were determined and analyzed in terms 
of their potential properties. Discussions in this paper are on the assumption 
that the hydrazone form is the species which is preferentially photo-oxidized 



6 Y. Okada et al. 

0 

% 

A ~ 
._g s 

t'-I 

e- 
0 

e ~ 

lae 

"vl" ¢-q ~ . - -  

5 ~ s  ~ Z  Z 

z•O = ~ g  
z ~ ; ~  o ~.#.~o 

= Z 

~ _ ~  o ~ ~ 

. - . ~ 0  ~ ,,- . - .  

[;9 ~ .~ :E ,_., ,~ ~ ~.,~ ~'~ 

m 7  ~eq ~TZ;-- ~ m ~  

. _ ~ ,  e~-~ ~ 'l,a 

~ ~  a:: a:: d_~ 2-,,-; 

• ~ ¢~ .-~.~" ~ 

~ ~ ~ .  
o • ~ . ~  ~ o ~  

~ o  o 
ii -u "~= 

o ~  ° 

II o ~ " ~  0~ 

o o  ~ ¢;, 

o o  

~ - -  
, ~ ' ~  = ~ 

~-~ e~ 
0 0 ,,--- 

~ e o  
. ~  ~ ,,-.- 

. ~ ~  ~ 

¢-, m ~ ' , ~  
N o" a , ' ~  



An assessment of testing methods of color fastness 7 

and the azo form is the species which is photo-reduced, although this 
assumption may result in some problems as yet unresolved. 

3.1 Fading on dry fabrics (lightfastness) 

The fading behavior of 14 dyes on dry cotton fabrics is shown in Fig. 1 and is 
summarized in Table 2. All the dyes underwent a two step fading behavior, 
[20, 21], viz, an initial fading and a smaller subsequent one except for Yellow. 
Since most dyes do undergo initial oxidative fading on cotton due to the 
large surface area, in order to possess high light fastness, the ease with which 
they are photo-oxidized and undergo subsequently reductive fading, which is 
suppressed or inhibited by oxygen, needs to be controlled. 

CI Reactive Red 22, which has high photosensitivity, showed rather low 
light stability under conditions which promoted oxidative fading. Yellow is a 
pyrazolinyl azo dye which can undergo oxidative fading since it may exist 
predominantly as the hydrazone form [24, 25]. Among the MCT dyes 
examined so far [20, 21], CI Reactive Red 4 has an ease with which it is not 
only photo-oxidized but also photo-reduced. Then, on exposure in air, this 
dye undergoes a large initial fading, followed subsequently by an O2-sup- 
pressive reductive fading. Cu-Pc has a similar property to that of CI Reactive 
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Fig. 1. Relationships between Ag*ab and the time of exposure for reactive dyes on dry cotton 
fabrics on exposure to a carbon-arc fadeometer, t 

tFor  Figs 1-8 c.f. Section 2.1.1 for the abbreviation of dyes in captions (CI numbers). 
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TABLE 2 
Values of AE*ab for the Fading of Reactive Dyes on 'Ever-Wet' and Dry Cotton Fabrics and 

Comparison between them (cf. Figs 1 and 2) 

Dye On dry fabrics  On ever wet fabrics  Ratio o f  Ratio o f  
init. a sub. b init. a sub b initial subsequent 

fading ~ fading  a 

CI Reactive Red 22 1.7 1.3 4.4 > 7.1 2.6 > 5 
Orange BF 1.6 0.1 1.7 5.8 1.1 > 30 
Yellow 1.4 2.0 1.5 2.6 1.1 1.3 
CI Reactive Black 5 1.1 0.5 1.6 1.8 1.5 3.6 
Brown 0.3 0.3 0.4 0.7 1.3 2.3 
CI Reactive Blue 2 0.4 0.2 1.2 0.2 3.0 1.0 
CI Reactive Blue 19 0.7 0.2 0.7 0.6 1.0 3.0 
CI Reactive Red 4 2.3 0.5 4.4 0.2 1.9 0.4 
Yellow R 1.5 0.9 2.1 0.7 1.4 0.8 
Cu-Pc 1.5 0.5 2.1 0.1 1.4 0.2 
Orange 1.3 0.7 2.4 0.1 1.8 0.1 
Yellow BF 1.4 0.2 1.1 0.2 0.8 1.0 
CI Reactive Red 194 1.0 0.5 0.5 0.9 0.5 1.8 
CI Reactive Red 227 0.9 0.6 0.8 0.7 0.9 1.1 

aValues of AE*ab at 2 h (time of exposure). 
bValues of AE*ab between 2 and 8 h (time of exposure). 
CRatio of AE*ab at 2 h (time of exposure) on dry and 'ever-wet' fabrics. 
aRatio of AE*ab between 2 and 8 h (time of exposure) on dry and 'ever-wet' fabrics. 

Red 4, although Cu-Pc has higher photo-stability. The photo-reductive fading 
of  Cu-Pc is suppressed by oxygen on exposure in air and then showed some 
initial fading and slow subsequent reductive fading suppressed by oxygen. 
Although the magnitudes of  initial fading were different with the dyes studied, 
the four bifunctional dyes examined showed a similar two step fading behavior. 

For  dyes with high lightfastness, like most dyes examined in the present 
study, the rates of  subsequent fading decide eventual lightfastness rating, 
although the magnitude of  the initial fading must be as small as possible. Thus, 
a long time of  exposure is required to determine the final rating of  the light- 
fastness. Although the fading on dry cotton fabrics is not more complicated 
than that on wet or sweaty fabrics (as noted below) the fading behavior on dry 
fabrics is also not simple, i.e. a two step behavior in many cases, and an initi- 
ally oxidative and subsequently reductive fading behavior is observed [20, 21]. 

From the fading behavior illustrated in Fig. 1, the magnitudes of  total 
fading for dyes with high light stability on dry cotton fabrics are in the fol- 
lowing order: 

Brown ~ Blue 2 < Blue 19 < Red 194 ~ Red 227 _< Yellow BF 

Black 5 ~ Orange BF < Cu-Pc < Orange < Yellow R 
(i) 

The light stability of  the other dyes may be regarded as poor. 
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3.2 Colorfastness to light and water 

In general, the lightfastness of reactive dyes on cotton fabrics is lowered by 
water adsorbed by the cellulose [26, 27]. Besides the promotion of oxygen 
supply, water may also have an effect on the azo-hydrazone tautomerism 
[28-31] and the degree of such influences varies with different dyes. AATCC 
has established the testing methods for the colorfastness to light and water, 
[32, 33], in which wetting and radiation of test dyed fabrics are repeated. 

In the present study, the fading behavior of dyes on wet cotton fabrics was 
examined. The results are shown in Fig. 2 and summarized in Table 2. 
Exposure on initially wet and gradually drying dyed fabrics gave almost 
similar results to those on 'ever wet' fabrics except for CI Reactive Red 22 
and CI Reactive Black 5 (cf. H20 in Table 3), where the gray scale ratings for 
both of these dyes were estimated by the same method as used in the testing 
method for colorfastness to light and perspiration (cf. Table 1). Only the 
results on 'ever wet' fabrics are further discussed. 

Compared with the fading on dry cotton fabrics, the fading of several dyes 
on wet fabrics was promoted by water, while that of other dyes was sup- 
pressed, as listed in Table 2. Acceleration effects were observed for eight of 
the dyes used, while suppression effects by water were apparent for Yellow 
BF, CI Reactive Red 194, CI Reactive Red 227, Yellow R, Orange, and CI 
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Fig. 2. Relationships between Ag*ab and the time of  exposure for reactive dyes on 'ever-wet '  
cotton fabrics on exposure to a carbon-arc fadeometer. 
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TABLE 3 
Values  o f  AE*ab, a AEem c ( 2 : l ) f  AEF b and  GS~ (gray scale ra t ing  for  co lo r  change)  b for  
Monoc h lo r o t r i a z iny l ,  Vinylsul fonyl ,  and  their  Bi func t iona l  Reac t ive  Dyes  E s t i m a t e d  by Some  
Tes t ing  M e t h o d s  for  Co lo r fas tness  to Light  a n d  Per sp i ra t ion ,  and  C h r o m a t i c i t y  Values  (L*) 

o f  Test  Fabr ic s  (cf. Table  1) 

Testing method 

Time of exposure 

JIS(5.5) JIS(8) ATTS(3.5) ATTS(8) LACT MZN H20 EvWet 

8h 8h 8h 8h 8h 16h 8h 

Yellow R AE*ab 3.23 3.17 4.63 6.48 4.61 9.47 3.28 2.81 
L* = 81.00 AEcmc 1.27 1.24 1.81 2.52 1.79 3.69 1.28 1.21 

AEF(GSc) 1.71(4) 1.63(4) 2.45(3.5) 3.48(3) 2.59(3.5) 5.20(2.5) 1.78(4) 1.63(4) 
Yellow AE*ab 3.58 5.70 4.62 11.32 3.95 11.98 4.59 4.11 
L*=84.84 AEcmc 1.32 2.09 1.71 4.16 1.45 4.50 1.68 1.50 

AEF(GS¢) 1.71(4) 2.71(3.5) 2.24(3.5) 5.63(2.5) 1.95(4) 6.06(2) 2,20(3.5) 1.84(4) 
Orange AE*ab 2.81 2.74 6.01 5.54 3.33 15.63 1.54 2.49 
L*Ecmc 1.15 1.03 2.15 2.00 1.29 5.55 0.63 1.12 

AEF(GSc) 1.39(4) 1.13(4.5) 2.68(3.5) 2.41(3.5) 1.70(4) 7.35(2) 0.72(4.5) 1.69(4) 
Red 4 c AE*ab 5.35 7.38 8.88 15.91 11.01 13.74 4.98 4.40 
L* =61.12 AEomc 2.29 3.07 3.73 6.58 4.63 5.68 2.15 1.99 

AEv(GS~) 3.59(3) 4.93(2.5) 6.30(2) 11.69(1) 8.01(2) 9.54(1.5) 3.49(3) 3.71(3) 
Blue 2 c AE*ab 1.44 1.58 3.89 4.35 3.01 8.18 1.66 1.43 
L* =63.26 AEcmc 0.91 0.83 2.16 2.41 1.58 4.60 0.74 0.65 

AEF(GS~) 2.54(3.5) 1.45(4) 3.60(3) 4.00(3) 2.56(3.5) 8.47(1.5) 1.59(4) 1.44(4) 
Cu-Pc AE*ab 7.02 6.11 14.82 14.74 12.14 19.16 1.96 2.24 
L* =67.61 AEcmc 3.24 2.81 6.71 6.71 5.45 9.03 0.87 1.15 

AEF(GSc) 5.64(2.5) 5.35(2.5) 12.40(1) 12.84(1) 9.93(1.5) 19.68(1) 1.30(4) 2.53(3.5) 
Brown AE*ab 1.17 1.21 3.83 2.20 2.90 10.28 1.25 1.10 
L*=51.80 AEcmc 0.85 1.03 1.94 1.30 1.45 4.98 0.58 0.70 

AEF(G&) 1.61(4) 1.94(4) 3.50(3) 2.35(3.5) 2.63(3.5) 9.19(1.5) 0.98(4.5) 1.02(4.5) 
Red 22 c AE*ab 4.39 6.67 7.88 13.77 12.74 11.61 4.80 11.53 
L* = 61.58 AEcmc 1.85 2.77 3.28 5.72 5.39 4.83 2.01 4.85 

AEF(GSc) 3.06(3) 4.47(2.5) 5.87(2) 10.14(1.5) 9.68(1.5)8.26(1.5) 3.43(3) 9.35(1.5) 
Blue 19 c AE*ab 2.52 2.05 5.67 6.50 4.39 12.34 1.07 1.28 
L* = 53.88 AECm~ 1.30 0.95 2.75 2.97 2.01 5.98 0.54 0.57 

AEF(GSc) 2.06(4) 1.03(4.5) 3.09(3) 3.89(3) 2.42(3.5) 8.09(2) 0.52(4.5) 1.28(4) 
Black 5 ¢ AE*ab 3.66 4.83 12.49 14.48 12.16 16.57 1.18 3.35 
L* =39.48 AEcm c 2.12 2.77 7.25 8.29 7.24 9.42 0.70 1.90 

AEF(GS~) 4.19(2.5) 4.61(2.5) 15.17(1) 16.02(1) 16.09(1) 16.85(1) 1.36(4) 4.23(2.5) 
YellowBF AE*ab 2.51 1.39 3.93 4.00 2.75 8.68 1.22 1.35 
L*=77,31 AE~m¢ 0.93 0.72 1.41 1.45 0.99 3.12 0.79 0.53 

AEF(GS~) 1.18(4.5)0.85(4.5) 1.68(4) 2.11(3.5) 1.24(4.5) 3.87(3) 0.78(4.5)1.13(4.5) 
OrangeBF AE%b 3.76 4.47 4.93 9.80 4.34 8.64 6.91 7.49 
L* =57.40 AE~mc 1.64 1.78 1.97 3.92 1.79 3.40 2.77 3.19 

AEF(G&) 2.92(3.5) 2.68(3.5) 3.19(3) 6.05(2) 2.92(3.5) 5.33(2.5) 3.62(3) 5.01(2.5) 
Red 194 ~ AE*ab 2.00 4.01 5.97 15.37 9.78 11.39 1.35 1.42 
L* = 57.20 A E ~  1.01 1.52 2.31 5.91 3.80 4.38 0.58 0.64 

AEF(GSc) 1.50(4) 2.09(4) 3.44(3) 9.36(1.5) 6.13(2) 6.78(2) 1.33(4) 1.07(4.5) 
Red 227 ¢ AE*ab 1.88 3.82 5.87 15.24 8.87 11.37 1.21 1.55 
L* = 56.96 AEcm~ 0.88 1.47 2.26 5.93 3.44 4.44 0.47 0.65 

AEF(GSc) 1.35(4) 2.06(4) 3.31(3) 9.59(1.5) 5.41(2,5) 7.20(2) 0.67(4.5) 1.29(4) 

aEstimated by ISO 105-J03, 1995. 
bEstimated by ISO 105-A05, 1996. 
cc1 reactive generic name. 
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Reactive Red 4. Despite the presence of water, the subsequent reductive 
fading of some dyes was suppressed by oxygen on wet cellulose fabrics. 

Very large promotion effects were observed on the fading of CI Reactive 
Red 22 and Orange BF. C1 Reactive Red 22 on the front surface of wet fab- 
rics was faded completely after 4-6 h of exposure. The fading of this dye on 
initially wet fabrics was much lower than that on 'ever-wet' fabrics. The 
subsequent fading on wet fabrics became very much greater than that on dry 
fabrics. The subsequent fading of Orange BF especially on 'ever-wet' fabrics 
was accelerated by a considerably greater factor compared with the fading 
on dry fabrics, although little effect on the initial fading was observed. 

The initial and subsequent fading of Cu-Pc and CI Reactive Black 5 was 
accelerated, while only the rates of subsequent fading for Yellow was pro- 
moted without change in the magnitude of the initial fading. 

The O2-suppressive mechanism may still be operative on wet fabrics. With 
CI Reactive Red 4, Cu-Pc, and Orange, the subsequent fading was suppres- 
sed on 'ever-wet' fabrics, although the initial fading was increased. But, since 
the absolute value of fading for C1 Reactive Red 4 was large, this dye has a 
low fastness to light, as well as to light and water. In contrast, since the 
absolute values of the fading of CI Reactive Blue 2, CI Reactive Blue 19, and 
Brown were small, it may be concluded that the small acceleration effects of 
water were observed practically on fading, although the promotion factors 
were estimated as considerable. These dyes have a high colorfastness to light 
and water. 

Since on wet fabrics the rate of oxidative fading is promoted, how large 
ease with which the dyes are oxidized may be examined by the promotion 
effect on fading by water. The fact that the fading of most dyes was increased 
by water implies that these dyes suffer oxidative attack promoted by water. 
The suppressive effect of the fading by oxidative attack shows that the dyes 
undergo reductive fading, although the dye has a shortcoming in that the 
reductive fading is accelerated by the presence of  a substrate such as histi- 
dine, lactic acid, textile resins, etc (cf. 3.4). 

The AATCC testing methods for the colorfastness to light and water may 
not therefore be able to fully estimate these potential properties, although 
this test method has practical aspects. 

From the fading behavior illustrated in Fig. 2, the magnitudes of total 
fading for dyes with high light stability on wet cotton fabrics are in the fol- 
lowing order: 

Brown < Blue 19 ~ Yellow BF ~ Blue 2 ~ R e d  194 < Red 227 

< Cu-Pc < Orange < Yellow R 
(2) 

From the order (1), CI Reactive Black 5 and Orange BF were excluded. 
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3.3 Differences among AE*ab, AEcmc(2,1), and AEr by exposure 

On exposure of  dyed fabrics previously immersed in artificial perspiration, 
the fading of  all the dyes, except for anthraquinones and Cu-Pc, occurred 
without change in shade, i.e. azo dyes underwent fading by an increase in the 
reflection parameters the principal band. But a small decrease in the reflec- 
tion of exposed fabrics was observed at wavelengths longer than that of the 
main absorption band, although the decrease was not perceptible as color 
variations by the naked eye. 

From the reflection spectra of  dyed fabrics before and after exposure, the 
values of three kinds of color differences, i.e. AE*ab , AEF, and AEcmc(2,1), 
were estimated as listed in Table 3. The ratios for AE*ab/AEF were 1.4-2.1 
for the yellow, orange, and red dyes (and including also CI Reactive Blue 
19), although the ratios by the different methods were nearly constant for 
individual dyes, with a few exceptions. In the case of the blue, brown, and 
black dyes (except for CI Reactive Blue 19) the ratios were around unity. 
Smaller values of  AE*ab/AEF than those by other methods were found in the 
exceptional cases of  low fading undergone by dyes such as CI Reactive Blue 
2, C1 Reactive Blue 19, and four bifunctional dyes by the JIS (5.5) method 
and Brown by the two JIS methods. These effects may lower the gray scale 
rating for the color change in these cases by about 0.5 units. 

The values for AEcmc shown in Table 3, on the other hand, were always 
smaller than those for AE*ab and AEv.  The ratios of AE*ab/AEcm c for 
individual dyes were not changed by the testing methods, but varied with 
different dyes. The exceptional cases of  small ratios of  AE*ab/AEF held also 
for the ratios of AE*ab/AEcmc, with a few exceptions. These tendencies of  the 
two ratios were also observed in the cases of low fading for these dyes 
exposed on wet fabrics (cf. the last two columns of Table 3). 

3.4 Testing methods for colorfastness to light and perspiration 

Some testing methods for the colorfastness to light and perspiration were 
applied to reactive dyeings to elucidate whether or not the methods could 
estimate their properties. In order to assess these testing methods, color var- 
iations of  14 dyes on exposure were analyzed in terms of  the conjoint effects 
of substrate and pH. The fading behavior is shown in Figs 3-8 and the 
results are summarized as color differences and gray scale ratings by the 
methods in Tables 3 and 4. 

On exposure, all the fabrics began to dry gradually. In general, the pre- 
sence of substrate suppresses the oxidative fading and promotes reductive 
fading, irrespective of whether the dyes exist in the azo or hydrazone form. If 
the amounts of substrate are not sufficient to suppress the oxidative fading, 
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TABLE 4 
Values of  AE*ab for Reactive Dyes on Co t ton  Fabrics  Est imated by Different Testing 

Methods  

Dye J I S ( 5 . 5 )  J I S ( 8 )  A T T S ( 3 . 5 )  A T T S ( 8 )  L A C T  M Z N  

Init. a Sub. b Init. a Sub b Init. a Sub. b Init. a Sub. b lnit. a Sub. b Init. a Sub .  b 

Yellow R 1.6 1.6 2.2 1.0 2.0 2.6 2.0 4.5 2.5 2.1 3.1 4.4 
Yellow 1.0 2.6 1.9 3.8 1.3 3.3 2.4 8.9 1.1 2.9 2.2 7.3 
Orange 2.1 0.7 1.7 1.0 2.2 3.8 1.4 4.1 2.3 1.0 4.1 6.8 
CI Reactive Red 4 2.0 3.4 2.7 4.7 4.4 4.5 6.4 9.5 4.5 6.5 2.9 6.2 
CI Reactive Blue 2 1.1 0.3 1.1 0.5 1.7 2.2 1.3 3.1 1.0 2.0 2.1 3.5 
Cu-Pc 6.0 1.0 1.7 4.4 8.7 6.1 7.3 7.4 4.9 7.2 9.1 6.5 
Brown 1.2 0 1.1 0.1 1.7 2.1 1.5 0.7 1.5 1.4 1.9 5.2 
CI Reactive Red 22 1.3 3.1 4.9 1.8 2.7 5.2 4.9 8.9 4.7 8.0 1.4 5.8 
CI Reactive Blue 19 1.8 0.7 0.9 1.2 2.5 3.2 1.8 4.7 2.2 2.2 2.3 4.4 
CI Reactive Black 5 2.0 1.7 2.9 1.9 4.6 7.9 6.6 7.9 5.1 7.1 2.3 8.1 
Yellow BF 1.3 1.2 1.1 0.3 1.8 2.1 1.1 2.9 0.4 2.4 1.1 2.5 
Orange BF 1.7 2.1 2.9 1.6 2.9 2.0 3.0 6.8 2.2 2.1 2.0 3.6 
CI Reactive Red 194 0.5 1.5 1.7 2.3 1.8 4.2 2.7 12.7 3.6 6.2 1.1 6.3 
CI Reactive Red 227 0.7 1.2 1.0 2.8 1.8 4.1 3.6 11.6 2.7 6.2 1.2 5.3 

aAE*ab after 2 h of  exposure. 
bDifference of  AE*ab between 2 h and  8 h of  exposure. 

oxidative fading may initially occur followed by reductive fading, the rates of 
which depend on the testing methods. 

The influence of pH on the fading mechanism is also noted. An increase in 
the pH of the aqueous solution in which the test specimen was dipped can 
activate singlet oxygen and shift the azo-hydrazone tautomerism to the azo 
side [34-36]. The conjoint effects of substrate and pH on the fading behavior 
may therefore be too complex for a clear analysis. For dyes whose azo- 
hydrazone tautomerism or redox potential is not profoundly influenced by 
change in pH, the effect of substrate on the fading may be simplified, as in 
the cases of 3.4.1-3.4.5 (except for Yellow BF). Since many dyes may how- 
ever exist as a mixture of azo and hydrazone forms which are influenced by 
change of pH, variations in the fading behavior of each dye are very com- 
plicated, depending on the dye structure and on the testing methods, as in 
the cases of the other five dyes (cf. 3.4.6-3.4.10). 

3.4.1 Yellow 
In neutral and acidic regions, this dye exists predominantly in the hydrazone 
form. The initial oxidative fading on wet fabrics is then suppressed by the 
addition of substrate in the case of JIS (5.5), ATTS (3.5). The rates of sub- 
sequent (probably reductive) fading by all the methods were larger than 
those on dry fabrics, although the JIS (5.5) method, where oxidative fading 
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occurs can be excluded. The fading by the JIS (5.5) method is mainly oxida- 
tive, while that by the other methods may be initially oxidative and subse- 
quently reductive. 

3.4.2 Orange 
The magnitudes of the initial (oxidative) fading were suppressed by all the 
testing methods, other than the MZN method, while the rates of subsequent 
reductive fading were increased due to the presence of substrate. However, 
the total fading of this dye is small compared with that of the other dyes. 
This is an excellent dye which has high photostability to both oxidative and 
reductive attack. 

3.4.3 CI Reactive Blue 2 and CI Reactive Blue 19 
Compared with the initial fading on wet fabrics, the initial fading was little 
influenced by the testing methods applied, since the fading was small. The 
JIS methods had no effect on the rates of subsequent fading, while all the 
other methods showed acceleration effects. The probably negligible initial 
oxidative fading is immediately followed by reductive fading promoted by 
the substrate, since this dye has low photosensitivity. 

In the case of CI Reactive Blue 19, all the methods promoted the initial 
and subsequent fading, although the effects varied with methods. The effects 
on the subsequent fading of CI Reactive Blue 19 by the JIS (5.5) method, 
and on the initial fading by the JIS (8) method were small, while those on 
subsequent fading by the ATTS (3.5), ATTS (8), and MZN methods were 
larger. 

3.4.4 Brown 
Compared with the fading on wet fabrics, all the methods promoted the 
initial and subsequent fading, since oxidative fading is almost completely 
suppressed by the substrate. The promotion effects were small, i.e. the col- 
orfastness of Brown was relatively high compared with other dyes. This is an 
excellent dye with high photostability to both the oxidative and reductive 
attacks, like Orange. 

3.4.5 Bifunctional reactive dyes 
(a) Yellow BF. Compared with the fading on wet fabrics, which was 

smaller than that on dry fabrics, the ATTS (3.5) method showed on accel- 
eration effect on the initial fading, while the LACT method had a suppressive 
effect. Although the JIS (5.5), JIS (8), ATTS (8), and MZN methods had 
little effect, the subsequent reductive fading was promoted by all the meth- 
ods, except for the JIS (8) method. Thus, this dye has high photostability to 
both oxidative and reductive attack. 
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(b) CI Reactive Red 194 and CI Reactive Red 227. Compared with the 
fading on wet fabrics, the JIS (5.5) method had no effect on the fading for both 
the dyes, while all the other methods had promotion effects on both the initial 
and subsequent fading. The ATTS (8), LACT, and MZN methods especially 
gave a large subsequent reductive fading. This shows that those two dyes have 
a high photostability to oxidative attack, but a substantially low one to 
reductive attack. Although they are isomers in which only the position of the 
vinylsulfonyl groups is different, they have similar photochemical properties. 

(c) Orange BF. This dye showed larger fading on wet fabrics than that of 
the other bifunctional dyes by all the testing methods used although nearly 
the same fading as that of Yellow BF occurred on dry fabrics. Compared 
with the fading on wet fabrics, the JIS (5.5) and MZN methods had no effect 
on the initial fading, while the JIS (8), ATTS (3.5), ATTS (8), and LACT 
methods showed an acceleration effect. Except for the ATTS (8) method, all 
the methods suppressed the subsequent reductive fading, implying that this 
dye is readily photo-oxidized compared with the other bifunctional dyes. 
This dye therefore, has a lower photostability to oxidative attack than the 
two red dyes, but a higher one to reductive attack. 

3.4.6 Yellow R 
Yellow R exists mainly in the azo form and has some ease with which it is 
photo-oxidized as well as photo-reduced [5, 6]. Compared with the fading on 
wet fabrics, the JIS (5.5) method suppressed the initial fading of this dye, but 
the JIS (8), ATTS (3.5), and ATTS (8) methods had little effect on it, and the 
LACT and MZN methods promoted it (cf. Figure 2 and Table 4). In the 
cases of the LACT and MZN methods, initial oxidative fading occurs, fol- 
lowed immediately by a reductive fading promoted by the large amount of 
substrate. Thus, the presence of substrate suppressed the initial fading and 
promoted subsequent fading, except for in the case of the JIS method. 

In the case of the ATTS (8) method, the initial fading disappeared and 
subsequent reductive fading occurred substantially. Due to the larger 
amounts of substrate in the ATTS methods than those in the JIS methods 
and the shift to the azo form at pH 8, the rates of subsequent reductive fad- 
ing by the ATTS (8) method were considerably larger than those by the 
ATTS (3.5) and JIS (5.5) methods. 

3.4.7 CI Reactive Red 4 
This dye was sensitive to changes in the environment, such as humidity, pH, 
the addition of substrate, etc. The variations of initial fading with different 
testing methods were complicated, since this dye exists as a mixture of azo 
and hydrazone forms highly sensitive to change in pH. Compared with the 
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fading on 'ever-wet' fabrics, the JIS (5.5), JIS (8), and MZN methods sup- 
pressed the initial oxidative fading by the presence of substrate, while only 
the ATTS (8) method accelerated the initial fading. The rates of subsequent 
fading were substantially promoted by substrate. 

3.4.8 CI Reactive Red 22 
As in the case of CI Reactive Red 4, the fading of this dye was also sensitive 
to the change in environment, since the azo-hydrazone tautomerism is also 
sensitive to a change in pH. Compared with the case of wet fabrics where a 
large fading was observed, the JIS (5.5), ATTS (3.5) and MZN methods 
suppressed the initial fading, while the other methods promoted it. The 
ATTS (8) and LACT methods promoted subsequent reductive fading, but 
the other methods suppressed it. The high photosensitivity of this dye is 
diminished by substrate. 

3.4.9 Cu-Pc 
Except for the case of the initial fading by the JIS (8) method, all the methods 
promoted the initial fading as well as subsequent fading, compared with the 
case of wet fabrics. The considerable ease with which Cu-Pc is photo-oxi- 
dized seems to be lessened, while the high ease with which it is photo-reduced 
is further promoted by substrate, depending on the methods. Since the redox 
potential of this dye is sensitive to a change in pH [37], this dye showed the 
same pH effects on the fading behavior as those for azo dyes. Thus, an 
increase in pH promotes photo-reduction and a decrease in photo-oxidation. 

3.4.10 CI Reactive Black 5 
All the methods promoted the initial and subsequent fading, although the 
effects varied with the methods. This dye has a rather high photostability to 
oxidative attack rather than a reductive one, The testing methods using acid 
artificial perspiration gave smaller initial fading to that at pH 8, while those 
at pH 8 and in the neutral range showed a larger initial and subsequent 
fading than that in the acid region, although the ATTS (3.5) method accel- 
erated both the initial and subsequent fading. The ATTS, LACT, and MZN 
methods, especially, strongly enhanced the subsequent fading. A change in 
pH affects the azo-hydrazone tautomerism, but since this dye has two kinds 
of azo groups, the pH effect is very complex. 

3.5 Assessments of the testing methods 

3.5.1 JIS methods [12] 
The JIS methods gave ratings between 2.5 and 4.5 for the 14 dyes examined. 
From the values of AE*ab  , the JIS (5.5) method distinguished Cu-Pc from 
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the other dyes, in which differences in the fading behavior were small, while 
the JIS (8) method distinguished CI Reactive Red 4, CI Reactive Red 22, Cu- 
Pc, and Yellow from the other dyes (Figs 3 and 4). Thus, these methods 
could classify the grade of dyes with low fastness. The differences in the rat- 
ings estimated by the JIS (5.5) and JIS (8) methods were within 0.5 of GSc. 
The JIS L 0888 method should be modified to improve the shortcomings due 
to too small an amount of substrate. 

Although the fading behavior by the JIS methods was considerably differ- 
ent from that on initially wet and 'ever-wet' fabrics (cf. Figs 2-4), the gray 
scale ratings determined by JIS methods were almost similar to those deter- 
mined on wet fabrics, except for Cu-Pc (cf. Table 3). The JIS methods esti- 
mate firstly the effect of water and secondarily the effects of pH and substrate 
on the fading behavior of the dyes examined. 

3.5.2 A TTS methods [13, 14] 
The ATTS (3.5) method gave the ratings between 1 and 4 for the 14 dyes 
examined, while the ATTS (8) method gave ratings between 1 and 3.5. the 
fading behavior by both the ATTS methods differed considerably (Figs 5 and 
6). The differences in the fading behavior can be attributed to pH effects, 
including the differences in the adsorption of histidine on cellulose [10], since 
the concentrations of substrate are the same. The ATTS (3.5) method dis- 
tinguished Cu-Pc, CI Reactive Red 4, and CI Reactive Black 5 from the 
other dyes. The differentiation or grading of dyes by this method seems to be 
insufficient, although it can use for a rough estimation. 

The ATTS (8) method classified the ratings well, depending upon the sub- 
sequent fading, since little initial fading was observed as illustrated in Fig. 6. 
Since the fading behavior by this method diverged after exposure longer than 
4h, differentiation between the dyes examined was excellent. The method 
seems to be too severe to estimate the colorfastness to light and perspiration 
for the 14 dyes investigated. However, this method is an excellent one which 
can estimate the photostability of dyes to both oxidative and reductive attack. 

3.5.3 LACT methods [16] 
This method has been proposed to estimate mainly the photo-reductivity of 
dyes. It gave the ratings between 1 and 4.5 for the 14 dyes used. The fading 
behavior in Fig. 7 implies that this method can estimate the photo-reductiv- 
ity of the dyes to an acceptable level and distinguish dyes with low and high 
stability to photo-reductive attack. Testing methods other than the LACT 
method use artificial perspiration at pH 3.5, 5.5, or 8 from the similarity to 
the testing method for colorfastness to perspiration. The present authors, 
however, have an opinion that an aqueous neutral perspiration should be 
used to estimate the compound effects of light and perspiration on the 
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photochemical properties of dyes, because, as shown by the differences in the 
fading behavior with pH in the JIS and ATTS methods, no viable results 
could be extracted from the differences, unless they were analyzed in detail. 
The results obtained imply that the LACT method is an adequate method. 

3.5.4 Mizuno method [15] 
The MZN method gave ratings between 1 and 3 for the dyes used. Since it 
estimates the colorfastness or the spectrum of photochemical properties for 
reactive dyes as ratings over a narrow range, the method cannot differentiate 
the properties of the dyes examined, as shown in Fig. 8. The method assessed 
Orange, Yellow, CI Reactive Red 227, and CI Reactive Red 194 as having 
low ratings. Since, except for bifunctional reactive dyes, the other methods 
gives higher ratings for Orange than the MZN method, the estimation by 
the MZN method may be inappropriate or too severe for existing reactive 
dyes. 

Differences larger than 1.0 between the ratings estimated by the LACT and 
MZN methods were observed for Yellow, Orange, CI Reactive Blue 2, CI 
Reactive Blue 19, Brown and Yellow BF. Except for Yellow and Orange as 
mentioned above, estimation by the MZN method for the other four dyes 
may be imprecise, since they are determined to have high ratings by testing 
methods other than the MZN method. 

3.5.5 Comparison of testing methods used 
There is a essential problem in estimating the properties of reactive dyes, i.e., 
whether stability only to photo-reductive attack, or stability to both photo- 
reductive and oxidative attack, is to be examined. The JIS, ATTS, and MZN 
methods estimate the stability to both attacks, and the LACT method only 
the stability to reductive attack. The former may be ideal, although the rat- 
ings obtained cannot reveal the essential properties of the dye. The one-point 
measurements by these testing methods cannot represent both properties, 
since the 14 dyes used have diverse properties whose fading behavior appears 
dependent upon the environmental conditions. 

In the present assessment, using cotton fabrics dyed with 14 reactive dyes, 
the ATTS and LACT methods were acceptable, but not the JIS and MZN 
methods. In the ATTS methods, the ATTS (8) method may be more rea- 
sonable for the fading behavior than ATTS (3.5). As mentioned above (cf. 
3.5.3), the use of alkaline and acid perspiration seems to be fruitless, if no 
Cu-complex azo dyes are applied. 

If the dyes which have substantive stability to the compound effect of both 
light and perspiration are selected from the dyes used in the present study, 
the order of the stability may be estimated from the results of GSc (Table 3) 
as follows: 
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Yellow BF < Orange ~ Brown < Blue 2 ~ Blue 19 ,,~ Yellow R < (Yellow) 

(3) 

If the photo-oxidizability is not fully regarded, Yellow may be added to this list. 

4 SUMMARY 

In order to assess the testing methods for colorfastness to light, light and 
water, and light and perspiration, the fading behavior of cotton fabrics dyed 
with 14 reactive dyes was analyzed in terms of their potential photochemical 
properties and environmental conditions. On exposure of cotton fabrics dyed 
with reactive dyes by these methods, oxidative and/or reductive fading 
occurred, depending firstly on the chemical structure of dyes and secondarily 
on the environmental conditions. Since the addition of substrate promoted 
reductive fading or suppressed oxidative fading, how the potential photo- 
chemical properties were influenced by environmental conditions was evalu- 
ated with respect to the testing methods, 

Reactive dyes, however, have potentially diverse properties which are 
sometimes contradictory to each other and undergo various kinds of photo- 
decomposition on cellulose depending on the environmental conditions. It 
was shown that no practical testing methods could strictly estimate whether 
oxidative or reductive fading of a reactive dye occurred. However, practical 
testing methods aim to estimate the stability to both oxidative and reductive 
attacks. Judging from the fading of the 14 reactive dyes on cotton fabrics by 
these methods, only a limited number of methods were shown to be adequate. 
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