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Textile dyeing with natural colorants, in response to environmental requirements and
the increasing demand for sustainable products, requires scientifically based and
optimized processes. This study aimed to develop an efficient and sustainable process
for wool dyeing using a natural dye extracted from chamomile flowers and to
investigate the role of metallic mordants. Response surface methodology based on a
central composite design was applied to evaluate the effects of four key dyeing
parameters—dye concentration, pH, temperature, and dyeing time—on color
strength. The developed second-order model showed good statistical fitness
(predicted correlation coefficient of 94.75) and confirmed the significant influence of
both main factors and their interactions. The optimal conditions were identified as 75
wt% dye concentration, pH 3.5, temperature of 80 °C, and dyeing time of 116 min,
yielding a color strength of 4.33. Furthermore, the use of single and combined
metallic mordants demonstrated that binary mordant systems, particularly Cu-Fe, Cu-
Sn, and Cu-Al, significantly enhanced color strength (above 10) and improved wash
fastness (grade 5) and light fastness (levels 6-7).
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Figure 1: Chemical structures of the main flavonoid colorants in chamomile extract (3, 10,11)
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Table 1: Process control parameters and their coded levels

Dye concentration
pH B
Time C
Temperature D

%, owf

min

°C

20 40

3 4 5 6 7
40 60 80 100 120
30 45 60 75 90
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Table 2: Central composite design matrix, combinations of independent variables, actual, and predicted color strength.

1 60 5 80 30 1.71 1.65

2 40 4
3 40 4
4 20 5
5 60 5
6 60 5
7 80 4
8 80 4
9 40 6
10 80 6
11 60 5
12 60 5
13 60 5
14 100 5
15 80 4
16 60 5
17 40 4
18 80 6
19 60 7
20 60 3
21 40 6
22 80 6
23 40 4
24 40 6

100

60

80

80

40

100

60

60

100

120

80

80

80

100

80

100

60

80

80

100

100

60

60

75 251 2.57
75 2.28 2.25
60 112 1.08
60 2.57 254
60 2.25 222
75 3.85 3.79
45 2.26 248
75 1.56 1.47
45 2.36 2.34
60 2.64 2.87
60 2.57 2.54
60 2.57 2.54
60 3.03 3.11
45 2.89 2.80
60 2.57 2.54
45 2.09 1.99
45 2.15 2.02
60 1.72 1.73
60 293 2.96
45 1.58 1.53
75 3.1 3.02
45 1.67 1.67
45 0.96 1.21
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25 40 6 100 75 181 1.80

26 80 6
27 60 5
28 60 5
29 60 5
30 80 4
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Table 3: Type, concentration, and code of metal mordants used for dyeing of wool fabrics

Sample code Mordant (% owf) Sample code Mordant (% owf)

Control

Al Al (5%)

Fe Fe (5%)

Sn Sn (5%)

Cr Cr (5%)

Cu Cu (5%)
Al-Fe Al (2.5%) + Fe (2.5%)
Al-Sn Al (2.5%) + Sn (2.5%)

Al-Cr Al (2.5%) + Cr (2.5%)
Al-Cu Al (2.5%) + Cu (2.5%)
Fe-Sn Fe (2.5%) + Sn (2.5%)
Fe-Cr Fe (2.5%) + Cr (2.5%)
Fe-Cu Fe (2.5%) + Cu (2.5%)
Sn-Cr Sn (2.5%) + Cr (2.5%)
Sn-Cu Sn (2.5%) + Cu (2.5%)
Cr-Cu Cr (2.5%) + Cu (2.5%)
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1. Blue Wool Scale
2. Aliasing
3. Quadratic model
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Table 4: Pearson correlation matrix between process variables and color strength.

] e | oo | o] ks
1.00 0.00 0.00 0.00 0.70

A

B 0.00 1.00

Cc 0.00 0.00

D 0.00 0.00
KIS 0.70 -0.43

0.00 0.00 -0.43
1.00 0.00 0.23
0.00 1.00 0.44
0.23 0.44 1.00
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Table 5: Analysis of variance results for different statistical models in predicting color strength in the response surface methodology.

Sequential p-value Adjusted R2 Predicted R2 _

Linear <0.0001
2FI 0.2759
Quadratic 0.0012
Cubic 0.1103
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Table 6: Analysis of variance (ANOVA) for response surface quadratic model.

A-Dye concentration

B-pH 2.28 1
C-Time 0.6305 1
D-Temperature 2.36 1
AB 0.0060 1
AC 0.0003 1
AD 0.1661 1
BC 6.250E-06 1
BD 0.0977 1
CD 0.0264 1

A? 0.3608 1

B2 0.0747 1

@2 0.0135 1

D2 0.1332 1
Residual 0.2193 15
Lack of Fit 0.2193 10
Pure Error 0.0000 5
Cor Total 12.42 29

Significant

422.16 < 0.0001

2.28 155.66 < 0.0001
0.6305 43.13 < 0.0001
2.36 161.61 < 0.0001
0.0060 0.4109 0.5312
0.0003 0.0209 0.8868
0.1661 11.36 0.0042
6.250E-06 0.0004 0.9838
0.0977 6.68 0.0207
0.0264 181 0.1989
0.3608 24.68 0.0002
0.0747 511 0.0391
0.0135 0.9237 0.3517
0.1332 9.11 0.0086
0.0146
0.0219
0.0000
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Figure 2: Goodness of fit for the RSM model.
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Figure 3: Effect of independent variables on the K/S

YAQ-E:0 £(1\E-E) 13/ 55) 509Ud 9 pgle (Sole d puis

FaA



v w9 Ewly mow b9y BT ilwaisg 3k Jl &35l $1355) b ety $3)55) /0 B34 9 il Suzo

Design Expert® Design Expert®
Factor Codig: Adtust Factor Coding: Adtust
ws ws

o.05 I 3.5 o5 I 3.5

X1 = A: Dye cocentration

X1 = A: Dye cocentration
X2 = O: Temprature

X2 = O: Temprature

Actual
BpH » 343745 5

Actual
BpH » 343745
C:Time = 116222

C:Time = 116222

G 2
2 & il LT R
T | L 7ATATH IR A
= A TALTATA AL
g LRI
-
£ g
2
a8
100
" A: Dye cocentration (OWF%)
20 20 60 80 100
A: Dye cocentration (OWF%)
@ @)
Design Expert® Design Expert®
Factor Codig: Adust Factor Codig: Adust
ws ws
096 NI 355 o6 NI 355
X1 =B pH X1 =8 pH
2 = 0: Temprature X2 = 0: Tomprature
Actual Factors Actual Factors.
X Dye cocentraton = 752745 X Dye cocentrabion = 752745
=62z CiTime = 116222
g
o
@
R
14
g g
o
E
2
a

(b) (b)

ey D8 lade s LeopH (0) g Leo- 1355, cdale (@) 2iS e p (5,950 5 (gomdn sl logas (F JSCS
Figure 4: 3D surface and contour plots showing the interaction effects of (a) dye concentration and temperature, and (b) pH and temperature on color

strength.
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Figure 5: Perturbation plot illustrating the influence of dye concentration, pH, temperature, and dyeing time on the color strength response in the
RSM model.
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Table 7: Comparison of process parameters and color strength before and after RSM-based optimization

Control parameter

Run 7
Optimum condition 75 35 116
Difference -5 -0.50 16

Experimental Predicted
Response Response E Dyed
0,
80 4 100 75 ;

80

5

rror
3.85 3.79 1.55

4.33 4.09 5.54

0.48 0.30 -
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Figure 6: Effects of single and binary metal mordants on the reflectance spectra of wool fibers dyed with chamomile natural dye
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Figure 7: Schematic representation of the interactions between wool fiber, metal ions, and chamomile dye molecules.
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Table 8: Colorimetric parameters, color strength, and fastness properties of wool fabrics mordanted with single and binary metal mordants.

Fev

Control 67.35 34.66 34.79 85.06
Al 68.41 0.67 52.00 52.00 89.26
Fe 37.04 1.58 16.74 16.82 84.59
Sn 69.94 8.06 58.83 59.38 82.20
Cr 55.80 1.97 25.00 25.08 85.49
Cu 54.07 1.15 39.57 39.59 88.33

Al-Fe 47.59 -0.02 28.25 28.25 90.04
Al-Sn 71.85 0.96 56.86 56.86 89.03
Al-Cr 58.94 4.29 36.79 37.04 83.35
Al-Cu 55.98 0.62 39.16 39.17 89.09
Fe-Sn 58.79 2.37 36.45 36.53 86.27
Fe-Cr 62.76 0.96 25.18 25.20 87.81
Fe-Cu 43.24 1.19 25.63 25.66 87.35
Sn-Cr 55.44 3.26 27.69 27.88 83.29
Sn-Cu 55.68 4.08 42.80 42.99 84.56
Cr-Cu 54.32 2.63 31.05 31.16 85.15

1057 400 222 4-5 5
1149 420 5.39 5 6

1057 420 2.30 4 5-6
549 410 1.83 4 5-6
10.60 430 3.22 4 6

1036 420 354 4-5 5

902 420 1.88 45 56
643 420 2.00 4 5-6
1041 420 2.78 45 56
885 420 219 4 5-6
444 400 1.20 4 5

11.84 430 425 5 6-7
567 420 1.95 4 5-6
10.90 430 3.10 4 5-6
667 420 231 4 5-6
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Figure 8: a*~b* chromaticity distribution of metal-mordanted wool samples dyed with chamomile natural dye
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