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Sustainable fashion: eco-friendly
dyeing of wool fiber with novel
mixtures of biodegradable natural
dyes

Lina Lin'%%, Tiancheng Jiang?>, Lexin Xiao'?, Md. Nahid Pervez>, Xiaobo Cai**,
Vincenzo Naddeo>* & Yingjie Cail?**

Natural materials, especially natural colorants, have achieved global prominence and might be
regarded as an environmentally beneficial alternative to hazardous synthetic dyes. The color
limitation of natural dyes hinders their application in textiles. The present work aims to prepare more
color shades of wool yarns via dyeing with ternary natural dye mixtures without adding mordants.

In this study, a sustainable dyeing approach for wool yarn was evaluated with three natural dyes,
madder red (MR), gardenia blue (GB), and gardenia yellow (GY), by following an industrial dyeing
procedure in the absence of a mordant. In the beginning, a preliminary assessment of dye stabilities
was carried out, and it was found that the three natural dyes were sensitive to temperature and acid
(degradation tendency). Then, the dyeing behavior was systematically evaluated, including a single
natural dye, a binary natural dye mixture, and a ternary natural dye mixture. The results of wool yarn
dyeing with a single natural dye show that the dye exhaustion percentage (E%) of MR, GY, and GB
was in the ranges of 78.7-94.1%, 13.4-44.1%, and 54.8-68.5%), respectively. The dyeing results of
wool yarns dyed with binary and ternary natural dye mixtures (a color triangle framework of dyed
wool yarn) were characterized by colorimetric values (L*, a*, b*, C*, h, and K/S), and are presented
to enlighten various colorful shades. Finally, color uniformity and colorfastness tests confirmed the
vital contribution of natural dyes toward wool yarn coloration. Particularly, colorfastness to washing
confirmed the stability of natural dyes with reference to the lower amount of dyes released into the
effluent, which is beneficial for the environment. Overall, this study provides a good background for
enhancing the industrialization trend of natural dyes by modulating their dyeing scheme.

Synthetic dyes are commonly used for the coloration of textiles owing to their huge hues and easy application.
However, the synthetic dyes and auxiliaries present in dyeing wastewater discharged into the environment cause
toxic and allergic reactions'™” to creatures, resulting in adverse effects on the ecosystem. With an increase in
the concern on environmental issues, the use of natural dyes for textile coloration has recently increased owing
to their biodegradability and compatibility with the environment®™°. The natural dyes not only color but also
provide beneficial properties to the textiles'"'2, such as antibacterial activity, antioxidant activity, and UV resist-
ance. However, the disadvantages of low dye exhaustion percentage and fixation efficiency, especially weak light
fastness, hinder its wide application'*-'>.

To overcome the inherent drawbacks of natural dyeing on a larger scale, mordants (metallic salts such
as aluminum potassium sulfate (KAI(SO,),), stannous chloride (SnCl,), potassium dichromate (K,Cr,0,),
and sodium chromate (Na,CrO,) are extensively added in dyeing by pre, simultaneous, or post-mordanting
pattern'®! to form complexes between the natural dye and fiber. After complexation, the natural dye is stably
precipitated in fiber?®, promoting dye exhaustion, fixation, and colorfastness to washing and rubbing?'-**. How-
ever, the residual heavy metal ions of mordants in the discharge are harmful to the environment**?. Besides,
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Figure 1. Chemical structures of main components of (a) madder red, (b) gardenia blue, and (c) gardenia
yellow dyes.

the color hue of natural dye is shifted after complexing with mordants, and different mordants result in different
color changes, causing problems in controlling the color stability in batch production®*?”.

Natural dyes are encouraged to be used in textile dyeing® owing to their benefits to the ecosystem. However,
the source of natural colorants limits their industrial application because the harvest time is dependent on the
season®®?. Although the color range of natural dyes covers red, olive, burgundy, green, yellow, brown, blue, and
black from the plant origin of bark, roots, leaves, fruits, and flowers®®?., it is still not comparative with that of
synthetic dyes. In other words, the color hue of natural dye also challenges a natural dyeing product. In dyeing
textiles with a synthetic dye, the color shade of a substance is generally prepared with ternary dye mixtures;
hence, huge color shades of textiles are achieved. To overcome the color limitation of natural dyes, dyeing textile
with ternary natural dye mixtures is a practical way to prepare more color shades of textiles. However, notably
the addition of mordants in dyeing cause a color shift, and different natural dyes may need different mordants®.
Thus, it is necessary to eliminate the addition of mordants in natural dyeing.

This study presents a new insight into the sustainable dyeing of wool yarn with mixtures of madder red (MR),
gardenia blue (GB), and gardenia yellow (GY) dyes to prepare different color shades (color triangle) with various
dye mass ratios without the addition of mordants. Dyeing with a binary and ternary mixture of natural dyes is
still limited in natural dyeing plants®. In this study, not only colorful wool fibers were successfully produced
using natural dye mixtures with satisfactory wash colorfastness, but also the research guidance on the coloration
of fiber with natural dye mixtures is provided.

Experimental

Materials. Scored wool yarn (48 Nm/2, 100%) was a gift from a local dyeing plant. The MR dye was obtained
from Zhongda Hengyuan Biotechnology Stock Co., Ltd. (China). The GB and GY dyes were obtained from
Wuhan Green Food Biological Engineering Co. Ltd. (China). The chemical structures of the main components
of MR*, GB**, and GY*” are shown in Fig. 1. Sodium acetate trihydrate (AR) and acetic acid (AR) were pur-
chased from Sinopharm Chemical Reagent Co., Ltd (China). Nonionic detergent (Luton 500) was purchased
from Dalton UK Company (Shanghai, China).

Stability of natural dyes. To study the thermostability of these three natural dyes, various acidic buffer
solutions with pH 3-6 were prepared using sodium acetate trihydrate and acetic acid in deionized water. The dye
was added to the acidic buffer solution to prepare a dye solution with a concentration of 80 mg L™! at pH 3-6.
Subsequently, the dye solution was heated at a rate of 1 °C min™" from 30 °C to a target temperature (60-100 °C),
and then maintained at this level for a period (110-150 min) to make 180 min of total treatment time. The treat-
ment process was completed in a rotary infrared radiation laboratory-dyeing machine (Automatic Prototype,
Model: A-12, AQUA, China). The dye solution at various treatment periods was measured using a UV-Vis
spectrophotometer (Cary 100, Agilent Technologies, Australia)®®. The degradation percentage of dye (D%) was
calculated using Eq. (1), where A, and A, are the light absorbance of the dye solution at the maximum absorb-
ance wavelength (\,,,) before and after treatment.

0, AO_AI 0,
D% = ———— x 100% (1)
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Figure 3. Color triangle of wool yarn dyeing using MR, GY, and GB dye mixtures with various dye mass ratios.

Dyeing of wool yarn. In dyeing with a single natural dye, the wool yarn (2 g) was dyed with various 2%
o.m.f (on the mass of fiber) of natural dye in an acidic buffer solution at pH 3-6 with a liquor ratio of 25:1 at
60-100 °C for 180 min in a rotary infrared radiation laboratory-dyeing machine (Automatic Prototype, Model:
A-12, AQUA, China)*. The dyeing processes are shown in Fig. 2. In dyeing with natural dye mixtures, the wool
yarn (2 g) was dyed with 3% o.m.f of dye mixtures (varying weight ratios are shown in Fig. 3) at pH 3 and 90 °C
with a liquor ratio of 25:1 and maintained at 90 °C for 40 min. After dyeing, the dyed sample was squeezed by
hand to remove the excess dye solution in the wool yarns, followed by drying in an oven. Subsequently, the dried
sample was treated in a soap solution containing 2 g L™! of nonionic detergent at 95 °C for 15 min at a liquor ratio
of 50:1. Consequently, the soaped dyed wool yarns were dried in an oven at 60 °C.

Characterization. The chromatic values (L*, a*, b*, C*, h, and K/S) of dyed wool yarns were detected using
a spectrophotometer (CHN-Spec CS-650A, Hangzhou Color Spectrum Technology Company, China) in the
range of 350-760 nm of wavelength with 10 nm interval at 20 random positions. The mean of 20 detections was
used to determine the chromatic values of each sample. The color difference (AE) of dyed samples before and
after treatment was calculated using Eq. (2), where subscripts a and b refer to those after and before treatment,
respectively. The color uniformity of dyed wool yarn was represented by the standard deviation (o) of the K/S
values®. The wash colorfastness was evaluated using the ISO 105-C06:1997 (Test number: C2S). The light fast-
ness of dyed wool yarn was tested using a Xenon Test Chamber (Q-SUN Xe-1, Q-LAB, USA) with irradiation
for 24 h*. The color difference (AE, Eq. 2) of the dyed sample before and after irradiation was used to assess the
light fastness*.

AE = \/(L;; — L)% + (af — a)* + (b} — b2)? )
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Figure 4. Light absorbance of MR, GB, and GY dye solutions.
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Figure 5. Thermostability of 80 mg L™ of (a) MR, (b) GB, and (c) GY dyes in deionized water at pH 4 and
60-100 °C.
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Figure 6. Thermostability of 80 mg L™ of (a) MR, (b) GB, and (c) GY dyes in deionized water at pH 3-6 and
70 °C.

Results and discussion

Stability of natural dyes. The light absorbances of MR, GB, and GY dyes from 350 to 760 nm are shown
in Fig. 4. The maximum absorbance wavelengths of MR dye (0.048 g L™!), GB dye (0.18 g L™!), and GY dye
(0.1 g L) are 519 nm, 594 nm, and 441 nm, respectively. This indicates that at the same concentration of the
used dyestuffs, the tinctorial strength of MR is the highest, followed by GY, and GB has the lowest tinctorial
strength.

The stability of these three natural dyes was evaluated at various temperatures (60-100 °C), pH of dye solution
(pH 3-6), and treatment time; their D% values are shown in Figs. 5 and 6. In the temperature variation study,
the three natural dyes showed that the value of D% increased with an increase in temperature for these three
dyes. This dye degradation tendency was also claimed in the case of cotton fabric dyeing with watermelon rind
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Figure 7. Color strength (K/S) of dyed wool fiber with 2% o.m.f of (a) MR, (b) GB, and (¢) GY dyes in water at
pH 4 and 60-100 °C.

saps®. For 180 min treatment of GY dye, the D% values were 16.2, 19.1, 24.9, 32.6, and 46.8% for treating at 60,
70, 80, 90, and 100 °C, respectively. The other two dyes also exhibited a similar increasing tendency; the D%
values of MR and GB increased from 15.1 to 28.0% and from 6.9 to 27.1% with increasing temperature from 60
to 100 °C for 180 min treatment, respectively. Besides, the D% values increased with an increase in treatment
time for each treatment temperature*!. These three natural dyes are sensitive to temperature, especially GY dye.

In the study of pH condition variation, the stability of these natural dyes decreased with a decrease in pH
from pH 6 to pH 3, which is consistent with the previous study*. With the decrease in pH from pH 6 to pH 3,
the D% values increased from 6.2 to 48.5% for GY dye (Fig. 6¢), from 3.9 to 28.2% for MR dye (Fig. 6a), and from
3.7 to 14.0% for GB dye (Fig. 6b). Hence, the order of stability in pH sensitivity was GY > MR > GB. In addition,
the D% almost linearly increased with the increase in treatment time for GB and GY dyes, while for MR dye, the
increase in D% gradually reduced when the temperature reached the target temperature.

Dyeing of wool yarn with a single natural dye. The results of the dye stability study indicate that dur-
ing the dyeing, the natural dyes were partially degraded; hence, it is incorrect to use the light absorbance of the
dye solution before and after dyeing to detect the dye amount absorbed in the wool yarn. Therefore, the descrip-
tion of the K/S values of dyed wool yarn is an alternative method to describe the real dye adsorption behavior in
dyeing, and the higher K/S stands for, the higher dye adsorbed in wool yarn*.

The K/S values of dyed samples before soaping are shown in Figs. 7 and 9 with a variation in dyeing tempera-
ture (60-100 °C) and pH of the dye bath (pH 3-6), respectively. In the variation in dyeing temperature (Fig. 7),
the K/S values increased with increasing dyeing temperature from 60 to 100 °C, except for the GY dyeing because
its highest K/S was at 90 °C. The results can be attributed to the better swelling of fiber and dye migration in fiber
at higher dyeing temperatures*’. Thus, a higher dyeing temperature is beneficial for dye absorption in wool fiber.

Besides, after reaching the target temperatures, the dyes were still adsorbed in the wool yarns, except for the
GY dye. In the dyeing with GY dye, after reaching the target temperatures, the dye was still adsorbed in the wool
yarn first, but the GY dye mass decreased after 90 min of dyeing time in all dyeing temperatures, especially for
the dyeing at 100 °C, which reduced to 2.3 at 180 min from 2.8 at 90 min dyeing time. The dramatic dye degra-
dation can be attributed to the decrease in the K/S value. The dye degraded in the dye bath broke the previous
dye adsorption balance, resulting in the dye adsorbed in wool fiber being desorbed and transferred to the dye
bath. Therefore, the optimum dyeing temperature and dyeing time for GY were 90 °C and 90 min, respectively.

In the dyeing with MR dye, the dyeing equilibrium was 120 min after dyeing at 100 °C with a K/S of 19.5, and
the K/S was 17.8 at 90 °C. In the dyeing with GB dye, the dye adsorptions were close to equilibrium for 120 min
after dyeing. Hence, the optimum dyeing temperature and dyeing time for both MR and GB dyes were 100 °C
and 120 min, respectively.

In the variation of dye bath pH study, Fig. 9 shows that a decrease in dye bath pH was effective in promot-
ing dye adsorption, i.e., K/S value for all these three dyes, which was proved by the previous study*®. Wool fiber
contained free carboxylic acid (-COOH) and amino (-NH,) groups; both groups exist in the zwitterion form
when the wool is in water®. Thus, the lower the pH of the medium in which wool was present, the more the
generated terminal amino groups®. Herein, the natural dyes were used as acidic dyes, forming ionic bonds with
wool fiber; to be exact, the ionic bond between the anionic group of natural dye and the cationic terminal amino
group of wool (Fig. 8). The cationic sites of terminal amino groups decreased with the increase in the pH of the
dyeing medium®, and decreased the dye adsorption during dyeing, i.e., lowering the K/S value of dyed wool yarn.

In the dyeing with MR dye, the K/S values increased with increasing dyeing time under various pH condi-
tions. Whereas, in the dyeing with GB dye, the K/S values increased for 60 min and then slightly increased in
the last period of dyeing for pH 3 and 4 of the dye bath. In the dyeing with GY dye, the maximum K/S values
for pH 3 to pH 5 were at 90 min after dyeing, with a slight decrease in the last period of dyeing, which can be
ascribed to intensive degradation. Figure 9 shows that the highest dye adsorption present in the dyeing at pH 3
hinted that the partial dye degradation during dyeing might not influence the tendency of dyeing performance.

Dyeing of wool yarn with natural dye mixtures. The dyed wool yarns with binary and ternary natural
dye mixtures before and after soaping are shown in Figs. 10 and 11, respectively. The chromatic values, K/S

Scientific Reports |

(2022) 12:21040 | https://doi.org/10.1038/s41598-022-25495-6 nature portfolio



www.nature.com/scientificreports/

NH

+

NH;

[H']

w00l ——— wool

COO”

[H']

COO°

Figure 8. Mechanism of wool dyeing with natural dye in acidic conditions.

+
NH

wool

COOH

\
+

natural dye

+
NH3' 'O_

ho

Dyeing

wool

COOH

3.5

3.5-
] @ ®) (©)
30 —_PH3 —=—pH3
| —e—pH4 3.01 —e—pH4
25] —A—pH 5 —A—pH 5
R s
2.04
w w
< 151 < 207
44 1.0 154
i 0.5
2 . . 1.0
3
0 20 40 60 80 100 120 140 160 180 0 20 40 60 80 100 120 140 160 180 0 20 40 60 80 100 120 140 160 180

Time (min)

Time (min)

Time (min)

Figure 9. Color strength (K/S) of dyed wool fiber with 2% o.m.f of (a) MR, (b) GB, and (c) GY dyes in water at
pH 3-6at 70 °C.

L ae | _an _|_ay | a9 00 | @) |

_ ey | ey | ey | ey | oo |_on | o8 |

L6 |68y | 69 | @y | _@p | @) | @) | @y | @5 |

Figure 10. Dyed wool yarn with ternary mixtures of MR, GY, and GB before soaping.

values, and dye fixation rates of wool yarns dyed with binary dye mixtures before and after soaping are shown in
Tables 1, 2, and 3, and those with ternary dye mixtures are shown in Table 4.

In the dyeing with binary mixtures, the color shades of dyed samples before and after soaping regularly
changed due to the inerratic change in dye mass ratio. As shown in Table 1, with a decrease in MR and an increase
in GY mass ratios in mixtures among the dyed samples before soaping, a decreased tendency of a* values of CIE
lab color space and increased tendencies of L* and b* values of CIE lab color space is presented, because MR

Scientific Reports|  (2022) 12:21040 | https://doi.org/10.1038/s41598-022-25495-6 nature portfolio



www.nature.com/scientificreports/

0| ® | O | 1) |
L an | ay a3 | a9 | (5 |

e | _an [ _as) | a9 @0 | ) |

(40) @y | @) | @y | @ | @)

| do [ @1 | @8 | @ | 6o | 6 | _6» | 6y | 6y [ 69

| (61)

Figure 11. Dyed wool yarn with ternary mixtures of MR, GY, and GB after soaping.

Dye mass
ratio Chromatic value

Sample number | MR |GY |L* a* b* AE |[C* |h() |[A.x |KI/S

1 30.3 | 403 23 40.3 32 | 530 |21.8
1 0 4.2

1% 34.2 | 40.5 0.6 40.5 0.8 | 530 16.2

2 30.8 | 37.5 1.9 37.5 3.0 |530 18.2
0.9 0.1 3.9

2# 33.7 |38.0 -0.6 38.0 |359.0 |530 15.2

4 31.7 | 382 34 38.3 51 |530 17.9
0.8 0.2 4.5

4* 352 | 394 0.8 39.4 1.1 | 530 14.6

7 325 | 363 3.6 36.5 56 |530 14.7
0.7 0.3 34

7* 339 |354 0.6 35.4 1.0 | 530 13.0

11 32,5 | 355 5.2 35.9 8.4 | 530 14.9
0.6 0.4 5.8

11* 36.4 | 364 1.1 36.4 1.7 |530 11.8

16 345 |32.6 59 33.1 10.2 | 530 11.1
0.5 0.5 4.3

16* 36.4 | 325 2.0 325 3.6 |530 9.8

22 37.7 | 30.7 7.2 31.6 13.2 | 530 8.3
0.4 0.6 5.9

22% 40.8 |32.4 2.5 325 4.4 | 530 7.3

29 40.2 | 27.1 10.7 29.1 21.5 | 530 6.3
0.3 0.7 5.1

29* 419 |27.2 5.8 27.8 12.0 | 530 5.7

37 44.0 |21.5 14.2 25.8 33.5 | 530 4.3
0.2 0.8 8.4

37* 46.9 |23.7 6.7 24.6 15.7 | 530 3.8

46 504 | 153 21.8 26.6 55.0 | 450 4.4
0.1 0.9 54

46" 498 | 154 16.4 22.5 46.9 | 450 3.7

56 71.9 53 522 52.5 84.3 | 450 39
0 1 18.5

56* 73.4 1.0 343 343 88.3 | 450 1.7

Table 1. Chromatic values of wool yarns dyed with binary mixtures of MR and GY. *Sample number without
and with® signal indicates the dyed sample before and after soaping, respectively.
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Dye mass
ratio Chromatic value

Sample number | MR |GB |L* a* b* AE | C* h(°) | A | K/S

1 30.3 40.3 23 40.3 3.2 | 530 |21.8
1 0 4.2

1* 342 40.5 0.6 40.5 0.8 |530 16.2

3 29.5 35.2 -0.8 352 | 358.7 |530 18.1
0.9 0.1 4.1

3* 30.2 31.6 -27 31.7 | 355.1 |530 15.5

6 294 33.1 -22 33.1 |356.2 |530 17.2
0.8 0.2 5.8

6 345 35.8 -28 359 |355.6 |530 13.0

10 29.2 299 -37 30.1 | 3529 |530 15.8
0.7 0.3 3.8

10* 32.4 31.3 -52 31.8 | 350.6 | 530 12.7

15 30.3 28.5 -6.0 29.1 |348.2 |530 13.4
0.6 0.4 55

15* 349 31.5 -55 32.0 |350.0 |530 10.7

21 30.1 23.8 -6.9 24.8 |3439 |530 11.9
0.5 0.5 2.4

21% 31.8 25.1 -8.1 264 |342.2 |530 11.2

28 30.9 20.6 -8.6 22.3 | 3374 |530 10.1
0.4 0.6 6.3

28* 35.8 24.5 -88 26.0 |340.3 | 530 8.2

36 32.8 15.0 -93 17.6 |328.2 |570 7.4
0.3 0.7 4.1

36" 35.8 171 | -11.1 20.3 |327.0 |570 6.4

45 343 100 | —11.2 15.0 | 3117 |570 6.5
0.2 0.8 5.4

45% 39.5 115 | -11.0 159 |316.2 | 570 4.7

55 38.7 31| -116 12.0 |284.8 | 600 5.0
0.1 0.9 2.5

55* 40.8 44| -115 12.3 | 290.8 | 580 4.2

66 0 ) 42.3 -74 | -115 . 13.7 | 237.1 |610 5.4

66* 47.7 -7.6 -9.6 ’ 12.2 | 231.7 | 610 3.5

Table 2. Chromatic values of wool yarns dyed with binary mixtures of MR and GB. Significant values are in

[bold].
Dye mass
ratio Chromatic value

Sample number* |GY |GB |L* a* b* AE | C* |h(® |A.x |KI/S

56 71.9 53 52.2 52.5 84.3 | 450 3.9
1 0 18.5

56" 73.4 1.0 34.3 34.3 88.3 | 450 1.7

57 63.0 -73 35.1 35.8 | 101.7 | 450 3.6
09 |0.1 13.1

57% 64.7 -63 222 23.0 | 105.9 | 450 1.9

58 56.2 -85 24.9 26.3 | 108.8 | 450 3.7
0.8 |0.2 11.5

58* 60.7 -7.8 14.3 16.3 | 118.5 | 450 1.8

59 53.6 -104 19.2 21.8 | 1184 | 450 35
0.7 0.3 4.0

59* 55.6 -10.3 15.7 18.8 | 123.1 | 450 2.7

60 51.2 -10.8 13.4 17.2 | 128.8 | 450 3.2
0.6 |04 9.2

60* 55.0 -93 5.2 10.6 | 150.8 | 450 1.9

61 48.5 -11.2 8.5 14.0 | 142.8 | 450 3.1
0.5 |05 34

61* 50.6 -10.4 6.0 12.0 | 150.0 | 610 2.6

62 48.7 -11.1 5.4 12.3 | 154.0 | 610 3.1
04 |0.6 5.6

62* 51.2 -9.6 0.6 9.6 |176.7 | 610 2.6

63 46.1 -10.2 0.8 10.2 | 1754 | 610 3.7
0.3 |0.7 3.6

63* 48.5 -10.2 -19 10.4 | 190.5 | 610 33

64 439 -95 -37 10.2 | 2015 | 610 |45
0.2 0.8 4.0

64" 47.4 -87 -53 10.1 |211.4 | 610 3.5

65 444 -8.8 -7.1 11.3 | 219.0 |610 4.5
0.1 0.9 1.1

65* 45.4 -87 -7.6 11.5 |221.0 | 610 4.2

66 0 ) 423 -74 | =115 . 13.7 |237.1 | 610 54

66" 47.7 -7.6 -9.6 ’ 122 | 231.7 | 610 3.5

Table 3. Chromatic values of wool yarns dyed with binary mixtures of GY and GB.
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Dye mass ratio Chromatic value

Sample number® | MR |GY |GB |L* a* b* AE | C* h( | |K/S

5 29.7 | 334 0.0 334 0.0 | 530 17.0
0.8 0.1 |0.1 3.0

5* 31.8 | 334 -22 33.4 |356.2 |530 |14.3

8 30.3 332 0.6 33.2 1.0 | 530 |16.1
0.7 02 |01 3.3

8* 324 |319 -17 32.0 |357.0 |530 13.1

9 29.5 |30.9 -14 309 [357.4 |530 |16.2
0.7 0.1 |02 5.0

9* 335 [335 -3.0 33.6 |354.9 |530 |12.9

12 31.7 | 342 1.8 34.3 3.1 | 530 |164
0.6 03 |01 6.0

12* 369 |33.9 -1.1 34.0 |358.1 |530 |10.1

13 31.3 | 302 -05 30.2 [ 359.1 |530 |13.7
0.6 02 |02 42

13* 346 |31.1 =27 31.2 | 3550 |530 |11.0

14 314 | 28.9 -29 29.0 | 354.3 | 530 12.7
0.6 0.1 |03 3.8

14* 342 |31.0 -44 31.3 3519 |530 |11.2

17 33.5 |30.2 2.7 30.3 52 530 |11.3
0.5 04 |01 6.0

17 37.8 | 328 -0.5 32.8 |359.2 | 530 9.1

18 345 |25.6 12 25.6 2.6 |530 9.0
0.5 03 |02 5.1

18* 37.7 |26.8 -2.6 269 |354.5 | 530 7.6

19 31.7 |28.0 -04 28.0 |359.2 |530 |12.0
0.5 02 |03 7.4

19* 37.8 | 31.0 -32 31.2 | 3541 |530 8.4

20 31.6 |253 -45 25.6 |350.0 |530 |11.3
0.5 0.1 0.4 5.4

20* 36.0 |279 -58 28.5 | 3483 | 530 9.0

23 35.8 |27.8 4.1 28.1 8.4 | 530 8.9
0.4 05 |0.1 6.4

23% 40.1 |30.2 0.0 30.2 [359.9 |530 7.2

24 31.6 |26.8 -3.0 269 |[353.5 |530 |11.5
0.4 04 0.2 3.4

24* 344 |28.0 -4.5 28.4 |350.8 |530 |10.1

25 323 |22.6 -15 22.7 |356.2 | 530 9.8
0.4 03 |03 6.1

25% 369 |24.8 -438 253 |349.1 | 530 7.5

26 32.7 | 222 -4.4 22.6 | 3488 |530 9.2
0.4 02 |04 4.3

26* 359 |239 -6.7 24.8 | 3444 |530 7.9

27 31.8 [21.3 -6.7 22.3 | 3425 | 530 9.7
0.4 0.1 0.5 6.3

27% 37.1 |24.6 =75 25.7 |343.2 | 530 7.5

30 37.8 |22.1 53 22.7 13.5 | 530 6.5
0.3 0.6 |0.1 52

30* 40.6 |23.5 1.1 23.6 2.7 {530 57

31 356 |19.8 3.0 20.0 8.7 | 530 7.2
0.3 05 0.2 9.0

31* 419 |233 -24 234 | 3542 |530 5.1

32 349 (179 0.2 17.9 0.5 |530 7.1
0.3 04 |03 7.5

32* 40.0 |20.9 -44 21.4 | 3482 |530 5.5

33 342 | 17.0 =27 17.2 3509 | 530 7.2
0.3 03 |04 6.4

33" 38.8 | 19.6 -6.3 20.6 | 342.0 | 530 5.7

34 33.8 |16.5 -49 17.2 | 343.5 | 530 7.3
0.3 02 |05 6.3

34* 38.6 |19.1 -78 20.6 |337.7 |530 5.7

35 33.8 | 165 -4.9 17.2 | 343.5 | 530 7.3
0.3 02 |05 6.3

35% 38.6 |19.1 -78 20.6 |337.7 |530 57

38 416 |17.4 10.5 20.3 31.0 | 460 4.9
0.2 07 |0.1 6.9

38* 44.5 |19.0 44 19.5 13.0 | 530 3.9

39 39.0 [129 53 13.9 22.5 | 480 49
0.2 06 |02 54

39* 41.3 | 14.1 0.6 14.1 2.4 |530 4.3

40 384 | 123 24 12.5 11.1 | 530 4.8
0.2 05 |03 7.6

40* 42.8 | 14.5 -34 14.8 | 346.7 | 530 3.9

41 37.3 | 10.6 -0.1 10.6 |359.3 | 570 5.0
0.2 04 |04 6.8

41* 412 | 13.0 =52 14.0 | 3383 |570 4.2

42 36.7 |10.3 =21 10.5 |348.5 | 570 53
0.2 03 |05 6.1

42° 404 | 12.1 - 6.6 13.8 | 331.5 |570 43

43 35.0 9.6 -48 10.7 |333.3 | 570 6.0
0.2 02 |06 57

43* 393 | 12.0 -7.7 14.3 | 327.5 | 570 4.7

Continued
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Dye mass ratio Chromatic value

Sample number® | MR |GY |GB |L* a* b* AE | C* h() | A |K/S

44 349 9.1 -7.6 11.8 | 3199 |570 6.1
0.2 01 |07 4.6

447 38.1 [11.3 -10.2 152 | 3179 |570 52

47 46.2 8.9 15.0 17.4 59.5 | 460 4.5
0.1 08 |0.1 53

47* 48.1 9.6 10.2 14.0 46.6 | 450 3.2

48 45.6 5.5 11.8 13.0 65.3 | 460 41
0.1 0.7 0.2 5.5

48* 47.3 7.3 6.9 10.1 43.4 | 450 2.9

49 43.3 4.3 7.2 8.4 59.5 | 450 39
0.1 06 |03 7.6

49* 475 6.4 13 6.6 112 | 570 2.5

50 41.4 3.1 3.4 4.6 48.1 | 450 3.8
0.1 05 |04 8.2

50* 47.0 5.7 -19 6.0 |341.1 |570 2.6

51 41.2 2.8 0.8 2.9 153 | 580 3.7
0.1 04 |05 6.3

51% 45.1 5.0 -37 6.2 | -364 |570 3.0

52 39.4 2.0 -18 2.7 |317.1 | 600 4.3
0.1 03 |0.6 41

52* 40.7 33 -55 6.4 |300.8 | 580 4.1

53 39.6 2.0 -5.1 55 [291.2 | 600 4.4
0.1 02 |07 3.5

53% 41.7 3.3 -76 8.3 2934 |580 39

54 39.8 21 -82 8.5 |284.5 | 600 4.5
0.1 0.1 |08 2.2

54* 40.6 3.1 -10.0 10.4 | 287.2 | 580 43

Table 4. Chromatic values of wool yarns dyed with ternary mixtures of MR, GY, and GB. *Sample number

without and with” signal mean the dyed sample before and after soaping, respectively.

100 -
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Figure 12. Dye residual percentage (R%), degraded percentage (D%), and the maximum and minimum dye
exhaustion percentages (Emax% and Emin%) in dyeing with MR (Sample 1), GY (Sample 56), and GB (Sample
66).

(red color) mainly contributes to the positive a* value, while GY (yellow color) mainly affects the positive b*
value, according to the color coordinate.

In Table 1, the dye mass ratio was 0.2:0.8 (MR:GY) for Sample 37. However, the \,, of K/S was 530 nm,
and h was 33.5°, indicating that the main color hue of the sample is reddish. The photograph of Sample 37 in
Fig. 10 also identified the color hue. It was possibly caused by the dye mass adsorbed in the wool fiber and the
tinctorial strength of dyes. The results of the thermostability study of these three natural dyes clearly show that
these three dyes degraded at 90 °C (Fig. 5) and pH 3 (Fig. 6). Thus, the natural dyes were adsorbed in wool yarn
during dyeing and suffered from degradation simultaneously. Notably, the dye concentration during the dyeing
was reduced more dramatically than in the dye degradation treatment because of the dye adsorption in wool
fiber, i.e., the dye degradation percentage in dyeing was less than in degradation.

Figure 12 shows the results of dyeing with MR (Sample 1), GY (Sample 56), and GB (Sample 66) and their
respective control dyeing (without the addition of wool yarn). The dye degradation percentage (D%), residual per-
centage (R%), maximum dye exhaustion percentage (E,,,%), and minimum dye exhaustion percentage (E,;,%)
were calculated using Egs. (1), (3)-(5), respectively.
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A
R% = — x 100% 3)

Ay
Emax% = 100% — R% (4)
Emin% = 100% — R% — D% (5)

where A, is the light absorbance of the residual dye bath at A .

When the natural dyes did not degrade during dyeing, i.e., the D% was null, the E% was maximum (E,,,%);
or during the dyeing of wool yarn, the tendency of dye degradation was similar to that in the control dyeing,
i.e., the D% was maximum, so the E% was minimum (E,;,%). However, actually, partial natural dyes degraded
during the wool fiber dyeing, and the dye adsorption in wool fiber reduced the amount of dye degradation in
comparison to control dyeing. Thus, the E% should be within a range of E_;,% to E .. %.

Figure 12 shows that the E% values of MR, GY, and GB were in the ranges of 78.7-94.1%, 13.4-44.1%, and
54.8-68.5%, respectively, and without overlapping. In other words, in the dyeing with a single dye, MR dyeing
had the highest E%, GB dyeing was the next, and GY dyeing had the lowest E%, because of the highest R% and
D% for GY. Thus the higher E% of MR than GY contributed to the reddish hue for Sample 37. Moreover, the GY
has a lighter tinctorial strength than MR; hence, with the increased ratio of GY, the L* values increased. Besides,
the maximum wavelength of the dyed samples’ K/S changed to 450 nm from 530 nm while the dye mass ratio
was 0.1:0.9 (Sample 46), indicating that GY primarily contributed to the color shade.

In the description of color shade using the CIE Lch color space, the C* values (color saturation) generally
decreased with the decrease in MR dye ratios for the dyed samples with or without soaping, indicating that MR
primarily reduced the C* in the dyeing with binary mixtures of MR and GY dyes. C* value is dependent on the
a* and b* values, and it is determined using Eq. (6). Because the higher E% and stronger tinctorial strength of
MR than GY, the decrease of MR component in the binary mixture of MR and GY decreased the C* values. The h
value was used to assess the hue of the sample. The maximum wavelength of K/S shifted to 450 nm from 530 nm,
whereas the dye mass ratio was 0.1:09 (MR:GY), accompanied by an h value of 55.0° for the dyed sample before
soaping, indicating that the dyed samples had more yellowness.

Ct = Va7 + b (6)

The color of the dyed sample changed by the soaping process, and the color difference (AE) was within the
range of 3.4-8.4 for the dyeing of wool yarns with binary mixtures of MR and GY dyes. The AE for the single MR
dye was 4.2, while the AE for the single GY jumped to 18.5. Because the dyeing was executed at pH 3, an excessive
GY was possibly adsorbed in wool yarn. Excessive adsorption usually occurs in the dyeing of wool with an acidic
dye under strongly acidic conditions. Thus, the unfixed natural dyes in wool fiber were washed off after soaping,
accompanied by color change. Owing to a temperature of 95 °C during soaping, it was impossible to detect the
dye fixation rate by the light absorbance of the soaping solution because these natural dyes are easily degraded at
high temperatures (Figs. 5 and 6). Besides, in the dyeing with binary mixtures of dyes, the dye amount removal
ratio of each dye from the dyed wool yarn was occasionally different, for example, in Sample 55 in Table 2, shift-
ing the A, of K/S after soaping. Furthermore, these natural plant dyes contain many compounds®'~**, which are
also adsorbed in the substance and contribute to the color shade of the dyed sample in its application. Hence,
after soaping the wool yarn dyed with a single dye, the color shift was caused by the change in the amount of all
the compounds in the wool yarn, although the A, of K/S was the same. Therefore, the dye fixation rate cannot
be calculated from the ratio of the K/S value at the A, before soaping to that after soaping.

In the dyeing with binary MR and GB mixtures, the chromatic values of dyed wool yarns obtained before
and after soaping are shown in Table 2. The chromatic values of L*a*b* show a similar change tendency in com-
parison with the dying using binary MR and GY mixtures. The blue color of GB contributed a negative b* value.
Thus, with an increase in GB ratio in the mixture of MR and GB, the b* value of the dyed samples changed to
a minus value, and its absolute value became larger, indicating that the GB dye was adsorbed more in the wool
yarns. The A, of K/S was 530 nm for Sample 28 with a ratio of 0.4:0.6 (MR:GB). Then, the A,,, of K/S shifted
to 570 nm at a ratio of 0.3:0.7 (Sample 36) and 600 nm at a ratio of 0.1:0.9 (Sample 55) due to the higher E% of
GB. After soaping, the unfixed dye wash-off weakened the color strength and increased the lightness because
the L* values of dyed samples were promoted.

The chromatic values of dyed wool yarns with binary mixtures of GY and GB are shown in Table 3. GY mainly
contributed to positive b* value, while GB mainly contributed to negative b*. Hence, with the increase in GY
ratio, the b* decreased and shifted to a minus value, and the L* values decreased. However, the a* values slightly
fluctuated within the range of —7.30 to—11.17. Both of these decreases indicate that the color of the dye sample
became darker with the increase in GB content. Notably, the a* value (5.25) of Sample 56 immediately changed
to minus (—7.30) at a ratio of 0.9:0.1, indicating that GB had a green tint and a vital effect on the a* value. Thus,
Sample 56 showed slight greenish color (Fig. 10). The A, of K/S was 450 nm for Sample 61 with a ratio of 0.5:0.5
(MR:GB), and it changed to 610 nm for Sample 62 with a ratio of 0.4:0.6. It was caused by the higher amount of
GB in the dyed wool yarn because of its high E% (Fig. 12) and high ratio in the binary mixtures, although the
tinctorial strength of GY is higher than GB (Fig. 4). The main hue of the dyed sample did not shift by soaping,
except for Sample 61 The ., of K/S changed to 610 nm from 450 nm because more amount of GY was washed
off by the soaping, in contrast with GB. The AE values of Samples 56 and 66 were 18.5 and 5.8, respectively,
indicating that the fixation property of GY was poorer than GB. This result supports the explanation of the A,
of K/S shift in Sample 61 after soaping.
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Figure 13. Standard deviation of K/S values of dyed wool yarns.
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Figure 14. Wash colorfastness assessment of dyed wool yarns using singe dye, binary dye mixtures, and ternary
dye mixtures.

The chromatic values of dyed wool yarn with ternary mixtures of MR, GY, and GB are shown in Table 4. The
different chromatic values of dyed samples after soaping indicate that wool yarns with many color shades were
prepared with different dye mass ratios. The color shades are shown in Fig. 11. Besides, the AE values had a small
change, indicating that the dye fixation properties of these dyes were acceptable.

Color uniformity. The color uniformity of dyed wool yarns expressed by the standard deviation of K/S val-
ues is shown in Fig. 13. Generally, most of the standard deviation values are lower than 1.0 for the dyed samples
(Figs. 10 and 11) before and after soaping, indicating that the color on the surface of dyed samples was even.
Meanwhile, the soaping process was beneficial for the color uniformity of dyed samples, because the standard
deviation of dyed samples was reduced after soaping. Therefore, it can be concluded that in the dyeing with
binary and ternary dyes mixtures, the natural dyes were equally distributed in the wool yarns and exhibited
uniform color.

Colorfastness to washing and lighting. The samples dyed with a single dye, binary dye mixture, and
ternary dye mixture were selected to assess their wash colorfastness, as shown in Fig. 14. The wash colorfast-
ness of these samples in staining the multifiber fabric was Grade 5 for all six fibers. Although the light color was
present in the solution during testing, the multifiber fabric was clean without any staining, possibly because the
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K/S curve

Sample Sample 33 | Sample 39 | Sample 43 | Sample 56 | Sample 61 | Sample 66

Figure 15. Photographs of dyed wool yarns (a) after and (b) before light colorfastness testing and their K/S
curves.

SampleX | L* a* b* AE | Sample |L* a* b* AE
1 342 (405 | 06 o4 33 388 | 196 |-63 60
¥ 363 [355 | 06 33* 454 | 222 |-25

13 346 |311 |-27 39 413 | 141 | 06

13 395 302 |-13 2 39° 486 | 177 |-0.2 82
16 364 [325 | 20 43 393 | 120 |[-7.7

16* 405 |29.5 |-03 > 43 480 | 163 |-22 2
21 318 [251 |-8.1 56 73.4 1.0 | 343

21% 398 269 |-27 o8 56 76.2 12 | 195 151
25 369 |248 |-48 61 50.6 |-104 | 6.0

25* 429 261 |-20 67 61* 658 | —09 | 104 183
32 400 209 |-44 o5 66 477 | =76 |-96 105
32¢ 459 231 |-19 66* 608 | —1.0 | 32

Table 5. Color difference of dyed wool yarns before and after light colorfastness testing.

testing conditions (pH 10.5) prevented the removal of dye from the multifiber. Furthermore, after testing, the
fade color grade of wash colorfastness was found to be Grade 5 for all the tested samples. Therefore, the results
of these selected samples indicate that the wash colorfastness of the dyed samples with a single dye and mixtures
was Grade 5 for both the staining and fade colorfastness. Overall it shows that less amount of color is released
during washing, which is very crucial for maintaining environmental sustainability.

The photographs of selected dyed wool yarns before and after light colorfastness testing are shown in Fig. 15,
along with their K/S curves, and the color difference of dyed wool yarns before and after the light colorfastness
testing is shown in Table 5. Undoubtedly, the colors of dyed wool yarns faded apparently due to the natural dye’s
inherent defect of unstable color by light irradiation®. After light irradiation, the K/S of dyed samples decreased,
especially for GY and GB dyes. The color of the dyed sample with single GY (Sample 56) or GB (Sample 66)
almost tended to be a grey color. In contrast, MR exhibited a relatively better light resistance™, although it also
slightly faded after light irradiation. In the dyed wool yarn with binary and ternary mixtures, the MR component
showed its vital contribution to light resistance. The color difference of dyed wool samples in Table 5 shows a
significant trend of MR for light resistance because the AE of the dyed sample with MR was lower than that
without the MR component (Samples 56, 61, and 66). Meanwhile, because the color faded, the L* values of all
the samples increased.

Conclusions

The sustainable dyeing of wool yarn in the presence of three representative natural dyes, MR, GB, and GY, was
carried out without the addition of conventional mordants. Initially, the light absorbance data show that the
tinctorial strength of MR is the highest, followed by GY and GB, which is also supported by their thermostability.
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In a single bath of natural dyeing, K/S values were measured to determine the real dye adsorption behavior,
and it found the K/S values increased with increasing dyeing temperature from 60 °C to 100 °C, except for the
GY dyeing because its highest K/S was at 90 °C. Then, a color triangle dyeing recipe (binary and ternary dyeing
scheme) was formulated using around 66 samples; no overlapping tendency was obtained with the E% values of
MR (78.7-94.1%), GY (13.4-44.1%), and GB (54.8-68.5%). Additionally, a color uniformity test confirmed that
in the dyeing with binary and ternary dyes mixtures, the natural dyes were equally distributed in the wool yarns
(uniform color), and the colorfastness properties were satisfactory in terms of less color reduction during the
washing process especially. As a result, natural dye mixtures may be deemed as a suitable approach for color-
ing textile materials, with no problematic processes or negative environmental repercussions. Hence, in future
research, attention will be paid to mixing natural colors to find natural dyes with green color and investigate
their dyeing performance on wool fiber in mixtures, thereby expanding the range of colors for dyed wool yarn
with a mixture of natural dyes.

Data availability
The datasets generated during the current study are available from the corresponding author on reasonable
request (Prof. Yingjie Cai, Y. Cai).
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