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Abstract: This study investigates the coloration of bacterial cellulose (BC) using the animal-
derived natural dye lac with natural mordants such as pomegranate peel and grape seed.
The effects of Al pre-treatment, dye concentration, dyeing solution pH, and dyeing tem-
perature on the dyeability of BC were systematically examined. FT-IR analysis confirmed
the formation of coordination complexes between lac and Al, demonstrating the presence
of chemical bonding between them. FE-SEM images showed that some lac and Al were
physically entrapped within the BC nanostructure. The application of bio-mordants was
evaluated alongside metal mordants to assess color fastness properties. Samples treated
with bio-mordants exhibited excellent fastness performance, with rubbing and dry-clean-
ing fastness rated between grades 4, 4-5, and 5. These findings demonstrate that the bio-
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mordant can be utilized as an environmentally sustainable and effective mordant.
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1. Introduction

The textile industry is a major source of environmental
pollution and resource depletion, and consequently,
sustainability has become a central focus within the field [1].
Among recent advancements in sustainable textile materials,
bacterial cellulose (BC) has gained attention as a noteworthy
development [2]. BC is a biogenic fabric synthesized by
specific bacteria such as Acetobacter xylinum, Agrobacterium
and Azotobacter [3]. Notable characteristics of BC include
exceptional mechanical properties, high polymerization,
significant crystallinity, and superior water holding capacity
[4,5]. The dried BC closely resembles the appearance of
natural leather and has been regarded as a promising leather
substitute for the textile sector [6]. BC has the advantage of
being cleanly and non-toxically produced, as it does not
require the hazardous chemicals typically used in conventional
leather processing [5].

However, research on the dyeing of BC has been limited
to the use of either chemical dyes or plant-derived natural
dyes [7—11]. To maintain the eco-friendly nature of BC, the
application of natural dyeing is required. While plant-
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derived natural dyes allow for sustainable dyeing of BC, their
limited color fastness and susceptibility to fading over time
have been noted as significant drawbacks [12]. In contrast,
animal-based natural dyes provide a wide range of shades
from earthy tones to vibrant hues, and certain dyes such as
cochineal and lac exhibit superior light fastness compared to
plant-derived dyes [12,13]. Among them, the coloration
using lac has not been studied on BC. Thus, the aim of this
study is to apply the animal-derived dye, lac to BC and to
investigate the coloration of lac on BC.

Lac dye is derived from stick lac secreted by the insect
Laccifer lacca Kerr [14]. The dyeing capability of lac dye
mainly results from anthraquinone-based compounds [14,15].
These compounds are a mixture of anthraquinone carboxylic
acids, primarily consisting of laccaic acids A, B, C, D, and
E, among which laccaic acid A accounts for more than 85%
of the total composition [16]. Lac exhibits a red to purple
hue due to the presence of laccaic acids, while also
demonstrating high resistance to heat, light, and oxygen
[17,18].

Mordanting is commonly employed in natural dyeing to
improve fastness properties [19]. Nevertheless, metal
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mordants are associated with environmental issues, which
has led to growing attention toward eco-friendly bio-
mordants [9]. Thus, this study investigates the application of
natural mordants in the context of BC produced under clean
and nontoxic conditions. In this study, pomegranate peel
(PP) and grape seed (GS) were selected as the tannin rich
bio mordants [20,21]. PP and GS can be used as bio
mordant due to their tannin contents, which can improve
dye fixation between the dye and cellulose by forming
hydrogen bonds [9].

Therefore, the aim of this study is to analyze the coloration
characteristics of BC dyed with lac and bio-mordants
including PP and GS under various dyeing conditions with
a focus on developing an eco-friendly dyeing process. To
achieve this, the color change under different dyeing condition
such as Al-pretreatment application, dye concentration,
dyeing solution pH, and dyeing temperature, are evaluated.
Subsequently, FT-IR and FE-SEM are conducted to examine
the dyeing behavior and chemical interaction between BC
and lac. Finally, comparative analyses are conducted on the
color changes and fastness properties resulting from the use
of bio mordants and metal mordants.

2. Materials and Methods

2.1. Materials

A kombucha symbiotic culture of bacteria and yeast
(SCOBY) was obtained from an online retailer (Joshua tree
kombucha, USA). Peptone and yeast extract were acquired
from BD Biosciences (San Jose, CA, USA). Glucose, sodium
hydroxide (NaOH, 98.0%), acetic acid (CH;COOH, 99.0%),
hydrogen peroxide (H,0O,, 34.5%), IN sodium hydroxide
solution (NaOH), potassium aluminum sulfate (AIK (SO,),,
99%), copper (II) sulfate (CuSO, 5H,0, 99%), iron (II)
sulfate (FeSO, 7H,0, 98.0-102.0%) and perchloroethylene
(C,Cly) were sourced from Duksan Pure Chemical (Ansan,
South Korea). Lac powder were purchased from the Naju
Natural Dyeing Cultural Foundation (Naju-si, South Korea).
PP powder was purchased from Bixa Botanicals (Madhya
Pradesh, India), and GS powder was obtained from Govinda
Naturs (Neustadt, Germany). The chemical structure of
lacciac acid, which is the main pigment component in lac
are shown in Table 1.

Table 1. Chemical structure of lac [22]

Colorant Chemical structure

Laccaicacid A HO

Laccaic acid A: R’=CH,-NH-COOH,

Table 2. Characteristics of the dried OBC

Sample Weight Thickness Moisture region
P (g/m?) (mm) (%)
OBC 103.0£22.5 0.32+0.07 9.60+0.48

2.2. BC Production

BC was cultured using the approach of Han et al [23]
SCOBY was inoculated into Hestrin and Schramm medium
(glucose 20 g/l, peptone 5 g/I, yeast extract 5 g/l) and
incubated statically at 272 °C for 7-10 days until BC attained
a thickness of 1 cm. The pre-treatment of BC followed the
procedure described in Han et al. [23] and Song et al. [24],
which included boiling, swelling, bleaching, and neutralization
steps. Swelling was carried out to expand the dense
nanostructure of BC, thereby enabling the entrapment of
dyes within the nanostructure, while bleaching was applied
to allow objective color analysis of the applied dyes [23,24].

The resulting pre-treated dried BC is referred to as
original BC (OBC), and its characteristics are summarized
in Table 2.

2.3. Dyeing and Mordanting

To evaluate the color changes under different dyeing
conditions and to establish the dyeing parameters, dyeing
was carried out as shown in Figure 1. Lac dyeing was
conducted after an Al pre-treatment step. BC was pre-treated
with 1% (o.w.f.) Al solution at 40 °C for 30 min at 80 rpm.

e A
Al pre-treatment solution
L : D.W 1:5(w/v) + Al 1%(o.w.f.)
Y
-
Al pre-treatment
: 40°C, 30min, 80rpm
\, J
¥
4 )
Rinsing
. J
Y
e N
Dyeing solution
L : D.W 1:5(w/v) + Lac 1~3%(o.w.f.), pH 2~10
y
e ™
Dyeing
: 30~90°C, 60min, 80rpm
. v
Y
N
Rinsing
. J
Y
{ N\
Drying
: 40°C, 24h
\ v

Figure 1. Schematic illustration of the Al pretreatment and dyeing
method of BC using lac.
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Figure 2. Schematic illustration of the mordanting method of BC using lac.

Dyeing was performed at a liquor ratio 1:5(w/v, of wet BC)
with shaking 80rpm for 60min in a shaking water bath (BS2-
30; JEIO TECH Co., Daejeon, Korea). The dyeing condition
were determined by varying the parameter such as Al pre-
treatment (present or absent), dye concentration (1~3%
(o.w.t)), solution pH (pH 2~10), and dyeing temperature
(30~90 °C).

Mordanting of BC involved the use of PP 10% (o.w.f.), GS
10% (o.wf), Cu 2% (owf), and Fe 1% (o.wf.) through pre-,
meta-, and post-mordanting methods (Figure 2). Both pre-
mordanting and post-mordanting processes were conducted
at 40°C for 30 min at 80 rpm. For meta-mordanting,
mordants were added directly to the dye bath. After dyeing
and mordanting steps, the samples were dried at 40 °C for
24 hours in a drying oven (OF-22GW, Jeio Tech, Daejeon,
South Korea).

2.4. Measurement of Dye Adsorption and Surface Color

The color values and color strength of the dyed BC were
evaluated using a spectrophotometer (CCM, CM-2600d,
Konica Minolta Sensing, Inc., Tokyo, Japan). The color
values with the CIELAB color system were expressed using,
L', a', b" coordinates, and the hue (H), value (V), and
chroma (C) were obtained using the Munsell colorimetric
conversion method. The color strength (K/S) value was
determined in accordance with the Kubelka-Munk equation.

4 N
Al pre-treatment
: Al 1%(o.w.f.); 40°C, 30min, 80rpm )
.
X " X
4 N\
Rinsing
. >
Y 12 12
4 N /7 N
Mordanting solution preparation Dyeing solution preparation
L : D.W 1:5(w/v) + mordant Dyeing solution preparation | | :D.W 1:5 (W/v) + Lac 1%(o.w.f) )
- . ~ + mordant r . 2
Mordanting : D.W 1:5 (w/v) + Lac 1%(o.w.f.) + mordant Dyeing
L : 40°C, 30min, 80rpm JAN JAS : 70°C, 60min, 80rpm )
X X X
{ { N {
- Dyein A
Rinsing yeing Rinsing
: 70°C, 60min, 80rpm
. s\ 7
Y Y 2
4 N[ N
Dyeing solution Rinsin Mordanting solution preparation
: D.W 1:5(w/v) + Lac 1%(o.w.f.) 9 : D.W 1:5 (w/v) + mordant
. s\ J
Y ) X
{ N[ '
Dyeing Drying Mordanting
: 70°C, 60min, 80rpm : 40°C, 24h : 40°C, 30min, 80rpm
\ s\ 7
X X
{ N { N
Rinsing Rinsing
. > . J
X X
4 4 N
Drying Drying
: 40°C, 24h : 40°C, 24h
. > . >

All photos of dyed BC were taken at 10 magnification, with
the sample fixed at a distance of 10 cm.

2.5. Characterization

The dyeing solution was characterized by UV-vis absorption
spectrophotometer (UV-1900i Plus, Shimadzu, Japan) in the
range of 400—650 nm. X-ray diffraction (XRD) analysis was
performed using D8 ADVANCE diffractometer (Bruker,
Billerica, MA, USA) under range of f 26=0 °—40 ° using Cu-
Ka (A=1.5406 nm) radiation. The crystallinity (%) was
calculated using Origin Pro software (OriginLab, Northampton,
MA, USA). Fourier transform-infrared (FT-IR) spectroscopy
(Nicolet iS50, Thermo Fisher Scientific, Waltham, MA, USA)
was analyzed to investigate the chemical interaction between
BC and lac. Transmittance mode was used with a total
32scans and resolution of 4cm™ at a range of 4,000 to
800 cm™. Field-emission scanning electron microscopy (FE-
SEM) (SM-7600F; JEOL Ltd., Tokyo, Japan) was used to
analysis the surface morphology of the samples. All samples
were coated with Pt and measured with a magnification of
%x15,000.

2.6. Color Fastness Testing

To evaluate the color fastness of the dyed BC, we analyzed
rubbing, dry cleaning, and light fastness, which are relevant
to its intended use as a leather alternative. The rubbing
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fastness test was performed on a CROCK METER (Sungshin
Testing W.C Co., Korea) according to ISO 105-X12:2016
(Textile — test for color fastness — Part X12: Color fastness
to rubbing). Dry cleaning fastness was tested using a dry-
cleaning tester (Sungshin Testing M.C Co., Korea) following
the ISO 105-D01:2010 (Textile test for color fastness — Part
DO1: Color fastness to dry cleaning using perchloroethylene
solvent). Rubbing fastness and dry-cleaning fastness were
measured using CCM following ISO 105-A04:1989 (Textiles-
Tests for colour fastness Part A04: Method for instrumental
assessment of the degree of staining of adjacent fabrics) and
ISO 105-A05:1996 (Textiles-Tests for colour fastness Part
A05: Instrumental assessment of change in colour for
determination of grey scale rating) respectively. Light
fastness was evaluated using a Xenon Arc Weather-Ometer
(CI14000, ABNEXO Co., Korea) according to ISO 105-
B02:2014 (Textiles-Test for colour fastness Part B02: Colour
fastness to artificial light: Xenon arc fading lamp test) and
evaluated according to the ISO 150-A02:1993 (Textiles-Tests
for colour fastness Part A02: Grey scale for assessing change
in colour).

3. Results and Discussion

3.1. Dyeing Conditions of BC Dyed with Lac

Effects of Al Pre-treatment on the BC Fabric: The color
values and wavelength curves depending on Al pre-
treatment are shown in Table 3 and Figure 3. As shown in
Table 3, without Al pre-treatment, the fabric exhibited a red
(R) hue in the orange-red range, whereas when Al pre-
treatment was applied, a reddish-purple hue was observed.
Moreover, as shown in Figure 3, the wavelength at which the
highest K/S value is observed at 500 nm and shifted to
540 nm upon the application of Al pre-treatment. This was
attributed to the effect of Al ions used in the pre-treatment,
as the metal ions induced a bathochromic shift of laccaic
acids A and B, leading to a shift to longer wavelengths and
a consequent change in color [14]. In addition, the K/S value

— — None pre-treated
——— Al pre-treated

400 450 500 550 600 650
Wavelength (nm)

Figure 3. K/S value of lac dyed BC according to Al pre-treatment
(dyeing conditions: Al pre-treatment: absent or present, liquor ratio
1:5; lac 1%(o.w.f.); 70 °C; pH 3.25[unadjusted]; 60 min).

increased approximately 1.6 times up when Al pre-treatment
was applied, which was confirmed that Al pre-treatment had
significant effect on enhancing dye uptake. In general, due
to the anthraquinone structure of lac, its affinity for cellulose
is extremely low [25]. However, after applying Al, Al metal
ion forms a coordinated complex with cellulose and laccaic
acid anion because the trivalent cation of Al can interact
simultaneously between cellulose and laccaic acid [26].

Thus, to enhance the dye uptake during lac dyeing, Al pre-
treatment was applied as the lac dyeing condition.

Effects of the Dye Concentration on the BC Fabric: The
color values and wavelength curves depending on the dye
concentration are shown in Table 4 and Figure 4. As shown
in Figure 4, when the dye concentration exceeded 1% (o.w.f.),
the wavelength corresponding to the maximum K/S value
shifted to a lower wavelength, and the color changed from
a reddish purple (RP) to red (R) hue. The bathochromic

Table 3. K/ value and color values (L'a’b’, HVC) of lac dyed BC according to Al pre-treatment (dyeing condition: Al pre-treatment: absent or
present, liquor ratio 1:5; lac 1%(o.w.f); 70 °C; pH 3.25[unadjusted]; 60min)

Al pre-treatment L* a* b* H Vv C Amax K/S Photo
None-pre-treated  50.04 31.19 15.78 6.0R 494 7.25 500 nm 470 _
Al pre-treated 32,05 14.72 -3.95 48RP 313 352 540 nm 7.60 _

Table 4. K/5 value and color values (L'a’b’, H/VC) of lac dyed BC with different dyeing solution concentration (dyeing condition: Al pre-treatment:
present; liquor ratio 1:5; lac 1~5%(o.w.f.); 70 °C; pH 3.25[unadjusted]; 60min)

Lac C&‘Zi’:}fftion L* a* b* H v C Amax K/S Photo
1 3205 14.72 -3.95 48RP 3.13 352 540nm 760 I
3 39.69 2362 5.88 1.93R 3.90 545 500 nm 5.79 _
5 39.86 20.88 8.13 4.06R 392 479  49%nm 562 L e
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Figure 4. K/S value of lac dyed BC with varied dyeing solution
concentration (dyeing conditions: Al pre-treatment: present; liquor
ratio 1:5; lac 1~5%(o.wf); 70 °C; pH 3.25[unadjusted]; 60 min).

— 1%(0.W.f.)

- = 1%(0.w.f.)+Al

——— 3%(0.W.f.)

— — 3%(0.w.f.)+Al
( )
(ow.f)

5%(o.w.f.
— —5%(o.w.f.)+Al

Absorbance

1 L L
400 450 500 550 600 650
Wavelength (nm)

Figure 5. Dyeing solution absorption spectra with varied dyeing
solution concentration (dyeing solution conditions: Al 1%(o.w.f); lac
concentration 1~5%(o.wf.)).

shift was attributed to the Al which was used in the pre-
treatment process [14]. Figure 5 describes the UV spectra of
1~5%(o0.w.f.) lac dyeing solution with and without 1% Al In
Figure 5, the UV spectra of the dyeing solution without Al
addition exhibit only changes in absorbance intensity
depending on the concentration, without any detectable
wavelength shift. However, when 1%(o.w.f.) Al was added,
the spectral curve shifted toward a longer wavelength, and
this shift was found to be more pronounced at lower dye
concentrations. According to the result of Tanikawa et al.
[27], increasing Al concentration promotes the complex
formation with anthocyanins which leads the color shift
from red to purplish red hue. A comparable trend is
observed in lac as well, where laccaic acid forms a purple
complex with Al [14]. When the lac concentration increases,
the fixed amount of Al becomes insufficient to coordinate
with all dye molecules. Consequently, the proportion of
uncomplexed lac increases, resulting in a relatively reduced
bathochromic shift. Moreover, as shown in Table 4, the
highest K/S value was found at 1%(o.w.f) which was the
lowest dye concentration.

Therefore, 1% (o.w.f.) was chosen as the optimal lac dyeing
condition for BC, yielding the deepest shade with reduced
dye consumption and improved cost efficiency.

Effects of the Dyeing Solution pH on the BC Fabric: The
color values and wavelength curves depending on the dyeing
solution pH are shown in Table 5 and Figure 6. As shown
in Figure 6 and Table 5, at pH 3.25 to 10, the color of lac
dyed BC exhibited a reddish-purple (RP) hue, with the
wavelength corresponding to the maximum K/S value
appearing in the range of 540-550 nm. At pH 2, the maximum
K/S value was observed at 500 nm, with an orange
coloration. The reddish-purple color observed at pH 3.25 to
10 was attributed to the influence of aluminum pretreatment,
which was described in section ‘Effects of Al Pre-treatment
on the BC Fabric, aluminum and lac dye react to form a
coordinated complex, inducing a bathochromic shift and
resulting in a color change from orange to a purple hue
[14,25]. However, at pH 2, the dyed BC exhibits an orange
tone with reduced dye uptake. This was attributed to the rate
of aluminum complex formation reaches a minimum below

Table 5. K/S value and color values (L'a’b’, H/VC) of lac dyed BC with different dyeing solution pH (dyeing conditions: Al pre-treatment: present;

liquor ratio 1:5; lac 1%(o.w.f); 70 °C; pH 2~10; 60 min)

* * *

pH L a b H Vv C Armax K/S Photo
2 59.10 3961 20.13 5.5R 5.85 9.69 500 3.20
3.25[Unadjusted]  35.05 14.71 -3.94 4.8RP 3.12 3.51 540 7.59
4 31.97 13.60 -3.81 4.3RP 3N 3.24 550 7.57
6 31.67 13.54 -4.13 3.8RP 3.09 3.22 550 774
8 31.71 1342 -4.33 3.9RP 3.09 3.20 550 7.70
10 3253 13.36 -3.91 3.9RP 3.17 3.20 550 7.25
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Figure 6. K/S value of lac dyed BC with varied dyeing solution pH
(dyeing conditions: Al pre-treatment: present; liquor ratio 1:5; lac 1%
(o.w.f); 70°C; pH 2~10; 60 min).
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Figure 7. XRD spectra of OBC and lac dyed BC (dyeing conditions: Al
pre-treatment: present; liquor ratio 1:5; lac 1% (o.w.f); 70 °C; pH 3.25;
60 min).

Table 6. Crystallinity of OBC and lac dyed BC (dyeing conditions: Al
pre-treatment: present; liquor ratio 1:5; lac 1% (o.w.f); 70 °C; pH 3.25;
60 min)

Sample Crystallinity (%)
OBC 86.05
Lac-BC 84.37

pH 3, making it difficult for aluminum to form metal
complexes with lac at such a low pH of 2 [28]. In general,
during dyeing of cellulose fibers such as cotton, strong acidic
conditions are not preferred, even if they result in high dye
uptake, because cellulose fibers can undergo acid hydrolysis
under low pH, leading to damage of the material [29]. In
contrast, BC is produced by acetic acid bacteria through
oxidative synthesis in an acidic culture medium of
approximately pH 3, exhibiting high tolerance to acidic
conditions [11]. Moreover, BC is presumed to exhibit high acid
resistance due to its high crystallinity. The crystalline regions
generally exhibit high resistance to acid, whereas the
amorphous or disordered portions of BC are more
susceptible to acid hydrolysis [30]. The XRD results
presented in Figure 7 and Table 6 indicate that the OBC used
in this study possesses a high crystallinity of 86.05%, which
is presumed to confer strong resistance to acid [30]. In
addition, as shown in the XRD spectra of OBC, the
diffraction plane (100), (010), (110), and (040) plane
corresponding to cellulose I appeared at 26=14.5° 16.8,
22.6° 34.0° respectively [31]. These peaks were also
observed in the XRD pattern of BC dyed with lac which
were dyed under pH 3.25 [Unadjusted] condition. In
addition, after dyeing the crystallinity was 84.37% which had
no significant difference with OBC. Thus, this observation
indicates that the crystalline structure of cellulose remains
intact at pH 3.25 and that its crystallinity is not affected.
Hence, BC is considered to possess high acid resistance due
to its high degree of crystallinity, and the pH 3.25 dyeing
condition is presumed not to cause structural damage to BC.
Consequently, BC can be dyed in strongly acidic environments
without substrate damage [11].

Thus, the dye solution pH was set to an economical,
unadjusted pH of 3.25 for lac dyeing, as this condition
provided the best dyeability without the need for additional
pH adjustment.

Effects of the Dyeing Temperature on the BC Fabric:
The color values and wavelength curves depending on the
dyeing solution pH are shown in Table 7 and Figure 8. As
presented in Table 7, the K/S values increased progressively
as the dyeing temperature rose from 30 °C to 90 °C, with K/S
values at 70 °C and 90 °C being comparable. The enhanced
dye uptake at higher temperatures is attributed to increased
molecular mobility and improved diffusion of dye molecules
into BC, which suggests that dyeing equilibrium was
achieved at 70 °C [32].

Thus, 70 °C was selected as the dyeing temperature for lac
dyeing of BC.

Based on the above results, the dyeing condition were
determined to apply Al pre-treatment, dye concentration
1%(o.w.f.), unadjusted dyeing solution pH (3.25), and a
dyeing temperature 70 °C for lac dyed BC.

3.2. FT-IR Analysis

The FT-IR spectra of OBC and lac dyed BC are shown
in Figure 9 and the characteristic peaks are listed in Table
8. The absorption peaks of OBC and lac dyed BC appear
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Table 7. K/S value and color values (L'a’d’, HNVC) of lac dyed BC with different dyeing temperature (dyeing condition: Al pre-treatment: present;

liquor ratio 1:5; lac 1%(o.w.f); 30~90 °C; pH 3.25[unadjusted]; 60 min)

Tem"(’fcrft”re L a* b* H v C - K/s Photo
30 46.04 21.96 -6.56 33RP 447 6.00 540 nm 344 _
50 3549 1833 499 3.6RP 346 460  540nm 645 N
70 3205 1472 395 48RP 33 352 somm 760 (KGN
90 31.94 1395 434 4.6RP 3.12 338 550 nm 7.68 _
10 Table 8. Characteristics of peaks of OBC and lac dyed BC (dyeing
——30C condition: Al pre-treatment: present; liquor ratio 1:5; lac 1% (o.w.f);
gg:g 30~90 °C; pH 3.25[unadjusted]; 60 min)
8t T oo
- 90T JETSU Wavenumber (cm) .
-7 N, Peak assignment
P h OBC  Lac-BC
6f r d v, 3338 3342 -OHstretching [31]
s RS e \\ 2892 2918 C-Hstretching [31]
- " - 1632  C=0 stretching vibration [37]
-OH in-plane bending of carboxylic acid dimers
- 1414
(39]
- 1365 Deformation mode of methylene group [35]
- 1279  C-O stretching vibration [38]
=C-H bond — lac [36]
200 450 500 550 600 650 1107 1107  Ring asymmetric stretching vibrations —
Wavelength (nm) cellulose [33]
1052 1056  C-O stretching [34]
Figure 8. K/S value of lac dyed BC with varied dyeing temperature 1029 1026 C-O stretching [34]

(dyeing conditions: Al pre-treatment: present; liquor ratio 1:5; lac
1%(o.w.f.); 30~90 °C; pH 3.25[unadjusted]; 60 min).

OoBC

o
Lac-BC 3338

4
2918

3342

Transmittance (arb.units)

1 L 1 I L
4000 3500 3000 2500 2000 1500

Wavenumber (cm™)

Figure 9. FT-IR spectra of OBC and lac dyed BC (dyeing conditions: Al
pre-treatment: present; liquor ratio 1:5; lac 1%(owdf); 70°C; pH
3.25[unadjusted]; 60 min).

near 3330-3350, 2890-2920, 1107, 1052, and 1029 cm™
corresponding to the -OH stretching, C-H stretching, ring
asymmetric stretching vibrations, and C-O stretching in
cellulose, respectively [31,33-34]. After dyeing, the peak

near 3330-3350 and 1107 cm” was deeper and several
characteristic peaks of lac was observed. The change in the
intensity of the —OH stretching band is attributed to the
phenolic ~-OH or the ~-OH group of the carboxylic acid in
lac, indicating their involvement in the binding interaction
[35]. The peak at 1107 cm™ was more intense, corresponding to
=C-H bonds, which are related to the components of lac
and are interpreted as resulting from the interaction between
BC and lac [36]. Moreover, the absorption peak observed at
1632 cm™ corresponds to C=0 stretching vibration, which
was attributed to the formation of a metal chelate complex
[37]. This peak arises when the hydrogen bond with OH
group in hydroxyanthraquinone is replaced by a metal ion,
allowing coordination between the metal ion and the
carbonyl group [37]. These results indicates that both lac and
BC formed metal chelates as a result of the Al pre-treatment
[37]. The peaks at 1414, 1365, and 1279 cm™ were assigned
to the -OH in-plane bending of carboxylic acid dimers,
deformation mode of methylene group, and C-O stretching
vibration of lac, respectively [38,39].

3.3. FE-SEM Analysis

Figure 10 shows the FE-SEM image of OBC and lac dyed
BC. As shown in Figure 10(a), OBC shows the fine cellulose
nanofibrils and porous structures [31]. In the case of lac
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Figure 10. FE-SEM image of (a) OBC and (b) lac dyed BC (dyeing conditions: Al pre-treatment: present; liquor ratio 1:5; lac 1%(o.w:f); 70 °C; pH

3.25[unadjusted]; 60 min).

dyed BC the pores observed in the OBC were mostly filled,
resulting in a smooth, coated surface. Moreover, fine
platelet- shaped particles and small spherical particles were
observed on the surface and within the nanofibers of BC,
which were identified as lac and Al respectively [17]. Thus,
the surface morphology analysis confirmed that lac and Al
were entrapped within the BC matrix.

3.4. Mordanting of BC

Table 9 present the K/S value and colorimetric values of
lac dyed BC using various mordants (PP, GS, Cu, Fe) applied
via different mordanting methods (pre, meta, post). After

TR

mordanting, the surface color of lac dyed BCs exhibited a
range of hues, including red (R), reddish purple (RP), purple
(P), purplish blue (PB), and yellow (Y). Pre-mordanting
shown the highest K/S value regardless of applied mordants.
Application of meta-mordanting results in reduced dye
uptake, and dyeing was found to be extremely limited when
Cu or Fe was used as the mordants. This might be attributed
to the increased molecules size caused by the pre-formation
of dye and mordant complexes [40]. As previously discussed,
the dyeing of BC with lac occurs through two behaviors: (1)
physical entrapment; (2) formation of coordination complex
between lac, Al, and BC. However, in meta-mordanting, it

Table 9. K/S value and color values (L a b, H/VC) of lac dyed BC with different mordants and mordanting methods (dyeing condition: Al pre-

treatment: present; liquor ratio 1:5; lac 1%(o.w.f); 30~90 °C; pH 3.25[unadjusted]; 60 min)

Mordanting Mordant L' a b H Vv  C A, KS Photo
method
0BC - 9104 035 437 51Y 901 05 400 015

None-mordanted - 3206 1471 -394 48RP 312 351 540 759 _
PP 4154 3095 2012 80R 412 722 500 882 _
GS 3911 2518 1162 57R 387 557 500 790 _

Pre-mordanting
Cu 2307 526  -034 88RP 225 099 510 1374 _
Fe 2256 018  -104 51PB 218 020 640 1288 _
PP 4378 2924 1852 79R 434 677 500 7.4 _
GS 42.18 31.19 2.88 90RP 414 744 520 5.59 _

Meta-mordanting
Cu 8055  -097 255 43PB 790 110 690 033
Fe 6523 100 298  09Y 637 050 400 1.1 B - N
PP 3309 1991 a4 08R 325 459 540 811 _
GS 3279 1519 326 48RP 320 346 530 735 _

Post-mordanting
Cu 3176 595 613 71P 308 173 580 7.5 _
Fe 3060 199 550 02P 296 110 590 739 _
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Table 10. Rubbing, dry-cleaning, and light fastness of mordanted dyed BCs (dyeing condition: Al pre-treatment: present; liquor ratio 1:5; lac

1%(0o.w.f.); 30~90 °C; pH 3.25[unadjusted]; 60 min)

Rubbing fastness Dry cleaning fastness Light fastness
Mordanting Col Stainin ol ol
method Mordant Staining olor = otor olor
change Cotton Wool change change

None - 45 45 45 45 45 45

PP 45 5 45 5 45 45

) GS 4 4 4-5 5 5 45

Pre-mordanting

Cu 45 5 45 45 45 45

Fe 34 34 4 45 5 45

1: Very Poor, 2: Poor, 3: Fair, 4: Good, 5: Very Good.

is presumed that the dye and mordant form a complex prior
to interaction with BC, which may increase the molecular
size that exceeds the entrapment capacity of BC pores and
thus possibly reduce dye adsorption [40,41].

Hence, pre-mordanting method was selected for lac dyed
BC due to the highest dye uptake.

3.5. Color Fastness Evaluation

Since BC was proposed as a leather substitute, this study
evaluated rubbing, dry-cleaning, and light fastness of lac
dyed BC and are presented in Table 10.

Apart from the lac-Fe sample, all other samples showed
high fastness grades of 4, 4-5, and 5. Mordanting with PP
maintained or improved the fastness value, whereas
mordanting with GS slightly decreased rubbing fastness but
enhanced dry cleaning fastness. This enhanced fastness value
was attributed to tannin constituents in PP and GS, which
interact with dye molecules to form stable complexes on the
BC surface [42]. For light fastness, all samples achieved
ratings of grade 4-5 regardless of the mordant applied. The
high light fastness was attributed to the anthraquinone-based
chromophores of lac, which have strong resistance to photo-
oxidation under ultraviolet and visible light, resulting in
significant photostability and durability [43]. In addition,
since there was no significant difference in fastness
compared to metal mordants, bio mordants can effectively
substitute for them while maintaining the eco-friendly
properties of BC [9].

4. Conclusion

In this study, lac dyeing conditions for BC were
established, and the color properties and fastness
characteristics were analyzed through the application of bio-
mordants such as PP and GS.

First, the color change under different dyeing condition
such as Al-pretreatment application, dye concentration,
dyeing solution pH, and dyeing temperature, were evaluated.
The selected dyeing conditions, based on the K/S value, were
as follows: apply Al pre-treatment, dye concentration 1%
(o.w.t.), unadjusted dyeing solution pH (3.25), and a dyeing
temperature 70 °C.

Secondly, FT-IR analysis confirmed the formation of

coordination complexes between lac and Al, demonstrating
the presence of chemical bonding between them. FE-SEM
analysis revealed that some lac and Al were entrapped within
the BC matrix.

Thirdly, after mordanting, the surface color of lac dyed
BCs exhibited a range of hues, including red (R), reddish
purple (RP), purple (P), purplish blue (PB), and yellow (Y).
The pre-mordanting method was confirmed to yield the
highest dye uptake.

Lastly, both PP and GS bio mordants demonstrated
rubbing and dry cleaning fastness comparable to metal
mordants, achieving grades of 4, 4-5, and 5. Regardless of
mordanting, all samples exhibited light fastness of grade 4-
5, confirming the inherently excellent light resistance of the
lac dye.

Therefore, based on the results of this study, the dyeing
behavior of the animal-derived dyes, lac and BC, was
elucidated, and dyeing conditions were established. Furthermore,
the effectiveness of bio-mordants was verified, contributing
to the development of an eco-friendly dyeing process
utilizing BC. However, this study is limited in that Al was
used as a pretreatment agent, which raises concerns
regarding environmental sustainability. Hence, further
research is needed to explore eco-friendly alternatives that
can replace Al in the pretreatment process. In addition,
although polychromatic dyes were employed to expand the
color range of BC in this study, the dyed BC exhibited a
broad absorption range, resulting in relatively low color
selectivity. Future studies should focus on identifying dyeing
strategies or modifying dye-fiber interactions to enhance the
chromatic purity and color vividness of individual hues.
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