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Abstract

Hemp fibers dyed with natural dyes are environmentally sustainable, but it is typically difficult to
achieve an intense shade and washing durability. In this study, mercerization and cationization using
polyelectrolyte, Poly-diallyldimethylammonium chloride (polyDADMAC), were chosen to enhance
the dyeing efficiency and mechanical properties. Indigo and lac were chosen as natural dyes due to
their widespread use. SEM demonstrated that untreated fibers contained the non-cellulose boundary
layer on the surfaces, but after mercerization, the surfaces were smoother, making them suitable for
absorbing natural dyes. In agreement with the FT-IR, the spectra of non-cellulose disappeared after
mercerizing. Following cationization, the FT-IR spectra confirmed the consequences of using poly-
DADMAC. Tensile testing demonstrated that mercerized hemp yarns were 34.1% stronger compared
to untreated hemp yarns due to the decrease in non-cellulose content and that the intermolecular
attraction of cellulose was not disturbed. The color strength and fastness properties were described
by the K/S value. Mercerization considerably affected the K/S of indigo dyeing, while cationization
affected lac dyeing significantly. Besides that, both treatments improved fastness properties as well.

1. Introduction

Vegetable fibers are among the natural fibers that humans have
recognized and utilized for centuries. The products from vegetable
fiber are widely used due to their outstanding features: lightweight,
good heat-insulating, comfortable to wear, safe from chemicals,
biodegradability, and distinct appeal [1-3]. Vegetable fibers that
possess properties suitable for various applications are currently
being developed to increase their value and customer demand.
Hemp (Cannabis sativa L. subsp. sativa) is one of the most versatile
plants that was cultivated in China around 2300 B.C. and became
known in East Asia. It was later propagated to the Mediterranean,
Europe, and America as a substitute for flax or linen, which were
scarce then. Hemp grows well in warm to hot climates, so it can be
grown almost anywhere [4,5]. Hemp can be utilized in multiple
applications; oil extracted from seeds is used as a food component,
cosmetic, and personal care product [6-8]; and cannabidiol CBD
extracted from panicle leaves is used for medicine and diet supplements
[9,10]. Hemp fibers are high-quality fibers extracted from bast,
appearing dark brown and difficult to bleach. The fibers have a low
density of approximately 1.25 g-cm™ [11] and less shrinkage but are
strong with a strength of 210-750 MPa [12]. Hemp fibers can be
used as a raw material for manufacturing a wide range of products,
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including composite materials [13-15], and textiles [16-18], which
will be the focus of this research.

In the global textile market, hemp fabrics continue to be widely
popular with consumers. In 2019, the market value was USD 4.5
billion, and it is anticipated that by 2027, it will reach USD 43.8
billion [19]. Thus, there is competition for the development of hemp
products in order to obtain market share. Dyeing is one of the processes
that enhances the value of a fabric. The quality of the dyeing process
leads to better staining performance, and many researchers are currently
studying the procedure for natural fiber dyeing to achieve high-
quality coloring [20-22].

In accordance with current environmental campaigns related to
climate change and the reduction of CO: emissions, this research
aims to study the dyeing of hemp fibers with natural dyes, which
are an environmentally friendly alternative and harmless for the user.
Therefore, the product will have a distinction regarding its naturalness
that will appeal to consumers concerned with this issue. On the other
hand, almost all synthetic dyes contain aromatic compounds that
extremely affect the environment, most of which originate from
wastewater discharged from the textile industry [23]. Some synthetic
dyes contain heavy metal such as arsenic, cadmium, chromium, cobalt,
etc., which causes carcinogens [24]. Besides natural dyes being safe
for consumers, the other materials used in the dyeing process are
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readily available locally, preserving people's culture and traditional
knowledge. Therefore, this research investigates the dyeing of hemp
fiber with natural dyes that respond to environmental issues, minimize
toxicity, and maintain indigenous knowledge. Two natural dyes, indigo
and lac, which produce blue and red, respectively, were chosen to
represent the natural dyes as their primary colors and widespread use
[25,26].

Natural indigo is extracted from fresh indigo leaves in the form
of a precursor called indican or indoxyl-B-D-glucoside [27]. The
indigo-blue pigment, which is water-insoluble and cannot be absorbed
on fibers, will be reduced in an alkali solution into a water-soluble
leuco-indigo form. After that, the leuco-indigo absorbed on cellulosic
fibers will be subsequently oxidized into an indigo-blue form bonded
to fibers [28]. In Southeast Asia, indigo-dyed fabrics are well-known
and in considerable demand due to their uniqueness, which can create
various patterns. Nevertheless, good-quality indigo fabrics are still in
short supply, whereas poor-quality are available in abundance [29].

Lac is a natural quinone dye obtained from the insect species
kerria lacca. It grows in a rain tree (Samanea saman) and releases a
resinous cocoon to encapsulate itself, giving a scarlet pigment [30].
The primary substance of lac is laccaic acid, which is water-soluble
and can be extracted using common solvents, i.e., methanol, ethanol,
or water [31]. Currently, lac is used in various applications, including
the food industry [32], pharmaceuticals [33], and cosmetics [34]. In
textile applications, the process of lac dyeing with cellulosic fibers
is simple. However, it is challenging to maintain dye on the fibers
since it easily fades when exposed to sunlight or washing [35].

The main disadvantage of natural dyeing is that it is difficult to
obtain the same color repeatedly since the ingredients are derived
from nature, so the dyeing efficiency is uncertain. Additionally, without
synthetic mordants, it is challenging to achieve an intense shade,
and it usually fades after being washed [21,22,36]. There are many
factors that influence natural dyeing, including the preparation of
fibers prior to dyeing, the dyeing procedure, the additives used, the
compatibility or interaction between fibers and natural dyes, etc.,
all of which affect dyeability.

Nowadays, several studies have attempted to improve the efficiency
of natural fiber dyeing with both natural dyes and synthetic dyes.
Since hemp fibers comprise ~75% cellulose, the remaining non-
cellulose components are ~4% pectin, ~4% hemicellulose, and ~2%
lignin [37,38], which hinder dye absorption on fiber surfaces. There
are several methods to improve the fiber surfaces before dyeing: for
example, using scouring agents such as nonionic surfactants for the
initial removal of fat, dust, and other impurities; applying enzymatic
treatments to remove pectin, which has a high content in hemp [18];
and employing alkali treatment, which is a low-cost and highly
effective method to remove non-cellulose from the fiber surfaces
before dyeing [39-41], especially excellent at removing hemicellulose
due to its high hydrophilicity [42]. Besides that, the mercerization
enriches the fiber's luster as well. Furthermore, the tension applied
during the mercerization causes the structure to be re-oriented and
enhances the fibers' mechanical properties [43]. Additionally, some
studies have proved that mercerized fibers improve the interfacial
adhesive with polymer matrix in composite materials, providing
increased strength dramatically [42,44].
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Moreover, the modification of natural fiber with cationic poly-
electrolytes is one of the most efficient methods for enhancing dye
uptake, such as using 3-chloro-2-hydroxypropyl trimethyl ammonium
chloride (CHPTAC) [45-47], poly acrylamide-co-diallyldimethyl-
ammonium chloride (PAcD) [45], poly[bis(2-chloroethyl) ether-alt-
1,3-bis[3-(dimethylamino)propyl]urea]quaternized (P42) [46], and
poly-DADMAC [45,48] which is expected to improve the fiber
dyeing efficiency with indigo and lac in this research. The latter one,
PolyDADMAC, proven to be effective as an additive in dyeing processes
with synthetic dyes [49], is a water-soluble cationic polyelectrolyte
chosen for cationization treatment to enhance the dyeing efficiency
of natural dyes due to its large electrostatic attractive force [50].

In this research, studies on hemp fibers were conducted in the
form of single yarns, and then the dyeing efficiency was investigated
with two natural dyes, indigo and lac. The effects of yarn treatments,
mercerization, and cationization were studied. The tensile strength
of treated hemp yarns was measured to determine their mechanical
properties. The surface morphology of obtained hemp fibers was
examined using scanning electron microscopy. For analyzing their
surface chemical structures, fourier transform infrared spectroscopy
was employed. Dye absorption efficiency was evaluated using a
spectrophotometer, and then the results were identified as color
strength (K/S) and CIE L*a*b*. To compare the color strength of
dyed hemp fibers before and after washing with standard detergent,
K/S was also used to indicate fastness properties.

2. Experimental
2.1 Materials

Hemp yarns, with an average liner density of 158.8 tex, were kindly
supplied by Hemp Saithong’s community enterprises, Chiang Mai,
Thailand. Sodium hydroxide (NaOH), used for preparing an alkali
solution in the mercerization treatment, was purchased from RCI
Labscan, Thailand. Sodium ethylhexyl sulfate as a wetting agent was
purchased from StarTech Chemical, Thailand. Poly-diallyldimethyl-
ammonium chloride (polyDADMAC), used as a cationic agent, was
purchased from Sigma-Aldrich, USA. Thiourea dioxide (TDO), used
as a reducing agent for the indigo dying process, was purchased
from Sigma-Aldrich, USA. Hydrogen peroxide (H202), used as an
oxidizing agent, and acetic acid, used as a neutralizing agent, were
purchased from RCI Labscan, Thailand. SDC standard soap (SDCE
Type 1), used as the non-fluorescent brightening detergent for fastness
testing, was purchased from SDC Enterprises Limited, UK. Natural
dyes, indigo was kindly supplied by Surin’s community enterprise,
Thailand, and lac powder was purchased from Chao-Krom-Poe
Dispensary Pharmacy, Thailand.

2.2 Mercerization and cationization post-treatment

Raw hemp yarns (HR) were dried at 80°C for 24 h, then held
on a spring bar. Consequently, the yarns would be stretched during
mercerization. The yarns were soaked in 300 g-L! of NaOH solution
and 5 g-L! of 50% sodium ethylhexyl sulfate at 30°C for 10 min
before being neutralized by 10 g-L! of acetic acid and rinsed with
deionized (DI) water. The mercerized hemp yarns (HM) were done.



Enhancing the efficiency of hemp fiber dyeing with natural dyes: Indigo and lac 3

In the instance of the cationized-mercerized hemp yarns (HMC),
the HM yarns were soaked in 10 g-L*! of 20% polyDADMAC
solution at 50°C for 15 min, then dried without rinsing.

2.3 Dyeing

Indigo dyeing was performed in a solution containing 200 g of
indigo, 60 g-L"! of TDO, and 2 g-L"' of NaOH. In this process, indigo
blue was reduced to leuco-indigo, where the mixture’s color changed
from blue to greenish yellow. Subsequently, the yarns were soaked
in the solution at 30°C for 30 min. The mass ratio of hemp yarns to
the solution is 1:30. Whereupon, the yarns were strained out of the
solution and then added to 50 g-L! of 50% H202. During this process,
leuco-indigo was oxidized, which reverted to its original indigo
form, causing the mixture to change from greenish yellow to blue.
After that, dyed yarns were rinsed with ID water and then dried.

For lac dyeing, 200 g of lac powder was boiled in 1 L of ID
water for 30 min. The mixture was filtered by the vacuum filter, and
then the yarns were added to the solution before being heated to
90°C for 30 min. The mass ratio of hemp yarns to the solution is
1:30. The dyed yarns were rinsed with ID water and then dried. The
recipes and processing conditions of all samples are displayed in
Table 1.

2.4 Characterization

The functional groups of hemp fibers were evaluated by the fourier
transform infrared (FT-IR) spectroscopy using Invenio S (Bruker,
USA) in the attenuated total reflectance (ATR) mode, in the range
4000 cm! t0450 cm! with a resolution of 4 cm™ and 64 scans at room
temperature.

The surface morphology of both treated and untreated hemp
fibers was investigated by the scanning electron microscopy (SEM)
using the JSM-5410LV (JEOL, Japan) at 15 kV at room temperature.
The samples were dried at 80°C for 2 h, and then coated with gold
before the operation.

The mechanical properties of the hemp yarns were determined
by tensile properties based on ASTM D3822-07 using the universal
testing machine, the Autograph AGS-X (Shimazu, Japan). Ten from
each sample were operated at a 500 mm-min™' crosshead speed and
500 mm gauge length at room temperature. Testing results were

Table 1. Sample code of untreated and treated hemp yarns.

reported as tenacity and elongation at break. The linear density of
the hemp yarns was determined using the dried weights of 10 m of
yarn samples taken from different bundles [51].

The color strength (K/S) and CIE L*a* b* of dyed yarns was
determined using the spectrophotometer, the Color Quest XE (Hunter
Lab, USA), with the illuminant D65, 10° observer function. The L*
value represents lightness; the a* value refers to the greenness-
magentas opponent colors; and the b* is relative to the blueness-
yellowness opponents [52]. K/S was calculated by Equation (1), the
Kubelka-Munk Equation:

K/S = (1-R)?2R €))

where R corresponds to the reflectance of dyed substance, K
corresponds to the absorption coefficient, and S corresponds to the
scattering coefficient.

The fastness testing was conducted in accordance with ISO 105
C06 A2S (2010) using the launder-o meter (GyroWash, UK). The dyed
yarns were carded and sewn onto a 40 mm x 100 mm multifiber
adjacent fabric, and then introduced to the stainless-steel container
with 10 steel balls with a diameter of 6 mm in a solution containing
5 g.L'! ECE detergent. The mass ratio of hemp yarns to the detergent
solution was 1:50. The launder ran at 40°C for 30 min, then rinsed
with ID water and dried at room temperature. The color strength of
washed yarns was measured by the spectrophotometer, and then
K/S and CIE L* a* b* were used as an indicator for evaluating the
color intensity before and after washing.

3. Results and discussion
3.1 FT-IR analysis

FT-IR spectra of the HR, HM, and HMC fibers are shown in
Figure 1. The observed peaks at 2900 cm™' and 2849 cm™! of untreated
fibers (HR) correspond to the C-H symmetrical stretching of the
alkyl and methylene groups of hemicellulose, which are removed
after applying NaOH during the mercerization treatment [53,54].
In addition, the weak signal at 1720 cm corresponding to the stretching
vibration of the carboxylic ester (C=0) of pectin and hemicellulose [54]
displays a notable reduction. Also, a small peak at around 1247 cm’!
is assigned to the C-O stretching peak of lignin [40], which shows

Sample code Mercerization

Cationization

Indigo dyeing Lac dyeing

HR -
HI -
HL -
HM
HMI
HML
HMC
HMCI
HMCL
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H = hemp; R = raw; [ = indigo, L = lac; M = mercerized; C = cationized.
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Figure 1. FT-IR spectra of untreated and tread hemp fibers.

a significant decrease after mercerization. The intensity of the peak
of the hydroxyl group stretching vibration between 3000 cm'! to
3500 cm™! of mercerized fibers (HM) is slightly greater than that of
untreated fibers. This phenomenon implied that the mercerization
treatment had increased the amount of cellulosic proportion in the
fibers' structures [39]. The presence of 1570 cm™! of cationized-
mercerized fiber (HMC) might be attributed to the N-H symmetric
deformations resulting from the cationization treatment [45] that
implied the association of polyDADMAC with the cellulose unit.
Further note that the absorption around 1630 cm! is typically assigned
to the O-H bending of absorbed water [54], which might overlap
with the N-H asymmetric deformation band at 1627 cm™! [45], which
is also associated with the use of polyDADMAC.

3.2 Surface morphology of fibers

The surface morphology of untreated and treated fibers was
revealed by SEM. There were clearly observable surface morphological
differences between those fibers. Figure 2(a-c) illustrates that all

samples have similar fiber sizes of approximately 25 um. Figure 2(a)
shows that the untreated fibers (HR) contain surface impurities
and tend to bind together. In contrast, the mercerized fibers (HM)
(Figure 2(b)) and cationized-mercerized fibers (HMC) (Figure 2(c)),
which were both treated with NaOH solutions, are relatively neat
and clearly separated. These indicate the efficacy of alkali treatment
using NaOH solution in reducing non-cellulose entities that affect
the fiber's surface appearance. Figure 1(d) shows that HR fibers have
irregular surfaces due to the boundary layer of substances such as
wax and oils. Figure 1(e) shows that HM fibers exhibit smoother
surfaces, confirming that using NaOH effectively removed the impurities,
including the non-cellulose component, from the surfaces. The HMC
fibers (Figure 2(f)) exhibit similar morphological characteristics to
HM fibers, suggesting that cationization treatment did not significantly
affect the surface morphology

3.3 Mechanical properties

The mechanical properties testing of the hemp fibers was
conducted in the form of single yarns. Table 2 shows that mercerized
yarns (HM) have a noticeable increase in tenacity compared to
untreated yarns (HR), from 13.5 ¢N-tex™! to 18.1 ¢N-tex"!. This was
possibly due to the decrease of non-cellulose components (e.g., pectin,
lignin, wax, and hemicellulose), as confirmed by FT-IR spectra.
Lyu et al. [53] have proved that good mechanical properties are related
to the removal of those non-cellulose components, resulting in increased
hydrogen bonding between cellulose chains, which would be expected
to improve the tensile properties. At the same time, the HM yarns
were stretched during the mercerization process, causing the fiber’s
micro- and macro-structures to orientate with the applied tension,
which additionally contributed to the yarns being stronger [55,56].
However, both mercerized yarns and cationized-mercerized yarns

were more brittle, as indicated by the decrease in elongation.

Figure 2. The surface morphology of untreated fibers (HR) (2a,2d)), mercerized fibers (HM) (2b,2¢)), and cationized-mercerized fibers (HMC) (2¢,21)).
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Table 2. The mechanical properties of hemp yarns.

Sample code Linear density (tex) Tenacity (cN-tex™) Elongation (%)

HR 158.8 £12.0 135+1.4 83+0.5

HI 157.7+9.9 13.1+£1.8 9.1+1.1

HL 158.1+11.1 12.7+1.7 8.8+1.3

HM 1345+ 8.6 18.1+£2.6 52+0.7

HMI 133.3+9.2 17.7+1.8 48+0.9

HML 134.8+9.3 182+2.2 5.7+0.6

HMC 132.9+10.7 17.2+2.1 59+12

HMCI 132.3+94 16.7+1.9 53+£0.5

HMCL 132.0+8.8 174+£1.3 45+0.8

H = hemp; R = raw; [ = indigo, L = lac; M = mercerized; C = cationized.

Table 3. Color strength of indigo-dyed and lac-dyed yarns.

Dye Sample K/S L* a* b*
HR - 61.5 3.1 14.3

Undyed HM - 59.8 4.0 14.9
HMC - 60.3 33 14.1
HI 13.3 28.6 2.7 -13.7
HMI 21.8 24.2 -1.6 -16.3

. HMCI 23.8 19.6 1.0 -18.4

Indigo-dyed HI* 10.8 33.1 34 127
HMI* 19.7 26.4 -1.9 -15.6
HMCI* 21.7 23.8 -0.9 -15.7
HL 10.8 29.2 15.4 0.5
HML 14.9 24.9 16.0 2.0
HMCL 21.1 20.3 19.9 2.7

Lac-dyed HL* 2.0 51.9 138 3.9
HML* 4.2 345 14.2 2.6
HMCL* 8.9 25.9 13.4 -1.3

H = hemp; R = raw; [ = indigo, L = lac; M = mercerized; C = cationized
*washed yarns

Slight decreases in mechanical properties were observed after
cationization treatment of HMC yarns, which is 17.2 cN-tex!. It
might be caused by the cationic association, as displayed in FT-IR
spectra, that interferes with the H-bonds between cellulose molecules.
These phenomena were similar to the dyeing process. The dyed yarns,
i.e., HMI, HML, HMCI, and HMCL, show a slight decrease in
strength. It might be attributed to the added dyes, which were foreign
substances that could affect the fiber’s structures. However, it was
found that the tenacity of yarns was unaffected by the type of natural
dye used, both indigo and lac.

3.4 Color strength

Hemp yarns dyed with indigo and lac were measured for reflectance
before being calculated to K/S, as displayed in Table 3. The appearances
of the yarns are shown in Figure 3. The measurements of color strength
revealed that the undyed yarns (HR, HM, HMC) showed an insignificant
difference in the L* a* b* values. For dyed yarns, it was obvious that
the mercerization directly affected the K/S as it removed non-cellulose,
especially lignin and pectin, which had a very high content in hemp
fibers compared to other natural fibers. Thus, the increasing cellulose
proportion gave the fiber a better ability for dye absorption.

HMC
HI HMI HMCI
HL HML HMCL

Figure 3. The undyed, indigo-dyed, and lac-dyed hemp yarns.

Table 3 also demonstrates that the indigo-dyed mercerized yarns
(HMI) give K/S of 21.8, which is 63.9% higher than untreated yarns
(HI), consistent with the decrease of the b* value referred to the higher
degree of blue, as shown in Figure 3. Similarly, the mercerization

J. Met. Mater. Miner. 34(2). 2024
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raises the K/S of lac-dye yarns (HML) by 37.9% compared to untreated
yarns (HL), and the increase of the a* value referred to a higher
degree of red. It could be concluded that the mercerization greatly
affected the dyeing efficiency, especially indigo dyeing, due to the
decrease of non-cellulose, as evident in the FT-IR spectra, which
might result in the hydroxy group on cellulose structure interacting
well with indigo.

The cationized-mercerized yarns exhibit high dyeing efficiency.
According to Correia et al. [45] and Aguado et al. [48] studies, once
the hemp fibers undergo the cationization treatment, there will be
ionic bonding between the primary hydroxy group on cellulose and
polyelectrolyte, as shown in Scheme 1. Furthermore, Young et al. [57]
reported that by using TDO as a reducing agent, indigo would be
transformed into leuco-indigo form, as shown in Scheme 2. Consistent
with our results, indigo dyeing with cationized-mercerized yarns

. L
L/l

OH—" \
0 H
Ho OH
n2
Cellulose PolyDADMAC
NaOHl

~
I+ 2z
~

S,

Cationic cellulcse

Scheme 1. The cationization of cellulose with polyDADMAC, proposed by
Correia et al. [45].

\1 o~

—0\11

Indwo Leuco- mdlgo =
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o
0 HO,  oH
o> \M\O
HO OH

Indigo-dyed cellulose

Scheme 2. The possible interaction between cationic cellulose and leuco-indigo.
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(HMCI) gives the K/S of 23.8, an increase of 9.2% compared to
mercerized yarns (HMI).

When lac dying with cationized-mercerized yarns (HMCL), K/S
is 21.1, which is 41.6% higher than for mercerized yarns (HML)
and 95.4% higher than those yarns without treatments (HL). From
such results, cellulose might have got positive charges from the
cationic agent polyDADMAC, as shown in Scheme 1. These charges
might affect the interaction between lac and cellulose, as shown in
Scheme 3. As confirmed by Chairat ef al. [35], their study reported
that the 9-quinone carbonyl-oxygen group in the lac molecule structure
exhibits a significantly high negative potential compared to other loci.
There could be electrostatic ion-dipole forces with a positive charge
on the cationic cellulose. Further, there might even be H-bonds with
the primary cellulosic hydroxyl groups on the cellulose molecule,
as shown in Scheme 4 proposed by Dulo et al. [31].

9-quinone
carbonyl-oxygen
n2

N
/N

p

0 HO,
HO OH
n2

Lac-dyed cellulose
Scheme 3. The possible interaction between cationic cellulose and lac.

OH O

Lac-dyed cellulose

Scheme 4. The interaction between cellulose and lac without cationization,
proposed by Dulo et al. [31].
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Table 4. Color fastness to washing (staining, ISO 105 C06 A2S:2010).

Sample Color change Color staining
Acetate Cotton Nylon Polyester Acrylic Wool

HI 4-5 3-4 3 3 4-5 4-5 4-5
HMI 4-5 3-4 4 3-4 4-5 4 4-5
HMCI 5 5 5 4-5 5 5 5

HL 1 4-5 4 4 4 4 4
HML 2 4-5 4-5 4-5 4-5 4 4-5
HMCL 4 5 4-5 4-5 4-5 4-5 4-5

H = hemp; R = raw; | = indigo, L = lac; M = mercerized; C = cationized
3.4 Fastness properties

The fastness testing employed the K/S as an indicator for
evaluating the color strength before and after washing. In the context
of indigo dyeing, Table 3 illustrates that the indigo-dyed-untreated
yarns faded considerably after washing (HI*), as indicated by the
18.8% decrease in K/S compared to un-washed yearns (HI). In contrast,
mercerization substantially enhanced fastness properties as K/S
decreased by only 9.6% (HMI*) compared to un-washed yearns (HMI).
It can be seen that the removal of non-cellulose on the fiber surface
has a significant effect on indigo absorption. In addition, indigo did not
readily wash off, which might be attributed to the dyeing process;
the insoluble indigo was reduced to water-soluble leuco-indigo,
which was able to be absorbed by the fibers before being oxidized
to be insoluble again so that indigo could not be easily washed off
compared to other natural dyes. Further, it was found that washed-
mercerized yarns (HMI*) had a percentage change of 9.6 compared
to un-washed yarns (HMI), while washed-cationized-mercerized yarns
(HMCT¥*) were 8.8 compared to un-washed yarns (HMCI). It can be
seen that utilizing cationization made only a 0.8% difference, which
implied that this treatment slightly affected the fastness properties
of indigo-dyed yarns.

Meanwhile, washing of lac-dyed yarns results in a K/S decrease
of up to 81.5% (HL*) compared to un-washed yarns (HL) since lac
is a water-soluble dye and is naturally based. Therefore, it is difficult
to maintain dyes in fibers, leading to poor fastness properties.
Nevertheless, when those fiber surfaces were modified by mercerizing,
there was an observed improvement in fastness, resulting in a decrease
of 71.8% in the K/S (HML*) compared to un-washed yarns (HMI).
By the way, cationization caused a more significant effect on fastness
as K/S decreased by 57.8% (HMCL*) compared to un-washed yarns
(HMCL). Evidently, cationization had more effect on fastness than
mercerization, which might be attributed to the influence of the
negative potential at the 9-quinone carbonyl-oxygen, which attracted
a positive charge on polyDADMAC.

For evaluating the color fastness to washing, Table 4 shows the
color changes and staining of the multifiber adjacent fabric. It was
found that indigo-dyed yarns (HI) exhibited color change within the
range of 4 to 5, or “good” to “excellent.” The staining observed on
nylon and cotton was at a rate of 3, or “fair.” But when the yarns were
mercerized (HMI), it would improve its color staining significantly
within the range of 3 to 4. Obviously, indigo dying with cationized-
mercerized yarns (HMCI) exhibited a higher washing fastness than
HMI, with a rate of 5. In the case of lac-dyed yarns (HL), the color
change was within the range of 1 to 2, or “very poor” to "poor," while

the color staining was in the range of 4 to 5, and there was no
difference in staining on each component of the multifiber. Nevertheless,
after mercerized-cationization treatment, the lac-dyed yarns (HMCL)
exhibited dramatically improved color change at a rate of 4.

4. Conclusions

From this research, it can be concluded that dyeing hemp fibers
with natural dyes, indigo, and lac, without treatments, tends to be
less intense and have poor fastness, particularly lac-dyed fibers,
which exhibited dramatic faded colors after washing that it was
challenging to obtain various shades due to its natural base and high
water-soluble. According to FT-IR and SEM analysis, it was clearly
observable that the mercerization treatment removed the non-cellulose,
including hemicellulose, pectin, and lignin. These made the hemp
surfaces suitable for dye absorption and improved the fastness
properties, particularly indigo, where color strength was obviously
increased along with the washing durability. In addition, mercerization
could also increase the fibers' strength by applying tension, which
contributed to orienting the micro- and macro-structures. Furthermore,
cationization using the polyelectrolyte poly-DADMAC, would also
enhance dye take up as it would improve the interaction between
hemp fibers and dyes, which was evident in lac dyeing and fastness
but slightly insignificantly affected strength. However, improving
the efficiency of hemp fiber dyeing with other natural dyes with various
polyelectrolytes should be further investigated.
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