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ABSTRACT: Lignin is an abundant and complex biopolymer with inherent color but has only a few applications. It has the
potential to replace synthetic acid dyes for the coloration of wool fibers in brown shades, as traditional dyeing with acid
dyes produces toxic effluent needing costly treatment. In this work, the valorization of sulfonated kraft lignin was explored
by using it as a natural dye for the coloration of wool fabrics alone and with hydrogen peroxide (H202). The dyed fabrics
were characterized by reflectance and diffuse reflectance spectroscopies to assess the color yield and UV protection per-
formance respectively. The dyed fabrics exhibited reasonably good color yield and satisfactory colorfastness to washing
(Grade 3/4), which improved to Grade 4 by the oxidation treatment with H202. The SEM images show that when fabrics are
dyed alone with lignin, deposition of lignin particles is visible on the fiber surface, but with hydrogen peroxide, no deposi-
tion of lignin is visible on the fiber surface, and the color strength of the fabric became almost double. The UV light trans-
mission through the fabric decreased from 6.73 and 13.23% at 311 and 365 nm to 2.19 and 5.23% respectively. The ATR-
FTIR spectra of the dyed fabrics showed increased absorption of lignin sulfonate by the fabric, suggesting depolymerization
of lignin by H202 to smaller macromolecules easing absorption into the wool fiber. Lignin sulfonate could be a cheap and

sustainable alternative to harmful synthetic dyes for producing brown shades on wool fabric.
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1. INTRODUCTION

Wool fibers have many beneficial properties, such as high
warmth, unique surface texture due to the presence of
scales, good fire retardancy, and bacterial resistance.! Syn-
thetic acid dyes are the most popular dye for the coloration
of wool fabrics, and a small portion of wool fibers are dyed
with reactive dyes. Synthetic dyes provide wool fabric with
vibrant colors, but many of the dyes used for wool fiber
coloration could be toxic or harmful to the environment.?
The use of toxic dyes in textiles could be harmful to the
wearer as they can migrate to the skin when a person
sweats or the cloth becomes wet, causing skin sensitization
or allergic effects.3* Most of these dyes are not biode-
gradable, and their persistent color affects photosynthesis
reactions that are necessary for the survival of aquatic
plants and organisms. When the effluent is discharged to
watercourses, it affects the penetration of light into the
water and does not allow photosynthesis reactions.5 Dyes
derived from plants and fruits are generally considered
biodegradable, and therefore they are envisaged as sus-
tainable alternatives to toxic and fossil fuel-derived syn-
thetic dyes.

Mostly tannin and other polyphenols extracted from
barks, leaves, flowers, fruits, and fruit skins have been
studied for the dyeing of wool. Tannins extracted from
barks of various plants, including Ziziphus,® cinnamon,’
walnuts,? Azolla pinnata extract,’ and Cassia reingera,'° are
studied for the dyeing of wool fiber. Natural dyes extracted
from leaves of pomegranate,'! Berberis thunbergia,'? hibis-
cus flowers,!3 Hibiscus rosa-sinensis,'* Crocus sativus,®
skins/peel of Citrus sinensis L,'¢ and various fruits includ-
ing myrobalan,'” chamomiles,'® and peanut shell,'? are also
studied as an alternative to synthetic dyes. Anthocyanin
pigments extracted from peels/skins of various fruits, in-
cluding Brassica oleracea L.,?° purple sweet potatoes,?! red
cabbages,?? and dragon berries,?? have been studied for the
dying of wool that produces a variety of colors. Tannins
and other flavonoids are advantageous as some of them
have antioxidant and antibacterial properties that make
the treated fabric multifunctional.2* Tannins mainly pro-
duce a dull brown color shade on wool fabrics. The antho-
cyanin extracted from various fruit skins produces a varie-
ty of colors. However, colorfastness to light and washing
are the key bottlenecks for their industrial application as
an alternative to synthetic dyes.



Lignin is a plant-derived biopolymer with a complex
chemical structure and various molecular weights found in
the cell walls of woody plants. It is the second-most abun-
dantly available natural polymer after cellulose. The
worldwide production of lignin has been estimated to be
100 million tons per year, which is expected to reach 225
million tons per year by 2030.25 It is a byproduct of the
pulp and paper industry, and lignosulfonate lignin ac-
counts for 89% of the lignin production, and the rest is
kraft lignin. It has very limited applications, and therefore
its disposal is a nightmare for the pulp and paper indus-
tries, which warrants the development of its novel and
high-value applications. A water-soluble lignin that con-
tains a large number of sulfonate groups (lignosulfonates)
is prepared from the by-products of the sulfite pulping
process. Lignin is sulfonated, degraded, and solubilized for
further modifications or applications. The weight-averaged
molecular weight of the lignosulfonate polymers is from 5
to 400 kDa compared to 1 to 5 kDa for the kraft lignin.26
Currently, lignin is mostly used to produce bioenergy,?” but
has also been studied to make fuel cell anode,?® superca-
pacitor cathode,?® flocculant,?® thermoplastic adhesive,3!
biodegradable composites,3? biodegradable packaging,3?
dye dispersant,3* and adsorbents for the removal of heavy
metals® and dyes3® from textile dyeing effluent. Lignin is
biodegradable under a compost environment by thermo-
philic micro-fungi and actinomycetes, and the optimum
temperature for thermophilic fungi is 40-50°C which is
also the optimum temperature for lignin degradation in
compost.3?

Lignin is a colored material that has the potential to
be used for the coloration of textiles and can be an alterna-
tive to anionic acid dyes for dyeing wool fibers, particular-
ly in brown shades, as sulfonated lignin itself is anionic.
Kraft lignin was also studied for the sustainable coloration
of leather.?® Even films made from lignin-derived compo-
sites were found biodegradable,?® suggesting that lignin’s
addition to other polymers does not affect their biodegra-
dability. However, its application as a green natural dye for
the sustainable coloration of textiles was never realized.
However, lignin is a high-molecular-weight polymer that
limits its absorption into textile fibers, and normal lignin is
insoluble in water. Therefore, depolymerization is neces-
sary to decrease its molecular weight to ease the absorp-
tion of lignin into textile fibers. Lignin is weekly anionic
because of the presence of many polyphenolic groups and
has poor substantivity toward textile fiber. Sulfonated lig-
nin has a higher degree of sulfonation than kraft lignin, and
they are anionically charged due to the presence of sul-
fonate groups.0 Sulfonation of lignin increases its water
solubility as well as permits it to bind to cationic textile
fibers like wool by forming ionic bonds. Therefore, the re-
placement of costly synthetic acid dyes with lignin sul-
fonate for specifically producing brown shades is not only
a sustainable solution but also can result in the valoriza-
tion of kraft lignin. However, lignin and sulfonated lignin
were never studied for the coloration of textiles. In this
article, for the first time, we are reporting color yields,
shade produced, and colorfastness to washing of wool fab-
ric dyed with sulfonated lignin alone and in the presence of

hydrogen peroxide. This article also reported the effect of
peroxide oxidation on the color yield and colorfastness to
washing of the treated wool fabrics.

2. RESULTS AND DISCUSSION

2.1. Shades produced. Figure 1 illustrates shades
produced by wool fabrics treated with lignin sulfonate
at 4, 6, 8, and 10% on the weight of fiber (owf) alone
and also in the presence of 1.67 mL/L H202. The depth
of shades progressively increased with an increase in
the applied dosage of lignin sulfonate when the fabrics
were dyed with lignin sulfonate alone. However, for the
dyeing with lignin sulfonate in the presence of H20z, the
depth of shade considerably increased compared to the
samples dyed with lignin alone. The shade produced by
10% (owf) lignin sulfonate alone was lighter than the
shade produced by 4% lignin in the presence of 1.67
mL/L Hz0z2. For the dyeing of wool fabric with lignin sul-
fonate in the presence of H202, the absorption of lignin
sulfonate reached saturation up to 8% (owf) lignin sul-
fonate and only a marginal increase in depth of shade
was observed when the applied dosage of lignin sul-
fonate was increased from 8 to 10% (owf) in the case of
dyeing with H20x.

4% 6% 8% 10%

Figure 1. Photographic images of wool fabric treated with 4,
6, 8, and 10% (owf) sulfonated lignin without (top, left to
right) and with (bottom, left to right) 1.67 mL/L H202.

2.2. CIE L*a*b* values and color yields. We stud-
ied the effect of treatment pH, lignin sulfonate concentra-
tion, and peroxide oxidation on the CIE L*a*b* values and
color yields of wool fabrics dyed with lignin sulfonate.

2.2.1. Effect of Treatment pH on CIE L*a*b* Values
and Color Yields. The CIE L*a*b* values of wool fabrics



dyed with 8% (owf) lignin sulfonate at various pHs are
presented in Table 1. The L* value represents whether the
shade produced is lighter or darker. The lower the L* val-
ue, the darker the shade produced. The fabric treated at pH
3 produced the lowest L* value and the L* of the fabric
dyed with lignin increased with an increase in the treat-
ment pH, i.e, the shade produced became lighter with an
increase in the treatment pH. The fabric treated at pH 3
and 10 produced the darkest and the lightest shade. The
value of a* represents the yellowness/greenness of the
shade produced. The value of a* decreased with an in-
crease in pH from 5.63 for pH 3 to 1.8 for pH 7, after which
the a* started increasing, indicating that the yellowness of
the shade decreased with an increase to pH 7 and then
again, the yellowness of the shade started increasing up to
pH 10. The b* value represents the redness or blueness of
the fabric. The value of b* also decreased from 23.37 for pH
3 to 14.4 for pH 7 and then again started increasing with
an increase in pH, suggesting the redness of the shade de-
creased with an increase in pH until pH 7 and then again,
the redness of the shade started increasing with an in-
crease in pH.

Table 1. Effect of lignin dosage and treatment pH on
the CIE L*a*b* values, color difference, and color yield.

Treatments CIE L*a*b* values Color Color
difference strength

[ a* b (AE) (K/S)

Effect of pH

3 85.54+0.18 5.63+0.05 23.37+0.09 16.39 1.35

4 86.72+0.29 4.14+0.12 20.78+0.10 13.64 1.29

5 87.62+0.60 3.55+0.06 18.44+0.14 12.09 115

7 91.13+0.21 1.8+0.02 14.4+0.08 6.93 0.84

8 91.17+0.25 2.09+0.02 15.62+0.02 6.81 0.82

10 91.8+0.13 2.32+0.05 17.94+0.21 6.74 0.80

Effect of lignin dosage (% owf) without H20>

2 91.46+0.03 4.02+0.04 20.28+0.20 10.19 0.92
4 90.02+0.09 4.380.10 21.13+0.04 12.09 1.08
6 88.190.15 4.96+0.03 22.47+0.04 144 121
8 86.58+0.19 5.51+0.04 23.03+0.02 15.68 135
10 85.58+0.26 5.62+0.15 23.5+0.20 16.87 1.48
12 83.72+0.29 6.11+0.05 24.54+0.12 18.62 153

Effect of lignin dosage (% owf) in the presence of H202

2 85.510.18 5.43+0.05 23.27+0.09 16.19 117
4 71.69+0.11 4.630.03 20.97+0.06 20.5 176
6 69.38+0.08 5.91+0.09 22.66+0.03 224 219
8 67.85+0.10 5.65+0.07 22.42+0.06 24.1 2.38
10 66.59+0.11 5.39+0.04 22.09+0.05 25.7 2.45
12 66.09+0.07 5.31+0.05 11.950.08 25.9 2.47

The effect of treatment pH on the color difference be-
tween the undyed and wool fabrics dyed with various con-
centrations of lignin is presented in Table 1. The color dif-
ference (AE) compared to the untreated wool fabric de-
creased with an increase in the pH suggesting the depth of
color of the fabrics decreased with an increase in the
treatment pH. Figure 2 shows the effect of pH on the color
strength of wool fabrics treated with 8% owf lignin from
pH 3 to 10. At all pHs, lignin showed the highest color
strength at 400 nm, and the color strength increased with
an increase in pH. The highest color strength (1.35) was
exhibited at pH 3 and the lowest at pH 10. The isoelectric
point of wool fiber surface in an aqueous solution is 4.5,
i.e., below pH 4.5, the surface of wool fiber is cationic, and
above 4.5, it is anionic. Below pH 4.5, the lower the pH is,
the more the fiber surface is cationic. Similarly, above pH
4.5, the higher the pH is, the more the surface of wool fiber
is anionic. Therefore, at pH 3, wool fibers absorbed the
highest amount of lignin, and the lignin absorption de-
creased with an increase in pH. The results obtained sug-
gest that pH 3 is the optimum pH for dyeing wool fabrics
with lignin sulfonate, as in acidic conditions, wool fiber is
quite safe from damage.!
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Figure 2. Effect of pH on color strength of wool fabric treated
with 8% (owf) lignin sulfonate at 98 °C for 60 min.

2.2.2. Effect of Lignin Sulfonate Concentration on
CIE L*a*b* Values and Color Yields. Table 1 shows the
CIE L*a*b* values of wool fabric dyed with various concen-
trations of lignin alone. The lightness value (L*) decreased
with an increase in the concentration of lignin, indicating
the depth of shade increased with an increase in the con-
centration of lignin. The values of a* and b* also increased
with an increase in the concentration of lignin, suggesting
the yellowness and redness of the shade also increased
with an increase in the concentration of lignin.

Figure 3(a) shows the effect of lignin sulfonate con-
centration on the color strength of wool fabric dyed at pH
3 for 90 min. The color strength increased with an increase
in lignin concentration. The lowest and the highest color
strength was exhibited by the wool fabric samples treated



with 2 and 12% (owf) lignin sulfonate, respectively. The
increase in the concentration of lignin increases the quan-
tity of lignin absorbed by the fiber, and therefore the color
strength increases. The overall color strength produced by
the highest concentration of lignin applied is still low, sug-
gesting producing lighter shades only, which could be suf-
ficient for various apparel applications. Table 1 also shows
that the depth of color increased with an increase in the
concentration of lignin as the color difference between the
undyed control wool fabric and the wool fabrics dyed with
lignin increased with an increase in lignin sulfonate dos-
age.

2.2.3. Effect of Peroxide Oxidation on CIE L*a*b* Val-
ues and Color Yields. Table 1 shows the CIE L*a*b* values
of wool fabric treated with various concentrations of lignin
sulfonate in the presence of H202. The value L* decreased
with an increase in the concentration of lignin, but a con-
siderable decrease in the L* values continued to a lignin
sulfonate concentration of 8% owf, after which only a
small decrease was observed, suggesting that the depth of
the shade increased with an increase in lignin sulfonate
concentration up to 8% owf and for which only a small
increase in depth of shade was observed with an increase
in the lignin concentration. It is also evident that the depth
of color increased with an increase in the lignin concentra-
tion to 12% owf as the color difference (AE) increased with
an increase in lignin dosage, but the color difference in the
case dyeing in the presence of peroxide was considerably
higher compared to the dyeing without it suggesting per-
oxide oxidation considerably increased the color intensity.
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Figure 3. Color yield of wool fabrics dyed with various con-
centrations of lignin sulfonate without (a) and with (b) hydro-
gen peroxide.

Figure 3(b) shows the color strength vs. wavelength
curves of wool fabric treated with various concentrations
of lignin in the presence of 1.67 mL/L H:02 at pH 3. The
color strength quite dramatically increased when the dye-
ing of lignin was carried out in the presence of Hz202. The
color strength produced by 4% owf lignin in the presence
of 1.67 mL/L H202 was 1. 76, which is higher than the wool
fabric treated with 12% owf lignin sulfonate alone (1. 53).
Figure S1 (Supporting Information) shows the effect of
lignin sulfonate dosage on the color strength of the fabric
treated with and without Hz0z. For the dyeing with lignin
sulfonate without H202, the color strength gradually in-
creased with an increase in applied dosage up to 10% owf,
and only a marginal increase was observed with a further
increase in dosage but for dyeing with H20., the color
strength of the fabric increased until 8% owf and wool
fibers were saturated with lignin sulfonate at 8% owf. Fur-
ther increase in lignin sulfonate dosage only marginally
increased the color strength of the treated fabric.

It is known that at acidic conditions, H202 can cause
depolymerization of non-phenolic lignin structures.*42
Lignin sulfonate used in this work has an average molecu-
lar weight of ~18,000, and peroxide oxidation probably
degraded them forming lower molecular weight fragments.
They are first absorbed by wool fiber and diffused into the
interior of the fiber, and the comparatively higher molecu-
lar weight components are absorbed later onto the surface
of wool fibers. The considerable increase in color intensity
of dyed wool fabrics with lignin sulfonate with H202 com-
pared to the wool dyed with lignin sulfonate alone sug-
gests considerable depolymerization of lignin, which al-
lowed its higher absorption into wool fibers. UV-visible
spectra (Figure S2 in Supporting Information) of lignin
sulfonate solution non-oxidized and oxidized with H:02
show that the absorbance of oxidized lignin sulfonate solu-
tion increased compared to the solution of non-oxidized
lignin sulfonate suggesting formation of new compounds
by depolymerization of lignin and condensation of depol-
ymerized lignin that absorbs visible lights, i.e., oxidized
lignin sulfonate has higher color intensity compared to the
non-oxidized lignin sulfonate. Therefore, the fabric dyed
with lignin sulfonate in the presence of H:0: exhibited
higher color strength compared to the wool fabric treated
with lignin sulfonate without the addition of H20..

2.2.4. Colorfastness to Washing. Table S1 (Supporting
Information) shows the colorfastness to washing of wool
fabric dyed with lignin with and without hydrogen perox-
ide. It is evident that the colorfastness grade for the dyeing
of wool fabrics with various concentrations of lignin was
between Grade 2/3 and Grade 3/4, and the colorfastness
to washing grade decreased with an increase in lignin dos-
age suggesting that more lignin was adsorbed rather than
absorbed when the lignin dosage was increased, and the
surface deposited lignin was removed by washing decreas-
ing the colorfastness to washing. Overall, the colorfastness
to washing achieved is reasonable compared to wool fab-
rics dyed with other natural dyes. Table S1 (Supporting
Information) also shows the colorfastness to washing of



wool fabrics dyed with various concentrations of lignin in
the presence of H202. The colorfastness to washing slightly
improved to Grade 4 after the oxidation treatment, which
suggests that excellent absorption of lignin into wool fibers
was achieved, increasing the colorfastness to washing. The
colorfastness to washing achieved for the lignin sulfonate
dyed wool fabrics is quite satisfactory as wool fabrics dyed
with natural dyes also show similar colorfastness to wash-
ing grade.?223

2.3. Mechanisms of Dyeing. The mechanism of dye-
ing wool fiber with lignin sulfonate is presented in Figure
4. Wool fiber keratin protein contains amino, carboxyl, and
hydroxyl functional groups. At acidic conditions below pH
4.5, anionic lignin sulfonate is attracted by cationic wool
keratin and forms an ionic bond with the amino groups of
keratin like the dyeing of wool fabric with anionic dyes.*3#*
On the other hand, the hydroxyl groups of lignin sulfonate
form hydrogen bonding with the amino, carboxyl, and hy-
droxyl groups of wool keratin, but the hydrogen bond is
much weaker compared to the ionic bond. Therefore, lig-
nin sulfonate is not only bonded to wool fiber by ionic
bonding but also with hydrogen bonding providing good
colorfastness to washing.

N OH HN\fO
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Figure 4. Mechanisms of dyeing of wool fiber with lignin sul-
fonate.
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2.4. EDX Elemental Analysis. Figure 5 shows the
EDX spectra and elemental analysis results of wool fabrics
dyed with various concentrations of lignin sulfonate with-
out hydrogen peroxide. Wool fiber has C, N, O, and S, but
lignin sulfonate has only C, O, and S. Therefore, the addi-
tion of lignin to wool fiber should show a decrease in the N
content but an increase in the O and S contents of wool
fiber. Figure 5 shows that the C, O, N, and S content of un-
treated wool fabric is 51.63, 22.89, 23.29, and 2.70, which
is consistent with published results.*> As expected, the N
content decreased, and the O and S content increased for
the wool fabric treated with lignin sulfonate, suggesting
increased absorption of lignin into the wool fiber. The N
content decreased from 22.38 to 18.78, but the S and O
contents increased to 4.38 and 25.08 for the wool fabric
treated with 105 (owf) lignin sulfonate. The results indi-
cate the presence of lignin in the treated wool fabrics.

Figure S3 (Supporting Information) shows the ele-
mental distribution of C, N, O, and S on the surface of un-
treated and lignin sulfonate-treated wool fabrics measured
by EDX. The elemental mapping of the control wool fabric
surface shows that all elements are uniformly distributed
on wool fiber surfaces. A similar phenomenon was ob-
served for wool fabric treated with various concentrations
of lignin sulfonate, indicating very uniform dyeing of wool
fabric with lignin sulfonate.
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Figure 5. EDX spectra of wool fabrics treated with 0 (a),
4 (b), 8 (c), and 10% (d) (owf) lignin sulfonate.

2.5. UV transmission through the treated fabric.
Figure S4 (Supporting Information) shows the UV light
transmission through the untreated control wool fabric
and also wool fabric treated with 10% owf lignin sulfonate
in the presence of 1.67 ml/L H202. To measure the UV pro-
tection capability, UV transmission through the fabric is
usually measured at 290 and 340 nm, which represent the
UV transmission in UV-B and UV-A regions, respectively of
the solar irradiation. The UV-C is the most dangerous UV
region but most of the UV-C produced by solar irradiation
is absorbed by the earth’s atmosphere and does not come
to the earth’s surface. The UV radiation transmission
through the untreated fabric is quite high as the UV trans-
mission at 311 and 365 nm was 6.73 and 13.23% respec-
tively. However, for the untreated fabric, it reduced to 2.19
and 5.23% respectively for the fabric treated with 10%
owf lignin sulfonate. The UV protection capability achieved
for the wool fabric treated with 10% lignin sulfonate is
quite satisfactory and comparable to the fabric treated




with natural tannins but not as good as UV protection of-
fered by wool fabrics treated with Ag nanoparticles.*s

2.6. ATR-FTIR Spectral Analysis. Figure 6 shows
the ATR-FTIR spectra of wool fabrics treated with various
concentrations of lignin sulfonate. The spectrum of control
wool fabric shows typical characteristic IR bands at 1363,
1547, and 1657 cm that are associated with the amide
(1), amide (II), and amide (I), respectively. It also shows
IR bands at 2842, 2910, and 2970 cm* and these IR bands
are associated with the C-H stretching in methyl and meth-
ylene groups and the CHzasymmetric vibration of wool
keratin protein, respectively. The large IR band at 3287
cm! represents hydroxyl groups present in wool keratin
protein.*¢ The wool fabric treated with lignin sulfonate also
shows the same IR bands, but their intensity increased
with an increase in the lignin content in wool, and also, the
peak moved towards lower wavenumber, suggesting an
interaction of lignin sulfonate with wool keratin protein.
Moreover, the ATR-FTIR spectra of wool fabrics treated
with lignin sulfonate show an extra IR band at 1040 cm-,
which is associated with the sulfonate groups of the sul-
fonated lignin.#’ It indicates the presence of lignin in the
treated wool fabric samples. The intensity of this band at
1040 cm increased with an increase in the lignin sul-
fonate concentrations suggesting that with the increase in
the lignin sulfonate concentrations, its absorption into
wool fabric also increased.
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Figure 6. ATR-FTIR spectra of wool fabrics treated with vari-
ous concentrations of lignin sulfonate.

It is reported that the oxidation of lignin with hydro-
gen peroxide at elevated temperatures depolymerizes lig-
nin and introduces carboxyl groups in lignin.*® Figure S5
(Supporting Information) shows the ATR-FTIR spectra of
wool fabrics treated with 10% owf lignin sulfonate without
and with the presence of 1.67 mL/L H20z. The intensity of
the hydroxyl band increased for the fabric treated with
lignin sulfonate compared to the control wool, as lignin has
many hydroxyl groups. However, the intensity of the hy-
droxyl band for the wool fabric treated with lignin without
and with hydrogen peroxide is the same. The intensity of

the C=0 deformation band at 1230 cm is also the same,
indicating no formation of carboxyl groups in the peroxide
oxidation of lignin.*® The sulfonate group-related IR band
at 1040 cm! is considerably higher for the wool fabric
dyed with lignin with H202 compared to the fabric treated
with the same concentration of lignin without H202 sug-
gesting increased absorption of lignin sulfonate into wool
fibers with an increase in the applied dosage of lignin sul-
fonate. The results suggest that the peroxide oxidation
increased the depolymerization of lignin, increasing their
absorption into wool fiber and therefore the intensity of
the sulfonate-associated IR band at 1040 cm was in-
creased. In summary, the cause of the increase in the color
intensity of wool fabric dyed with lignin sulfonate in the
presence of H20: was due to the combined effect of in-
creased lignin sulfonate absorption into wool fiber and
also because of the increase in the color intensity of lignin
sulfonate by peroxide-oxidation.

2.7. Surface morphologies. Figure 7 shows the
surface morphologies of wool fibers dyed with various
concentrations of lignin sulfonate. The undyed wool fabric
shows a typical wool fiber surface with many scales on the
surface of fibers and a few pieces of debris of damaged
scales, which is obvious for non-shrink-resist treated wool
fibers. The dyeing treatment of wool with lignin also did
not cause any damage to wool fibers. It is evident that on
the surface of wool fabric treated with 4% (owf) lignin
sulfonate, no surface deposition of lignin is visible as the
surface of fibers looks quite clean, but for increased lignin
sulfonate dosages, 8 and 12% (owf) lignin sulfonate, a few
depositions of lignin are visible, suggesting that the ap-
plied lignin sulfonate was only partially absorbed into fiber
and the rest deposited on the wool fiber surface, thereby
showed decreased colorfastness to washing for the wool
fabrics treated with high concentrations of lignin sulfonate.

Figure 7. SEM optical micrographs of wool fabric surface
dyed with 4(a), 8(b), and 12(c)% (owf) lignin sulfonate.



Figure 8 shows the SEM micrographs of wool fabric
treated with 10% (owf) lignin sulfonate with and without
hydrogen peroxide. In the case of dyeing without peroxide,
some deposition of lignin is visible on the wool fiber sur-
face (identified by EDX spot analysis), but for wool fabric
dyed with lignin with H202, the surface of wool fabric is
quite clean, suggesting depolymerization of lignin by H20x,
which caused increased absorption of lignin sulfonate into
the wool fiber and thereby increasing the colorfastness to
washing of the treated wool fabric samples. Therefore, it is
evident that the addition of H20: to lignin sulfonate dye-
bath is beneficial as the peroxide treatment not only in-
creased color yield but also enhanced the colorfastness to
washing of the lignin sulfonate-treated fabrics. The perox-
ide treatment also did not cause any damage to the wool
fiber and therefore is safe for the fiber.

Wool fabric treated with 10% owf lignin sulfonate in combination with H.O:

Figure 8. SEM optical micrographs of wool fabric treat-
ed with 10% (owf) lignin sulfonate without and with 1.67
mL/L Hz0z2.

2.8. Sustainability Aspects. Lignin is a waste mate-
rial produced by the pulp and paper industry as a byprod-
uct of the pulping process, which is very cheap compared
to synthetic dyes. Its application as an alternative to syn-
thetic dyes not only solves its disposal issue but repurpos-
ing it as a dye improves its sustainability and solves the
end-of-life issues. On the other hand, synthetic dyes are
highly expensive, they can have harmful effects on human
skin, and effluent produced by them needs expensive
treatments before discharging into the environment, and
their degraded version sometimes could be more toxic
than the parent dyes.5 If the effluent is discharged into the
environment, it can affect our aquatic and soil environ-
ments, ultimately affecting our food webs as they are de-
signed to be recalcitrant.>5! The toxic synthetic dyes pre-
sent in textiles affect their biodegradability,5 which is un-
likely for wool fabrics dyed with lignin sulfonate. Although
in terms of energy and water usage, no significant savings
can be made, the environmental savings achieved are quite

huge, which considerably improves the environmental
sustainability of the treatment.

3. EXPERIMENTAL METHODS

3.1. Materials. A plain-woven wool fabric of 150.0
g/m? having 26 ends/cm and 25 picks/cm made from non-
shrink-resist treated merino wool of an average diameter
of 19 um was used in this work, which was purchased from
a local cloth merchant. Sodium lignosulfonate (average Mw
= 18,000, C content = 33.7%, and S content = 8.8%), H202
(35%), and acetic acid were purchased from Sigma-Aldrich
Chemicals (USA). Sandozin MRN and Sandoclean PC were
procured from Arkema Chemicals (Switzerland). Figure 9
shows the typical chemical structure of Sodium lignosul-
fonate. The phosphate-free standard detergent used for the
assessment of colorfastness to washing was supplied by
the Society of Dyers and Colorists, UK.

3.2. Dyeing of Wool Fabrics with Sulfonated
Lignin. The dirt, lubricating oil, and other contaminants
present in the wool fabric were removed by scouring the
fabric with 2 g/L Sandoclean PC and 0.2 g/L Sandozin MRN
in a 9-L Vald Henriksen package dyeing machine at 50 °C
for 20 min. After which, the fabric was washed with hot
water and then with cold water until all the detergents
were removed from the fabric and then dried.
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Figure 9. Chemical structure of sulfonated lignin.

The dyeing treatment of wool fabric was carried out
in a Roaches Infrared sample dyeing machine (Model:
Roaches Pyrotec, Roaches International, UK) using materi-
als to liquor ratio of 1:20. The required quantity of pre-
dissolved lignin was taken in a dyeing pot, and 0.2 g/l
Sandozin MRN was added to it. After which, the fabric



samples were introduced, and dyeing continued for 10
minutes. Then the dyebath was set at pHs 3, 4, and 5 with
sodium acetate/acetic acid and 7 and 9 with sodium car-
bonate. The temperature was raised to 98 °C at 2 °C/min
and held for 60 min. For dyeing with lignin sulfonate in the
presence of H202, 1.67 mL/L oxidant was added when the
dyeing temperature reached 98 °C, and dyeing continued
for another 60 min at that temperature. After the comple-
tion of dyeing, the bath was cooled to 45 °C, and the fabrics
were washed with 0.5 g/l Sandoclean PC at 45 °C for 10
min. The fabric samples were then washed with cold water
and then dried. The dyeing with 10% owf lignin sulfonate
was carried out with and without H202 but without the
addition of fabric to the dyeing pot. The UV-vis spectra of
the lignin solution, non-oxidized and peroxide-oxidized,
were recorded by using a Shimadzu UV-vis spectropho-
tometer (Model: UV2600i, Shimadzu Corporation, Japan)
to study the effect of oxidation on the color intensity of
lignin sulfonate.

3.3. Measurements of Color Yield, UV Radia-
tion Absorption, and Colorfastness to Washing.
The color strength (K/S) values of fabrics dyed with vari-
ous lignin at various pHs and concentrations were meas-
ured at the wavelength of maximum absorption using a
Datacolor reflectance spectrophotometer (Model: DC 550,
Datacolor International, Switzerland). All the measure-
ments were carried out under illuminant D65, using a 10°
standard observer with the UV component excluded and
specular included. Each sample was folded four times, and
one measurement was made at five different positions. The
CIE L* a* b* values of dyed wool fabrics were measured
under illuminant D65, using a 10° standard observer by an
X-rite hand-held spectrophotometer (Model 45/0, X-Rite,
Incorporated, USA). A Shimadzu UV-vis spectrophotometer
(Model: UV2600i, Shimadzu Corporation, Japan) fitted with
diffuse reflectance spectroscopy (DRS) measurement ap-
paratus was used for the measurement of the UV radiation
absorption capability of the lignin sulfonate dyed wool
fabrics. The percent transmission of UV light through the
control and treated wool fabrics was measured at wave-
length intervals of 5 nm in the 290-380 nm spectral span.
Sobolewski et al. reported that the UV intensity was the
highest at 311 and 365 when the UV protection of different
fabrics was measured using a standard photo-therapy wall
with TL-01 UV phototherapeutic tube lamps as an irradia-
tion source and a mannequin.5® Therefore, we measured
the UV transmittance (%) at 311 and 365 nm.

The colorfastness to washing of wool fabrics dyed
with lignin was measured according to the ISO Test Meth-
od 105-C03 1987: Textiles - Tests for colorfastness - Part
C03: Colorfastness to washing: Test 3 by washing them in a
Gyrowash (Model 415/8, James Heal, Halifax, England)
using the phosphate-free standard detergent. The color of
the fabrics before and after dyeing was compared to the 3
M Grey Scale to determine the colorfastness grades.

3.4. Surface Characterizations. To identify the
reasons for better colorfastness to washing exhibited by
wool fabrics dyed with lignin in the presence of hydroper-
oxide compared to the fabrics dyed with lignin alone, the

surface of fabric samples was scanned on a Thermo Scien-
tific scanning electron microscope (Model: Phenom Pure
G6, Thermo Fisher Scientific, Inc.,, USA) at an accelerated
voltage of 15 kV without any conductive coating. The wool
fabrics dyed with various concentrations of lignin with and
without hydrogen peroxide were characterized by a Fouri-
er transform infrared (FTIR) spectroscope equipped with
an attenuated total reflectance (ATR) attachment (Model:
IRSpirit, Shimadzu Corporation, Japan) at a resolution of 4
cm! in the range from 450 to 3600 cm-! by using a dia-
mond crystal and 64 scans were signal-averaged.

4. CONCLUSIONS

This work demonstrates that sulfonated lignin can be used
for the dyeing of wool fabrics as a sustainable alternative
to synthetic acid dyes with reasonable colorfastness to
washing. Lignin produced various depths of brown shades,
and the dyed fabric showed reasonable colorfastness to
light. The shade became darker as the color difference with
undyed fabric increased with a decrease in pH and an in-
crease in lignin sulfonate concentration. The addition of
H20: to the lignin sulfonate dyebath was found beneficial
for increasing the color intensity of the dyed wool fabrics
and their colorfastness to washing. FTIR and SEM analyses
suggest that peroxide oxidation caused the depolymeriza-
tion of lignin but did not introduce new carboxyl functional
groups, which eased the absorption of lignin sulfonate into
the wool fiber. Lignin sulfonate can be used for the colora-
tion of wool and other polyamide fibers as an alternative to
synthetic acid dyes for producing brown color shades.
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