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This study investigates the potential application of Opuntia fruit extract as a natural
dye for wool fibers in hand-woven carpets. Adopting a sustainable and eco-conscious
textile dyeing approach, we systematically evaluated critical parameters including
dye concentration (30-100 %), mordant concentration (0-10 %), temperature (30-
100 °C), duration (20-100 min), and pH (3-11) on color characteristics and fastness
properties. The aqueous extraction method yielded betalain pigments, confirmed
through spectroscopic analysis. Results demonstrated the capacity of Opuntia extract
to produce a diverse color spectrum, ranging from red to brown. Optimal dyeing
conditions were achieved at 80 °C for 90 minutes with pH 5.5+£0.5. Metal mordants
significantly influenced color fastness: iron mordant delivered superior wash fastness,
while copper mordant enhanced light fastness. Statistical analysis (p<0.001)
confirmed all process variables significantly affected colorimetric indices - including
color strength (K/S), chroma (C*), hue angle (h°) - and fastness properties. Notably,
temperature exerted a dominant influence on color purity, whereas mordants
primarily governed hue stability and fastness. The optimized dyeing protocol
maintained favorable mechanical properties of wool fibers while achieving excellent
color characteristics. This research establishes Opuntia as a high-potential natural
dye source capable of producing stable, vibrant hues. Its implementation offers an
effective strategy for developing sustainable textile dyeing processes with reduced
environmental impact.
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Figure 2: Chemical structure of coloring compounds presents in Opuntia fruit: betanin, anthocyanin, and quercetin.
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Table 1: Extraction efficiency with different solvents.
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Figure 3: Diagram of (a) the wool yarn denting process and (b) dyeing process using natural dye extracted from the fruit of the Opuntia plant.
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Table 2: Range of dyeing variables for wool yarn with Opuntia fruit extract.

Range of changes

Variables
Maximum Minimum

100 50 Dyeing agent concentration (percentage)

10 0 Alum mordant concentration (percentage by weight)
100 30 Dyeing temperature (°C)

100 20 Dyeing time (minutes)

11 3 Dyeing bath pH

UV-Vis Absorption Spectra of Opuntia Fruit Extract at Different pH Levels

— Acidic
- Neutral
175 == Alkaline

Absorbance (A)
~
N
rd

T i T ;
200 300 400 500 600 700
Wavelength (nm)

iz glapH jo Ly sl ogee ol )5l Joloee iz slocids i S

Figure 4: Absorption spectra of the aqueous extract solution of Opuntia fruit at different pH levels.
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Figure 5: Dyed samples from preliminary tests to examine color shade and dyeing strength: (a) sample dyed without mordant, and (b) sample dyed
with 10 % (by weight) potassium aluminum sulfate mordant.
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Table 3: Color characteristics of wool yarns dyed with 100 % weight of Opuntia fruit in the presence of different metallic mordants.
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Figure 6: Effect of dyeing time (minutes) on color purity, color strength, and hue angle of wool yarn dyed with Opuntia fruit.
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Figure 7: Effect of dyeing temperature (°C) on color purity, color strength, and hue angle of wool yarn dyed with Opuntia fruit.
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Figure 8. Effect of mordant concentration (%, w/w) on the colour purity, colour strength, and hue angle of wool yarn dyed with Opuntia fruit.
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Figure 9: Effect of dye bath pH on the colour purity, colour strength, and hue angle of wool yarn dyed with Opuntia fruit.
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Figure 10: (a) Image of the dried plant used in the dyeing process, (b) samples of wool yarn dyed with the plant's aqueous extract under the proposed
optimal conditions and in the presence of various metallic mordants, and (c) the position of colored skein samples in the Lab color space.
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Table 4: Results of the evaluation of wash fastness, staining, and light fastness of wool yarn hanks dyed with dye extracted from Apotunia in the
presence of various metallic mordants.

Samples

Washing Fastness

Staining (AE) Lightfastness

mordants
Al 4-5 1.24 4.61 1.64 8

1.97
Cr 1.96 4-5
Opuntia Cu 211 4
Fe 0.43 4-5
Sn 1.25 4-5

0.74 4.85 0.30 8
0.92 5.06 1.86 8
1.14 4.20 2.07 7-8
1.08 4.22 2.02 7-8

-y ‘\(\Z-i) 11 /-—ﬁ) 6)9[55 9 Io’.l.c uol.c LEPV)



B3k 9 55 B 329 (b))l gl 090 0 jlas b Bl (3 el (5555 Siwdis / UHed 9 (:3) 0dumw

s 4 Vsl g & (g pdyillan] 2l 5 5w Gl
Sl 5 1555, sl JsSJge Ly G Jy Sye s (slalzi o
A ol iy (g o ey e i (52,5 DY L]

L5 1) s (55,55, slaasises (5L > U Jorb olus
Lo aiged S |y (oS L Ol s 55 (0,0) B/ 1
(3,0 V¥ ) Jodo ol oy i TR olis (Mo, 2V VYY)
S5 ze oalive (Vo + °C) VL (65,55, csloo b A olas digas o
S 50 Sadlgmisd sladign (Ji2 wu B 5l (BU Wi oo &S
30 (Ao, VY) Jsb obol o yiaS .ol YU glod jo piy ol
a5 0g g0 000 (Ao, VO+) SV I3, cdale L £ o led digal
ol badly (ol o jls Slasop diges cpl b Jgde (ial33l b
PH c A= °C slod) (55,55, angy Loyl pd Gl a5 vws oo
(o,0 O aslais cbale g uvyo Vv (3, clale DD g0
S o s woslhs (K ole> 4 (Sl (ped Wlgioe
S Lad 55 ) (peity & el

ol 50 ol cway wls i 5 gon oz & Jgoz 0
45 Hsboles ol osaliin B Gt lagiagy L (hagh
ol b dglin 1 Lyl ogee 31 o gyl (gl5S5, e o oanlie
S s e s (V-A 4 y) oWl 055 ol «ompeb g5,
atilo iyl 8 555 (ayme 0 a5 Qoo )5 (sln |y T (s
Silssr cmilin Jls (55 Sl g Bl sLa
L aolie JHB (F-0 42,0) 355, ol (pg-ttacd O3 mizeen
SLaliS, Sl as coul by, 5 99,5 Sy wiile (b SIS
gD se g il (B8 Cato 3 esliiul 8 )50 (i
gl OF 00+ o050 20 ;0 iz a iy L Ll ( pd> ol
45 s 1y (5o b iy 58 5, il sl Ll
2 Pty 45 99,5 Sy 5 ol wiile LIS, I, O (S
ST TICIEE: Uy NP NV S PR

1. Raw

Sl 6lo S5 sty A=Y
Dlokes 5550 5| oy 5 Sl (slo Sy s )
S yesio 53U (Grmghy 5l A onl jo el (55900 (55,55, Wil
Oley Sae 5 Lo wilass cldale 355, clale Jolis 55,5, a8
slog (SolSe sla SRy 95 = 655, ple> PH 5 55,5,
)JQLQA u_e)f )‘)J R ) QAM ‘B.a‘].w ) o..\.wu';))i:)
o> L Job ool s CN/teX) L Jsaw {CN/teX) s yiSlas
50 adizee byl b 50 0uli6,K, slag sladiges (do)s) Sb
e g.:|)_u.u r )}EMAA (OppTred Ll 00 ﬁ.}“’)‘)f I\ J5J>
Sl 8,5 8 ) 3y9m 55 o G digad o Sl Sliogas
i 35 sladises (Sl sla T as ol plis sel Caws &
ul)_..bu ‘6})5'.‘) alisee Ja;‘).w 5 L..uy" oS 0gu0 03 Lg))i;)
R A RKYE i N

o 5 S sl Sy byl Jgoz sleesls (o)
Ol (65,55, calie Ll il 5o Lyl oges o,lae b oads (65,5,
SHe Sleogad 2y BB U 65,5, anlp oS aas
05,55, sldiges L s aiged anglie el 43l pty SLJI
50 00563,5, slags (e ul) i jiSlas oS aes o lis
Wgei b (5 lolme @iglas a5 o4l 1,8 CNJtex A/AY G Y/AT oogaze
ol as el 15l St al ol o5 (CN/tex) A/FR ol
75 ol g lalpd o Ll ojlas b 55,
WS g 1y ey LI gy LSl

ol 45w oo i el (65,55, sladiges SOb Jyse Jelos
o digad K Jpio 25 oo 5 (55,55, Ll el o Jale
Ot 008 (65,55, sdsges j0 a5 Jl> ;o gy CN/tEX OF/AA
FAY SO Jgde (S el yuxie CNJteX VE/YY L FY/-Y
#- °C) pomly 65,5, sl L ¥ o le asgai yo (CN/tex)
(cN/tex) YEIVY b Joow o yiiiom a5 Jl> j0 ol o oonline
g g0 0330 (duo,0V0) YL IS5 cdale L # o)l diged 4o

s e Wl o 35, SIS G S w0 e ol Sl ol

Ll boad 5 (oo &8 (Sl (sla Sy Sl (L)1 : 0 Jgu
Table 5: Evaluation of Mechanical Property Changes in Wool Yarn Dyed with Opuntia.

Dye Mordant Dyeing .
concentration | concentration temperature Dyemg time
) (1) C) (min)
Raw - - - -
1 100 5 80 30
2 100 5 60 60
3 100 0 90 60

. Mt?r(]isrir(;trj]m Young's Elongati(?n at
bz¥ﬁlglg—| (cN/tex) modulus(cN/tex) break(7.)
= 8.49 £ 0.50 56.88 £ 4.15 11.73+0.40
55 8.65+0.49 55.16 £ 5.07 11.62 + 1.26
515) 8.55+0.30 41.03+8.30 12.16 +0.24
515) 7.84+£1.00 58.57 £6.79 11.09 +2.44
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Table 5: Continue.

Dye ) Mordan_t Dyeing
concentration | concentration temperature

(4 ) °C) (min)
4 100 5) 90 60
5 100 5 90 60
6 150 5) 90 60
7 100 5 90 60
8 100 5) 100 60
9 100 10 90 60
10 50 5 90 60
11 100 5 90 90

Dyeing time

Maximum Elongation at

tension Young's .
(cN/tex) modulus(cN/tex) break(7.)
5.5 8.60 £ 0.54 42.72 + 2.08 12.35+2.08
7 8.52 £ 0.58 52.65 + 5.87 13.14 +3.20
5.5 8.97£0.21 76.23 £ 3.03 11.00+1.18
3.0 8.14 +0.85 59.15 + 1.69 13.16 + 2.17
5.5 8.68 £ 0.36 53.85 +1.33 14.09 £ 2.01
515 8.85+0.36 55.02 £ 7.74 12.93 + 2.69
5.5 8.06 +£0.94 54.35 + 4.50 1151+1.14
5.5 8.48 £ 0.64 46.43 £1.15 1248 +1.10
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Table6: Comparison of Optimized Dyeing Results, Colorimetric Properties, and Color Fastness of Opuntia with Other Studied Natural Dyes.

Natural Dye Maximum Washing light fastness Optimum dyeing Optimum dyeing Source
absorption fastness temperature pH

Opuntia 540-550
Beetroot 525-535 3-4 3-4
Pomegranate 430-450 5 5
Peel
Saffron 420-440 4 4
Walnut Peel 380-400 6-7 5
Madder roots 480-500 6 4-5
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