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Abstract

Technologies for regenerating post-consumer cellulose-based textiles are heralded as one of the solutions in achieving a
circular economy for textiles. These chemical recycling processes are often focused on the like-for-like replacement of
environmentally impactful textile fibres with waste-derived man-made cellulosic fibres. Regenerated cellulose materials that
are not suitable for the fibre process remain unconsidered in the commercial drive to up-scale circular chemical recycling
technologies. Within this technological landscape connected to bio-derived cellulose-based textiles, there are synthetic bind-
ers that are conventionally used in textile finishing techniques such as printing. However, these form a barrier to a material’s
circularity. This research shows how regenerated cellulose, obtained from post-consumer textiles waste, was introduced for
the first time as a print binder in textile screen printing. The innovation resulted from applying a material-driven textile design
(MDTD) methodology for new circular design practices in materials science. The resulting properties were qualitatively
and quantitatively compared to three types of petroleum-based textile processes that hinder a cellulose-based textile mate-
rial’s circularity: puff binder, plastisol, and thermoforming. The results demonstrated a significant reduction in temperature
for textile finishing, as well as novel mono-material cellulose-based processes for fabric manipulation, textile print, and
textile shape. The conclusions discuss the potential of these processes to benefit an increase in future circularity for finished

regenerated cellulose-based textiles.
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Introduction

There is a global push to substitute synthetic materials in
textiles with circular bio-based alternatives. To date, these
activities have largely focused on the substitution of the
material itself, such as the textile fibre or the fabric (Euro-
pean Commission 2022). Recent innovations have involved
exploring textile processing stages beyond the replacement
of the feedstock material, such as waste-derived bio-based
dyes (Nature Coatings 2023), and laser processing and
enzymes for surface patterning (Kane et al. 2020). The aim
in these cases is to reduce the addition of synthetic chemi-
cals towards more circular, bio-based materials (Ribul
2023). Textile production stages incur the largest environ-
mental impacts (Wedin 2017). Current advancements in
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closed-loop materials circularity, namely, the transformation
of bio-derived ‘end-of-life’ textiles into fibres and textiles
for a new lifecycle through chemical recycling, do not yet
take the finishes into account. Textile finishes are mostly
petroleum-based and need to be manually removed before
recycling, which hinders the widely recognised ‘mono-mate-
rial’ strategy for circular bio-derived materials, namely, to
avoid material blends that can hinder chemical recycling
processes and material reuse in products. A holistic view of
the full material lifecycle is required to achieve closed-loop
approaches that reduce the barriers for future material reuse.

In the current regenerated cellulosic textiles landscape,
one of the circular material achievements has been the
development of man-made cellulosic fibres that are obtained
from post-consumer cellulose-based textiles waste feedstock
(Ribul et al. 2021b). Cotton, viscose, and lyocell textiles
consist of cellulose polymers. Before chemical recycling
of post-consumer cotton textiles can take place, compo-
nents that cannot be recycled—such as potential polyester
threads in seams, prints, or labels—must first be removed
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(Wedin et al. 2017). Academic and commercial develop-
ments with regenerated cellulose materials obtained from
waste feedstock are focused foremost on the introduction
of regenerated cellulose materials in existing textile value
chains for fibres, yarns, and constructed textiles. Companies
like Re:NewCell innovated the production of Circulose® in
2022, a sheet material produced from post-consumer waste
that can be used as a feedstock for regenerated cellulose
textile fibre and yarn companies (Circulose 2023). Circu-
lose® has been adopted in the apparel collections of over
20 apparel brands such as H&M, Ganni, and Levi’s to date.
In the USA, Evrnu’s Nucycl® produced regenerated fibres
from textile waste for apparel brands Stella McCartney, Pan-
gaia, and Zara amongst others (Evrnu 2023). New technolo-
gies are also emerging, such as Spinnova’s microfibrillated
cellulose production that does not require solvents for fibre
production: it launched a collaboration with Circulose to
produce fibres by 2024 (Renewcell, 2023). It is predicted
that the market share of man-made cellulosic fibres for
apparel will continue to grow, and this context will require
a next generation of waste-derived feedstocks coupled with
new circular design strategies for material recovery and
reuse (Textile Exchange, 2022).

While chemical polymer recycling technologies have
scaled significantly over the past 10 years, the fibre regen-
eration process in closed-loop chemical recycling is still
bound to long cellulose polymer chains, and therefore can-
not spin fibres from waste-derived textiles with a low degree
of polymerisation. Current technologies can only recover
post-consumer cotton as the feedstock for producing regen-
erated cellulose fibres. At the same time, the polymer length
of regenerated cellulose decreases after several consecutive
recycling stages, therefore shorter loops or new value chains
need consideration. Hence, a long-term view to explore the
future lifecycles and transformations of these man-made,
waste-derived, regenerated cellulose fibres remains uncon-
sidered. New processes are required that can make use of
‘low value’ (Lou and Hamouda 2014 p.122) regenerated
cellulose materials that are not suitable for the fibre process.

Cellulose-based, mono-material finishes for textiles such
as logos or print patterns found in apparel have not yet been
explored. Printed textile finishes can alter the properties of
a material and hinder a material’s circularity (Wedin et al.
2019). Finishing can refer to the chemical and mechanical
modifications in woven, knitted or nonwoven textiles includ-
ing printing, dyeing, thermosetting, pleating, or chemical
cross-linking processes. More than 90% of textiles are screen
printed (Sinclair 2014). The binders for printing are syn-
thetic (Sinclair 2014) or resin-based (Elasser 2005), and
contain an emulsion of synthetic thickening agents (Sinclair
2014), or an aqueous system that does not require wash-
ing after printing. Pigment printing sits on top of fabrics
without penetrating them (Thompson and Thompson 2014).
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Residual pigment binders can pollute the waste-water sys-
tem, and printed textiles cannot be recycled in the chemical
process for cellulose regeneration without manually cutting
out the printed area (Wedin et al. 2017). In a textile finishing
context, cellulose has been applied via 3D printing for aes-
thetic and functional applications at the product service level
(Tanttu 2015), but further finishes using these materials have
not been explored in a circular economy context. Mono-
material circular finishes have been investigated in synthetic
textiles through mechanical approaches such as laser weld-
ing (Goldsworthy and Paine 2014; Morgan 2016), through
crimping and welding nonwoven textiles with thermoset-
ting PLA content (Granberg et al. 2019), and heat transfer
overprinting of polyester-based charity shop shirts (Earley
and Forst 2019). Solutions to such material challenges in
circularity have mostly been implemented by designers
adopting advanced material technologies. The challenges
for cellulose-based textiles reside in the fact that the mate-
rial does not melt or change shape using heat; therefore, new
approaches for finishes are needed.

Within this technological landscape, this research
explored screen printing, which is a textile process that
conventionally uses synthetic binders. This paper demon-
strates how design practice introduced a cellulose dissolu-
tion obtained from waste textiles for the first time as a binder
in textile screen printing techniques. The results show how
the material practice of printing a cellulose dissolution onto
fabric can achieve an alteration of the textile properties in
textile surface manipulation, finish, and shape suitable for
the textiles context of a circular economy. The practice out-
comes are compared to established finishing approaches that
use petroleum-based, synthetic materials, and demonstrate
a mono-material, cellulose-based textile finishing technique
resulting in similar textile properties.

Materials and Methods

The methodology followed a material-driven textile design
methodology developed by the author for design practice
with materials in scientific development towards novel cir-
cular fabrication and finishing processes (Ribul et al. 2021a).
The methodology was structured into three methodologi-
cal stages of exploration, translation, and activation, and
resulted in four processes that were developed in parallel.
The three methodological action stages correspond to three
research residencies in materials science laboratories in
Europe that are investigating the transformation of post-
consumer textiles into regenerated cellulose fibres. These
include RISE in the first and second residencies, and the
School of Chemical Engineering at Aalto University in Fin-
land in the third residency. Each action stage maps out the
textile techniques introduced into the cellulose regeneration
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process in the materials science laboratory. The stages con-
cerning the print binder technique development are listed
below and are shown in Table 1.

Design-Led Experiments Towards Using
a Post-consumer Cellulose-Based Binder

Table 1 shows the sequence of design-led experiments that
resulted in the introduction of a cellulose-based print binder
in textile screen printing. In the exploration stage of the first
residency, a flat regenerated cellulose film with no textile
qualities was produced and a bioplastic with similar proper-
ties was bonded onto substrates in studio practice A (Ribul
and de la Motte, 2018). Textile design techniques for printing
and coating were introduced in the second residency to then
develop print designs and to test screen printing tools for the
cellulose-based binder in the subsequent studio practice B.
In the second residency, three types of fabrics were tested
to see how they bonded with the film: 100% viscose, 100%

cotton, and 100% polyester. The cellulose-based binder was
applied via pipette, wooden spatula, and through a loosely
woven fabric, a screen mesh. The mesh fabric evidenced
that a controlled film deposition on fabric can achieve finer
results. On viscose fabric, the cellulose film demonstrated
visual and haptic properties similar to conventional synthetic
print binders. On cotton, the film achieved translucent effects
similar to print design. The film bonded to polyester prov-
ing that it could be applied to different types of fibres and
act as a binder. However, a synthetic substrate disrupts the
cellulose-based chemical recycling process and was not fur-
ther explored. The print technique established in the material
experiments informed the final prototyping plan to screen
print using the cellulose obtained from textile waste feed-
stock to alter the surface of the fabric in residency 3. The
experiments defined the most suitable scientific method for
textile prototyping with regenerated cellulose films, which
is described in “Method” The third residency screen printed
the cellulose-based binder onto textiles.

Table 1 showing experiments leading to the introduction of the cellulose-based binder into screen printing

Experiment Action stage
Flat film forming on | Residency 1: Exploration
Petri dishes RISE Research
Institutes of Sweden
Bonding film with Studio practice A
paper
e
On polyester: Residency 2: Translation
cellulose-based RISE Research
dotted application Institutes of Sweden
makes smock effect
= Screen print with Studio practice B
= = synthetic binder on
i cotton fabric to test
e print design
Screen print on Residency 3: Activation
undyed viscose Aalto University
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The results were evaluated quantitively and qualitatively.
Qualitative evaluation built on tacit knowledge of the expert
designer in the haptic and visual textile properties of estab-
lished textile finishing techniques in synthetic binders, and
described in Ribul et al. (2021a). The qualitative assessment
evaluated the ‘sensoasethetic’ (Miodownik 2015 p.9) prop-
erties of the material samples, which was complemented
with initial characterisation using SEM analysis. Mate-
rial samples act as ‘boundary objects’ in interdisciplinary
research (Hornbuckle, 2018), and sets of samples demon-
strate properties that designers understand (Wilkes et al.
2015). Quantitative evaluation was conducted through a
literature review of established synthetic print processes as

Fig. 1 Regenerated cellulose film on viscose

Fig.2 Regenerated cellulose
film on viscose in the scanning
electron microscope (SEM)
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well as through analysis of initial experiment outcomes in
residency 2 using a scanning electron microscope (SEM)
that magnified the samples 200 times. The SEM image of the
sample conducted by RISE Research Institutes of Sweden
in Figures 1 and 2 show that the regenerated cellulose film
bonds with the surface of the substrate fabric. This find-
ing highlighted the possibility of using a cellulose-based
binder for printing onto cellulose-based fabrics that is mono-
material and made from waste. The application of regener-
ated cellulose on three types of fabric substrates (cotton,
viscose, polyester) showed that printing achieved the follow-
ing results: (i) printing pleated the surface of the textile and
created a similar effect to thermoformed polyester fabric, (ii)
printing demonstrated haptic and visual properties similar
to plastisol prints; (iii) printing bonded filaments and parti-
cles together, and (iv) printing achieved three-dimensional
fabric manipulation similar to puff and flock print binders
or manual smock stitching. In addition to this, introducing
the cellulose-based print binder into hand screen printing
allowed for high quality prints and experimentation (Elasser
2005). The hand screen printing process provided a suitable
process for working at a small scale inside material science
laboratories that were scaling circular cellulose regeneration
technologies.

Materials

The materials required for the preparation of the cellu-
lose-based binder were a cellulose source, a solvent, and

Signal A = InLens
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a coagulation bath to dissolve and regenerate the cellulose.
Table 2 lists the materials used. The cellulose source was a
milled, white post-consumer cotton. The chemical recycling
of cellulose textiles uses solvents to break down polymer
chains and dissolve them into a liquid ready for regeneration
(Ellen MacArthur Foundation 2017). The cellulose chains
in cotton are strong and easily bind with other molecules
(de la Motte 2012; Palme 2017) meaning that they are not
soluble in water. The scientific research that has taken place
in the residencies is concerned with using solvents that break
down the molecular bonds without the use of toxic chemi-
cals or high processing temperatures (Ma et al. 2015a; Palme
2017). Solvents explored included the ionic liquid solvent
1-ethyl-3-methylimidazolium acetate (EmimAc), which
resulted in flexible regenerated cellulose films that did not
break. This solvent was used in the second residency. The
third residency at Aalto University introduced the non-toxic
ionic liquid Ioncell solvent into the experiments (Michud
et al. 2014), which was used in the final practice outcomes.
Once the solvent dissolves the cellulose into a liquid, it is
regenerated into a new form through a coagulation bath.
This step washes the solvent from the cellulose and new
polymer chains are formed at the molecular scale. Ethanol as
the coagulation bath resulted in flexible regenerated samples
with less shrinkage and no breakage when dried. Figure 3

Table 2 Materials employed in the research

illustrates the steps involved: the cellulose source milled into
a fine powder and dissolved using a solvent in a cellulose
dissolution, and then regenerated in a coagulation bath to
be spun into fibres and yarns for knitted, woven, and non-
woven textiles. Textile finishes are then applied and a textile
product made.

Method

For the preparation of a finished textile using a cellulose-
based binder, two actions need to be performed. Firstly, the
preparation of the cellulose-based binder which is regener-
ated into new form. Secondly, the screen-printing method
using the cellulose dissolution.

Cellulose-Based Binder Preparation

The milled cotton was dissolved using the solvent, and the
cellulose dissolution was then regenerated through a coagu-
lation bath. This research explored regenerated cellulose
films that can be produced from short cellulose chains. 3%,
4%, and 5% cellulose contents in the solvent were tested
based on scientific methods for making regenerated cellulose
films (Sundberg et al. 2013; Yang et al. 2011). The final
prototypes then used a 5% cotton content in the solvent for

Cellulose source Solvent Coagulation bath Textile substrate for printing
100% post-consumer undyed cotton Ioncell ionic liquid solvent (Michud  Ethanol type A (94% pure) 100% viscose voile woven fabric (dyed
etal. 2014) and undyed)
Cellulose Cellulose  Textile fibres Textile yarn Textile: Textile Textile
source dissolution knitted, finish product
woven,
non-woven

Fig. 3 Illustration and photographs showing the stages of textile fabrication from raw material to textile product in the established regenerated

cellulose textile value chain
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the dissolution procedure. The cotton was dissolved using
a magnetic stirrer in a bain-marie for the EmimAc solvent
and in a lab-scale kneader for the Ioncell solvent at 80 °C for
approximately 1 to 2 h depending on the solvent (Ma et al.
2015b; Wawro et al. 2014). The regeneration stage formed
new molecular chains in the dissolved cellulose. The cellu-
lose film was submerged into the coagulation bath for regen-
eration. After washing the sample in the coagulation bath,
the solvent was fully removed and only cellulose remained.
The sample shrank to a smaller volume when dry as the
coagulation bath liquid evaporated. Shrinkage is commonly
observed in cellulose samples regenerated in both water and
ethanol coagulation baths, and can also be linked to the cel-
lulose percentage used (Wawro et al. 2014). Shrinkage was
reduced through the regeneration and the drying method.

Screen Printing Method Using a Cellulose-Based
Binder

The scientific method for the preparation and regeneration
of a cellulose-based binder was then integrated into the
design-led textile screen printing process. Figure 4 shows
a schematic diagram illustrating the processing technique
from the binder to the finished textile. The cellulose-based
binder was added to a textile print screen with a screen size
of 42 cm X 34 cm onto which a print design was prepared.

Milled post-consumer textile

The binder was manually pressed through the mesh using a
bull-cut 11-cm squeegee. The printed textile with the cellu-
lose-based, printed film was then submerged into an ethanol
bath for regeneration. The resulting textile was air-dried in
a fume extraction cabinet. The process was repeated for the
results described in “Results and Discussion”: print design,
mesh screen size, textile substrate, and the application of
binder-produced variations in the results.

Results and Discussion

The design-led approach in the material-driven textile design
methodology resulted in the development of a new circu-
lar technique using a cellulose dissolution as a screen print
binder. The practice work used regenerated cellulose for the
first time as a print binder in textile hand screen printing.
Screen printing the cellulose dissolution onto a cellulose-
based fabric modified the fabric surface through finishing.
The outcomes of the mono-material, cellulose-based tex-
tile finishing technique were evaluated qualitatively against
existing processes for various forms of fabric manipulation
in synthetic binders and textiles.

The qualitative evaluation of the haptic and visual quali-
ties of the printed textiles resulting from the technique
demonstrated the possibility of a replacement of toxic,

printing

fabric

. m
Textile screen t
\-&"%

Regenerated cellulose

= | [0

Finishi Regeneration Drying
inishing (ethanol) (air)

Cellulose dissolution

v

Non-toxic solvent

Fig.4 Schematic diagram illustrating the processing technique from the cellulose dissolution to the finished textile
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petroleum-based materials in puff, plastisol and thermoform-
ing processes. The results were analysed through the litera-
ture review enabling comparison of materials and methods
in synthetic finishes with the method described in this paper.
The cellulose-based technique required much lower process
temperatures, as shown in Table 3, which summarises the
comparison of petroleum-based processes with the cellu-
lose-based binder. The next sections evaluate the technique
outcomes against existing synthetic finishing processes. The
results show how different designs using various print line
thicknesses in the screen printing of the cellulose dissolution
altered a fabric surface to varying degrees.

Fabric Manipulation

Three-dimensional fabric manipulation in textile screen
printing can be achieved with expanding inks called puff
binders. Here, an additive thermo-reactive synthetic powder
in the binder expands with heat after screen printing. The
binder needs heating up to between 160 and 170 °C, which
can be done by using either a heat press or alternatively a
hand-held hairdryer (Wells 1997). The print design puffs
into a curve on the front of the fabric, whereas the expansion
forms a negative concavity on the back. The design of the
print, an even application of the binder on the fabric and a
thin substrate, such as cellulose-based textiles or fine silks,
can create a stronger puff effect. Puff binder can be found in
textile design education manuals for its three-dimensional
effects (Wells 1997; Thompson and Thompson 2014). In
technical textile engineering publications for fashion gar-
ments and textiles, however, the lack of references to puff
binders is notable. This could be related to its plasticised
feel, which makes it best placed for one-off prints rather
than at a commercial scale, but also because speciality inks
have higher costs (Thompson and Thompson 2014). The
provenance, manufacturing, and impacts on people and the
environment of puff binder remain conspicuously unques-
tioned in textile publications. In fact, when a puff binder is
described, it is purely considered in terms of how it reacts
to heat and for its effect on the surface of the fabric (Wells
1997; Thompson and Thompson 2014). It also appears that
the process uses plastisol inks (Thompson and Thompson
2014). Like plastisol, the synthetic, plasticised print that a

puff binder creates is not compatible with cellulose-based
textiles in the chemical recycling process. Recycling pos-
sibilities for puff binders are not available if the pigments
are PVC-based and therefore the printed areas need to be cut
out from the fabric.

In the practice work, it was observed that like PVC-based
puff binder, after regeneration, the application of cellulose
dissolution onto fabric expanded the printed area on one side
and shrank it on the other. Prototyping then found that screen
printing with the cellulose-based binder achieved three-
dimensional fabric manipulation through the combination
of print design, screen print tools and fabric. As in the finish-
ing process with synthetic puff binders, the fabric manipula-
tion was more evident when the print was applied to a thin
cellulose-based fabric. The more that cellulose dissolution
was applied evenly through the screen mesh, the stronger the
fabric manipulation. The print design also impacted on the
puff effect, and Figure 5 shows that thicker, 4.2 mm lines of
regenerated cellulose material achieved stronger curves on
the front of the fabric. In contrast, Figure 6 shows that fab-
ric manipulation was already visible with a print line thick-
ness of 1.4 mm. Whilst the optical effect of the regenerated
cellulose print was like that of a synthetic puff binder, a
close look at the fabric shows that the result achieved was
an inverse of the usual process. When using a puff binder,
the pigment expanded through heat, where the three-dimen-
sional area was the part that had been printed. With cellulose

Fig.5 Screen print with 4.2 mm line thickness generates a strong
puffed surface effect on the fabric with light pleats at the end of the
print line (2018)

Table 3 Textile print

. ; Synthetic binder/material Process temperature Cellulose-based binder Process
techniques’ process tempera-
temperatures of established ture
synthetic processes (Wells
é (9)?39) Gu;ﬁ;lgSf}ld ?nd V\ﬁﬂiams Puff binder 160-170 °C Fabric manipulation 80 °C

and the circular cellulose- . o . . o
based binder (Ma et al. 2015b: Plastisol 165 °C Textile finish 80 °C
Wawro et al. 2014) Thermoforming 190 °C Textile shape 80 °C
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Fig.6 Screen print with 1.4 mm line thickness generates puffed
effects between the print lines on the surface of the fabric (2018)
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Fig.7 The puff effect is visible between the print lines and the print
contracts the fabric (2018)

however, the regeneration caused the printed dissolution to
shrink, creating strong molecular bonds. In this case, the
printed area contracted, forming convex shapes on the back
of the fabric while the front of the fabric puffed up between
the printed lines (Figure 7). The temperature required for
the cellulose dissolution was 80 °C, which is half the tem-
perature needed for curing a puff binder. The cellulose-based
print can be recycled with the substrate in the same chemical
recycling process.

Textile Print Finish

Screen printing in textile design can achieve different types
of finish depending on the binder that is used. The finish can
range from transparent, semi-transparent to opaque binders
with gloss, pearl, metallic, or glitter effects. A common print
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binder in industrial garment printing is plastisol (Thompson
and Thompson 2014). Its name is derived from the plasti-
cising effect it has on the surface of the textile and is made
of PVC particles suspended in a plasticiser (Greenpeace
2012a). Gullingsrud and Williams describe how the, ‘PVC
serves as a binder that melts into, or fuses with, the gar-
ment while bearing the solid pigment. Plastisol inks contain
plasticizers, which soften the naturally rigid PVC to give it
flexibility to keep [it] from cracking’ (2017 p.215). The ink
is cured by heating the print to approximately 165 °C. As
plastisol requires high temperatures to set, the screens do
not need to be washed with water after each use and can
therefore be used multiple times (Thompson and Thomp-
son 2014). Due to its plasticising properties, plastisol prints
sit on top of the fabric whilst its opaque finish makes the
binder suitable for printing on dark fabrics. Plastisol is com-
monly used for customised prints on T-shirts and garments
(Greenpeace, 2012a). At the end of life however, the PVC
print needs to be manually removed before the textile can be
chemically recycled. A plastisol binder does not biodegrade:
when it is landfilled, it can release toxic substances and con-
taminate groundwater due to the lead or cadmium used as
PVC stabilisers (Gullingsrud and Williams 2017). The envi-
ronmental impacts of plastisol do not only take place at the
recycling stage, but are already present in the production
processes as well as occurring during the use of products
made with this substance. In 2017, the EU recognised that
phthalates, commonly used as softeners for PVC in plastisol
binders, cause hormone disruption in humans (Ecotextile
News 2017). In 2014, a study indicated that phthalates traces
found in pregnant mothers affected the IQ of their children
(Ecotextile News 2014). Greenpeace state that, ‘phthalates
in plastisol formulations are not tightly bound to the plastic,
but are present as mobile components within the matrix,
and will, therefore, be released from the product over time’
(2012b p.3). The presence of phthalates in plastisol has been
highlighted in reports made by Greenpeace (2012a, 2012b)
that measured the toxicity of garment prints. Alternatives
to PVC are therefore both a circularity and a global health
issue.

Like the PVC-based plastisol ink, the scanning electron
microscope (SEM) analysis evidenced images in which
cellulose-based print sits on top of the fabric. Hence, the
regenerated cellulose film could be produced without added
plasticisers and the regeneration in an ethanol coagulation
bath could achieve a flexible film without additional chem-
icals, which reduces the barriers in recycling the printed
textile at the end of life. Print tests evidenced that a thicker,
hand-painted application of the cellulose dissolution can cre-
ate a stronger, plasticising effect on the fabric. Prototyping
confirmed that depending on the quantity of the cellulose-
based binder applied and the mesh size of the screen, print
outcomes varied between light and heavy textile finish.
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Fig.8 Print binder with a white post-consumer cellulose source on
dyed viscose fabric (2018)

Fig.9 Charcoal-dyed, cellulose-based binder on white viscose fabric
(2018)

Cellulose-based prints can be transparent, semi-transparent,
and opaque, the same as in synthetic binders. Figure 8 evi-
dences that hand screen printing with a cellulose dissolu-
tion obtained from a white, post-consumer cellulose source
resulted in opaque prints on a dyed viscose fabric, in a fin-
ish that is the same as with plastisol inks. Figure 9 shows a
semi-transparent screen print with a charcoal-dyed cellulose
dissolution that is visible on a white fabric (Ribul 2023).
Figure 10 shows how thin, repeated lines give the surface of
the fabric a light, coated effect with haptic properties similar
to etched textiles. As in hand screen printing using conven-
tional synthetic binders, overprints of the print design were
made before the cellulose film was set onto the fabric in the
coagulation bath. The cellulose-based process required much
lower processing temperatures of 80 °C compared to the 165

°°C needed with plastisol inks. On the other hand, water was
required to wash the cellulose dissolution off the screen,
contrary to the process with plastisol inks, which does not
require washing due to the high temperatures employed. In
the context of a circular economy, the regenerated cellu-
lose print can be recycled together with the cellulose-based
textile substrate, providing an alternative to the toxicity of
PVC-based plastisol binders during the production, use and
disposal stages of a printed fabric.

Textile Shape

Puff and plastisol inks point to a key element in the textile
screen printing process when synthetic binders are used,
namely, the need for high processing temperatures to set the
binder. When synthetic fibres and fabrics are heat treated
instead, they can be set into a new form. Synthetic materials
set at high temperatures of up to 190 °C (Wells 1997). These
thermoplastic properties of synthetic fibres are often used
to create mechanical finishes such as pleating and emboss-
ing (Wells 1997). Embossing requires a mould to be added
under the fabric for shaping, yet different objects and sur-
faces other than moulds can create this effect. Thermoform-
ing can use small items such as coins or marbles tied into the
fabric, which is then normally set in a heat press. In synthetic
thermoforming processes, the mould would be formed from
a carrier material specifically constructed for the desired
surface effect (Thompson and Thompson 2014; Wells 1997).
Once the material is set, pleats or embossed shapes are fixed
in the synthetic fabric unless high temperatures are applied
again to remould the synthetic fibres. Through the applica-
tion of heat, the fibres melt and lower temperatures then
cure them into the shape they have been pressed into. How-
ever, the molten synthetic material cannot be shaped back
into its original state (Ellen MacArthur Foundation 2017).
Adding synthetic binders such as plastisol or expanding ink
are avoided in this process as melting synthetic materials
can release toxic fumes harmful to humans (Thompson and
Thompson 2014).

Closely linked to thermoformed synthetic fabric manipula-
tion, a further observation within this research using regen-
erated cellulose was that the combination of print design,
substrate, and screen technology altered the textile shape or
surface. When an undyed cellulose dissolution was screen
printed onto fabric, the regenerated cellulose print was not
visible, and the resulting modification resembled a thermo-
formed process. The printed cellulose dissolution shrank on
the fabric after regeneration and created a three-dimensional
form with similar visual and haptic qualities to the ones found
in embossed and thermoformed synthetic fabrics. Figures 11
to 12 show that the embossed effect is visible on both dyed
and undyed fabrics. Another result of this finishing technique
is shown in Figure 13, where the print caused curving of the

@ Springer



20 Page100f13 Materials Circular Economy (2023) 5:20

Fig. 10 Overprinted design with
charcoal-dyed, cellulose-based
binder on viscose fabric (2018)

Fig. 12 The print embossed the surface of an undyed fabric (2018)
Fig. 11 The print embossed the surface of a dyed fabric (2018)

two-dimensional fabric, creating a three-dimensional form.
The directional, parallel lines in the print design shape the
fabric by limiting the formation of molecular chains in the
cellulose-based binder into a specific pattern on the fabric
surface. The textile shape was established after the printed
substrate was regenerated in a coagulation bath and dried.
The technique did not require a mould or high temperatures
to set. Instead of using heat, like in thermoplastic synthetic
textiles, the print design and the cellulose-based binder in the
hand screen printing process shaped mono-material cellulosic
textiles.

Fig. 13 Top view of the textile shaped through the print (2018)
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Conclusions

This research investigated the introduction of a cellulose
dissolution obtained from post-consumer textiles as a
binder in screen printing for textile finishing of circular,
cellulose-based textiles. By printing with a cellulose-
based binder onto cellulose-based textiles as a substrate,
the finished fabric is mono-material and can be chemically
recycled within the context of the circular economy. The
cellulose-based binder makes use of a cellulose dissolu-
tion obtained from post-consumer textiles with a degree
of polymerisation that is not suitable for the fibre spinning
process. The haptic and visual qualities in the printed tex-
tiles resulting from the technique demonstrate the possibil-
ity for a replacement of toxic, petroleum-based finishing
processes. The print binder uses 100% waste, non-toxic
and chemically recyclable materials.

The main conclusions of the research include the fol-
lowing alterations of textile properties using the cellulose-
based finishing technique:

e Fabric manipulation: the printed cellulose dissolu-
tion can replace synthetic puff binders that cannot be
recycled and uses lower process temperatures of 80 °C
compared to 160 °C for puff binders.

e Print finish: the cellulose-based binder can substitute
for PVC-based plastisol inks, whose toxicity impacts
on people and the environment during production, use
and disposal. It can do so by using lower process tem-
peratures at 80 °C compared to 165°C for plastisol inks.

e Textile shape: the cellulose-based binder in this screen
print technique offers an alternative to thermoforming
processes that use high temperatures and moulds in
synthetic textiles and uses lower process temperatures
at 80 °C compared to 190 °C for thermosetting syn-
thetic textiles.

The significance of this approach is that it could have
far-reaching industry impact if the binder is adopted for
the finishing of all cellulose-based textiles because screen
printing is a globally used approach. The approach also
enables circularity at the end of life by making use of
post-consumer cellulose-based textiles that cannot be
introduced into the fibre spinning process where the print
binder is not bound to a specific degree of polymerisation.
Current limitations of the study are that the requisite tex-
tile substrates for printing still mainly rely on man-made
cellulosic textiles from tree pulp, since only 1% of textiles
are currently recycled in a closed loop and the technolo-
gies are not yet sufficiently scaled or accessible outside of
big brand collaborations. A solution to this would be to
ensure the future circularity of cellulose-based materials

currently in use through mono-material finishes. The
technique also enables the use of cellulose with varying
degrees of polymerisation for both the construction of the
textile (into fibres and yarns) and for its printed finish.
Future work could characterise the prints using abrasion
and wash tests, as well as explore automating the hand
screen print processes to implement a next generation of
circular textile print binders at scale. The lower process
temperatures required for the dissolution of the cellulose-
based binder also point to the possibility of removing the
print from the fabric to facilitate reuse of textiles before
recycling. The next stage of the research could enable fur-
ther alterations of textile material properties in the context
of the circular economy.
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