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Abstract

This paper presents a qualitative sustainability assessment of an innovative, water-based,
partially bio-based, and potentially removable screen-printing ink designed to replace
conventional PVC-based inks in the textile industry. The assessment is conducted in
alignment with the European Commission’s tiered Safe and Sustainable by Design (SSbD)
framework, applying a simplified screening approach suitable for innovations with limited
sustainability data availability. The evaluation is conducted using the LCBROM (Life
Cycle Based Risk and Opportunity Mapping) methodology, which is a structured approach
designed to identify potential environmental, economic, and social drawbacks and benefits
throughout the product’s life cycle, from production and use to end of life. The screening
incorporates the MET+Ec+S matrix (Material, Energy, Toxicity, and Economic and Social
dimensions), providing a comprehensive overview of the sustainability performance of the
removable PVC-free ink at each stage of its life cycle. The novel removable PVC-free ink
formulation incorporates bio-based pigments, thickeners, and plasticisers, and is designed
to facilitate recyclability and reuse in textile applications. Compared to traditional plastisol
inks, the screening indicates potential reductions in toxicity and environmental persistence
compared to PVC-based plastisol inks, subject to validation in future quantitative stud-
ies. However, key trade-offs include reliance on fossil-based ingredients (as bio-based
alternatives are still being developed), increased material costs, and durability concerns.
Despite these issues, the removable PVC-free ink’s compatibility with existing printing
infrastructure and alignment with emerging EU sustainability regulations indicate its po-
tential relevance for circular textile production, subject to validation through quantitative
life-cycle assessment and pilot-scale implementation. The results do not constitute a quan-
titative life cycle assessment but instead provide a structured qualitative basis for guiding
further development, data collection, and future LCA modeling. By explicitly positioning
the work within a simplified SSbD tier, this study demonstrates how early-stage screening
can support innovation design while transparently addressing uncertainty and trade-offs.
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1. Introduction

1.1. Background and Technological Context: PV C-Based Screen-Printing Inks and
Circularity Constraints

Textile printing represents a technically sophisticated and environmentally intensive
stage in garment manufacturing. Among available technologies, screen printing remains
one of the most widely applied methods due to its scalability, high pigment loading
capacity, reproducibility, and compatibility with diverse textile substrates, including cotton,
polyester, polyamide, and blended fabrics. Its dominance in mass production is strongly
linked to the widespread use of plastisol inks [1].

Plastisol inks are dispersions of polyvinyl chloride (PVC) particles in high-boiling
plasticizers [2,3]. During curing (typically 140-180 °C), plasticizer absorption induces
particle swelling and subsequent fusion into a continuous thermoplastic film [4,5]. This
film-forming mechanism enables high pigment loading, opacity, abrasion resistance, wash
durability, and strong adhesion to fibrous substrates [6,7]. However, the chlorine-based
polymer backbone, the high plasticizer content, and the potential for additive migra-
tion are associated with significant environmental and health concerns throughout the
life cycle [8-10].

PVC production is chlorine-based and energy-intensive, involving vinyl chloride
monomer (VCM), which is classified as a Group 1 human carcinogen by the International
Agency for Research on Cancer [11]. Industrial production routes and life-cycle inventories
indicate substantial energy demand and emissions associated with chlor-alkali processes
and VCM synthesis [12,13]. Across its life cycle, PVC has been associated with persistent
organic pollutants, hazardous additives, and end-of-life management challenges, including
additive leaching and limited recyclability [8,9,14,15]. To achieve flexibility, PVC formula-
tions typically contain high plasticizer contents, commonly in the range of 30-60 wt.% [5,16].
Historically, phthalates such as DEHP and DBP have been widely used, and several are
listed as Substances of Very High Concern (SVHC) under the European Chemicals Agency
regulatory framework [17]. Even when alternative plasticizers are employed, concerns
remain regarding additive migration, potential endocrine disruption, and long-term envi-
ronmental persistence [18,19].

Beyond chemical hazards, plastisol inks introduce structural barriers to textile circu-
larity. The fused PVC layer forms a strongly adherent polymer film with high interfacial
bonding to fibrous substrates [2,6,15], making mechanical separation without fiber damage
technically challenging. In mechanical recycling systems, residual coatings and prints
act as contaminants, reducing fiber quality and limiting the potential for closed-loop
recycling [20,21]. In chemical recycling processes, heterogeneous polymer layers and ad-
ditive mixtures interfere with depolymerization reactions and solvent-based purification
pathways [22-24]. Moreover, polymer-based textile coatings contribute to microplastic
release during laundering and abrasion. Experimental studies have demonstrated that
synthetic textiles fragment under mechanical stress, releasing microfibers into wastewater
streams [25-27]. These particles are not completely removed during wastewater treatment
and accumulate in aquatic environments [28,29].

As the textile sector transitions toward circular economy models, material-level incom-
patibilities have emerged as systemic bottlenecks [30,31]. Life-cycle analyses demonstrate
that coatings and prints—despite their low mass fraction—significantly impair fiber recov-
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ery and recycling efficiency [25,26]. In both mechanical and chemical recycling systems,
polymer-based surface treatments reduce recyclate quality and process efficiency [15].
Regulatory and policy drivers further intensify reformulation pressure. The European
Commission’s Chemicals Strategy for Sustainability and the Ecodesign for Sustainable
Products Regulation (ESPR) embedded Safe-and-Sustainable-by-Design principles into fu-
ture textile regulation [32,33]. These frameworks require materials to demonstrate reduced
hazard profiles, improved circular compatibility, and minimized life-cycle impacts.

However, viable replacements for PVC-based plastisol inks face substantial materials
engineering constraints. Screen-printing inks must simultaneously satisfy rheological
stability for mesh transfer, controlled curing behavior, strong adhesion to hydrophilic and
hydrophobic fibers, high pigment dispersion stability, mechanical flexibility under repeated
deformation, wash and abrasion resistance, and color fidelity and opacity.

Replacing PVC alters the fundamental polymer matrix properties, including glass
transition temperature (Tg), film formation behavior, interfacial adhesion mechanisms, and
durability. Water-based systems, bio-based binders, and hybrid dispersions offer poten-
tial pathways but introduce trade-offs in drying energy demand, durability, or cost [34].
Therefore, innovation in this domain requires balancing performance chemistry with sus-
tainability objectives [35,36].

The present study investigates a novel, water-based, partially bio-based, PVC-free
screen-printing ink designed with an additional functional attribute: removability. Un-
like conventional plastisol systems that form irreversible thermoplastic films, the new
formulation is engineered to allow detachment from the textile substrate under controlled
conditions without fiber degradation. This design aims to enhance compatibility with both
mechanical and chemical recycling pathways, thereby reducing contamination in circular
textile flows.

Such a functionality directly links polymer chemistry, adhesion science, and circularity
performance—underscoring the necessity of evaluating not only toxicity reduction but
system-level sustainability implications.

Given the regulatory pressure to phase out hazardous PVC-based formulations and
the structural recycling barriers associated with plastisol inks, evaluating alternative for-
mulations at early development stages is scientifically important to avoid unsustainable
technological lock-in.

1.2. Necessity of Early-Stage Sustainability Screening Prior to Upscaling, LCA, and
SSbD Implementation

Emerging materials are typically developed at low technology readiness levels (TRLs),
where process parameters and supply chains remain uncertain [37]. While Life Cycle
Assessment (LCA), standardized under ISO 14040 and ISO 14044 [38,39], enables us to
quantify the environmental impacts, both direct and indirect, of a product [40,41], its ap-
plication to early-stage technologies faces methodological challenges due to incomplete
inventory data and scaling assumptions [42,43]. Detailed LCAs under such conditions may
generate results with false precision, as parameter uncertainty and background database
proxies can dominate outcome variability [44,45]. Consequently, sustainability science
increasingly recommends ex-ante or screening-level assessments to guide early formu-
lation decisions [46,47]. In accordance with the European Commission’s tiered SSbD
framework [48], early-stage innovations with limited quantitative data should undergo
screening-level assessment prior to full life-cycle modeling. Therefore, this study applies a
simplified SSbD screening approach to identify potential risks and opportunities at low
sustainability maturity, rather than to quantify environmental impacts.

Screening-level assessments serve multiple critical purposes:
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(1) Prevention of unsustainable technological lock-in

Once pilot-scale infrastructure or supply chains are established, reformulation be-
comes economically and technically constrained [49,50]. Early screening allows identifica-
tion of high-risk substances, energy-intensive steps, or social concerns before irreversible
investments occur.

(2) Identification of environmental hotspots at the formulation level

In ink systems, small compositional differences (e.g., binder type, crosslinker chem-
istry, plasticizer fraction) can significantly affect toxicity, recyclability, and end-of-life
behavior [51]. Early screening supports informed substitution before scale-up.

(3) Strategic guidance for data generation prior to full LCA

Qualitative or semi-quantitative screening can identify which parameters (e.g., curing
energy, solvent recovery efficiency, additive migration rates) require prioritized measure-
ment in subsequent quantitative studies [43,52].

(4) Integration with Safe-and-Sustainable-by-Design (SSbD)

The SSbD framework promoted by the European Commission represents a forward-
looking strategy to ensure that materials and chemicals are inherently safe, sustainable,
and circular. However, the successful implementation of SSbD critically depends on early
identification of potential environmental, social, and economic risks in the material design
phase [53,54]. Emerging materials, particularly at low TRLs, are characterized by high
uncertainty regarding composition, process conditions, energy demand, and end-of-life
behavior. Attempting to apply SSbD without preliminary sustainability insights risks
overlooking critical hotspots, embedding non-optimal design choices, or generating false
precision in later-stage assessments [45,48].

Early-stage qualitative or semi-quantitative sustainability screening provides a struc-
tured approach to prioritize environmental and social concerns, identify high-risk sub-
stances, and guide experimental design before extensive SSbD evaluation is conducted
(Figure 1). By mapping potential toxicity, resource intensity, recyclability, and social impli-
cations at the formulation level, these screening methods allow researchers and designers
to focus SSbD efforts on the most impactful interventions, avoiding costly reformulations at
pilot or industrial scales. Screening also facilitates the iterative nature of SSbD by enabling
rapid feedback loops: design choices can be adjusted in response to early sustainability
insights, which supports a more informed, evidence-based development pathway.

2

Technology > m m
Readiness ?

Level

Early-Stage Sustainability Screening Quantitative Life Cycle Safe & Sustainable by
Qualitative LCBROM Assessment Assessment Design (S5bD)
Prototype o Environmental " Y,
Testing Toxicity, Energy, Recycability a ‘ )
: ’ - i
Economic Inventory  Impact  Uncertainty Circularity Hazard Reduction
Formulation Cost, Scalability Data Categories Analysis

Development ,
Q Social
Worker Safety, Community Impact
2) TRL

Figure 1. Integration of early-stage sustainability screening in materials innovation and circularity.
Source: The figure generated by the author’s own work.
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In the context of circular textile systems, removability introduces complex trade-
offs. Enabling fiber recovery may influence adhesion strength, durability, or use-phase
performance. These trade-offs cannot be understood solely through performance testing
or hazard classification; they require system-level evaluation across production, use, and
end-of-life stages.

Given the low TRL and limited sustainability data maturity, including the absence
of industrial-scale inventory data for the investigated formulation, this study applies a
structured, qualitative life-cycle-based screening approach using LCBROM. Rather than
replacing quantitative LCA, this method functions as a pre-assessment stage. Empirical
inputs include the following:

e  Developer-provided formulation and process data

e  Two structured LCBROM questionnaire rounds

e  Stakeholder workshops

e  Structured evaluation across environmental (MET), economic (Ec), and social (S)
dimensions

This approach enables the identification of potential sustainability benefits (e.g., improved
recyclability, reduced PVC-related hazards) and risks (e.g., performance trade-offs, energy
demand shifts, cost implications), while transparently documenting the sources of uncer-
tainty. By systematically linking material composition, functional performance characteris-
tics, and life-cycle considerations, the study provides an evidence-based foundation for
the following:

Subsequent quantitative LCA
Targeted data collection
Regulatory alignment under SSbD

Technology optimization prior to scale-up

Thus, early-stage sustainability screening is not a substitute for quantitative assessment
but a scientifically necessary precursor to responsible materials innovation.

2. LCBROM Methodology
2.1. Positioning Within the SSbD Tiered Framework

Although the technical readiness level (TRL) of the removable PVC-free ink formula-
tion is mid-range, the sustainability data maturity is low: industrial-scale production data,
detailed life cycle inventories, and validated end-of-life performance metrics are not yet
available. In accordance with SSbD methodological guidance, this study therefore applies
a simplified screening assessment characterized by the following:

Qualitative evaluation of key safety and sustainability dimensions.
Narrow system boundaries (production, use, and end-of-life stages).
High uncertainty of data and results.

Identification of potential risks and opportunities rather than quantified impacts.

The objective is not to demonstrate environmental superiority but to prioritize sustain-
ability hotspots and guide further data generation and design refinement.

The LCBROM framework [55]—Life-Cycle-Based Risk and Opportunity Mapping—is
employed in this work for simplified screening assessment to recognize important eco-
nomic, social, and environmental hazards associated with early-stage innovations across
different proceedings.

https:/ /doi.org/10.3390/su18063027


https://doi.org/10.3390/su18063027

Sustainability 2026, 18, 3027 6 of 19

2.2. LCBROM Screening Procedure

The LCBROM framework [55] adopts an iterative process, as illustrated in Figure 2,
that emphasizes ongoing stakeholder involvement to identify potential risks and opportu-
nities associated with these technological developments.

'
o

Q2 =

Figure 2. The stages of the applied methodology. Source: Reproduced from [55,56] with permission.

Stakeholder mapping was conducted to ensure representation across the textile value
chain. An initial questionnaire (Q1) was distributed to clarify the problem definition,
identify benchmark technologies, and map relevant life cycle stages. A kick-off workshop
was subsequently conducted to refine system boundaries, discuss preliminary responses,
and co-develop a life-cycle flowchart for the innovation.

A second questionnaire (Q2) was then distributed to collect more detailed qualitative
information on material composition, energy demand, toxicity aspects, and perceived
economic and social implications.

In parallel, a targeted literature review was conducted to contextualize stakeholder
input within existing life cycle assessments, risk assessments, and sustainability studies
relevant to textile printing technologies.

The collected information was synthesized using the expanded MET+Ec+S matrix
(Material, Energy, Toxicity + Economic and Social dimensions) (Table 1), which structures
identified risks, opportunities, and uncertainties across production, use, and end-of-life
stages. The matrix constitutes the primary analytical output of the screening.

Table 1. MET+Ec+S matrix used in LCBROM.

Life Cycle

Stage Materials

Energy Toxicity Economic Social

Are there any
occupational health and

Any
non-renewable
resources, such as
scarce metals?
Emissions from
material
production?

Production

Energy for
activation and
product
production, and
transportation?

Are some of the
ingredients toxic in
production? How
closed is the process?
Is there a risk of
leakage?

Will the new material or
process increase/save
production costs? If so,
how? How will the
materials affect the
supply chain dynamics
and market
competitiveness?

safety risks for workers
that will arise with new
materials? Are there any

positive impacts

(opportunities) related to

the new materials (e.g.,
technology development,

local employment,
decreased health and
safety risks)?
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Table 1. Cont.

Life Cycle

Stage Materials Energy Toxicity Economic Social
Are there any potential
economic benefits for Can the use of new
Electricity for . end-users, such as lower . .
Any process operation (How Any release of toxic maintenance or materials have a negative
. chemicals during . or positive impact on
Use chemicals, much or Use or maintenance operational costs? Could consumers’ and /or
cleaning? energy-intensive the new material or . ,
> of the product? children’s health and
process?) process enable new safety?
market opportunities or )
applications?
Will the disposal of the
new materials require
. . additional costs (e.g., new . .
Incineration? recycling infrastructure)? Will the new materials
Recvdlin Landfill? Landfill? Toxic COl}]]l q tl%e use of the nevs./ pose risks to workers
Disposal o tgntialg7 Recycling? Energy emissions from material reduce during waste handling?
P ) use or potential incineration? Any opportunity during
» long-term costs for waste . .
energy recovery? risk handling?

management, such as
lower emissions or
improved recyclability?

As LCBROM is iterative, follow-up discussions were conducted to validate interpreta-
tions and refine matrix classifications.

2.3. Data Basis and Analytical Treatment

The assessment is based exclusively on qualitative and semi-structured data sources
appropriate for early-stage innovation screening. Primary inputs included the following:

e Developer-provided technical descriptions of material categories, production steps,
laboratory-scale batch size (0.5 kg), and qualitative energy demand.

e  Structured responses to two LCBROM questionnaires (Q1 and Q2).

e  Stakeholder workshop discussions.

e Targeted peer-reviewed literature on PVC-based plastisol inks, water-based alterna-
tives, and textile recycling constraints.

Due to intellectual property protection and the early development stage of the for-
mulation, exact chemical identities, quantitative composition data, and detailed life-cycle
inventory datasets were not available. No direct environmental measurements (e.g., emis-
sion testing, energy metering, toxicity assays) were conducted within this study.

All matrix entries were derived through a qualitative synthesis of stakeholder inputs
and the literature. Where statements relied on developer expectations rather than empirical
validation, this was explicitly reflected in the matrix as uncertainty.

The screening does not replace quantitative life cycle assessment (LCA). However,
it provides a structured approach to prioritizing potential sustainability hotspots for
future investigations.

Stakeholders represented the following: technology developers (1 = 1), textile man-
ufacturing and finishing companies (n = 2), a retail company operating in the Scandina-
vian market (1 = 1), and sustainability assessment practitioners from research institutes
(multiple participants).

The technology developers provided qualitative technical data, including material
categories, functional roles of formulation components, laboratory-scale production steps,
batch size (0.5 kg), sourcing region (EU-based suppliers), and general statements regard-
ing energy demand relative to conventional paint production. Developers also described
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the intended removability mechanism and compatibility with existing screen-printing
equipment. Textile industry representatives provided operational insights regarding print-
ing compatibility, durability requirements, drying energy considerations, and potential
cost implications. Retail representatives contributed perspectives on consumer quality
expectations, price sensitivity, and practical considerations related to sorting and end-of-
life handling. These contributions informed the economic and social dimensions of the
screening rather than providing quantitative environmental performance data.

All data from questionnaire responses, workshop discussions, and developer-provided
information were synthesized into the MET+Ec+S matrix.

Each identified issue was classified according to predefined criteria:

Opportunity (green): credible qualitative evidence suggested potential sustainability
improvement relative to the benchmark system.

Risk (red): trade-offs, negative impacts, or systemic barriers were identified.

Uncertainty (yellow): insufficient data prevented robust classification.

Classifications were determined through iterative discussion during workshops and
cross-referencing with peer-reviewed literature. Disagreements or high uncertainty were
explicitly recorded and reflected in the matrix entries.

Given the early stage of development and limited quantitative data availability, un-
certainty was treated as an explicit analytical dimension rather than as a limitation to be
minimized. Uncertainty was addressed through three mechanisms:

e  Explicit flagging within the matrix: Issues lacking sufficient empirical basis were clas-
sified as “uncertainty” (yellow) rather than forced into opportunity or risk categories.

e  Triangulation of sources: Questionnaire responses, workshop discussions, developer-
provided information, and peer-reviewed literature were cross-referenced to reduce
reliance on single-source claims.

e  Separation of assumption from evidence: Developer expectations and stakeholder percep-
tions were clearly distinguished from validated environmental performance data.

This explicit management of uncertainty ensures that the MET+Ec+S matrix reflects
both identified sustainability opportunities and knowledge gaps inherent to early-stage
innovation assessment.

3. Results
3.1. Problem Definition: Insights from LCBROM and Literature

As part of the LCBROM pre-study, a targeted literature review was conducted to
characterize the benchmark system, PVC-based plastisol inks, and to identify sustainability-
relevant hotspot domains prior to matrix evaluation.

3.1.1. Environmental Impact

Despite its advantages, traditional screen-printing practices raise several environmental
concerns, primarily related to the chemical composition of conventional inks. Plastisol inks,
commonly used in industry, contain polyvinyl chloride (PVC) as the main film-forming com-
ponent and often rely on volatile organic compounds (VOCs) as solvents. These VOCs can
evaporate during the curing process, contributing to air pollution and occupational health risks.

In response, recent advancements have introduced more sustainable alternatives, often
accompanied by a shift towards water-based systems. These include biodegradable binders,
green solvents, and water-based ink systems, which collectively reduce the environmental
impact of chemical emissions and waste. Novel formulations such as washing-free inks,
designed to eliminate or significantly reduce post-printing rinsing steps, thereby minimiz-
ing wastewater generation and nanosphere-based systems, typically involve encapsulation
of pigments within polymeric carriers to enhance fixation efficiency and reduce dye or
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pigment discharge during processing, further reducing the need for post-printing washing
and minimizing residual dye discharge [56].

When compared with traditional rotary screen printing, digital textile printing has
been shown to offer superior environmental performance, notably lower energy and water
use, and reduced waste generation. Additionally, linked strategies—such as recycling digi-
tal ink waste for screen-printing applications—demonstrate potential to further minimize
resource use and environmental impact [57].

3.1.2. Economic Impact

Screen printing remains an economically attractive method for large-scale production
due to its relatively low operational costs. Recent innovations have enhanced this cost-
efficiency. For instance, the adoption of recycled inks and the elimination of pre-treatment
and steaming steps streamline the process and reduce chemical inputs [58].

Simplified workflows and high-throughput capability make screen printing partic-
ularly suitable for mass-production settings. These characteristics not only enhance pro-
ductivity but also lower labor costs, thereby supporting economic viability in competitive
manufacturing environments [56].

3.1.3. Social Impact

The shift toward environmentally benign ink formulations also presents important
social benefits. By replacing hazardous chemical components with non-toxic alter-
natives, worker exposure to harmful substances is significantly reduced, enhancing
workplace safety [59].

Screen printing is increasingly leveraged in the production of functional textiles,
including wearable electronics and embedded sensors. These applications open new
markets and technological frontiers, driving innovation within the sector [60].

Reduced chemical usage and lower effluent volumes contribute positively to surround-
ing communities by improving air and water quality. Moreover, the broader adoption of
sustainable practices within the textile printing industry supports long-term environmental
stewardship and socially responsible production systems [57].

Despite advancements, the dominant ink type in screen printing remains plastisol,
which is primarily composed of polyvinyl chloride (PVC). The environmental and health
impacts of PVC are severe and well-documented. According to the Health Care Without
Harm Europe study [1], it also includes additional risks associated with PVC production [7]:

e  Ozone depletion through the release of carbon tetrachloride

e  Contributions to climate change and environmental degradation from burning fossil
fuels to produce chlorine or coal-intensive acetylene-route PVC

e Contaminating air and drinking water supplies

e  Substances harmful to human health and the environment:

O  Carcinogenic vinyl chloride monomer
Bioaccumulative toxins, e.g., mercury, dioxins, and furans
Community and worker exposure to asbestos for chlorine production

O O O

Plastic pellets and mercury contamination of waterways from dumping chemical
waste

The removable PVC-free inks developed in this research are water-based and use
a binder as the primary binder and film-forming agent. Currently, the binder used is a
fossil-based acrylic latex, which undermines the sustainability of the formulation despite
the use of bio-based pigments, thickeners, and plasticisers. Several alternatives are being
explored to replace this fossil-based component with a bio-based latex. An ongoing assess-
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ment is determining whether the bio-based binder can support both ink removability and
mechanical resilience. By design, the inks present a removability function.

Successfully replacing latex is central to achieving full biodegradability and composta-
bility, which are key sustainability goals for innovation. Once the latex challenge is resolved,
the current semi-bio-based formulation is expected to become fully bio-based, although
this may lower the TRL due to the necessary revalidation.

3.2. Process Description for Manufacturing of Removable PV C-Free Ink

The manufacturing process for removable, PVC-free ink includes dissolving a biopoly-
mer. Pigments, additives, and latex are then incorporated into the same reactor to complete
the ink formulation. With this production, 0.5 kg of removable PVC-free ink can be pro-
duced per batch. At the laboratory scale, the developers reported no direct waste streams
or emissions. Industrial-scale emission profiles remain to be evaluated.

In the current removable PVC-free ink formulation, the only non-bio-based component
is the latex. Latex is the main component of the ink, serving as a binder and a film-forming
material. Preliminary, this fossil-based latex can be replaced by a bio-based alternative.

During the screening assessment, the technology developers provided information on the
main categories of materials used in the removable PVC-free ink formulation. At this stage
of development, exact chemical names and quantities cannot be disclosed due to intellectual
property protection and ongoing optimization work. This limitation constrains the ability to
perform quantitative life-cycle inventory modeling and substance-level hazard classification,
thereby reinforcing the qualitative and screening-level nature of the present assessment. Instead,
the following categories are reported to illustrate the formulation principles:

e  Pigment: Iron oxide-based inorganic pigments.

e  Biopolymer: Apolysaccharide-based material serving as a structural component.

e  Acrylic latex: Currently a fossil-based acrylic latex, under evaluation for replacement
with bio-based alternatives.

e Additives: Cellulose-derived thickener and a bio-based plasticiser

e  Water: the removable PVC-free ink is fully water-based.

The technology developers disclosed material categories but did not provide detailed
selection criteria due to intellectual property constraints and ongoing optimization work.
The following discussion draws on established materials science literature to contextualize
the formulation and its functional components.

Iron oxide pigments are widely used in industrial coating systems due to their high
chemical stability, low solubility, and comparatively favorable toxicological profile [61,62].
Their thermal stability and resistance to photodegradation make them suitable for textile
applications requiring durability.

Polysaccharide-based biopolymers are commonly applied in aqueous formulations
because of their film-forming capability, rheological control properties, and potential
biodegradability [63,64]. In water-based systems, such biopolymers contribute to structural
integrity and viscosity control during printing.

The binder (currently a fossil-based acrylic latex) plays a central role in film formation,
adhesion, flexibility, abrasion resistance, and wash durability. Latex film formation depends
on particle coalescence and glass transition temperature (Tg), which influence curing behavior
and mechanical performance [65,66]. Textile coatings must ensure strong interfacial adhesion to
fibrous substrates while maintaining flexibility under repeated deformation and laundering [67].

From a polymer adhesion perspective, introducing removability adds a competing re-
quirement: the binder must enable controlled debonding under specific conditions without
compromising in-use durability. Achieving this balance between adhesion strength and
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triggered detachment represents a recognized formulation challenge [68,69] and contributes
to current limitations in technology readiness and sustainability data maturity.

These material categories were subsequently mapped against the MET+Ec+S dimensions
within the LCBROM framework (Table 2), linking each input to potential environmental,
economic, and social implications. Although the quantitative composition is not disclosed,
these categories capture the formulation’s main functional components and serve as the basis for
sustainability screening. Future quantitative LCA work will require full disclosure of chemical
identities and proportions once the technology is at a higher TRL. Recent research highlights
advances in sustainable water-based ink formulations for textile applications, confirming the
growing relevance of water as a solvent system in industrial printing.

Table 2. MET+Ec+S matrix for sustainability screening of removable PVC-free ink technology.

é‘if;" Life-Cycle-Based Risks and Opportunities
ycle
Stage Material Energy Toxicity Economic Social
Bio-based products often place PYZSZ?Z); (I;Ziizsuzzuy
greater environmental pressure 18
bio-based raw
EL R SR T materials are typicall
consumption [23,24]. VPR
more expensive.
The removable, PVC-free ink is
made of non-toxic components,
and most of the raw materials are
bio-based, making it more
sustainable than the PVC-based
ink.
Using bio-based components can
potentially reduce CO, emissions
during production. The carbon
footprint of bio-based
components depends on
ook e pemoable VG ek i Worer rk g
uapntita’tive LCA i};e uired,to i Re iy dloss mef PVC-free ink uses as fewer toxic and’
?ietermine net emissio(ll'l effects ey ik e ety e non-toxic chemicals harmful chemicals
Bio-based raw materials ma b<.e e e e unlike PVC-based ' are used
sourced from agricultura}l’ i.n LYt ink. Reduced risi< of
residues, other by-products, and gl i clevelgper The bio-based emissions and
’waste st};ep;ms ’ sitsrasieiom, dns components used in Iy TETLE exposure to
= : removable PVC-free ink is P opportunity for P .
o At the laboratory scale, . , the removable g hazardous materials
g developers reported no direct designed to achieve PVC-free ink are bio-based and for workers
= .. comparable functional . . removable printing . )
° waste streams and no emissions . also widely applied . Reducing demand
o to ai i performance in terms of . h ink. P inabl
& 0 air, soil, or water. roperties, stability, and in other sectors, or unsustainable
Industrial-scale emission profiles prop / Y such as the ink production in

remain to be assessed. The
ink-removal formulation is
bio-based, biodegradable, and
reusable. In addition, no
significant supply chain
constraints for the bio-based raw
materials have been identified.
All raw materials used to produce
the removable, PVC-free ink are
sourced from within the EU.
The absence of PVC reduces
concerns about persistence.
However, potential polymer
fragmentation and microplastic
release require further
investigation.

bacteria resistance;
however, full durability
validation under
industrial conditions
remains pending.

cosmetics industry,
where they are
generally
considered safe.

developing
countries may
improve working
conditions for
laborers.

Bio-based latex (binder), e.g.,
bio-based PLA, may exhibit poor
performance.

The uncertainty surrounding the
bio-based content and
biodegradability increases with the
removable PV C-free ink.

Energy sources, when scaling
up, require further
investigation.

Whether there is an
occupational risk
associated with
auxiliary materials.
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Table 2. Cont.

Life Life-Cycle-Based Risks and Opportunities
Cycle
Stage Material Energy Toxicity Economic Social
Due to higher
production costs for
May produce removable PVC-free
The durability of the print may be by- rz(;uc ts that ink, the final price of
reduced, as the design can be relef in undesirable printed textiles may
removed relatively easily during performance increase for
washing. characteristics consumers.
' Risk for market
skepticism towards
removable print.
Using removable,
PVC-free ink can
reduce consumer
The removable, exposure to
PVC-free ink may potentially harmful
serve as a more substances.
sustainable Furthermore,
Y ; alternative, helping compliance with
5 Energy consumption . .
during the printing companies reduce upcoming EU
. . the risk of regulations on
i 6 process is not expected to Only water is used . .
The removable PVC-free ink is . regulatory penalties sustainable
. X change, as the removable, as a solvent in the . X
compatible with both natural and PVC-free ink is a drop-in removal for non-compliance materials may
synthetic textile materials. solution compatible vr\)rith formulation with sustainability provide companies
existin printin ’ policies. No with a competitive
o uig Elent 8 additional printing advantage as early
quip ’ equipment is adopters of the
required, as the ink technology.
can be substituted Improved
directly into current  occupational safety
machines. may also contribute
to a more positive
consumer
perception.
If the removable PV C-free ink
contains more water, it may
require more energy to dry.
The removable Because print can
PVC-free ink cannot only be remoygd
he casily using a specific
distinguished from foifnl?lcl):t?(lm
= conventional effective collect,ion
& Current print-removal printing inks, svstems are needed
o . . g methods, such as dipping complicating sorting 4
5 Printed textiles may exhibit lower ; " . to ensure that
T " and rubbing, are largely during recycling .
! resistance to wear and repeated NV ) textiles are sent to
I X X X manual and inefficient; and potentially X
= washing, potentially shortening heref ine thi .. dditional appropriate
- . therefore, automating this requiring additiona : S
= product lifespan and leading to recycling facilities.
3 o e process would be labor, thereby :
3 earlier disposal. . . . The effectiveness of
2 necessary to improve increasing removable PVC-froe
2 scalability. operational costs. . .
A . ink will largely
Integration of new )
] . depend on its
equipment into :
A . widespread
existing recycling )
e adoption across
facilities may also be li
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) infrastructure.
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Table 2. Cont.
Life Life-Cycle-Based Risks and Opportunities
Cycle
Stage Material Energy Toxicity Economic Social
The PVC-free ink-removal
formulation does not appear to
alter the mechanical properties of
the textile fibers, allowing the The ability to
material to be reused after the ink remove PVC-free
is removed and the fabric is ink from textiles
washed. This removable ink may also help
feature may therefore contribute reduce the amount
to higher recycling and reuse of textile waste sent
rates, supporting greater to landfill or other
circularity in textile systems. disposal routes. The sorting and
Widely adopted and effectively A fully bio-based, print removal create
_ implemented, removability could biodegradable job opportunities.
& facilitate improved recycling rates formulation may
;‘.“: by reducing print contamination. reduce long-term
_g Increased availability of recycled persistence in
& textile materials could lead to landfill
= reduced water and other resource environments; this
3 consumption. Furthermore, assumption requires
. higher levels of recycling and verification.
é reuse may help lower CO,

emissions associated with textile
production.

The compostability of the removable
PVC-free ink needs to be explored in
the context of developing
biodegradable formulations.
Importantly, the removability feature
is not only a functional advantage
but also a recycling enabler.

The characteristics
and potential impacts
of wastewater
generated during the
removal of PV C-free
ink require further
investigation. In
addition, the possible
release of microplastics
during washing and
disposal processes
should be examined in
more detail.

The suppliers of the materials listed above are from within the EU. According to the
technology developers, producing removable PVC-free ink requires energy consumption
similar to that of paint production.

The removable PVC-free ink can be used as a drop-in solution. Hence, it could be
replaced straight with the ink used in industry. No new printing machine is needed to
adopt this removable PVC-free ink formulation. The removable PVC-free ink can be applied
to both cotton and synthetic materials such as polyester. However, in this research, printing
on cotton textiles is of the main interest.

In this screening, cotton textiles are used as the primary reference substrate due to
their dominant global market share and their relevance in mechanical and chemical textile
recycling systems. However, the removable PVC-free ink can also be applied to synthetic
materials such as polyester. The removable, PVC-free ink formulation has no limitations on
the color range, but the colors the developers are working on are mostly red and purple.

3.3. Process Description for Manufacturing of Removal Formulation

The removal strategy is prepared by mixing a commercially available, biodegradable
surfactant with water (70% of the formulation) and a carbonate-based organic solvent. The
formulation enables the removal of ink from printed textiles by mechanical action, such as
rubbing, after immersion in the removal solution. This facilitates the detachment of the
removable PVC-free ink film, supporting textile reuse or recycling. The process is currently
performed manually on a laboratory scale. Industrial automation, wastewater management,
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Additives

Production of
biocpolymer

and solvent recovery systems have not yet been validated and represent key areas for further
investigation. No detailed wastewater characterization data are available at this stage.

3.4. Value Chain Mapping

The relevant value chain for removable PVC-free ink comprises several stages, as
illustrated in Figure 3. It begins with sourcing the raw materials and components required
for the production of removable, PVC-free ink. The ink is subsequently applied to textile
substrates through a screen-printing process, typically using industry-standard equipment.
The printed fabrics enter the consumer-use phase and, upon end-of-use, are ideally directed

to recycling or reuse pathways—enabled by the ink’s removability.

Production
of biohased
ink

Removal of
print before
recycling

Screen printing Use of printed
process textile

Fabric manufacturing

Production stage ‘ | Use stage ‘ ‘ End-of-life stage

Technology developers representatives, Consumers

Industry
Clothing companies,

clothing companies consumers

Figure 3. Mapping of the value chain of removable PVC-free ink technology, highlighting that
removability enables recycling pathways that are otherwise blocked by conventional printing inks.
Source: Authors” own work.

3.5. Identifying Risks and Opportunities: MET+Ec+S Matrix Evaluation

Findings from the qualitative sustainability screening for removable PVC-free ink
technology, including the ink’s material composition and key properties (e.g., use of bio-
based pigments, fossil-based latex, cellulose-derived thickener), are systematically eval-
uated against environmental, economic, and social criteria and structured according to
the MET+Ec+S matrix framework. The assessment identifies major risks, potential ben-
efits, and uncertainties throughout the different life-cycle stages—production, use, and
end-of-life—while considering five key dimensions: material use, energy consumption,
toxicity, economic factors, and social implications, which makes explicit the link between
the ink’s formulation and its life cycle impacts. The entries in the matrix are derived from
structured data sources, including developer-provided process information (e.g., material
composition, energy demand), responses from two LCBROM questionnaires and stake-
holder workshops, and supporting peer-reviewed literature. The entries in Table 2 reflect a
qualitative synthesis of stakeholder input and the literature and should not be interpreted
as quantified environmental performance results.

4. Discussion

The results of the MET+Ec+S matrix, developed through the LCBROM screening
method and based on structured qualitative data (Table 2), where the composition of the
removable PVC-free ink formulation and its removability properties are linked to measur-
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able sustainability criteria, indicate that the removable PVC-free ink indicates potential
sustainability opportunities compared to conventional inks such as PVC-based plastisol.

4.1. Environmental Aspects

The removable PVC-free ink and its corresponding removal formulation are primar-
ily composed of bio-based, biodegradable materials with low toxicity profiles. Unlike
plastisol inks—which are associated with hazardous chlorine-based production—toxic
emissions, and microplastic release, this new formulation is designed to minimize
environmental burden:

e Ifreplaced with a fully biodegradable binder system meeting relevant compostability
standards, the formulation may become compostable; this requires material-specific
testing. The removal formulation is already both biodegradable and reusable.

e  The absence of PVC reduces the risk of persistent microplastic generation; however,
fiber and binder fragmentation under washing conditions requires experimental vali-
dation, a major environmental concern raised during stakeholder workshops.

e  The carbon footprint is expected to be lower than that of plastisol inks, though this
depends on the energy source used and the nature of the feedstock materials.

However, trade-offs were also identified. The use of bio-based raw materials may
result in increased land and water use, which are known environmental hotspots in bio-
based production systems. This impact can potentially be mitigated by sourcing biopoly-
mers from agricultural by-products or side streams, a strategy recommended during
workshop discussions.

Regarding energy, the removable PVC-free ink production process requires a similar
amount of energy as conventional ink production. Yet, drying water-based inks typically
demands more energy, regardless of whether the ink is bio-based or fossil-based. This
nuance is essential and must be reflected in future scaling and LCA modeling.

4.2. Economic Aspects
Several economic factors were identified:

e Asadrop-in solution, it is compatible with existing screen-printing infrastructure—
avoiding additional capital investment.

e However, due to the use of bio-based components, production costs are currently
higher, which could result in higher prices for printed textiles.

e  Despite the cost increase, the removable, PVC-free ink offers regulatory and market
advantages—aligning with future EU sustainability legislation and textile circularity
targets.

e  Market skepticism toward removable prints may still exist, highlighting the need for
further demonstration and user engagement.

Cost reduction pathways include scaling production volumes, substituting specialty-
grade bio-based inputs with industrial by-product streams, and optimizing binder formu-
lation to reduce material intensity.

4.3. Social Aspects

The substitution of hazardous chemical precursors with non-toxic, bio-based ingredi-
ents offers tangible benefits for worker safety during production and printing operations.
By avoiding PVC-based plastisol systems, the technology may reduce occupational expo-
sure to substances commonly associated with PVC production and plastisol formulations,
which are commonly found in PVC-based inks.

The shift away from conventional inks also has implications for improving labor
conditions in supply chains, particularly in countries with less stringent chemical safety en-
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forcement. This supports the broader goals of responsible sourcing and social sustainability.
Additionally, safer formulations are also healthier for end-users, particularly relevant in
sensitive product segments such as children’s clothing.

Advances in safer formulations may also contribute to positive consumer percep-
tions and could play a role in future product labeling schemes or sustainability scoring
systems, adding further competitive advantages. While this early-stage screening high-
lights clear sustainability opportunities, it also underscores the importance of addressing
remaining challenges:

e  Finalizing the transition to a fully bio-based binder to achieve compostability.
e Improving data availability for end-of-life and washing scenarios.
e  Defining system boundaries and usage conditions for future LCA modeling.

5. Conclusions

This study presents a simplified SSbD screening of removable, PVC-free ink using the
LCBROM framework. The qualitative assessment indicates potential sustainability advan-
tages over conventional PVC-based plastisol inks, particularly in terms of a reduced hazard
profile and improved compatibility with textile recycling systems through removability.

However, important trade-offs and uncertainties remain:

e Industrial-scale energy demand and emission profiles.

e Long-term durability and wash resistance.

e  Polymer fragmentation and potential microplastic release.

e  Wastewater management associated with removal formulation.

e  FPeasibility of large-scale removal infrastructure integration.

These uncertainties are intrinsic to early-stage innovation and define priority areas for
future quantitative life cycle assessment, pilot-scale validation, and regulatory evaluation.

The study does not replace quantitative LCA but establishes a structured analytical
basis for subsequent data generation and technology optimization within the Safe and
Sustainable by Design framework.
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