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Abstract: Low-energy UV lamps were used for the pretreatment of wool yarns and its effects were investigated in terms of
surface morphology, tensile strength, and percentage dye uptake. Subsequently, raw and UV-treated wool yarns were dyed
with Cochineal dye and the essential parameters affecting the dyeing process (i.e., temperature, pH, duration) were
determined. The results showed that the color strength of the samples increased by (a) increasing the pre-treatment
effectiveness (i.e., UV irradiation strength and its duration), and (b) increasing the influential dyeing parameters (i.e., higher
temperature, higher initial dye concentration in the dye bath, longer dyeing time, and acidic pH). The UV irradiation
pretreatment also enhanced the color fastness properties of the dyed samples under the same dyeing conditions. The results
suggested that an eco-friendly, acid-free, and relatively cheaper dyeing process could be developed for the wool fibers
pretreated with scalable and straightforward UV irradiation pretreatment. 
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Introduction

Wool fibers have most excellent water absorbency and

moisture regain among natural fibers composed of amino

acids. Due to curly structure and presence of scales on its

surface, wool fibers have excellent elasticity and thermal

insulation properties [1,2]. Various dry or wet treatments can

be employed in order to improve the wool fibers’ dye

absorption, substantivity, antibacterial, or antifungal properties

[3-5]. The surface modification of wool can be achieved by

stabilization of particles using another polymer [6], plasma

treatment [7-10], plasma grafting [11], ozonation [12],

sonication [13], UV excimer laser irradiation [14], ultra-

violet (UV) radiation [15], physical vapor deposition (PVD)

[16], electroless deposition [17], chemical vapor deposition

[18], enzyme surface modification [19], and etc. Among

these techniques, UV radiation has exciting features: (a) it

needs only low-energy UV lamps (i.e., relatively cheap), (b)

it does not need any sophisticated equipment or addition of

chemicals/water (low environmental impact), and (c) it does

not need any expensive and complex equipment [20,21].

The interest in eco-friendly textile processing techniques

has increased in recent years due to the increased awareness

of environmental issues globally. This entails a shift towards

textile production using environmentally friendly dyeing

and finishing procedures by using green chemicals and less

water without increasing the production cost [9,13,21]. As a

result, the surface modification of fibers using dry treatments

is more favorable than the wet chemical treatments that need

substantial amounts of water and various chemicals. The dry

surface treatments can be achieved by low-temperature

plasma [7], sonication [13], and UV irradiation [15,22].

Plasma and sonication treatments need relatively expensive

and complicated equipment. However, the low-energy UV

irradiation is a cheap and straightforward finishing method

that does not need any complex setup. The UV irradiation

treatment on raw textile goods can improve wettability, dye

absorption and fixation at low temperature [15,22]. More

hydrophilic groups (e.g., hydroxyl and carbonyl) can be

generated on the surface of textiles due to the oxidative

nature of the UV irradiation and the produced ozone [23-25].

This can improve the levelness of dyeing, color yields in

chlorine-free printing [26], the photo-bleaching of wool

[27], and reduce the pilling of knitted wool fabric [28]. The

oxidative degradation of textile goods depends on the

strength of the UV radiation and the treatment period [29].

Using natural products for various applications is a

potential trend, and researchers are trying to find suitable

methodologies to replace the synthetic materials [30-37].

One of the oldest and expensive natural dyes used for dyeing

of fibers is Cochineal, and its main ingredient is carminic

acid. Cochineal is obtained from the Dactylopius coccus

Costa insect and used in various industries such as food,

cosmetics, and textiles [38]. There are several studies on

textile dyeing using cochineal with or without mordant

treatment [38-40]. The mordanting has a significant effect

on dye uptake, color shades, and color fastness properties. It

was inferred that different fibers could be successfully dyed

with cochineal by various mordanting methods and those

different mordants can extend the range of available shades.

In this study, we investigate the eco-friendly UV irradiation

pretreatment to improve wool dyeing with Cochineal. The

surface modification of wool yarns is explored using two
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different low-energy consumption UV lamps (types B and

C). Moreover, the effect of this pretreatment on dye

absorption and fastness properties (i.e., light, washing,

rubbing) is investigated. 

Experimental

A hank of wool yarn (200 Tex/4 fold) was purchased from

the local market. Nonionic detergent (Nikogen SDN) was

used for washing the samples. Cochineal crude dye was

prepared from local dyeing workshop. The UVB lamp (LT

18W/009UV, NARVA, Germany) with maximum radiation

at λ
max

=312 nm and UVC lamp (TUV F17T8, PHILIPS, the

Netherlands) with maximum radiation at λ
max

=254 nm were

used for the treatment of wool yarns.

Sample dyeing machine (Smart dyer rapid sd-16, India)

was used for dyeing the wool yarns. The UV-Visible spectra

of the dye solutions were recorded using a Cecil 9200

double beam spectrophotometer. The reflectance of the dyed

samples at various wavelengths was measured using a

Color-Eye® portable spectrophotometer (X-Rite Inc., USA)

under D65 illumination and 10 o standard observers.

Attenuated total reflectance Fourier transform infrared

(ATR-FTIR) spectra of the samples were recorded with a

Nicolet Nexus 670 spectrometer (Madison, USA) using KBr

pellets under standard operating conditions. The spectra

were then collected in transmittance mode in the range of

4000-400 cm-1 with a resolution of 4 cm-1. The surface

morphology of the yarn samples was investigated using an

LEO 1455VP scanning electron microscope (SEM). A

tensile testing machine (Instron 5566, USA) was used to

study the mechanical properties of the wool yarns at a gauge

length of 100 mm and strain rate of 40 mm/min at 25 oC. For

each sample, at least five individual measurements were

performed, averaged, and reported. The standard deviation

was ≤ 4 %.

Pre-treatment with UV Irradiation

The wool yarns were scoured in a solution containing 2 g/l

nonionic detergent with liquor ratio (L.R) of 40:1 at 70 
oC

for 20 min. Subsequently, the samples were rinsed and air

dried before the UV pretreatment. The irradiation chamber

(Figure 1) was equipped with UV lamps (UVC, λ
max

=254 nm

and UVB, λ
max

=312 nm). The distance of the lamps to the

wool sample was adjusted at 5 cm or 15 cm. The wool yarns

were irradiated by UVB or UVC for different time intervals.

Finally, weight change (%) after the treatment process was

determined. 

Dyeing, Color Strength, and CIE L
*

a
*

b
*

 Measurement

Cochineal was extracted according to the conventional

method (i.e., boiling the species in water for 2 h) [38-40].

The water was evaporated and the extracted Cochineal was

dried to be used in the dyeing process. The wool dyeing

graph has been provided in Figure 2. The temperature, initial

cochineal concentration, pH, and the dyeing duration varied

in the range of 60-100 oC, 5-40 wt.% on the weight of fiber,

pH 4 and pH 7, 5-60 min, respectively. The color strength

(K/S), the ratio of absorption to scattering coefficient, was

calculated using the Kubelka-Munk equation (equation (1))

[41,42]:

(1)

where R is the reflectance of the dyed sample at λ
max

= 535 nm.

The K/S values represent the color strength which is directly

proportional to the concentration of adsorbed dye into the

substrate. CIE L
*
a
*
b
* colorimetric data and K/S values were

obtained from the spectrophotometer. L* corresponds to the

brightness, a* to the red-green coordinate, b* to the yellow-

blue coordinate, C
* to color purity or vividness-dullness, and

h˚ to hue angle [41]. The reported values are the average of

at least three individual measurements.

Color-Fastness Tests

ISO 105-C02:1989 standard test method was used for

measuring the wash fastness of the dyed samples. Briefly,

the samples were washed in a standard soap solution (5 g/l)

at 40 
oC for 30 min with liquor to good ratio (L.R) of 50:1.

The color change of the dyed samples and staining on

adjacent fabrics were measured by the grayscale. ISO 105-

X12:1987 was used to determine the dry and wet rubbing

fastness of the dyed samples using the grayscale. ISO 105-

B02:1988 standard test method was used for measuring the

light fastness at standard testing conditions for 100 h. The

color change of the dyed samples was evaluated using the

blue scale.

K/S
1 R–( )

2

2R
------------------=

Figure 1. Schematic UV treatment set-up. Figure 2. Dyeing method of wool yarn. 
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Results and Discussion

Wool Yarn Characterization before and after UV Radia-

tion

ATR-FTIR

The ATR-FTIR spectra of the raw wool as a reference and

those of the samples pretreated with UV irradiation were

shown in Figure 3. The broad peak at 3300 cm
-1 shows the

active surface groups such as OH and NH2. The peak at

1040 cm-1 represents the existence of cysteic acid in wool.

The peak intensity at 3300 cm
-1 for the samples treated with

UVC and UVB is higher than that of the raw wool.

Increasing peak intensity in this area can be attributed to the

formation of new hydroxyl groups on the surface of wool

fibers [21,23-25,43]. The UV irradiation coupled with the

produced ozone in the chamber oxidizes the cuticle outer

layer of wool fibers and generate more -OH groups at the

surface. This is probably proportional to the strength of

oxidation. The peaks in the range of 1000-1400 cm-1 are

related typically to the oxidized sulfur groups of wool [23-

25,43]. As indicated in Figure 1, the intensity of peaks in the

range of 1000-1400 cm-1 for the fiber treated with UVB is

relatively lower due to the formation of some new cross-

linking in the wool structure. In fact, UVB irradiation cannot

completely break the polypeptide chains of fibers, and only

create photochemical cross-linking in the keratin structure of

the wool fibers [21,23-25,43].

SEM

Figure 4 shows the SEM micrographs of the raw and

pretreated wool yarns in equal magnification (1000×). Some

scales are observed at the surface of the raw wool fibers.

Prolonged UVB and UVC irradiations have slightly decreased

the scales at the surface of the wool samples which is in

agreement with the previous studies [26,43]. As seen in

Figure 4(C, D, and H), the degraded scales have been

deposited on the surface of the fibers. The degradation of

these scales facilitates the water and dye uptake [25]. The

scales are not easily distinguishable in Figure 2(H) after 60 h

UVC irradiation while they can be observed in Figure 2(D)

after 120 h of UVB irradiation. This clearly shows that the

former is a stronger source of UV irradiation than the latter.

Weight Loss 

No significant weight loss was observed for the wool

samples pretreated with UVB or UVC radiation (Table 1).

More severe weight loss was observed in the presence of

UVC radiation (i.e., -3.6 % after 60 min radiation) compared

with that of UVB radiation (i.e., -2.3 % after 60 min). This

can be attributed to the strength and the wavelength of

maximum absorption of the UVC lamp. The surface oxidation

and destruction of the scales are responsible for the weight

loss of the samples [25,27]. The weight loss may increase

further by prolonging the UV irradiation, using a stronger

UV source, and shorter distance between the sample and the

source [25,43]. 

Mechanical Properties 

Table 2 shows the mechanical properties of the wool yarns

irradiated with UVB and UVC lamps for various durations

of time. Interestingly, it is observed that depending on the

UV type used, different trends were obtained for tensile

strength and elongation of wool fibers. Indeed, UVB

irradiated wool exhibited monotonic increase in tensile

strength and elongation while tensile strength and elongation

values of UVC irradiated wool increased at early times of

irradiation (5 h) and then steadily decreased at prolonged

times of ≥15 h.

The increase in tensile strength of wool fibers at early

stages of UV irradiation is in agreement with the results

reported in previous work [44]. These behaviors may

originate from different photochemical formation induced

cross-links in the keratin of wool fibers [43,44]. The possible

mechanism could be the high energy light-induced hydrogen

atom or electron abstraction from wool polypeptides by the

excited states oxygen molecules which contributed to the

fragmentation and cross-linking of the micro-fibril polypeptide

chains and matrix proteins. As a result, photo-induced

changes in the tensile strength and elongation of irradiated

wool occurred [44]. Further, due to relatively lower energy,

in the case of UVB irradiated wool, the favorable

mechanism seems to be the covalently cross-linking of the

chains which enhanced the tensile strength. On the other

hand, it seems that higher irradiation energy of UVC brought

about the cleavage of both the polypeptide micro-fibril

chains and the cross-linking bonds between macromolecular

chains and the matrix proteins of the wool fiber, consequently,

resulted in significant loss in mechanical properties [43,44].

Effect of UV Pretreatment on the Color Strength

The raw and UV pretreated wool yarns were dyed with

cochineal (30 % o.w.f.) at pH 7 and 100 
oC for 45 min. The

reflectance of the colored samples was obtained as described

in the experimental section to calculate the color strength

Figure 3. FTIR spectra of untreated and UV-treated samples; (A)

raw wool, (B) UVB-treated-wool after 60 h, and (C) UVC-treated-

wool after 120 h. 
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Figure 4. SEM images (×1000); (A) untreated wool, UVB-treated wool for: (B) 24 h, (C) 60 h, (D) 120 h, UVC-treated wool for: (E) 5 h, (F)

15 h, (G) 48 h, and (H) 60 h. 



UV Treated Wool Dyeing Fibers and Polymers 2020, Vol.21, No.1 183

(K/S) values. The K/S of the UVB irradiated samples

remained more or less constant within the first 60 h of

irradiation (Figure 5). The prolonging UVB irradiation for

another 60 h improved the color strength of the dyed

samples nearly 20 %. The color strength of the samples

treated with UVC irradiation increased steadily within the

72 h of irradiation. This shows again that treating the wool

samples with a stronger UV source can improve the dye

uptake. Similar behavior has been previously observed for

the dyed samples pretreated with UV irradiation [45,46].

Although the degradation should be more pronounced when

the distance between the UV lamp and the sample is shorter

[45,46], we did not observe a clear difference for the effect

of UV source distance on the K/S values of the dyed

samples.

Effect of Dyeing Parameters 

Effect of Dye Initial Concentration

The effect of cochineal dye concentration (5-40 wt.% owf)

on the K/S values of the untreated and treated wool yarns

was shown in Figure 6. As expected, the color strength

values increased proportionally by the initial dye concentration

in the dye bath. The concentration difference of the dye in

the solution and within the wool fibers is the driving force

for the diffusion and adsorption [5,45-48]. As can be seen

from the K/S values, the saturation concentrations for the

pretreated wool yarns with UVB and UVC irradiation were

found to be 30 % owf and 20 % owf, respectively. At higher

concentration (using 40 % owf dye), the dye uptake

Table 1. Weight loss (%) after UV irradiation

Source of light Irradiation time (h) Weight loss (%)

UVB

λmax=312 nm

18w

24 1.1

60 2.3

120 3.0

UVC

λmax=254 nm

16.7w

5 0.49

15 0.79

48 2.9

60 3.6

Table 2. Tensile and tear strength of untreated and UV irradiated

wool yarns

Sample

Tensile 

strength

(gf/tex)

Young’s 

modulus

(gf/tex)

Elongation 

(%)

Raw wool 7.1 0.53 8.1

UVB 

Irradiated 

wool 

24 h 7.1 0.57 8.3

60 h 7.4 0.6 9.2

120 h 7.8 0.55 9.5

UVC

 Irradiated 

wool

5 h 8.0 0.39 12.3

15 h 6.0 0.48 7.7

48 h 6.0 0.55 7.1

60 h 5.7 0.69 6.0

Figure 5. Color strength of the pretreated wool yarns by UV

irradiation. The dyeing recipe: [cochineal]=30 % owf, pH=7,

T=100 oC, t=45 min. 

Figure 6. Effect of dye concentration on K/S values of raw and

treated wool yarns; pH=7, T=100 oC, t=45 min. 
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equilibrium did not seem to be achieved in 45 min. The

enhanced dye uptake and the color strength of the pretreated

samples with UV irradiation should be due to the removal of

surface scales and the production of more functional groups

at the surface of the wool samples [23].

The results showed that the pretreated wool yarns could be

successfully dyed with the same color depth at relatively

lower initial dye concentrations. The simple UV irradiation

of the samples can enhance the color strength of the dyed

samples under the same dyeing conditions. This enhancement

can be translated into an environmentally friendly process

for wool dyeing using a lower initial dye concentration in the

dye-bath and shorter dyeing process.

Effect of Temperature 

The effect of dyeing temperature (60, 80, and 100 oC) on

the color strength of the raw and pretreated wool yarns was

shown in Figure 7. The color strength increased by increasing

the temperature can be explained by (a) increasing agitation

and diffusion of the dye molecules in the dye bath and (b)

swelling of the fibers and opening of more channels for dye

diffusion and absorption [2,38-40,47]. In fact, the first effect

(a) can adversely affect the color strength K/S by increasing

the solubility of dye molecules in water and improving the

migration of adsorbed dyes from the fibers into the solution.

However, as can be seen from Figure 7, the overall effect of

temperature is to improve the dye adsorption and the color

strength. Thus, the secondary effect (b) is the dominating

factor in the dyeing process.

Figure 5(b) also shows that by 48 h of low-power UVC

pretreatment, one can dye the samples with the same or even

better K/S values, at relatively lower temperatures. Lowering

the dyeing temperature from 100 oC to 80 oC reduces the

dyeing energy consumption noticeably. 

Effect of Time

Figure 8 showed that the color strength of the raw and pre-

treated wool yarns increased by prolongation of the dyeing

process. The dyeing equilibrium time for the untreated,

pretreated with UVB, and pretreated with UVC were

60 min, 30 min, and 15 min, respectively. Moreover, at any

given dyeing period, the color strength of the samples

treated with UV irradiation was higher than that of the

untreated wool yarns. As we discussed earlier, this is due to

the enhanced surface properties of the pretreated wool yarns

(i.e., fewer scales, more hydrophilic functional groups,

better accessibility of the dye sites for the dye molecules).

The shorter dyeing process would be favorable from both

ecological and economic points of view [49].

Effect of pH 

The dyeing of untreated wool yarns was very sensitive to

the pH of the dye bath as could be seen in Figure 9.

Interestingly, this sensitivity has decreased by the UV

irradiation pretreatments. The color strength of the samples

was higher at pH 4 than pH 7. This showed that the

protonation of wool surface functional groups such as amine

groups (NH2→NH3

+) could enhance the electrostatic

interactions between the dye molecules and the fiber [2,42].

Figure 7. Effect of dyeing temperature on K/S values of raw and

pretreated wool yarns with UV irradiation; Dyeing conditions:

Cdye=30 % owf at pH=7 for 45 min. 
Figure 8. Effect of dyeing time on K/S values of raw and treated

wool yarns; pH=7, T=100 oC, Cdye=30 %owf. 
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The cochineal dye molecule has several -OH groups and

contains at least one -COOH group. Therefore, the attraction

between the dye and wool should be mainly based on weak

electrostatic interactions, hydrogen bonding, and van der

Waals forces [50]. Our results suggest that an eco-friendly

acid-free dyeing process can be developed for the wool

fibers pretreated with simple UV irradiation. Cochineal’s

color and polarity change by pH due to its tautomeric

structure. It has also been recommended that wool should be

dyed in the slightly acidic pH [37-40].

Colorimetric Properties 

The dyed untreated and treated wool yarns were all

characterized by a reflectance spectrophotometer to evaluate

their colorimetric properties (Table 3). The results showed

that there were some changes in colorimetric values of the

pretreated dyed samples. There was a gradual increase in a
*

and b* values with the increment of the UV irradiation which

was indicative of an increase in color chroma or color

vividness of the dyed treated wool without any change in

color hue. The pretreated dyed samples had lower lightness

(L
*) and darker color shades.

Color Fastness Properties

Color fastness properties after washing and Xenon-light

radiation of the dyed samples were determined according to

the standard test methods (Table 4). The washing and light

fastness properties of the dyed samples were all very good.

As can be seen from Table 4, the dyed samples pretreated by

UV irradiation showed better fastness results than the dyed

wool samples. The fastness properties were generally

influenced by the chemical structure of the dye and the

strength of its intermolecular bonding to wool fibers [51].

The results also showed that there was no need for

mordanting of the dyed samples as the fastness properties

are already very good.

Very good light fastness properties of the samples dyed

with Cochineal can be due to its very stable anthraquinone

structure that is resistant against photochemical oxidation

[52]. Improved adsorption and bonding of cochineal to the

wool fibers treated with UV irradiation should be the reason

why the light fastness of those samples are excellent. 

Conclusion

This was an attempt to develop an eco-friendly, acid-free,

Figure 9. Effect of dyeing pH on K/S values of raw and treated

wool yarns; T=100 oC, t=45 min, Cdye=30 %owf. 

Table 3. Colorimetric data of raw and treated wool dyed with cochineal (pH=7, T=100 oC, t=45 min, Cdye=30 %owf)

UV treatment
L* a* b* C* ho K/S

Type Time (h)

Raw wool - 29.17 27.54 1.90 27.60 3.94 17.27

UVB 120 23.51 25.07 6.62 25.93 14.78 22.27

UVC 48 19.41 15.49 5.39 16.40 19.20 25.46

Table 4. Fastness properties of raw and treated wool dyed with cochineal (pH=7, T=100 oC, t=45 min, Cdye=30 %owf)

Sample Light fastness
Wash fastness

CC SA SP SN SAc SC SW

Raw wool 7 4-5 4 4-5 3-4 3-4 5 5

Wool-UVC 48 h 8 4-5 5 5 5 5 5 5

Wool-UVB 120 h 8 4-5 4 4-5 4 4 5 5

CC: Color change, SA: staining on acrylic, SP: staining on polyester, SN: staining on nylon, Sac: staining on acetate, SC: staining on cotton,

SW: staining on wool.
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and relatively cheaper wool dyeing process. It was found

that the UV irradiation using two low energy consumption

UVB and UVC lamps was a simple method for the surface

modification of wool fibers. Depending on the strength and

duration of the UV irradiation, the oxidative degradation and

scales removal of the wool samples were achieved. This

adversely affected the tensile strength of the wool samples

(e.g., 30 % loss after 60 h of UVC irradiation). Moreover,

the UV irradiation pretreatment increased the number of

-OH, -NH2, and -COOH groups and enhanced the surface

polarity. As a result, the color strength of the samples dyed

with cochineal showed a noticeable increase. The dyeing

process of the pretreated wool yarns could have been

achieved at neutral pH (i.e., acid-free), at lower dyeing

temperature (80 oC instead of 100 oC), and shorter time

which were all very favorable from environmental and

economic points of view. Also, the wash- and light-fastness

properties of the dyed samples were all very good. This was

attributed mainly to the chemical structure of cochineal and

its intermolecular interaction with wool fibers. The UV

irradiation pretreatment had a positive effect on these

properties for enhancing the dye adsorption and intermolecular

interactions.
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