colorants

Article

Development of Water-Based Inks with Bio-Based Pigments for
Digital Textile Printing Using Valve-Jet Printhead Technology

Jéssica Antunes *'/, Marisa Lopes

check for
updates

Academic Editor: Anthony Harriman

Received: 23 May 2025
Revised: 4 July 2025
Accepted: 18 July 2025
Published: 24 July 2025

Citation: Antunes, ].; Lopes, M.;
Marques, B.; Silva, A ; Vilaga, H.; Silva,
C.J. Development of Water-Based Inks
with Bio-Based Pigments for Digital
Textile Printing Using Valve-Jet
Printhead Technology. Colorants 2025,
4,24. https://doi.org/10.3390/
colorants4030024

Copyright: © 2025 by the authors.
Licensee MDP], Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license

(https:/ /creativecommons.org/
licenses /by /4.0/).

, Beatriz Marques '/, Augusta Silva ©/, Helena Vilaca ‘’ and Carla J. Silva

CITEVE—Technological Centre for the Textile and Clothing Industries of Portugal, 4760-034 Vila Nova de
Famalicao, Portugal; mlopes@citeve.pt (M.L.); bmarques@citeve.pt (B.M.); asilva@citeve.pt (A.S.);
hvilaca@citeve.pt (H.V.); ¢jsilva@citeve.pt (C.J.S.)

* Correspondence: jantunes@citeve.pt

Abstract

The textile industry is progressively shifting towards more sustainable solutions, par-
ticularly in the field of printing technologies. This study reports the development and
evaluation of water-based pigment inks formulated with bio-based pigments derived from
intermediates produced via bacterial fermentation. Two pigments—indigo (blue) and
quinacridone (red)—were incorporated into ink formulations and applied on cotton and
polyester fabrics through valve-jet inkjet printing (ChromoJet). The physical properties of
the inks were analyzed to ensure compatibility with the equipment, and printed fabrics
were assessed as to their color fastness to washing, rubbing, artificial weathering, and
artificial light. The results highlight the good performance of the bio-based inks, with
excellent light and weathering fastness and satisfactory wash and rub resistance. The
effect of different pre-treatments, including a biopolymer and a synthetic binder, was also
investigated. Notably, the biopolymer pre-treatment enhanced pigment fixation on cotton,
while the synthetic binder improved wash fastness on polyester. These findings support
the integration of biotechnologically sourced pigments into eco-friendly textile digital
printing workflows.

Keywords: digital textile printing; inkjet printing; water-based inks; bio-based pigments;
sustainable textiles

1. Introduction

Textile printing, an ancient technique, has a significant impact on the economies of
countries [1]. It traditionally uses thick pastes of synthetic dyes or pigments to create
patterns on fabrics. This industry is one of the top manufacturing sectors on this planet
and is also considered one of the most polluting ones [2]. Conventional textile printing
is associated with high consumption of chemicals such as dyes, binders, solvents, and
surfactants, many of which are considered environmentally hazardous. Additionally,
traditional processes require substantial water and energy inputs, generating large volumes
of effluents loaded with harmful substances [3]. Among these limitations, digital textile
printing has emerged as a more sustainable alternative. Recent innovations highlight its
advantages, including high precision, excellent print fastness, and the ability to reproduce
a vast range of colors [1,4,5]. Integrating advanced software and hardware into digital
processes and optimising treatments enables the production of high-quality, customised
products with reduced environmental impact [1,3,6,7].

In textile printing, pre-treatment is an important step that prepares the fabric for the
application of dyes or pigments, making the surface more receptive and ensuring optimal
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print results [8]. The specific pre-treatment process can vary depending on the type of
fabric and the printing method employed, but typically involves the use of agents such
as cationic polymers, thickeners, or biopolymers to enhance ink adhesion and control ink
migration. Proper pre-treatment not only improves the fixation of dyes or pigments but
also leads to brighter and more vibrant colors in the printed design, as well as sharper
image definition and improved color fastness [9].

Water-based inks are gaining attention due to their eco-friendly profile. These inks
are less toxic, reduce atmospheric pollution through lower volatile organic compound
(VOC) emissions, pose fewer fire risks, and simplify cleaning operations [3,10]. Within
this category, pigment-based inkjet inks are especially promising, offering good stability
and improved fastness properties, such as wash and light fastness [1,6]. Pigments, unlike
dyes, are insoluble molecules that do not form chemical bonds with textile fibres, and they
are deposited on the fabric surface. Their dispersion into nanoscale particles is essential
to avoid clogging of the printheads and increase print quality. However, the nanoparticle
pigment is thermodynamically unstable and can easily re-aggregate due to the desorption
of the dispersant [11]. Consequently, the success of pigment ink formulations relies not only
on the pigment itself but also on the performance of various auxiliary compounds. These
include pH adjusters, humectants, polymeric binders, defoamers, surfactants, biocides,
and rheology modifiers, all of which influence ink stability, application, and print quality.
Although synthetic pigments currently dominate the market due to their reproducibility,
affordability, and wide color range, concerns related to their environmental footprint are
increasingly being raised. The production of synthetic dyes and pigments often involves
harsh chemicals, high temperatures, and non-renewable resources such as petroleum, rais-
ing issues related to waste generation, energy consumption, and toxicity [6,12]. These
factors have driven significant research into environmentally friendly and non-toxic alterna-
tives. Natural pigments are especially promising, as they align with consumer preferences
and support sustainable development goals [13].

Natural colorants are increasingly valued for their non-toxic, biodegradable, and
non-carcinogenic properties, with sources ranging from plants and insects to minerals and
microorganisms. However, large-scale plant-based dye production faces challenges such as
high costs, long cultivation periods, and batch variability, and can threaten biodiversity
by depleting valuable species. As an alternative, microbial pigments—particularly those
produced by bacteria—have gained attention due to their rapid growth and independence
from seasonal and climatic factors. Bacterial pigment production is further enhanced by
the ability to use agro-industrial wastes as substrates, making the process more sustainable
and cost-effective. These advantages position bacterial pigments as promising candidates
for replacing both synthetic and plant-derived colorants [13,14].

This study focuses on the development and evaluation of water-based pigment inks
formulated with bio-based pigments, indigo and quinacridone, produced via bacterial
fermentation. By assessing parameters such as physical properties, print quality, and color
fastness properties, the study aims to contribute to the advancement in greener digital
textile printing technologies.

2. Materials and Methods
2.1. Materials

The textiles used, as examples of natural and synthetic fibres, were two woven fabrics
used in the fashion industry, based on cotton (99% cotton and 1% elastane; 370 g/ m2;

reference TRUE) and polyester (100% polyester; 295 g/m?; reference DORSET), supplied
by RIOPELE (Vila Nova de Famalicao, Portugal).
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The polymers used in the pre-treatments were a biopolymer based on a cationic
polysaccharide (viscosity 600-1200 mPa-s; turbidity < 30 NTU), and a synthetic polymer
(Binder A) based on polyurethane (PU) comprising an aliphatic polycarbonate—polyether
backbone (non-ionic aqueous dispersion; viscosity < 1.000 mPa-s; density around 1.1 g/cm?;
pH value 6.0-8.0).

The pigments used included indigo (blue) and quinacridone (red) pigments in powder
form, supplied by PILI (Toulouse, France) and produced via bacterial fermentation using a
patented process.

2.2. Methods
2.2.1. Pre-Treatment

An aqueous solution was prepared by diluting Binder A to a concentration of 50%
(v/v) with distilled water. In parallel, an acidic solution was prepared with 1% (w/v) of
the biopolymer in aqueous acetic acid (0.5 M; pH 4.0-5.0). The textile substrates were
pre-treated using foulard impregnation (wet pick-up ~80%) with each solution. Following
impregnation, the fabrics were subjected to a drying process at 100 °C for 3-5 min to ensure
fixation and the removal of excess moisture.

2.2.2. Ink Formulation

The ink formulation comprises 15-20% biodegradable binder (polyurethane in
aqueous dispersion, Achitex Minerva (Vaiano Cremasco, Italy)), 2.5-5.0% crosslinking
agent (water based aliphatic blocked polyisocyanate, Covestro (Leverkusen, Germany)),
45.0-65.0% distilled water, 15.0-25.0% hygroscopic agent (alcohol diol, VWR (Radnor, PA,
USA)), 3.0-6.0% wetting agents (alcohol alkoxylates, BYK (Wesel, Germany)), 0.5-1.5%
anti-foam agent (polyether-modified polydimethylsiloxane, BYK (Wesel, Germany)), and
0.5-1.0% (w/w) pigment (indigo or quinacridone, PILI (Toulouse, France)). All the compo-
nents were mixed at room temperature using an overhead stirrer.

2.2.3. Characterization

The physical properties of the ink were analyzed as follows: viscosity (smart series
rotational viscosimeter by Fungilab(Barcelona, Spain), density (calculated dividing the
mass by volume), surface tension (pendant drop method in the optical tensiometer Theta
Flex by Biolin Scientific (Gothenburg, Sweden)), particle size (Zetasizer NanoSeries Nano
7590 by Malvern Panalytical (Malvern, UK).

2.2.4. Printing

The pre-treated and untreated textile fabrics were printed using inkjet printing technol-
ogy, with a valve-jet printhead (ChromoJet from Zimmer (Kufstein, Austria)). The design
was printed at a resolution of 25.4 dpi using a line pressure of 2 atm, a velocity of 0.85 m/s,
and a dot spacing of 0.0 point, resulting in fully overlapping dots.

After printing, the samples were dried at 100 °C for 3-5 min, followed by thermofixa-
tion at 150 °C for 5 min.

2.2.5. Printing Characterization

The printed fabrics were characterized regarding their color appearance through
spectrophotometric analysis using CIELAB coordinates, color fastness to washing (domestic
washing at 40 °C, and up to 20 cycles, internal method according to [15]) to artificial
light [16], to artificial weathering [17] and to rubbing, dry and wet [18].
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3. Results

This study aimed to determine the viability of bio-based pigments as sustainable
alternatives to conventional synthetic pigments in digital textile printing. This section
presents the experimental results concerning the physical characterization of the inks;
printing performance on different substrates; and the evaluation of color fastness under
washing, rubbing, and artificial light and weathering exposure. To promote pigment
fixation to the textile substrates, two distinct pre-treatment approaches were explored,
which are also presented.

3.1. Physical Properties of the Inks

Table 1 summarizes the key physical parameters of the inks formulated with 1.0%
indigo and 0.5% quinacridone bio-based pigments.

Table 1. Properties of the inks developed with indigo and quinacridone pigments in powder form,
and requirements of the valve-jet printhead.

. Viscosity Density Surface Tension . .
Ink Properties (P) (g/cm®) (N/m) Particle Size
Requirements 600 - 20-50 20 um
0.5% bio-based indigo 5.29 (21 °C) 1.07 34.6 320-350 nm
0.5% bio-based 6.81 (22 °C) 0.93 313 <5.00 um
quinacridone

The indigo-based ink showed a viscosity of 5.29 cP and a surface tension of 34.6 mN/m,
with particle sizes between 320 and 350 nm. The quinacridone-based ink exhibited slightly
higher viscosity (6.81 cP) and lower density (0.93 g/ cm?), with particle sizes below 5 um. Al-
though both inks were considered suitable for use with ChromoJet equipment, the pigment
dispersion stability differed significantly between them. The indigo ink showed visible
sedimentation and pigment agglomeration after resting. In contrast, the quinacridone
ink demonstrated excellent dispersion stability and homogeneity, with no visible signs of
sedimentation over time (Figure 1).

%,
i ////.

Figure 1. Inks made with 1.0% indigo pigment (left) and 0.5% quinacridone pigment (right) in
powder form and their respective deposits.
3.2. Printability and Fabric Interaction

Printing trials were conducted on untreated and pre-treated cotton and polyester
fabrics. Figure 2 shows examples of the printed samples.
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Figure 2. Cotton samples printed with inks containing 1.0% indigo pigment (left) and 0.5%
quinacridone pigment (right).

Table 2 shows photographs of each printed sample, demonstrating that color inten-
sity and uniformity are significantly influenced by both the type of substrate and the
pre-treatment applied. These visual observations are corroborated by the CIELAB color
coordinates reported in Table 3. The color coordinates were not determined for the indigo
samples without pre-treatment, as these samples exhibited non-uniform printing.

Table 2. Textile samples with different pre-treatments, printed with inks containing 1.0% indigo and
0.5% quinacridone pigments.

Ink with 0.5% Indigo Pigment Ink with 0.5% Quinacridone Pigment
Fabric
No . . No . .
Pre-Treatment Biopolymer Binder A Pre-Treatment Biopolymer Binder A
=
S
=
5}
g
]
=
o
a

Table 3. Color coordinates of inkjet-printed samples with indigo and quinacridone inks.

Color Coordinates

Ink Fabric Pre-Treatment
L a b
C Biopolymer 53.40 —2.56 —6.99
otton Binder A 50.12 ~1.87 —5.27
Indigo
Polvester Biopolymer 50.06 —4.99 —10.59
Y Binder A 51.97 —484 —5.95
Untreated 72.18 22.49 3.82
Cotton Biopolymer 70.29 26.90 3.50
Binder A 71.65 23.56 4.33
Quinacridone
Untreated 67.94 28.27 3.42
Polyester Biopolymer 68.55 29.37 3.25

Binder A 68.15 26.66 4.68
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For the indigo ink, the lightness (L*) values indicate that cotton treated with biopoly-
mer (L* = 53.40) produces a print slightly lighter than when treated with Binder A
(L* =50.12), which may suggest a less dense pigment deposition with the biopolymer
pre-treatment. On polyester, however, the L* values are very similar between biopolymer
(L* = 50.06) and Binder A (L* = 51.97), and the closeness of these values does not allow
for any reliable conclusion regarding brightness differences. Regarding the a* coordinate,
which represents the red—green axis, all the indigo samples exhibit negative values, in-
dicating a greenish tone. The green component appears more pronounced on polyester
(a* = —4.99 for biopolymer; —4.84 for Binder A) than on cotton (a* = —2.56 and —1.87,
respectively). Nevertheless, given the small differences between treatments, especially on
polyester, it is not possible to affirm a significant variation in the intensity of the green hue.
The b* values, corresponding to the yellow-blue axis, are negative for all the indigo sam-
ples, denoting a blue hue. On polyester, the biopolymer-treated fabric shows a distinctly
stronger blue component (b* = —10.59) compared to Binder A (b* = —5.95), suggesting that
biopolymer may enhance blue saturation. On cotton, the difference is less pronounced
(b* = —6.99 for biopolymer vs. —5.27 for Binder A), and although a tendency for increased
blue intensity is observed with biopolymer, the proximity of the values limits the certainty
of this observation.

In contrast, the quinacridone pigment displays a distinctly different chromatic pro-
file. The lightness values are higher across all the samples compared to indigo, indicative
of lighter color shades. On cotton, the untreated sample presents the highest L* value
(L* = 72.18), with biopolymer (L* = 70.29) and Binder A (L* = 71.65) causing a slight
reduction. However, the narrow range among these values hinders definitive conclu-
sions about the impact of the treatment on brightness. A similar pattern is observed on
polyester, with L* values ranging from 67.94 (untreated) to 68.55 (biopolymer), again sug-
gesting comparable lightness levels. The a* values for quinacridone are strongly positive
in all the cases, confirming a vivid red hue. On cotton, biopolymer treatment yields the
highest red intensity (a* = 26.90), followed by Binder A (a* = 23.56) and untreated fabric
(a* = 22.49), indicating a possible enhancement of the red component by the biopolymer.
On polyester, the a* values are slightly higher overall, with biopolymer again leading
(a* = 29.37), followed by untreated (a* = 28.27) and Binder A (a* = 26.66). Nonetheless,
the differences across the treatments are relatively modest and should be interpreted with
caution, as they may not represent significant perceptual differences. Finally, the b* values
for quinacridone are positive and relatively low (ranging from 3.06 to 4.70), suggesting
a subtle yellowish hue accompanying the dominant red. Although Binder A generally
results in slightly higher b* values, which may indicate a marginally warmer tone, the
limited variation does not allow for strong conclusions regarding treatment influence on the
yellow component.

3.3. Printing Characterization Results

Color fastness tests were conducted following standardized methods to evaluate the
performance of the printed fabrics.

3.3.1. Indigo Pigment

The results of the fastness tests carried out on the samples printed with indigo ink are
shown in Table 4.

For the indigo-based ink, the wash fastness results on cotton ranged from grade 3
(untreated and Binder A) to 3—4 (biopolymer-treated), with a gradual decline in performance
after 10 to 20 cycles. The polyester pre-treated with Binder A showed better resistance to
washing, with a rating of 4-5 up to 5 cycles and a rating of 4 up to 10 cycles. In rubbing
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tests, both cotton and polyester achieved good dry rubbing resistance (grade 4-5), while
wet rubbing results were slightly lower (grade 3—4). Light fastness was performed only
in one sample to assess the performance of the pigment, and the result was acceptable
for most textile applications (3—4), while the color fastness to weathering gave slightly
better results (4), indicating the good behavior of this pigment/ink even under high
humidity conditions.

Table 4. Color fastness properties of inkjet-printed samples with indigo ink (grayscale evaluation).
Color Fastness to
Fabric Pre-Treatment Washing . Artificial Artificial
Rubbing . .
1 5 10 15 20 Weathering Light
No pre-treatment 3 2 2 2 1-2 Dry: 4; Wet: 3—4 Not performed
Cotton Biopolymer 34 3 3 2-3 2-3 Dry: 4-5; Wet: 3-4 4 34
Binder A 3 2-3 2-3 2-3 2-3 Dry: 4-5; Wet: 4 Not performed
No pre-treatment 4 34 3 3 3 Dry: 4; Wet: 34
Polyester Biopolymer 3 3 2-3 2-3 2-3 Dry: 4-5; Wet: 34 Not performed Not performed
Binder A 4-5 4-5 4 2-3 2-3 Dry: 4; Wet: 34

Table 5 presents photographs of the cotton and polyester samples printed with indigo
pigment inks and pre-treated with the different treatments, after the washing cycles.

Table 5. Results of color fastness tests to washing on samples printed with 1.0% indigo ink.

Ink with 1.0% Indigo Pigment

Fabric Pre-Treatment 10 Wash 20 Wash
Original 1 Wash Cycle Cycles Cycles

Bi0p01ymer . . . .
Binder ) . . . .
Bi0p01ymer . . . .
Binder ) . . . .

3.3.2. Quinacridone Pigment

Cotton

Polyester

The results of the fastness tests carried out on the samples printed with the
quinacridone ink are shown in Table 6.
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Table 6. Color fastness properties of inkjet-printed samples with quinacridone ink (grayscale evaluation).

Color Fastness to

Fabric Pre-Treatment Washing . Artificial
Rubbing N
1 5 10 15 20 Weathering

No pre-treatment 5 5 4-5 4 34 Dry: 4-5; Wet: 4

Cotton Biopolymer 5 4-5 4-5 4 3-4 Dry: 4-5; Wet: 34 >5
Binder A 5 4-5 4-5 4 3-4 Dry: 4; Wet: 3
No pre-treatment 5 4-5 4-5 4 Dry: 3; Wet: 2

Polyester Biopolymer 4-5 4 4 3-4 3 Dry: 4; Wet: 4 Not performed
Binder A 5 4-5 4-5 4 3-4 Dry: 4-5; Wet: 34

The quinacridone ink exhibited excellent color fastness to weathering across all the pre-
treatments used, consistently achieving ratings exceeding five. In terms of wash fastness,
the cotton samples demonstrated superior resistance, maintaining ratings of 5 to 4-5 for
up to 10 washing cycles, with a slight reduction to 3—4 after 20 cycles. Rubbing fastness
values, under both dry and wet conditions, followed a comparable trend. Among the
cotton substrates, the untreated samples exhibited enhanced pigment fixation and superior
fastness performance.

For polyester substrates, the overall wash fastness performance was also high, with
ratings ranging from 5 to 4 up to 10 washing cycles. The samples treated with Binder
A exhibited the highest fastness values in both washing and rubbing tests. In contrast,
the untreated samples showed better wash fastness but lower wet rubbing resistance.
Meanwhile, the samples pre-treated with biopolymer showed a slight decline in wash
fastness, suggesting that Binder A may be the most effective auxiliary to improve durability.

Table 7 presents photographs of the cotton and polyester samples printed with
quinacridone pigment inks and pre-treated with the different treatments after the
washing cycles.

Table 7. Results of color fastness tests to washing on samples printed with 0.5% quinacridone ink.

Ink with 0.5% Quinacridone Pigment

Fabric Pre-Treatment 10 Wash 20 Wash

Original 1 Wash Cycle Cycles Cycles

Cotton Untreated

Polyester ~ Binder A

4. Discussion

The development of water-based pigment inks using bio-based pigments derived
from bacterial fermentation presents a promising step towards sustainable digital textile
printing. The results of this study confirmed the viability of incorporating such pigments
in powder form directly in inkjet formulations, particularly when applied through valve-jet
technology (Chromo]Jet), which is typically more tolerant to pigment particle sizes than
piezoelectric print heads.
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Regarding ink stability and formulation, the indigo-based ink demonstrated some
limitations in terms of dispersion stability. Indigo pigment, whether produced microbially
or synthetically, consists of two indole-derived rings linked via a double bond, forming
a planar, conjugated structure responsible for its deep blue color [19]. This pigment is
sensitive to redox equilibria, which can affect dispersion stability, as the pigment, for
dyeing processes, must be reduced to its water-soluble leuco form and then oxidized
back to its insoluble state [20,21]. Its structure confers stability to form supramolecular
aggregates with intra- and intermolecular hydrogen bonds and n-conjugation [22], which
in this work was reflected by its relatively large particle size (320-350 nm) and crystalline
aggregation tendency, which, in turn, contributed to limited dispersion homogeneity in
aqueous medium [23]. After standing, noticeable sedimentation of the pigment in the ink
was observed, indicating the need for further formulation optimization, either to increase
the shelf-life of the ink or to use it in other printhead technologies, such as the piezoelectric.
This could be achieved possibly through the incorporation of additional dispersing agents
or the use of milling techniques to reduce particle size and prevent agglomeration.

In contrast, the quinacridone-based ink showed excellent dispersion and did not
exhibit sedimentation, highlighting its superior compatibility with our aqueous inkjet
systems. Despite the pigment’s linear, planar, and highly conjugated aromatic structure,
which enables strong intermolecular hydrogen bonding and 7 stacking, leading to a
dense crystal packing, which reflects in its insolubility in water and most organic solvents,
and increased propensity to aggregate, in our ink no sedimentation, i.e., no large aggregates,
was observed after standing, suggesting that the combination of dispersants and wetting
agents used in the ink have successfully avoided quinacridone aggregation, overcoming a
reported challenge with this pigment [24].

The results clearly show that the fabric pre-treatment significantly influences print
quality and fastness properties. Indigo pigment tends to produce darker, cooler shades
with a distinct blue-green hue, which is intensified by biopolymer pre-treatment, especially
on polyester. Quinacridone pigment results in lighter, warmer red shades, with biopolymer
pre-treatment enhancing red chroma on both cotton and polyester.

In terms of color fastness, both inks performed exceptionally well. The quinacridone
ink showed outstanding weathering fastness (grade >5). This superior fastness can be
attributed to the highly stable crystal lattice structure of quinacridone, which imparts
remarkable chemical resistance as well as outstanding thermal and photostability. As a
result, the pigment maintains its integrity under elevated processing temperatures and
prolonged light exposure, exhibiting minimal degradation [25,26]. The indigo ink also
achieved good light and weathering fastness (grades 3—4 and 4), suggesting potential for
some applications.

In summary, the biopolymer pre-treatment, based on a polysaccharide, significantly
improved pigment fixation on cotton substrates, likely due to enhanced electrostatic inter-
actions and film formation at the fibre surface. This resulted in higher color intensity and
improved wash and rub fastness. In contrast, Binder A was more effective on polyester,
providing superior wash durability, which can be attributed to its film-forming properties
and higher compatibility with hydrophobic fibres.

These results were within acceptable industrial ranges, particularly for fashion appli-
cations, and improved with the use of appropriate pre-treatments. While the indigo ink
requires further formulation refinement to enhance stability and performance consistency,
the quinacridone ink already meets key performance indicators for textile printing.
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5. Conclusions

This work demonstrates the successful formulation and application of water-based
digital inks using bio-based pigments produced through bacterial fermentation. The inks
were effectively applied to cotton and polyester fabrics using valve-jet technology and
evaluated for color fastness to washing, rubbing, and artificial light and weathering.

The quinacridone ink showed excellent dispersion and overall superior performance,
particularly in weathering fastness and uniformity of the printed fabrics. The indigo
ink, while slightly less stable, also achieved good results, especially in polyester fabrics
pre-treated with a synthetic binder.

The pre-treatment played a pivotal role in optimizing pigment-substrate interactions.
Biopolymer treatments improved wash fastness and color intensity on cotton fabrics, while
the polyurethane-based binder enhanced performance on polyester, particularly for indigo.
These findings underscore the critical role of substrate-specific pre-treatment in ensuring
successful pigment fixation and durability.

While the study confirms the technical feasibility of incorporating bio-based pigments
into digital textile inks, some limitations remain. The indigo pigment exhibited dispersion
instability and sedimentation over time, indicating the need for improved formulation
strategies—such as fine milling or the use of high-performance dispersants. Moreover,
the evaluation was limited to valve-jet technology; future studies should investigate the
compatibility of these inks with other inkjet systems. Another key aspect study in future
work would be the biodegradability of these inks after application.

From an economic perspective, the use of bio-based pigments introduces both opportu-
nities and challenges. On one hand, microbial fermentation offers the potential for scalable,
renewable pigment production using low-cost substrates, including agro-industrial waste
streams. On the other hand, the current market cost of bio-based pigments remains higher
than their synthetic counterparts due to limitations in production yields, downstream
processing, and regulatory approvals. However, as biotechnological platforms mature
and the demand for sustainable materials increases, the economic feasibility is expected to
improve—especially when factoring in long-term environmental and regulatory benefits.

Overall, these findings contribute to the bioeconomy by demonstrating the direct
application of bacterial-derived indigo and quinacridone pigments in water-based inkjet
formulations using valve-jet technology. It provides comprehensive insight into how
pigment chemistry, ink formulation, and fabric pre-treatment synergistically influence
print performance and durability. Moreover, by integrating bio-based colorants with
bio-based auxiliaries (e.g., biopolymer pre-treatment), the research advances a holis-
tic approach towards sustainable digital textile printing. These findings set the stage
for further innovation in pigment biotechnology and eco-friendly surface design in the
textile industry.
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